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Atomic-Scale Insight into LaFeQOs Perovskite: Defect Nanoclusters and lon Migration
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Atomistic simulation techniques are employed to investigate the energetics of defect formation,—dopant
defect association, and ion migration in orthorhombic Laf&Orelation to electrochemical applications.

Point defect calculations suggest that intrinsic Schottky or Frenkel disorder is not significant. The results of
redox reaction calculations suggest that at high oxygen partial pressures doped halFefdize with the
formation of holes, contributing to the p-type electronic conductivity that is observed experimentally. The
binding energies of selected dopant-vacancy clusters are also derived. A minimum in the binding energy was
found for S on the L&" site, which would be beneficial to oxide ion conductivity. Larger complex defect
clusters within 2D and 3D configurations have also been considered as they may be important as precursors
to possible short-range ordering or “nanodomain” formation. A number of different pathways for oxygen
migration by a vacancy mechanism are investigated; the lowest activation energy for this process is via a
curved path between oxygen sites. We also examine cation-vacancy transport in; laaigled®termine the
migration energies for La and Fe migration.

1. Introduction 2. Simulation Methods

The development of cathode materials for solid oxide fuel ~ The computational techniques used in this work, embodied
cells (SOFCs) has largely focused on perovskite oxide materialsin the GULP codé;* are well established and have been
with chemical formula ABQ, containing La and Sr on the A reviewed in detail elsewhef&1® The calculations are based
sites and transition metals on the B sites. Strontium-doped upon the Born model of a solid which includes a long-range
lanthanum manganate (LSM), 1aSrMnO;z, is the most Coulombic interaction between each pair of iorendj, and a
commonly used cathode material for zirconia-based SGFCs. short-range Buckingham term to model overlap repulsions and
A key requirement for the development and application of SOFC van der Waals forces. The short-range interactions are modeled

technologies is to reduce the operating temperature 060 with a Buckingham potential of the form
°C2 However, at lower temperatures, cell performance may be 6

) / V;(r) = A; exp(=rtlp;) — Cilr (1)
affected by reduced electrocatalytic reaction at the cathode. In i j Pij ij

order to improve cathode performance at lower temperatures a h o andCe th tential i & th
number of substituted perovskites, such as lanthanum ferrites,\.N ereA;, pij; anat are the potential parameters an e
have been consideréd.They have the advantage of higher Interatomic separation. . . .

catalytic activity at lower temperatures, resulting in an overall The e'e°‘§°“'.c polarizability of the ions is d_esc_rlbt_ed by _the
superior electrochemical performance compared to 15SM. shell modelt” which has been found to be effective in simulating

Over a wide range of temperatures and pressures the dielectric and lattice dynamical properties of metal oxides.
9 np esandp Lolfs Using this model, the deformable ion is represented as a massive
been shown to be a mixed oxide ion and electron hole

conducto” The doped system LaSiFeQs, has been core connected by a harmonic spring to a massless, but charge-

extensively studieti®and found to have good p-type electrical bearing, shell. The calculation of defect formation and migration
conductivi/! (>100 Sen): the high electronic and ionic energies utilizes the two-region Mettittleton methodolog$?

conductivities combined with thermal stabiftvmakes them for accurate modeling of defective lattices. This is performed

. : ym uch that lattice relaxation occurs about the point defect, or
candidate materials as cathodes for SOFCs. However, the defec igrating ion, so that the crystal is not considered as a rigid
and ion transport properties of the doped Lagefstem are | 2 ¢ employs a method in which the crystal lattice is
not fully understood.

: ) partitioned into two main regions. lons in the spherical inner
Ilf:jthlslstydy,Lorthothomblc Lal;g?}thg end l;’?ember of the region surrounding the defect are relaxed explicitly, with each
solid solution La,SrFeQy-s, which is stable up to ap- 5 gjiowed to relax from its ideal position in order to minimize
proximately 1000°C,'2 has been probed at the atomic level by

lovi d d imulati hni In thi forces. In the remainder of the crystal, where the defect forces
employing advanced computer simulation techniques. In this o re|atively weak, only implicit polarization of each sublattice

way, the defect chemistry and the mechanism and energeticgs considered, instead of individual ions. A radius of 12 A was

of lon mlgrgtlon within thgse perquklte-type.ma}tenals have used for the inner region and this typically corresponded to
been investigated. In addition to this, the substitution of a range around 550 ions

of dopants has been investigated together with the energetics

of dopant-vacancy clusters. 3. Results and Discussion
* Corresponding author. Tek-44-1225-384938. Fax44-1225-386231. 3.1. Structural Modeling. Unlike the cubic perovskite
E-mail: m.s.islam@bath.ac.uk. structure, which only has one distinct oxygen site, the orthor-
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Figure 1. (a) Unit cell of orthorhombic LaFe©showing the two oxygen sites, O1 and O2; (b) Structure of orthorhomibic LaEle@wing the
tilted FeQ octahedra with the La ions occupying the cavities between the octahedra.

