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Operando Studies Redirect Spatiotemporal Restructuration of Model Coordinated Oxides in Electrochemical Oxidation
[bookmark: _Hlk171803638]
[bookmark: _Hlk182327517][bookmark: OLE_LINK1]Daqin Guan, Hengyue Xu, Yu-Cheng Huang, Chao Jing, Yoshihiro Tsujimoto, Xiaomin Xu, Zezhou Lin, Jiayi Tang, Zehua Wang, Xiao Sun, Leqi Zhao, Hanwen Liu, Shangheng Liu, Chien-Te Chen, Chih-Wen Pao, Meng Ni, Zhiwei Hu,* and Zongping Shao* 

D. Guan, H. Xu, X. Xu, Z. Lin, J. Tang, Z. Wang, L. Zhao, H. Liu, Z. Shao 
WA School of Mines: Minerals, Energy and Chemical Engineering, Curtin University, Perth, WA 6102, Australia.
E-mail: zongping.shao@curtin.edu.au 

Y.-C. Huang, C.-T. Chen, C.-W. Pao
National Synchrotron Radiation Research Center, 101 Hsin-Ann Road, Hsinchu 30076, Taiwan.

C. Jing
Key Laboratory of Interfacial Physics and Technology, Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China.

Y. Tsujimoto
Research Center for Materials Nanoarchitechtonics (MANA), National Institute for Materials Science (NIMS), Namiki, Tsukuba, Ibaraki 305-0044, Japan.

X. Sun
John de Laeter Centre, Curtin University, Perth, WA 6102, Australia.

S. Liu
College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China.

M. Ni
Department of Building and Real Estate, The Hong Kong Polytechnic University, Hung Hom, Kowloon 999077, Hong Kong, China.

Z. Hu
Max-Planck-Institute for Chemical Physics of Solids, Nöthnitzer Str. 40, Dresden 01187, Germany.
E-mail: Zhiwei.Hu@cpfs.mpg.de

Keywords: operando characterizations, spatiotemporal restructuration, model coordinated oxides, electrochemical oxidation

[bookmark: _Hlk171436274][bookmark: _Hlk171387347][bookmark: _Hlk170948195]Tetrahedral, pyramidal, and octahedral metal-oxygen coordinated ligands are fundamental components in all metal-oxide structures. Understanding the impacts of their spatiotemporal behaviors during electrochemical oxidation is crucial for diverse applications, yet remains unsolved due to challenges in designing model oxides and conducting operando characterizations. Herein, combining a suite of advanced operando characterizations and systematic computations, we establish a link between oxygen-evolving performance and operational structural properties on model oxides. Compared with tetrahedral and octahedral structures, pyramidal structure is more susceptible to OH- attack due to its pristine unsaturated and asymmetric features and constant single-electron occupancy on the active z2 orbital during reaction, leading to surface-to-bulk restructuration into active amorphous high-valence CoOOHx with edge-sharing configurations. This is accompanied by ion leaching to create nanoscale space, following a leaching tendency of Sr2+ > Ba2+ > La3+ > Y3+. Operando soft X-ray absorption spectroscopy demonstrates a harder non-uniform dehydrogenation process over time (Co3+OOH → Co3+/4+OOHx → Co4+OO) because of the enhanced Co-O covalency with higher energy barriers. Lattice oxygen participates in active CoOOHx formation, but sacrificing stability. To address this activity-stability trade-off, we propose an ion-tuning strategy to simultaneously enhance both activity and stability in electrode and device. 

1. Introduction
[bookmark: OLE_LINK5][bookmark: OLE_LINK4]Electrochemical oxidation is critical in many sustainable energy conversion applications, such as green hydrogen production, biomass upgrading, metal-air batteries, and fuel cells.[1,2] Key to these systems are electrodes, whose activity and stability significantly influence the overall efficiency and lifetime of the practical devices.[3] Metal oxides are among the most important and widely-used candidates for electrochemical oxidation.[4] Nearly all oxides are composed of minimal tetrahedral, pyramidal, or octahedral metal-oxygen coordinated ligands (Figure 1a), including simple oxides, spinel oxides, perovskite oxides, layered oxides, complex oxides, and oxide hybrids.[3] Therefore, an in-depth understanding of the spatiotemporal behaviors of model coordinated oxides during electrocatalytic reaction would provide important insights into the real origins of oxides’ performance in above applications, further guiding the design of new electrocatalysts. However, this significant issue has long been overlooked due to the challenges in designing oxides with model coordination and the technological barriers in performing advanced operando characterizations.
[bookmark: OLE_LINK6]Substantial progress has been made in the development of operando characterizations for electrochemical oxidation after decades of efforts, which seems to enable the tracking of operational structure, ion leaching, local structure, electronic structure, and catalysis mechanism on oxides.[5] Despite these advances, some technological barriers still limit the observations of real operational behaviors of oxides during reaction. For example, key electronic structural information (e.g., valence state and spin state) of oxides is usually extracted from hard X-ray absorption spectroscopy (XAS).[6] However, this technique is bulk-sensitive[6] and cannot precisely capture the surface electronic structure of oxides. In contrast, soft XAS, with its multiple spectral features, is highly sensitive to the materials’ surface electronic structure.[6] However, this advanced technique requires complex instrumentation and high vacuum conditions, making operando soft XAS for electrochemical oxidation challenging and very rare.[7-9] In many cases, the impacts of electrochemical oxidation will gradually diffuse from catalyst surface to the bulk, e.g., lattice oxygen participation mechanism (LOM), which can break the limitation of specific scaling relationships in the conventional adsorbate evolution mechanism (AEM) to further improve electrochemical activity.[10] This indicates that establishing systematic surface-to-bulk operando characterizations is crucial yet challenging for obtaining comprehensive insights into the operational behaviors and activity/stability origins of model coordinated oxides during electrochemical oxidation. Additionally, the impact of LOM on electrochemical stability is rarely investigated. Understanding and addressing the underlying activity-stability trade-off induced by LOM also remain critical blind spots.  
Here, by combining a suite of advanced operando characterizations (including operando soft XAS) and systematic computations, we successfully establish the relationships between performance and operational spatiotemporal behaviors (structure, ion leaching, local structure, and electronic structure) of model coordinated oxides during electrochemical oxidation for the first time. The underlying activity-stability trade-off triggered by LOM is further revealed and solved in electrode and device. We anticipate that our findings and methodologies will provide important guidance for other catalysis reactions.

