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[bookmark: _Toc207399074][bookmark: _Hlk183390090]Supplementary Methods
[bookmark: _Toc207399075]Chemicals and Reagents
[bookmark: OLE_LINK167][bookmark: OLE_LINK169]Cobalt(II) acetate tetrahydrate (99.9%, metals basis), cobalt(II) nitrate hexahydrate (99.99%, metals basis), cobalt(II) dichloride (99.99%, metals basis), KOH (electronic grade, 99.999% metals basis), methanol (99.5%), ethanol (95%), isopropanol (99.7%), H218O (99.9%), dimethylsulfoxide (DMSO), and dimethylformamide (DMF) were purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd.. Terephthalic acid (BDC, 99%), 2,5-diaminoterephthalic acid (BDC(NH2)2, ≥95%), and 2,5-dimercaptoterephthalic acid (BDC(SH)2, ≥95%) were bought from Shanghai Bide Pharmatech Technology Co., Ltd.. Nafion 117 solution (5%), 20%Pt/C, and RuO2 (99.9%) were purchased from Sigma-Aldrich. Carbon paper (TGP-H-060), Raney nickel, and fumasep anion exchange membrane (FAA-3-PK-130) were obtained from Sinero Technology Co., Ltd.. All chemical reagents were used as received without further purification. All aqueous solutions were prepared using deionized water (DI water) with a resistivity of 18.2 MΩ cm-1.
[bookmark: _Toc207399076]Synthesis of MOFs
[bookmark: _Hlk178101871]Synthesis of thio-Co-MOF
[bookmark: OLE_LINK41]In synthesis of thio-Co-MOF, 3 mmol of cobalt(II) acetate tetrahydrate was first dissolved in 50 mL of methanol under vigorous stirring. 50 mL of methanol and 10 mL of DMF solution containing 1 mmol of BDC(SH)2 were added dropwise under continued stirring, and the mixed solution was continuously stirred for about 3 h to form the black mixture at room temperature. The mixture was washed several times with water and methanol, respectively, and then ultrasonically dispersed in 50 mL of water. The mixture was then transferred into a Teflon-lined autoclave, tightly capped, and placed in an oven at 180℃ for 15 h. After cooling to room temperature, the black precipitate was collected and washed several times with water and methanol. The final product was dried at 50℃ in a vacuum oven for further use.
[bookmark: OLE_LINK42]Synthesis of hydroxy-Co-MOF
[bookmark: OLE_LINK45][bookmark: OLE_LINK170][bookmark: OLE_LINK43][bookmark: OLE_LINK25]In synthesis of hydroxy-Co-MOF, 8 mmol of cobalt(II) acetate tetrahydrate was first dissolved in 80 mL of methanol solution under vigorous stirring. 50 mL of DMF containing 4 mmol of BDC was added dropwise under continued stirring, and the mixed solution was further stirred for about 3 h at room temperature. The mixture was washed with methanol and water for three times, respectively, and then ultrasonically dispersed in 50 mL of water. The mixture was then transferred into a Teflon-lined autoclave, tightly capped, and placed in an oven at 180℃ for 15 h. After cooling to room temperature, the yellow precipitate was collected and washed with water and methanol for several times. The final product was dried at 50℃ in a vacuum oven for further use.
[bookmark: _Toc207399077]Electrochemical measurements in an AEMWE
[bookmark: OLE_LINK134]The anion exchange membrane water electrolyzer (AEMWE) was assembled with nickel foam as electrode substrates, FAA-3-PK-130 as a separated membrane, sealing washers, bipolar plates, and pipelines. Co-MOFs and 20% Pt/C inks were loaded onto the nickel foam by spray as the cathode and anode for the OER, respectively. Line sweep voltammetry (LSV) curves were recorded in alkaline solutions (1.0 M KOH, pH = 13.93) with a rate of 5 mV s-1. Chronopotentiometry (CP) tests were carried out to evaluate the stability of Co-MOFs under a constant current density. The metal content in the electrolyte was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) during the OER. Unless otherwise stated, all experiments were performed at ambient temperature (25 ± 2℃).
[bookmark: _Toc207399078]In situ ATR-SEIRAS measurement
In situ attenuated total reflectance surface enhanced infrared absorption spectroscopy (ATR-SEIRAS) was carried out with a Nicolet iS50 spectrometer with an HgCdTe (MCT) detector cooled with liquid N2 and a VeeMax III (PIKE Technologies) accessory. Electrochemical tests were conducted in a customized electrochemical microcell with a three-electrode system. A Pt wire and a saturated Ag/AgCl were used as counter and reference electrodes. The Au film deposition Si prism was used as the working electrode to load catalysts. An Au thin-layer with a thickness of 40 nm was deposited by solvent reaction. The reflecting plane of the Si prism was polished with Al2O3 powder (0.03 µm), and sonicated in ethanol and water before deposition. For ATR-SEIRAS measurement, 32 scans were collected with a spectral resolution of 4 cm-1 for each spectrum. The background spectrum of the working electrode was recorded in an open-circuit condition. The recorded spectra were processed via OMNIC software.
[bookmark: _Toc207399079]XAFS measurements and analysis
XAFS spectra of Co K-edges were collected at the 1W1B beamline station of BSRF. The storage ring of the BSRF was operated at 2.5 GeV with a maximum current of 250 mA and a Si (111) double-crystal monochromator. Ex situ XAS spectra were collected in transmission mode using standard Ar/N2-filled ion chambers to monitor the intensity of the incident and transmitted X-rays. Operando XAS spectra were collected in fluorescence mode with ionization chambers filled with Ar at room temperature using a homemade in situ cell and an electrochemical workstation. In this operando cell, a Pt wire, Hg/HgO electrode, and 1 M KOH were used as the counter electrode, reference electrode, and electrolyte, respectively. Thin carbon paper loaded with Co-MOFs with a circular window covered with Kapton film was employed as the working electrode. The Co K-edge k3-weighted χ(k) data in k-space were Fourier-transformed to R-space using Hanning windows to separate EXAFS contributions from different coordination shells. The structural parameters of the Co atoms in the prepared samples were determined by quantitative curve fitting of the Fourier-transformed k3χ(k) in R-space using the ARTEMIS module of IFEFFIT. The effective backscattering amplitudes F(k) and phase shifts Φ(k) of the fitting paths were calculated using the ab initio code FEFF 8.0.
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[bookmark: _Toc207399081][bookmark: _Ref194668279]Supplementary Fig. 1
. Schematic diagram for the molecular orbitals of [CoL5X]n+.
To explore how ligand field tunes the redox properties of metal centers, cobalt complexes are chosen as the model. Choosing cobalt as the object of study provides convenience for the characterization of the ligand field: if the ligand field is strong enough, the special d6 configuration of cobalt would offer a clear picture, where t2g orbitals contribute to the HOMO while eg orbitals contribute to the LUMO of the complex, so that the distance between them indicates the d-orbital splitting.
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[bookmark: _Toc207399082][bookmark: _Ref194668467]Supplementary Fig. 2
. (a) Schematic diagram for possible spin states of Co(II) and Co(III) species. (b) Relative Gibbs free energy of low-spin reduced state and high-spin oxidized state for [CoX6]n+. (c) The partial density of states (PDOS) diagram of [CoL6]3+. (d) Energy-dependent relationship (Pearson’s r = -0.90) between the formation energy of Co(III) and the d-orbital splitting of cobalt complexes with CoL′5X (solid, Supplementary Table 2) and CoR6 (hollow, Supplementary Table 3); Red area is the fitted confidence band. Pearson’s r represents the Pearson correlation coefficient: |r| ≥ 0.70 indicates a strong correlation, 0.69 ˃ |r| ≥ 0.40 indicates a moderate correlation, and 0.39 ˃ |r| ≥ 0.10 indicates a weak correlation1,2.
Complexes with classical ligands from the spectrochemical series ([CoX6]n+, X = CN-, NH3, H2O, F-, Cl-, Br-, and I-) are first built to determine the ground spin configurations at both valence states (Supplementary Fig. 2a). It turns out that NH3 is a good choice for it offers enough ligand field strength (Supplementary Fig. 2b). Afterwards, [CoL5X]n+ is adopted as the platform to broaden the scope of ligand, where L represents NH3 that serves as the background ligand for maintaining the low spin state in high valent complexes. The formation energy of Co(III) complex  is defined by

where  is the Gibbs free energy obtained from Gaussian 09 D.01 package.3 The correction term  is given by

where 0.1 eV is the standard reduction potential of [CoL6]3+/[CoL6]2+.4 The total density of states of a Co(III) complex is projected on the 3d orbitals of cobalt with the help of Multiwfn 3.8(dev).5 Supplementary Fig. 2c shows the partial density of states (PDOS) diagram of [CoL6]3+, as an example. The splitting energy Co(III) complex  is given by

where  is PDOS of Co 3d orbitals, and  is the middle point of the gap between HOMO and LUMO. Total 46 ligands are used as X and their results are summarized in Supplementary Table 1.
To mimic the situation in MOFs, the formation energy and the splitting energy of [CoL′5X]3+ are estimated, where L′ represents the benzoic acid. We assume that the contribution of each ligand in the coordination octahedron is independent, so that the properties of [CoL5L′]3+ can be written as the linear combination of [CoL′6]3+ and [CoL6]3+: 

Therefore, we have

when we know the properties of [CoL5X]3+, the properties of [CoL′5X]3+ can be deduced from

