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Ba1-xSrxFeO3-δ as an Improved Oxygen Storage Material for 
Chemical Looping Air Separation: A Computational and 
Experimental Study 
Shree Ram Acharya*a,b; Eric J. Popczuna,b; Hari P. Paudela,b; Sittichai Natesakhawata,b; Jonathan W. 
Leksea; Yuhua Duana

Chemical looping air separation (CLAS) is a promising technology to generate oxygen-rich gas streams to enable efficient 
carbon dioxide capture during fossil fuel combustion or gasification. CLAS relies on the capture and release of oxygen from 
the atmosphere using the redox properties of an oxygen-selective solid oxide carrier. This study investigates the redox 
characteristics of Ba1-xSrxFeO3-δ (0.0 ≤ x ≤ 0.417, 0.0 ≤ δ ≤ 0.5) using a combination of density functional theory (DFT) 
calculations and experimental verification using X-ray diffraction, thermogravimetric analysis, and oxygen-temperature-
programmed desorption. The DFT computed energies of the Ba1-xSrxFeO3-δ perovskites reveal a composition-dependent 
transition from hexagonal to cubic phases as Sr-concentration or oxygen vacancy concentration increases. Oxygen vacancy 
formation energies of the cubic perovskites are found to be lower than their hexagonal counterparts. A low oxygen diffusion 
barrier of ~1 eV combined with the thermodynamic preference of Ba1-xSrxFeO3-δ compositions that form in a cubic phase 
suggest them as promising candidates for oxygen storage applications. Experimental results corroborate this finding by 
identifying Ba0.75Sr0.25FeO3-δ at cubic phase as an optimal composition offering low-temperature oxygen storage capacities 
comparable to that of the state-of-art Sr0.75Ca0.25FeO3-δ perovskite oxygen storage material at 325 °C and 350 °C.  

Introduction 
Despite the rapid development of novel energy sources such as 
solar, wind, nuclear, and biomass combustion in recent years1, 
fossil fuels will continue to contribute to the  energy market in 
short term2. Since the concentration of atmospheric carbon-
dioxide (CO2) emitted from fossil fuel combustion is significantly 
correlated with global climate change3, its reduction is crucial to 
mitigate the currently increased wildfire, high heat waves, 
temperature cycle shifts, and other adverse environmental 
effects. 
Oxygen-blown gasification offers an attractive alternative to 
both combustion and air-blown gasification as the resulting 
increase in partial pressure of CO2 enhances its capture 
efficiency, affordability4, and conversion into useful synthetic 
fuel products5. Pure O2 or O2-rich streams are required for this 
process. However, modern O2 production technologies have 
various drawbacks when applied towards gasification. For 
example, cryogenic air separation is the most commonly used 
industrial-scale O2 production technology, but it requires 
considerable capital cost and high energy input of 200-240 

kWh/tonne-O2
6,7 that limits its feasibility at modular scales. 

Other modular scale compatible methods have different 
downsides. For example, membrane separation8 requires high 
temperatures and suffers from membrane instability9, and 
zeolite-based pressure-/temperature-swing adsorption needs 
frequent regeneration and large operational volume10. 
Chemical looping air separation (CLAS)11–13 is an emerging 
energy-efficient technology that mitigates these issues by using 
a metal oxide compound as an oxygen storage material (OSM) 
to selectively up take oxygen from air and then release it as an 
oxygen-rich stream. The OSM is reduced into an oxygen-
depleted metal oxide through oxygen release and/or transport, 
while the reduced OSM can be re-oxidized by absorbing oxygen 
from air. Reduction in this process is typically endothermic 
while oxidation is exothermic. Overall, this process requires a 
minimum energy only about  60 kWh/tonne-O2

14,15 making it 
attractive for modular implementation. The efficiency of the 
CLAS process is dictated by the redox performance and the 
stability of the OSM12. Therefore, an ideal OSM would be a 
stable compound that undergoes a rapid and robust reduction 
and reoxidation at the lowest possible temperature (T ≤ 600 °C).

Perovskite oxides with the general formula ABO3-δ have 
received considerable interest due to their structural stability 
and flexibility upon cation substitution on the A- and/or B-site 
as well as lattice oxygen vacancies represented by a non-
stoichiometry factor (δ)15–18. As one example, substituted 
CaMnO3-δ perovskites have been explored as OSMs, but they 
require relatively high operating temperatures of 750-950 °C to 
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achieve considerable oxygen storage capacity (OSC)19,20. SrFeO3 
is another perovskite OSM that has been heavily studied due to 
its ability to induce oxygen vacancies through oxygen release at 
T < 600 °C under inert atmospheres and rapid oxygen up take at 
temperatures 277-327 °C to re-oxidize its reduced phases in O2 
environment21,22. When operating isothermally at 400 °C, 
SrFeO3-δ has an OSC of 0.84 wt.% when switching gas flow 
between air and N2, which can be enhanced to 2.41 wt.% 
through compositional engineering with Ca2+ A-site substitution 
forming Sr0.75Ca0.25FeO3-δ

23,24
. This increase in oxygen storage 

activity occurs because the lattice oxygen binding energy 
decreases due to lattice strain caused by the incorporation of 
smaller Ca2+ cations23,24. Additionally, DFT modeling has 
suggested that Ca2+ substitution at x = 0.125–0.375 reduces the 
oxygen vacancy formation energy and lowers the oxygen 
migration barrier in Sr1-xCaxFeO3-δ

25. B-site substitution can 
further improve the oxygen storage activity of Sr1-xCaxFeO3-δ -
based materials, typically through cobalt or nickel substitution. 
The use of cobalt drives fast reduction kinetics at lower 
operating temperatures (400-500°C)14,26,27 whereas small 
amounts of nickel can dramatically improve reduction kinetics 
at similar temperatures28. With a high-throughput inverse ML 
workflow, several interesting new chemical looping material 
candidates of SrFeO3 family namely Sr1-xAxFe1-yByO3 (e.g., A = Ca 
or K; B = Mg, Bi, Mn, Ni, Co, Cu, or Zn) are identified. These 
materials have shown promising properties, and some of them 
even outperform the SrFeO3 material in terms of oxygen release 
kinetics29.
Recently, BaFeO3-based perovskites also have received 
attention as OSMs. While B-site substituted BaCa0.2Fe0.8O3-δ is 
shown to operate well at 300-500 °C producing 2.41 𝑚3

𝑂2
𝑘𝑔―1

𝑂𝑆𝑀 
of oxygen at cycling experiments at 375 °C30, A-site substitution 
with Sr2+ is also viable. Like Ca2+ substitution in the Sr1-xCaxFeO3-

δ system, lattice strain can also be introduced when iso-valent 
and smaller Sr2+ partially substitutes Ba2+ in Ba1-xSrxFeO3-δ 

perovskites. At the temperature range 400-800 °C, Zhang et al.31 
has demonstrated the improvement in oxygen exchange 
capacity of Sr0.5Ba0.5FeO3-δ over SrFeO3-δ, Bush et al.32 found 
Sr0.85Ba0.15FeO3-δ operate under temperature swing conditions, 
and Bektas et al.33 identified Sr0.75Ba0.25FeO3-δ as a promising 
OSM candidate for pressure swing between 0.01-0.2 atm O2. 
Ongoing research efforts aim to identify and improve OSMs that 
can enhance efficiency of CLAS technology by requiring less 
energy input30,34 and thermal strain than currently best 
performing materials that operate optimally at temperatures at 
or above 400 °C. For example, our recent work has indicated the 
importance of high surface area in OSMs to decrease the 
operating temperature and improve the reduction kinetics35. 
The formation thermodynamics of single or multiple oxygen 
vacancies and their diffusion kinetics using computational 
approaches under different scenarios can be used to identify 
promising candidates. In the SrFe1−xCoxO 3−δ oxygen carriers, the 
single oxygen vacancy formation energy was found to be 
related with concentration of substituent (Co)36,37. By using 
single oxygen vacancy formation energy in a machine learning 
(ML) approach, Ba-containing Sr1-xBaxFe1-yCuyO3-δ perovskite 

was identified as a promising OSM38. This suggested 
composition agrees with experimental observation by 
Krzystowczyk et al.39, which showed Ba and Cu substitution 
improves redox capacity. Despite the promising features of the 
Ba-containing perovskite oxides for OSMs, a limited number of 
first principles studies are available that quantify the redox 
thermodynamics of the BaFeO3-based perovskites. Hoedl et 
al.40 related trends in the reduction thermodynamics of BaFeO3-

