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1. Experimental section

1.1 Materials and reagents

Cobalt chloride hexahydrate (CoCl2·6H2O), ethylene diamine tetraaceticacid (EDTA) 

sodium sulphate (Na2SO4) and polyvinylpyrrolidone (PVP) were purchased from 

Aladdin Chemical Reagent Co., Ltd. Perchloric acid (HClO4), potassium hydroxide 

(KOH), and isopropanol were purchased from Sinopharm Chemical Reagent Co., Ltd. 

Commercial carbon cloth was obtained from Shanghai Hesen electric Co., Ltd. All 

chemical reagents used in the synthesis were analytical grade and without further 

purification.

1.2 Synthesis of Co-SAs/NC

In a typical synthesis, the cobalt chloride hexahydrate (CoCl2·6H2O, 0.25 g), ethylene 

diamine tetraaceticacid (EDTA, 1.0 g) and polyvinylpyrrolidone (PVP, 5.0 g) were 

dissolved in 63.7 mL of isopropanol. The above mixture was then heated to 80 ℃ in 

an oil bath for 9 h under vigorous stirring to ensure completion of the reaction and to 

90 ℃ for another 4 h to evaporate the solvent. Then the obtained product was 

transferred into the tube furnace and heated to 700 ℃ with a ramping rate of 5 ℃ min-

1 under N2 atmosphere and maintained for 2 h, followed by natural cooling down to 

room temperature. The collected solid product was ground with a mortar, followed by 

a refluxing acid-etching process using 3.0 M HNO3 at 120 ℃ for10 h to remove Co-

related nanoparticles and introduce oxygen functional groups. The resultant product 

was subsequently centrifuged and washed with deionized water and ethanol for 

several times, then dried overnight for further use.
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1.3 Synthesis of NC

The synthesis of nitrogen-doped graphitic carbon (NC) was similar to the synthesis of 

Co-SAs/NC except for not using the metal precursor and complexing agent. Typically, 

the polyvinylpyrrolidone (PVP, 5.0 g) was dissolved in 63.7 mL of isopropanol and 

then heated to 90 ℃ in an oil bath for 10 h to evaporate the solvent. Then the obtained 

product was transferred into the tube furnace and heated to 700 ℃ with a ramping rate 

of 5 ℃ min-1 under N2 atmosphere and maintained for 2 h, followed by natural 

cooling down to room temperature. The collected solid product was ground with a 

mortar, followed by a refluxing acid-etching process using 3.0 M HNO3 at 120 ℃ for 

10 h to introduce oxygen functional groups. The resultant product was subsequently 

centrifuged and washed with deionized water and ethanol for several times, then dried 

overnight for further use.

1.4 Characterization

The crystalline structures of samples were identified by the X-ray diffraction analysis 

(XRD, Philips X’pert PRO) using Nifiltered monochromatic CuKa radiation 

(λKα1=1.5418 Å) at 40 kV and 40 mA. Raman spectrum of the sample was measured 

on a Renishaw Micro-Raman Spectroscopy (Renishaw inVia Reflex) using 532 nm 

laser excitation. Fourier-transform infrared spectroscopy (FT-IR) spectrum of the 

sample was measured using NEXUS (Thermo Nicolet Corporation). Scanning 

electron microscope (SEM) images of the sample were obtained using SU8020 

(Hitachi, Japan) with an accelerating voltage of 10.0 kV. Transmission electron 

microscope (TEM) images of the sample were obtained using JEMARM 200F 
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operating at an accelerating voltage of 200 kV. Nitrogen adsorption-desorption 

isotherm was measured using an automated gas sorption analyzer (Autosorb-iQ-Cx). 

The Co single atom content on N-doped graphitic carbon was determined by the 

inductively coupled plasma atomic emission spectrometer (ICP-AES, ICP-6300, 

Thermo Fisher Scientific). X-ray photoelectron spectroscopy (XPS) analysis of the 

sample was performed on an ESCALAB 250 X-ray photoelectron spectrometer 

(Thermo, America) equipped with Al Kα1, 2 monochromatized radiations at 1486.6 

eV X-ray source. Aberration-corrected HAADF-STEM measurements were 

conducted on a JEM-ARM200F instrument at 200 kV.

