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Materials and reagents 

Multi−walled CNTs were purchased from Suzhou Tanfeng Graphene Technology 

Co., Ltd. H2SO4 (AR, 98%), HCl (AR, 38%), H2O2 (AR, 30%), KOH (AR, 99%), 

KMnO4 (AR, 99.5%) , urea (AR, 98.5%) and sulfourea (AR, 99%) were obtained from 

Sinopharm Chemical Reagent (SCR, Shanghai, China). All reagents were used as 

received without further purification. 

Synthesis of GNRs  

300 mg of commercial multi−walled CNTs were the raw materials and mixed with 

72 mL of 98% H2SO4 in a small beaker. The mixture was stirred for 30 min and 

dispersed in the ultrasonic machine for 10 min. 1.5 g of KMnO4 was slowly added into 

the mixture, and the beaker was placed in a larger beaker with ice water. The mixture 

was put in an oil−bath pan and the temperature was kept at 65 ℃ for 1 h. The solution 

was then poured into 500 mL of ice, followed by the addition of 18 mL of H2O2. The 

reaction lasted for 10 min, and GNRs were obtained after filtration, rinsing and freeze 

drying. 

Structural characterization 

The microstructure of samples was observed by scanning electron microscopy 

(SEM, JEOL JSM−7800F; Tokyo, Japan), with an acceleration voltage of 5 kV, and by 

high−resolution transmission electron microscopy (TEM, JEOL JEM−2100; Tokyo, 

Japan) working at 120 kV. Element mapping analyses were detected using a JEOL 

JSM−2100F microscope at an accelerating voltage of 15 kV. X−ray photoelectron 

spectroscopy (XPS, ESCALAB 250Xi; Thermo Fisher, Waltham, MA, USA), with the 
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excitation source of Mg Kα, was used to analyze the chemical composition and bond 

configuration, and the detection sensitivity of XPS was at 0.1%. Raman spectra were 

collected using a Raman spectrometer (Thermo Fisher, Waltham, MA, USA) with a 532 

nm wavelength of laser light at 5 mW).  

Electrochemical characterization  

Electrochemical characterization of the catalysts was performed in a standard 

three−electrode cell using an electrochemical workstation (CHI760E; Shanghai Chen 

Hua Medical Instruments Co., Ltd., Shanghai, China). A Pt wire counter electrode and 

an Ag/AgCl reference electrode in saturated KCl solution were used. A rotating disk 

electrode (RDE; PIN USA, Glendale, CA) with a glassy carbon disk (5 mm in diameter) 

was used as the working electrode for cyclic voltammetry (CV) and RDE measurement. 

A rotating ring−disk electrode (RRDE; PIN USA, Glendale, CA) with a glassy carbon 

disk (area of 0.2475 cm2) and a Pt ring (area of 0.1866cm2) was used as the working 

electrode for RRDE measurement. All potentials measured against an Ag/AgCl 

electrode in this study were converted to potentials vs. reversible hydrogen electrode 

(RHE) according to E vs. RHE = E vs. Ag/AgCl + (0.059 pH + 0.197) V. 

Catalysts (2 mg) were dispersed in a 1 mL mixed solvent of isopropanol and nafion 

(19.88:0.12) for at least 2 h of sonication to form a homogeneous ink. Then, the catalyst 

ink (20 μL) was loaded onto an RDE or RRDE and dried overnight at room temperature. 

An electrolyte of 0.1 M KOH was saturated with oxygen or nitrogen by bubbling O2 or 

N2 for 30 min before each experiment. Prior to all the measurements, the deposited 
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catalyst was electrochemically cleaned in N2−saturated 0.1 M KOH for 20 CV cycles 

at a scan rate of 50 mV s−1.  

