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ABSTRACT

Oxygen storage materials (OSMs) play a significant role in automotive catalyst and oxygen
separation systems. Here, we examine the oxygen storage ability of Ruddlesden-Popper-type
layered perovskites A,+1Fe,O3,+1-5 (A = Sr, La) using temperature-programmed reduction with
H> (H2-TPR) and thermogravimetry (TG) measurements. As a result, we found that oxygen
storage capacity exhibited an increasing trend with the number of perovskite layers.
Furthermore, time-resolved X-ray diffraction measurements revealed reaction dynamics during
the redox reactions, visualizing the process of the phase changes and reaction times. Among
the compounds we examined, LaSr;Fe3O10-s with triple perovskite layer (n = 3) has high
structural stability and good oxygen storage characteristics. From this perspective, we propose
a perovskite-based OSM design guideline to combine oxygen-storage perovskite layers and

robust rock-salt layers. These findings provide new insights into the design of novel OSMs.
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INTRODUCTION

Oxygen storage materials (OSMs) can reversibly undergo redox processes in response to
environmental changes, such as fluctuations in atmosphere or temperature. Due to this feature,

2,3
* 2, oxygen

OSMs are crucial in various applications, including automotive catalyst system"
separation® > ¢, and chemical looping reactions 7 ® °. Developing high-performance OSMs is
essential for advancing sustainable technologies, especially in improving energy efficiency.

In practical applications like automotive catalysis, materials are often exposed to rapidly
changing gas environments, with atmospheric switching occurring at frequencies up to about
5 Hz. Under these conditions, high oxygen storage capacity, fast response, and excellent
reversibility are crucial. To enable efficient and reversible oxide ion exchange, oxygen storage
materials (OSMs) need to release and store oxide ions without substantial alteration of their
original structural framework. For example, the CeO2-ZrO; system is a widely used OSM as a
cocatalyst of a three-way catalytic converter for automotive exhaust purification® '% !, The
Ce0:-ZrO: system exhibits a topochemical reaction, where the Ce/Zr cationic sequence is
maintained during redox processes'®. These reactions are inherently fast (<10 s at 500°C) due
to the absence of cation rearrangement.

Oxygen-deficient perovskite oxides with the general formula ABO;_s (J represents oxygen
vacancies) have attracted attention as promising OSMs because of their high oxygen storage
capacity’. In these materials, a fast oxygen release/absorption rate is often achieved by ordering
oxygen defects in addition to the topochemical reaction. Motohashi et al. investigated the
oxygen-deficient perovskite CaxAIMnOs;sand reported the large oxygen storage capacity!?.
Ca;AIMnOs has a brownmillerite structure, which consists of alternating stacking of MnOg
octahedral layers and AlOs tetrahedral layers. This structure is a defect-ordered perovskite in

which every other BOs octahedral layer is replaced by a corner-sharing BOs tetrahedral layer,
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forming ordered vacancies along the [110], direction. These [110], defects are associated with
enhanced oxygen mobility of Ca2AIMnOs'.

Sr-Fe-based perovskite SrFeOs s also has a defect-ordered structure depending on the
amount of oxygen defects'*. SrFeQj;_s exhibits cyclic redox reactions between the cubic phase
(6~ 0.25) and the brownmillerite phase (0= 0.5) at 500°C (Figure 1a). Since it can be reduced
at low temperatures, its application in air separation and chemical looping has already been
investigated!> 117 However, the disadvantage of SrFeOs_s for automobile gas purification is
its structural instability in a reducing atmosphere at high temperatures. In reducing atmospheres
above 700°C, the structural framework cannot be maintained and decomposes due to the
reduction of Fe ions to metallic Fe. Therefore, it is unsuitable for automotive catalysts that are
exposed to high-temperature reducing atmospheres of nearly 1000°C'%.

To address this issue, we have investigated the layered perovskite oxide Sr3Fe>O7-sand
found that it has improved thermal stability under high-temperature reduction conditions'®,
Sr3Fe207-s5has the Ruddlesden-Popper (RP)-type layered perovskite structure with intergrowth
of double perovskite and rock-salt layers (Figure 1a). Sr3Fe2O7_shas superior thermal stability,
but its oxygen storage capacity is inferior to SrFeOs_s, while Pd-loading!® improves oxygen
storage properties. Therefore, further structure optimization is required to obtain optimal
oxygen storage material.