TABLE 1: Interatomic Potential Parameters for LaFeO3 TABLE 2: Calculated and Experimental Properties of
and Dopant Species Orthorhombic LaFeO3
(i) Short-Range Potential (i) Unit-Cell Parameters
interaction AleV olA® Clev As parameter  calculated/A  experimedtdl  difference/%
La3t---O?" 1545.21 0.3590 0 a 5.600 5.565 0.63
Fete.-0?~ 1156.36 0.3299 0 b 7.862 7.855 0.08
0% ---0* 22764.30 0.1490 43.0 c 5.557 5.556 0.01
Mg?*e--0?~ 821.60 0.3242 0 N
C&@te-02 1228.90 0.3372 0 (ii) Bond Lengths
e saids 02942 0 dtance
Mn3tee 02 1267.50 0.3214 0 bond separation  calculated/A  experimetifal difference/A
Co*te-0?” 1329.82 0.3087 0 La—01 2.555 2.593 —0.038
. La—02 2.438 2.651 —0.213
(ii) Shell Modef Fe-O1 2.007 2.002 0.005
species Yie kiev A-2 Fe—02 2.013 2.008 0.005
01-01 3.447 3.433 0.014
La* —0.25 145.0 3
o> —2oa 420 02-02 3.363 3.315 0.048
Mg?* 2.00 99999 aFalcon et af®
car 1.26 34.00
+
g; é'gg 99929%53 mental value® are listed in Table 2. It can be seen that there
Mn3+ 3.00 95.00 is good agreement between experimental and simulated struc-
Co 2.04 196.30 tures, thus supporting the validity of the potentials used for the

aY and k refer to the shell charge and harmonic force constant, subseq_uent defept and mlgratlon calculations. )
respectively. The interatomic potentials for the dopant species (Table 1)

were those of the corresponding binary metal oxidess they

hombic phase of LaFefhas two nonequivalent oxygen sites, are consistent with the above derived potentials and have
01 and 02, as shown in Figure 1a. The structure can be viewedsuccessfully been applied to similar studies of dopant substitu-
as a network of tilted, corner-sharing Re@tahedra with the  tion in other perovskite2223
La cations occupying the cavities between the octahedra as 3.2. Intrinsic Atomic Defects. The energies of isolated
shown in Figure 1b. intrinsic defects (interstitials and vacancies) in orthorhombic
The short-range potential parameters and the shell-modellLaFeQ were first evaluated. It is found that the difference in
parameters for & and L&" used in this study (listed in Table ~ €nergy between an O1 and O2 oxygen vacancy is only 0.04
1) were those derived by Cherry et'8lin a study of LaBQ eV. This is not surprising as they occupy similar environments
perovskites B = Cr, Mn, Fe, and Co) by empirical fitting to within the orthorhombic LaFeQstructure as can be seen in
observed structural properties. The same potential parametergigure 1a.
were used for the Pé species, but it was assumed to be Frenkel disorder, full Schottky disorder and partial Schottky
nonpolarizable and treated simply as a rigid ion. Using this set disorder energies were calculated by combining the individual
of interatomic potentials it was possible to reproduce the defect energies and the lattice energies where appropriate. These
orthorhombic structure of LaFeOThe calculated bond dis- defect reactions are given below (egs7) and the correspond-
tances, lattice parameters, and their comparison with experi-ing energies listed in Table 3.
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TABLE 3: Calculated Energies for Frenkel- and partial pressures is due to reduction ofFéo F&" and the
Schottky-Type Disorder in Orthorhombic LaFeO3 formation of oxygen vacancies.
disorder total energy/eV  energy/eV per defect Experimental determination and interpretation of the defect
La Frenkel 1957 9.79 equilibria are complicated due to the number of possible
Fe Frenkel 17.13 8.57 conducting species (oxide ion, electron or hole). Atomistic
O Frenkel 8.49 4.25 simulation is therefore a useful tool in assisting the interpretation
IEaFOer full S|(i¢,h?1ttkyk 1175-’4195 33;6003 of experimental data, as has been shown previdisly.
8,0; partial Schottky - : Using an approach that has been successfully applied to other
Fe,0s partial Schottky 18.50 3.70 ganapp yapp

transition metal oxide¥ the electronic defects, electrons)(e

and holes (1), were treated as localized species (small polarons).

