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1.1 Chemicals and materials

All the reagents were of analytical grade and used as received without further 

purification. Pyrrole (98%) was purchased from Sigma–Aldrich Co., Ltd. Urea (99%) 

was bought from Shanghai Aladdin Biochemical Technology Co., Ltd. Ammonium 

persulphate (≥98%) was bought from Shanghai Shiyicr Co., Ltd. Ultrapure water was 

used in this study.

1.2 Characterization

The morphology and microstructure of the obtained samples were measured by 

scanning electron microscope (FE-SEM, JEOL, JSM-6330f) and transmission 

electron microscope (TEM, JEOL, JEM–2100). The crystalline structure and defect 

nature of these samples were detected by X-ray diffraction (XRD, Rigaku, Ultima IV) 

and Raman spectroscopy (Jobin Yvon, Labram–010). X–ray photoelectron 

spectroscopy (XPS) equipped with an ESCALAB250 XPS spectrometer were used to 

analyze the chemical composition of these samples. The specific surface area and 

pore structure of these samples were tested on an analyzer (Micromeritics, ASAP 

2020 HD) by recording the N2 adsorption/desorption curves.

1.3 Electrochemical measurement

1.3.1 ORR performance

The whole electrochemical performance was tested in 0.1 M KOH electrolyte 

with a typical three-electrode system on rotating disk electrode (Gamry Instruments, 

RDE 710). A platinum foil and Ag/AgCl electrode full of saturated KCl solution were 

adopted as auxiliary electrode and reference electrode, respectively. The working 



electrode was prepared as follows. Specifically, 10 μL of 2 mg mL–1 dispersed sample 

ink was dropped onto a polished glassy carbon electrode (GCE, Φ=5 mm). Then, 6 μL 

of 0.05 wt.% Nafion solution was overlain on GCE to acquire the final working 

electrode. All potentials in this work was calibrated to reversible hydrogen electrode 

(RHE) by the equation: E RHE = E Ag/AgCl + 0.97 V in 0.1 M KOH electrolyte [S1]. 

Before ORR tests, the electrolyte saturated with N2 or O2 was realized by bubbling 

with pure N2 or O2 for at least 30 mins. Cyclic voltammetry (CV) was conducted in 

saturated N2 or O2 aura within the voltage range between 1.17 V and –0.03 V. Linear 

sweep voltammetry (LSV) was measured at a scanning rate of 10 mV s–1 within the 

voltage range between 1.05 V and 0.02 V at different rotation speeds from 400 to 

1600 rpm. The ORR kinetic parameters can be calculated by typical Koutechy–Levich 

(K–L) equation [S2–S3]:
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Where J represents tested current density, JK is kinetic current density. n is 

electron transfer number, F refers to Faraday constant (96485 C mol–1), C0 is O2 bulk 

concentration (1.2×10–3 M), D0 stands for oxygen diffusion coefficient (1.9×10-5 

cm2 s–1), ν is electrolyte kinetic viscosity (0.01 cm2 s–1) and ω is disk angular velocity.

The H2O2 generation of the carbon samples was measured by rotating ring-disk 

electrode (RRDE-3A, ALS). The H2O2 yield (% H2O2) and electron transfer number 

were calculated by the following equations [S4]:
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Where Id is disk current, Ir is ring current, N is current collection efficiency of the Pt 

ring (N=0.37) and n refers to the electron transfer number during ORR process.

1.3.2 Zn–air batteries performance

The Zn–air battery tests were conducted in home–made electrochemical cells. 

