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ABSTRACT  8 

 This work presents a comprehensive computational study showing how aliovalent doping, 9 

crystal structure, and oxygen vacancy interactions impact the oxygen vacancy conductivity of 10 

lanthanum strontium ferrite (LSF) as a function of temperature in air. First, density functional 11 

theory (DFT) calculations were performed to obtain the oxygen vacancy migration barriers and 12 

understand the oxidation state changes on neighboring Fe atoms during oxygen vacancy migration. 13 

The oxygen migration barrier energy and the corresponding diffusion coefficient were then 14 

combined with previously determined mobile oxygen vacancy concentrations to predict the overall 15 

oxygen vacancy conductivity and compare it with experimentally measured values. More 16 

importantly, the impact of phase changes, the La/Sr ratio, and the oxygen non-stoichiometry on 17 

the mobile oxygen vacancy concentration, diffusivity, and conductivity were analyzed. It was 18 

found that stabilizing rhombohedral LSF or cubic SFO (through doping or other means), such that 19 

oxygen-vacancy-ordering-induced phase transitions are prevented, leads to high oxygen 20 

conductivity under solid oxide fuel cell operating conditions. 21 

*Corresponding author: yueqi@egr.msu.edu 22 

  23 
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I. INTRODUCTION 24 

Mixed Ionic Electronic Conducting (MIEC) oxides with high electronic conductivity and 25 

high oxygen ion conductivity are used in a variety of high-tech devices including oxygen sensors,1 26 

gas separation membranes,2 catalytic converters,3 Solid Oxide Fuel Cells (SOFCs),4 Solid Oxide 27 

Electrolysis Cells,5 memristors,6 electrochromic displays,7 etc. Although MIEC oxides come in 28 

fluorite,8 Ruddlesden-Popper,9 double perovskite,10 and a variety of other crystal structures, 29 

perovskite-structured MIEC oxides have received the most attention in the literature due to their 30 

favorable properties, tolerance to manipulation by doping, and relative stability.4 Of these, 31 

lanthanum strontium ferrite (pure and especially cobalt doped lanthanum strontium ferrite11) is one 32 

of the most experimentally well-studied. In these MIEC oxides, many coupled factors, including 33 

the aliovalent doping level, the charge state of multivalent lattice ions, the crystal structure, the 34 

oxygen non-stoichiometry, the temperature, and the strain imposed on the structure control oxygen 35 

vacancy formation and migration, and thus the overall oxygen conductivity.9 Therefore, the present 36 

paper focuses on detailing the underlying relationships among these factors and their impact on 37 

the oxygen vacancy conductivity of lanthanum strontium ferrite as a function of temperature. 38 

As just mentioned, many factors influence oxygen vacancy formation and migration in 39 

lanthanum strontium ferrite, La1-xSrxFeO3-δ (LSF). These factors include the La/Sr ratio, the 40 

temperature, the crystal structure, the charge distribution on neighboring multivalent Fe atoms, the 41 

oxygen non-stoichiometry (δ), and the interactions between oxygen vacancies at higher δ. 12–14  42 

These factors are intertwined, as shown in the combined phase diagram for LSF in Figure 1. For 43 

instance, below 1000 ºC LSF changes from orthorhombic to rhombohedral to eventually cubic, as 44 

the La/Sr ratio decreases from one to zero. Similarly, the LSF solid solution end member SrFeO3 45 
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(SFO) experiences cubic, tetragonal, orthorhombic, and brownmillerite phase changes with 46 

increasing temperature and increasing δ.  47 

Obtaining high, stable oxygen ion transport below ~650 oC in LSF and related MIEC 48 

compounds has been desired, but challenging, for SOFC applications.14–18 Interestingly, the 49 

oxygen ion conductivity of LSF does not exponentially increase with temperature due to phase 50 

changes and oxygen vacancy interactions at higher vacancy concentration.19–21 Further, attempts 51 

to improve the performance of these MIEC compounds via doping, lattice strain engineering, or 52 

other extrinsic means has been complicated by a lack of understanding of how these intertwined 53 

factors regulate MIEC oxygen ion conductivity.  54 

The ionic conductivity depends on both the formation and the diffusion of ionic defects.22,23 55 

In MIEC perovskite materials like LSF, the oxygen ions move via a vacancy hopping 56 

mechanism,24 and the oxygen ion conductivity (𝜎) can be calculated using the relation:  57 

𝜎 =
𝑍2𝑒2𝑐𝐷

𝑘𝐵𝑇
      [1],  58 

where c is the mobile oxygen vacancy concentration, Z is the charge on the oxygen ion as a 59 

multiple of e (the charge of an electron), and 𝐷 is the oxygen vacancy diffusivity.22,23   Therefore, 60 

the 1) oxygen vacancy formation energy and 2) oxygen vacancy migration energy barrier are the 61 

major factors controlling the oxygen vacancy concentration and diffusivity, respectively.  62 

Previous LSF computational studies have shown that the oxygen vacancy formation 63 

energy varies by ~3 eV as the La/Sr ratio is decreased from one to zero.25 Also, a significant 64 

variation (~2.5 eV) was observed in the SFO oxygen vacancy formation energy with temperature 65 

due to the multiple SFO phase changes shown in Figure 1.19 In addition, previous experimental 66 

and computational studies of oxygen vacancy migration in LSF have suggested  that A-site doping 67 
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has a negligible effect on the LSF oxygen migration barriers.26–29 Specifically, these prior density 68 

functional theory (DFT) studies29,30 have produced results consistent with the statement from 69 