δ and Ba0.5Sr0.5FeO3-δ in the cubic phase with a higher Fermi level 
due to the presence of electrons left after the creation of 
oxygen vacancies. Rahmani et al.41 suggested mechanical 
stability of the mixed structure in the cubic phase. 
In this study, we quantify both the reduction and oxidation 
thermodynamic characteristics of BaFeO3-δ as a parent 
structure and its iso-valent Sr2+ A-site substituted compounds at 
various oxygen concentrations in reported hexagonal and cubic 
phases. Since Sr2+ substitution alters the crystal structure of 
fully oxidized Ba1-xSrxFeO3 from hexagonal BaFeO3

42,43 to cubic 
SrFeO3

44, this system offers an opportunity to explore the effect 
of phase change on oxygen storage properties. Our study 
complements the recent experimental studies of pristine 
BaFeO3

45,46 and substituted perovskites30,33 from systematic 
incorporation of Sr2+ into Ba1-xSrxFeO3-δ (x = 0.0-0.417) and 
computationally investigating the effect of this change on the 
thermodynamics associated with multiple oxygen vacancy 
formation. Additionally, we explore the phase changes that 
occur upon Sr substitution on stoichiometric/non-
stoichiometric perovskites to identify the minimum and 
maximum amount of Sr required to facilitate a pseudo-cubic 
structure at different oxygen concentrations. We then examine 
how these changes impact the oxygen storage properties of the 
material using DFT and experimental investigations including X-
ray diffraction (XRD), oxygen-temperature-programmed 
desorption (O2-TPD), and thermogravimetric analysis (TGA). 
Overall, we identify Ba0.75Sr0.25FeO3-δ as the optimal Ba1-

xSrxFeO3-δ composition for operating in an air/N2 pressure swing 
system at low temperatures of 325 °C and 350 0C.

Computational and Experimental Details
Density Functional Theory (DFT) Calculations 
Similar to previous computational studies on SrxCa1-xFeO3-δ 
OSMs24,25,36–38,47,48, DFT49,50 calculations were performed in this 
work using the Vienna Ab-Initio Simulation Package (VASP) 
code51. The valence electrons were represented by plane wave 
functions obtained with a kinetic energy cut-off at 850 eV. The 
interaction of the valence electrons (Ba: 5s2 5p6 6s2; Sr: 4s2 4p6 
5s2; Fe: 3s2 3p6 4s1 4d7; and O: 2s22p4) with the ionic cores were 
treated using the projector augmented-wave (PAW)52,53 
potentials. The contribution of electron-electron exchange 
correlation interaction on the total energy was treated in the 
generalized gradient approximation (GGA) at PBEsol54 scheme. 
To identify the energetically preferred atomistic models, the 
supercells were optimized by allowing atomic positions, cell 
shape, and volume to change using the conjugate gradient 
algorithm until the energy difference between successive 
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electronic iterations and the Hellmann-Feynman forces on each 
atom became 10-6 eV and 10-2 eV/Å, respectively. The Brillouin 
zone of the BaFeO3 unit cell was integrated by taking the k-point 
mesh density of 8 x 8 x 8 generated according to the Monkhorst-
Pack scheme55. To overcome the well-known limitation of the 
DFT method to properly treat the electronic self-interaction in 
localized Fe d-orbitals, the DFT+U method56 with Ud = 5.0 eV was 
employed. 
To test the effect of spin orientation on the energy of a 
compound, we compared the total energies of ferromagnetic 
(FM), A-type antiferromagnetic (A-AFM), C-AFM, and G-AFM 
spin ordered structures (Fig. S1) on example compounds. 
BaFeO3, Ba0.8Sr0.2FeO3 and Ba0.583Sr0.417FeO3-δ are taken as 
representatives of a pristine compound, a compound with Sr 
substitution, and a compound with both Sr substitution and 
oxygen vacancies, respectively. The differences in total energy 
presented in Table S1 show the structure with Fe spins ordered 
in FM state has the lowest energy for all our example 
compounds. The result agrees with ref.57 for BaFeO3 and thus 
we assume the FM spin order of Fe atoms for all explored 
compounds in this study. 
To find the minimum energy path and the activation energy 
barrier of an oxygen diffusion process to a vacancy site, the 
Climbing-Image Nudged Elastic Band (CI-NEB) method58 
implemented in the VASP package was used. We interpolated 
five images between the initial and final structures to generate 
a guess pathway.  
To explore the possibility of thermally induced structural phase 
transitions, we compared the Helmholtz free energy F(T) of a 
compound at different phases. The F(T) was calculated by using 

F(T) = ∫∞
0 [ ћω

2
+ kBT ln (1 ― e― ћω

kBT)] ρ (ω) dω,                           (1)

in which the phonon frequencies (ω) were calculated by using 
the finite difference method and supercell approach 
implemented in the phonopy package59. To calculate the force 
constants, atoms in a 2 x 2 x 3 supercell of bulk ABO3 were 
displaced from their relaxed position with an amplitude of 0.015 
Å. Phonon density of states ρ (ω) were calculated by sampling 
the Brillouin zone with 30 x 30 x 20 q-point mesh for cubic 
supercell with a smearing width of 0.05 THz. The phonon 
density of states was used to confirm the thermodynamic 
stability of atomistic models. 

Experimental Procedures 

Ba1-xSrxFeO3-δ (x = 0.0, 0.08, 0.17, 0.25, 0.33, 0.42, 0.5, and 1.0) 
samples were synthesized through a traditional bulk solid-state 
method established in our prior work24,35. Briefly, barium (II) 
carbonate (BaCO3, Alfa, 98%), strontium (II) carbonate (SrCO3, 
Aldrich, 99.8%), and iron (III) oxide (Fe2O3, Alfa, 99.9%) were 
added to an agate mortar in stoichiometric quantities matching 
the desired substitution level. These precursors were manually 
ground into a homogeneous mixture. This mixture was then 
pressed into a 13-mm pellet which was then loaded into an 
alumina combustion boat. This sample was then primed in air at 
850 °C for 40 hours in a box furnace. Following this initial 
priming, the pellet was reground, repelletized, and then 

