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Abstract 1 

To understand the B-site mixing effect in perovskite-type SrFe1−xCoxO3−δ, we 2 

evaluated the relationship between the oxygen desorption properties and the reduction 3 

behavior of Fe and Co ions using thermogravimetry and in-situ X-ray absorption 4 

spectroscopy. The valence states of Fe and Co ions were estimated to be 3.56+ and 3.27+, 5 

respectively, which remained constant with changes in composition. Maximum oxygen 6 

desorption occurred at x = 0.2 below 800 °C. As temperature was increased and oxygen 7 

was released, a relationship was observed between the valence and coordination number 8 

changes of each B-site ion; these changes were more pronounced for the Fe ions than for 9 

the Co ions. In SrFe1−xCoxO3−δ samples, oxygen adjacent to Fe ions was released more 10 

readily than oxygen adjacent to Co ions. This conclusion is supported by the electronic 11 

states of the two B-site ions. These results are important for the design of new oxygen 12 

storage materials. 13 
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1. Introduction 1 

 Oxygen storage materials (OSMs) are important functional ceramics that utilize 2 

gas-solid reactions: redox reactions of constituent transition metals lead to reversible 3 

oxygen sorption/desorption. These redox reactions are triggered by changes in the partial 4 

oxygen pressure of the surrounding atmosphere and/or by changes in temperature. OSMs 5 

have been used in various applications such as oxygen-permeable membranes for H2 6 

production [1,2] and chemical looping [3–5]. 7 

 Among the numerous oxide candidates for OSMs, perovskite-type ABO3 oxides 8 

have attracted considerable attention because their electronic, structural, and 9 

thermodynamic properties are readily tuned by substitution at the B-site. In particular, 10 

SrFeO3−δ-based solid solutions have been considered for the development of new OSMs. 11 

Demizu et al. reported that SrFe1−xTixO3−δ exhibits higher oxygen intake/release rates in 12 

the presence of CO2 than un-doped SrFeO3−δ [6]. SrFe1−xMnxO3−δ was found to possess a 13 

capability for oxygen storage during temperature changes in air due to the redox behavior 14 

of Fe ions [7]. Although Mn is a transition metal, the valence state of Mn ions in 15 

SrFe1−xMnxO3−δ is stable during oxygen sorption/desorption; this is in contrast to the 16 

redox behavior of Mn ions in Ca2AlMnO5+δ in the presence of O2 [8]. Kusaba et al. 17 

reported that SrFe1−xCoxO3−δ exhibits an enhanced oxygen storage capacity when 18 



 4 

experiencing temperature changes in air [9]. The unique characteristics mentioned here 1 

are attributed to the coexistence of two B-site ions, i.e. the B-site mixing effect. 2 

Investigating the valence and local atomic structural changes of each individual B-site ion 3 

during oxygen desorption is important to gain a detailed understanding of this effect. In 4 

addition, such an investigation should be performed for samples composed of a wide 5 

range of B-site ions. 6 

 Cobalt is a neighbor of iron on the periodic table, opposite to manganese, and 7 

the ionic radii of its trivalent and tetravalent ions are closer to those for iron compared to 8 

those for manganese. Due to this, Co-doped SrFe1−xCoxO3−δ exhibits a wider composition 9 

range (x ≤ 0.8) than SrFe1−xMnxO3−δ (x ≤ 0.6) [7,9]. In this study, the relationship between 10 

the oxygen desorption properties and reduction behavior for both Co and Fe ions in B-11 

site mixed SrFe1−xCoxO3−δ was evaluated using thermogravimetry, iodometry, and X-ray 12 

absorption spectroscopy (XAS). In addition, the influence of the reduction of each B-site 13 

ion on oxygen desorption was investigated. 14 

 15 

2. Experimental 16 

 SrFe1−xCoxO3−δ samples were prepared using the Pechini method. SrCO3 (99.9%, 17 

Wako), Fe(NO3)3∙9H2O (99.4%, Wako), and Co(NO3)2∙6H2O (99.4%, Wako) were used 18 



 5 

as starting materials. The purity of the nitrides was determined using the ignition loss 1 

technique. The detailed procedures used in this study have been discussed in our previous 2 

paper [10]. Heating in air at 1200 °C yielded SrFe1−xCoxO3−δ. The crystal structures of the 3 

obtained samples were characterized by X-ray diffraction (XRD) using Cu Kα radiation 4 