For CV measurement, the working electrode was cycled between 1.17 ~ −0.06 V 

in O2− or N2−saturated KOH solution at 50 mV s−1. RDE measurement was conducted 

from 0.96 ~ −0.06 V at rotation speeds from 625 to 2500 rpm in O2−saturated 0.1 M 

KOH at 10 mV s−1. A flow of O2 was maintained over the electrolyte during the 

recording of the RDE in order to ensure its continuous gas saturation. Koutecky–Levich 

(K−L) plots (J−1 vs. ω−1/2) were analyzed at various electrode potentials. The slopes of 

their linear fit lines were used to calculate the number of electrons transferred (n) on 

the basis of the K−L equation [43]:  
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where J is the measured current density, JK and JL are the kinetic and diffusion−limiting 

current densities, ω is the angular velocity, n is the electron transfer number, F is the 

Faraday constant (96485 C mol−1), C0 is the concentration of dissolved O2 (1.2×10−6 

mol cm−3), D0 is the diffusion coefficient of O2 (1.9×10−5 cm2 s−1) and v is the kinematic 

viscosity of the electrolyte (0.01 cm2 s−1). For the Tafel plots, the kinetic current was 

calculated from the mass−transport correction of the RDE by: 

𝐽𝐽𝐾𝐾 =  
𝐽𝐽𝐿𝐿 × J
𝐽𝐽𝐿𝐿 −  𝐽𝐽

 

RRDE measurement was conducted at a rotation speed of 1600 rpm in 

O2−saturated 0.1 M KOH at 10 mV s−1. The potential of the Pt ring was fixed at 0.5 V. 

The HO2− (%) and the electron transfer number (n) were determined by the following 

equations:  



𝐻𝐻𝑂𝑂2− (%) =  200 ×  
Ir N⁄

Id +  Ir N⁄
 

𝑛𝑛 = 4 ×  
Id

Id + Ir N⁄  
 

where Id is the disk current, Ir is the ring current and N is the current collection 

efficiency of the Pt ring. N was determined to be 0.37 from the reduction of 

K3[Fe(CN)6]. 



 

Figure S1. Electrochemical characterizations of N, S−GNR−2s synthesized at different 

temperatures in 0.1 M KOH. (a) CV curves in O2−saturated and N2−saturated solution. 

(b) RDE polarization curves at 1600 rpm. (c) Onset potentials and half−wave potentials. 

  



 

Figure S2. Electrochemical characterizations of N−GNRs. (a) RDE polarization curves 

at different rotating speeds in 0.1 M KOH and (b) the corresponding K–L plots at 

different potentials. 

  



 

Figure S3. Electrochemical characterizations of N, S−GNRs. (a) RDE polarization 

curves at different rotating speeds in 0.1 M KOH and (b) the corresponding K–L plots 

at different potentials. 



 

Figure S4. An XPS survey of N−GNRs, N, S−GNRs and N, S−GNR−2s. 

  



Table S1. An electrocatalytic property comparison between our work and some relevant 

studies. 

Materials Eonset E1/2 n References 

N, S−GNR−2s 0.89 V vs. RHE 0.79 V vs. RHE 3.66 − 3.67 This work 

N, S co−doped hierarchically 
porous carbon 

0.84 V vs. RHE 0.74 V vs. RHE − [47] 

N, S co−doped mesoporous 
dominated carbons 

0.796 V vs. RHE 0.613 V vs. RHE 
3.76 − 

4.02 
[48] 

N/S co−doped 
multi−walled carbon nanotubes 

0.87 V vs. RHE 0.71 V vs. RHE 3.8 − 3.9 [49] 

N, S co−doped porous carbons 0.913 V vs. RHE 0.829 V vs. RHE 3.91 − 3.98 [50] 

N, S co−doped graphene 
0.002 V vs. 

Hg/HgO 
− 2.98 − 3.36 [51] 

N, S co−doped CNT−graphene 
hybrids 

0.94 V vs. RHE 0.76 V vs. RHE − [52] 

N, S co−doped oxygen 
functionalized carbons 

0.92 V vs. RHE 0.81 V vs. RHE 3.9 [53] 

N, S co−doped hierarchical 
porous carbon nanospheres 

1.01 V vs. RHE 0.85 V vs. RHE − [54] 

N, S−doped carbon framework − 0.86 V vs. RHE 3.86 − 3.96 [55] 

  



Table S2. The elemental contents of N−GNRs, N, S−GNRs and N, S−GNR−2s based 

on XPS analysis in Figure S4. 

Materials C % N % O % S % 

N−GNRs 88.81 5.43 5.76 − 

N, S−GNRs 89.80 5.67 3.33 1.20 
N, S−GNR−2s 84.66 10.93 3.40 1.01 
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