2. Results and Discussion

2.1. Surface Structure Reconstruction 
Co-based oxides are among the most important and promising candidates for electrochemical oxidation.[11] Their abundant structure degrees of freedom[12] endow the possibility in designing oxides with specific model coordination. After extensive investigations, we identified that YBaCo4O7-x,[13] Sr2CoO3-xF,[14] and LaCoO3-x[15] oxides consist of tetrahedral CoO4, pyramidal CoO5, and octahedral CoO6 local coordination, respectively (Figure 1a). X-ray diffraction (XRD) refinements on the synthesized oxides confirmed their space groups as P63mc, I4/mmm, and R-3c for YBaCo4O7-x, Sr2CoO3-xF, and LaCoO3-x, respectively (Figure S1, Tables S1 and S2, Supporting Information). Here, we utilize these model coordinated oxides to study their structural reconstruction behaviors during the alkaline oxygen-evolving reaction (OER).
 High-resolution transmission electron microscopy (HRTEM) was first employed to analyze the potential structural reconstruction of model coordinated oxides after OER catalysis. The HRTEM patterns demonstrated different degrees of structural reconstruction after OER. Results show that pyramidal Sr2CoO3-xF becomes almost entirely amorphous after OER with an amorphous layer of >20 nm (Figure 1c), partial tetrahedral YBaCo4O7-x surface turns amorphous with an amorphous layer of ≈6 nm (Figure 1b), while the surface amorphous degree on octahedral LaCoO3-x is minimal with an amorphous layer of only ≈2.5 nm (Figure 1d). This implies that the tendency of structural reconstruction follows the order of pyramidal Sr2CoO3-xF > tetrahedral YBaCo4O7-x > octahedral LaCoO3-x.
[bookmark: OLE_LINK7]To further observe the reconstruction behaviors of these model coordinated oxides during OER, we performed operando Raman measurements (Figure 1e). During alkaline OER, Raman signals at ≈455 cm-1, ≈490 cm-1 and ≈590 cm-1 are regarded as the characteristic signals for γ-CoOOHx,[16] β-CoOOHx,[16] and amorphous CoOOHx[17] phases, respectively. Compared with tetrahedral YBaCo4O7-x and octahedral LaCoO3-x, pyramidal Sr2CoO3-xF is almost reconstructed into amorphous CoOOHx phase during OER (Figure 1g). Tetrahedral YBaCo4O7-x exhibits partial transformation into the amorphous CoOOHx phase (Figure 1f), while octahedral LaCoO3-x largely maintains its pristine structure with characteristic Raman signals at ≈544 cm-1 and ≈649 cm-1 (Figure 1h).[18] These operando observations align well with the HRTEM results. XRD results after the OER further confirm that the bulk structures of all the samples remain unchanged (Figure S2, Supporting Information). Due to the unsaturated and asymmetric CoO5 ligands, pyramidal Sr2CoO3-xF is more prone to reconstruct into the amorphous CoOOHx phase during OER as compared with tetrahedral YBaCo4O7-x (with unsaturated but symmetric CoO4 ligands) and octahedral LaCoO3-x (with saturated and symmetric CoO6 ligands).   
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[bookmark: OLE_LINK11]Figure 1. Structural reconstruction. a) Structures of model coordinated oxides YBaCo4O7-x, Sr2CoO3-xF, and LaCoO3-x made up of tetrahedral CoO4, pyramidal CoO5, and octahedral CoO6 ligands, respectively. HRTEM images before and after OER for b) YBaCo4O7-x, c) Sr2CoO3-xF, and d) LaCoO3-x in 1.0 M KOH. e) Schematic diagram of operando Raman setup. WE, CE, and RE stand for the working, counter, and reference electrodes, respectively. Operando Raman spectra in 1.0 M KOH for f) YBaCo4O7-x, g) Sr2CoO3-xF, and h) LaCoO3-x. 

2.2. Ion Leaching 
Leaching of other ions from the material structure into the liquid should occur to offer nanoscale space for the structural reconstruction into amorphous CoOOHx. Therefore, understanding the ion-leaching behaviors and rules is crucial. We first applied synchrotron radiation induced photoemission spectroscopy (SRPES) to detect the remaining surface ions on model coordinated oxides after OER. SRPES is highly sensitive to material surface ions (0~2 nm), where an increase in spectral intensity for an element indicates a higher content.[19] With enhancing the X-ray energy of SRPES, its probe depth becomes deeper (Figure 2a).[19] We modulated the X-ray energy to detect the remaining Y, Ba, Sr and La elements on the model coordinated oxide surfaces (0~2 nm) after OER. Results show that surface Y, Ba, Sr and La elements all dissolve out of the oxide structures to a depth of ≈2 nm (Figure 2b), verifying the leaching of surface ions from the material structure to make room for structural reconstruction. Additionally, as compared with the pristine surface Y, Ba, Sr, and La elements in samples before OER, the intensity of X-ray photoelectron spectroscopy (XPS) spectra of these surface ions in samples after OER decreases (Figure S3, Supporting Information), further confirming the ion leaching behavior and strengthening our conclusion.[20]
[bookmark: OLE_LINK9][bookmark: _Hlk182131049]To further analyze the surface-to-bulk ion distribution on model oxides after OER, we conducted time of flight secondary ion mass spectrometry (ToF-SIMS). ToF-SIMS uses primary ions to etch materials from the surface to the bulk with increasing sputtering time, where the etched secondary ions are identified by a mass analyzer according to their flight time, realizing the detection of surface-to-bulk ion distribution (Figure 2c).[21] We measured the elemental distribution from the surface to bulk (0~100 nm) of model oxides after OER via ToF-SIMS with a depth accuracy of ≈1.5 nm, where the detected elemental signals are presented in Figures S4-S6, Supporting Information. ToF-SIMS results show that the contents of remaining Sr2+ and Ba2+ ions on model oxides after OER gradually increase from the surface to the bulk (Figure 2d), indicating their surface-to-bulk leaching behaviors. By comparison, the contents of Y3+, La3+ and Co ions from surface to bulk are almost unchanged, demonstrating their harder leaching properties. Notably, Sr2+ leaching from the surface to the bulk of pyramidal Sr2CoO3-xF after OER is drastic, which is also evidenced by measured line-scan energy-dispersive X-ray (EDX) spectroscopy on Sr2CoO3-xF after OER (Figure 2e). We also found that F- ions with high ionicity almost leached out of Sr2CoO3-xF after OER. The drastic leaching of Sr2+ and F- ions from Sr2CoO3-xF provides sufficient nanoscale space for boosting the formation of amorphous CoOOHx during OER.  
To elucidate the rules of ion leaching, we further conducted inductively coupled plasma-mass spectroscopy (ICP-MS) on the electrolytes after OER. We found that the amount of leached ions into electrolytes after OER follows the order: Sr2+ > Ba2+ > La3+ > Y3+ (Figure 2f). Theoretically, our calculated energies of F-, Sr2+, Ba2+, La3+ and Y3+ leaching from respective structure further confirm this trend (Figure 2g). Of note, the ion leaching energy was calculated as an energetic requirement for an ion to leach from a surface,[22] while the contents of ions in material structures also affect the ion leaching concentrations detected from ICP-MS. Although the calculated ion leaching energy of Sr2+ is only slightly lower than that of Ba2+, the content of Sr2+ in Sr2CoO3-xF structure is much larger than that of Ba2+ in YBaCo4O7-x structure, leading to a larger leaching concentration of Sr2+ from Sr2CoO3-xF after OER as evidenced by ICP-MS results.
[image: ]
Figure 2. Ion leaching. a) Schematic diagram of SRPES. b) Measured SRPES spectra for model coordinated oxides after OER. c) Schematic diagram of ToF-SIMS. d) Measured ToF-SIMS spectra for model coordinated oxides after OER. e) Line-scan EDX results for pyramidal Sr2CoO3-xF after OER. f) ICP-MS results for electrolytes after OER. g) Calculated energies of ion leaching from model oxide structures. 