In the reasoning above, the properties  can be either the formation energy or the splitting energy. The estimated results are summarized in Supplementary Table 2. Together with the results of [CoR6]n+ (Supplementary Table 3), a strongly negative correlation between the formation energy of Co(III) and the d-orbital splitting of cobalt complexes can be found (Pearson’s r = -0.90, Supplementary Fig. 2d).
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[bookmark: _Toc207399083]Supplementary Fig. 3
[bookmark: _Hlk194691441]. Gibbs free energy profiles of OER process on amino-Co-MOFs. Insets are the structures of each intermediate.
The OER involves four proton-coupled electron transfer steps:
1. * + H2O → *OH + H+ + e- (ΔG1)
2. *OH → *O + H+ + e- (ΔG2)
3. *O + H2O → *OOH + H+ + e- (ΔG3)
4. *OOH → * + O2 + H+ + e- (ΔG4)
The overpotential (η) required for OER is related to the Gibbs free energy changes of these steps:
η = max(ΔGi)/e − Eθ
where e is the elementary charge (1.602×10-19 C), and Eθ is the standard potential for OER (1.23 V).
[bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK162]For amino-Co-MOF, adsorbed water molecules on active Co sites initiate OER, converting Co-H2O into Co-OH by a deprotonation process accompanied by the transformation of Co2+ into Co3+ (for example, Co2+-H2O + OH- → Co3+-OH + H2O + e-). Based on the proton-coupled electron transfer process above, ΔG3 from *O to *OOH shows the highest energy barrier of 1.54 eV, representing the rate-determining step (RDS, Supplementary Table 4).
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[bookmark: _Toc207399084]Supplementary Fig. 4
. Gibbs free energy profiles of OER process on hydroxy-Co-MOFs. Insets are the structures of each intermediate.
For hydroxy-Co-MOF, ΔG3 from *O to *OOH also shows the highest energy barrier of 1.87 eV, representing the rate-determining step (RDS, Supplementary Table 4).
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[bookmark: _Toc207399085][bookmark: _Hlk192517842]Supplementary Fig. 5
. Gibbs free energy profiles of OER process on thio-Co-MOFs. Insets are the structures of each intermediate.
For thio-Co-MOF, ΔG3 from *O to *OOH also shows the highest energy barrier of 1.91 eV, representing the rate-determining step (RDS, Supplementary Table 4).
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[bookmark: _Toc207399086]Supplementary Fig. 6
. Volcano plot of OER activity trends for (a) Co-MOFs (vide Supplementary Table 4), Co-based compounds, and metallic compounds; (b) Co-MOFs and Co-based compounds with different strategies from (a).
The volcano plot of theoretical overpotential (ηtheo) is established by using the expression of ηtheo = max {∆GO* - ∆GOH*, 3.2 eV - (∆GO* - ∆GOH*)}/e - 1.23 V, which is based on the scaling relationship ∆GOOH* = ∆GOH* + 3.2 eV. Except for Co-MOFs, data are obtained from a reported dataset6. From plotting the volcano plot of OER activity for Co-MOFs, Co-based compounds, and metal oxides, it can be found that the theoretical overpotential of amino-Co-MOF is the minimum and located at the top of the volcano plot, suggesting its great potential to serve as an outstanding OER catalyst.
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[bookmark: _Toc207399087]Supplementary Fig. 7
. (a) Crystal structure of hydroxy-Co-MOF; (b) Rietveld refinement of experimental PXRD data; (c) HR-TEM image of hydroxy-Co-MOF and (d) enlarged image.
The refinement results of PXRD (Rwp = 9.94% and Rp = 8.84%) and the matched lattice fringe with the (200) plane demonstrate that the hydroxy-Co-MOF is successfully synthesized.
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[bookmark: _Toc207399088]Supplementary Fig. 8
. (a) Reconstructed 3D reciprocal lattice of amino-Co-MOF. The obtained lattice parameters are a = 8.20 Å, b = 5.09 Å, c = 9.13 Å, α = γ = 90°, β = 109.85° (monoclinic crystal system) based on continuous rotation electron diffraction data. 2D slices cut from the reconstructed 3D reciprocal lattice showing (b) (h0l) plane and the extinction rule with l = 2n, and (c) (hk0) plane and the extinction rule with k = 2n. Reconstructed 3D reciprocal lattice viewed along the (d) [010], (e) [100], (f) [001]. (g) Crystal structure of amino-Co-MOF. (h) Low-dose spherical aberration-corrected HAADF-STEM image of amino-Co-MOF and enlarged image of the white box.
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[bookmark: _Toc207399089]Supplementary Fig. 9
[bookmark: _Hlk177846525][bookmark: OLE_LINK50][bookmark: OLE_LINK17][bookmark: OLE_LINK233][bookmark: _Hlk177845985][bookmark: OLE_LINK52][bookmark: OLE_LINK31][bookmark: OLE_LINK171][bookmark: OLE_LINK51][bookmark: OLE_LINK53]. (a) Reconstructed 3D reciprocal lattice of thio-Co-MOF. The obtained lattice parameters are a = 3.39 Å, b = 8.299 Å, c = 10.07 Å, α = 113.21°, β = 97.67°, γ = 90.58° (triclinic crystal system) based on continuous rotation electron diffraction data. Reconstructed 3D reciprocal lattice viewed along the (b) [010], (c) [001], and (d) [100]. (e) Rietveld refinement of experimental PXRD data. (f) Crystal structure of thio-Co-MOF. (g) Low-dose spherical aberration-corrected HAADF-STEM image along the [001] axis of thio-Co-MOF and (h) enlarged image from the orange box in (f). (i) Symmetry-imposed and lattice-averaged HR-STEM image along with the crystal structure overlaid on the image.
With the help of continuous-rotation electron diffraction (cRED) technology and Rietveld refinement of PXRD, the crystal structure of thio-Co-MOF is resolved and belongs to the triclinic crystal system (Supplementary Fig. 9a-f and Supplementary Table 5). Low-dose spherical aberration-corrected high-angle annular dark field-STEM (HAADF-STEM) images along the [001] axis of thio-Co-MOF match the projected atomic arrangements (Supplementary Fig. 9i). The lattice fringe spacings of 7.7 Å and 3.4 Å correspond to the interplanar spacing of the crystal structure (Supplementary Fig. 9g, h).
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[bookmark: _Toc207399090][bookmark: _Ref194693143]Supplementary Fig. 10
. Co K-edge Fourier-transformed extended X-ray absorption fine structure of Co-MOFs.
As shown in Supplementary Fig. 10, a characteristic peak corresponding to Co-N or Co-O scattering is observed at ~1.60 Å (without phase correction) in the Fourier-transformed extended X-ray absorption fine structure (FT-EXAFS) of Co-MOFs at Co K-edge. A new peak at 1.87 Å emerges in the FT-EXAFS of thio-Co-MOF, attributed to Co-S scattering with a larger bond length.
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[bookmark: _Toc207399091][bookmark: _Ref194693171]Supplementary Fig. 11
. Wavelet-transformed extended X-ray absorption fine structure (WT-EXAFS) of (a) amino-Co-MOF, (b) hydroxy-Co-MOF, and (c) thio-Co-MOF.
Compared with similar wavelet-transformed EXAFS (WT-EXAFS) plots of hydroxy-Co-MOF and amino-Co-MOF, that of thio-Co-MOF exhibits a non-elliptical shape, as shown in Supplementary Fig. 11. The new feature B is attributed to a Co-S scattering pair. These observations further confirm that Co-MOFs with heterogeneous ligands are successfully constructed.
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[bookmark: _Toc207399092][bookmark: _Ref194693451]Supplementary Fig. 12
. Calibration curves of the reference electrode (Hg/HgO filled with saturated KOH solution) in H2-saturated 1 M KOH solution (pH = 13.93).
[bookmark: OLE_LINK142]The difference between the theoretical value of 0.920 V and the experimental value of 0.925 V is 0.005 V in KOH with pH = 13.93 from the calibration experiment based on the Nernst equation. The interference of this result on the OER test result can be neglected.
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[bookmark: _Ref194693458][bookmark: _Toc207399093]Supplementary Fig. 13
. Polarization curve of the bare rotating disk electrodes with 90% iR-correction normalized by the geometric area.
It is found in Supplementary 13 that the bare rotating disk electrode is inactive for the OER, ensuring that the obtained performance of Co-MOFs is intrinsic OER activity.
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[bookmark: _Ref194692885][bookmark: _Toc207399094]Supplementary Fig. 14
[bookmark: OLE_LINK136][bookmark: OLE_LINK82]. (a) Polarization curves of Co-MOFs and reference RuO2 with 90% iR-correction by the rotating disk electrodes and the current normalized by the mass of the catalyst, and (b) the corresponding overpotential at 500 mA mg-1.
Among these catalysts, amino-Co-MOF shows the highest mass activity with an overpotential of merely 283 mV at 500 mA mg-1.
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[bookmark: _Toc207399095]Supplementary Fig. 15
. Cyclic voltammetry curves of (a) amino-Co-MOF, (b) hydroxy-Co-MOF, (c) thio-Co-MOF, and (d) RuO2 recorded in a potential window between 0.84 and 0.94 V (vs. RHE) at the scan rates from 20 to 200 mV s-1.
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[bookmark: _Toc207399096]Supplementary Fig. 16
. Capacitive current density as a function of scan rates of different catalysts. The slopes are equal to the double-layer capacitance. ECSA is calculated and shown in Supplementary Table 6.
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[bookmark: _Toc207399097][bookmark: OLE_LINK83]Supplementary Fig. 17
. (a) Polarization curves of Co-MOFs and commercial RuO2 with 90% iR-correction by the rotating disk electrodes and the current normalized by the electrochemically active area, and (b) the corresponding current density at 1.5 V.
The intrinsic activities of Co-MOFs are further assessed based on ECSA, among which amino-Co-MOF shows the highest jECSA of 0.902 mA cm-2 at 1.5 V (vs. RHE, Supplementary Fig. 17b).
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[bookmark: _Toc207399098]Supplementary Fig. 18