The EN–PCNS or Pt/C catalyst (De Nora Elettrodi Co. Ltd., 20 wt.% Pt on carbon 

black) was loaded on carbon cloth with a mass loading of ~1.0 mg cm-2 to prepare the 

air cathode. A piece of polished Zn foil with the thickness of 0.1 mm and polymer gel 

were utilized as the anode and electrolyte, respectively. The preparation of the 

polymer gel electrolyte was described as follows. Firstly, 0.5 g of acrylic acid and 

0.075 g N, N’ –methylene–bisacrylamide (MBA) were sequentially added into 5 mL 

of 11.25 M KOH solution containing 0.25 M ZnO. After stirring for over 0.5 h, the 

existing white precipitate was filtered out, and then 75 µL of saturated K2S2O4 as the 

initiator was added into the residual solution. In the last step, a certain amount of the 

obtained mixed solution was transferred into the void of acrylic tape. Once the 

solution completed polymerization process, the polymer gel electrolyte could be 

successfully made. The battery measurements were performed on a LAND battery 

testing system and an electrochemical workstation (CHI 760E).
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Table S1 The specific BET result of NC, NMC, N–PCNS–40 and EN–PCNS

Samples Specific surface area (m2/g)

NC 21.8

NMC 256.5

N–PCNS–40 497.3

EN–PCNS 945.3

Table S2 The XPS result of NMC, N–PCNS–m and EN–PCNS 

Samples C (at. %) N (at. %) O (at. %)

NMC 86.9 11.1 2.0

N–PCNS–20 86.0 11.5 2.5

N–PCNS–40 86.3 11.1 2.6

N–PCNS–60 88.6 9.1 2.3

N–PCNS–80 88.6 8.5 2.9

EN–PCNS 89.8 5.5 4.7



Table S3 The N 1s spectra fitting results of NMC, N–PCNS–m and EN–PCNS

Samples Pyridinic–N (%) Pyrrolic–N (%) Graphitic–N (%) Oxygenated–N (%)

NMC 20.9 12.3 41.0 25.8

N–PCNS–20 21.6 11.9 42.8 23.7

N–PCNS–40 23.8 11.9 46.5 17.8

N–PCNS–60 23.7 16.6 43.9 15.8

N–PCNS–80 22.0 11.3 43.1 23.6

EN–PCNS 16.6 10.4 54.5 18.5



Table S4 Comparison of the ORR performance between this work and some other 

works reported previously

Samples
Electrolyte

(KOH)

Limiting 

current 

density

 (mA cm-2)

E1/2 

(V vs. 

RHE)

Electron 

transfer 

number 

(n)

loading 

mass

(mg cm-2)

References

N–PCNS–40 0.1 M 4.71 0.79 3.82 0.10 This work

EN–PCNS 0.1 M 5.15 0.82 4.00 0.10 This work

N–CSH 0.1 M 3.40 0.80 4.00 0.10 S5

N, S–CMTs–800–60 0.1 M 4.60 0.76 3.87 0.32 S6

N, S–CD/rGO 0.1 M 4.51 0.69 3.90 0.34 S7

NPGC–950 0.1 M 4.90 0.75 3.79 0.20 S8

N, S–SMC 0.1 M 5.19 0.81 3.80 0.50 S9

N–C–MOF–5 0.1 M 3.30 0.76 3.80 0.10 S10

NSC/MPA–5 0.1 M 3.30 0.76 3.99 0.25 S11

800–N, P–CNT 0.1 M 6.10 0.80 3.80 0.10 S12

NCN–1000–5 0.1 M 6.43 0.82 3.92 0.20 S13

PNCR 0.1 M 4.30 0.71 3.67 0.20 S14



References

[S1] K. N. Chaudhari, M. Y. Song, J. Yu, Transforming Hair into Heteroatom–Doped 

Carbon with High Surface Area, Small, 2014, 10, 2625–2636.

[S2] Q. Q. Shi, F. Peng, S. X. Liao, H. J. Wang, H. Yu, Z. W. Liu, B. S. Zhang, D. S. 

Su, Sulfur and nitrogen co–doped carbon nanotubes for enhancing electrochemical 

oxygen reduction activity in acidic and alkaline media, J. Mater. Chem. A, 2013, 1, 

14853–14857.

[S3] Z. Y. Wu, X. X. Xu, B. C. Hu, H. W. Liang, Y. Lin, L. F. Chen, S. H. Yu, Iron 

carbide nanoparticles encapsulated in mesoporous Fe‐N‐doped carbon nanofibers for 

efficient electrocatalysis, Angew. Chem. Int. Ed., 2015, 54, 8179–8183.