2.3. Reconstruction of Bulk Local Structure
Considering that the impacts of the OER will gradually go deeper into the material’s bulk structure, we further tracked the possible variations in the bulk local structures of the model oxides. We first applied bulk-sensitive hard XAS in fluorescence yield (FY) mode to extract the bulk structural changes of model oxides before and after OER, where XAS of near edge structure (XANES) spectrum and extended X-ray absorption fine structure (EXAFS) spectrum are powerful for resolving bulk electronic structures (e.g., valence state) and local structures (e.g., coordination, bond length, and bond angle), respectively.[6] Here, we collected the Co-K XANES and EXAFS spectra on model oxides before and after OER. It has been widely reported that an increase in energy position at a normalized absorption of ≈0.8 in Co-K XANES spectrum indicates a higher Co valence state.[23,24] The specific reasons for the analysis of Co-K XANES are also given here. The low normalized absorptions of <0.7 are strongly affected by the inter-site screening effects in the final state of XAS processes (namely transitions to empty 4p states of the absorber, hybridized with 2p states of the O nearest neighbors and 3d states of the Co nearest neighbors), which rely on the local Co-O-Co networks rather than the Co valence state.[23] Additionally, the information of white line is dominated by the crystal structure of the material, which is also not the valence-sensitive region.[25] Therefore, choosing the normalized absorption of ≈0.8 in Co-K XANES spectra for Co valence analysis is reasonable and reliable. Compared with the Co-K XANES spectra of pristine oxides, the energy positions at the normalized absorption of ≈0.8 for all model oxides after OER shift to higher energy positions (Figure 3a), reflecting an increased bulk Co valence induced by OER for all oxides. It is worth noting that a maximum increase in bulk Co valence is observed for pyramidal Sr2CoO3-xF after OER, implying that it likely suffers from electrochemical oxidation and OH- attack due to its unsaturated and asymmetric features. Specifically, different from symmetric tetrahedral and octahedral motifs, the asymmetric and unsaturated features of pyramidal unit endow it with anisotropic positive charge to adsorb negative OH- species under the electrostatic function, inducing the facile OH- attack on pyramidal unit (Figure S7, Supporting Information).           
To gain insights into the changes in bulk local structure, we analyzed the Co-K EXAFS spectra of model coordinated oxides before and after OER. The peak signals at ≈1.45 Å and ≈2.40 Å in Co-K EXAFS spectra without phase correction are characteristic for Co-O shell and edge-sharing Co-Co shell, respectively.[24,26] Two types of bonds contribute to the overall intensity of Co-O shell, namely Co site coordinated with lattice oxygen (OL, Co-OL) and adsorbed OH- species (Co-OH).[20] The appearance of the edge-shared Co-Co shell during/after OER is attributed to the formation of edge-shared CoOOHx phase.[20,26] The increase in Co-O shell intensity at ≈1.45 Å for pyramidal Sr2CoO3-xF after OER is much larger than those for tetrahedral YBaCo4O7-x and octahedral LaCoO3-x (Figure 3b). This is because the Co-OL contribution induced by Co oxidation is the largest for pyramidal Sr2CoO3-xF, and its OH- adsorption capability is also the most favorable to enhance the Co-OH contribution (as discussed below). In addition, we observed an obvious edge-sharing CoOOHx shell at ≈2.40 Å for pyramidal Sr2CoO3-xF after OER, further confirming its facile surface-to-bulk structural reconstruction into amorphous edge-sharing CoOOHx, in line with above findings.  
[bookmark: _Hlk182180178]To further track the operando changes in bulk electronic and local structures on pyramidal Sr2CoO3-xF during OER, we performed operando hard XAS measurements (setup shown in Figure 3c). From the operando Co-K XANES spectra, we found that the Co valence in pyramidal Sr2CoO3-xF increases with increasing voltages (Figure 3d). Similar to the ex-situ findings, the operando Co-K EXAFS spectra show an obvious enhancement in Co-O shell intensity and the appearance of edge-sharing CoOOHx shell during OER (Figure 3e). Operando observations further support our above-mentioned conclusions. Notably, compared with ex-situ hard XAS spectra after OER, the changes in operando spectra are more obvious, emphasizing the importance of developing and applying operando characterizations for catalysis studies. Under OER electrochemical potentials in electrolytes, it has been reported that the accumulation of oxidative charge could induce an electron redistribution, making the changes of operando XAS spectra more obvious than the ex-situ ones.[27] 
To compare the OH- adsorption capability of model coordinated oxides, we combined Fourier transform infrared (FTIR), ToF-SIMS, and computations. FTIR spectra present that the signal intensity of the OH- specie at ≈3450 cm-1 is the strongest for pyramidal Sr2CoO3-xF after OER as compared with other model oxides (Figure 3f), proving its beneficial OH- adsorption.[28] ToF-SIMS plots of pyramidal Sr2CoO3-xF after OER further identify a surface-to-bulk OH- distribution (0~110 nm, as presented in Figure 3g). This implies that OH- attack and oxidation propagate from the catalyst surface to the bulk. Theoretically, we calculated the OH- adsorption energies on model oxides (Figure S8, Supporting Information). The lowest OH- adsorption energy for pyramidal Sr2CoO3-xF confirms its facile OH- adsorption (Figure 3h). Above results demonstrate that pyramidal Sr2CoO3-xF, with unsaturated and asymmetric CoO5 ligands, tends to suffer from surface-to-bulk OH- attack and oxidation, transforming into an amorphous edge-sharing CoOOHx phase.                          
[image: ]
Figure 3. Reconstruction of bulk local structure. a) Co-K XANES spectra before and after OER for model oxides. b) Co-K EXAFS spectra before and after OER for model oxides. c) Schematic diagram of operando hard XAS setup. Measured d) operando Co-K XANES and e) Co-K EXAFS spectra for pyramidal Sr2CoO3-xF. f) FTIR results for model oxides after OER. g) ToF-SIMS mapping for detecting OH- distribution on pyramidal Sr2CoO3-xF after OER from the surface to the bulk. h) Calculated free energies of OH- adsorption on model oxides. 