The hole species was assumed to reside on either an oxide ion

I+ Lo ) (0%~ — O") oriron ion (Fé+ — Fe*t). Oxidation and reduction

a in undoped LaFe® were considered (eqs—81), and the
energies of these processes compared with that of the doped
system in order to determine the most likely oxidation and

\ reduction mechanisms. For the undoped system, the following
Fe{:(e Vet Fé 3) reactions were considered:
(i) Oxidation to give a metal deficient material:

Lanthanum Frenkel disorder:
Laf, = V!

Iron Frenkel disorder:

Oxygen Frenkel disorder:

1 2 2 . 1
Of < Vg +0f @) 50, (@) +3Fe. 3 Vet 2N +3F80;  (8)
LaFeQ full Schottky disorder: or
La, + Fefe + 305 < V{, + VI, + 3V5 + LaFeQ, (5) 20, +2Laf, ~ 2Vl + 20 + 5120, (9)

La;0s partial Schottky disorder: With regard to the hole species, our calculations found that the

formation of an O species is more favorable than “Fe
formation by about 3 eV, suggesting that holes are more likely
to be centered on oxygen sites, although we recognize that there
will be some degree of Fe(3dD(2p) mixing?”

m " (ii) Reduction to give an oxygen deficient material was the
2Fq>:<e+ 30?, > 2Vt 3V5 + Fe0; @) only one considered, as introduction of cation interstitials has
been shown to be an energetically unfavorable process:

2L, + 305 < 2V + 3V + La,0, (6)

FeOs partial Schottky disorder:

where, in Krger—Vink notation2* O/, La™, and F&" repre-
sent oxygen, lanthanum, and iron interstitials, respectively, x oy 1

Ve, VL and VY, represent oxygen, lanthanum, and iron O Vot 50,0+ 2¢ (10)
vacancies, respectively, and the superscripiositive), /
(negative), and‘ (neutral) indicate the charge of the defect
relative to the normal site.

The Frenkel disorder energies are much higher than the other®
disorder energies. The results suggest that interstitials would .
be unlikely intrinsic defects (as would be expected in a close- 2Fe,— Fei+ F‘?(:e (11)
packed perovskite structure). The lowest energy is for th®4 a
Schottky-type disorder. However, the Schottky energies are still
relatively high, suggesting that we would not expect intrinsic
Schottky or Frenkel disorder to dominate the defect chemistry
of undoped stoichiometric LaFg@xcept at very high temper-
atures. This is consistent with the defect models proposed by
Mizusaki et al'! in a study of La_xSrFeG—s (x = 0.0, 0.1,
and 0.5). It is interesting to note that Weernhus et?ahave 1 . « .
investigated the non-stoichiometric system L&eQs_s; they 50+ Vo= 0O+ 2h (12)
proposed that th@-type conductivity at high oxygen partial
pressures is due to the formation of Schottky defects at high The energies of the various redox processes, summarized in
annealing temperatures 1000 °C) and that the number of  Table 4, were calculated using the appropriate free ion terms
cation vacancies, which act as electron acceptors and introducdogether with the point defect energies and the relevant lattice
p-type conductivity, will increase with the oxygen partial energies.
pressure; this issue warrants further investigation. The results indicate that the most favorable redox process is

3.3. Redox Reactions.An understanding of the redox oxidation of doped LaFefwith the formation of holes (eq 12).
behavior of these materials is critical for defining the conditions The calculations therefore suggest that p-type conduction would
in which various conductivity regimes may be exploited. be exhibited in the doped LaFg®ystem at high oxygen partial
Mizusaki et al*! have described the electronic conductivity as pressures, as found experimentdih} This process is important
localized electrons and holes hopping between the Fe ions offor mixed ionic-electronic conductivity in doped LaFg@nd
different valence states. Studies on the electronic properties ofits potential use in SOFC cathodes or ceramic membranes. In
LaFeQ suggest that thex-type conductivity at low oxygen  the undoped stoichiometric system, however, both oxidation and

(iif) We also examined the energetics of disproportionation
of two Fe" ions to F&" and Fé' ions according to the
quation:

