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[bookmark: _Toc179019195][bookmark: _Toc179742383][bookmark: _Toc179745302][bookmark: _Toc179745342]S1 Chemicals and materials
Fullerene, melamine, L-cysteine, cobalt nitrate hexahydrate, perchloric acid, ethanol, isopropanol, sulfuric acid, ferric sulfate heptahydrate, cerium sulfate, NaSCN, malachite green, methyl blue, and Nafion (5 wt. %) are all from Sigma. Odrich Reagent Co., Ltd. Carbon fiber paper (CFP) was purchased from Toray Plastic Precision Co., Ltd. Co., Ltd. Commercial titanium-based IrO2 coated electrode was purchased from Siotech Industrial Technology Co., Ltd. All chemical reagents are directly used in the experiment without further purification.
[bookmark: _Toc179019196][bookmark: _Toc179742384][bookmark: _Toc179745303][bookmark: _Toc179745343][bookmark: _Hlk178967058]S2 Experimental section
Dissolve 0.1g of cobalt nitrate hexahydrate was dissolved in 20 mL of pure water to obtain a cobalt nitrate hexahydrate solution for further use. 0.2g of fullerene was dissolved in 20 mL of CS2, and then 4g of melamine and 0.4g of L-cysteine were mixed, grounded, and poured into CS2 containing fullerene at 200 rpm. The mixture was heated in a water bath at 60 °C until CS2 was completely volatilized, and then cobalt nitrate hexahydrate solution was added. After ultrasonication for 20 min, the mixture was dried at 70 °C and ground to obtain a mixture precursor. The mixture precursor obtained in 2.1 was heated in an argon atmosphere in two stages. The first stage was heated to 600 °C and held for 1h. The second stage was heated to 800-1100 °C and held for 2h (heating rate was 5 °C per minute). Subsequently, the acid leaching method was used to remove the inactive Co material in the framework by heating in 0.5 M H2SO4 solution at 60 °C for 8 h. The samples were collected by suction filtration, washed to pH = 7, and dried overnight under vacuum conditions to obtain a black powder, defined as CoSA/CoNP-NSDNC. Similarly, except for the removal of fullerene in 2.1 and the second stage of 2.2 at 1000 °C for 2h, the other conditions remain unchanged, and the product is defined as Co-NSC. For comparison, the mixture precursor was annealed at 700-1000 °C in an argon atmosphere, and the prepared product was defined as CoSA/CoNP-NSDNC-X (X = 700-1100 °C).
[bookmark: _Toc179019197][bookmark: _Toc179742385][bookmark: _Toc179745304][bookmark: _Toc179745344]S3 Structural characterizations
The SEM images were captured using the SU8020 equipment. The TEM visualizations were acquired with the JEM-2100F microscope. XRD analyses of the synthesized materials were conducted on an X'Pert PRO MPD diffractometer, scanning from 10° to 90° using Cu-Kα radiation (λ=1.5418 Å). The Raman spectra were recorded with a LabRAM HR800 device at 532 nm. XPS analyses were performed on the AXIS-ULTRA DLD-600W system. Nitrogen adsorption and desorption profiles were studied at 77 K using the ASAP 2460 instrument from Micromeritics, USA. The Brunauer-Emmett-Teller (BET) method and the density functional theory (DFT) were employed to calculate specific surface areas and pore size distribution, respectively. UV-vis spectroscopic analyses were done using the UV2600 Shimadzu apparatus.
[bookmark: _Toc179019198][bookmark: _Toc179742386][bookmark: _Toc179745305][bookmark: _Toc179745345]S4 Electrochemical measurements
[bookmark: OLE_LINK14]The electrochemical tests were carried out using the conventional rotating ring-disk technique on a CHI 760E workstation at ambient temperature, employing an MSR Electrode Rotator from Pine Research Instrumentation. A rotating ring-disk electrode (RRDE) was utilized as a working electrode, with the gassy carbon disk electrode (area: 0.2475 cm–2) and the Pt ring electrode (area: 0.1866 cm–2). A graphite rod acted as the counter electrode, while a reversible hydrogen electrode (RHE) served as the reference electrode. For the catalyst ink formulation, 5 mg of catalysts was dispersed in a 1 mL solution mix of isopropyl alcohol and 0.1 wt % Nafion. After undergoing ultrasonic dispersion for 30 minutes, 5 μL ink was coated to the disk electrode, resulting in a catalyst loading of 0.1 mg cm–2. Linear sweep voltammetry (LSV) tests took place in an O2-saturated 0.1 M HClO4 electrolyte with a rotation speed of 1600 rpm and a scanning rate of 10 mV s–1. The ring electrode potential was set at 1.2 V to detect the produced H2O2. The electron-transfer number (n) and H2O2 selectivity (H2O2%) for the catalysts were determined using the following equations [S1]:
[bookmark: OLE_LINK6]                                          (S1)
                                          (S2)
Where ID is the disk current, IR is the ring current, and N is the collection efficiency (0.37). 
The H2O2 electroproduction kinetics were conducted based on the Koutecky-Levich equation:
                                    (S3)
Tafel slopes were obtained based on the following equation:
                                 (S4)