This study focuses on the oxygen storage ability depending on the number of perovskite
layers in RP-type layered perovskites A,+1Fe,O34+1-5 (A = Sr, La). SrFeOs_s, Sr3Fe207-5, and
LaSrsFe3O10-s are n = o and 2, 3 series, respectively, and show topochemical oxygen
release/storage capability. Here, we report the superior oxygen storage capacity and the
stability under high-temperature reduction conditions for RP-type LaSr;Fe;O19-s. We also

investigated the reaction dynamics during the fast oxygen intercalation/deintercalation
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processes for Pd-supported A,+1Fe,Osq+1-s5using in-situ synchrotron time-resolved X-ray
diffraction (XRD) techniques. Notably, Pd/LaSr3Fe;O10-s exhibited a fast reaction time in the
oxidation and reduction processes. Hence, LaSr3Fe;O10-s has the advantageous properties of
both Sr3Fe>O7-s5and SrFeOs_s. Our findings provide the structural design of efficient OSM by

combining structural blocks with separate roles.

RESULTS

We compared the oxygen storage ability of Pd-loaded Sr-Fe-based layered perovskite oxides,
Pd/Sr3Fe;07-s (n = 2), Pd/LaSr3Fe3O10-s (n = 3), and Pd/SrFeOs_s (n = ). These compounds
are RP-type layered perovskites A,+1Fe,O3,+1-5, Where n corresponds to the thickness of the
perovskite blocks (Figure 1a). All of these phases are capable of topotactic redox reactions. In
Sr3Fe207-s, the oxygen atom at the center of the two perovskite blocks is removed during
reduction, leading to a change in the Fe coordination environment from an FeOs octahedron to
an FeOs pyramid. For SrFeOs_s, reduction induces ordered defects along the [110], direction,
resulting in a brownmillerite-type structure characterized by alternating layers of FeOs
tetrahedral coordination and FeOs octahedral coordination. In the case of LaSriFe3Oio_s,
reduction introduces defects in the central perovskite block. The defects align along the [110],
direction, similar to those in SrFeOs_s. In this way, redox reactions occur within the perovskite
block, and this part contributes to oxygen storage. In addition, the improvement in reduction
tolerance in Sri3Fe,O7-s suggests that the presence of the rock-salt layer has the effect of

increasing reduction resistance in the high-temperature region®®.
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Figure 1. a) Schematic images of Sr-Fe-based layered perovskite redox reaction. White, brown,

and red atoms represent Sr / La, Fe, and O, respectively. Crystal structures were depicted by

using the VESTA3 program?. b) Isothermal oxygen-storage capacity profiles of Sr-Fe-based

layered perovskites at 500°C. The red, green, and black lines represent Pd/Sr;Fe.O7-

s, Pd/LaSr3Fe3010-s, and Pd/SrFeOs_s, respectively. The gas atmosphere around the sample was

switched between 2% Ha/Ar (30 min) and 2% Oo/Ar (20 min) alternately.

Sr-Fe-based samples with particles ranging from a few hundred nanometers to a few

micrometers in size (Figure S1) were synthesized by the polymerization complex method. Pd

loading was then performed using the impregnation method. Transmission electron microscopy

measurements of the Pd/LaSrsFe3O10-s sample after an oxidation-reduction cycle at 500°C

revealed that a few nanometer-sized Pd particles are dispersed on the surface (Figure S2),

which is roughly consistent with Pd/SrsFe,O7-s reported previously™®.
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In order to evaluate the oxygen storage capacity of the Pd-loaded Sr-Fe-based samples,
cyclic thermogravimetry (TG) measurements were performed. The atmosphere around the
sample was alternately switched between H2/Ar and O2/Ar, and the weight changes associated
with the reaction were measured. As shown in Figure 1b, all samples show good and reversible
oxygen storage capacity. Pd/SrFeOs_s has the largest oxygen storage capacity of 2.5 wt%, and
Pd/LaSr3Fe3010-sand Pd/Sr3Fe;O7-s show capacities of 2.0 wt% and 1.7 wt%, respectively. As
expected, the oxygen storage capacity is in the order of the proportion of perovskite blocks in
the structure. The valence of iron in Sr3Fe;O7-s, LaSrsFe3O10-s, and SrFeOs s at 500°C
oxidation states are estimated to be about +3.5, +3.6, and +3.6, respectively. These values are
consistent with previous reports under room temperature conditions (Sr3FeOe4’!: +3.64,
LaSr3Fe309.9%%: +3.6, StFeO,.875'%: +3.75).