(40 kV, 40 mA, RINT2200; Rigaku Co., Ltd., Japan). Thermogravimetry–differential 5 

thermal analysis (TG–DTA) was performed in air at a heating/cooling rate of 10 °C/min 6 

from room temperature to 1000 °C; the measurement was subsequently performed three 7 

times to confirm reversibility. XAS measurements of the Fe and Co K-edges were 8 

performed using beamline BL01B1 at SPring-8 (Hyogo, Japan) [11]. In-situ XAS 9 

measurements of the sample with x = 0.4 were performed in air at 700 °C, and the 10 

procedure was similar to that previously reported by our group [12]. The X-ray absorption 11 

fine structure spectra were recorded in the transmission mode using ionization chamber 12 

detectors and analyzed with Demeter software [13]. 13 

 14 

3. Results and discussion 15 

3.1. Characterization of SrFe1−xCoxO3−δ 16 

 Figure 1 shows the XRD patterns of SrFe1−xCoxO3−δ with 0 ≤ x ≤ 0.8. The pattern 17 

of SrFeO3−δ (x = 0) was assigned to an orthorhombic Sr4Fe4O11-type structure (Cmmm, 18 



 6 

no. 65) [14], and the same phase was identified for the sample with x = 0.2. The patterns 1 

of samples with 0.4 ≤ x ≤ 0.8 were assigned to a cubic perovskite-type structure (𝑃𝑚3̅𝑚, 2 

no. 221), though some trace peaks with diamond symbols could be assigned to tetragonal 3 

SrCoO2.87 (I4/mmm, no. 139) [15]. The low intensity of these trace peaks indicated a 4 

negligible amount of the SrCoO2.87 phase; thus, the influence of this second phase on 5 

oxygen desorption properties is ignored. Molar volumes estimated using the XRD 6 

patterns remained constant with changing Co content (Fig. S1), although the ionic radii 7 

of trivalent and tetravalent Fe ions are larger than those of the Co ions in the same valence 8 

state. This feature suggests that mixed valence states were obtained for the Fe and Co ions 9 

in the samples, because the ionic radius of Fe4+ (0.585 Å) is smaller than that of Co3+ 10 

(0.61 Å) in the six-fold coordination [16]. 11 

 The normalized X-ray absorption near-edge structure (XANES) spectra of the 12 

SrFe1−xCoxO3−δ samples are shown in Fig. 2. Figure 2(a) shows the Fe K-edge XANES 13 

spectra of the obtained samples, as well as the XANES spectra of a brownmillerite-type 14 

Sr2Fe2O5 that was prepared using the Pechini method by heating in N2 at 1200 °C, as a 15 

reference for Fe3+. Figure 2(b) displays the Co K-edge spectra of the samples with 0.2 ≤ 16 

x ≤ 0.8. The XANES spectra of a rock-salt-type CoO (Co2+) and rhombohedral 17 

perovskite-type LaCoO3 (Co3+) are also shown in Fig. 2(b) as references. The LaCoO3 18 
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sample was prepared using the same Pechini method by heating in air at 900 °C, and its 1 

crystal structure was characterized by XRD as the rhombohedral perovskite-type with 2 

space group 𝑅3̅𝑐  (no. 167) [17]. As shown in Fig. 2(a), the Fe K-edge absorption 3 

energies of the obtained samples were all higher than that of Fe3+ in Sr2Fe2O5; the Fe K-4 

edge absorption energy remained constant with a change in the Co content. The Co K-5 

edge absorption energies of the obtained samples were all somewhat close to that of Co3+ 6 

in LaCoO3, and edge shapes were unaffected by the Co content (Fig. 2(b)). These 7 

unchanged absorption edge energies indicate that the valence states of both B-site ions 8 

are independent of the composition, which is also the case for SrFe1−xMnxO3−δ. 9 

Table 1 lists the results of iodometry for the obtained samples. The Fe valence of 10 