[bookmark: OLE_LINK84]. Onset potential of Co-MOFs and reference RuO2.
[bookmark: _Hlk207576090]We obtain the onset potentials of Co-MOFs and reference RuO2 (the critical potential for OER) using the tangent method. As shown in Supplementary Fig. 18, the onset potential of amino-Co-MOF, hydroxy-Co-MOF, thio-Co-MOF, and RuO2 is 1.40 V, 1.51 V, 151 V, and 1.51 V, respectively.
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[bookmark: _Ref194693559][bookmark: _Toc207399099]Supplementary Fig. 19
. Tafel slope of Co-MOFs and reference RuO2.
As shown in Supplementary Fig. 19, the Tafel slope of amino-Co-MOF, hydroxy-Co-MOF, thio-Co-MOF, and RuO2 is 37 mV dec-1, 60 mV dec-1, 71 mV dec-1, and 73 mV dec-1, respectively.
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[bookmark: _Toc207399100][bookmark: _Ref194693581]Supplementary Fig. 20. Faraday efficiencies (FE) of the OER for (a) amino-Co-MOF, (b) hydroxy-Co-MOF, and (c) thio-Co-MOF tested by the rotating ring-disk electrode.
[bookmark: _Hlk177899502][bookmark: _Hlk177900251][bookmark: OLE_LINK62]Faraday efficiency (FE) of the OER is measured up to 99.3% using the rotating disk electrodes (RRDE) test (Supplementary Fig. 20a), further confirming the real catalytic activity of amino-Co-MOF. Meanwhile, those of the other two Co-MOFs are also tested to be 97.7% and 96.1%, respectively (Supplementary Fig. 20b, c).
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[bookmark: _Ref194693589][bookmark: _Toc207399101]Supplementary Fig. 21
[bookmark: OLE_LINK85][bookmark: OLE_LINK127][bookmark: OLE_LINK89]. (a) Turnover frequencies (TOFs) of Co-MOFs by rotating disk electrodes and (b) the corresponding TOFs at overpotentials of 300 mV.
The intrinsic activities of Co-MOFs are also assessed based on turnover frequencies (TOFs), among which amino-Co-MOF shows the highest TOF of 0.579 O2 s-1 per electrochemically accessible metal site at the overpotentials of 300 mV (Supplementary Fig. 21b).
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[bookmark: _Toc207399102][bookmark: _Ref194693609]Supplementary Fig. 22
[bookmark: OLE_LINK86][bookmark: _Hlk205505062]. Active energy measurements by temperature-dependent polarization curves of (a) amino-Co-MOF, (b) hydroxy-Co-MOF, and (c) thio-Co-MOF without iR compensation. (d) The apparent activation energy of Co-MOFs at 1.5 V (vs. RHE).
Compared with hydroxy-Co-MOF and thio-Co-MOF, amino-Co-MOF exhibits the highest intrinsic OER activity, attributed to the lowest apparent activation energy (Ea) of 38.6 kJ mol-1 (Supplementary Fig. 22).
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[bookmark: _Ref194694175][bookmark: _Toc207399103]Supplementary Fig. 23
. (a) Nyquist plots of Co-MOFs and (b) a table of the corresponding resistance electrochemical impedance values.
[image: ]
[bookmark: _Toc207399104]Supplementary Fig. 24
[bookmark: OLE_LINK87]. In-situ Bode phase plots of (a) amino-Co-MOF, (b) hydroxy-Co-MOF, and (c) thio-Co-MOF; (d) Response of the phase angle to the applied potential, and (e) response rate of the phase angle. A large slope means that the electrons are more easily transferred as the applied potential changes.
Compared with hydroxy-Co-MOF and thio-Co-MOF, amino-Co-MOF exhibits the highest kinetic activity, attributed to the lowest electron transfer resistance of 4.61 ohm (Supplementary Fig. 23) and the highest charge transfer kinetics of 410.8 (Supplementary Fig. 24).
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[bookmark: _Ref194693574][bookmark: _Toc207399105]Supplementary Fig. 25
. Comparison of the intrinsic OER performance (Tafel and overpotential at 10 mA cm-2) of amino-Co-MOF and reported MOFs (vide Supplementary Table 8).
[bookmark: _Hlk207575813]The amino-Co-MOF shows the lowest overpotential of 211 mV among the reported pristine MOF catalysts at 10 mA cm-2.
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[bookmark: _Toc207399106]Supplementary Fig. 26
. (a) Galvanostatic measurement of Co-MOFs and reference RuO2 at a current density of 10 mA cm-2 for 500 hours at room temperature, (b) and the corresponding metal leaching content calculated from ICP-AES results.
Compared with reference RuO2, Co-MOFs exhibits a more stable electrocatalytic performance at 10 mA cm-2 for more than 500 h, with a trace of cobalt detected in the electrolyte during electrolysis. Especially, amino-Co-MOF maintains nearly 100% stability after 500 hours of electrolysis.
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[bookmark: _Ref194693177][bookmark: _Toc207399107]Supplementary Fig. 27
[bookmark: OLE_LINK155][bookmark: OLE_LINK177]. (a) Co K-edge XANES spectra of standard Co(II) complexes and (b) the first derivative of absorption edge; (c) Co K-edge XANES spectra of standard Co(III) complexes and (d) the first derivative of absorption edge. (e) Average energy variation (ΔE) of absorption edge of Co(II) and Co(III) complexes versus Co foil (E0 = 7709 eV), and (f) a linear function for energy shifts of Co absorption edge as a function together with the Co valence in standard species. The error bars of standard samples represent an average value of different Co(II) and Co(III) compounds with standard deviation.
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[bookmark: _Ref194693187][bookmark: _Toc207399108]Supplementary Fig. 28
[bookmark: _Hlk177903162][bookmark: OLE_LINK179][bookmark: OLE_LINK81][bookmark: OLE_LINK180][bookmark: OLE_LINK178]. (a) Co K-edge XANES spectra of Co-MOFs and (b) the first derivative of absorption edge; (c) Average energy variation (ΔE) of absorption edge of Co-MOFs versus Co foil (E0 = 7709 eV), and (d) linear fitting for determining the Co valence in Co-MOFs via a model linear function. The error bars of Co-MOFs are determined by the linear function.
We collect the different types of standard Co(Ⅱ) and Co(Ⅲ) compounds to obtain an accurate linear relation with valence and energy variation of the absorption edge for subsequent valence calibration of samples. Evidently, Co valence in Co-MOFs is determined to be approximately +2 through linear fitting of X-ray absorption near edge structure (Supplementary Fig. 28d).
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[bookmark: _Ref194693198][bookmark: _Toc207399109]Supplementary Fig. 29
. Co 2p high-resolution XPS spectrum of amino-Co-MOF.
The XPS of amino-Co-MOF shows that only Co2+ exists, which is consistent with the XANES result.
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[bookmark: _Toc207399110]Supplementary Fig. 30
. Co 2p high-resolution XPS spectrum of hydroxy-Co-MOF.
The XPS of hydroxy-Co-MOF shows that only Co2+ exists, which is consistent with the XANES result.
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[bookmark: _Ref194693217][bookmark: _Toc207399111]Supplementary Fig. 31
. Co 2p high-resolution XPS spectrum of thio-Co-MOF.
The XPS of thio-Co-MOF shows that only Co2+ exists, which is consistent with the XANES result.
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[bookmark: _Toc207399112]Supplementary Fig. 32
[bookmark: OLE_LINK88]. (a) Operando Co K-edge XANES spectra of amino-Co-MOF and (b) the first derivative of absorption edge. (c) Linear fitting for determining the Co valence during the OER via a model linear function; The error bars of amino-Co-MOF are determined by the linear function. (d) A table of average energy variation (ΔE) of absorption edge versus Co foil (E0 = 7709 eV) and Co valences.
The transformed Co(III) fraction is calculated by the following equation:
Co(III) fraction (%) = (Co valence at the applied potential - Co valence at OCP)*100%.
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[bookmark: _Toc207399113]Supplementary Fig. 33
. (a) Operando Co K-edge XANES spectra of hydroxy-Co-MOF and (b) the first derivative of absorption edge. (c) Linear fitting for determining the Co valence during the OER via a model linear function; The error bars of hydroxy-Co-MOF are determined by the linear function. (d) A table of average energy variation (ΔE) of absorption edge versus Co foil (E0 = 7709 eV) and Co valences.
The transformed Co(III) fraction is calculated by the following equation:
Co(III) fraction (%) = (Co valence at applied potential - Co valence at OCP)*100%.
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[bookmark: _Toc207399114]Supplementary Fig. 34
[bookmark: OLE_LINK8]. (a) Operando Co K-edge XANES spectra of thio-Co-MOF and (b) the first derivative of absorption edge. (c) Linear fitting for determining the Co valence during the OER via a model linear function; The error bars of thio-Co-MOF are determined by a linear function. (d) A table of average energy variation (ΔE) of absorption edge versus Co foil (E0 = 7709 eV) and Co valences. 
The transformed Co(III) fraction is calculated by the following equation:
Co(III) fraction (%) = (Co valence at applied potential - Co valence at OCP)*100%.
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[bookmark: _Toc207399115]Supplementary Fig. 35
. Co valence variations in Co-MOFs at different potentials compiled by operando XAS spectra recorded during potentiostatic OER experiments in 1 M KOH from Supplementary Figs. 32-34.
From Supplementary Fig. 35, we find that the initial Co valence of amino-Co-MOF, hydroxy-Co-MOF, and thio-Co-MOF at the OCP is +2.14, +2.27, and +2.27, respectively. Co valence under this condition is regarded as a benchmark to evaluate the transformed Co(III) fraction at different potentials.
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[bookmark: _Toc207399116]Supplementary Fig. 36
[bookmark: _Hlk201949843]. OER kinetic relationship between the Co(III) fraction (taken from onset potential) and Tafel slope in Co-MOFs.
Tafel slopes decrease with increasing Co(III) fractions in Co-MOFs, indicating that OER kinetic activity highly depends on conversion capability to active Co(III).