[bookmark: OLE_LINK13]Where  is the kinetic current density,  is the theoretical limiting current density of H2O2 (2.9 mA cm–2) at the rotation rate of 1600 rpm [S2], η is the overpotential, and b is the Tafel slope.
The electrochemical active surface area (ECSA) was calculated as the following equation:
                                          (S5)
[bookmark: _Toc66458494][bookmark: _Toc9729][bookmark: _Toc75529937][bookmark: _Toc22369][bookmark: _Hlk79927868]Where CDL is the double-layer capacitance,  is the current density of the double-layer capacitor, and  is the scan rate.
[bookmark: _Toc179019199][bookmark: _Toc179742387][bookmark: _Toc179745306][bookmark: _Toc179745346]S5 H2O2 yield measurements
The H2O2 production processes were performed in the self-assembled flow cell with a three-electrode system [S3]. For the flow cell, a carbon paper with a microporous layer (2 × 2 cm) was used as the working electrode. An Ag/AgCl and a RuOx/Ti plate (2 × 2 cm) were applied as the reference electrode and counter electrode, respectively. The concentrations of H2O2 were measured using the traditional cerium sulfate Ce(SO4)2 titration technique. This approach is grounded on the principle that H2O2 turns the yellow Ce4+ solution into a colorless Ce3+ solution, as shown in the equation below. The consumed concentration of Ce4+ was measured photometrically at a wavelength of 319 nm using UV-vis spectroscopy.
                    (S6)
[bookmark: OLE_LINK7]By linear fitting the absorbance values of a series of known concentrations of 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mmol L−1 solution of Ce4+, the calibration curve was plotted [S4]. To prepare the 0.5 mmol L−1 Ce4+ standard solutions, 16.65 mg of Ce(SO4)2 were dissolved in 100 mL of 0.5 mol L−1 H2SO4. The sample solution was mixed with the standard Ce4+ solution by a volume ratio of 1: 100 to quantify the produced H2O2. The yield rate (YR) and Faraday efficiency (FE) for H2O2 generation were calculated as follows:
                     (S7)
                                 (S8)
                             (S9)
[bookmark: _Toc20625][bookmark: _Hlk79927935]Where  is the molarity of generated H2O2,  is the molarity of the Ce4+ standard solution before the test,  is the molarity of the Ce4+ solution after the test,  is the volume of the Ce4+ standard solution,  is the volume of the removed electrolyte under test,  is the total volume of the electrolyte under test, and t is the time of duration.
[bookmark: _Toc179019200][bookmark: _Toc179742388][bookmark: _Toc179745307][bookmark: _Toc179745347]S6 Degradation by an electro-Fenton-like process
[bookmark: _Hlk185104416]The degradation of organics (50 mg L−1 malachite green and methyl blue) was performed in the above three-phase flow cell by Electro-Fenton-like reactions. The degradation of Methylene Blue (MB) and Malachite Green (MG) through Fenton-like reactions involves the catalytic decomposition of hydrogen peroxide (H2O2) by transition metal catalysts (e.g., Fe) to generate highly reactive oxygen species (ROS), primarily hydroxyl radicals (•OH) (Fe2+ + H2O2 → Fe3+ + ·OH + OH−). These radicals exhibit strong oxidative ability, attacking the chromophores (e.g., C=N, C–S bonds) and aromatic rings of the dye molecules, leading to their structural breakdown and decolorization. Intermediate products are further oxidized into smaller, non-toxic molecules such as CO2 and H2O. Here, both the cathode and the anode chamber were filled with the same O2-saturated electrolyte (30 mL of PH=1 HClO4 solution contained 0.1 mmol Na2SO4, 0.5 mmol FeSO4·7H2O and 50 mg L−1 malachite green and methyl blue). The electrolysis current was set to 30 mA until the organics were completely degraded the solution became colorless, and the absorbance of the electrolyte in the cathode compartment was tested to determine the concentration of the organics.
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[bookmark: _Toc179019201][bookmark: _Toc179742389][bookmark: _Toc179745308][bookmark: _Toc179745348][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Fig. S1 Structure of the raw material. (a) SAED image, and (b) XRD pattern of C60
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[bookmark: _Toc179019202][bookmark: _Toc179742390][bookmark: _Toc179745309][bookmark: _Toc179745349]Fig. S2 (a) Scanning electron microscope and (b) XRD pattern of CoSA/CoNP-NSDNC
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[bookmark: _Toc179019203][bookmark: _Toc179742391][bookmark: _Toc179745310][bookmark: _Toc179745350]Fig. S3 (a) XRD patterns and (b) LSV curves of CoSA/CoNP-NSDNC before and after the acid-leaching process
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[bookmark: _Toc179019204][bookmark: _Toc179742392][bookmark: _Toc179745311][bookmark: _Toc179745351]Fig. S4 Survey XPS spectra of CoSA/CoNP-NSDNC and Co-NSC
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[bookmark: _Toc179019205][bookmark: _Toc179742393][bookmark: _Toc179745312][bookmark: _Toc179745352]Fig. S5 LSV curves of CoSA/CoNP-NSDNC before and after the addition of 10 mM SCN- in O2-saturated (pH=1) HClO4 electrolyte