1.5 Electrochemical measurements

The electrochemical measurements were performed on a CHI 760E electrochemical 

workstation (CH Instrumental Corporation, Shanghai, China) with a three-electrode 

cell and a rotating ring-disk electrode setup (RRDE-3A, ALS Co., Ltd). A RRDE 

electrode with a glassy carbon electrode (O.D. 4.0 mm) and a platinum ring electrode 

(I.D. 5.0 mm, O.D. 7.0 mm) was used as the working electrode. Before measurement, 

the electrode was polished with 0.3 and 0.05 m alumina suspensions on a polishing 

cloth and rinsed with deionized water. A Ag/AgCl electrode and Pt wire were used as 

the reference and counter electrode, respectively. Three electrolytes with 0.1 M KOH, 

0.1M Na2SO4 and 0.1 M HClO4 were used in this work. The catalyst ink was prepared 

by dispersing 5.0 mg as-synthesised Co-SAs/NC into 400 L of ethanol and 20 L of 

Nafion solution (5.0 wt.%), followed by ultrasonication for 1 h to get homogeneous 

ink. Then 10 L of catalyst ink was drop-casted onto the disk electrode and naturally 
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dried. The catalyst loading was 0.95 mg cm-2. All potentials of the electrochemical 

measurements were converted into reversible hydrogen electrode (RHE) by using the 

following equation:

ERHE=EAg/AgCl+0.059×pH+0.197

The H2O2 selectivity was obtained from polarization curves in O2-saturated 

condition at a scan rate of 10 mV s-1 at 1600 rpm and the potential of the Pt ring 

electrode was held at 1.2 V (vs. RHE) to oxidize the H2O2 generated on disk electrode. 

The H2O2 selectivity and the electron transfer number (n) on the RRDE were 

calculated using the following equations:

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =

200 ×
𝐼𝑟

𝑁𝑐

𝐼𝑑 +
𝐼𝑟

𝑁𝑐

𝑛 =
4𝐼𝑑

𝐼𝑑 +
𝐼𝑟

𝑁𝑐

where Ir and Id are the ring current and the disk current, respectively, and Nc is the 

collection efficiency of the ring electrode (0.39 after calibration by Fe(CN)63-/4- 

redox system). We also conducted the polarization curves at different rotation speeds 

and calculated the electron transfer number (n) based on the following Koutecky-

Levich (K-L) equations:
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where jk and jd are the kinetic and diffusion-limited current density, respectively, ω 

is the angular velocity of the electrode (rad s-1), F is the faraday constant (96485 C 
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mol-1), D is the diffusion coefficient of O2 in the electrolyte (1.9×10-5 cm2 s-1),  is the 

kinematic viscosity of the electrolyte (0.01 cm2 s-1) and C is the concentration of O2 

(1.2×10-6 mol cm-3). Accordingly, the electron transfer number can be calculated.

1.6 Durability tests and determination of H2O2 concentration

Electrocatalytic H2O2 production was conducted in a two-compartment H-cell with 

Nafion 117 membrane as separator. Each compartment was filled with 40 mL of 

electrolyte (e.g., 0.1 M KOH). We used the carbon cloth (1.0×1.0 cm2) as the working 

electrode and the catalyst loading amount was 1.0 mg cm-2, Hg/HgO and Pt mesh as 

the reference electrode and counter electrode, respectively. Before the measurement, 

the electrolyte in the cathode compartment was purged with O2 for at least 30 min to 

reach saturated and stirred vigorously to facilitate the mass transport of O2. In order to 

screen the optimal potential that can produce more H2O2 with a larger faradaic 

efficiency (FE), we carried out the tests at different potentials for 2 h of reaction. 

Then, the long-term durability test was conducted under a constant potential (0.5 V vs. 