2.4. Transformation of Surface Electronic Structure 
[bookmark: _Hlk172492776][bookmark: _Hlk182003932][bookmark: _Hlk182004239][bookmark: _Hlk182004215][bookmark: _Hlk181700247]Apart from bulk local structure, the material surface electronic structure (e.g., valence state, spin state, and covalence) is also critical for OER performance. We further explore the surface electronic structures of model coordinated oxides by utilizing surface-sensitive soft XAS.[7-9,20] Benefitting from multiple spectral features, soft XAS is highly sensitive to material surface valence, covalence, and spin states, making it one of the most powerful technologies for analyzing material surface electronic structural information.6-8,23 We first measured Co-L3 soft XAS spectra in total electron yield (TEY) mode for model coordinated oxides before and after OER. It is acknowledged that a shift of the Co-L3 spectral weight to higher energies indicates an increased Co valence state,[9,20,29] which can also be evidenced by our measured standards for pure high-spin (HS) Co2+,[30] HS Co3+,[31] and intermediate-spin (IS) Co4+[32] (Figure 4a-c). After OER, the spectral weight of all oxides is located between the Co3+ and Co4+ standards, showing their mixed high-valence Co3+/4+ states, indicative of a high-valence Co3+/4+OOHx active phase. Despite the similar valence states on the surfaces (≈ 5 nm)[28] of all oxides after OER, the OER performance is also greatly affected by above bulk structural features. Pyramidal Sr2CoO3-xF, following surface-to-bulk reconstruction, can generate more high-valence edge-sharing CoOOHx active phases as compared with tetrahedral YBaCo4O7-x and octahedral LaCoO3-x, leading to performance differences (to be compared below). Based on multiple spectral features, we further illustrate the orbital spin states for model oxides. The Co-L3 XAS spectrum of pristine pyramidal Sr2CoO3-xF is located between HS Co2+ and HS Co3+ standards (Figure 4b), exhibiting mixed HS Co2+ and HS Co3+ states for pristine pyramidal Sr2CoO3-xF. Note that it is widely acknowledged in solid state physics that only HS or low spin (LS) is the ground state for Co3+ (detailed discussions in Figure S9, Supporting Information).[15,31] By comparing the Co-L3 XAS spectra of pure HS Co3+[31] (characteristic peak at ≈777.8 eV) and LS Co3+[31] (characteristic peak at ≈781.2 eV) standards, we can determine that the Co3+ species in pristine Sr2CoO3-xF is HS, in line with literature results[33] (Figure S10, Supporting Information). After OER, Co4+ IS obviously appears on Sr2CoO3-xF. From the crystal field theory on 3d orbitals, both pyramidal and octahedral configurations contain two high-energy eg orbitals (i.e., dx2-y2 and dz2) and three low-energy t2g orbitals (i.e., dxy, dxz, and dyz),[15,31,34] while the tetrahedral coordination possesses reversal orbital energy levels with three high-energy t2 orbitals (i.e., dxy, dxz, and dyz) and two low-energy e orbitals (i.e., dx2-y2 and dz2).[13,34] The detailed orbital electron configurations of involved HS Co2+ (3d7),[30] HS Co3+ (3d6),[31] and IS Co4+ (3d6Ḻ, Ḻ is ligand hole formed by strong Co4+-O covalence)[32] for Sr2CoO3-xF before and after OER are presented in Figure S11, Supporting Information. Of note, high-energy eg orbital is generally regarded as the active orbital.[35] The electronic cloud of dz2 in eg orbital is upward spindle shape, showing the highest probability of interacting with reactants’ orbitals (Figure S11, Supporting Information).[3] Therefore, the dz2 in eg orbital is the real active orbital. Interestingly, we found that the active dz2 orbital for Sr2CoO3-xF before and after OER remains constant single-electron occupancy, which is beneficial for OH- adsorption.[35] This unique feature cannot be achieved for tetrahedral YBaCo4O7-x (reversal orbital energy levels with high-energy t2 and low-energy e orbitals for pristine state)[13] and octahedral LaCoO3-x (low-spin t2g6eg0 for pristine state)[15].      
[bookmark: _Hlk181700588][bookmark: _Hlk182218411][bookmark: _Hlk182218429][bookmark: _Hlk181662334]To further track the operando variations in electronic structures for pyramidal Sr2CoO3-xF during OER, we successfully conducted operando soft XAS experiments. Operando soft XAS is mainly composed of soft X-ray, vacuum chambers, and an operando electrochemical setup (Figure 4d and Figure S12, Supporting Information). The sample is prepared inside a SiC membrane window which is sealed on the top of the operando electrochemical setup to separate the ultrahigh vacuum and electrolytes (Figure 4e and Figure S12, Supporting Information). During OER, soft X-ray penetrates the SiC membrane to the reacting sample, which emits FY signals to be received by the detector. For the sake of instrument security in the vacuum chamber, we fixed the measured potential at 1.6 V (slightly lower than the applied voltage of 1.65 V used in operando hard XAS measured under atmospheric pressure to reduce the generated O2 bubbles during OER) and continuously scanned soft XAS spectra to track the operando changes in electronic structures of pyramidal Sr2CoO3-xF during OER. Results show that pyramidal Sr2CoO3-xF is rapidly oxidized into mixed Co3+/4+ state within the first scan period. With increasing scans (or operating time), its Co valence state further increases, but the increase tendency becomes smaller (Figure 4f). This indicates that the electrochemical oxidation process is non-uniform with operating time, which is facile at the beginning but getting harder in the later periods. Additionally, we observe that the pristine content of HS Co2+ and HS Co3+ continuously reduces while IS Co4+ increases on Sr2CoO3-xF during OER, in agreement with ex-situ findings after OER. Notably, charge accumulation induced by OER oxidation could occur on the reacting sample during OER,[8] thus leading to a relatively higher Co valence observed in operando soft XAS as compared with ex-situ spectra after OER. The O-K XAS is very instrumental in demonstrating the degree of Co-O covalence.[20,28] When the O-K pre-edge peak signal below 531 eV moves to lower energies and gains spectral weight, the material’s Co valence increases along with enhanced Co-O covalence.[20,28,29] Our operando O-K XAS spectra show that with increasing scans (or operating time), the pre-edge peak signal below 531 eV gains spectral weight and shifts to lower energies (Figure 4g), implying an increase in Co valence state, namely strengthened Co-O covalence. With enhanced Co-O covalence, further electron removal for oxidation should become harder, well explaining why the increase tendency of oxidation becomes smaller and terminated. The oxidation of the CoOOHx active phase is realized by the dehydrogenation process with time (Co3+OOH → Co3+/4+OOHx → Co4+OO) under the charge balance requirement. We calculated the free energies of dehydrogenation on CoOOH, CoOOH0.75 and CoOOH0.5 (Figure S13, Supporting Information). As expected, the energy barrier of dehydrogenation becomes higher from CoOOH to CoOOH0.75 and further to CoOOH0.5 (Figure 4h), thus resulting in harder oxidation processes and a terminated tendency. It has been reported that a shift of the Co-L3 peak to higher energies in spatial-sensitive Co-L3 electron energy loss spectroscopy (EELS) spectrum indicates a higher Co valence.[36] The Co-L3 EELS spectra of Sr2CoO3-xF after OER further demonstrate that the dehydrogenation process, accompanied by Co oxidation, gradually diffuses from the surface to the bulk (progressing from region 1 to region 4, as shown in Figure S14, Supporting Information), contributing to surface-to-bulk reconstruction.                         
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Figure 4. Transformation of surface electronic structure. Soft XAS spectra before and after OER for a) tetrahedral YBaCo4O7-x, b) pyramidal Sr2CoO3-xF, and c) octahedral LaCoO3-x. Schematic diagrams of d) operando soft XAS setup and e) operando electrochemical setup. Operando f) Co-L3 and g) O-K soft XAS spectra for pyramidal Sr2CoO3-xF. h) Calculated free energies of dehydrogenation on CoOOHx.