[image: ]
[bookmark: _Toc179019206][bookmark: _Toc179742394][bookmark: _Toc179745313][bookmark: _Toc179745353]Fig. S6 Chronoamperometric oxygen-saturated (pH=1) HClO4 solution at disk potential of 0.3 V and ring potential of 1.2 V
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[bookmark: _Toc179019208][bookmark: _Toc179742396][bookmark: _Toc179745315][bookmark: _Toc179745355]Fig. S7 CV curves of (a) CoSA/CoNP-NSDNC and (b) Co-NSC at scan rates of 10, 20, 30, 40, and 50 mV s-1 in nitrogen-saturated (pH=1) HClO4
[image: ]
[bookmark: _Toc179019209][bookmark: _Toc179742397][bookmark: _Toc179745316][bookmark: _Toc179745356]Fig. S8 Calculated CDL values of CoSA/CoNP-NSDNC and Co-NSC at the potential of 0.85 V
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[bookmark: _Toc179019210][bookmark: _Toc179742398][bookmark: _Toc179745317][bookmark: _Toc179745357]Fig. S9 Tafel plots extracted from the detective H2O2 currents of CoSA/CoNP-NSDNC and Co-NSC
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[bookmark: _Toc179019211][bookmark: _Toc179742399][bookmark: _Toc179745318][bookmark: _Toc179745358]Fig. S10 XRD spectra of N, S, and Co doped with different carbon substrates
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[bookmark: _Toc179019212][bookmark: _Toc179742400][bookmark: _Toc179745319][bookmark: _Toc179745359][bookmark: _Hlk179744584]Fig. S11 Electrochemical properties of N, S and Co doped with different carbon substrates. (a) LSV curves with disk (solid line) and ring (dotted line) currents at a scan rate of 10 mV s-1. (b) corresponding calculated H2O2 selectivity (solid line) and electron transfer number n (dotted line)
[image: ]
[bookmark: _Toc179019213][bookmark: _Toc179742401][bookmark: _Toc179745320][bookmark: _Toc179745360]Fig. S12 Electrochemical properties of Cross double doped fullerene. (a) LSV curves with disk and ring currents at a scan rate of 10 mV s-1. (b) Corresponding calculated H2O2 selectivity (solid line) and electron transfer number n (dotted line)
[image: ]
[bookmark: _Toc179019215][bookmark: _Toc179742403][bookmark: _Toc179745322][bookmark: _Toc179745362]Fig. S13 Electrochemical properties of CoSA/CoNP-NSDNC with different raw material ratios. (a) LSV curves with disk (solid line) and ring (dotted line) currents at a scan rate of 10 mV s-1. (b) Corresponding calculated H2O2 selectivity (solid line) and electron transfer number n (dotted line)