[image: ]
[bookmark: _Toc207399117]Supplementary Fig. 37
. Relationship between OER activity, Ea, and the Co(III) fraction of Co-MOFs (The current density and Ea at 1.5 V (vs. RHE) are obtained from Fig. 2a and Supplementary Fig. 30, respectively).
From Supplementary Fig. 37, we find that Co-MOFs present a positive correlation between the availability of Co(III) species, Ea, and OER activity. The amino-Co-MOF with a greater splitting energy exhibits higher OER performance.
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[bookmark: _Toc207399118]Supplementary Fig. 38
[bookmark: OLE_LINK90]. (a-c) Spin-resolved partial density of states (PDOS) of Co 3d orbitals in Co-MOFs; (e) Spin-resolved integral electron numbers and schematic illustration of Co 3d orbital configuration in Co-MOFs.
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[bookmark: _Toc207399119][bookmark: OLE_LINK138]Supplementary Fig. 39
. (a) Normalized integral PDOS of Co 3d orbitals in Co-MOFs, (b) d-band center in Co-MOFs.
From Supplementary Fig. 39, it can be found that the theoretical energy required for Co(II) of 3d7 to lose one electron to convert to Co(III) of 3d6 in Co-MOFs is 1.62, 2.17, and 2.8 eV for amino-Co-MOF, hydroxy-Co-MOF, and thio-Co-MOF, respectively. This result indicates that the formation energy of Co(III) in amino-Co-MOF is lowest in Co-MOFs. The location of d-band centers of Co(II) in Co-MOFs relative to the Fermi energy is -2.14, -2.87, and -3.55 eV for amino-Co-MOF, hydroxy-Co-MOF, and thio-Co-MOF, respectively, illustrating that amino-Co-MOF adsorbs reactants more readily.
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[bookmark: _Ref194694463][bookmark: _Toc207399120][bookmark: OLE_LINK16]Supplementary Fig. 40
[bookmark: OLE_LINK141]. Electrochemical redox capacity of Co centers in Co-MOFs. Cyclic voltammograms of (a) amino-Co-MOF, (b) hydroxy-Co-MOF, and (c) thio-Co-MOF recorded in anhydrous acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate using a glassy carbon electrode. The baselines used for capacitance correction are denoted in the cyclic voltammograms as horizontal lines.
As shown in Supplementary Fig. 40, it can be found that Co centers in Co-MOFs undergo two redox couples to the OER catalytic wave at ~1.1 V (O1 and R1) and at ~1.45 V (O2 and R2) that are attributed to the Co2+/Co3+ and Co3+/Co3+δ redox couples, respectively. The redox electrochemistry of Co centers in Co-MOFs strongly depends on their pristine electronic configuration due to the variation of the intensity ratio between the two redox pairs in Co-MOFs7. Because transformed Co3+ species in Co-MOFs are recognized as the catalytically active state for the OER reactions, therefore, we interpret the capacitance-corrected current ratio of O1/O2 as the mean oxidizability of the Co centers in Co-MOFs7. Moreover, the oxidizability of Co centers represents the transformation ability from pristine Co2+ to active Co3+.
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[bookmark: _Ref194694520][bookmark: _Toc207399121]Supplementary Fig. 41
. Dependence relationship between the oxidizability of Co in Co-MOFs and their splitting energies. The Co-MOFs with larger splitting energy are more easily oxidized.
As shown in Supplementary Fig. 41, establishing a dependency relationship indicates that the oxidizability of Co centers is positively correlated with the splitting energy of Co centers. Therefore, Co(Ⅱ) centers in amino-Co-MOF with a large splitting energy are more easily oxidized to Co(Ⅲ) during OER, in agreement with the fitting results of operando Co K-edge XANES (Supplementary Fig. 35).
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[bookmark: _Toc207399122]Supplementary Fig. 42
[bookmark: _Hlk206676797]. Flowchart for the isotope labeling experiment and evolution of coordinated water oxidation route (CWOR) in amino-Co-MOF.
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[bookmark: _Toc207399123]Supplementary Fig. 43
. pH-dependent tests of the OER activities of amino-Co-MOF.
[bookmark: OLE_LINK107]As shown in Supplementary Fig. 43, because catalysts involving lattice oxygen oxidation mechanism (LOM) have a strong pH-dependence, the almost constant OER activity of amino-Co-MOF in electrolyte solutions with different pH also confirms the proposed coordinated water oxidation route, distinguishing from the classic LOM.
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[bookmark: _Toc207399124]Supplementary Fig. 44
. (a) Polarization curves and (b) Tafel slopes of amino-Co-MOF and RuO2 in 1 M KOH solution with and without TMAOH, respectively.
As shown in Supplementary Fig. 44, after adding tetramethylammonium hydroxide (TMAOH), the OER activity of RuO2 is significantly reduced, and its Tafel slope is increased from 83.8 to 99.9 mV dec−1 owing to the inhibition of the lattice oxygen by the strong binding with TMA+. On the contrary, amino-Co-MOF shows very minimal change, indicating the OER mechanism of amino-Co-MOF does not belong to classic LOM.
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[bookmark: _Toc207399125]Supplementary Fig. 45
. In-situ DRIFTS of amino-Co-MOF at different potentials in 1 M KOH.
In-situ diffuse reflection Fourier transform infrared spectroscopy (DRIFTS) is adopted to probe the signals of intermediate species on the surface of catalysts during the OER. With voltage increases, the *OOH intermediate signals at 1042 cm-1 gradually intensify, which well corresponds to the generated O-O superoxide intermediate signal during the coordinated water oxidation route.
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[bookmark: _Ref194694828][bookmark: _Toc207399126]Supplementary Fig. 46
[bookmark: _Hlk177935141]. (a, b) Two-dimensional and (c, d) three-dimensional distributions of 18O- produced by TOF-SIMS surface and depth profiling for pristine amino-Co-MOF (upper) and amino-Co-MOF after the OER in H218O solution (lower).
Compared with the 18O- signals intensity of pristine amino-Co-MOF (upper), the sample after OER in H218O solution shows a much stronger 18O- signals distribution (lower). This result confirms the proposed coordinated water oxidation route (CWOR) (Supplementary Fig.42).
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[bookmark: _Toc207399127]Supplementary Fig. 47
. Operando DEMS tests of hydroxy-Co-MOF alternately in (a) H218O and (b) H216O solvent. (c) 2D and 3D distributions of 18O- based on TOF-SIMS surface and depth scan. The upper part represents pristine hydro-Co-MOF, and the lower part stands for hydroxy-Co-MOF after the OER in H218O solution. (d) TOF-SIMS depth profiles of hydroxy-Co-MOF after the OER in H218O solution.
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[bookmark: _Toc207399128]Supplementary Fig. 48
. Operando DEMS tests of thio-Co-MOF alternately in (a) H218O and (b) H216O solution. (c) 2D and 3D distributions of 18O- based on TOF-SIMS surface and depth scan. The upper part represents pristine hydro-Co-MOF, and the lower part stands for thio-Co-MOF after the OER in H218O solution. (d) TOF-SIMS depth profiles of thio-Co-MOF after the OER in H218O solution.
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[bookmark: _Toc207399129]Supplementary Fig. 49
 Operando Co K-edge XANES spectra of hydroxy-Co-MOF at different OER potentials in 1 M KOH. Inset represents the enlarged pre-edge peaks. Blue arrow represents the uptrend of pre-edge peaks from OCP to 1.4 V, and red arrow represents the downtrend of the pre-edge peaks from 1.4 V to 1.5 V. In addition, the black arrow represents the right shift of the absorption edges from OCP to 1.5 V.
[bookmark: _Hlk194955088]Operando Co K-edge XANES also confirms the structural conversion of active centers from the perspective of symmetry. As shown in Supplementary Fig. 49, with the potential increase from OCP to 1.5 V, the intensity of the pre-edge peaks first rises and then declines. This finding indicates that the geometric symmetry first decreases and then increases, closely aligning with the transition process between a high-symmetry octahedron with Oh and a low-symmetry square planar with D4h8. Moreover, the positive shift of the absorption edges indicates that the Co oxidation occurs simultaneously.
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[bookmark: _Toc207399130]Supplementary Fig. 50
 Operando Co K-edge XANES spectra of thio-Co-MOF at different OER potentials in 1 M KOH. Inset represents the enlarged pre-edge peaks. Red arrow represents the changed trend of pre-edge peaks from OCP to 1.5 V. Black arrow represents the shift of absorption edges from OCP to 1.5 V.
The pre-edge peaks of thio-Co-MOF only exhibit a continuous, monotonic increase, suggesting that Co centers in thio-Co-MOF do not experience the evolution in local symmetry.
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[bookmark: _Toc207399131]Supplementary Fig. 51
. Operando Co K-edge EXAFS spectra and the Fourier-transformed magnitudes for amino-Co-MOF at different applied potentials. The best-fit parameters and detailed results are summarized in Supplementary Table 10.
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[bookmark: _Toc207399132]Supplementary Fig. 52
. Operando Co K-edge EXAFS spectra and the Fourier-transformed magnitudes for hydroxy-Co-MOF at different applied potentials. The best-fit parameters and detailed results are summarized in Supplementary Table 11.
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[bookmark: _Toc207399133]Supplementary Fig. 53
. Change of coordination number of the first-shell Co-O in hydroxy-Co-MOF at different potentials obtained by the operando FT-EXAFS fitting results from Supplementary Fig. 56 and Table 11.
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[bookmark: _Ref194697104][bookmark: _Toc207399134]Supplementary Fig. 54
. Operando Co K-edge EXAFS spectra and the Fourier-transformed magnitudes for thio-Co-MOF at different applied potentials. The best-fit parameters and detailed results are summarized in Supplementary Table 12.
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[bookmark: _Toc207399135]Supplementary Fig. 55
. Changes of coordination number of the first shell Co-O and Co-S in thio-Co-MOF at different potentials obtained by the operando FT-EXAFS fitting results from Supplementary Fig. 58 and Table 12.
[bookmark: OLE_LINK70]For S-ligating atoms with the weakest field strength, the coordination number of Co-O and Co-S in thio-Co-MOF (Supplementary Fig. 55) shows only slight fluctuations, indicating the octahedral configuration remains almost constant during OER.
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[bookmark: _Ref194696969][bookmark: _Toc207399136]Supplementary Fig. 56
. (a) Illustration for different types of coordination bonds on Co nodes in hydroxy-Co-MOF and (b) corresponding compliance force constants for different types of coordination bonds. The compliance force constants indicate different coordinated bond strengths.
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[bookmark: _Toc207399137]Supplementary Fig. 57
. (a) Illustration for different types of coordination bonds on Co nodes in thio-Co-MOF and (b) corresponding compliance force constants for different types of coordination bonds. The compliance force constants indicate different coordinated bond strengths.
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[bookmark: _Ref194694586][bookmark: _Toc207399138]Supplementary Fig. 58
. Quasi in-situ N K-edge (a) and O K-edge (b) sXAS TEY spectra of amino-Co-MOF from OCP to 1.5 V (μ1-O, 529.9 eV; μ1-OH, 531.4 eV; R-O, 533.5 eV). (c) Structural evolution of different oxygenated motifs on the active Co site (μ1-OH and μ1-O, terminal oxyl from solution phase water; R-O, intrinsic oxyl).
[bookmark: OLE_LINK145][bookmark: OLE_LINK108]As shown in Supplementary Fig. 58a, pre-edge peaks in the N K-edge soft X-ray absorption spectroscopy (sXAS) in total electron yield (TEY) mode begin to shift slightly when the voltage increases above 1.30 V, which may be attributed to the effect of the raised oxidation state of Co in the amino-Co-MOF. In contrast, the pre-edge features in O K-edge XANES exhibit significant changes with increasing potential (Supplementary Fig. 58b), indicating that the oxygenated species attached to the active sites undergo clear evolution during the OER, especially terminal oxyl (μ1-OH and μ1-O)7,9. The feature at 533.5 eV occurs at the pristine state or low potential, representing R-O belonging to intrinsic oxygenated groups in MOFs (such as Ar-COO-). As the OER reaction gradually occurs, the features at 531.4 and 529.9 eV gradually emerge (Supplementary Fig. 58b), suggesting that terminal oxyl (μ1-OH and μ1-O) stems from the evolution process of reactants at the active sites. These results solidly validate the formation of active sites and evolution of oxygenated species on them (Supplementary Fig. 58c).
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[bookmark: _Toc207399139]Supplementary Fig. 59
 Quasi in-situ O K-edge sXAS TEY spectra of hydroxy-Co-MOF from OCP to 1.5 V.