To assess the structural robustness at high temperatures, we carried out H>-TPR
measurements (Figure 2a). The sample was brought to 900°C at a heating rate of 5°C/min in
a 2% Hz/Ar flow. The amount of hydrogen consumption during the reaction was estimated
using a thermal conductivity detector. In the low-temperature region, a steep peak
corresponding to hydrogen consumption was observed around 100°C in all three samples. This
indicates that all samples have good oxygen release characteristics under low-temperature
regions. However, in Pd/SrFeOs_s the intensity gradually increased with temperature above
650°C, corresponding to the decomposition, whereas no clear sign of decomposition was
observed in Pd/Sr3Fe2O7-s and Pd/LaSrsFe3O10-5. Powder XRD measurements clearly showed
the difference in the robustness of the three samples (Figure 2b). After annealing in 5% Ho/Ar
at 900°C for 3h, Pd/SrFeO;_s fully decomposed into metallic iron and Sr-containing
compounds, while Pd/Sr3Fe>O7-s showed partial decomposition under the same conditions. In
these samples, the intensity has significantly decreased due to the non-crystalline phase

produced by decomposition during reduction. Remarkably, Pd/LaSr3Fe3O10-s did not undergo
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decomposition or reduction of its crystallinity, suggesting high structural stability at high

temperatures. It seems that the presence of a rock-salt layer in LaSr3Fe3O10-_sprevents structural

decomposition at high temperatures.
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Figure 2. a) H>-TPR measurement of the Sr-Fe-based layered perovskites. The sample was

heated to 900°C at 5°C / min, under 2% H>/Ar flowing. b) Powder XRD patterns of Sr-Fe-

based layered perovskites after annealing at 900°C for 3h under 5% Ha/Ar flowing. A detailed

analysis of XRD patterns about the containing compounds after annealing is shown in Figure

S3.

Time-resolved synchrotron XRD measurements for Sr-Fe-based layered perovskites

We measured time-resolved XRD for the three samples to reveal the reaction dynamics.

Figure 3h illustrates the experimental setup of the XRD measurements at SPring-8 BL13XU.

The silica capillary with the sample inside was evacuated, and the temperature was set to 500°C.

Pure O/ H> (= 100 kPa) was introduced instantly, 1.2 seconds after the start of the XRD
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measurement. The measurement interval is 12 milliseconds, which is sufficiently fast for
observing solid-gas reactions. Figures 3a ~ 3g show time-resolved XRD profiles around the
main peaks during the redox process. Whole powder diffraction patterns are shown in Figures
S4 ~ S9. The reduction reaction of Pd/Sr;Fe2O7-s1s given in Figures 3b and 3c¢. Note that we
reported the same reaction at the different beamline (with relatively low resolution) in the
previous study?’, where the time resolution of the measurement was a few hundred
milliseconds. Focusing on the 110 reflection (Figure 3b), we can see that the peak shifts to
the low-angle side as soon as the gas is introduced. In addition, looking at the 0010 peak
(Figure 3c¢), which reflects the c-axis length, a peak jump is observed, corresponding to the
disorder-to-order transition of the oxygen defects. These results are in line with our previous
studies?. In contrast, the oxidation reaction (Figure 3a) shows no peak jumps, indicating its
structure continuously changes.

Figures 3d and 3e present the redox reactions of Pd/LaSr;Fe3O1o-s. At the beginning of the
reduction reaction (Figure 3e), Pd/LaSrsFe3O10-s5 has a tetragonal structure, represented by
double main peaks (110 and 107). In the reduction reaction (Figure 3e), we observed a
prominent jump of the peaks, suggesting a discontinuous structure change; the 110 reflection
splits into 200 and 020 reflections for orthorhombic LaSrsFesOq¢**. This corresponds to the
disorder-to-order transition where the brownmillerite-type defects ([110], defects) are
introduced in the center of the perovskite block anisotropically in phase LaSr3Fe3O10-s (Figure
1a). This behavior is qualitatively consistent with the static result that a two-phase region
appears between 0.51 < 6 < 0.85%*. In contrast, the oxidation process (Figure 3d) shows a
continuous shift in the peaks, without an obvious jump. This suggests continuous change in the
structure and stoichiometry. This is different from static behavior’* and, thus, includes dynamic