calcined at 1000 °C for 64 hours. The final compound was then 
stored as a ground powder in a scintillation vial. 
Powder X-ray diffraction (pXRD) patterns were collected using a 
PANalytical X′Pert Pro XRD using Cu Kα radiation source (λ = 
1.541 Å) in a Bragg-Brentano configuration. A 5-80° 2-theta 
range was used with a 0.006° step size. 
Thermogravimetric analysis (TGA) of our OSMs was performed 
using a Mettler-Toledo TGA/DSC3+ using methods established 
in our prior work24,35. To begin, pretreatment was performed by 
heating at 10 °C/min to 800 °C in zero-grade (ZG) air (75 
standard cubic centimeters per minute), then switching to ultra-
high purity (UHP) N2 (75 sccm) for 30 min at 800 °C and cooling 
to room temperature. This experiment was repeated to 
characterize the oxidation properties of our systems. Following 
these two experiments, cyclic testing was performed 
isothermally at 325 °C and 350 °C. Using 350 °C as an example, 
the system was heated to the desired operating temperature in 
ZG air in two steps: 1) 20 °C/min to 250 °C, and 2) 10 °C/min to 
350 °C. Once the operating temperature was reached, gas flow 
was switched between UHP N2 and ZG air every 60 min until 
four N2/air cycles were completed. 
The value of δ in our as-made systems was estimated by 
reducing the tested system at 800 °C for 30 minutes under UHP 
N2 flow and allowing up take in ZG Air upon cooling. This cooling 
step was split between a 10 °C/min ramp rate from 800-350 °C, 
held at 350 °C for 10 minutes, and cooled further to 30 °C at 5 
°C/min. This stepped up take method was developed to ensure 
maximum oxygen up take, while not requiring a slow 1.5 °C/min 
ramp rate as used in our synthesis. 
O2-TPD experiments were carried out in a Micromeritics 
Autochem 2950 HP analyzer equipped with a Pfeiffer Vacuum 
ThermoStar mass spectrometer. The gas flow rates, and 
temperature ramp rates were 50 sccm and 10 °C/min, 
respectively. Initially, approximately 250 milligrams (mg) of the 
sample were loaded in a U-shaped quartz cell packed with 
quartz wool and then pretreated in flowing ZG air at 800 °C for 
1 hour. Following cooling to room temperature in air, the 
sample was heated to 1000 °C in UHP Ar while O2 (m/z = 32) 
desorption was monitored by the mass spectrometer. The 
quantity of oxygen release observed in these experiments 
corroborates with our estimation of δ using TGA. 

Results and Discussion 
Structure of the BaFeO3-δ 

BaFeO3 is known to exist in hexagonal 45,60–63 and cubic structure 
64,65 at normal and oxygen-rich synthesis conditions, 
respectively. Overall, three major structures exist for BaFeO3. 
First, the 6H hexagonal polymorph that contains combination of 
corner- and face- sharing octahedra (Fig. 1a) can be formed at 
high temperatures and ambient pressure. This structure has 
FeO6 octahedra repeat every six layers along the c-axis in a 
…ABCC'B′A′… sequence, with ′ referring to a reversed octahedra 
orientation. Within the unit cell, our calculated magnetic 
moments of Fe (1) and Fe (2) type are found to be 3.592 𝜇𝐵 
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(reported value of 3.58 𝜇𝐵66) and 3.942 𝜇𝐵 (reported value of 
3.99 𝜇𝐵66), respectively. 
Second, the 12H hexagonal polymorph is a 12 layered structure 
consisting of face-sharing Fe3O9 octahedral trimers and corner-
sharing octahedra. This structure forms at high temperature 
and high-pressure oxidation conditions. Among the reported 
models of 12H polymorph at different space groups, our 
calculations found that it at the monoclinic C2/m space group 
(Fig. 1b) with initial geometrical parameters from Tan et al. 45 
and Watanabe et al. 46 are within 0.5 meV with the energy of 
the rhombohedral R-3m space group structure from Tan et al. 
45. These structures are degenerate within the error bar of DFT 
calculations, and the former model is taken to represent the 
12H structure in this work. The calculated magnetic moments 
of Fe(1), Fe(2), and Fe(3) are 3.868𝜇𝐵, 3.836𝜇𝐵, and 2.888𝜇𝐵 
agree qualitatively with respective measured values of 3.6 𝜇𝐵, 
4.12 𝜇𝐵 and 2.74 𝜇𝐵 reported by Tan et al. 45.
Lastly, the 3C polymorph represents the traditional cubic 

perovskite structure with FeO6 octahedra connected only via 
corner-sharing oxygen. The BaO3 close-packed layers have 
…ABCABC.. stacking order along the <111> direction (Fig. 1c). 
This structure typically forms at low-temperature and at high 
oxygen environment. Only one type of Fe is found in the 3C 
structure which we calculated to have magnetic moment of 
3.788 𝜇𝐵, slightly higher than the measured value of 3.5 𝜇𝐵65.  
To identify the atomistic models of BaFeO3-δ structures, we 
compare the DFT computed energy of the optimized 6H, 12H, 
and 3C structures. Our  calculations find the 12H structure is 
energetically preferred model of BaFeO3 (Table I) over 6H and 
3C, agreeing with the experimental measurement of the 
phase45,67. The energetic advantage for preference of hexagonal 
structure is realized by mitigating the strain induced when the 
larger Ba2+ (𝑅𝐵𝑎2+ = 1.61 Å) occupies the cubo-octahedral 
cavity of FeO6 formed by the Fe4+ cations of small ionic radius (
𝑅𝐹𝑒4+ = 0.585 Å) and oxygen anion (𝑅𝑂2― = 1.61 Å). 

Fig. 1. The atomistic structures of BaFeO3 in the (a) hexagonal 6H polymorph, (b) hexagonal 12H polymorph structure with the 
C2/m space group, and (c) Cubic structure at 2 x 2 x 3 supercell structure. The green, gold, and red spheres represent Ba, Fe, and 
O atoms, respectively. Structurally asymmetric Ba, Fe, and O atoms are labeled when necessary. In the 6H polymorph, the four Fe 
cations in face-shared octahedra are labeled Fe(1) while and other two at corner-shared octahedra are labeled Fe(2). The oxygen 
anions located on the layer between the Fe(1) cations are labeled O(1), while those situated between Fe(1) and Fe(2) are labeled 
O(2). Ba2+ cations adjacent to face-sharing and corner-sharing FeO6 octahedra are labeled Ba(1) and Ba(2), respectively. In the 12H 
polymorph, three different type of Fe sites: Fe(1) and Fe(3) located respectively within the outer and inner octahedra of the Fe3O9 
trimer and Fe(2) located in the corner-sharing octahedra are labeled. 

Table I. The energy of BaFeO3 polymorphs from that of the 
energetically preferred 12H model (E12H =-33.526 eV/formula unit) 
and the geometric parameters. The reported values from 
experimental measurements and other computational studies with 
different values of effective U parameter (Ueff) are presented in 
parenthesis. 

BaFeO3
ΔE(meV 
per f.u.) Geometrical Parameters (Å)

a = 9.840 (9.85945)

b = 5.681 (5.69945)

c = 9.849 (9.89845)

d(Fe(1)-Fe(3)) = 2.065 (2.0546)

12H 0

d(Fe(2)-Fe(3)) = 2.581 (2.61546)

a = 5.653 (5.67460, 5.67268, 5.674369,
5.67362, 5.6646, Computed: 5.6966 at 
Ueff  = 4 eV )

b = 5.653

c = 13.820 (13.7460, 13.9068, 
13.92969, 13.92162, 13.8746

Computed: 13.81566 at Ueff  = 4 eV)

d(Fe(1)-Fe(2)) = 2.142 (2.1546 )

6H 21.61

d(Fe(1)-Fe(1)) = 2.626 (2.6546)

3C
114.69
(70 70)

a = b = c = 3.958 (3.97165, 
3.9771(Computed: 4.01570, 3.96372 at 
Ueff  = 3 eV, 3.99573 at Ueff  = 4 eV)
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Oxygen Vacancy Formation in BaFeO3-δ 