[bookmark: _Toc207399140][image: ]
[bookmark: _Toc207399141]Supplementary Fig. 60
 (a) Quasi in-situ O K-edge sXAS TEY spectra and (b) Quasi in-situ S K-edge XANES spectra of thio-Co-MOF from OCP to 1.5 V.
The almost unchanged O K-edge and S K-edge XANES spectra illustrate that pristine hexa-coordinated Co sites in thio-Co-MOF are hardly transformed into tetra-coordinated Co(III) active sites, which is attributed to the S-ligating atoms with weak field strength reinforcing Co-O bonds.
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[bookmark: _Ref194694616][bookmark: _Toc207399142]Supplementary Fig. 61
[bookmark: _Hlk180591693][bookmark: _Hlk192549616][bookmark: OLE_LINK129]. In situ diffuse reflection Fourier transform infrared spectroscopy (DRIFTS) of (a) amino-Co-MOF, (b) hydroxy-Co-MOF, and (c) thio-Co-MOF at different OER potentials in 1 M KOH. *OOH signals at ~1044 cm-1 gradually generate and increase with increasing potential. (d) Kinetic correlation between the logarithm of *OOH signal intensity and potentials.
[bookmark: OLE_LINK149]With increasing potential, the generated *OOH signals indicate that water molecules interact with active Co sites. *OOH signals in amino-Co-MOF show a lower applied potential compared with the other two Co-MOFs, indicating that N-ligating atom with high field strength more easily promotes the formation of active sites by selectively weakening Co-O interaction. In contrast, thio-Co-MOF requires a higher voltage to initiate the formation of *OOH species, indicating that S-ligating atom with the weakest field strength makes it difficult to form active sites due to reinforced Co-O interaction. The slope represents the evolution rate of *OOH species on active Co sites, where the larger slope suggests the easier formation of *OOH species. *OOH signals in amino-Co-MOF show the fastest kinetic process (k = 3.84) with increasing potential than the other two types of Co-MOFs, indicating a faster evolution process of oxygenated species during the OER process.
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[bookmark: _Toc207399143]Supplementary Fig. 62
. Polarization curves of Co-MOFs, commercial RuO2, and Ni foam substrate with 90% iR-correction in O2-saturated 1 M KOH and the current normalized by (a) geometric area and (b) catalyst mass. (c) Overpotential at different current densities of Co-MOFs. (d)Turnover frequencies of Co-MOFs and commercial RuO2 on Ni foam substrate.
[bookmark: OLE_LINK61]As shown in Supplementary Fig. 62a and c, amino-Co-MOF requires only an overpotential of 203, 239, and 256 mV to achieve 100, 500, and 1000 mA cm-2, respectively, and these results surpass the OER performance of the state-of-the-art transition metal-based catalysts (Supplementary Table 13). Moreover, excellent TOFs further confirm the intrinsic catalytic activity of amino-Co-MOF (Supplementary Fig. 62d).
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[bookmark: _Toc207399144]Supplementary Fig. 63
[bookmark: OLE_LINK128]. (a) H-type cell set-up for determining the Faraday efficiency of OER using the volumetric method, and (b) calculating the Faradaic efficiency of amino-Co-MOF.
[bookmark: OLE_LINK63]The Faraday efficiency of OER is measured up to 98.1% by a volumetric method deploying a graduated tube, further confirming the excellent catalytic activity of amino-Co-MOF.
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[bookmark: _Toc207399145]Supplementary Fig. 64.
[bookmark: _Hlk178101678] Overpotential comparison under the high current density of amino-Co-MOF and reported non-noble metal-based catalysts in 1 M KOH (vide Supplementary Table 13).
The amino-Co-MOF shows a higher OER performance by comparison with previously reported transition metal-based OER catalysts under high current density.
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[bookmark: _Toc207399146]Supplementary Fig. 65.
 Polarization curves of Co-MOFs and reference RuO2 at a Nickel substrate with 90% iR-correction in an AEMWE system.
Across the entire current density range, amino-Co-MOF exhibits the lowest cell voltage compared with hydroxy-Co-MOF, thio-Co-MOF, and RuO2, highlighting its superior catalytic efficiency under practical electrolysis conditions. These results demonstrate the practical viability of amino-Co-MOF as a high-performance anode for alkaline water electrolysis.
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[bookmark: _Toc207399147]Supplementary Fig. 66.
[bookmark: _Hlk207796174] (a) Polarization curves of commercial Raney Nickel at operating conditions of 25℃ and 80℃ with 90% iR-correction in an AEMWE system. (b) Comparison of energy consumption for different samples at different operating conditions.
The direct current energy consumption for water electrolysis can be calculated using the following formula: 
Energy Consumption (kW h/Nm3 H2) = 2390(A h/Nm3)*E/1000
where 2390 A h/Nm3 is the theoretical amount of electricity required to produce 1 m3 of hydrogen under standard conditions, and 1000 is the conversion factor.
Therefore, under the current density of 1 A cm-2 at 25℃, compared to the energy consumption of commercial Raney Nickel (6.19 kW·h/Nm3 H2), that of amino-Co-MOF is reduced by 75% (Supplementary Figs. 65, 67). Notably, under the current density of 3 A cm-2 at 80℃, the energy consumption of commercial Raney Nickel is calculated to be 6.09 kW h/Nm3 H2 (Supplementary Fig. 66a), while that of amino-Co-MOF is 4.18 kW·h/Nm3 H2 (Fig. 5a), exhibiting a 31% improvement for hydrogen production (Supplementary Fig. 66b).
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[bookmark: _Toc207399148]Supplementary Fig. 67
. Photograph of the nickel foam substrate and electrode used in a 25 cm2 electrolyzer.