[image: ]
Fig. S14 The linear sweep voltammetry curves of CoSA/CoNP-NSDNC samples in acidic, neutral and alkaline solutions
[bookmark: _Hlk185168374]The Fig. S14 above shows the linear sweep voltammetry curves of the CoSA/CoNP-NSDNC samples in electrolytes with different pH values. In the acidic electrolyte, the disk current density reaches 4 mA/cm², and the maximum ring current reaches 0.6 mA, demonstrating excellent electrochemical performance for oxygen reduction. In the neutral electrolyte, the disk current density reaches 3 mA/cm², and the maximum ring current is 0.35 mA. In the alkaline electrolyte, the ring current is almost 0 mA, indicating that no hydrogen peroxide is generated. The results shown in the Figure above suggest that the prepared CoSA/CoNP-NSDNC samples have the best electrochemical performance for oxygen reduction in the acidic electrolyte.


[image: ]
Fig. S15 i-t curve of the CoSA/CoNP-NSDNC sample in the acidic electrolyte at -1.2 V
[bookmark: _Hlk185171806]Figure S15 above shows the i-t curve of CoSA/CoNP-NSDNC under acidic conditions. When operating under a constant voltage of -1.2 V for 10 hours, the current density of CoSA/CoNP-NSDNC has always remained above 10 mA/cm², demonstrating good stability under a relatively high current
[bookmark: _Toc179019216][bookmark: _Toc179742404][bookmark: _Toc179745323][bookmark: _Toc179745363]Table S1 Raman characteristic properties of CoSA/CoNP-NSDNC and Co-NSC
	Catalyst
	Intensity ratio of D and G
	Area percentage of the D1 band (%)
	Area percentage of the D2 band (%)
	Area percentage of the D3 band (%) 
	Area percentage of the D4 band (%)
	Area percentage of the G band (%)
	Area ratio of D3 and G 

	Co-NSC
	1.01
	38.52
	15.01
	14.08
	15.17
	17.22
	0.81

	CoSA/CoNP-NSDNC
	1.05
	38.29
	13.66
	15.85
	17.92
	14.28
	1.11


[bookmark: _Toc179019217][bookmark: _Toc179742405][bookmark: _Toc179745324][bookmark: _Toc179745364]Table S2 Element contents properties of CoSA/CoNP-NSDNC and Co-NSC
	Sample
	C 1s（at%）
	N 1s（at%）
	O 1s（at%）
	S 2p（at%）
	Co 2p（at%）

	Co-NSC
	82.21
	11.2
	5.01
	0.59
	0.98

	CoSA/CoNP-NSDNC
	85.38
	3.96
	10.17
	0.24
	0.24


[bookmark: _Toc179019218][bookmark: _Toc179742406][bookmark: _Toc179745325][bookmark: _Toc179745365]Table S3 Content percentages from the decomposed C 1s spectra of CoSA/CoNP-NSDNC and Co-NSC
	Sample
	C-C/C=C
	C-S 
	C=N/C-O
	C-N

	Co-NSC
	51.31
	18.12
	21.04
	9.54

	CoSA/CoNP-NSDNC
	54.05
	19.14
	19.08
	7.73


[bookmark: _Toc179019219][bookmark: _Toc179742407][bookmark: _Toc179745326][bookmark: _Toc179745366]Table S4 Content percentages from the decomposed N 1s spectra of CoSA/CoNP-NSDNC and Co-NSC
	Sample
	Pyridinic-N
	Co-Nx
	Pyrrolic-N
	Graphitic-N
	Oxide-N

	Co-NSC
	9.28
	25.38
	32.1
	28.66
	4.57

	CoSA/CoNP-NSDNC
	8.94
	8.16
	39.59
	29.1
	14.21


[bookmark: _Toc179019220][bookmark: _Toc179742408][bookmark: _Toc179745327][bookmark: _Toc179745367]Table S5 Content percentages from the decomposed S 2p spectra of CoSA/CoNP-NSDNC and Co-NSC
	Sample
	S 2p2/3
	S 2p1/2
	Sulfate

	Co-NSC
	31.47
	15.74
	52.79

	CoSA/CoNP-NSDNC
	38.95
	19.48
	41.57


[bookmark: _Toc179019221][bookmark: _Toc179742409][bookmark: _Toc179745328][bookmark: _Toc179745368]Table S6 Content percentages from the decomposed Co 2p spectra of CoSA/CoNP-NSDNC and Co-NSC
	Sample
	Co0
	Co2+
	Co-Nx
	Co3+

	Co-NSC
	10.11
	42.00
	32.93
	14.97

	CoSA/CoNP-NSDNC
	16.58
	22.72
	30.54
	30.16


[bookmark: _Toc179019222][bookmark: _Toc179742410][bookmark: _Toc179745329][bookmark: _Toc179745369]Table S7 Two-electron ORR performance of the various electrocatalysts, where the E0 is the onset potential
	Catalyst
	Electrolytes
	E0 (V vs. RHE)
	Selectivity （%）
	Refs.