2.5. Catalysis Mechanism 
We can summarize that due to its pristine unsaturated and asymmetric CoO5 features, facile ion leaching, and constant operational single-electron occupancy on the active dz2 orbital, pyramidal Sr2CoO3-xF tends to adsorb OH- and undergo surface-to-bulk restructuration into an active amorphous high-valence CoOOHx phase with edge-sharing configurations via a non-uniform dehydrogenation process. This behavior is distinct when compared with tetrahedral YBaCo4O7-x and octahedral LaCoO3-x. Next, we compare the electrochemical properties of these model coordinated oxides and explore the underlying catalysis mechanism.
Owing to the most content of generated high-valence CoOOHx active phase from the surface to the bulk, pyramidal Sr2CoO3-xF exhibits superior OER performance compared to tetrahedral YBaCo4O7-x and octahedral LaCoO3-x in both 1.0 M and 0.1 M KOH (Figure 5a). Currently, the mechanisms for the alkaline OER mainly include the conventional adsorbate evolution mechanism (AEM) based on metal sites and LOM based on lattice oxygen sites.[37] LOM can surpass the scaling relationship in AEM, namely ΔG*OOH - ΔG*OH = 3.2 eV, to further enhance OER performance.[37] It has been reported that the responses of current densities under electrolytes with different pH values[10] and tetramethylammonium hydroxide (TMAOH) passivator[38] can effectively demonstrate the operation of LOM. Specifically, if a material’s current density greatly increases with increasing pH values, this catalyst follows LOM.[10] Due to the charge neutral requirement, positive TMA+ ions tend to be adsorbed on the material’s negatively charged lattice oxygen ions (O2-), thus passivating the LOM.[38] If a material’s current density obviously decreases in TMAOH-containing solutions, this also indicates the LOM catalysis.[38] Our electrochemical measurements reveal that pyramidal Sr2CoO3-xF tends to undergo LOM catalysis as compared with tetrahedral YBaCo4O7-x and octahedral LaCoO3-x (Figure 5a). To directly evidence LOM, we further conducted operando O18 isotope labeling experiments. After exchanging partial lattice oxygen (O16) with O18 isotope by electrochemical treatment, the O18-labeled electrodes underwent OER cycle voltammetry (CV) scans in a sealed H-type electrolyzer under pure 1.0 M KOH solutions. The carrier gas transported the gas product to mass spectroscopy (MS) for component analysis (Figure 5b top), where a higher intensity of detected O16O18 signal indicates a stronger LOM process.[24,39] Our operando O18 isotope labeling experiments further verify the strongest LOM process on pyramidal Sr2CoO3-xF (Figure 5b bottom), contributing to its optimal OER activity. We further identified a surface-to-bulk distribution (0~110 nm) of O18 isotope on O18-labeled pyramidal Sr2CoO3-xF sample via ToF-SIMS (Figure 5c and Figure S15, Supporting Information), demonstrating that its LOM processes propagate from the surface to the bulk to promote the generation of high-valence CoOOHx active phase. LOM involves the insertion/adsorption of OH- reactants into material bulk structure (Figure 3g) and triggers the bulk lattice oxygen sites to participate in the OER (Figure 5c). The drastic OH- insertion/adsorption and bulk lattice oxygen participation in OER tend to form Co-OOH or Co-OO species on reconstructed materials, thus gradually generating the CoOOHx active phase as reported.[5,39] 
Furthermore, we utilized density functional theory (DFT) to theoretically understand the LOM processes on CoOOHx active phases. We first calculated the orbital density of states (DOS) for CoOOH (Co3+), CoOOH0.75 (Co3.25+), and CoOOH0.5 (Co3.5+). DOS results show that with increasing Co valence (or ongoing dehydrogenation), the orbital band gap reduces from CoOOH (1.87 eV) to CoOOH0.75 (1.73 eV) and further to CoOOH0.5 (0.33 eV) as presented in Figure 5d. This phenomenon agrees well with the physical charge-transfer model, namely that with increasing Co valence in Co-based oxides, occupied and unoccupied orbitals both shift closer to the Fermi level (EF), leading to a reduced orbital band gap and increased density of active orbitals near EF for triggering LOM.[40] Subsequent LOM calculations on CoOOHx phases further verify that the maximum LOM energy barrier of high-valence CoOOH0.5 (0.70 eV) is lower than those of relatively low-valence CoOOH (1.97 eV) and CoOOH0.75 (1.81 eV) as revealed in Figure 5e and Figures S16-S18, Supporting Information. The beneficial LOM processes conducted on the high-valence CoOOHx active phase of pyramidal Sr2CoO3-xF during OER help boost its OER activity.          
[bookmark: OLE_LINK3][bookmark: OLE_LINK2]Although beneficial LOM occurs on pyramidal Sr2CoO3-xF during OER for improving its OER activity, dramatic LOM from the material surface to the bulk could induce stability issue. With ongoing dehydrogenation process, the formation energy gradually increases from CoOOH (-18.95 eV) to CoOOH0.75 (-15.65 eV) further to CoOOH0.5 (-11.28 eV) as presented in Figure 5f, indicating that the dehydrogenated active CoOOHx phase becomes more unstable, thus sacrificing stability. Therefore, constructing a more stable reconstructed active phase without compromising activity is key to overcoming this activity-stability trade-off. One approach is to introduce other coordinated ions to stabilize CoOOHx phase, such as Fe ions. It has been widely demonstrated that the synergetic effects between Co and Fe ions in CoFe-based catalysts contribute to their superior activity and stability.[41] Here, we found that the formation energy of Co1-xFexOOH0.5 (-12.77 eV) is lower than that of CoOOH0.5 (Figure 5f), showing a more stable active phase via introducing Fe ions. Additionally, the orbital band gap disappears on Co1-xFexOOH0.5 and its density of active orbitals near EF is much higher than that of CoOOH0.5 (Figure 5d), contributing to an optimal LOM process with the lowest energy barrier of only 0.66 eV (Figure 5e and Figure S19, Supporting Information). Theoretically, introducing Fe ions into the CoOOHx phase should simultaneously realize enhanced OER activity and stability to break the activity-stability trade-off triggered by LOM. As a proof-of-concept, we added Fe3+ ions into electrolytes to dynamically construct the Co1-xFexOOH0.5 active phase[41,42] on pyramidal Sr2CoO3-xF during OER, realizing obvious improvement in both activity and stability as expected (Figure S20, Supporting Information). To examine the reliability of this approach in practical applications, we measured anion exchange membrane electrolyzer (AEME) in 1.0 M KOH at 60 °C (Figure 5g). Results show that after adding Fe3+ ions into electrolytes for the construction of the Co1-xFexOOH0.5 active phase on pyramidal Sr2CoO3-xF during OER, the device activity (Figure 5h) and stability (Figure 5i) are both enhanced, effectively addressing the above activity-stability trade-off.
Additionally, controlling the formation of CoOOHx phase on electrodes is critical for the balance between activity and stability.[39] Besides tuning the oxide composition, electrolyte tuning strategy could also become a promising approach to control the formation of hydroxide phase by modulating the ion type, ion ratio, temperature, or pH value of the electrolyte phase through electrochemical processes.[43-45] It should be noted that although electrolyte tuning appears to be an effective approach to address the activity-stability trade-off in the oxides reported here, the introduction of Fe from the electrolyte into the reconstructed oxides may alter the physicochemical properties of the material surface, which is an aspect that warrants further investigation in future studies. The topic of this work focuses on the operando studies on the model coordinated oxides in electrochemical oxidation, where electrolyte tuning strategy is proposed to offer a preliminary and potential solution to solve the intrinsic issue of the oxide based on our findings.       
[image: ]
Figure 5. Catalysis mechanism. a) Current densities of model oxides measured in different electrolytes. b) Schematic diagram of operando O18 isotope experiment (top) and measured results for model oxides (bottom) in 1.0 M KOH. c) ToF-SIMS mapping for detecting O16O18 and O18 distribution on pyramidal Sr2CoO3-xF after OER in 1.0 M KOH from the surface to the bulk. Calculated d) orbital DOS, e) LOM processes, and f) formation energies for CoOOHx and Co1-xFexOOH0.5. g) Schematic diagram of AEME device. Measured h) AEME performance and i) stability (at 200 mA cm-2) of pyramidal Sr2CoO3-xF in 1.0 M KOH solutions with and without 100 ppm Fe3+ ions. 