SrFeO3−δ (x = 0) was 3.56+, and the average valence of the B-site ions decreased with 11 

increasing Co content. For the solid solutions, the valence was calculated when both Fe 12 

and Co were reduced to divalent ions in an acidic solution with excess KI as the reducing 13 

agent. The oxygen (3−δ) and vacancy (δ) contents were estimated using the electrically 14 

neutral conditions represented in Equation (1) below, assuming Sr and O valences of 2+ 15 

and 2−, respectively: 16 

1 × (2+) + 1 × (average B valence) + (3−δ) × (2−) = 0 (1). 17 

Based on the results of the XANES spectra in Fig. 2, the Fe valence in the obtained 18 
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samples was unchanged as 3.56+. Assuming that the Co valence was 3.27+, the average 1 

B valence was estimated using Equation (2) below: 2 

  average B valence = (3.56+) × (1−x) (Fe content) + (3.27+) × x (Co content) (2). 3 

These results are presented in Table 1. The estimated average values were in good 4 

agreement with those obtained by iodometry, and therefore, the valence states of the Fe 5 

and Co ions in the SrFe1−xCoxO3−δ samples were determined as constant values of 3.56+ 6 

and 3.27+, respectively. 7 

 8 

3.2 Oxygen desorption of SrFe1−xCoxO3−δ 9 

 Figure 3 shows the weight change Δw of the SrFe1−xCoxO3−δ samples in air. As 10 

the temperature increased above approximately 400 °C, all samples showed a weight loss 11 

due to oxygen desorption; a reversible weight change occurred by then cooling in air, as 12 

shown in the inset. The onset temperatures, as indicated by the two vertical arrows above 13 

the TG curves, first decreased due to Co-doping from 385 °C to 356 °C (for x = 0.2), and 14 

then increased to 371 °C (for x = 0.8). Jia et al. reported the density functional theory 15 

(DFT) calculations for the Co-doping effect on oxygen vacancy formation in 16 

SrFe1−xCoxO3−δ; the results indicated that the formation energy of oxygen vacancies (ΔEf) 17 

decreases with increasing Co content of SrFe1−xCoxO3−δ with a constant oxygen 18 
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nonstoichiometry [18]. This decrease in ΔEf allows for easy oxygen desorption from the 1 

crystal lattice, resulting in weight loss due to oxygen desorption at lower temperatures. 2 

This may explain the decrease in the onset temperature for the sample with x = 0.2 3 

compared with that of SrFeO3−δ (x = 0), because the amounts of vacancies in these 4 

samples were similar (Table 1). In addition, the DFT calculations indicated that an 5 

increase in vacancies enhances ΔEf; this is also reported for the same perovskite-type 6 

Sr0.8Ca0.2FeO3 and Sr0.8Ca0.2Fe0.4Co0.6O3 [19]. Therefore, the increase in onset 7 

temperature observed between the samples with x = 0.2 and x = 0.8 may be explained the 8 

increase in vacancy content (see Table 1). Another possibility that could explain the 9 

changes in the onset temperature is the difference in the oxygen desorption rate because 10 

thermal behaviors at low temperatures are governed by kinetics as well as 11 

thermodynamics. The dependence of the oxygen desorption rate on Fe and Co 12 

composition could also vary the onset temperature. 13 

 The oxygen desorption amount (Δδ) was calculated from Δw using Equation (3): 14 

  ∆δ = |∆𝑤| ⋅
𝑀S

𝑀O
  (3), 15 

where MS and MO represent the molar mass of the obtained samples by considering 16 

oxygen nonstoichiometry and the atomic mass of oxygen, respectively. Figure 4 shows a 17 

plot of Δδ vs. Co content. The maximum change in Δδ at lower temperatures occurred at 18 
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x = 0.2; this is largely attributed to the change in onset temperature (Fig. 3). At higher 1 

temperatures, however, the Δδ value decreased monotonously with increasing Co content. 2 

The pre-edge peaks and absorption edge in the Fe and Co K-edge XANES spectra of 3 

SrFe0.6Co0.4O3−δ samples shifted towards lower energies when the samples were heated 4 

in air, indicating that both Fe and Co ions were reduced due to oxygen desorption (Fig. 5 

S2 (a) and (b)). As described earlier, the valence state of the Fe ions (3.56+) was higher 6 

than that of the Co ions (3.27+). Thus, assuming that Fe and Co ions were both reduced 7 

to a trivalent state at high temperatures, an increase in the Co content would reduce Δδ, 8 

as observed in Fig. 4. In contrast, SrFe1−xMnxO3−δ samples including Fe3.56+ and Mn4+ 9 

showed a monotonous decrease in Δδ with increasing Mn content; in this case, it was 10 

concluded that oxygen absorption arises only from the reduction of Fe ions [7]. As an 11 

additional point, no thermal events due to phase transitions were observed in any of the 12 

