Supplementary Information for

Dithiine-linked Metalphthalocyanine Framework with Undulated Layers for Highly Efficient and Stable H2O2 Electroproduction

Qianjun Zhi, Rong Jiang, Xiya Yang, Yucheng Jin, Dongdong Qi, Kang Wang,* and Jianzhuang Jiang*
[bookmark: _GoBack]
[bookmark: OLE_LINK595][bookmark: OLE_LINK596][bookmark: OLE_LINK583][bookmark: OLE_LINK584]Beijing Advanced Innovation Center for Materials Genome Engineering, Beijing Key Laboratory for Science and Application of Functional Molecular and Crystalline Materials, Department of Chemistry and Chemical Engineering, School of Chemistry and Biological Engineering, University of Science and Technology Beijing, Beijing 100083, China
E-mail: kangwang@ustb.edu.cn (K.W.), jianzhuang@ustb.edu.cn (J.J.)



Table of contents 
1. Experimental section.............................................................................................. 3 1.1 Chemicals. .............................................................................................................. 3
1.2 Synthesis of CoPc-O-COF-S20%.......................................................................... 3
1.3 Synthesis of CoPc-O............................................................................................... 3
1.4 Synthesis of CoPc-S……........................................................................................ 3
1.5 Characterization….................................................................................................4
1.6 The typical three-electrode system…....................................................................5
1.7 Preparation of the working electrode for H-cell…….….….….….….……..…..5
1.8 Cyclic voltammetry (CV) measurement…….….….….….….…………………..5
1.9 Linear sweep voltammetry (LSV) measurement…………………………….…6
1.10 Rotating ring-disk electrode (RRDE) measurement……………………….....6
1.11 Koutecky-Levich (K-L) plot measurement………………………………….…6
1.12 Double-layer capacitances (Cdl)……………………………………………...…7
1.13Determination of surface concentration of electroactive cobalt phthalocyanine units in CoPc-O-COF and CoPc-S-COF…………………………………...…….….7
1.14 Other electrochemical measurement…………………………………………...7
1.15 iR-Correction……………………………………………………………………8
1.16 H2O2 yield in the flow cell……………………………………………………….8
1.17 Calculation details………………………………………….……………………9
2. Supplementary Figures and Tables.......................................................................10 
3. Supplementary References.................................................................................... 42


1. Experimental section
1.1 Chemicals. All the starting materials were purchased from TCI or Admas and used without further purification. Cobalt(II) 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine (CoPcF16) and H2PcF16 were synthesized according to literature methods.1,2 N,N-Dimethylformamide anhydrous (DMF), N,N-dimethyl acetamide (DMAc), p-xylene, triethylamine, acetone, dichloromethane, tetrahydrofuran, and methanol were purchased from Admas Reagent. 1,2,4,5-Tetrahydroxybenzene (THB) was purchased from TCI. 1,2,4,5-Benzenetetrathiol (BTT) was synthesized according to literature methods.3

1.2 Synthesis of CoPc-O-COF-S20%. CoPc-O-COF-S20% was prepared by following the synthesis procedure of CoPc-O-COF with 0.016 mmol THB and 0.004 mmol BTT instead of 0.02 mmol THB as starting material.

[bookmark: OLE_LINK1]1.3 Synthesis of CoPc-O. CoPcF16 (86 mg, 0.1 mmol), benzene-1,2-dyhydroxy (44 mg, 0.4 mmol), and potassium carbonate (1 mmol, 138 mg) were added into dry DMF. The reaction mixture was then heated at 80 °C for 24 h. After cooling down, 20 ml 1 M HCl was added into the reaction mixture. The crude product was isolated by filtration and then solvent exchanged with ethanol, acetone, and chloroform to wash out all impurities and unreacted starting materials, giving CoPc-O in a yield of 85%. FT-IR (neat, cm-1): 1614, 1460, 1402, 1306, 1269, 1184, 1086, 795, 617; High resolution MS (m/z): [M+H]+ calcd for C56H17N8O8Co, 1140.7; found 1140.2. 

1.4 Synthesis of CoPc-S. CoPc-S was prepared by following the synthesis procedure of CoPc-O with 0.4 mmol benzene-1,2-dithiol instead of 0.04 mmol benzene-1,2-dyhydroxy as the starting material. Yield: 95%; FT-IR (neat, cm-1): 1618, 1461, 1261, 1086, 797, 712, 690, 613; High resolution MS (m/z): [M+H]+ calcd for C56H17N8S8Co, 1269.2; found 1269.9. 
[image: ]
Scheme S1. Synthesis of CoPc-O and CoPc-S.