[bookmark: _Toc207399149][bookmark: _Hlk190885110][bookmark: OLE_LINK232]Supplementary Tables
[bookmark: _Ref194671547][bookmark: _Toc207399150]Supplementary Table 1.
 Data for splitting energies of Co-based complex models (CoL5X, L represents a fixed amino group and X represents variable coordinating groups) and corresponding formation energies of Co(III) species. Note: a Elements in parentheses represent the atoms coordinated to cobalt.
	Coordinating groupsa
	[bookmark: _Hlk190884124]Splitting energy (eV)
	Formation energy of Co(III) (eV)

	H2S
	7.84 
	0.52 

	PhSH(S)
	7.82 
	0.62 

	PhSMe(S)
	7.79 
	0.50 

	HCOOH(O)
	8.06 
	0.56 

	PhCONH2(O)
	8.05 
	0.54 

	PhCOMe(O)
	8.05 
	0.51 

	H2O(O)
	8.06 
	0.38 

	PhBO2H2(O)
	8.02 
	0.54 

	PhCHO(O)
	8.07 
	0.48 

	PhCOOH(OH)
	8.08 
	0.51 

	PhCOOMe(O)
	8.06 
	0.43 

	PhNHOH(O)
	8.01 
	0.72 

	PhNO2(O)
	8.02 
	0.65 

	PhCOOH(O)
	7.99 
	0.72 

	PhOH(O)
	7.98 
	0.51 

	PhPO3H2(O)
	8.05 
	0.53 

	PhPO4H2(O)
	8.04 
	0.47 

	PhSO3H(O)
	8.00 
	0.72 

	PhSO4H(O)
	7.97 
	0.62 

	HCHO(O)
	8.04 
	0.50 

	HCOOMe(O)
	8.06 
	0.53 

	HNHOH(O)
	8.03 
	0.52 

	HOPO3H2(O)
	8.06 
	0.41 

	HPO3H2(O)
	8.03 
	0.47 

	PhOMe
	7.96 
	0.63 

	PhNO(O)
	8.08 
	0.38 

	HCONH2(O)
	8.05 
	0.45 

	HCOMe(O)
	8.06 
	0.47 

	PhCOOH(O)
	8.01 
	0.68 

	HCOOH(OH)
	7.97 
	0.74 

	H3N(N)
	8.09 
	0.10 

	PhNH2(N)
	8.00 
	0.27 

	PhNHMe(N)
	7.95 
	0.44 

	PhNHNH2(NH)
	7.95 
	0.32 

	PhNHNH2(NH2)
	8.03 
	0.18 

	PhNHOH(N)
	8.01 
	0.24 

	PhNO(N)
	8.02 
	0.41 

	HNHNH2(N)
	8.06 
	0.08 

	HNHOH(N)
	8.11 
	0.09 

	HCHNOH(N)
	8.15 
	0.23 

	PhCNOH(N)
	8.14 
	0.25 

	PhOCN(N)
	8.03 
	0.38 

	PhOCN(N)
	8.04 
	0.37 

	HCN(N)
	8.02 
	0.50 

	HSCN(N)
	8.05 
	0.39 

	PhCN(N)
	8.07 
	0.32 




[bookmark: _Ref194681145][bookmark: _Toc207399151]Supplementary Table 2.
 Data for splitting energies of Co-based complex models (CoL′5X, L′ represents a fixed carboxyl group from the benzene ring and X represents variable coordinating groups) and corresponding formation energies of Co(III) species. Note: a Elements in parentheses represent the atoms coordinated to cobalt.
	Coordinating groupsa
	Splitting energy (eV)
	Formation energy of Co(III) (eV)

	H2S
	6.59 
	2.57 

	PhSH(S)
	6.57 
	2.67 

	PhSMe(S)
	6.54 
	2.55 

	HCOOH(O)
	6.81 
	2.61 

	PhCONH2(O)
	6.80 
	2.59 

	PhCOMe(O)
	6.80 
	2.56 

	H2O(O)
	6.81 
	2.43 

	PhBO2H2(O)
	6.77 
	2.59 

	PhCHO(O)
	6.82 
	2.53 

	PhCOOH(OH)
	6.83 
	2.56 

	PhCOOMe(O)
	6.81 
	2.48 

	PhNHOH(O)
	6.76 
	2.77 

	PhNO2(O)
	6.77 
	2.70 

	PhCOOH(O)
	6.74 
	2.77 

	PhOH(O)
	6.73 
	2.56 

	PhPO3H2(O)
	6.80 
	2.58 

	PhPO4H2(O)
	6.79 
	2.52 

	PhSO3H(O)
	6.75 
	2.77 

	PhSO4H(O)
	6.72 
	2.67 

	HCHO(O)
	6.79 
	2.55 

	HCOOMe(O)
	6.81 
	2.58 

	HNHOH(O)
	6.78 
	2.57 

	HOPO3H2(O)
	6.81 
	2.46 

	HPO3H2(O)
	6.78 
	2.52 

	PhOMe
	6.71 
	2.68 

	PhNO(O)
	6.83 
	2.43 

	HCONH2(O)
	6.80 
	2.50 

	HCOMe(O)
	6.81 
	2.52 

	PhCOOH(O)
	6.76 
	2.73 

	HCOOH(OH)
	6.72 
	2.79 

	H3N(N)
	6.84 
	2.15 

	PhNH2(N)
	6.75 
	2.32 

	PhNHMe(N)
	6.70 
	2.49 

	PhNHNH2(NH)
	6.70 
	2.37 

	PhNHNH2(NH2)
	6.78 
	2.23 

	PhNHOH(N)
	6.76 
	2.29 

	PhNO(N)
	6.77 
	2.46 

	HNHNH2(N)
	6.81 
	2.13 

	HNHOH(N)
	6.86 
	2.14 

	HCHNOH(N)
	6.90 
	2.28 

	PhCNOH(N)
	6.89 
	2.30 

	PhOCN(N)phocn
	6.78 
	2.43 

	PhOCN(N)
	6.79 
	2.42 

	HCN(N)
	6.77 
	2.55 

	HSCN(N)
	6.80 
	2.44 

	PhCN(N)
	6.82 
	2.37 





[bookmark: _Ref194692846][bookmark: _Toc207399152]Supplementary Table 3. 
[bookmark: _Toc194921970][bookmark: _Toc194959151][bookmark: _Toc194996601][bookmark: _Toc194997128][bookmark: _Toc195629855][bookmark: _Toc205511863][bookmark: _Toc207399153]Data for splitting energies of CoR6 complex models and corresponding formation energies of Co(III) species.
	Coordinating groupsa
	Splitting energy (eV)
	Formation energy of Co(III) (eV)

	CN-
	9.35 
	-2.74 

	phen
	8.26 
	0.35 

	bpy
	8.25 
	0.11 

	NH3
	8.09 
	0.10 

	H2O
	7.42 
	2.65 




[bookmark: _Toc207399154]Supplementary Table 4
. Gibbs free energies of reaction coordinate calculated by DFT calculation in the OER process. Note: a G*OH represents the formation energies of Co(II) to Co(III) because the deprotonation process of water molecules on Co sites from Co-*H2O into Co-*OH is accompanied by the oxidation state transition of Co(II) into Co(III) (Co2+-H2O + OH- → Co3+-OH + H2O + e-).
	Catalysts
	G*OH (eV)a
	G*O (eV)
	G*OOH (eV)
	G*OO (eV)
	d(G*O-G*OH) (eV)
	d(G*OOH-G*O) (eV)
	ηtheo (V)

	[bookmark: _Hlk190898820]amino-Co-MOF
	0.32
	1.86
	3.40
	4.92
	1.54
	1.54
	0.31

	hydroxy-Co-MOF
	1.39
	2.74
	4.61
	4.92
	1.53
	1.87
	0.64

	thio-Co-MOF
	1.55
	3.14
	5.05
	4.92
	1.59
	1.91
	0.68




[bookmark: _Toc207399155]Supplementary Table 5
[bookmark: _Hlk192527743]. Crystallographic data from 3D cRED and Rietveld refinement results of Co-MOFs. Note: a The unreported crystal structure is resolved and identified by cRED technology.
[image: ]


[bookmark: _Toc207399156][bookmark: OLE_LINK132]Supplementary Table 6
[bookmark: _Hlk207575359]. The double-layer capacitance Cdl and the electrochemically active area of Co-MOFs.
	Cs = 0.04 (mF cm-2)

	Catalyst
	amino-Co-MOF
	hydroxy-Co-MOF
	thio-Co-MOF
	RuO2

	Cdl (mF cm-2)
	3.65
	1.20
	1.04
	1.14

	ECSA = Cdl/Cs
	91.25
	30
	26
	28.5





[bookmark: _Toc207399157]Supplementary Table 7
. OER performance of Co-MOFs using RDE in 1 M KOH.
	Samples
	η10 (mV)
	Tafel (mV/dec)
	jECSA (mA/cm2) at 1.5 V
	Onset potential (V)
	TOF (S-1) at 1.5 V
	Ea (kJ/mol)

	amino-Co-MOF
	211
	36
	0.902
	1.377
	0.579
	38.6±1.9

	hydroxy-Co-MOF
	340
	60
	0.064
	1.521
	0.017
	75.7±1.7

	thio-Co-MOF
	366
	71
	0.056
	1.532
	0.005
	95.4±4




[bookmark: _Toc207399158]Supplementary Table 8
[bookmark: _Hlk207572389]. Comparison of the intrinsic OER activity of MOFs onto an inert substrate. Our work breaks the current record of overpotential at 10 mA cm-2.
	Catalysts
	Electrolyte
	[bookmark: OLE_LINK133]ƞ10 (mV)
	Tafel slope (mV dec-1)
	Stability
	Ref.

	amino-Co-MOF
	1 M KOH
	211
	36
	500 h at 10 mA cm−2
	This work

	CoCe-DHBDC
	1 M KOH
	226
	45
	100 h at 10 mA cm−2
	10

	Co3(HITP)2
	1 M KOH
	254
	86.5
	12 h at 16 mA cm−2
	11

	Ni-Fe-MOF NSs
	[bookmark: OLE_LINK3][bookmark: OLE_LINK4]1 M KOH
	221
	56
	20 h at 10 mA cm−2
	12