[S4] C. Y. Chen, C. Tang, H. F. Wang, C. M. Chen, X. Y. Zhang, X. Huang, Q. 

Zhang, Oxygen reduction reaction on graphene in an electro–fenton system: in situ 

generation of H2O2 for the oxidation of organic compounds, ChemSusChem, 2016, 10, 

1194–1199.

[S5] G. A. Ferrero, K. Preuss, A. B. Fuertes, M. Sevilla, M.-M. Titirici. The influence 

of pore size distribution on the oxygen reduction reaction performance in nitrogen 

doped carbon microspheres. Journal of Materials Chemistry A, 2016, 4, 2581–2589.

[S6] Luting Song, Jinquan Chang, Yanhong Ma, Wenyu Jiang, Yuanqing Xu, Cheng 

Liang, Zhexue Chen, Yong Zhang. Biomass–derived nitrogen and sulfur co–doped 

carbon microtubes for the oxygen reduction reaction. Materials Chemistry Frontiers, 

2020, 4, 3251–3257.

[S7] P. Zhang, J. S. Wei, X. B. Chen, H. M. Xiong, Heteroatom–doped carbon dots 



based catalysts for oxygen reduction reactions. J. Colloid Interf. Sci., 2019, 537, 716–

724.

[S8] B. Men, Y. Z. Sun, M. J. Li, C. Q. Hu, M. Zhang, L. N. Wang, Y. Tang, Y. M. 

Chen, P. Y. Wan, J. Q. Pan, Hierarchical metal-free nitrogen-doped porous 

graphene/carbon composites as an efficient oxygen reduction reaction catalyst. ACS 

Appl. Mater. Inter., 2016, 2, 1415–1423.

[S9] D. Kim, G. Kim, S. Oh, J. Park, S. Lee, S. Yoon, J. Lee, W. Lee, T. Y. Jeon, E. 

Cho, K. Sohn, D. K. Yang, J. Kim. Dual–Doping of Sulfur on Mesoporous Carbon as 

a Cathode for the Oxygen Reduction Reaction and Lithium–Sulfur Batteries. ACS 

Sustain. Chem. Eng., 2020, 8, 8537–8548.

[S10] J. Li, Y. Y. Chen, Y. J. Tang, S. L. Li, H. Q. Dong, K. Li, M. Han, Y. Q. Lan, J. 

C. Bao, Z. H. Dai. Metal–organic framework templated nitrogen and sulfur co–doped 

porous carbons as highly efficient metal–free electrocatalysts for oxygen reduction 

reactions. J. Mater. Chem. A, 2014, 2, 6316–6319.

[S11] A. Mulyadi, Z. Zhang, M. Dutzer, W. Liu, Y. L. Deng. Facile approach for 

synthesis of doped carbon electrocatalyst from cellulose nanofibrils toward 

high performance metal–free oxygen reduction and hydrogen evolution. Nano Energy, 

2017, 32, 336–346. 

[S12] Z. T. Li, W. N. Zhao, C. Z. Yin, L. Q. Wei, W. T. Wu, Z. P. Hu, M. B. Wu. 

Synergistic effects between doped nitrogen and phosphorus in metal–free cathode for 

zinc–air battery from covalent organic frameworks coated CNT. ACS Appl. Mater. 

Inter., 2017, 9, 44519–44528.



[S13] H. Jiang, J. X. Gu, X. S. Zheng, M. Liu, X. Q. Qiu, L. B. Wang, W. Z. Li, Z. F. 

Chen, X. B. Ji, J. Li. Defect–rich and ultrathin N doped carbon nanosheets as 

advanced trifunctional metal–free electrocatalysts for the ORR, OER and HER. Energ. 

Environ. Sci. 2019, 12, 322–333.

[S14] Z. Y. Sui, X. Li, Z. Y. Sun, H. C. Tao, P. Y. Zhang, L. Zhao, B. H. Han, 

Nitrogen–doped and nanostructured carbons with high surface area for enhanced 

oxygen reduction reaction. Carbon, 2018, 126, 111–118.