1.5 Characterization. Powder X-ray diffraction (PXRD) analyses were performed using a PANalytical Empyrean diffractometer operating at 45 kV voltage and 40 mA current with Cu-Kα X-ray radiation (λ = 0.154056 nm). Fourier transform infrared (FT-IR) spectra were recorded by a Bruker Tensor 37 infrared spectrometer. Raman spectra were recorded on a Horiba LabRAM HR Evolution spectrometer. The solid-state 13C NMR spectra were recorded on a 400 MHz WB Solid-State NMR Spectrometer. Scanning electron microscopy (SEM) images were obtained by a SU8010 electron microscopy. Transmission electron microscopy (TEM) images were collected from a HT7700 electron microscope at 100 KV. High-resolution TEM (HRTEM) and energy dispersive spectroscopy (EDS) mapping images were collected by transmission electron microscopy (JEM-2200FS) at an operation voltage of 200 kV. Thermogravimetric analysis (TGA) was characterized by SDTA851e thermo-analyzer. The X-ray Photoelectron spectroscopy (XPS) was acquired using an EscaLab Xi+ spectrometer. N2 adsorption-desorption isotherms were measured on a ASAP 2020 PLUS HD88 apparatus at 77 K and the surface areas were calculated by the Brunauere Emmette Teller (BET) method. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was performed on an Agilent 725ES & Agilent 5110. Electrochemical measurements were conducted on the CHI 760E workstation (CH Instruments, Inc.) with a RRDE-3A rotator by employing a typical three-electrode system (the corresponding methods were specified below). The XAFS spectra at Co K-edge were acquired at the XRD station of beamline 4B9A of BSRF in the Beijing Synchrotron Radiation Facility. The acquired EXAFS raw data were then background-subtracted, normalized, and Fourier-transformed by using the ATHENA program in the IFEFFIT software package. Least-squares curve parameter fitting was performed using the ARTEMIS module of IFEFFIT software packages.

1.6 The typical three-electrode system. A typical three-electrode system was employed, using a commercial glassy carbon (GC) electrode (4 mm diameter, 0.1256 cm2), a platinum wire, and Ag/AgCl electrode (in saturated KCl solution) as the working, counter, and reference electrodes, respectively. All potentials were referred to the reversible hydrogen electrode by adding a value of (0.198 + 0.0592 × pH) V. All the electrochemical tests in this study were conducted at least three times to ensure the accuracy of the measurement. Besides, the iR correction was applied to get rid of the influence of the Ohmic resistance.

1.7 Preparation of the working electrode for H-cell. The catalyst-modified working electrode was fabricated by casting an appropriate amount of catalyst ink, which was obtained by ultrasonically dispersing the catalyst (4 mg) into 1.0 mL ethanol containing 20 μL 5wt% Nafion. Then, 5 μL of the mixture was dropped onto a polished glassy carbon electrode (4 mm in diameter). The loaded electrode was placed in a 60 °C oven for 10 min to dry and then was taken out to cool down before all the tests. The loading amount of each catalyst was kept at 0.16 mg cm-2.

1.8 Cyclic voltammetry (CV) measurement. Prior to the test, the electrolyte (0.1 M KOH solution) was bubbled with O2 for at least 30 min to make it saturated with O2, and a constant oxygen flow was kept during the measurement. The data were recorded at the scan rate of 100 mV s-1 under static conditions when the system became stable. The resulting data were corrected to remove the iR drop. Before the ORR, the pre-activation process by scanning CV curves (40 cycles, scan rate: 100 mV/s) was performed on RRDE to electrochemically clean it until stable CV curves were obtained.

1.9 Linear sweep voltammetry (LSV) measurement. The electrochemical clean process was carried out through scanning CV curves for 20 cycles (potential range: 1.1-0.05 V, scanning rate: 0.5 V/s) before LSV measurement. The rotating speed of the working electrode is increased from 400 to 1600 rpm at the scan rate of 5 mV s-1. The resulting data were corrected to remove the iR drop and the double-layer effect. 