MZ2* dopants may be substituted into the LageBucture in
order to introduce vacancies at oxygen sites. At high oxygen
partial pressures, doping can also be used to affect electronic
conductivity by “filling” of the oxygen vacancies to create holes
(h%). The energetics of hole formation in doped Lake@re
examined via the following reaction:
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TABLE 4: Calculated Energies of Redox Reactions TABLE 5: Calculated Binding Energies for M 2" Dopant-
rocess o enerav/eV per electronic defect Oxygen Pair-Clusters and M¢™ Neutral Trimer Clusters
P! q gyrev e (MV™M) at (a) the La Site and (b) the Fe Site, and (c) M
ox!gatyon g ggg Dopant-Oxygen Pair-Clusters at the Fe Site in LaFe@
oxidation ) _
reduction 10 4.69 (a) M*" on La Site
disgro_portionation 11 5.23 dopant mean binding energy/eV per defect
oxidation 2 280 M2+ and O1 vacancy (MV2) pair (M VoML ) trimer
a Calculated using\E = 9.87 eV for 1/2Q — 0?; O hole (h) term e
= 7.65 eV; Fe hole () term = 10.56 eV, Fe electron (e') terms c A —0.22 —0.35
—0.11 eV. Sr —-0.17 —0.33
M2+ and O2 vacancy
reduction energies indicate relatively unfavorable processes. The ca —0.33 —0.34
. . . . St —-0.31 —0.32
calculated energy for disproportionation suggests that this too
is an unlikely process in LaFeQin contrast to some Co-based (b) M** on Fe Site
perovskites?® dopant mean binding energy/eV per defect

3.4. Dopant-Vacancy AssociationThe oxygen vacancies M2+ and O1/O2 vacancy  (MV?) pair (MLVEML trimer
which are formed as a result of acceptor-doping of ABO Vo>

perovskites have been shown to be crucial to high oxygen 0.54 0.69
conductivity in perovskite materiaf8.Misuzaki et ak® have (c) M* on Fe site

pointed out that the diffusivity of oxygen in La perovskites is dopant mean binding energy/eV per defect
controlled by the. oxygen vacancy concentratlon: Interactions 13+ and 01/02 vacancy (K3 pair

between dopant ions and their charge compensating defects can 017

lead to the formation of distinct clusters which can trap the ;s 0.00

migrating species. A recent review of fast oxygen transport in - ¢+ ~0.10

acceptor-doped oxid®s concluded that there is a dopant
concentration dependence in the conductivity and the activation  The cluster binding energieBng) were calculated using the
enthalpy of doped oxides. It has also been noted that there is ageneral relation:
minimum in the activation enthalpy which may be an indicator

of dopant-vacancy association.

In fluorite-structured oxides (e.g., doped Ge&nd ZrQ), Ebing = Ectuster (
interactions between dopant ions and their oppositely charged
compensating defects lead to the formation of defect clusterswhereE.usteris the energy of the cluster aloiaedis the energy
or associate®-32This adds a binding (association) energy term of the individual component defects. For example, the binding
to the conduction activation energy. Dielectric relaxation energy for the (MQEV{)') pair cluster is derived as follows:
measurements of acceptor-doped K¥a@d CaTiQ perovskites

; 33 ; ; _ _ |\ yoe / .

ggigowmk et al’3 also provide evidence of dopant-vacancy Eying = E(MMgrVe) — [E(Mgr) + E(V)] (14)

A series of calculations on defect clusters in orthorhombic A negative value indicates that the cluster is stable with respect
LaFeQ were carried out to investigate interactions between tg the isolated defects.

oxygen vacancies and dopant cations, which are not fully |n this study we focused on dopants typically used in these
understood in this material. For this task, the simulation methodssystems, namely G& and S#* on the L& site, and M§*,
used here are well suited as they model accurately CoulombGa3*, Mn3*, and C8* on the F&" site. The results of the
and polarization energies, which are the predominant terms in calculations for these selected dopants are summarized in Table
any local association process. 5.

Work on the LaGa@ perovskité* suggests that in addition It can be seen from Table 5 that the calculated binding
to the electrostatic attraction, the elastic energy term due to €nergies for M* dopant pair and trimer clusters all indicate a
distortion of the crystal lattice upon introduction of different- degree of association at the La or the Fe sites, ranging from

sized cations contributes to cluster formation, as found in fluorite —0-17 to _.0-69 eV. The smallest binding energies fofM
oxides. dopant pair clusters are calculated fof'Sand C&" at the La

site and an O1 vacancy. Incorporation of Sr into Lage©uld

rations (pairs and trimers) were simulated to ascertain whetherbe expected to increase the conductivity owing to the increase
P in vacancy concentration, and a low binding energy would be

any Qegreg of “trapping” Of the oxygen vacancies b_y the dOPa’?t a major factor in promoting the free oxygen vacancy population.
species might occur. At higher dopant concentrations, there 'SHigh oxygen diffusivity with increasing levels of Brsubstitu-