phases.
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Figures 3f and 3g illustrate the redox reactions of Pd/SrFeOs_swithout a rock-salt layer.
Reduction and oxidation reactions exhibit discontinuous and continuous changes, respectively,
between cubic SrFeO; s and brownmillerite SrFeO»s. Note that there are no intermediate
phases (Figure S10), even though several oxygen defect-ordered phases, such as SrFeO;g7s

and SrFeO, .75, are reported statically?.
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Figure 3. High-speed time-resolved synchrotron XRD measurement at 500°C. Contour plots
of a) d) f) the oxidation and b) ¢) e) g) reduction process of Pd/Sr3Fe>O7-s, Pd/LaSr3Fe3010-s,
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In order to evaluate the quantitative reaction rates for each reaction, we carried out Rietveld
refinements of the time-resolved XRD measurement patterns. The average volume changes
during the reactions are shown in Figures 4c ~ 4 h. 709 in the figures represents the time required
for the reaction progress to reach 90%, estimated from the volume changes.

Compared to the oxidation (Figures 4c¢, 4e, 4¢g) and reduction (Figures 4d, 4f, 4h) rates, the
reduction reaction rates tended to be faster than in the oxidation reactions in all the compounds.
This may be attributed to differences in the structures when diffusion occurs. In the oxidation
reactions, all the reactions start from the defect-ordered structures; thus, oxygen conduction in
the ordered structure is necessary. In contrast, all the reduction reactions start from the defect-
disordered structures. In addition, the disorder-to-order transitions of oxygen defects occur just
before the reactions finish. This means that the oxygen conduction in the reduction reaction
occurs only in defect-disordered structures. Typically, disordered defects enhance ion
conductivity, and diffusion is faster in a disordered structure than in an ordered structure. Thus,
the differences in the reaction pathway could be responsible for the reaction rates.

Among the oxidation reactions (Figures 4c, 4e, 4g), Pd/LaSr3Fe;O10-sreacted significantly
faster than the other two. This fast oxidation reaction in Pd/LaSr;Fe3O10-s can be attributed to
its defect-ordered structure. In brownmillerite-type defects, it has been reported that the
conduction pathway involves oxygen atoms at the apical site of FeOg octahedra (O2 site)
migrating to the oxygen-deficient site (O4 site) at high temperatures®®. Therefore, potential
conduction paths for LaSr3Fe;O10-s are the 02-O4 and O4-0O4 paths, as shown in Figure 4b,
which is attributed to the vacancies at the O2 and O4 sites. Compared to the other conduction
paths, the O2-04 and O4-O4 conduction paths are more promising with larger bottleneck areas,
and the O4-O4 conduction is dominant at high temperatures®’. In Sr;Fe,O7_swith [001],
ordered defect, a previous study suggested that the main conduction path is O1-O3 along the

edges of the FeOg octahedron?® (Figure 4a). This conduction path potentially has a high energy

12
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barrier because all the defects are isolated in the ordered structure. In other words, the defects
do not form channels, in contrast to the brownmillerite-type defects. Therefore, the oxidation
in Sr3Fe207-s 1s considered to be slower than LaSrsFe3Oi10-s with the brownmillerite-type
defects.

With regard to the comparison between LaSr3Fe3O10-s and SrFeOs_s, both compounds have

1424 and are expected to have a similar conduction mechanism.

brownmillerite-type defects
However, the reaction rate is superior to LaSr3Fe3;O10-s. This may be attributed to the difference
in phase transition mode. As seen in oxidation reactions of these materials (Figures 3d and
3f), the reaction in LaSr3Fe3Oio-s is changing in a second-order-like phase transition (a
continuous phase change), whereas in SrFeOs_s, the reaction is a first-order-like phase
transition (a coexistence region of the two phases). Thus, in SrFeOs_g, it is possible that there
is a large activation barrier associated with the drastic (first-order-like) phase transition, which
may hinder the fast reaction.

The performance of the three perovskite-based oxygen storage materials is summarized in
Table 1. The oxygen storage performance of x-Ce2Zr20g was also evaluated under the same
conditions, as a comparison to Sr-Fe-based materials (Figures S11, S12, and Table S1). Our
experiments revealed that LaSr;Fe3O10-s, with n = 3 series of RP-type perovskite structure, has
a good oxygen storage capacity, high structural stability, and quick response to atmospheric
changes. The high oxygen storage capacity comes from thick perovskite blocks with a high
oxygen storage capacity. In addition, LaSrsFe;O10-s has a rock-salt layer, unlike SrFeOs_s,
which prevents structural decomposition at high temperatures. Thus, combining oxygen-
storage perovskite and robust rock-salt layers enables the design of an oxygen-storage material

with high robustness and fast conduction.