	Non-noble-metal-based catalysts
	CoSA/CoNP-NSDNC
	0.1 M HClO4
	0.72
	90
	This work

	
	CoNOC
	[bookmark: _Hlk176097724]0.1 M HClO4
	0.57
	95
	[S5]

	
	Co1–NG(O)
	0.1 M HClO4
	0.65
	50
	[S6]

	
	Co-N-C
	0.5 M H2SO4
	0.78
	80
	[S7]

	
	Co-NC1
	0.1 M HClO4
	0.60
	90
	[S8]

	Noble-metal-based catalysts
	PtHg4
	0.1 M HClO4
	0.58
	96
	[S9]

	
	Au/TiC
	0.1 M HClO4
	0.35
	87
	[S10]

	
	Pdx-NC
	0.1 M HClO4
	0.50
	87
	[S11]

	
	Pt/HSC
	0.1 M HClO4
	0.71
	95
	[S12]

	Metal-free-based catalysts
	g-N-CNHs
	0.1 M H2SO4
	0.40
	80
	[S13]

	
	NCMK3IL50_800T
	0.5 M H2SO4
	0.40
	95
	[S14]

	
	MCHS
	0.5 M H2SO4
	0.40
	70
	[S15]


[bookmark: _Toc179019223][bookmark: _Toc179742411][bookmark: _Toc179745330][bookmark: _Toc179745370]Table S8 Raman characteristic properties of CoSA/CoNP-NSDNC samples prepared in different temperatures
	Catalyst
	Intensity ratio of D and G
	Area percentage of the D1 band
	Area percentage of the D2 band
	Area percentage of the D3 band
	Area percentage of the D4 band
	Area percentage of the G band
	Area ratio of D3 and G

	CoSA/CoNP-NSDNC-800
	1.04
	36.22
	12.22
	20.99
	14.65
	15.93
	1.32 

	CoSA/CoNP-NSDNC-900
	1.02 
	36.52
	14.16
	18.25
	14.96
	16.11
	1.13 

	CoSA/CoNP-NSDNC-1000
	1.05 
	38.29
	13.66
	15.85
	17.92
	14.28
	1.11 

	CoSA/CoNP-NSDNC-1100
	0.98 
	42.75
	15.99
	11.52
	16.2
	13.55
	0.85 


[bookmark: _Toc179019225][bookmark: _Toc179742413][bookmark: _Toc179745332][bookmark: _Toc179745372]Table S9 Content percentages from the decomposed N 1s spectra of CoSA/CoNP-NSDNC samples prepared in different temperatures
	Sample
	Pyridinic-N
	Co-Nx
	Pyrrolic-N
	Graphitic-N
	Oxide-N

	CoSA/CoNP-NSDNC-800
	34.35
	7.95
	27.74
	12.54
	17.41

	CoSA/CoNP-NSDNC-900
	30.18
	14.15
	15.11
	21.78
	18.79

	CoSA/CoNP-NSDNC-1000
	8.94
	8.16
	39.59
	29.1
	14.21

	CoSA/CoNP-NSDNC-1100
	12.42
	3.61
	22.98
	31.92
	29.06


Table S10 Comparing the property of CoSA/CoNP-NSDNC with recently reported materials as ORR catalysts
	Catalyst
	Electrolyte
	H2O2 production rates (mol g-1 h-1)
	Faraday efficiency (%)
	Refs.

	CoSA/CoNP-NSDNC
	0.1 M HClO4
	4.2
	90
	This work

	CMK-3
	0.1 M KOH
	0.561
	70
	[S14]

	PEI50CMK3_800T
	0.1 M K2SO4 
	0.57
	65 
	[S16]

	N-C800
	0.5 M NaCl 
	0.63
	79.8
	[S17]

	NADE
	0.05M Na2SO4 
	0.22
	66.8
	[S18]

	CMK3-20s
	0.1 M K2SO4 
	0.83
	78
	[S19]

	ZPO/PC3
	0.5 M NaCl
	3.52
	95.9
	[S20]

	FPC
	0.05M H2SO4
	0.714
	82.1
	[S21]

	N-GA
	0.1 M H2SO4
	0.107
	70
	[S22]
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