Mastrikov et al.26,29 that “In (La,Sr)(Mn,Fe,Co)O3-δ perovskites, the oxygen vacancy diffusion 70 

coefficients were experimentally found to be almost independent of the cation composition, with 71 

a typical migration barrier of ≈ 0.8 eV”. However, these earlier DFT studies were not completed 72 

over a broad range of LSF La/Sr ratios, crystallographic phases, and/or oxygen non-stoichiometry 73 

levels. In addition, these previous DFT oxygen vacancy diffusivity calculations also assumed 74 

dilute oxygen vacancies,24,29 even though this is not always the case.  The work of. Das et al.,25 75 

recently showed that the critical δ threshold, above which oxygen vacancies are interacting, 76 

increases with La/Sr ratio and decreases with the oxygen vacancy polaron size. This critical δ 77 

threshold is ~0.05, ~0.1, ~0.25, >0.25, in cubic SFO, cubic LSF55, rhombohedral LSF55, and 78 

LFO, respectively. Since the experimentally observed typical δ at the SOFC operating temperature 79 

is ~ 0.1 for LSF55 and ~0.3 for SFO, 31,32 vacancy interactions should be considered in the high 80 

temperature cubic SFO and cubic LSF55 phases.25 81 

Das et al.25 overcame several computational challenges to predict the overall oxygen 82 

vacancy non-stoichiometry and the mobile vacancy site fraction in LSF as a function of La/Sr 83 

ratio, temperature, and crystallographic phase.  First, the interacting oxygen vacancies were shown 84 

to lead to an increasing vacancy formation energy with vacancy concentration, necessitating the 85 

development of a new computational model to predict the oxygen-vacancy-concentration-86 

dependent non-stoichiometry in both dilute and non-dilute cases.19 Second, since the mobile 87 

oxygen vacancy concentration, c in Equation 1, is not necessarily equal to the overall oxygen non-88 

stoichiometry (δ) due to the formation of structural oxygen vacancies, c was related to the mobile 89 

oxygen vacancy site fraction, X via the Equation: 90 
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𝑐 =  (3 − 𝛿0)𝑋/𝑉𝑢      [2],  91 

where Vu is the volume per formula unit and 𝛿0 is the nonstoichiometry lost due to oxygen vacancy 92 

ordering included phase transformations that reduce the total number of lattice oxygen sites. 93 

Equation [2] holds for phases both with and without oxygen vacancy ordering. For phases without 94 

vacancy ordering, 𝛿0 = 0; thus, δ = 3X and 𝑐 =  𝛿/𝑉𝑢. For the vacancy-ordered-phases in this 95 

study, 𝛿0 = 0.125 in tetragonal SFO, 𝛿0 = 0.25 in orthorhombic SFO, and 𝛿0 = 0.25 in 96 

brownmillerite SFO. 97 

The present work focused on how the oxygen vacancy diffusivity and ionic conductivity 98 

in LSF vary with La/Sr ratio, temperature, and oxygen nonstoichiometry in order to determine the 99 

LSF composition with the maximum ionic conductivity under SOFC operating conditions. This 100 

was achieved by using the DFT calculation methods described in Section 2 to compute the oxygen 101 

ion migration barriers at different representative oxygen vacancy concentrations in orthorhombic 102 

LaFeO3-δ (LFO), rhombohedral La0.5Sr0.5FeO3-δ (LSF55), cubic LSF55, cubic SrFeO3-δ (SFO), 103 

tetragonal SFO, and orthorhombic SFO. Due to the extremely high oxygen vacancy formation 104 

energy of ~3 eV in brownmillerite SFO that makes it impractical for most SOFC applications, its 105 

diffusion barrier was not analyzed here. The previously predicted mobile oxygen vacancy 106 

concentration, 𝑐, from Das et al.19. was then combined with the newly predicted oxygen vacancy 107 

diffusivity 𝐷 in this study to calculate the LSF oxygen ionic conductivity as a function of 108 

temperature and phase, in air. These results were then used to explain the phase-transition-induced 109 

loss of oxygen conductivity observed experimentally.33,34 110 

  111 

II. COMPUTATIONAL DETAILS 112 
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The oxygen migration barriers following all possible oxygen vacancy migration pathways 113 

in cubic, tetragonal, and orthorhombic SFO, rhombohedral LSF55, and orthorhombic LFO were 114 

calculated and compared at 0 K.  All calculations were performed with VASP (Vienna Ab initio 115 

Simulation Package), a planewave-based DFT method. Projector-augmented-wave (PAW) 116 

potentials with valence configurations of 5s25p65d16s2 for La, 4s24p65s2 for Sr, 3d74s1 for Fe, and 117 

2s22p4 for O were used to describe the valence electrons. The generalized gradient approximation 118 

(GGA) functional along with Perdew, Burke, and Ernzerhof (PBE) parameters were used to 119 

describe the exchange-correlation potentials of the constituting elements. Fe was treated with the 120 