BaFeO3-δ OSMs have been reported for various values of δ from 
0.0 to 0.5. To computationally identify the energetically 
preferred models of BaFeO3-δ and to calculate their oxygen 
vacancy formation energies, we iteratively introduced oxygen 
vacancies into the previously discussed 12H, 6H, and 3C models 
of the BaFeO3 structure at 1 x 3 x 1, 2 2  x 2 2  x 3, and 2 x 2 x 
3 supercell models, respectively. The energy of preferred phase 
along with lattice parameters presented in Table II shows the 
preference of hexagonal structures versus the 3C structures for 
any amount of oxygen vacancies introduced in BaFeO3-δ. The 
12H polymorph is favored when minimal oxygen vacancies are 
present, specifically BaFeO3 and BaFeO2.958, whereas the 6H 
phase is favored when 0.0417 < δ ≤ 0.458. This result also 
corroborates with experimental observations of the 12H phase 
in BaFeO2.95

60 and BaFeO2.93
74 while the 6H phase exists 

between BaFeO2.63 and BaFeO2.95
60,68,75. It is important to note 

that there are some inconsistencies among experimental 
measurements regarding the crystalline phases within this 
composition range. For example, Mori et al. identified the 
existence of cubic, tetragonal, and monoclinic phases for 
BaFeO2.5 to BaFeO2.92

68, Takeda et al. measured 12H for 
BaFeO2.83

67 and Parras et al. measured mixed 6H and 10H 
phases for high oxygen containing BaFeO2.95

61. The 
inconsistencies are likely due to differences in methodology, 
instrument capability, and interpretation used to determine 
both δ and the crystal structure. 
The atomistic models of some of BaFeO3-δ systems from our 
calculations are presented in Fig. S2. The lattice parameters of 
optimized BaFeO3-δ OSMs obtained from our calculations along 
with available experimental values presented in Table II show 
excellent agreement. Additionally, in Table II, the lattice 
parameters of the supercells increase upon creation of 
successive oxygen vacancies. Intuitively, the creation of oxygen 
vacancies removes attractive forces between the metal cations 
and oxygen anions and/or increase the repulsive forces 
between the cations resulting in the volume increase. At an 
electronic level, vacancy introduction generates an empty 
defect in the density of states close to the Fermi level because 
two electrons are left behind when the neutral vacancy forms. 
This is identified as a mechanism for the overall volume 
expansion76,77. 

Table II. The DFT computed energy per formula unit (E) and 
lattice parameters of the BaFeO3-δ perovskites on energetically 
favored structures. The corresponding values from 
experimental measurements are presented in parenthesis.

δ E (eV) a (Å) b (Å) c (Å)

0 

(12H)

-33.526 9.840

(9.85945)

5.681

(5.69945)

9.849

(9.89845)

0.0417 

(12H)

-33.280 9.845 5.688 9.876

0.0417

(6H)

-33.276 5.659 

(5.67460, 

5.67161, 

5.66463)

5.657 13.854 

(13.7460,

13.87361, 

13.87863)

0.0834

(6H)

-33.047 5.663 

(5.69274

5.67268)

5.665 13.886 

(13.99174

13.9068)

0.125

(6H)

-32.812 5.669 

(5.68463)

5.673 13.917 

(13.95763)

0.167

(6H)

-32.576 5.671 

(5.6960)

5.672 13.953 

(13.8960)

0.208

(6H)

-32.324 5.677

(5.68378)

5.678 13.985 

(14.06278)

0.25

(6H)

-32.073 5.686 5.683 14.02

0.292 -31.814 5.696 5.688 14.065

0.334

(6H)

-31.542 5.707

(5.68379)

5.703 14.101

(13.91679)

0.375

(6H)

-31.258 5.724 

(5.7460)

5.714 14.121 

(13.8660)

0.417

(6H)

-30.979 5.743 5.732 14.142

0.458

(6H)

-30.689 5.758 5.734 14.152

0.5

(Mono-

clinic)

-30.301 5.796 

(5.8360

5.91179)

15.599 

(16.3860, 

16.4579)

5.875 (5.5460,

5.51879)

To understand the complexities required to adequately 
describe the oxygen storage process, we calculated the oxygen 
vacancy formation energy (EO vac).  The oxygen vacancy 
formation requires breaking a metal-oxygen bond and is the 
most energy intensive step in a complex oxygen release 
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process. Since the strength of a metal-oxygen bond on a surface 
structure of a perovskite and other oxides correlates with that 
in bulk80, we calculated the EO vac in the bulk model to quantify 
a system’s tendency to release oxygen by using 
EO vac = Edefect + 

𝑛
2 EO2 – Esupercell,                             (2)

where Esupercell, Edefect, and EO2 are the energy of the supercell 
(Table I), supercell with n-number of oxygen vacancies (Table II), 
and an O2 molecule (EO2 = -10.256 eV from spin-polarized 
calculation18), respectively. A positive and negative EO vac 
represents an endothermic and exothermic process, 
respectively. 
In the 12H model of BaFeO3, our calculations found the removal 
of the oxygen at the face-shared octahedra between Fe(1) and 
Fe(3) in Fig. 1b is the energetically most preferred with E O vac = 
0.773 eV. This reduces our model to BaFeO2.958. For comparison 
purpose, the E O vac for the energetically disfavored 6H and 3C 
polymorphs of BaFeO3 are 0.344 eV and 0.12 eV, respectively. 
TGA measurements of the reduction in these three polymorphs 
by Watanabe corroborate our findings, with the 12H being the 
most difficult to reduce (460 °C) and 3C the easiest (130 °C)46.
When introducing additional oxygen vacancies past δ > 0.0417, 
we only considered 6H-BaFeO3-δ structures because it is the 
energetically favorable phase. The oxygen in the face-sharing 
O(1) sites are thermodynamically preferred for vacancy 
formation when 0.0417 ≤ δ ≤ 0.334. This agrees with the 
previous work by Watanabe et al.46. For additional vacancies 
formation for 0.334 < δ ≤ 0.5, the oxygens at O(2) sites are 
favored. The atomistic models of the BaFeO3-δ OSMs depicting 
the oxygen vacancy formation sites are presented in Fig. S2. The 
EO vac per oxygen vacancy increases monotonically as additional 
vacancies are introduced. For δ = n x 0.0417 with the number of 
oxygen vacancies (n) = 1, 2, 3, ...,12, the EO vac per oxygen 
vacancy are 0.356, 0.367, 0.419, 0.45, 0.545, 0.605, 0.675, 
0.767, 0.871, 0.939, 1.021, and 1.152, respectively.  

Effect of Sr-Substitution on Oxygen Desorption in Ba1-xSrxFeO3-δ 

While BaFeO3-δ has been well-studied experimentally, 
expanding our work to substitute Sr2+ at Ba2+-site has been less 
explored. The Goldschmidt tolerance factor (t)81 can be 
predictive in determining the perovskite for given A-, B-, and O-
site compositions which is defined as 

𝑡 =
𝑅𝐴 𝑅𝑂

2(𝑅𝐵 𝑅𝑂),                                                                                   

(3)                                                                             
where 𝑅𝐴,𝑅𝐵, and 𝑅𝑂  are the ionic radii of A, B, and O of ABO3 
perovskite, with 1 corresponding to an ideal cubic perovskite 
phase. For BaFeO3, t = 1.08 which supports hexagonal structure 
formation.  However, the partial Sr2+ substitution for Ba2+ on the 
A-site lowers this value closer to 1 due to the smaller ionic radius 
of Sr2+. To explore this change, we examined the crystal 
structure variation of Ba1-xSrxFeO3-δ using pXRD. The patterns of 
the Sr2+-substituted Ba1-xSrxFeO3-δ (0 ≤ x ≤ 1) presented in Fig. 2 
show that the preference toward the hexagonal phase of 
BaFeO3-δ does not continue at x ≥ 0.083. At x = 0.083, we 
observe a mixture of the hexagonal phase with a separate 
pseudo-cubic phase (cubic, tetragonal, or orthorhombic). As the 

Sr2+ content increases (x ≥ 0.167), the hexagonal phase is no 
longer observed and the major [011] reflection of the pseudo-
cubic structure shifts towards higher 2θ values due to unit cell 
contraction. 