	LS-6%-NiFe-MOFs
	1 M KOH
	230
	86.6
	20000 s at 1.51 V
	13

	MOF-Fe/Co(1:2)
	1 M KOH
	238
	58
	50000 s at 1.489 V
	14

	HHTP@ZIF-67
	1 M KOH
	238
	104
	12000 s at 1.494 V
	15

	CTGU-10c2
	0.1 M KOH
	240
	58
	50 h at 10 mA cm-2
	16

	[bookmark: _Hlk139378598]aMOF-NC
	0.1 M KOH
	249
	39.5
	24 h at 10 mA cm-2
	17

	NiCo-UMOFNs
	1 M KOH
	250
	42
	200 h at 1.48 V
	18

	[bookmark: _Hlk207488120](Ni2Co1)0.925Fe0.075-MOF-NF
	1 M KOH
	257
	41.3
	35 h at 1.488 V
	19

	[bookmark: _Hlk207488803]NiFe-UMNs
	1 M KOH
	260
	30
	10000 s at 1.51 V
	20

	Fe2Ni1-BDC
	1 M KOH
	260
	35
	10 h at 10 mA cm-2
	21

	2D Co-MOF NS
	1 M KOH
	263
	74
	12000 s at 1.492 V
	22

	CoFe-MOF
	1 M KOH
	265
	44
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]40 h at 10 mA cm-2
	23

	Ni0.5Co0.5-MOF-74
	1 M KOH
	270
	49
	-
	24

	[bookmark: _Hlk207489035]NiCoFe-MOF-74
	1 M KOH
	270
	89
	8 h at 1.47 V
	25

	2D MOF LM-160-12
	1 M KOH
	274
	46.7
	10 h at 10 mA cm-2
	26

	Co0.6Fe0.4-MOF-74
	1 M KOH
	280
	56
	12 h at 1.51 V
	27

	[bookmark: _Hlk207488946]Fe:2D-Co-NS
	1M KOH
	282
	59
	96 h at 10 mA cm-2
	28

	[bookmark: OLE_LINK2][bookmark: OLE_LINK9][bookmark: _Hlk139379165]A2.7B-MOF-FeCo1.6
	1 M KOH
	288
	39
	38000 s at 10 mA cm-2
	29

	Br-Ni-MOF
	1 M KOH
	306
	79.1
	100 h at 10 mA cm-2
	30




[bookmark: _Toc207399159]Supplementary Table 9
. ICP-AES analysis of Co content in Co-MOFs.
	Samples
	Co (wt%)

	amino-Co-MOF
	29.52

	hydroxy-Co-MOF
	13.50

	thio-Co-MOF
	25.04




[bookmark: _Toc207399160]Supplementary Table 10
[bookmark: _Hlk207574091][bookmark: _Hlk207573525][bookmark: OLE_LINK148]. Fitting results of Co K-edge EXAFS spectra for amino-Co-MOF at selected potentials (FT-EXAFS fitting from OCP to 1.5 V is shown in Supplementary Fig. 46).
	Condition
	Path
	CN
	R
	σ2
	R-factor

	Pristine
	Co-O
Co-N
	4.0(2)
2.0(2)
	2.03
1.99
	0.005
0.005
	0.5%

	OCP
	Co-O
Co-N
	4.1(4)
2.1(2)
	2.09
1.99
	0.004
0.005
	1.0%

	1.20 V
	Co-O
Co-N
	4.0(5)
2.0(2)
	2.02
1.99
	0.005
0.004
	0.2%

	1.25 V
	Co-O
Co-N
	4.1(2)
2.0(2)
	1.93
1.99
	0.005
0.004
	0.7%

	1.30 V
	Co-O
Co-N
	2.0(2)
2.0(2)
	1.90
1.99
	0.005
0.004
	1.5%

	1.35 V
	Co-O
Co-N
	2.1(3)
2.0(2)
	1.91
1.98
	0.006
0.004
	2.0%

	1.40 V
	Co-O
Co-N
	3.5(5)
2.0(4)
	1.92
1.95
	0.005
0.005
	1.7%

	1.45 V
	Co-O
Co-N
	3.4(4)
1.9(4)
	1.91
1.93
	0.006
0.004
	1.9%

	1.50 V
	Co-O
Co-N
	3.5(4)
1.9(3)
	1.90
1.99
	0.006
0.005
	2.0%


[bookmark: _Hlk207573820][bookmark: _Hlk207573945]Note: CN represents coordination numbers; R represents bond distance; σ2 represents Debye-Waller factors; R-factor represents goodness of fit. Ѕ02 was set to 0.80 according to the experimental EXAFS fitting of Co3O4 reference by fixing CN as the known crystallographic value. The structural parameters obtained by EXAFS spectroscopy were estimated as CN ± 20%; R ± 1%; σ2 ± 20%; ∆E0 ± 20%. Fitting range: 3.0 ≤ K (/Å) ≤ 11.0.


[bookmark: _Toc207399161]Supplementary Table 11
. Fitting results of Co K-edge EXAFS spectra for hydroxy-Co-MOF at selected potentials (FT-EXAFS fitting from OCP to 1.5 V is shown in Supplementary Fig. 53).
	Condition
	Path
	CN
	R
	σ2
	R-factor

	Pristine
	Co-O
	6.0(2)
	2.01
	0.005
	0.5%

	OCP
	Co-O
	5.9(7)
	2.09
	0.006
	0.9%

	1.20 V
	Co-O
	6.1(8)
	2.09
	0.007
	1.2%

	1.25 V
	Co-O
	5.5(5)
	2.09
	0.008
	2.0%

	1.30 V
	Co-O
	5.8(7)
	2.08
	0.008
	1.9%

	1.35 V
	Co-O
	5.5(5)
	1.88
	0.007
	2.0%

	1.40 V
	Co-O
	3.8(6)
	1.90
	0.007
	1.3%

	1.45 V
	Co-O
	3.9(5)
	1.90
	0.007
	1.2%

	1.50 V
	Co-O
	4.2(7)
	1.90
	0.006
	1.2%


Note: CN represents coordination numbers; R represents bond distance; σ2 represents Debye-Waller factors; R-factor represents goodness of fit. Ѕ02 was set to 0.81 according to the experimental EXAFS fitting of Co3O4 reference by fixing CN as the known crystallographic value. The structural parameters obtained by EXAFS spectroscopy were estimated as CN ± 20%; R ± 1%; σ2 ± 20%; ∆E0 ± 20%. Fitting range: 3.0 ≤ K (/Å) ≤ 11.0.


[bookmark: _Toc207399162]Supplementary Table 12
. Fitting results of Co K-edge EXAFS spectra for thio-Co-MOF at selected potentials (FT-EXAFS fitting from OCP to 1.5 V are shown in Supplementary Fig. 55).
	Condition
	Path
	CN
	R
	σ2
	R-factor

	Pristine
	Co-O
Co-S
	1.9(2)
4.0(2)
	1.91
2.26
	0.004
0.005
	0.3%

	OCP
	Co-O
Co-S1
Co-S2
	1.8(3)
2.0(2)
2.0(2)
	1.88
2.18
2.33
	0.006
0.004
0.004
	0.4%

	1.20 V
	Co-O
Co-S1
Co-S2
	2.2(1)
2.2(1)
1.8(2)
	1.89
2.22
2.37
	0.005
0.004
0.004
	0.7%

	1.25 V
	Co-O
Co-S1
Co-S2
	2.1(1)
2.0(1)
2.0(1)
	1.87
2.21
2.36
	0.005
0.004
0.005
	1.7%

	1.30 V
	Co-O
Co-S1
Co-S2
	2.3(3)
1.8(3)
2.0(3)
	1.85
2.18
2.34
	0.004
0.004
0.005
	1.5%

	1.35 V
	Co-O
Co-S1
Co-S2
	2.3(3)
1.9(2)
2.2(1)
	1.84
2.15
2.33
	0.005
0.004
0.004
	1.2%

	1.40 V
	Co-O
Co-S1
Co-S2
	2.4(5)
1.9(4)
2.0(1)
	1.83
2.10
2.29
	0.004
0.005
0.004
	1.2%

	1.45 V
	Co-O
Co-S
	2.4(3)
4.0(4)
	1.83
2.03
	0.006
0.006
	1.5%

	1.50 V
	Co-O
Co-S
	2.2(4)
4.0(4)
	1.81
2.03
	0.005
0.004
	1.9%


[bookmark: OLE_LINK131]Note: CN represents coordination numbers; R represents bond distance; σ2 represents Debye-Waller factors; R-factor represents goodness of fit. Ѕ02 was set to 0.67 according to the experimental EXAFS fitting of Co3O4 reference by fixing CN as the known crystallographic value. The structural parameters obtained by EXAFS spectroscopy were estimated as CN ± 20%; R ± 1%; σ2 ± 20%; ∆E0 ± 20%. Fitting range: 3.0 ≤ K (/Å) ≤ 11.0. Co-S1 and Co-S2 represent the formation of two ligand bonds with different lengths during the applied potential due to the distortion effect.