1.10 Rotating ring-disk electrode (RRDE) measurement. The rotating speed of the working electrode was fixed at 1600 rpm with the scan rate of 10 mV s-1 for the RRDE test. Pt ring potential was maintained at 1.2 V vs. RHE to respond to the H2O2 generated. The electron transfer number (n) is calculated via the following equation. 
n = 4Id / (Id + Ir / N)          (1)
H2O2% = 200*(Ir / N) / (Id + Ir / N)            (2)
Where Id stands for the disk current, Ir represents the ring current, and N is the current collection efficiency of the Pt ring. The collection efficiency (N) on the RRDE electrode was determined in 1 M KCl + 10 mM K3[Fe(CN)6] at different rotate speeds, in which the potential on disk was scanned from 0.5 to -0.1 V vs. Ag/AgCl to reduce Fe3+ to Fe2+ while the potential on Pt ring was held at 0.5 V vs. Ag/AgCl to oxidize Fe2+ to Fe3+, Supplementary Fig. 43.4

1.11 Koutecky-Levich (K-L) plot measurement. The working electrode was scanned cathodically at the rate of 10 mV s-1 with the rotation speed from 400 to 2500 rpm. Koutecky-Levich (K-L) plots (J-1 vs ω-1/2) were analyzed at 0.3-0.6 V via the following equation: 
1/𝐽 = 1/𝐽𝐿 + 1/𝐽𝐾 = 1/(𝐵𝜔1/2 ) + 1/ 𝐽𝐾    (3)
𝐵 = 0.2𝑛𝐹𝐶0𝐷02/3 𝑣−1/6        (4)
𝐽𝐾 = 𝑛𝐹𝑘𝐶0            (5)
Where J is the measured current density, 𝐽𝐾 and 𝐽𝐿 are the kinetic and limiting current densities, ω is the angular velocity, n is transferred electron number, F (96485 C mol-1) is the Faraday constant, 𝐷0 is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10-5 cm2 s-1), 𝐶0 is the bulk concentration of O2 (1.26 × 10-3 mol L-1), v is the kinetic viscosity of the electrolyte (0.01 cm2 s-1), and k is the electron-transfer rate constant. The constant 0.2 is adopted when the rotation speed is expressed in rpm.

1.12 Double-layer capacitances (Cdl). The double-layer capacitances (Cdl) of different catalysts were calculated by recording different CV curves at a variety of sweep rates of 2, 4, 6, 8, and 10 mV s−1 in the potential range of 0.89-0.99 V vs. RHE. Within the range of the potential where no electrochemical reaction occurs, the limiting current density (J) and scanning rate (v) present the following functional relationship:
J = vCdl       (6)

1.13 Determination of surface concentration of electroactive cobalt phthalocyanine units in CoPc-O-COF and CoPc-S-COF. To estimate the surface concentration of electroactive cobalt phthalocyanine units in COFs, CV tests of CoPc-O-COF and CoPc-S-COF in CO2 saturated 0.1 M KOH on the scan rate between 20 to 100 mV s−1 were conducted. The peak current shows a linear dependence on the scan rate. Calculation of surface coverage (τ0) for both COFs: Regression of the linear regime between 20 and 100 mV s−1 with equation: 
Slope = n2F2Aτ0/4RT           (7)
where n is the number of electrons involved, F is the Faraday constant, A is geometrical surface area of the electrode (3.14×0.15×0.15 cm2), τ0 is the surface coverage, R is the gas constant, T is test temperature (298 K).

1.14 Other electrochemical measurement: For the chronoamperometry measurement, the potential was fixed at 0.52 V vs. RHE. The 0.1 M KOH containing 1 mM KSCN and 10 mM H2O2 was used as the electrolyte for the poisoning test and H2O2 reduction reaction measurements, respectively. Electrochemical impedance spectroscopy (EIS) measurements were tested in a quartz cell filled with 0.2 M Na2SO4 electrolyte. The Na2SO4 electrolyte was purged with N2 for 1 h prior to the measurements. The resistance value (R) of the COF can be obtained based on the drain current and voltage curves, and the electronic conductivity (σ) can be determined according to the following equation:
σ = 1/ρ =L/SR=L/πr2R         (8)
Where ρ and σ are the electrical resistivity and electronic conductivity, respectively. And R, S, L, and r represent the resistance value, area, thickness, and radius of the COF pellet, respectively.

1.15 iR-Correction. The iR correction has been adopted to remove the influence of Ohmic resistance on the ORR measurements. Specifically, the electrochemical alternating current EIS was utilized to measure the Ohmic resistance under the ORR conditions. The potentials were calculated via the following equation.
EiR-corrected = E – IrV     (9)
Where i is the current, R is the uncompensated ohmic electrolyte resistance measured via high frequency A.C. impedance in O2-saturated 0.1 M KOH solution, which is around 50 Ω for all the tested samples. 