RHE) for 10 h and the electrolyte was subsequently neutralized with 0.5 M H2SO4 of 

equal volume. The H2O2 concentration in the electrolyte was quantified by ceric 

sulfate titration method based on the following reaction:

2Ce4+ + H2O2→2Ce3++ 2H+ +O2

where yellow-colored Ce4+ was reduced by H2O2 to colorless Ce3+ and can be 

measured by ultraviolet-visible spectroscopy. A series of standard Ce(SO4)2 solution 

was prepared by dissolving Ce(SO4)2 in 0.5 M H2SO4, then we obtained the 

calibration curves between the absorbance and concentration of Ce4+ performed on 
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spectrophotometer at 317 nm. Thus, the concentration of H2O2 can be calculated 

based on the absorbance before and after reaction using the following equation:

(before neutralization)
𝐶𝐻2𝑂2

=

𝑉
𝐶𝑒4 + × 𝐶

𝐶𝑒 4 +
𝑏𝑒𝑓𝑜𝑟𝑒

‒（𝑉
𝐶𝑒4 + + 𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒） × 𝐶

𝐶𝑒 4 +
𝑎𝑓𝑡𝑒𝑟

2 × 𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
× 2 

where VCe
4+ is the volume of added Ce(SO4)2, CCe4+ before and CCe4+ after are the 

concentration of Ce4+before and after reaction, respectively, Velectrolyte is the volume of 

added electrolyte which is after neutralization.

The faradaic efficiency was calculated by the following equation:

𝐹𝐸 (%) =
2 × 𝐶 × 𝑉 × 𝐹

𝑄
× 100%

where F is the faraday constant (96485 C mol-1), C is the concentration of H2O2, V 

is the volume of electrolyte and Q is the total charge during the ORR.
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Supplementary Figures and Tables

Fig. S1 SEM image of the as-synthesised Co-SAs/NC.

Fig. S2 XRD patterns of N-dope graphitic carbon (NC), Co-SAs/NC and pyrolytic 

sample without acid etching.
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Fig. S3 Raman spectrum of Co-SAs/NC using 532 nm laser excitation.

Fig. S4 FT-IR spectrum of Co-SAs/NC sing the KBr pellet technique.
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Fig. S5 (a) Nitrogen adsorption-desorption isotherm and (b) Corresponding pore size 

distribution curve of Co-SAs/NC.

Fig. S6 High-resolution C 1s XPS spectrum of Co-SAs/NC.

ba
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Fig. S7 (a) Linear sweep voltammetry curves of the bare rotating ring-disk electrode 

in N2-saturated 0.1 M KOH containing 5.0 mM K3[Fe(CN)6] at 1600 rpm to calibrate 

the collection efficiency. (b) Calculated collection efficiency (N) based on LSV result 

via dividing the ring current by the disk current.

Fig. S8 Schematic illustration of the synergetic effect of Co-Nx active sites and nearby 

oxygen functional groups for H2O2 electrosynthesis.

a b
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Fig. S9 (a) Linear sweep voltammetry curves of Co-SAs/NC, pyrolytic sample and N-

doped graphitic carbon (NC) in 0.1 M KOH. (b) Calculated H2O2 selectivity and 

electron transfer number (n) ofCo-SAs/NC, pyrolytic sample and N-doped graphitic 

carbon (NC).

Fig. S10 Digital photograph of the three-electrode two-compartment H-cell for the 

bulk electrocatalytic production of H2O2.

a b
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Fig. S11 (a) Absorption spectra of a series of Ce(SO4)2 solutions with known 

concentration conducted on ultraviolet-visible spectrophotometer (UV-2700) at the 

range of 200-500 nm. (b) Linear calibration curve based on the peak absorbance at 

317 nm (the error bar represents three replicated measurements).

