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1. Introduction

2. Computational Approach

 In mixed ionic electronic materials (MIEC) the bulk oxygen vacancy
concentration is altered by changing cation oxidation states.1
 For MIEC material like lanthanum strontium ferrite (LSF) this can be
summarized as:2

 Computational studies were performed using Density Functional Theory
(DFT) and Thermodynamics.
 U = 3 was selected to give LaFeO3 and SrFeO3 magnetic moments and lattice
parameters comparable to the experimentally measured values.
 DFT+U was used to calculate the oxygen vacancy formation energy in
supercells with varying size and a single oxygen vacancy, mimicking a broad
range of oxygen nonstoichiometry.
 The long-range charge transfer polaron volume was predicted in a dilute
(non-interacting) oxygen vacancy scenario.
 A thermodynamic model was developed to predict oxygen vacancy site
fraction (X) as a function of temperature for both interacting and noninteracting vacancies.
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however, the localized or distributed nature of the electrons generated from
••
the oxygen vacancy (𝑉𝑂 ) formation reaction (Eqn. 1) remains unknown.
 Further, in La1-xSrxFeO3-δ the La/Sr ratio producing the highest 𝑉𝑂••
concentration remains unknown.
 Therefore, the objective of this work is to determine 1) how the electron
distribution impacts the location and energetics of 𝑉𝑂•• formation, and 2) the
temperature and La/Sr ratios that maximize the 𝑉𝑂•• concentration.
•
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3. Long Range Charge Transfer in La1-xSrxFeO3-δ
 In LaFeO3-δ, oxygen vacancies alter the oxidation state of the first nearest
neighboring Fe atoms. The shape of polaron is ellipsoidal, as shown in Fig (a).
 In rhombohedral LSF55, oxygen vacancies alter the oxidation state of four
second nearest neighboring Fe atoms. The polaron forms a quarter of a “pancake”, as shown in the Figs (b-c).
 In SrFeO3-δ and cubic La0.5Sr0.5FeO3-δ (LSF55), oxygen vacancies alter the
oxidation state of all the second nearest neighboring Fe atoms. The shape of
polaron is “pan-cake” like, as shown in Figs (d-f).
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 Fe d-orbital splitting explains why the extra electrons generated by Eqn. [1]
La and Sr atoms are removed from
cause the Fe polyhedra to adopt the shapes shown in (g), (h), and (i) for LaFeO3-δ
Figs (c and f) for ease of visualization
(5 unpaired e), SrFeO3-δ (4 unpaired e), and LSF55 (4.5 unpaired e).
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5. Thermodynamic Extension to High Temp from DFT Calc Energy
 To account for SOFC operating conditions,
the following thermodynamic extension was
used:3,4
∆𝐺𝑓,𝑣𝑎𝑐 =

𝑓
𝐸𝑣𝑎𝑐

1
+ Δ𝜇𝑂2 (𝑇, 𝑝)
2

1
∆𝐺𝑓,𝑣𝑎𝑐 = 𝐸𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒 − 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 + 𝜇𝑂2
2
𝑇

𝜇𝑂2 𝑇, 𝑝 =

𝐸𝑂𝐷𝐹𝑇
2

+ ∆𝜇𝑂02

𝑇𝑟 +

𝑇

𝐶𝑝 𝑑𝑇 − 𝑇
𝑇𝑟

𝐶𝑝

𝛿 − 𝛿0
𝑋=
3 − 𝛿0
𝛿 0 = the value of 𝛿 at
𝑋 = 0 for vacancy
ordered
perfect
crystal structure8

Maximum
of X

𝑇 𝑑𝑇 − 𝑇 − 𝑇𝑟 𝑆𝑟 + 𝑘𝑇𝑙𝑛𝑝𝑂2

𝑇𝑟

𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 = energy of a perfect crystal structure

 In LaFeO3-δ, due to charge localization on Fe
after 𝑉𝑂•• formation, vacancies do not interact
𝑓
••
and 𝑉𝑂 formation energy (Δ𝐸𝑣𝑎𝑐 ) remains
constant.
 In SrFeO3-δ and LSF55, due to long-range
charge transfer, vacancies interact at higher
𝑉𝑂•• concentrations. As a result the 𝑉𝑂••
formation energy increases.
 In rhombohedral LSF55, a relatively lower
𝑉𝑂•• formation energy occurs due to tilt
among Fe-O square-pyramids.

𝐸𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = energy of a crystal structure with one
.
oxygen vacancy
𝜇𝑂2 𝑇, 𝑝 = chemical potential of oxygen at SOFC
.
operating conditions.5,6
𝐸𝑂𝐷𝐹𝑇
= DFT calculated energy of a single oxygen
2
.
molecule
∆𝜇𝑂02 𝑇𝑟 = connection energy of oxygen from 0 K,
.
isolated molecule to standard state
Tr = standard state temperature (298.15K)
Sr = entropy of oxygen molecule at standard state.

 The dilute and non-dilute 𝑉𝑂•• site fractions (X)
were calculated as a function of temperature,
pressure and vacancy formation energy via:7
∆𝐺𝑓,𝑣𝑎𝑐 (𝑇, 𝑝, 𝑋)
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x, doping fraction of Sr in La1-xSrxFeO3-δ

6. Conclusions
 Long-range charge transfer in LSF explains 𝑉𝑂••
interaction at high 𝑉𝑂•• concetrations.
 d-orbital splitting due to varying Fe-O coordination
explains electron transfer to the second nearest neighbor
Fe.
 Among the different LSF phases, SrFeO3-δ has highest
oxygen vacancy concentration. This occurs around
600oC. Above 600oC, a vacancy ordered phase transition
reduces the oxygen vacancy site fraction.
 This work is summarized in Das et al.8
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