1.16 H2O2 yield in the flow cell. The electro-synthesis of H2O2 through ORR was carried out using a flow cell setup in a two-compartment cell separated by Nafion membrane. The ink of CoPc-O-COF catalyst was dropped on the carbon paper (actual working area: 0.25 cm2, catalyst loading: 0.16 mg cm-2) and was assembled into the gas diffusion layer to acquire the cathode. The Ag/AgCl electrode and Pt sheet were employed as the reference electrode and anode, respectively. In the flow cell test, the electrolyte (1 M KOH, 80 ml) was recycled across each compartment at the flow speed of 12 mL min-1 and the O2 supply rate was maintained at 20 mL min-1 flowing through the cathode. For the test of H2O2 production rate and stable H2O2 production, the cathode current density was maintained at -125 mA cm-2. 

The faradaic efficiency of the H2O2 production (FEH2O2) was determined by the following formula:
FEH2O2 (%) = 2FCV ⁄Q        (10)
Where F indicates the faraday constant (96485 C mol-1), C is the produced H2O2 concentration (mol L-1) in the electrolyte, V refers to the volume of electrolyte (L), Q represents the consumed charge amount (C). In this chronopotentiometry process, the value of Q was calculated according to the following formula:
Q = It              (11)
Where I indicates the constant current and the t refers to running time.

Detection of hydrogen peroxide concentration: The concentration of H2O2 was determined by UV-vis spectrophotometer. 5 The UV spectrophotometry Ce(SO4)2 color method followed the reaction equation (12), in which the yellow Ce4+ reacted with H2O2 to generate achromatous Ce3+. 
2Ce4+ + H2O2  2Ce3++2H+ + O2      (12)
The concentration of produced H2O2 can be calculated by the following formula: 
c(H2O2) = ½ × c(Ce4+)              (13)
The yellow transparent Ce(SO4)2 solution (1 mM) was prepared by dissolving 16.6 mg Ce(SO4)2 in 50 mL 0.5 M sulfuric acid solution. To obtain the calibration curve, H2O2 with known concentration was added to Ce(SO4)2 solution and measured by a UV/vis spectrometer, Supplementary Fig. 40. Based on the linear relationship between the signal intensity and Ce4+ concentration, the H2O2 concentrations of the samples could be obtained. 

1.17 Calculation details. The combining energies between O2 and different catalytic sites was investigated by density functional theory (DFT) calculation at the level of M06-L-D3/6-311G(d)/SDD6-10 using Gaussian 16 B.01 software.11 According to the calculation results, Co atom is the unique reasonable catalytic site in CoPc-O-COF and CoPc-S-COF, Supplementary Table 5 and Fig. 37. When the O2 molecule is attracted onto the central Co sites in CoPc-O-COF and CoPc-S-COF, the combining energy is ca. -0.3 eV, which shows a proper connection strength between the oxygen atom and catalytic site. In contrast, when the O2 molecule is attracted onto the meso-N sites, the combining energy will be less than -0.05 eV, which is too weak to resist the thermal vibration at the room temperature. For the O/S/F atoms with intense negative charges, they have no chance to perform as the catalytic sites. In the calculation, once we tried to connect the O2 molecule and O/S/F atoms, the software immediately separated them far away to > 4 Å during the optimizing process, indicating the repulsive force between them. In an attempt to evaluate the 2e- ORR activity of CoPc-O-COF and CoPc-S-COF, first-principles calculations were carried out via Vienna ab initio package (VASP)12,13 program by using projected augmented wave (PAW) potential14 with a cutoff energy of 400 eV. The Perder-Burke-Ernzergof (PBE) functional was used within the formulation of generalized gradient approximation (GGA)15,16 for the exchange-correlation term. The reciprocal space was sampled by the gamma point in the Brillouin zone with a grid of 2 × 2 × 1. The energy difference of 1.0 × 10−5 eV per atom and the max force of 0.02 eV/Å were set as the convergence criteria for geometry optimization. The Gibbs free energy differences (△G) for the 2e- ORR and 4e- ORR processes on Co active sites in CoPc were calculated by using density functional theory (DFT) calculations carried on a Materials Studio 2017 package.17 The structures of intermediates were optimized by Dmol3 module, following by the frequency calculation to obtain zero point vibration energy and entropy. The GGA with the PBE function and Tkatchenko-Scheffler (TS) for Density functional theory-Dispersion interactions (DFT-D) correction were employed. The convergence tolerance of energy, force, and displacement convergence were set as 1 × 10-5 Ha, 2 × 10-3 Ha, and 5 × 10-3 Å, respectively. The electron treatment was performed by double numerical plus d-functions (DNP) basis set. Bader charge analysis were carried out on the Vienna ab initio simulation package known as VASP. For the electron-electron interaction, the Perdew-Burke-Ernzerhof (PBE) functional was utilized, and the projector augmented wave (PAW) scheme was used to describe the interaction between ions and valence electrons. An energy cutoff of 500 eV was used and a k- point sampling set of 2 × 2 × 1 was allowed to relax all atomic coordinates and 4 × 4 × 1 for PDOS calculations. The periodical unit cell was surrounded by the vacuum space, which was specified to be ∼30 Å. The convergence criterion for the electronic self-consistent field (SCF) loop was set to 1×10-6 eV/atom. The atomic structures were optimized until the residual forces of each atom were below 0.02 eV Å-1. The atomic structures were analyzed by using the VESTA code. 18