3. Conclusion
For the first time, we have combined a series of advanced operando characterizations and systematic computations to redirect spatiotemporal restructuration of model coordinated oxides in electrochemical oxidation, and successfully establish a relationship between operational behaviors and performance on model oxides. Specifically, compared with symmetric tetrahedral and octahedral units, asymmetric and unsaturated pyramidal motif exposes anisotropic positive charge to promote OH- adsorption via the electrostatic function, triggering OH- attack from the surface to the bulk and consequently inducing LOM processes during OER. This is the major driving force for the reconstruction of pyramidal structure into high-valence amorphous CoOOHx active phase with edge-sharing configurations. Nanoscale space is needed during this structural reconstruction, where the facile leaching of other coordinated ions can provide the required space and serve as the auxiliary force for the structural reconstruction. Furthermore, we have revealed and successfully addressed the activity-stability trade-off induced by LOM, realizing simultaneous activity and stability improvement at the electrode and device levels. Our findings may also be applicable to other oxidation reactions (Figure S21, Supporting Information). We believe that our conclusions and methodologies can offer critical guidance for other catalytic reactions.

4. Experimental Section
Materials: Sr2CoO3-xF oxide was synthesized by a high-pressure method as reported earlier.[14] Stoichiometric amounts of in-house synthesized SrO2, SrO, SrF2, and CoO raw materials were well mixed and sealed in a Pt capsule, followed by heating at 1800 °C under 6 GPa for 0.5 h. The obtained product was grinded for use. The preparation of YBaCo4O7-x and LaCoO3-x oxides follows a sol-gel method. A stoichiometric mixture of respective nitrates was dissolved in water, followed with adding complexing agents (i.e., citric acid (CA) and ethylenediaminetetraacetic acid (EDTA)) at a mole ratio of 2:1:1 for CA/EDTA/total metal ions. The NH3 aqueous liquid was then used to control pH at 6~7 for completed complexation. After heating and stirring the mixture under ~100 °C, the transparent gel was produced. The obtained gel was heated for 10 h at 250 °C in air to produce solid precursors. Final YBaCo4O7-x and LaCoO3-x powders were achieved by calcining the solid precursors in air for 20 h at 1000 °C. The O18 isotope water (≥ 98 at% O18) used in operando O18 isotope experiments was bought from Taiyo Nippon Sanso Company. The commercial 60 wt% Pt/C used in AEME was purchased from Fuel Cell Company.   
[bookmark: _Hlk181654344][bookmark: _Hlk181646956][bookmark: OLE_LINK10]Ex-situ characterizations: XRD was conducted on an X-ray diffractometer (Rigaku Smartlab) with a 1.5418 Å wavelength. XRD refinements were performed by using the TOPAS package. HRTEM was collected on a JEM 2100F microscope. SRPES was performed at the BL11U beamline in the National Synchrotron Radiation Laboratory (NSRL) in Hefei, China. The intensity of the SRPES I(SRPES) was calculated as: I(SRPES) = y/N/C/I0, where y, N, C, and I0 represent the intensity of raw data, scan times, atomic cross sections, and X-ray intensity, respectively, in line with reported studies.[19,46,47] ToF-SIMS results were recorded on a focused ion beam scanning electron microscopy (FIB-SEM, Tescan Lyra) system with a Tofwerk ToF-SIMS detector for detecting cation distribution, and an IONTOF M6 equipment for detecting anion distribution. In detail, the used primary ion source was Bi3+ at 30 keV, covering an area of 100 μm ×100 μm. For the sputtering beams, Cs+ at 1 kV and O2+ at 1 kV were applied for negatively and positively charged secondary ions, respectively, operating over an area of 300 μm ×300 μm. The primary ion source was applied at the center of the sputtered crater to mitigate edge effects, and an electron flood source was employed for charge compensation. The probe depth of ToF-SIMS was calculated as: sputtering time × sputtering rate. The sputtering rate was determined by measuring the depth of sputtered crater on the sample after long-term sputtering (1300 s) via a 3D measuring laser microscope (LEXT OLS4000). A long-term sputtered crater with large depth was necessary to reduce the errors on depth measurement. XPS was measured on a Kratos Axis Ultra spectrometer with a hybrid lens and a monochromatic Al Kα radiation source. Line-scan EDX and EELS results were acquired on an atomic-resolution HRTEM (JEM-ARM300F). ICP-MS results were collected on a Thermo Fisher Scientific instrumentation. FTIR was extracted from a NicoletNexus 470 spectrophotometer. Ex-situ FY-mode Co-K XANES and EXAFS spectra were collected at TPS 44A beamline in NSRRC, Taiwan, which were analyzed by the ATHENA software packages.[48] Ex-situ TEY-mode Co-L3 soft XAS was conducted at TLS 11A beamline of NSRRC in Taiwan, where CoO,[30] Sr2CoO3Cl,[31] EuCoO3[31] and SrCoO3[32] single crystals serve as the standards of HS Co2+, HS Co3+, LS Co3+, and IS Co4+, respectively. For ex-situ characterizations after OER, all the samples were prepared on glassy carbon films or carbon papers after operating at 1.65 V in 1.0 M KOH for 5 h.