GGA+U method with a Ueff = 3, that have been shown previously to describe the lattice parameters 121 

and the charge states of Fe in both LaFeO3 and SrFeO3 reasonably well.25 Spin-polarized 122 

calculations were performed and the magnetic moment on each Fe was calculated by spherical 123 

integration. From convergence studies, it was determined that a k-spacing of 0.2 Å-1 and a cutoff 124 

energy of 500 eV were sufficient. The accuracy for each electronic calculation was within 1 μeV 125 

and the ionic relaxations were performed until the Hellmann-Feynman force on each atom reached 126 

the order of 10 meV/ Å.35 127 

The migration energy was calculated using the Climb Image Nudge Elastic Band (CINEB) 128 

method36 which also provided the transition state structure at the saddle point.37 The diffusion path 129 

was set initially along the Fe-O octahedral edges  and three images between the start and end points 130 

were used for each path. Specifically, the CINEB method found the image structure with the 131 

minimum energy path (MEP)38,39 and the maximum value of the potential energy along that path 132 

was used to determine the diffusion activation energy (barrier) using the Equation: 133 

𝐷 =  
1

𝑛
𝑑2𝜈 exp (−

𝐸𝑚

𝑘𝐵𝑇
)       [3] 134 
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where, 𝐸𝑚 is the CINEB calculated oxygen vacancy migration barrier, d is the vacancy migration 135 

distance, ν is the jump frequency (which was assumed to be  1013 Hz for solid state diffusion40), n 136 

is the number of possible jump directions with the minimum energy barrier. For isotropic diffusion 137 

in a cubic lattice, n=6. For anisotropic diffusion, multiple vacancy migration pathways were 138 

evaluated and only the lowest diffusion path was counted. Thus, n is the number of possible jump 139 

directions with the minimum energy barrier and d represents the jump distance for that minimum 140 

energy barrier.  141 

Table 1 summarizes the atomic structures used in the simulation. More detailed discussions about 142 

these structures and properties can be found in previous oxygen vacancy formation studies.19,25 All 143 

vacancies were assumed to be charge neutral. Lastly, the changes in the neighboring Fe oxidation 144 

states during oxygen vacancy migration were determined by interpreting the magnetic moments 145 

of the neighboring Fe atoms following the procedures described in Das et al.19 146 

 147 

III. RESULTS 148 

3.1 Oxygen Vacancy Migration in LaFeO3-δ 149 

Figure 2(a) shows the oxygen migration pathway in LFO, highlighted with pink atoms. 150 

The lattice distortion shown in Figure 2(a) corresponds to the transition state lattice distortion. 151 

The calculated migration barrier in two simulations cells with two different LFO oxygen 152 

nonstoichiometries (δ = 0.06 and 0.25), shown in Figure 2(b), possess the same migration energy 153 

barrier of 0.89 eV. This confirms that even at high oxygen nonstoichiometry concentrations (δ = 154 

0.25), oxygen vacancies do not interact in LFO. Further, this calculated oxygen vacancy migration 155 

barrier in LFO is comparable to the experimentally observed oxygen migration barrier of 0.77 eV 156 
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obtained in oxygen tracer diffusion experiments26 and the 1.1 eV obtained in conductivity 157 

relaxation experiments.41  158 

Figure 2(c) shows the small polaron (dashed purple line) generated by neutral oxygen 159 

vacancy formation (i.e. the oxygen vacancy and the two electrons left behind by its formation) in 160 

LFO. Based on the magnetic-moment-interpreted oxidation state of the Fe atoms, Das et al,25  161 

found that the two Fe atoms connected to the oxygen vacancy site became 2+, while the other Fe 162 

atoms in the lattice remained 3+ (as in stoichiometric LFO). Thus, the small polaron in LFO is 163 

elongated along a length of ~4.0 Å. Figure 2(d) shows how the magnetic moment changes on the 164 

four oxygen-vacancy-neighboring Fe atoms (labeled in Figure 2(a)) during oxygen vacancy 165 

migration. This calculation shows that the magnetic-moment-interpreted oxidation state19 of the 166 

second nearest neighboring Fe (Fe4) remains constant at 3+ during oxygen vacancy migration. 167 

This finding is consistent with the small polaron size shown in Figure 2(c). Furthermore, it can be 168 

noticed that when an oxygen atom moves from one equilibrium site (ζ = 0) to another equilibrium 169 

site (ζ = 1), the Fe2 atom reduces its charge from Fe3+ to Fe2+ and Fe3 changes its charge from 170 

Fe2+ to Fe3+, as the oxygen vacancy moves away from Fe3 to Fe2 along the opposite direction as 171 

the path of oxygen atom. It is interesting to note that at the transition state, both Fe2 and Fe3 are 172 

close to Fe2.3+ due to the partial distribution of the two electrons among Fe1, Fe2 and Fe3. The 173 

magnetic moment on Fe1 drops at the transition state, suggesting that Fe1 becomes a low-spin 174 

Fe2+ at the transition state. This is further confirmed by a Projected Density of States (PDOS) 175 

analysis. Low spin Fe in perovskite structure is rare, its occurrence at the transition state with large 176 

local structure distortion, might be due to weak Jahn-Teller effect with low spin Fe. After the 177 

oxygen atom completes its move to ζ = 1, the magnetic moment on Fe1 (i.e. the oxygen-vacancy-178 

adjacent Fe) returns to Fe2+.  179 
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 180 