the possibility that an oxygen vacancy may be associated with 44 is reported by Ishigak® and other workers have found
one or more dopant cations; therefore, the association of bothyhat the oxygen diffusivity in La SKFeOs_s reaches a

charged dimers (W;) and neutral trimers (W3sM’) has been  maximum atx = 0.2 or 0.535

studied. The configurations that were considered for the pair = The results of these calculations also suggest that Mg has a
clusters are comprised of an’Mor M3* dopant substitutional  stronger tendency to “trap” migrating oxygen vacancies than
and either an O1 or O2 oxygen vacancy at nearest neighborthe Sr dopant and that at high Mg doping levels the conduction
sites. For the neutral trimer clusters, tw@Mlopant substitu-  activation energy is likely to increase. This has been shown to
tionals and the nearest neighbor O1 or O2 vacancy were be the case by Haavik et al. for LaGat® Their defect model
considered. has been used to rationalize the temperature-dependent con-

Eisolated defec) (13)

component

In this study, a number of different dopant-vacancy configu-
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Figure 3. 3D configurations of neutral Md-vacancy clusters: (a)
8MgLAVS (b) 16Md. 8V (black spheres and open dashed circles
represent Mg dopant ions and oxygen vacancies, respectively).

Figure 2. Views down [010] of 2D arrays of neutral Mgvacancy
clusters: (a) 4M’g2V[; (b) lZMdFeGV{; (black spheres and open | N [ - O | O |
dashed circles represent Mg dopant ions and oxygen vacancies, = -0.65
respectively). o E 42D
@ ] A 3D
-0.704 A
E vA ’
] \ o
-0.75 Y8

- AN

-0.80 A" A

ductivity of LaGaQ and derive a defect association enthalpy
(=0.8 eV) of the same order as our calculated binding energy
for LaFeQ.

The calculated binding energies for selectett opant pair
clusters (M V) on the Fe site are also presented in Table 5.
These isovalent substitutionals have no effective charge (i.e.,
relative to the host Pe lattice ions). With respect to acceptor
dopants, the population of oxygen vacancies would be dependent ]
upon the M+ dopants, e.g., 8t, already introduced into the =0.85 -
lattice. The results indicate a very small degree of association Figure 4. Calculated binding energies for 2D and 3D configurations
for Co®*. Since the binding energy is dependent on the ion size of neutral Mg*-vacancy clustersnMg-/2V?) as a function of the
mis-match between host and dop&hthese results are not  number of M@ ions, n. Lines are a guide to the eye only.
unexpected as the ionic radii of M Ga*, and C&" are very
close to that of F&. It is worth noting that the ionic radius of  strongest binding energy is found for the (12M&V?) 3D
Mn3* is almost identical to that of P&, and the calculated  configuration and in general the 3D structures show greater

binding energy for the (MhV}) cluster is zero. We should  stability than the 2D arrays. The results suggest that complex

INdiNg energy/ev per

note that similar small binding energies are found foPGahd nanoscale clusters such as (12\&y?7) or (16Md- 8V?) may

Nd** on the La site, again indicating the importance of elastic form at high dopant concentrations and possibly be important

strain effects. as precursors to possible short-range ordering or “nanodomain”
3.5. Complex Mg*-Vacancy Clusters.Our results for Mg* formation. In this context, in a study of LaGa@uang et af®

dopant pair and trimer clusters suggest the importance of defect-,5y¢ suggested that dopant ions such a3'Magy act not only
dppant association in relation to cond_uct|V|ty studies. Althou_gh as traps for isolated oxygen vacancies, but also as nucleating
simple pair clusters may dominate in the low concentration centers for the formation of ordered vacancy clusters. Such

regime, itis thought th.at at higher dopant levels more comp!ex defect clusters in doped LaFg@arrant further structural study.
defect clusters come into play and may be related to possible . L
3.6. Oxide-lon Migration. The presence of the two non-

short-range ordering. . e X
We have examined the energetics of larger clusters, focusing®duivalent O1 and O2 oxygen sites in orthorhombic LaFeO