[bookmark: OLE_LINK8]Operando characterizations: Operando Raman spectra were achieved on a Horiba LabRAM HR Evolution confocal microscope (excitation wavelength = 473 nm). Spectral calibration was performed by using a silicon wafer as a standard. A glassy carbon, a Pt wire, and an Hg/HgO were used as the working, counter, and reference electrodes, respectively, in an operando three-electrode setup under 1.0 M KOH. Operando FY-mode Co-K XANES and EXAFS were measured at TPS 44A beamline of NSRRC, Taiwan, where oxides were prepared on carbon papers as the working electrodes. Operando FY-mode Co-L3 and O-K soft XAS spectra were collected at TLS 11A beamline of NSRRC, Taiwan, where oxides were prepared on SiC membranes as the working electrodes. The SiC membranes were customized from NTT Advanced Technology Corporation. Operando O18 isotope experiment was conducted in an H-type cell. The oxides were prepared on free-standing glassy carbon. Partial lattice oxygen sites in oxides were exchanged with O18 isotope by activating electrodes at 20 mA cm-2 for 1000 s in O18-containing 1.0 M KOH solution. Surface residual O18 isotope on electrodes was cleaned by using 1.0 M KOH (without O18 isotope addition). OER CV cycles were performed on the O18-labeled electrodes under fresh 1.0 M KOH (without O18 isotope addition) in a sealed H-type cell. The Ar was used as the carrier gas to carry the gas products into MS for further component analysis. 
Three-electrode electrochemical tests: Conventional OER activity was assessed in a three-electrode rotating disk electrode configuration (Pine Research Instrumentation) using an SP-300 workstation (Bio-Logic) at 25 °C. A glassy carbon electrode (GCE, 0.196 cm2), a graphite rod, and an Ag/AgCl with a double junction served as the working, counter, and reference electrodes, respectively. Homogeneous oxide ink was dropped cast onto GCE with a loading of 0.232 mg cm-2 disk. The ink contains 10 mg oxide, 10 mg carbon black, 1.0 mL absolute ethanol, and 0.1 mL Nafion solution (5 wt%). The OER activity was measured in O2-saturated electrolytes under a rotating speed of 1600 rpm. 
AEME device measurements: AEME performance was conducted on an electrolyzer with an active area of 2 × 2 cm2. Sr2CoO3-xF oxide was prepared on the Ni foam as the anode under a loading of 1 mg cm-2. To prepare the anode, the Sr2CoO3-xF catalyst was mixed with acetylene black at a weight ratio of 4:1. Fumion FAA-3-SOLUT-10 anion exchange ionomer was added to the mixture before dispersed in isopropanol/H2O solvent under ultrasonication. Then, the homogeneous catalyst ink was sprayed onto the electrodes to control the sample loading. Carbon paper supported Pt/C was used as the cathode. Pt/C was mixed with anion exchange ionomer with an ionomer to carbon ratio of 40%. Isopropanol/H2O was used as the solvent. The same ultrasonic dispersion and spraying coating processes were applied to prepare cathode. PiperIon-A40 was utilized as the anion exchange membrane. 1.0 M KOH solution was circulating for anode and cathode separately during the tests. For the ion-tuning strategy, 100 ppm Fe3+ was dissolved in electrolyte for the tests. Both the electrolyzer and the circulating electrolyte were maintained at 60 °C for AEME tests. 
Computations: Spin-polarized computations were carried out using the Vienna Ab initio simulation package[49] with the projector-augmented wave method.[50] The exchange-correlation interactions were described using the generalized gradient approximation as formulated by Perdew-Burke-Ernzerhof. To account for dispersion forces, the DFT-D3 method by Grimme was utilized.[51] The Hubbard U correction was applied with an effective U value of 3.5 eV for Co and 5.3 eV for Fe in this oxide system.[25,28] A 500 eV value was used for the plane-wave basis set energy cutoff. For Brillouin zone sampling, a Gamma-centered Monkhorst-Pack mesh was utilized, namely 3 × 3 × 1 for geometry relaxation, and at least 5 × 5 × 5 for surface and bulk structures. About half of the bottom layers in the lattice structures were kept frozen. All the structures were fully relaxed to achieve their total energies < 1×10-6 eV and their average residual forces < 0.02 eV Å-1. The ion leaching energy E(leaching) was calculated to quantify the energetic requirement for an ion to leach from a surface, which can be expressed as: E(leaching) = E(ion)​ + E(surface after ion leaching​) - E(initial surface​).[22] The E(ion)​​ and E(surface after ion leaching​) represent the energies of the free ion after leaching and the surface after ion leaching, respectively. The E(initial surface​)​ is the energy of the initial surface without ion leaching.
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For the first time, we combine a suite of advanced surface-to-bulk operando characterizations and systematic computations to successfully establish a link between oxygen-evolving performance and operational spatiotemporal behaviors on model coordinated oxides during electrochemical oxidation. The underlying catalysis mechanism and activity-stability trade-off are further revealed and solved in electrode and device.
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Figure S1. XRD refinement results for model coordinated oxides.
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Figure S2. XRD patterns of samples after OER.
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Figure S3. XPS of surface Y, Ba, Sr, and La elements on samples before and after OER.
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Figure S4. ToF-SIMS peak signals of Y, Ba, and Co elements for YBaCo4O7-x after OER.
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Figure S5. ToF-SIMS peak signals of Sr and Co elements for Sr2CoO3-xF after OER.
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Figure S6. ToF-SIMS peak signals of La and Co elements for LaCoO3-x after OER.
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Figure S7. Schematic diagram of OH- attack on tetrahedral, pyramidal, and octahedral units.
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Figure S8. Calculated structures of OH- adsorption on model oxides.
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Figure S9. Detailed orbital electron configurations and the total energies for LS Co3+, IS Co3+ and HS Co3+. The energies of 10Dq and J follow crystal field and Hund rules, respectively.[1,2] General energies for 10Dq and J are ≈2 eV and ≈1 eV, respectively.[1,2] Because the total energy of IS Co3+ (-5 eV) is higher than those of LS Co3+ (-6 eV) and HS Co3+ (-6 eV), the ground state for Co3+ is LS or HS as reported in physics.[1,2]