3.2 Oxygen Vacancy Migration in La0.5Sr0.5FeO3-δ  181 

Figures 3(a) and 4(a) show the oxygen migration pathways in rhombohedral and cubic LSF55, 182 

respectively. Similar to the structures used in previous oxygen vacancy formation studies,25 183 

ordered LSF55 phases were assumed here in which an alternate layer of La-O and Sr-O was 184 

separated by the Fe-containing layer, as shown in Figure 3(c) and 4(c). This is representative, as 185 

a single phase behavior of LSF55 was observed experimentally and the extensive site ordering of 186 

La/Sr simulated by Ritzmann et al. 14 revealed a weak dependence of the oxygen vacancy 187 

formation energy on the La/Sr site configuration. The calculated oxygen migration barriers are 188 

shown in Figure 3(b) and 4(b) for rhombohedral and cubic LSF55. The calculated migration 189 

barrier in rhombohedral LSF55 is 0.45 eV for both dilute and interacting vacancies (at δ = 0.04 190 

and 0.17). As discussed previously, it is not computationally possible to obtain a stable cubic 191 

LSF55 structure with very low oxygen vacancy concentration,25 as the local structure prefers tilted 192 

octahedra around each  oxygen vacancy. In this study, for cubic LSF55, the calculated oxygen 193 

migration barrier is 0.70 eV at δ = 0.13. Due to the lattice distortions in cubic LSF55, the two Fe-194 

O octahedra sharing the diffusing oxygen tilt dramatically and locally transform into a 195 

“rhombohedral LSF55”-like structure, resulting a significant decrease in the total energy at ζ = 196 

0.25 and ζ = 0.75. This results in a “trapped state” in the vacancy migration pathway and the 197 

diffusion barrier is from this trapped state to the saddle point transition state. These results explain 198 

why the rhombohedral to cubic LSF55 phase change has less of an impact on the oxygen migration 199 

barrier (it only differs by ~0.25 eV) than the on oxygen vacancy formation energy (it differs by 200 

~0.5 eV).25  201 
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Figure 3(c) and 4(c) show that the polaron shape (dashed purple line) around an oxygen 202 

vacancy (indicated by the black dot) is asymmetric in rhombohedral LSF55 but symmetric in the 203 

cubic LSF55. In Figures 3(d) and 4(d), the changes in the magnetic moment of the oxygen-204 

vacancy-neighboring Fe atoms are shown in rhombohedral and cubic LSF55, respectively. The 205 

oxygen-vacancy-adjacent Fe1 maintains the same oxidation state before and after oxygen vacancy 206 

migration, but not at the transition state, in both rhombohedral and cubic LSF55. In rhombohedral 207 

LSF55, magnetic-moment-interpreted charge transfer shows that the oxidation state on Fe4 (a 208 

second nearest neighbor to the oxygen vacancy) is slightly reduced as the oxygen vacancy passes 209 

by, which is presumably due to the asymmetric polaron shape. In contrast, in cubic LSF55 where 210 

the polaron shape is symmetrical, the magnetic-moment-interpreted charge on Fe4 does not 211 

change as the oxygen vacancy passes by. After the migration of the oxygen vacancy from the Fe3-212 

adjacent site to the Fe2-adjacent site, the magnetic moments indicate that the oxidation states on 213 

Fe2 and Fe3 exchange in cubic LSF55. The exchange occurs at the transition state. However, the 214 

magnetic moments of Fe2 and Fe3 do not exchange simply in rhombohedral LSF55, due to the 215 

anisotropic shape of the polaron.25  Figure 4(d) shows a sudden dip in the magnetic moment or a 216 

decrease in Fe oxidation state due to the low spin state configuration associated with a weak Jahn–217 

Teller distortion observed in the “trapped state” in the migration path. The larger change of the 218 

magnetic moment and the charge state on Fe is consistent with the higher migration energy barrier 219 

in cubic LSF55 compared to rhombohedral LSF55.  220 

 221 

3.3 Oxygen Vacancy Migration in SrFeO3-δ 222 

Figure 5(a) shows the oxygen migration pathway (pink atoms) in cubic SFO. As shown in 223 

Figure 5(b), the calculated oxygen migration barriers in cubic SFO are 0.58, 0.62 and 1.07 eV at 224 
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δ = 0.04, 0.12, and 0.5 respectively. These results show that the effect of oxygen non-225 

stoichiometry on the oxygen vacancy migration barrier is insignificant (<0.05 eV) below a critical 226 

non-stoichiometry, above which oxygen vacancies strongly interact (between δ=0.12 and δ = 0.5). 227 

Since the oxygen vacancy nonstoichiometry is less than ~0.125 in cubic SFO until it transforms 228 

to the tetragonal phase, below this concentration, the migration energy barrier is ~0.6 eV and does 229 

not change with δ. Figure 5(c) shows the large pancake-shaped polaron19 generated by neutral 230 

oxygen vacancy formation in cubic SFO. Note, the cubic phase with δ = 0.5 is not a stable phase, 231 

the data is provided as an example of the impact high concentrations of oxygen vacancies have on 232 

cubic SFO. Figure 5(d) shows the magnetic moment change on the neighboring Fe atoms during 233 

oxygen vacancy migration. Initially (at ζ = 0), the oxygen vacancy is between Fe1 and Fe3. 234 