on Mg on the Fe site with oxygen vacancies at nearest neighbor™éans that three possible vacancy migration pathways can be
sites. Neutral configurations based anNI@’FenIZVE;) were identified. The energy proﬂles for oxide ion migration were
considered, both for two-dimensional (2D) and three-dimen- Mapped out by calculating the defect energy of the migrating
sional (3D) clusters with the number of Rigdopant ions if) ion at mtermedl_ate sites betv_vee_n adjacent oxygen vacancies,
ranging from 2 to 16. Examples of selected 2D and 3D clusters allowing relaxation of the lattice ions at each position. In the
are shown in Figures 2 and 3, respectively. The binding energiessaddlepoint configuration, the migrating oxide ion must pass
are derived by the same methodology described in eqs 13 andhrough the opening of a triangle defined by twc*t.éons and
14. The calculated binding energies for all of the configurations one F&* ion (Figure 5). Significant outward relaxation of these
examined are presented in Figure 4 as a function of the numbercations away from the migrating oxide ion is found. The
of Mg?* ions in the cluster. simulations indicate the importance of local lattice relaxation
All of the clusters show relatively favorable binding energies effects and that the saddlepoint cannot be treated purely as a
with the magnitude varying for the different configurations. The structural gap of hard-sphere ions.
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< TABLE 7: Reported Experimental Activation Energies for
i Oxide lon Conduction in La;—4SrFeOs_s

X EJ/eV temp. rangéC ref

0.0 0.77 906-1100 41

0.1 0.88 906-1100 10

0.1 1.17 856-1050 9

0.2 1.67 856-1050 9

0.3 1.80 856-1050 9

T 0.4 1.56 856-1050 9
0.2 0.67 756-950 35

0.4 0.67 756-950 35

0.5 0.70 756-950 35

Activation energies for oxide ion transport via vacancy
migration determined experimentally at low oxygen partial
pressures and 95T range from 0.67 eV in La,SKFeG—s
for 0.2 < x < 0.5%t0 0.77 eV for LaFe@*'These results are
Figure 5. Saddlepoint configuration for oxide ion migration indicating  consistent with a model proposed by Haavik éfdr LaGaQy
the relaxation of the surrounding cations (solid lines). Dashed circles in which they rationalize the temperature dependence of
represent the unrelaxed positions of the cations. conductivity in terms of dopant-oxygen vacancy clusters.

Patrakeev et & have reported that at low oxygen partial
pressures the oxide ion conductivity increases to a maximum
value atx = 0.5 but that the activation energy for ion
conductivity does not depend on the Sr content unti 0.5,
after which it increases with increasing Sr content. This increase
in activation energy was explained in terms of vacancy ordering,
which decreases the population of oxygen vacancies available
for oxygen transport.

We recognize that direct comparison between the migration
energies calculated here and the experimental activation energies
Figure 6. Schematic representation of the calculated pathway (curved (Ea) is not straightforward since th, values (listed in Table
line) of oxide ion migration between occupied and vacant O2 sites. 7) from a range of conductivity studies on both Lakefdd
The position of the saddlepoint is shown with a cross. Small gray La; xSiFeG;—s show significant variation. This may reflect

spheres represent Fe ions. differences in the synthesis conditions and phase purity or the
TABLE 6: Calculated Migration Energy ( Er) for Oxide lon method of de_termir?ation and anal_ygi_s of condu_ctiyity data.
Migration in LaFeO 3 and Total Calculated Activation (Ey) in Finally, we investigated the possibility of association between
Sr-Doped LaFeGQ; oppositely charged lanthanum and oxygen vacancies which
Sr binding could occur in A-site deficient compositions. Our calculated
migration separation/ calculated energy term/ total calculated binding energy for the (@Vg) pair cluster is found to be
pathway A EneV ev EdeV —1.02 eV per defect. This strong binding energy suggests that
01-01 3.43 213 0.17 2.30 this could be a factor inhibiting the mobility of oxygen
01-02 2.80 0.44 0.26 0.70 vacancies. As it has been proposed that the dominant compensa-
02-02 2.80 0.50 0.34 0.84 tion mechanism for A-site deficiency in lanthanum ferrites and

cuprates igia the formation of oxygen vacancié4?43such a

For oxygen migration between two O2 sites or between an defect association would be expected to have a detrimental effect
01 and O2 site, it was found that the lowest energy pathway on the conductivity of these materials. However, it has been
was a curved path, as shown in Figure 6, away from the shown that La deficiency in the related LaMgn§ystem has no
octahedral edge, as has been found previously for oxygeneffect on oxygen diffusion compared to the cation stoichiometric
migration in cubic LaGa@and other perovskite oxidé&?22:39 compound** This was attributed to the fact that the formation
Subsequent neutron scattering and diffraction std#lieave  of negatively charged La vacancies,.Vis compensated by
provided evidence for our predicted curved path. However, for the oxidation of MA™ ions rather than the formation of oxygen
oxygen migration between two O1 vacancies, the lowest energyyacancies, . It has also been shown that A-site deficiency
migration pathway was found to be a direct linear route between pjays an important role in enhancing the performance of LSCF
the two sites. The results (Table 6) clearly show that migration cathode material®® therefore, the formation of holes may be
between OL1 sites is extremely unlikely, but a pathway linking the compensating mechanism for La-deficiency in LageO
O2 sites or between O2 and O1 sites with a migration energy, 3 7. cation Migration. The diffusion of cations is known to
AEn, of 0.5 eV is energetically very favorable. be slow compared to that of oxide ions. Cation diffusion may