Fig. 2. XRD patterns of the Ba1-xSrxFeO3-δ (0 ≤ x ≤ 1) samples.

With experimental evidence of the hexagonal-to-cubic 
transition as predicted by the t (equation (3)), we used DFT to 
investigate the energetic preference of Ba1-xSrxFeO3-δ between 
the hexagonal or cubic phase as x and δ are changed. We used 
a matrix of x = 0.083, 0.167, 0.25, 0.333, and 0.417 and δ = 0.0, 
0.083, 0.167, 0.25, and 0.333 to determine the energetic 
structural preference at each composition. 
When no oxygen vacancies are present in the structure (δ = 0), 
hexagonal structures are preferred at Sr2+ substitution below x 
= 0.417 and the 3C structure at x ≥ 0.417 (Fig. 3a). The atomistic 
models of the δ = 0 compounds in Fig. 3 depicts that the Sr2+ 
cations substitute the Ba (1), Ba (2), Ba (2), Ba (1) type sites at 
the nearest neighbor separation in preferred 6H based models 
at x = 0.083, 0.167, 0.25, and 0.333, respectively, while a layered 
arrangement of Sr2+ cations forms in preferred 3C based models 
at x = 0.417 and 0.5. We further corroborate the phase 
transition calculated at the x = 0.417 threshold using vibrational 
analysis. The phonon density of states of the hexagonal 
Ba0.583Sr0.417FeO3, hexagonal Ba0.667Sr0.333FeO3, and cubic 
Ba0.583Sr0.417FeO3 compounds in Fig. S3 shows that the former is 
unstable as evidenced by a vibrational mode with an imaginary 
frequency, while he later two are thermodynamically stable. 
These DFT results of demonstrating a preference for the cubic 
phase as Sr2+ substitution increases agree qualitatively with our 
experimental findings shown in Fig. 2. Our calculated phase 
transition at x = 0.417 closely agrees with the experimental 
measurement of the hexagonal phase up to x = 0.35 when Ba1-

xSrxFeO3-δ is synthesized under high O2 pressures43. However, 
the hexagonal-to-cubic threshold is much lower in our 
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experimental findings from materials synthesized in air at 
ambient pressures. Given the reliance of the structural 
preference of BaFeO3-δ on oxygen pressure, this mismatch is 
unsurprising. Under a third set of synthesis conditions, the 
hexagonal-to-cubic transition has also been reported at x = 
0.262. 

Fig. 3. (a) Variation of energy per formula unit of the Ba1-

xSrxFeO3 formed on hexagonal and cubic based phases with 
concentration of substituted Sr cations. (b-f) The atomistic 
models of the energetically favored Ba1-xSrxFeO3 at x = 0.083, 
0.167, 0.25, 0.333, 0.417, and 0.5. The green, gold, red, and 
purple spheres represent Ba, Fe, O, and Sr atoms, respectively. 

To rationalize the energetic switching of the phase of Ba1-

xSrxFeO3-δ OSMs as function of Sr2+ substitution concentration 
(x) at fundamental level, we present the electronic density of 
states (DOS) of Ba1-xSrxFeO3 at x = 0.083, 0.25, and 0.417 in the 
hexagonal and cubic based phases in Fig. 4. In Fig. 4a, the 
electronic occupancy at spin up states near the Fermi level (EF) 
decreases with increasing Sr2+ substitution in the hexagonal 
phase. This decrease is less drastic in the cubic phase. The 
difference between the two phases is most prominent in 
Ba0.583Sr0.417FeO3 correlating well with the phase switching 
expected and observed between the hexagonal and cubic 
phases. In Fig. 4b, the hybridization of the Fe-d orbitals with 

O(1) p-orbitals of 6H phase or oxygen of cubic BaFeO3 is higher 
than that with O (2) type at hexagonal BaFeO3. The lower EO vac 
from the former two sites over the latter implies that the Fe d-
hybridization with O-p orbitals inversely related with the EO vac. 

Fig.4. The electronic density of states (DOS) of (a) Ba1-xSrxFeO3 

(x = 0.083, 0.25, and 0.417) OSMs at cubic and hexagonal phases 
near the Fermi level (EF). (b) The DOS contribution from the Fe-
d and O-p orbitals of cubic BaFeO3 and from O (1) and O (2) type 
of oxygens in hexagonal BaFeO3 OSMs (defined in Fig. 1a) near 
the EF. The DOS of spin down orbitals are plotted in negative y-
axis for visual convenience. 

To explore the influence of magnetic state on the electronic 
structure of the target materials, we present the variation of the 
projected density of d-orbitals of an Fe cation on up and down 
spin components of the target cubic Ba0.583Sr0.417FeO3 OSM. 
Irrespective of the FM, A-AFM, C-AFM, and G-AFM magnetic 
states, the Fes coordinated with Sr and Ba layers (see Fig. 3f) 
have the lowest magnetic moment while those coordinating 
with only Ba layers have relatively higher magnetic moments. 
The tendency of having high or low magnetic moments based 
on local neighborhood than that depending on the spin 
orientation implies the strong effect of the local neighborhood 
on the occupancy of d-orbitals. The Fe with high magnetic 
moment has values 3.776 μB, 3.905 μB, 3.844 μB, and 3.901 μB 
on the FM, A-AFM, C-AFM, and G-AFM states, respectively 
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which do not change significant magnetic state dependence. 
The Fe with the low magnetic moment has values 3.678 μB on 
the energetically favored FM while 3.541 μB, 3.659 μB, and 
3.386 μB on the A-AFM, C-AFM, and G-AFM magnetic states, 
respectively. In Fig.5a and 5b, we show the PDOS of Fe with high 
and low moments, respectively. Irrespective of magnetic state, 
there is similar asymmetry in occupancy of up and down spin 
states, significant dispersion of the Fe 3d-orbitals over the long 
energy range leading to their hybridization with O 2p orbitals 
implying metallic nature. 

Fig. 5. The variation of the electronic density of states of Fe 3d-
orbitals in Ba0.583Sr0.417FeO3 with ferromagnetic (FM), A-type 
antiferromagnetic (A-AFM), C-AFM, and G-AFM magnetic 
ordering of Fe in lattice. The plot (a) and (b) correspond to Fe 
on the layer between Ba and Sr layers and between Ba layers 
(see model in Fig. 3f), respectively. The PDOS of oxygen 2p-
orbitals are presented to depict the hybridization.  
 