Therefore, the oxidation state on square pyramidal-Fe1 and Fe3 are the same (~4.1+) 235 

corresponding to the vacancy adjacent or nearest neighboring Fe atoms. The magnetic-moment-236 

interpreted charge of Fe2 and Fe4 are also the same (~3.8+) corresponding to the oxygen vacancy 237 

second nearest neighboring Fe atoms (Figure 5(c)). After an oxygen vacancy moves to the site 238 

between Fe1 and Fe2 (ζ = 1), the magnetic-moment-interpreted charge on Fe2 increases to 4.1+ 239 

due to the square pyramidal coordination and the second-nearest-neighboring Fe3 and Fe4 have 240 

an oxidation state of 3.8+ due to the octahedral coordination. This indicates that the oxidation 241 

states of Fe2 and Fe3 have exchanged due to oxygen vacancy migration. According to Figure 5(d), 242 

the interchange occurs at the transition state. At the transition state, the magnetic moment on the 243 

vacancy adjacent Fe1 goes through a minimum indicating that the Fe oxidation state is increased 244 

at the transition state, which is consistent with the excess electrons being pushed to the second 245 

nearest neighboring Fe4. Fe1 maintains the same oxidation state (~4.1+) before and after oxygen 246 

vacancy migration due to its square pyramidal coordination with neighboring oxygen atoms. 247 
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Overall, Figure 5(d) shows that the extent of the magnetic moment/Fe oxidation state change on 248 

the oxygen-vacancy-neighboring Fe (~0.3μB) is not as large as it is for LFO (~1.3μB) due to the 249 

more distributed electrons or the larger polaron size of ~7.8 × 3.9 Å, shown in Figure 5(c). 250 

The presence of multiple nonequivalent oxygen sites in tetragonal and orthorhombic 251 

strontium ferrites leads to long hopping distances and many different migration paths, as shown in 252 

Figures 6 and 7. Hopping to the equivalent site with the lowest oxygen vacancy formation energy 253 

requires a path through multiple oxygen sites. Following previous work,42 here the Wyckoff 254 

positions of the oxygen atoms in the perfect lattice were used to denote different migration paths.   255 

Figure 6 (a) shows three paths in tetragonal SFO with 𝛿 = 0.188 and 𝛿0 = 0.125 (Note, 𝛿0 256 

corresponds to the perfect tetragonal SFO phase of SrFeO2.875). There are six non-equivalent 257 

oxygen sites, and the most energetically favorable oxygen vacancy site is 4c. Path 𝑎⃗, 𝑏⃗⃗ and 𝑐 258 

follows 4c → 16k → 8h → 16k → 4c, 4c → 16k → 16m → 16k → 4c; and 4c → 16k → 4c, 259 

respectively. Since the three different migration paths have almost the same oxygen vacancy 260 

migration barrier of ~0.71 eV, the diffusion in tetragonal SFO is isotropic in nature.  Figure 7(a) 261 

shows the oxygen migration pathways in ink atoms in orthorhombic SFO with 𝛿 = 0.312 and 262 

𝛿0 = 0.250 (Note, Note, 𝛿0 corresponds to the perfect orthorhombic SFO structure of SrFeO2.75). 263 

There are three non-equivalent oxygen sites, and the most energetically favorable oxygen vacancy 264 

site is 2b. Path 𝑎⃗, 𝑏⃗⃗ and 𝑐 follows 2b → 16r → 16r → 2b;  2b → 16r → 4j → 16r → 2b; and 2b → 265 

16r → 16r → 2b, respectively. These diffusion paths go through oxygen sites with elevated oxygen 266 

vacancy formation energy, as shown in Fig 7(c), resulting in a lowest migration barrier that is 1.17 267 

eV in orthorhombic SFO and slightly anisotropic in nature. 268 

 269 

3.4 Oxygen Ionic Conductivity in La1-xSrxFeO3-δ as a Function of Temperature (in Air) 270 
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Figure 8 shows the concentration, diffusivity, and ionic conductivity of LFO, LSF55, and SFO. 271 

As shown in Figure 1, the experimental LSF phase diagram contains several phase 272 

transformations.43 To facilitate a direct comparison with experiments, the “LSF55 (combined)” 273 

data includes the rhombohedral to cubic phase transformation at 250 ± 50°C.43 In contrast, to 274 

illustrate the impact of phase changes on the ionic conductivity, individual phases, such as “Cubic 275 

SFO” and “Rhomb LSF55”, were calculated, for comparison, by ignoring the phase changes. “ HT 276 

SFO” includes the high temperature phases, such as the tetragonal, orthorhombic and 277 

brownmillerite SFO phases, which were plotted over their specific stable temperature ranges. The 278 

ionic conductivity for LFO was too low to be shown in Figure 7(c) due to its very high oxygen 279 

vacancy formation energy.  280 

Figure 8(a) shows the computed mobile oxygen vacancy concentration, c, in different 281 

phases of LSF.  Due to a very high oxygen vacancy formation energy of ~3.5 eV,25 the mobile 282 

oxygen vacancy concentration in LFO (which is orthorhombic over the entire temperature range) 283 

is relatively low. In contrast, the mobile oxygen vacancy concentration in LSF55 is higher and 284 

shows an order of magnitude drop around 250°C due to the rhombohedral to cubic phase transition 285 

in the bulk structure.43 The increase in the mobile oxygen vacancy concentration with temperature 286 

slows down in (cubic) LSF55 above ~750°C due to the onset of oxygen vacancy interactions. 287 