It is important to stress that the calculated migration energies cause chemical creep, demixing, or decomposition and plays a
relate purely to migration of an oxygen vacancy and do not key role in sintering, grain growth, and interactions at the
include a binding term. The values calculated here do not take electrode-electrolyte interfacé>#¢ The rate at which some of
into account the dopant-vacancy association which may con-these processes occur is determined by the slowest moving
tribute to the observed activation energies. Inclusion of the specieg® If the cations exhibit different diffusivities, kinetic
binding energy term in the calculated energy for oxygen demixing of cation& may contribute to the long-term degrada-
migration in Sr-doped LaFeQesults in a calculated activation  tion of oxide ion conductors in SOFCs. The energetics of cation
energy of between 0.70 and 0.84 eV (Table 6). migration were therefore investigated by atomic-scale simula-
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Simulation studies of cation migration in LaGg® and
LaMnOs*° have examined possible migration pathways for the
B-site cation in cubic perovskite structures. These are a linear
jump in the<110> direction or a more complex100> jump
along a curved pathway between B-cation sites along the
<100> cypic direction.

Three pathways were examined for migration ofFin
orthorhombic LaFe@ The results of these calculations are listed
in Table 8 and the approximate migration pathways are shown
in Figure 8. The first of these (a) was the linear jump between
two Fe sites along [100] (the equivalent jump pathway to
<110> in the cubic structure). A high migration energy of 13.18
eV was obtained; this is similar to that obtained for the B-site
cation migration calculated for LaGaGand LaMnQ. The

Figure 7. View down [010] showing a migrating La ion at the saddle second pathway examined, (b), was also along the [100]

point and the consequent local relaxation of the surrounding ions. The direction, but mediated by th? presence of a .La vacancy on the
dashed line represents the migration aperture before relaxation. nearest or next-nearest La site above the migration plane. The

Fe ion moved in a curved pathway out of the (010) plane so
that it was further from the surrounding oxide ions. Third, in
(c), the migrating ion moved up and around the oxide ion located
between two Fe sites adjacent along the [010] direction. This
is similar to the calculated pathway described for 3Vin
migration in LaMnQ.*® As the migrating ion must pass between
an oxide ion and a lanthanum ion at the saddlepoint, a La
vacancy was created on the adjacent site. Our calculations find
a relatively low energy of 3.25 eV for the third mechanism (c).
De Souza and Maiétalso found that the migration energy for
Ga*tinLaGaQdroppedto 3.84 eV for thistype of&imediated
migration.

Figure 8. Possible pathways for Fe vacancy migration in LagEeO st OFi(r:%?; n:(ee;iecmL asé:tgess m(i)tfh Zitéolg Ofg;ﬁg‘:/ues's%n Ig stc ;(c)ist?\-atl?-
(a) linear pathway along [100], (b) curved pathway along [100] with 99

nearest La site vacant (shown as striped sphere) and (c) curved pathwaj'€ Predominant diffusing species is°Fewith an activation
between two Fe sites separated by an oxygen in the [010] direction €nergy of 3.3 eV, and that this represents the sum of the
with the same vacant La site. Small gray spheres represent Fe, largediffusion activation enthalpy and the formation enthalpy of the
dark spheres O and large gray spheres La. defect. Our results suggest that this observed activation energy
TABLE 8: Calculated Activation Energies for Migration of may b‘? purely a diffusion or migratilon enthalpy, although we
La and Fe lons in Orthorhombic LaFeOs recognize that further deta|_led expenmental work on C(_)nductlv-
ity and computational studies using molecular dynamics (MD)

. _— migration are required. An MD study of doped LaGg@bhas suggested
cation . migration pathway energy/ev that cation diffusion is governed by diffusion via lattice
tii ::222: 2:829 {(1)(1)2} j-g(l) vacancies in a mechanism similar to (b) and (c) above. It was
Fet linear along [100] (@) 13.18 sugge_sted that @he (_Jl|ffu5|on c_>f cations is correlated to the
Fett curved pathway with 6.16 formation and migration of a binary vacancy complex of two
adjacent La vacancy (b) neighboring vacancies on the A and B sites of the perovskite
Fe* curved pathway in [010] direction 3.25 lattice.
with adjacent La vacancy (&)
aSee Figure 8 4. Conclusions