13
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Table 1. Oxygen storage characteristics of Pd-loaded Sr-Fe-based layered perovskites

Sr3Fex07-s LaSr3Fe;010-5 SrFeO3-5
(n=2) (n=3) (n=o0)
Oxygen storage capacity at =~ 1.7 wt% ~ 2.0 wt% ~ 2.5 wt%
500°C*
Stability under high- Partially Stable Decomposed
temperature reduction® decomposed
Oxidation speed at 500°C°¢ ~12s ~45s ~13s
Reduction speed at 500°C¢ ~1.7s ~34s ~43s

? Cyclic-TG measurement with switching gas atmosphere between 2% Hz/Ar (30 min.) and
2% Oo/Ar (20 min.).

®H,-TPR measurement with heating to 900°C at 5°C / min, under 2% Ha/Ar flowing.

¢4 Time for reaction to progress to 90%, estimated from Time-resolved XRD data at 500°C
under pure O2/ Hz (= 100 kPa).

CONCLUSIONS

In this study, we discussed the oxygen storage characteristics of Sr-Fe-based layered
perovskite. H>-TPR measurement revealed that a rock-salt layer enhanced the stability under
the high-temperature reduction condition. Cyclic TG measurement uncovered that the oxygen
storage capacity showed an upward trend with the increase in perovskite layers. Time-resolved
XRD measurement showed the dynamic structural change during the reaction. Within the
compounds we examined, LaSr;Fe;O10-5has a good oxygen storage ability and high structural
stability. These results provided that combining structural blocks with separate roles in oxygen

storage materials is a valid strategy for the development of high-performance OSM.

14
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EXPERIMENTAL SECTION

Synthesis of Sr-Fe-based (layered) perovskite oxides and x-Ce>Zr:0s

Polycrystalline samples of Sr;Fe;O7-5, and SrFeOs_s were prepared using the Pechini
method. 333.33 mmol of citric acid (Kanto Chemical, > 99.0%) was dissolved in 180 ml of
water, and then SrCOs (20 mmol, FUJIFILM Wako Pure Chemical, 99.0%) and
Fe(NO3)3-9H>0 (13.33 mmol for Sr3Fe2O7-5, 20 mmol for SrFeOs-s, Nacalai Tesque, > 99.0%)
were added to it. The solution was stirred and heated at 80°C for 2 hours to obtain the metal
oxide complexes. 333.33 mmol of ethylene glycol (FUJIFILM Wako Pure Chemical, 99.0 +%)
were added to this solution and stirred at 140°C for 3 h. This operation produces a gel-like
solution. This solution was heated with a mantle heater at 350°C for 3 h, and the powder
obtained was calcined at 1000°C for 5 h with flowing Oz to prevent the formation of SrCOs.

Polycrystalline sample of LaSr3;Fe3O10-s were prepared by the same procedure. 400 mmol of
citric acid (Kanto Chemical, 99%) was dissolved in 180 ml of water, and then SrCO3 (20 mmol,
FUJIFILM Wako Pure Chemical, 99.99%), Fe(NOs3)3-9H>0 (20 mmol, FUJIFILM Wako Pure
Chemical, 99.9%) and La(NO3)3-6H20 (6.67 mmol, FUJIFILM Wako Pure Chemical, 99.9%)
were added to it. The solution was stirred and heated at 70°C. 400 mmol of ethylene glycol
(FUJIFILM Wako Pure Chemical, 99.5%) were added to this solution and stirred at 130°C for
2 h. This solution was heated at 350°C for 2 h, and the powder obtained was calcined at 1400°C
for 2 h.

Pd-loading was conducted by an impregnation method. (CH3COO),Pd (Sigma-Aldrich, >
99.0%) was dissolved in acetone, and then the sample was added to the solution. The solution
was evaporated by heating at 80°C. The remaining powder was heated at 800°C for 5 h to

obtain the Pd-loaded sample. The loading amount of Pd species was 1 wt% on a metal basis.