Cubic SFO has a high oxygen vacancy concentration from 0 to 1000oC, but it does not increase 288 

exponentially with temperature due to the  strong vacancy interactions that led to an increase in 289 

oxygen vacancy formation energy with increasing oxygen vacancy concentration.19 However, the 290 

mobile oxygen vacancy concentration in the high temperature SFO phases (tetragonal, 291 

orthorhombic, brownmillerite) fluctuates with temperature due to oxygen vacancy ordered phase 292 

transitions which cause a loss in the mobile oxygen vacancy concentration due to vacancy site 293 
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ordering (Equation 2). Once brownmillerite SFO is formed at high temperature (~700oC), the 294 

vacancy concentration is drastically reduced by 8 orders of magnitude due to the high oxygen 295 

vacancy formation energy of ~3 eV. As a result, the oxygen vacancy concentration in 296 

brownmillerite SFO becomes comparable to the oxygen vacancy concentration in LFO. A 297 

maximum in the oxygen vacancy concentration can be observed in orthorhombic SFO at ~ 650°C 298 

in air. 299 

Figure 8(b) shows the oxygen diffusivity in different phases of LSF. The oxygen diffusivity 300 

in LFO is lower than the other LSF compositions below ~ 750°C. The diffusivity of oxygen in 301 

tetragonal and orthorhombic SFO is also lower than cubic SFO due to the higher migration barriers 302 

shown in Figures 5, 6, and 7, respectively. The oxygen vacancy migration barrier increases from 303 

0.7 eV in tetragonal SFO to 1.17 eV in orthorhombic SFO due to oxygen vacancy ordering.  304 

Rhombohedral LSF55 shows the highest oxygen ionic diffusivity in the LSF family at low 305 

temperature. However, the LSF55 oxygen vacancy diffusivity drops above 250°C, due to 306 

rhombohedral to cubic phase transition and the higher oxygen vacancy migration barrier in cubic 307 

LSF55 (0.7 eV) compared to rhombohedral LSF55 (0.45 eV).  308 

Figure 8(c) shows the ionic conductivity of different LSF phases. It clearly illustrates that 309 

LSF55 possesses an ionic conductivity that is higher than LFO or SFO at or above 800°C in air. 310 

This is consistent with the work of Patrakeev et al.44 who have experimentally shown that LSF55 311 

possesses the highest oxygen ionic conductivity within the LSF family at 950°C in air. The 312 

calculated ionic conductivity for LSF55 at 950°C is 0.40 S/cm and is comparable to experimentally 313 

measured value of 0.5 S/cm at the same temperature.44  314 

The dotted “Rhomb LSF55” line represents a hypothetical rhombohedral LSF55 phase (as 315 

rhombohedral LSF55 transforms in real-life to cubic LSF55 above ~250°C in air). The high 316 
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oxygen ion conductivity of this hypothetical rhombohedral LSF phase compared to other real-317 

world LSF compositions (i.e. those undergoing the phase transitions shown in Figure 1), is 318 

consistent with La0.4Sr0.6FeO3-δ being considered the best LSF composition for 800oC SOFC 319 

operation45–50 because, as can be inferred here, La0.4Sr0.6FeO3-δ is the highest Sr doping level that 320 

can be achieved (in order to maximize the mobile oxygen vacancy concentration) while still 321 

realizing the high oxygen diffusivity of the rhombohedral phase. 322 

In contrast to stabilizing rhombohedral LSF for high temperature SOFC operation, Figure 323 

8c shows that superior SOFC ionic conductivity could be achieved below ~575oC by determining 324 

how to stabilize cubic SFO above ~300oC (as shown in Figure 1, cubic SFO undergoes an oxygen-325 

vacancy-ordering-induced phase transition at ~300oC). Due to its low oxygen vacancy formation 326 

energy, cubic SFO possesses the highest oxygen ionic conductivity of any phase in the LFO-SFO 327 

solid solution between 0 and 1000oC. Though it was previously shown by Das et al.25 that 328 

orthorhombic SFO possesses the highest oxygen vacancy concentration within the 0 – 1000°C 329 

SOFC operating window in the air, due to its high oxygen migration barrier, it is not predicted to 330 

be the best candidate as an oxygen ion conductor. It is left as a challenge the research community 331 

of how to best stabilize cubic SFO, but recent progress in high-entropy perovskite oxides51 might 332 

be a promising new platform to tune the oxygen vacancy formation and migration for improved 333 

oxygen conductivity while maintaining the homogeneous single solid-solution cubic phase. 334 

 335 

IV. CONCLUSION 336 

In summary, here the oxygen vacancy migration pathways, transition state structures, and 337 

energy barriers were predicted for multiple La1-xSrxFeO3-δ phases using a DFT based CINEB 338 

method. The oxidation state changes on the nearby Fe atoms during oxygen migration were 339 
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obtained using magnetic-moment-calibrated charge states to reveal the distribution of excess 340 

electrons left on the lattice by neutral oxygen vacancy formation (i.e. the polaron shape). In 341 

general, the progressively larger polaron sizes occurring with increasing oxygen nonstoichiometry, 342 

and/or decreasing La/Sr ratio, resulted in increasing oxygen vacancy formation energies and higher 343 

oxygen migration barriers. This was consistent with experimental results43 showing that Sr-rich 344 