DTA curves. This indicated that all SrFe1−xCoxO3−δ samples maintained their crystal 13 

structure during oxygen desorption. Such structural stability during oxygen release in air 14 

is similar to the behavior described for SrFe1−xMnxO3−δ [7]. 15 

 Local atomic structural changes around the Fe and Co ions due to oxygen 16 

desorption were observed via k3-weighted extended X-ray absorption fine structure 17 

(EXAFS) oscillations (Fig. S2 (c) and (d)). Figure 5 shows the amplitude of Fourier 18 
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transforms of the obtained EXAFS oscillations in a k space of 3–11 Å, | (R)|, for 1 

SrFe0.6Co0.4O3−δ at room temperature and at 700 °C. The results for Fe and Co ions are 2 

shown in Fig. 5(a) and (b), respectively. A peak with a shoulder at ~1.5 Å and two 3 

combined peaks located between 2.5 and 4.0 Å were observed on the | (R)| for both ions 4 

at room temperature. Our previous study on EXAFS oscillations of perovskite-type 5 

SrFeO3−δ revealed that the first peak corresponds to the Fe–O correlation in the FeO6−δ 6 

polyhedron, whereas the other peaks are attributed to the second and third coordination 7 

shell by Fe–Sr and Fe–Fe, respectively [12]. Accordingly, the obtained peaks were 8 

assigned, as shown in Fig. 5. When the temperature was increased, the intensities of the 9 

obtained peaks decreased due to an increase in Debye–Waller factors; the second and 10 

third peaks were hardly observed at 700 °C. The decrease in intensity of the Fe–O 11 

correlation was more pronounced than that of the Co–O correlation, which indicated a 12 

larger decrease in coordination number for Fe ions than for Co ions. As mentioned 13 

previously, the valence change due to reduction is larger for the Fe ions than for the Co 14 

ions; therefore, these results suggested that oxygen adjacent to the Fe ions was easily 15 

released. The d-level electronic configurations of Co ions are represented as d6 for Co3+ 16 

and d5 for Co4+. Potze et al. reported that the spin states of Co ions with the d5 and d6 17 

configurations can adopt an intermediate spin state in perovskite-type SrCoO3 and 18 
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LaCoO3 [20]. Magnetic measurements of SrFe1−xCoxO3−δ indicated the existence of Co 1 

ions with a low spin state as well as an intermediate spin state [21,22]. However, 2 

lanthanoid-containing perovskite-type cobalt oxides showed an insulator–metal transition 3 

at approximately 350 °C, which suggested that a spin transition from the intermediate 4 

spin state to a high spin state occurred [23]. Because the obtained SrFe1−xCoxO3−δ samples 5 

show oxygen desorption at temperatures above 400 °C, the Co ions in the samples exhibit 6 

high spin states during reduction. In contrast, the electronic state of Fe3+ is a d5 7 

configuration with a high spin state, and that of Fe4+ in the cubic perovskite-type SrFeO3−δ 8 

is denoted as a d5L (where L refers to a ligand hole) configuration rather than a d4 9 

configuration [24]. This Fe4+ can also be represented as Fe3+ + h•. When oxygen 10 

desorption occurs, two electrons remain in the crystal lattice, as represented in Equation 11 

(4): 12 

OO
×

→VO
∙∙+2e′ +

1

2
O2 13 

where the notation follows the Kröger-Vink notation. During reduction, Co4+ traps the 14 

generated electron to create one electron pair at a d-orbital, resulting in d6 configuration. 15 

In contrast, Fe4+ is reduced simply by combining the generated electron with the ligand 16 

hole h• by Fe3+. The results of our previous study revealed that the cubic perovskite-type 17 

SrFe1−xMnxO3−δ displays reversible oxygen sorption/desorption due to the redox reaction 18 