Fig. S12 (a) Absorption spectra of Ce(SO4)2 solution before and after injecting 

electrolytes electrolyzed at different potentials with 2 h, which was conducted on 

ultraviolet-visible spectrophotometer (UV-2700) at the range of 200-500 nm. To 

calculate the yield of H2O2, we added 200 μL of electrolyte at different potentials after 

neutralization into 3.0 mL of 0.5 mM Ce(SO4)2 solution. (b) Absorption spectra of 

Ce(SO4)2 solution before and after injecting electrolyte electrolyzed at 0.5 V (vs. RHE) 

with 10 h, which was conducted on ultraviolet-visible spectrophotometer (UV-2700) 

at the range of 200-500 nm. To calculate the yield of H2O2, we added 50 μL of 

electrolyte after neutralization into 3.0 mL of 0.5 mM Ce(SO4)2 solution.

a b

a b
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Fig. S13 (a) Absorption spectra of Ce(SO4)2 solution before and after injecting 

electrolytes electrolyzed at different time at 0.5 V (vs. RHE), which was conducted on 

ultraviolet-visible spectrophotometer (UV-2700) at the range of 250-500 nm. (b) 

Relationship between electrolysis time and H2O2 yield. To calculate the yield of H2O2, 

we sampled out 100 μL of electrolyte injecting into 6.0 mL of 0.5 mM Ce(SO4)2 

solution every two hours.

Fig. S14 (a) I-t curve of Co-SAs/NC after 10 h of electrolysis at 0.5 V (vs. RHE) for 

10 h of reaction. (b) Absorption spectra of Ce(SO4)2 solution before and after 

injecting electrolyte electrolyzed at 0.5 V (vs. RHE) with 10 h, which was conducted 

on ultraviolet-visible spectrophotometer (UV-2700) at the range of 200-500 nm. To 

calculate the yield of H2O2, we added 50 μL of electrolyte after neutralization into 3.0 

mL of 0.5 mM Ce(SO4)2 solution.

a b

a b



S16

Table S1. Activity and selectivity comparison of our work and other reported 2e- 

ORR electrocatalysts.

Catalyst Electrolyte Onset potential (V vs. RHE) Selectivity (%) References

Co1-NG(O) 0.1 M KOH ~0.83 82 1

Co-POC-O 0.1 M KOH 0.84 ~84 2

Pt/TiN 0.1 M HClO4 ~0.60 65 3

Pt/TiC 0.1 M HClO4 ~0.60 68 4

h-Pt1-CuSx 0.1 M HClO4 ~0.70 96 5

Pt/HSC 0.1 M HClO4 0.71 96 6

Mo1/OSG-H 0.1 M KOH 0.78 95 7

Ni-N2O2/C 0.1 M KOH ~0.70 96 8

Ni-SA/G-0 0.1 M KOH 0.74 94 9

G/CDs 0.1 M KOH 0.85 82 10

HPCS-S 0.1 M KOH 0.77 70 11

G-COF-950 0.1 M KOH ~0.74 75 12

CoS2 0.05 M H2SO4 0.69 ~70 13

OCB-120 0.1 M KOH 0.80 63.5 14

Co-SAs/NC 0.1 M KOH 0.84 76 This work
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Table S2. Comparison of H2O2 yield using H-cell of our work and other reported 2e- 

ORR electrocatalysts.

Catalyst Electrolyte
Potential

(V vs. RHE)

Electrolysis 

time (h)

Production rate

(mmol gcat
-1 h-1)

FE (%) References

Pt/HSC 1 M HClO4 0 6 16.67 - 6

Ni-N2O2/C 0.1 M KOH 0.4 8 45.1 85 8

CoS2/CFP 0.05 M H2SO4 0.5 1 38.56 41.2 13

rGO/PEI 0.1 M KOH 0.74 0.5 106.4 90.7 15

o-CoSe2/CFP 0.05 M H2SO4 0.5 6 15.18 53.5 16

c-CoSe2/CFP 0.05 M H2SO4 0.5 5 8.08 7.1 16

Co-SAs/NC 0.1 M KOH 0.5 10
38.1±1.5 or

17318±682 mmol gCo
-1 h-1

72.1±4.2% This work
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