Since the oxygen vacancy concentration is relevant for CLAS, we 
introduce such vacancies into our Ba1-xSrxFeO3 models. Like in 
Ba1-xSrxFeO3, the energetic preference of phase of the non-
stoichiometric Ba1-xSrxFeO3-δ changes after a threshold Sr 
concentration. The computed energies of Ba1-xSrxFeO3-δ systems 
with δ = 0.25 presented in Fig. 6 depict that the required Sr2+ 
threshold for phase switching is at x = 0.25. The results for 
systems with δ = 0.083, 0.167, and 0.333 presented in Fig. S4 

depict the energetic preference from 6H to 3C at x = 0.25, below 
0.25, and 0.25, respectively. Thus, Sr2+ substitution can switch 
the energetic preference from hexagonal to cubic phase and its 
required threshold decreases with the presence of oxygen 
vacancies in the OSM. The lattice parameters of these Ba1-

xSrxFeO3-δ models in Table S2 match closely with reported 
measured values for some overlapping compositions in the 
literature62. 
Our experimental synthesis of the Ba1-xSrxFeO3-δ compounds in 
air by varying Sr2+ content from x = 0.083 to x = 0.5 observe 
compounds in a narrow oxygen non-stoichiometry (3-δ) 
distribution from 2.75 to 2.81 with higher Sr2+ contents leading 
to larger 3-δ values (Fig. S5). These materials are predominantly 
cubic, agreeing qualitatively with our computed results. The 
BaFeO3-δ falls outside this narrow distribution with BaFeO2.69 
observed (Fig. S5). The hexagonal structure observed 
experimentally agrees with our computational findings, even at 
a high δ value (0.31).      
To visualize the successive oxygen vacancy formation sites in 
the cubic phase, the atomistic models of Ba0.583Sr0.417FeO3-δ with 
δ = 0.083, 0.167, 0.25, 0.333, and 0.5 are presented in Fig. S6. 
We find the oxygen on apical sites with Sr on local 
neighborhood are preferred to create oxygen vacancies being 
independent of the Sr2+ concentration in the cubic phase.
 

Fig. 6. Variation of total energy per formula unit of the Ba1-

xSrxFeO2.75 formed on hexagonal and cubic based phases with 
concentration of substituted Sr2+ cations at x = 0.083, 0.167, 
0.25, 0.333, and 0.417. 

To investigate an inherent advantage of this phase transition on 
oxygen release tendency, we calculated and compared 𝐸𝑂 𝑣𝑎𝑐 
corresponding to δ = 0.083, 0.167, 0.25, and 0.333 on Ba1-

xSrxFeO3-δ (x = 0, 0.25, and 0.417) with those of two well-studied 
OSMs namely SrFeO3-δ and Sr0.75Ca0.25FeO3-δ. The comparison 
presented in Fig. 7a shows that the 𝐸𝑂 𝑣𝑎𝑐 in cubic 
Ba0.583Sr0.417FeO3-δ are the lowest for all values of δ among our 
explored materials. In addition, we compared the 𝐸𝑂 𝑣𝑎𝑐 of 
hexagonal and cubic Ba1-xSrxFeO3-δ OSMs at δ = 0.0, 0.083, 
0.167, 0.25, and 0.333 in Fig. 7b that shows consistently smaller 
EO vac in cubic OSMs than corresponding values in hexagonal 
OSMs, with the largest difference in creating the initial set of 
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oxygen vacancies. Thus, the formation of a cubic Ba1-xSrxFeO3-δ 
OSMs by incorporating sufficient Sr2+ on Ba2+ sites is vital for 
oxygen release performance. Furthermore, the difference in 
free energies of the hexagonal and cubic phase of 
Ba0.583Sr0.417FeO3-δ shown in Fig. 7c remains positive with 
variation in temperature, suggesting the cubic phase obtained 
has tendency to be stable even at elevated temperatures. The 
opposite, both positive and negative free energy differences 
between the two phases, is obtained for BaFeO3 implying a 
temperature-dependent transition from hexagonal to cubic. 
The transition temperature obtained at approximately 700 °C 
agrees qualitatively with measured results by Mori et al. 68.
To explore the effect of the hexagonal-to-cubic phase change 
on the oxygen mobility, we calculated the activation energy 
barrier (Ea) of an oxygen diffusion from equatorial lattice site to 
a nearby vacancy on apical site (the sites are labeled in Fig. S7). 
The Eas are found to be 0.957 eV and 0.915 eV in BaFeO2.958 and 
Ba0.583Sr0.417FeO2.958, respectively (Fig. 8) implying small effect of 
Sr2+ substitution. These values are much larger than the Ea of 

0.531 eV in Sr0.75Ca0.25FeO2.958. Since Fe-O bond breakage and 
formation is naively related to the oxygen diffusion, we quantify 
the distance of the diffusing oxygen to the nearby Fes to 
intuitively rationalize the variation in Ea. The Fe-O distances to 
three different Fes (see Fig. S7 for labeling of sites of interest) 
on Ba0.583Sr0.417FeO2.958 and Sr0.75Ca0.25FeO2.958 presented in 
Table S3 shows that the d(Fe1-O) is the lowest at the transition 
state (TS) at reaction coordinate 3 (see energy profile in Fig. 8) 
in both OSMs. From similar calculations in BaFeO2.958, we 
determine d(Fe1-O), d(Fe2-O), d(Fe3-O) to be 1.723 Å, 3.237 Å, 
and 3.233 Å, respectively. As a trend, the relatively long distance 
of diffusing oxygen from the initially close Fe1 and short 
distance to Fe2 and Fe3 at TS in Sr0.75Ca0.25FeO2.958 than in 
Ba0.583Sr0.417FeO2.958 and BaFeO2.958 might be correlated to the 
relatively small oxygen diffusion barrier in the 
Sr0.75Ca0.25FeO2.958 system than others explored in this study.  
This result agrees with the reported trend in the diffusion of 
adatom on metallic surface82. 

Fig. 7. Energetic advantage of Sr2+-substitution induced phase change from hexagonal to cubic phase in Ba1-xSrxFeO3-δ: (a) The 
comparison of oxygen vacancies formation energies (EO vac) on Ba1-xSrxFeO3-δ (x = 0.0, 0.25, and 0.417) with those of the Sr1-xCaxFeO3-

δ (x = 0.0, 0.25). (b) The EO vac on Ba1-xSrxFeO3-δ OSMs based on cubic and hexagonal phases. The concentration of Sr2+ cations on 
Ba2+ sites (x) are labeled at the top. For each x, oxygen vacancies at concentration δ = 0.083, 0.167, 0.25, and 0.333 are considered. 
(c) The variation of computed free energy difference of BaFeO3 and Ba0.583Sr0.417FeO3 in hexagonal and cubic phase with 
temperature. 
    Fig. 8. The energy profile of an oxygen diffusion process from 

equatorial site to a vacancy on apical site of BaFeO2.958, 
Ba0.583Sr0.417FeO2.958, and Sr0.75Ca0.25FeO2.958.

Given our findings that the cubic Ba1-xSrxFeO3-δ materials have 
smaller EO vac than their hexagonal counterparts, we 
experimentally investigated and compared O2 desorption 
properties of eight of the Ba1-xSrxFeO3-δ (x = 0.0-1.0) 
compositions using O2-TPD. The results presented in Fig. 9 
shows onset temperature for O2 desorption ranges from 205 °C 
to 227 °C, which is lower than that of Sr0.75Ca0.25FeO3-δ (approx. 
273 °C)24,35. This result aligns with our computed result of the 
lowest 𝐸𝑂 𝑣𝑎𝑐 in Ba0.583Sr0.417FeO3-δ (Fig. 7a). In Fig. 9, while the 
Ba/Sr containing materials generally have one major oxygen 
desorption step, SrFeO3-δ (x = 1.0) and BaFeO3-δ (x = 0) are 
outliers. Despite having the lowest onset temperature of ~200 
°C, the SrFeO3-δ requires much higher desorption temperatures 
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beyond its initial release due to its strong retention of oxygen. 
Interestingly, the O2-TPD profile of BaFeO3-δ similarly exhibits 
multiple unique desorption features not found in any of our 
other OSMs: an initial peak near 300 °C, an elongated release 
from 400-700 °C, and a final peak at ~800 °C. These features 
may align with the structural transition of the BaFeO3-δ between 
12H, 6H, and brownmillerite phases. Furthermore, there is a 
pronounced change in the desorption intensity at 
approximately 400 °C. The addition of a minimal amount of Sr2+ 
(x = 0.083) drastically alters the desorption profile of BaFeO3-δ. 
The highest intensity of O2 desorption is achieved at x = 0.167, 
which is also the material with the lowest Sr2+ concentration 
that forms in a predominantly cubic or pseudo-cubic phase 
based on XRD patterns presented in Fig. 2. 