2. Supplementary Figures and Tables.

[image: C:\Users\admin\Desktop\zhiqianjun\7-8I+SH\图\s1-2.jpg]
Supplementary Fig. 1. FT-IR spectra of CoPcF16, BTM, and CoPc-S-COF.

[image: C:\Users\admin\Desktop\zhiqianjun\7-8I+SH\图\s1-1.jpg]
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Supplementary Fig. 2. FT-IR spectra of CoPcF16, BTT, and CoPc-O-COF.
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Supplementary Fig. 3. The solid-state 13C CP/MAS NMR spectrum of CoPc-S-COF. 


[image: C:\Users\admin\Desktop\zhiqianjun\7-8I+SH\图\固体核磁-2.jpg]
Supplementary Fig. 4. The solid-state 13C CP/MAS NMR spectrum of CoPc-O-COF.
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Supplementary Fig. 5. The solid-state 19F CP/MAS NMR spectra of CoPc-O-COF and CoPc-S-COF.
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Supplementary Fig. 6. TGA of (a) CoPc-O-COF and (b) CoPc-S-COF. 
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Supplementary Fig. 7. PXRD patterns of CoPc-S-COF after immersion in different solutions.
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Supplementary Fig. 8. PXRD patterns of CoPc-O-COF after immersion in different solutions.	
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Supplementary Fig. 9. Raman spectra of (a) CoPc-O-COF and (b) CoPc-S-COF.
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Supplementary Fig. 10. SEM images of (a) CoPc-O-COF and (b) CoPc-S-COF. 
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Supplementary Fig. 11. HRTEM images of (a) CoPc-O-COF and (b) CoPc-S-COF. Inset: the related FFT analysis.



[image: ]
Supplementary Fig. 12. EDX data of (a) CoPc-O-COF and (b) CoPc-S-COF.
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Supplementary Fig. 13. N2 adsorption–desorption isotherms of (a) CoPc-O-COF and (b) CoPc-S-COF. 

[image: C:\Users\admin\Desktop\zhiqianjun\7-8I+SH\图\十.jpg]
Supplementary Fig. 14. XPS survey spectra of (a) CoPc-O-COF and (b) CoPc-S-COF. 
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Supplementary Fig. 15. F 1s XPS spectra of CoPc-O-COF and CoPc-S-COF.
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Supplementary Fig. 16. Co K-edge XANES spectra of CoPc, CoPc-O-COF, CoPc-S-COF, and Co foil. 
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Supplementary Fig. 17. (a) Fourier transformation of EXAFS spectra of CoPc, Co foil, CoPc-O-COF, and CoPc-S-COF. (b) The EXAFS fitting results of CoPc-O-COF and CoPc-S-COF.
[bookmark: _Hlk139062825]
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[bookmark: OLE_LINK9][bookmark: OLE_LINK12]Supplementary Fig. 18. Tafel plots of CoPc-O-COF and CoPc-S-COF.
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Supplementary Fig. 19. ORR polarization curves of (a) CoPc-O-COF and (c) CoPc-S-COF at different rotate rates. K–L plots of (b) CoPc-O-COF and (d) CoPc-S-COF.
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Supplementary Fig. 20. Mass activity of CoPc-O-COF and CoPc-S-COF. 
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Supplementary Fig. 21. EIS plots of CoPc-O-COF and CoPc-S-COF. Inset: equivalent circuit diagram for fitting results. (Rs: solution resistance. Rct: charge transfer resistance. W1: spreading resistance. CPE1: constant phase angle element.)