 13 

of Fe ions only; Mn4+ is not reduced because the Jahn–Tellar Mn3+ is unstable in the cubic 1 

symmetry [7]. The electronic configurations of Mn, Fe, and Co ions in the cubic 2 

perovskite-type SrFe1−xMxO3−δ (M = Mn, Co) are shown in Fig. 6. Comparing the 3 

reduction pathways between these ions, Fe ions receive an electron that combines with a 4 

ligand hole by Coulomb interaction, Co ions adopt d6 configuration with one electron pair, 5 

and Mn ions, if possible, become Jahn–Tellar ions with d4 configuration. Such differences 6 

in reduction behavior produced the site-selective oxygen release observed in the B-site 7 

mixed SrFe1−xCoxO3−δ samples. 8 

 9 

4. Conclusions 10 

 The results of this study indicated several important factors governing the 11 

oxygen absorption/desorption properties of B-site mixed perovskite-type SrFe1−xCoxO3−δ: 12 

changes in the onset temperature due to changes in composition, the relationship between 13 

the electronic state and reducibility of each ion species, and the ease of oxygen release by 14 

Fe ions. The valence state of Fe was found to be greater than that of Co, and both values 15 

remained constant irrespective of the Co content. The doping of Co into the Fe sites of 16 

SrFe1−xCoxO3−δ reduced the onset temperature of oxygen desorption, and this, in turn, 17 

enhanced Δδ at lower temperatures. The electronic states of the B-site ions determined 18 



 14 

their reducibility during oxygen desorption, and the difference in reducibility indicated 1 

that desorption of oxygen adjacent to Fe ions occurs more readily than for oxygen 2 

adjacent to Co ions in SrFe1−xCoxO3−δ. Thus, these findings play an important role in 3 

understanding the B-site mixing effects; this is essential for the design of new OSMs, and 4 

will facilitate the preparation of other oxides with superior properties currently under 5 

consideration. 6 
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 1 

Figure 1. XRD patterns of the SrFe1−xCoxO3−δ samples. Samples with 0 ≤ x ≤ 0.2 were 2 

identified as an orthorhombic phase. The patterns of samples with 0.4 ≤ x ≤ 0.8 were 3 

assigned to a cubic perovskite-type structure except for the peaks denoted by diamond 4 

symbols. 5 
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 1 

Figure 2. Normalized XANES spectra of the SrFe1−xCoxO3−δ samples. (a) Fe K-edge 2 

spectra of all samples, and (b) Co K-edge spectra of samples with 0.2 ≤ x ≤ 0.8. The 3 

spectra of Sr2Fe2O5, LaCoO3, and CoO are shown for reference. 4 
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 1 

Figure 3. Weight change Δw of the SrFe1−xCoxO3−δ samples in air as a function of 2 

temperature. As an example, the Δw obtained by one cycle of heating/cooling is shown 3 

for the sample with x = 0.4 in the inset. 4 
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 1 

Figure 4. Amount of oxygen desorption Δδ estimated using the Δw data in Fig. 3. 2 
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 1 

Figure 5 Amplitudes of Fourier transforms of the k3-weighted EXAFS oscillations 2 

obtained for the SrFe0.6Co0.4O3−δ sample at room temperature and 700 ºC. The results for 3 

Fe and Co ions are shown in (a) and (b), respectively. 4 
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 1 

Figure 6 The electronic configurations of Mn, Fe and Co ions in the cubic perovskite-2 

type SrFe1−xMxO3−δ (M = Mn, Co). The L refers a ligand hole h•. 3 
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Table 1 Average valence of the B-site ions, oxygen (3−δ) and vacancy (δ) contents in the 1 

SrFe1−xCoxO3−δ samples. 2 

 Average valence 

of 

the B-site ions 

Oxygen 

3−δ 

Vacancy 

δ 

Estimated B 

valence* 

SrFeO3−δ (x = 0)[7] 3.56(2)+ 2.78 0.22 - 

SrFe0.8Co0.2O3−δ (x = 0.2) 3.53(1)+ 2.76 0.24 3.50 

SrFe0.6Co0.4O3−δ (x = 0.4) 3.50(1)+ 2.75 0.25 3.44 

SrFe0.4Co0.6O3−δ (x = 0.6) 3.39(1)+ 2.70 0.30 3.39 

SrFe0.2Co0.8O3−δ (x = 0.8) 3.32(1)+ 2.66 0.34 3.33 

*The Fe valence was constant at 3.56+, and the Co valence was assumed to be 3.27+. 3 