. N . . Atomistic simulation techniques have been used to probe the
tions of+v.acancy migration between cation sites for both'La  gergetics of defects, dopants, nanoclustering and ion migration
and Fé ions. in the lanthanum ferrite LaFeOThe results have provided
Examination of the orthorhombic LaFg®tructure suggests  information at the atomic level which is relevant to the
that the most likely migration route for lanthanum diffusion is  electrochemical behavior of LaFg@nd the doped system

a linear pathway between La sites along either [010] or [101] La,_,SrFeQ;—, for potential SOFC applications. The main
passing through an aperture defined by four oxygen and four points are summarized as follows:

Fe ions as shown in Figure 7. As the radius of thé'Lian is 1. The calculated defect energies suggest that intrinsic disorder
larger than the radius of this aperture, the surrounding lattice of the Frenkel or Schottky type is unlikely except at extremely
relaxes substantially in order to allow the migrating*t.éon high temperatures. The lowest energy redox process is oxidation

to pass through when it is at the saddle point. The degree of of acceptor-doped LaFeQwith the formation of electronic

relaxation is shown in Figure 7 and the channel widens by 0.85 holes. This result suggests p-type conduction in doped LaFeO

A as the oxide ions move away from the migrating cation.  will occur at high oxygen partial pressures, as observed
The calculated activation energies for La vacancy migration experimentally.

are listed in Table 8. As expected, the migration energy along 2. The binding energies for dopant-oxygen vacancy clusters

[101] is greater as the bottleneck width is slightly smaller (3.32 indicate that Sr doping should enhance oxide-ion conductivity

A versus 3.51 A for [010]). because of the low binding energy and the increase in vacancy
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concentration. However, as the Rigsubstitutional has a strong (20) Falcm, H.; Goeta, A. E.; Punte, G.; Carbonio, R.jnsntliseiiic

“trap” iarati i Chemn 1997, 133 379.
tendency to “trap” the migrating oxygen vacancy, this would G1) Lewis, G. V.- Catiow, C. R. AT =5
be detrimental to oxide-ion conductivity. Large complex clusters 1g°1149.

(nMgFe n/2Vy) with n up to 12 or 16 in 2D and 3D configura- (22) Khan, M. S.; Islam, M. S.; Bates, D. jiinsiissy 7998

tions, respectively, have been considered. These clusters may}o%zg)ogé’r-iscon D 3. Islam, . S.: Slater. P. R 0005
Den—
be important as precursors to possible short-range ordering ory7¢ 539. French, S. A; Catlow, C. R. A.; Oldman, R. J.; Rogers, S. C.:

“nanodomain” formation at higher dopant concentrations, and Axon, S. A.Chem. Commur2002, 22, 2706, Islam, M. S.; Driscoll, D. J.;
warrants further structural study. Fisher, C. A. J.; Slater, P. Ehem. Mater2005 17, 5085 Levy, M. R;;

. . . . . . Steele, B. C. H.; Grimes, R. W5olid State lonicR004 175, 349.
3. The pathway for oxide-ion migration is predicted to be a ™54y kreger, F. A. The Chemistry of Imperfect Crystalsiterscience

curved trajectory for 0202 or 0O2-01 pathways. Inclusion (Wiley): Amsterdam, 1974.
of the binding energy term in the calculated energy for oxygen  (25) Weernhus, I.; Grande, T.; Wiik, imiiinfiimy<005 176,

migration in Sr-doped LaFe{results in calculated activation (26) Fisher, C. A. J.: Islam, M S Sl 2005 15, 3200
energies of between 0.70 and 0.84 eV. As expected, catioNgead, M. S. D.: Islam, M. S.; Watson, G. W.; King, F.; Hancock, FJ.E.
diffusion has high migration energies for both3taand F&" Mater. Chem200Q 10, 2298.

vacancies. The lowest calculated energy (3.25 eV) is for Fe | 42(3%? Et?l?aitrt]:nli\}l -Ai:;:%?ct)ﬁwﬁ '\|<I/| FS"-’“F”SZ’g :Z- mr}gﬁ étsré bel
migration involving a La vacancy-mediated mechanism. O.; Lopez, F.; Domke, M.: Kaindl, G.; Sawatzky, G. A.; Takano, M.;
. Takeda, Y.; Eisaki, H.; Uchida, $hys. Re. B 1992 46, 4511. Chang, C.
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