[image: C:\Users\admin\Desktop\zhiqianjun\7-8I+SH\图\s11.jpg]
Supplementary Fig. 22. CV curves at different scanning rates of (a) CoPc-O-COF and (c) CoPc-S-COF. The calculated Cdl for (b) CoPc-O-COF and (d) CoPc-S-COF.
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Supplementary Fig. 23. (a) Scan rate dependence of CV response of CoPc-S-COF. (b) Peak current of CVs for CoPc-S-COF as a function of scan rate.
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Supplementary Fig. 24. (a) Scan rate dependence of CV response of CoPc-O-COF. (b) Peak current of CVs for CoPc-O-COF as a function of scan rate.
[image: C:\Users\admin\Desktop\zhiqianjun\7-8I+SH\图\S8.jpg]
Supplementary Fig. 25. Chronoamperometry measurement of the CoPc-O-COF for 36000 s at 0.52 V vs RHE. 
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Supplementary Fig. 26. PXRD patterns of CoPc-O-COF and CoPc-S-COF before and after stability tests.
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Supplementary Fig. 27. STEM images of (a, b) CoPc-O-COF and (c, d) CoPc-S-COF before and after stability tests.
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Supplementary Fig. 28. (a, c) The Co K-edge XANES spectra of CoPc-O-COF and CoPc-S-COF before and after stability tests. (b, d) The EXAFS fitting results of CoPc-O-COF and CoPc-S-COF before and after stability tests.
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Supplementary Fig. 29. ORR polarization curves in 0.1 M KOH before and after the addition of 1 mM SCN-.
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Supplementary Fig. 30. ORR polarization curves in 0.1 M KOH before and after the addition of 1 mM nitrite into the electrolyte.
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Supplementary Fig. 31. (a) The LSVs of CoPc, CoPcF16, and H2PcF16 at 1600 rpm in O2-saturated 0.1 M KOH. (b) H2O2 selectivity and electron transfer number n of CoPc, CoPcF16, and H2PcF16.
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Supplementary Fig. 32. (a) The LSVs of CoPc-O and CoPc-S at 1600 rpm in O2-saturated 0.1 M KOH. (b) H2O2 selectivity and electron transfer number n of CoPc-O and CoPc-S. 
[image: ]
Supplementary Fig. 33. H2O2RR polarization curves of (a) CoPc-S and (b) CoPc-O in Ar-saturated 0.1 M KOH containing different concentrations of H2O2.
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Supplementary Fig. 34. The LSVs of CoPc-O-COF-S20% at 1600 rpm in O2-saturated 0.1 M KOH. 
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Supplementary Fig. 35. H2O2 selectivity and electron transfer number n of CoPc-O-COF-S20%. 
[image: ]
Supplementary Fig. 36. (a) H2O2RR polarization curves of CoPc-O-COF-S20% in Ar-saturated 0.1 M KOH containing different concentrations of H2O2.
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Supplementary Fig. 37. The schematic diagrams of adsorbed O2 molecule on various sites of the two COFs including Co, N, O, S, and F atoms.
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Supplementary Fig. 38. Electron density distribution on the simulated periodic fragment of CoPc-O-COF and CoPc-S-COF (lsosurface level: 0.20).
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Supplementary Fig. 39. The chronoamperometry measurements at varied applied voltages of CoPc-O-COF.
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Supplementary Fig. 40. (a) The UV-Vis spectra of Ce4+ solutions with different concentrations. (b) The linear calibration relationship between Ce4+ concentration and corresponding absorbance peak at 318 nm.
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Supplementary Fig. 41. FT-IR spectra of CoPc-S-COF before and after stability tests.
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Supplementary Fig. 42. High-resolution S 2p XPS spectra of CoPc-S-COF before and after stability tests.
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[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Supplementary Fig. 43. (a) The LSV curves in 1 M KCl + 10 mM K3[Fe(CN)6] at different rotate speeds. (b) Determination of the collection efficiency (N) for RRDE.