[bookmark: _Toc207399163]Supplementary Table 13
[bookmark: OLE_LINK135][bookmark: _Hlk207572976]. Overpotential comparison under the high current density of amino-Co-MOF and reported non-noble metal-based catalysts in a three-electrode system.
	Catalysts
	Electrolyte
	J (mA cm-2)
	Overpotential (mV)
	Ref.

	amino-Co-MOF
	1 M KOH
	500
1000
1500
2000
	239
256
266
276
	
This work

	FeNiHOF
	1 M KOH
	500
1000
1500
2000
	273
280
282
284
	31

	Fe-Ni2Pv
	1 M KOH
	500
1000
1500
2000
	275
306
309
312
	32

	FeOOH/Co(OH)2
	1 M KOH
	500
1000
1500
2000
	290
304
306
310
	33

	NiMoN/NiFe LDH
	1 M KOH
	500
1000
1500
2000
	236
266
300
353
	34

	FeNi(OH)x
	1 M KOH
	500
1000
	278
296
	35

	Cr-CoxP
	1 M KOH
	500
1000
	380
420
	36

	NiFe-MOF74/NiFe LDH
	1 M KOH
	500
1000
	270
284
	37

	Ni0.8Fe0.2-AHNA
	1 M KOH
	500
1000
	248
258
	38

	NiFe LDH/NiS
	1 M KOH
	500
1000
	310
322
	39

	NixFe1-x alloy nanocones arrays
	1 M KOH
	500
1000
	255
266
	40

	FeP/Ni2P
	1 M KOH
	500
1000
1500
	270
290
310
	41

	NiMoN@NiFeN
	1 M KOH
	500
1000
	337
380
	42

	Ni2P-Fe2P/NF
	1 M KOH
	500
1000
	308
328
	43

	Fe0.01&Mo-NiO
	1 M KOH
	500
1000
	272
294
	44




[bookmark: _Toc207399164]Supplementary Table 14
[bookmark: OLE_LINK137][bookmark: _Hlk207573045]. Activity and stability comparison of amino-Co-MOF and reported electrocatalysts in an AEMWE system.
	Anode
	Cathode
	Membrane
	J @ 1.8 V in 1 M KOH
	Stability in 1 M KOH at room temperature
	Ref.

	amino-Co-MOF
	20%Pt/C
	[bookmark: OLE_LINK10]FAA-3-PK-130
	4.0 A cm-2 at 80℃
	1 A cm-2 for 2020 h
	This work

	CoCe-DHBDC
	40%Pt/C
	FAA-3-50
	1.14 A cm-2 at 80℃
	1 A cm-2 for 1000 h
	10

	Cs+-CoFeOOH
	PtRu/C
	NA
	4.7 A cm-2 at 80℃
	1 A cm-2 for 450 h
	45

	MOF@POM
	20%Pt/C
	Sustainion X37-50 Grade T
	3.2 A cm-2 at 80℃
	1 A cm-2 for 2000 h
	46

	Ni0.67Fe0.33S2
	60%Pt/C
	AF1-HNN8-50
	1.6 A cm-2 at 80℃
	1 A cm-2 for 550 h
	47

	NiFe LDH
	50%Pt/C
	AP2-HNN8-X-50
	2.1 A cm-2 at 80℃
	1 A cm-2 for 110 h
	48

	Ru SS/FeNiPi
	Ru SS/FeNiPi
	X37-50 grade T
	2.0 A cm-2 at 80℃ (@1.78 V)
	1 A cm-2 for 100 h
	49

	Ni2Fe1
	50%Pt-25%Ru/C
	HTMA-DAPP 
	5.3 A cm-2 at 85℃
	0.2 A cm-2 for 160 h
	50

	CAPist-L1
	Ni4Mo/MoO2 
	PAP-TP-85
	4.0 A cm-2 at 80℃
	1 A cm-2 for 1750 h
	51

	NP-(FeCoNi)2Nb
	NP-(FeCoNi)2Nb
	NA
	1.1 A cm-2 at 85℃
	1 A cm-2 for 110 h
	52

	(Ni,Fe)S2@Ti3C
	Raney Ni mesh
	FAA-3-PK-130
	0.75 A cm-2 at 75℃
	0.5 A cm-2 for 500 h
	53

	MoZnFeCoNi
	20%Pt/C
	NA
	1.1 A cm-2 at 85℃
	0.53 A cm-2 for 350 h
	54

	NiAlMo
	NiAlMo
	HMT-PMBI
	0.88 A cm-2 at 60℃
	1 A cm-2 for 154 h
	55

	Ni2Fe8–Ni3S2/NF
	Ni4Mo/MoO2/NF
	FAA-3-50
	1.3 A cm-2 at 80℃
	1 A cm-2 for 100 h
	56

	M-NiFe-LDH
	Pt/C
	Sustainion X37-50
	1.1 A cm-2 at 50℃
	1 A cm-2 for 50 h
	57

	VCoP
	VCoP
	PBI
	[bookmark: OLE_LINK7]3.7 A cm-2 at 60℃
	1 A cm-2 for 200 h
	58

	CoNiS
	CoNiS
	Sustainion X37-50
	2.5 A cm-2 at 60℃
	1 A cm-2 for 600 h
	59

	NiFe
	Pt/C
	FAA-3-50
	1.8 A cm-2 at 70℃
	1 A cm-2 for 3 h
	60

	Ni–Fe–Ox
	Ni–Fe–Co
	PBI
	0.85 A cm-2 at 60℃
	1 A cm-2 for 100 h
	61

	(NiCo)3Se4
	Pt/C
	Sustainion X37-50
	1.75 A cm-2 at 80℃
	1 A cm-2 for 95 h
	62

	NiMo
	Fe-NiMo
	Sustainion X37-50
	1.15 A cm-2 at 80℃
	0.5 A cm-2 for 25 h
	63

	NiCoP@rGO
	NiCoP@rGO
	AIEM
	0.38 A cm-2 at 50℃
	0.4 A cm-2 for 70 h
	64

	IrO2
	Pt/C
	Orion TM1
	2.0 A cm-2 at 70℃
	0.5 A cm-2 for 50 h
	65

	NiFeV LDH
	Pt/C
	Sustainion X37-50
	2.11 A cm-2 at 50℃
	0.5 A cm-2 for 100 h
	66

	CE-CCO
	Pt/C
	Sustainion X37-50
	1.37 A cm-2 at 45℃
	0.5 A cm-2 for 64 h
	67

	CCO-11
	Pt/C
	Sustainion X37-50
	1.32 A cm-2 at 45℃
	0.4 A cm-2 for 100 h
	68

	Ni0.75Fe2.25O4
	Pt/C
	Sustainion X37-50
	1.35 A cm-2 at 25℃
	0.5 A cm-2 for 21 h
	69

	Ir-Ni/Mo5N6
	Ir-Ni/Mo5N6
	Sustainion X37-50
	1.09 A cm-2 at 25℃
	0.4 A cm-2 for 30 h
	70

	Ni-Fe 
	Ni-Fe
	PFTP-13
	3.9 A cm-2 at 80℃
	0.5 A cm-2 for 1100 h
	71

	IrO2
	Pt/C
	QMter-co-Mpi
	0.2 A cm-2 at 80℃
	0.2 A cm-2 for 500 h
	72

	Ir black
	Pt/C
	AF1-HNN8-50
	1.83 A cm-2 at 60℃
	0.5 A cm-2 for 1000 h
	73

	IrO2
	Pt/C
	PFOTFPh-TMA-C6
	1.06 A cm-2 at 80℃
	0.2 A cm-2 for 135 h
	74

	IrO2
	Pt/C
	PTP-85
	0.61 A cm-2 at 75℃
	0.4 A cm-2 for 120 h
	75

	Ni0.6Co0.2Fe0.2
	Ni–MoO2
	Fumapem-3-PE-30
	1.12 A cm-2 at 50℃
	0.5 A cm-2 for 65 h
	76

	CuCoO
	NiCoO-NiCo/C
	Sustainion X37-50
	0.43 A cm-2 at 50℃
	0.44 A cm-2 for 10 h
	77

	Co(OH)x/Ag/Co(OH)2
	Pt/C/CP
	Sustainion X37-50
	0.57 A cm-2 at 50℃
	0.6 A cm-2 for 24 h
	78

	IrO2/CP
	Ni-Co-S/CP
	Nafion 212
	0.12 A cm-2 at 50℃
	0.4 A cm-2 for 78 h
	79

	IrO2/C/CP
	Ru2P/CP
	Sustainion X37-50
	1.11 A cm-2 at 70℃
	0.5 A cm-2 for 100 h
	80

	Cu0.81Co2.19O4
	3-Co3S4 NS/NF
	Sustainion X37-50
	0.13 A cm-2 at 45℃
	0.5 A cm-2 for 11 h
	81

	Ni2P@FePOxHy
	MoNi4/MoO2
	Sustainion X37-50
	0.76 A cm-2 at 60℃
	0.5 A cm-2 for 72 h
	82

	NiFeOOH
	Pt/C
	FAA-3-50
	2.5 A cm-2 at 70℃
	0.5 A cm-2 for 100 h
	83

	IrO2
	Pt black
	PiperION
	0.75 A cm-2 at 70℃
	0.5 A cm-2 for 180 h
	84

	Ir black
	Pt/C
	PBI-PVBCNMPD/Cl
	0.42 A cm-2 at 60℃
	0.5 A cm-2 for 3.3 h
	85

	NiFe-LDH
	NiMo
	PVBCMPy/35%PEK-cardo
	0.25 A cm-2 at 60℃
	0.5 A cm-2 for 42 h
	33

	FeOOH/Co(OH)2
	MoNi4/MoO2
	N.A.
	1.38 A cm-2 at 25℃
(@1.7 V)
	0.5 A cm-2 for 40 h
	86
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Property  amino - Co - MOF a  thio - Co - MOF a  h ydroxy - Co - MOF  

Chemical formula  C 16 H 12 Co 2 N 4 O 8  C 8 H 6 Co 2 O 6 S 2  C 8 H 6 Co 2 O 6  

Formula weight  506.16  380.11  315.99  

Crystal system  Monoclinic  Triclinic  Monoclinic  

Space group  𝑃 2 1 / 𝑐  𝑃 1 ത  𝐶 2 / 𝑚  

a (Å)  8.20  3.39  19.94  

b (Å)  5.09  8.29  3.29  

c (Å)  9.13  10.07  6.29  

α ( ° )  90  113.21  90  

β ( ° )  109.85  97.67  95.75  

γ ( ° )  90  90.58  90  

Temperature (K)   298  298  298  

X - ray wavelength (Å)  1.5418  1.5418  1.5418  

2θ  range ( ° )  5 to 60  5 to 60  5 to 60  

R p  0.0616  0.0584  0.0884  

R wp  0.0867  0.0795  0.0994  

R exp  0.0309  0.0327  0.0387  
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