Fig. 9. The variation of oxygen desorption intensity of Ba1-

xSrxFeO3-δ OSMs (x = 0.0, 0.08, 0.167, 0.25, 0.33, 0.41, 0.5, and 
1.0) with temperature measured using O2-temperature 
programmed desorption technique.  

Oxygen Up take in Ba1-xSrxFeO2.5+δ 

For a competitive OSM, oxygen release must be reversible. For 
this reason, we quantified the oxygen up take (oxidation or 
absorption) features of the Ba1-xSrxFeO3-δ by using the Ba1-

xSrxFeO2.5 brownmillerite phase as the reduced structure of 
both BaFeO3 and the Sr2+-substituted OSMs. Using a 
brownmillerite structure as the reduced phase follows the 
measured range of δ in Ba1-xSrxFeO3-δ

75,83,84 and the energetic 
preference of the brownmillerite than the monoclinic phase of 
BaFeO2.5

83 by 0.247 eV/f.u. in our calculations. Brownmillerite is 
an oxygen vacancy ordered three-dimensional structure that 
contains alternate stacking of the FeO6 octahedra and FeO4 
tetrahedra with oxygen vacancies aligned along the [110] 
direction. The atomistic models of brownmillerite BaFeO2.5 and 
its partially oxygenated forms from our calculations in Fig. S8 
depict that the successively absorbed oxygen anions at the 
vacancies prefer to occupy distant sites initially and then the 
neighboring sites. The oxygen up take energy (∆𝐸Oxidation) of an 
ABO2.5+δ perovskite is calculated by using

∆𝐸Oxidation = 𝐸𝐴𝐵O2.5+δ ― 𝐸𝐴𝐵O2.5 ―𝛿 × 𝐸O2
2 ,                              (4) 

where 𝐸𝐴𝐵O2.5, 𝐸𝐴𝐵O2.5+δ, and 𝐸O2 are the energies of an ABO2.5 
supercell, an ABO2.5+δ supercell with oxygen up take at 
concentration δ, and an O2 molecule, respectively. We used an 
extended 2 2 x 4 x 2 2 supercell model to form the atomistic 
models of BaFeO2.5+δ and Ba1-xSrxFeO2.5+δ to compute ΔEOxidation 
so that interactions of incorporated oxygens with their periodic 
image will be avoided.  
In Fig. 10a, the negative values of ΔEOxidation calculated for the 
Ba1-xSrxFeO2.5+δ OSMs irrespective of the oxygen non-
stoichiometry (δ) and Sr2+ substitution concentration (x) 
suggests the spontaneity of oxygen up take process. This 
preference is slightly weaker as Sr2+ concentration is increased. 
The atomistic models of Ba1-xSrxFeO2.5 OSMs at x = 0.125, 0.25 
and 0.375 in Fig. S9 show that the successively substituted Sr2+ 
cations prefer to occupy the nearest neighbouring sites along [010] 
direction in a layer-by-layer manner so that the Sr layers are 
sandwiched between the Ba layers. The calculated lattice 
parameters of BaFeO2.5+δ, Ba0.75Sr0.25FeO2.5+δ, and 
Ba0.5Sr0.5FeO2.5+δ OSMs at δ = 0.0, 0.125, 0.25, 0.375, and 0.5 are 
presented in Table S4 depicts that the orthorhombic 
brownmillerite phase of the OSMs gradually transforms into 
cubic phase in stoichiometric Ba1-xSrxFeO3. The volume of Ba1-

xSrxFeO2.5+δ OSMs decrease consistently with increase in 
concentration of absorbed oxygen anions. This volume 
decrease upon oxygen absorption has a stronger effect than 
results from the substitution of Ba2+ with Sr2+. For example, the 
volume of the BaFeO2.5 decreases by 5.63 % and 1.86 % for 
oxygen up take at concentration δ = 0.5 and with Sr substitution 
at x = 0.5, respectively. 
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Fig. 10. (a) The calculated oxygen up take energy (per added 
oxygen) of Ba1-xSrxFeO2.5+δ OSMs (x = 0.0, 0.125, 0.25, and 0.375) 
as a function of the added oxygen concentration (δ). (b) TGA 
measured reoxidation of the Ba1-xSrxFeO2.5 OSMs at different 
temperature and Sr substitution concentration. 
To corroborate these calculations, we performed TGA 
measurements of oxygen up take in Ba1-xSrxFeO2.5. Oxygen 
absorption was tracked by heating pre-reduced samples to 800 
°C in air (21% O₂). The oxygen concentration (δ) is estimated 
from the mass change by assuming Ba1-xSrxFeO2.5 as a starting 
composition. The results in Fig. 10b depict that the OSMs with x 
≤ 0.17 display an onset oxygen adsorption at/or above 150 °C 
while OSMs with x ≥ 0.25 begin up take at much lower 
temperatures (~ 100 °C). In Fig. 10a, increasing the Sr2+ content 
decreases ΔEOxidation for initial oxygen up take at δ = 0.031. The 
decrease ΔEOxidation is found to align with the decrease on the 
onset up take temperature. The maximum oxygen content in 
these materials increases systematically with Sr2+ content: δ = 
0.1 for BaFeO2.5+δ, 0.28 for Ba0.5Sr0.5FeO2.5+δ, and 0.35 for 
SrFeO2.5+δ. This result was expected as enhancement of oxygen 
up take in perovskites with a tolerance factor close to 1 has 
been reported from previous exploration of multiple OSMs85. As 
our OSMs are heated beyond their maximum up take 
temperature, they begin to release oxygen to overcome the 
concentration gradient established due to oxygen sorption. 
However, even up to 800 °C in air, the oxygen content does not 
reach δ = 0 under air flow. This can only be accomplished by 