Supplementary Table 1. The atomic ratios form EDX mapping analysis of CoPc-O-COF and CoPc-S-COF.
	Sample
	
	C (at%)
	N (at%)
	O (at%)
	S (at%)
	F (at%)
	Co (at%)

	CoPc-O-COF
	Calculated
	63.7
	11.6
	11.6
	-
	11.6
	1.4

	
	Tested
	63.6
	10.3
	13.5
	-
	12.2
	1.3

	CoPc-S-COF
	Calculated
	63.7
	11.6
	-
	11.6
	11.6
	1.4

	
	Tested
	62.5
	10.5
	
	11.9
	13.5
	1.5






Supplementary Table 2. The atom radios of CoPc-O-COF and CoPc-S-COF before and after stability tests by the measurements of XPS.
	Sample
	
	C    (at%)
	N (at%)
	O (at%)
	S (at%)
	F (at%)
	Co (at%)

	CoPc-O-COF
	Calculated
	63.7
	11.6
	11.6
	-
	11.6
	1.4

	
	Before
	59.9
	11.4
	12.8
	-
	12.5
	1.2

	
	After
	60.2
	11.8
	12.4
	-
	11.7
	1.6

	CoPc-S-COF
	Calculated
	63.7
	11.6
	-
	11.6
	11.6
	1.4

	
	Before
	60.4
	10.5
	-
	10.6
	14.2
	1.2

	
	After
	61.0
	10.6
	-
	12.2
	11.2
	1.0







Supplementary Table 3. Structural parameters obtained from the EXAFS fitting.
	Sample
	Scattering pair
	N
	R(Å)
	σ2
 (10-3Å2)
	ΔE0 (eV)
	R
 factor

	CoPc-O-COF
	Co-N
	3.96
	1.89
	4.88
	-0.25
	0.007

	CoPc-S-COF
	Co-N
	4.0
	1.91
	2.58
	0.66
	0.004








Supplementary Table 4. The Co content of CoPc-O-COF and CoPc-S-COF before and after stability tests.
	Sample
	Calculated Value (wt%)
	Tested Value Before Stability Tests (wt%)
	Tested Value After Stability Tests
(wt%)

	CoPc-O-COF
	5.94
	5.91
	5.75

	CoPc-S-COF
	5.26
	5.01
	4.91






Supplementary Table 5. The adsorption energy (ΔGads) between O2 and different catalytic sites in CoPc-O-COF and CoPc-S-COF.
	Catalytic sites
	CoPc-O-COF
	CoPc-S-COF

	O2-(central Co)
	-0.32 eV(attract)
	-0.30 eV (attract)

	O2-(meso-N)
	-0.05 eV
	-0.02 eV

	O2-O
	+0.62 eV (repulse)
	-

	O2-S
	-
	+0.49 eV (repulse)

	O2-F
	+0.57 eV (repulse)
	+0.39 eV (repulse)






2

Supplementary Table 6. Comparison of 2e- ORR performances between CoPc-S-COF and other reported electrocatalysts in alkaline media.
	
	Samples
	Selectivity
(%)
	Production capacity
 (mmol gcat-1 h-1)
	Faradaic
efficiency (%)
	Reference

	Co-based
materials
	CoPc-S-COF
	95
	9500
	98
	This work

	
	ZnCo-ZIF-C3
	99
	4300
	85
	19

	
	Co-N/HPC
	98
	1720
	92.3
	20

	
	CoPc MDE
	
	8200
	88
	21

	
	Co-N2-C/HO
	91.3
	6912
	-
	22

	COF-based
materials
	MgP-DHTA-COF
	96
	362
	91
	23

	
	Ca-COF-318
	95
	453 (mmol cm-2 h-1)
	91
	24

	
	TP-TD-COF
	86.2
	158
	-
	25

	
	PYTA-TPEDH-COF
	85.8
	-
	80
	26

	
	BUCT-COF-1
	54
	-
	-
	27

	Others
	Ni-N2O2/C
	
	5900
	91
	28

	
	C-MOF Ni-250
	95
	510
	-
	29

	
	Cu/Ni-HHTP
	95
	793
	-
	30

	
	Br-Ni MOF
	86
	596
	-
	31

	
	In SAs/NSBC
	95
	6490
	-
	32

	
	α-Fe2O3
	96
	454
	-
	33

	
	CMK3-20
	90
	2467
	-
	34

	
	G-COF-950
	75
	1287
	-
	35

	
	Fe-CNT
	95
	1600
	-
	36
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