LSF and highly oxygen deficient compositions are more prone to oxygen-vacancy-ordering-345 

induced phase transformations that reduce the mobile oxygen vacancy concentration, while Sr-346 

poor and oxygen rich LSF compositions are structurally stable.  347 

It was found that the oxygen vacancy migration barrier does not change with the oxygen 348 

non-stoichiometry in rhombohedral LSF55 (0.45 eV) or orthorhombic LFO (0.89 eV), due to their 349 

small oxygen vacancy polaron size. Due to its stronger oxygen vacancy interactions, SFO 350 

demonstrates an increasing oxygen vacancy migration barrier with each subsequent oxygen-351 

vacancy-ordering-induced phase change [cubic Em =0.58 eV < tetragonal Em =0.62 eV < 352 

orthorhombic Em =1.07 eV]. LSF55 also shows an increased oxygen vacancy migration barrier 353 

(0.45 vs. 0.70 eV) after transforming from a rhombohedral to cubic structure. Comparing all the 354 

phases and compositions of LSF, the overall effect of phase changes on the oxygen vacancy 355 

migration barrier is not as substantial (it differs by < ~0.7 eV) as it is on the oxygen vacancy 356 

formation energy (this differs by ~3 eV). 357 

The computationally predicted ionic conductivity showed that rhombohedral LSF55 has a 358 

higher 800oC ionic conductivity than cubic LSF55. However, cubic SFO is promising at low 359 

temperature, as it has the highest ionic conductivity of any other phase until its cubic to tetragonal 360 

phase transition. This work also suggests that ionic conductivity values even larger than “state-of-361 

the-art” rhombohedral La0.6Sr0.4FeO3-δ may be possible for low to intermediate temperature (~300-362 
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600oC) SOFCs by devising a way to extend the cubic SFO stability field to these higher 363 

temperatures. 364 
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 524 

Table 1 Structure details for the DFT vacancy calculations and the DFT computed vacancy 525 

formation energy Ef (at 0K) and migration energy barrier Eb.  526 

 527 

Phase 

Unit Cell 

Lattice Parameters (Å) 
Supercell cell with vacancy 

a b c  # of atoms Cell Length (Å) 
Ef 

(eV) 

Eb  

(eV) 

LaFeO3 

(Orthorhombic) 
5.67 7.92 5.58 

0.06 La16Fe16O47 11.34×7.92×11.16 3.54 0.89 

0.25 La4Fe4O11 5.67×7.92×5.58 3.61 0.88 

La0.5Sr0.5FeO3 

(Rhombohedral) 
5.51 - - 

0.04 
La12Sr12Fe2

4O71 
11.13×11.13×13.45 1.62 0.45 

0.17 
La3Sr3Fe6O

17 
5.56×5.56×13.45 1.83 0.44 

La0.5Sr0.5FeO3 

(Cubic) 
5.53 - - 0.13 

La4Sr4Fe8O

23 
11.05×11.05×11.05 1.45 0.70 

SrFeO3 

(Cubic) 
3.88 - - 

0.04 Sr24Fe24O71 10.97×10.97×11.64 0.39 0.58 

0.12 Sr8Fe8O23 7.76×7.76×11.64 0.71 0.62 

0.5 Sr2Fe2O5 5.49×5.49×3.88 1.45 1.07 

SrFeO2.875 

(Tetragonal) 
11.03 - 7.76 0.188 Sr16Fe16O45 11.03×11.03×7.76 0.92 0.71 

SrFeO2.75 

(Orthorhombic) 
11.09 7.78 5.52 0.312 Sr16Fe16O43 7.78×11.09×11.04 1.25 1.17 

SrFeO2.5 

(Brownmillerite) 
5.58 15.70 5.77 0.625 Sr8Fe8O19 5.58×15.70×5.77 3.00 - 

 528 

  529 
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 530 

 531 

 532 

Figure 1. (Color online) Experimentally determined LSF phase boundaries with varying La/Sr 533 

ratio and temperature in air. The lattice structure of the corresponding phases are shown for 534 

reference.25 535 

 536 
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 537 

Figure 2. (Color online) Oxygen migration in LaFeO3-δ. The pink atoms in (a) highlight the oxygen 538 

migration pathway (with the lattice pictured at the transition state), (b) shows the oxygen migration 539 

barrier along this path for two different δ, (c) shows a cross-section of the oxygen vacancy (the 540 

black dot) migration plane, and (d) shows the magnetic moment change on the neighboring Fe 541 

atoms during oxygen vacancy migration along the path shown in (a). The purple dashed line in (c) 542 

signifies the polaron volume (i.e. the long-range change transfer area due to the presence of the 543 

oxygen vacancy). The calculated magnetic moment change on the oxygen-vacancy-neighboring 544 

Fe atoms shown in (d) results from charge transfer during oxygen ion migration. Note, the La 545 

atoms are hidden in part (a) so the migration pathways can be more easily seen. 546 

  547 
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 548 

 549 

Figure 3. (Color online) Oxygen migration in Rhombohedral (LaSr)FeO3-δ for δ =0.04 and δ 550 