[image: ]
Figure S10. The Co-L3 XAS spectra in TEY mode for pure HS Co3+[2] (characteristic peak at ≈777.8 eV) standard, pure LS Co3+[2] (characteristic peak at ≈781.2 eV) standard, and pristine Sr2CoO3-xF.
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Figure S11. Detailed orbital electron configurations of HS Co2+, HS Co3+, and IS Co4+ on pyramidal Sr2CoO3-xF before and after OER.
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Figure S12. The actual setups for operando soft XAS experiments.
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Figure S13. Calculated structures of dehydrogenation on CoOOHx.
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Figure S14. EELS spectra of Sr2CoO3-xF after OER in 1.0 M KOH. A shift of Co-L3 peak to higher energies indicates a higher Co valence.[3]
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Figure S15. ToF-SIMS peak signals of O16O18 and O18 for O18-labeled pyramidal Sr2CoO3-xF after OER.
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Figure S16. Calculated structures of LOM processes on CoOOH.














[image: ]
Figure S17. Calculated structures of LOM processes on CoOOH0.75.
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Figure S18. Calculated structures of LOM processes on CoOOH0.5.
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Figure S19. Calculated structures of LOM processes on Co1-xFexOOH0.5.
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Figure S20. Electrochemical stability of Sr2CoO3-xF at 10 mA cm-2 disk.
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Figure S21. Performance of model oxides in other oxidation reactions by adding methanol, ethanol, or urea into 0.1 M KOH. The volume fraction of added methanol, ethanol, or urea is 1%. 



Table S1. XRD refinement results.
	Sample
	Space group
	a (Å)
	b (Å)
	c (Å)
	GOFa

	YBaCo4O7-x
	P63mc
	6.276
	6.276
	10.269
	1.40

	Sr2CoO3-xF
	I4/mmm
	3.841
	3.841
	13.151
	1.75

	LaCoO3-x
	R-3c
	5.447
	5.447
	13.098
	1.20


aGOF stands for the goodness of fitting in XRD refinement by using the TOPAS software, where a fitting result with GOF < 2 is reasonable and reliable.[4,5]










Table S2. Detailed atomic sites.
	YBaCo4O7-x

	Element
	Lable
	x
	y
	z

	Y
	Y1
	0.66667
	0.33333
	0.87600

	Ba
	Ba1
	0.66667
	0.33333
	0.50000

	Co
	Co1
	0.00000
	0.00000
	0.45100

	Co
	Co2
	0.15800
	0.84200
	0.69300

	O
	O1
	0.49800
	0.50200
	0.75700

	O
	O2
	0.00000
	0.00000
	0.26000

	O
	O3
	0.16930
	0.83080
	0.49900

	Sr2CoO3-xF

	Element
	Lable
	x
	y
	z

	Sr
	Sr1
	0.00000
	0.00000
	3.58970

	Co
	Co1
	0.00000
	0.00000
	0.00835

	O
	O1
	0.00000
	0.50000
	0.00000

	O
	O2
	0.00000
	0.00000
	0.17323

	F
	F1
	0.00000
	0.00000
	0.17323

	LaCoO3-x

	Element
	Lable
	x
	y
	z

	La
	La1
	0.00000
	0.00000
	0.25000

	Co
	Co1
	0.00000
	0.00000
	0.00000

	O
	O1
	0.55216
	0.00000
	0.25000
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