15
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Polycrystalline samples of x-CexZr,Os were synthesized by following the procedure.
Ce(NO3)3-6H20 (20 mmol, Nacalai Tesque, > 35.0% as CeO:) and ZrO(NO3): * 2H20 (20

mmol, Kanto Chemical, > 99.0%) were added to a beaker and dissolved in 400 mL of distilled
water. A 28% aqueous ammonia solution (32 mL) was diluted with 900 mL of distilled water
under stirring, followed by the dropwise addition of the cerium and zirconium solution. The
mixture was stirred at room temperature for one day. The resulting precipitate was transferred
to a centrifuge tube and centrifuged at 3000 rpm for 5 minutes. The supernatant was decanted,
and the precipitate was redispersed in 500 mL of distilled water. This washing and
centrifugation process was repeated twice. The obtained precipitate was dried at 110°C for one
day and then calcined at 250 °C for 2 hours. The calcined powder was ground in a mortar and
further calcined at 800 °C for 5 hours. The resulting powder was pressed at 2 tons, then reduced
at 1400 °C for 5 hours under a flow of 10% H2/N: gas at 5 L/min. The reduced sample was
ground again and re-calcined in air at 500 °C for 5 hours to obtain x-Ce2Zr20s. Pd loading was

performed using the same impregnation method with PA(NO3)s.

Characterization of Powder Samples

The sample quality was examined by XRD measurements by a D8 ADVANCE
diffractometer (Bruker AXS) with Cu Ka radiation. The temperature-programmed reduction
(H2-TPR) measurement was conducted using a fixed-bed flow reactor. A 2% H>/Ar gas mixture
was introduced at a total flow rate of 30 mL-min' over a 50 mg sample, and the temperature
was increased from room temperature to 900°C at a rate of 5°C-min'. The hydrogen
concentration in the outlet gas was measured with a thermal conductivity detector (TCD), and
the hydrogen consumption was quantified. The oxygen storage capacity of the sample was
measured using a thermogravimetric analyzer (NETZSCH STA2500 Regulus). A 100 mg

sample was placed in an alumina pan, and a reaction gas (2% H2z/Ar or 2% O2/Ar) was flowed
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at a total volume of 100 mL with a W/F = 0.06 g-s-mL™". Initially, the sample was heated to
500°C at a rate of 10°C-min~" under an oxygen flow, and the temperature and gas flow were
maintained until the sample weight stabilized. Subsequently, the gas flow was alternated
between 2% H:/Ar for 30 min and 2% O:/Ar for 20 min at a flow rate of 100 mL-min™". The
oxygen storage capacity was determined based on the weight change of the sample during the
redox reactions. The analysis of sample size was performed using an S-4800 field-emission
scanning electron microscope (Hitachi High-Tech), with an accelerating voltage of 5 kV for
Pd/Sr3Fe;07 s, and Pd/SrFeOs s, 15 kV for Pd/LaSr3Fe;O10-s. To evaluate the loading state of
Pd, Bright-field STEM (BF-STEM), High-Angle Annular Dark-Field STEM (HAADF-STEM),
and energy-dispersive X-ray spectroscopy (STEM-EDX) for elemental mapping were
conducted using a JEM-2100F transmission electron microscope (JEOL) operated at an
accelerating voltage of 200 kV. The sample dispersed in ethanol was dropped onto a carbon-
coated copper mesh and then dried for observation.

Time-resolved synchrotron XRD measurements

Time-resolved synchrotron XRD measurements were conducted to monitor structural
changes and assess the reaction speed under redox conditions. This experiment was performed
using a powder diffractometer equipped with two-dimensional CdTe (LAMBDA 750k)
detectors at the beamline BL13XU?’ (SPring-8). The time-resolved data were collected by
single-step mode. The synchrotron radiation from standard-type SPring-8 in-vacuum undulator
was monochromatized to the photon energy of 35 keV (A = 0.35424 A for Sr;Fe;O7-s and
SrFe0s-5,0.35447 A for LaSr3Fes010-5). The samples were packed into a quartz capillary with
a diameter of 0.5 mm. The sample temperature was controlled by a hot N» gas flow device, and
the gas atmosphere of the samples was controlled by a remote gas- and vapor-pressure control
(RGVPC) system®. First, the samples were heated to 700°C in pure Hz and then pretreated

with pure O /H> conditions to remove the impurities at the surface. Then, the sample space
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was evacuated, and the temperature was set to 500°C. The data acquisition was started 1.2 s
before the O2/H gas injection (= 100 kPa). The time window of the measurement is 12
milliseconds. To improve the intensity homogeneity along the Debye—Scherrer rings, the
capillary was rotated at 400 rpm during the measurement using the high-speed capillary spinner
cell. The collected XRD profiles were analyzed by TOPASG6 software?!. Atomic positions and
atomic displacement parameters were fixed to prevent parameter divergence during Rietveld

refinement.