=0.17. The pink atoms in (a) highlight the oxygen migration pathway (with the lattice pictured at 551 

the transition state), (b) shows the oxygen migration barrier along this path, (c) shows a cross-552 

section of the oxygen vacancy (the black dot) migration plane, and (d) shows the magnetic moment 553 

change on the neighboring Fe atoms during oxygen vacancy migration along the path shown in 554 

(a). The purple dashed line in (c) signifies the polaron volume (i.e. the long-range change transfer 555 

area due to the presence of the oxygen vacancy). The calculated magnetic moment change on the 556 

oxygen-vacancy-neighboring Fe atoms shown in (d) results from charge transfer during oxygen 557 

ion migration. Note, the La and Sr atoms are hidden in part (a) so the migration pathways can be 558 

more easily seen. 559 

 560 

 561 

  562 
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 563 

 564 

Figure 4. (Color online) Oxygen migration in cubic (LaSr)FeO3-δ for δ =0.13. The pink atoms in 565 

(a) highlight the oxygen migration pathway (with the lattice pictured at the transition state), (b) 566 

shows the oxygen migration barrier along this path, (c) shows a cross-section of the oxygen 567 

vacancy (the black dot) migration plane, and (d) shows the magnetic moment change on the 568 

neighboring Fe atoms during oxygen vacancy migration along the path shown in (a). The purple 569 

dashed line in (c) signifies the polaron volume (i.e. the long-range change transfer area due to the 570 

presence of the oxygen vacancy). The calculated magnetic moment change on the oxygen-571 

vacancy-neighboring Fe atoms shown in (d) results from charge transfer during oxygen ion 572 

migration. Note, the La and Sr atoms are hidden in part (a) so the migration pathways can be more 573 

easily seen. 574 

  575 
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 576 

 577 

Figure 5. (Color online) Oxygen migration in cubic SrFeO3-δ. Here, (a) highlights the oxygen 578 

migration pathway (with the lattice pictured at the transition state) in cubic SrFeO3-δ at δ =0.04, 579 

(b) shows the oxygen migration barrier along this path for three different δ, (c) shows a cross-580 

section of the oxygen vacancy migration plane in cubic SrFeO3-δ for δ =0.04, and (d) shows the 581 

magnetic moment change on the neighboring Fe atoms during oxygen vacancy migration along 582 

the path shown in (a). The purple dashed line in (c) signifies the polaron volume (i.e. the long 583 

range change transfer area due to the presence of the oxygen vacancy). The calculated magnetic 584 

moment change on the oxygen-vacancy-neighboring Fe atoms shown in (d) results from charge 585 

transfer during oxygen ion migration cubic SrFeO3-δ at δ =0.04. Note, the Sr atoms are hidden in 586 

part (a) so the migration pathways can be more easily seen. 587 

 588 

  589 
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 590 

Figure 6. (Color online) Oxygen migration in tetragonal SrFeO3-δ with 𝛿 = 0.188 and 𝛿0 =591 

0.125. Only Fe (brown) and O (red) atoms are shown in the lattice for ease of visibility. (a) The 592 

green, dark brown, and dark blue atoms highlight three different oxygen migration pathways that 593 

labeled by different Wyckoff positions. Path 𝑎⃗ follows 4c → 16k → 8h → 16k → 4c; Path 𝑏⃗⃗ 594 

follows 4c → 16k → 16m → 16k → 4c; and Path 𝑐 follows 4c → 16k → 4c (b) shows a cross-595 

section of the oxygen vacancy migration plane and (c) shows the oxygen migration barriers along 596 

these pathways. 597 

 598 

 599 

 600 
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 602 

Figure 7. (Color online) Oxygen migration in orthorhombic SrFeO3-δ with for 𝛿 = 0.312 and 𝛿0 =603 

0.250. Only Fe (brown) and O (red) atoms are shown in the lattice for ease of visibility. (a) The 604 

green, dark brown, and dark blue atoms highlight three different oxygen migration pathways that 605 

labeled by different Wyckoff positions. Path 𝑎⃗ follows 2b → 16r → 16r → 2b;  Path 𝑏⃗⃗  follows  606 

2b → 16r → 4j → 16r → 2b; and Path 𝑐 follows 2b → 16r → 16r → 2b (b) shows a cross-section 607 

of the oxygen vacancy migration plane and (c) shows the oxygen migration barriers along these 608 

pathways. 609 

 610 

  611 
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(a)  612 

(b)  613 

(c)  614 
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Figure 8. (Color online) The (a) mobile oxygen vacancy concentration, (b) oxygen vacancy 615 

diffusivity, and (c) oxygen vacancy conductivity in different LSF compositions as a function of 616 

temperature in air. ‘Cubic SFO’ represents cubic SrFeO3-δ. ‘HT SFO’ represents combined data 617 

for tetragonal, orthorhombic, and brownmillerite phases (note, due to a very low oxygen vacancy 618 

concentration, diffusivity and conductivity calculations were not performed for brownmillerite 619 

SFO). ‘LSF55(combined)’ represents LSF55 that experiences the rhombohedral to cubic phase 620 

change. ‘Rhomb LSF55’ represents real and hypothetical data for rhombohedral LSF55. 621 
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