reducing the partial pressure of O2 by switching to N2. However, 
the oxidation profile of Ba0.83Sr0.17FeO2.5+δ resembles our 
previous work of Sr0.75Ca0.25FeO2.5+δ and Sr0.7Ca0.3FeO2.5+δ, with 
a sharp drop in oxygen content/mass at approximately 450 °C. 
These two Sr1-xCaxFeO3-δ OSMs are among the most promising 
of the Sr1-xCaxFeO3-δ systems, as this oxygen lability at moderate 
temperatures led to an increase in desorption kinetics24. 
Recently, Bektas et al.33 demonstrated the viability of 
Ba0.75Sr0.25FeO3-δ as an OSM when implemented in pressure-
swing (0.2-0.01 atm O2), temperature-swing (400-600 °C), and 
combination processes. Given the difficulties posed by 
oxidation at higher temperatures in their work, we chose to 
focus on a purely pressure swing (0.21-0 atm O2) process at T < 
400 °C, at which the oxidation and desorption are near their 
maximum thermodynamically. 
While δ is a useful metric towards understanding the structural 
changes in these oxygen carriers, oxygen storage is more 
applied quantity which is traditionally reported in wt.% as a 
quantification of oxygen produced. The systems in this work 
containing Ba2+/Sr2+ A-site compositions are at an inherent 
disadvantage to Sr2+/Ca2+ A-site systems due to their higher 
formula weights. Herein, we compare Ba1-xSrxFeO3-δ (x = 0-0.5) 
with SrFeO3-δ and our previously reported Sr0.7Ca0.3FeO3-δ at 325 
°C and 350 °C (Fig. 11). The OSC values for these materials at 
325 °C and 350 °C are listed in Table S5. The OSC of SrFeO3 
decreases with temperature, while that of Sr0.75Ca0.25FeO3 
increases and Ba1-xSrxFeO3-δ OSMs peak at  ~350 °C and with a 
slight shift towards higher temperatures as Sr concentration 
increases. 
At 325 °C, the overall oxygen storage capacities of the studied 
OSMs are low, with SrFeO3-δ offering a maximum OSC of 0.93 
wt.% over the 60-minute reduction/oxidation cycles. 
Ba0.83Sr0.17FeO3-δ and Ba0.75Sr0.25FeO3-δ are close with 0.88 wt.% 
and 0.79 wt.%, respectively. However, the initial rate of 
reduction (oxygen release) is much higher for SrFeO3 than those 
two OSMs, releasing 0.032 wt.% in the first minute, compared 
to 0.020 wt.% and 0.012 wt.%, respectively. This initial rate of 
reduction carries forward through the entire reduction half of 
the cycle, with the maximum OSC only reached at the 60-minute 
mark, whereas SrFeO3-δ is near its equilibrium state after only 
~40 minutes. The overall OSC decreases as Sr2+ increases from x 
= 0.17-0.5, with x = 0.08 lagging well behind. Oxidation (oxygen 
up take) is performed fastest by Ba0.5Sr0.5FeO3 and SrFeO3, 
although all Ba1-xSrxFeO3-δ with x ≥ 0.17 were much faster than 
BaFeO3-δ or Ba0.92Sr0.08FeO3-δ, signaling the importance of the 
cubic phase. 
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Fig 11. Isothermal TGA oxidation/reduction curves of Ba1-

xSrxFeO3-δ (x = 0.0, 0.08, 0.17, 0.25, 0.33, 0.42, 0.50, and 1.0) 
OSMs at (a) 325 °C, and (b) 350 °C. The oxidation and reduction 
gas stream are air and N2, respectively flowing at 75 standard 
cubic centimeters per minute (sccm). The y-axis is in reverse 
order to depict positive value for mass loss. The 0 % weight loss 
represents the weight % of the reversibly accessed oxidized 
species. A correction factor is taken to align the plots with the 
maximum oxidation at 0 to show mass gain. The results for 
Sr0.7Ca0.3FeO3-δ OSMs are shown for comparison purposes. Four 
total Air/N2 cycles were performed to gauge initial stability. 

Unlike 325 °C, the beneficial effects of Ba1-xSrxFeO3-δ versus 
SrFeO3-δ are observed at 350 °C (Fig. 11b). While Sr0.7Ca0.3FeO3-

δ has the highest OSC over the 60-minute reduction cycle (1.32 
wt.%), its overall reduction rate (0.041 wt.%) is lower than every 
other OSM tested, except Ba0.92Sr0.08FeO3-δ. Conversely, the 
initial reduction rate (0.145 wt.%/min) is still dominated by 
SrFeO3-δ at 350 °C , but its OSC (0.90 wt.%) is lower than at 325 
°C. This trend is commonly observed in OSMs operating above 
the temperature of maximum oxygen release, observable by O2-
TPD (Fig. 9). Unlike SrFeO3, every other tested OSM shows an 
increase in OSC at 350 °C compared to 325 °C. In fact, 
Ba0.83Sr0.17FeO3-δ and Ba0.75Sr0.25FeO3-δ offer attractive 

compromises between Sr0.7Ca0.3FeO3-δ and SrFeO3-δ, with OSCs 
of 1.21% or 1.10% and initial reduction rates of 0.070%/min and 
0.092 wt.%/min, respectively. Between a reduction time of 16-
50 minutes, these two OSMs are the most preferred for the 
reduction. Between those two Ba1-xSrxFeO3-δ OSMs, the initial 
oxidation rates over the first minute are faster for x = 0.25 (0.35 
wt.%/min vs. 0.24 wt.%/min). Both are slower than SrFeO3-δ 

(0.54 wt.%/min) and faster than Sr0.7Ca0.3FeO3-δ (0.13 
wt.%/min). However, full reoxidation of Ba0.83Sr0.17FeO3-δ does 
take approximately 6 minutes longer than Sr0.7Ca0.3FeO3-δ (17 vs. 
11 minutes). Only BaFeO3 and Ba0.92Sr0.08FeO3 have slower 
oxidation profiles, further confirming the importance of the 
cubic structure versus hexagonal to yield the most favorable 
reaction kinetics, in agreement with the findings by Watanabe, 
et al 46. A table summarizing the OSC, oxidation, and reduction 
rates for all the OSMs studied in this work are in Table S5. 
While the oxygen storage activity of selected Ba1-xSrxFeO3-δ 
OSMs can compete well with both SrFeO3-δ and Sr1-xCaxFeO3-δ, 
the true strength of those two systems is the compositional 
variability that can be modulated further using A-site or B-site 
substitution, or a combination of both. Initial reports on the 
limits and feasibility of the Ba1-xSrxFeO3-δ family of OSMs suggest 
that while Mg2+ B-site substitution has shown to enhance the 
oxidation kinetics of these materials33, further substitution 
remains unexplored. We believe that cubic Ba1-xSrxFeO3-δ offers 
a promising foundation for investigation into A-/B-site 
substitution or microstructural modifications, particularly for 
applications at low operating temperatures, especially below 
400 °C. Other perovskites such as Sr1-xCaxFeO3 often reach their 
lower temperature limits at approximately 375 °C, unless Co is 
added, which may pose socio-economic challenges for 
widespread implementation of the CLAS technology. Minor 
improvements to Ba1-xSrxFeO3-δ, either through compositional 
adjustments or increased surface area, could potentially lead to 
a new promising class of sub-400 °C OSMs. 

Conclusions
In this study, we utilize the DFT-based energy analysis and XRD 
measurements to demonstrate that the crystal phase of the Ba1-

xSrxFeO3-δ perovskites can be manipulated by varying Sr 
concentration, resulting in either a hexagonal or cubic phase. 
The atomistic models of the base BaFeO3-δ and mixed Ba1-

xSrxFeO3-δ perovskites are developed and the preferred oxygen 
vacancy formation sites are identified within the hexagonal 
(12H, 6H), and cubic 3C phases. The cubic phase based Ba1-

xSrxFeO3-δ perovskites exhibit lower oxygen vacancy formation 
energy compared to their hexagonal counterparts. Additionally, 
their thermodynamic stability and spontaneous oxidizing 
properties make them promising oxygen storage materials. The 
electronic structure in terms of Fe-3d and O-2p hybridization 
serves as a descriptor for the thermodynamic cost to create an 
oxygen vacancy. The high and stable redox performance of the 
Ba0.75Sr0.25FeO3 perovskite at 325 °C and 350 °C establish it as a 
promising OSM for low-temperature chemical looping air 
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separation technology. The enhanced low-temperature OSC of 
Ba1-xSrxFeO3-δ perovskites, computationally identified as having 
the lowest redox thermodynamics, highlight the importance of 
such analysis in advancing the development of mixed perovskite 
with improved thermal OSC capabilities as required for low 
temperature chemical looping applications. The aspects 
presented in this study provide valuable insights for improving 
the performance of OSMs and advancing energy-efficient O2 
production.
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