Supporting Information.

The following files are available free of charge.

Additional SEM/TEM images of the samples (Figures S1 and S2), additional XRD patterns
(Figures S3-S10), and details of experiment on x-Ce2Zr,0g (Figures S11 and S12, Table

S1)
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3 Figure S1. SEM images of Sr-Fe-based materials. a) Pd/SrsFe207-g, b) Pd/LaSrsFesO10-,
4 ¢) Pd/SrFeOzs-.

Figure S2. BF-STEM image, HAADF image, and EDS intensity mapping image of
Pd/LaSrsFes3O10-q¢ sample after oxidation-reduction cycle at 500°C.
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Figure S3. The detailed description of XRD pattern after annealing. The diffraction

peaks were identified based on PDF: SrO (PDF 01-075-6979), SrO(OH),-H20 (PDF 01-072-

0057), Sr(OH), (PDF 01-071-2365), SrsFe,Os (PDF 01-082-0426), Fe (PDF 01-085-8654),

LaSrsFe3Og (PDF 01-087-4448).
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Figure S4. Whole powder diffraction patterns of oxidation reaction for Pd/SrsFe2O7-s at
500 °C. The white dotted lines represent the timing of gas injection.
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Figure S5. Whole powder diffraction patterns of reduction reaction for Pd/SrsFe2O7-s at
500 °C. The white dotted lines represent the timing of gas injection.
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Figure S6. Whole powder diffraction patterns of oxidation reaction for Pd/LaSrsFesO10-
sat 500 °C. The white dotted lines represent the timing of gas injection.
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Figure S7. Whole powder diffraction patterns of reduction reaction for Pd/LaSrsFesO10-
sat 500 °C. The white dotted lines represent the timing of gas injection.
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Figure S8. Whole powder diffraction patterns of oxidation reaction for Pd/SrFeOs-s at
500 °C. The white dotted lines represent the timing of gas injection.
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Figure S9. Whole powder diffraction patterns of reduction reaction for Pd/SrFeOs-s at
500 °C. The white dotted lines represent the timing of gas injection.
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Figure S10. Comparison of XRD patterns of the experimental and reported defect-
ordered structures. a) Low-angle Time-resolved XRD data of oxidation reaction for
Pd/SrFeOz_s at 500 °C. The data is the same as Fig. 3f and Fig. S6. The white dotted lines
represent the timing of gas injection. b) Comparison of the experimental XRD pattern and
calculated pattern in the oxidation reaction of Pd/SrFeOs_sat 500 °C. There are no peaks around
3 deg. or 5 deg., which correspond to the reported defect-order phase (SrFeO- 375 and SrFeO:.75).
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Figure S11. Isothermal oxygen-storage capacity profiles of Pd/k-Ce2Zr20s at 500°C. The
gas atmosphere around the sample was switched between 2% Ho/Ar (30 min) and 2% O2/Ar

(20 min) alternately.
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Figure S12. Time-resolved XRD patterns of Pd/x-Ce2Zr20s redox reaction at 500°C. The

white dotted lines represent the timing of gas injection.
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Table S2.

Oxygen storage characteristics of k-CexZr,0s

Sr3Fex07-5 LaSr3Fe3O10- | SrFeOs-s k-CerZr20g
s
(n=2) (n=00)
(n=3)
Oxygen storage capacity | = 1.7 wt% ~ 2.0 wt% =25 wth ~ 2.8 wt%
at 500°C*
Stability under high- | Partially Stable Decomposed | Stable
temperature reduction® decomposed
Oxidation speed at 500°C°¢ | = 12's ~45s ~13s ~18s
Reduction  speed at|=1.7s ~34s ~43s ~23s
500°C?

? Cyclic-TG measurement with switching gas atmosphere between 2% Hz/Ar (30 min.) and

2% Oo/Ar (20 min.).

®H,-TPR measurement with heating to 900°C at 5°C / min, under 2% Ha/Ar flowing.

¢4 Time for reaction to progress to 90%, estimated from Time-resolved XRD data at 500°C
under pure O2/ Hz (= 100 kPa).
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