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1. Experimental section

1.1 Chemicals and materials

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

purification. Pyrrole (98%) and Co(NO3)3·6H2O were 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 Synthesis of Co–CN–m 

Co–doped g–C3N4 (Co–CN) was synthesized according to the previous works. 

Briefly, 10.0 g of urea powder and 20.0 mg of Co(NO3)2·6H2O were dissolved 

distilled deionized water. After dried, the obtained compound was put into an 

aluminum–foil–wrapped crucible with a lid and heated in a muffle furnace in air from 

room temperature to 550 °C at a heating rate of 5 °C min–1 and maintained at this 

temperature for 2 h. After cooled, the obtained sample was washed several times with 

deionized water, dried and named as Co–CN–20. Similarly, sample Co–CN–10, Co–

CN–30, and Co–CN–40 were synthesized in the same manner, but with 10.0, 30.0 and 

40.0 mg of Co(NO3)2·6H2O in the reaction, respectively. The g–C3N4 (CN) was 

obtained by the similar method but without the addition of Co(NO3)2·6H2O.

1.3 Synthesis of Co–N–C–m

240.0 mg Co–CN–m was dispersed in 90.0 mL deionized water and then 180.0 
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μL pyrrole (PY) was added. After ultrasound stirring for ~1.5 h, 6.0 mL 12.0 M HCl 

was added into the above suspension during agitation. Subsequently, 1.80 g 

(NH4)2S2O8 was slowly added under ice bath condition to initiate the polymerization 

of pyrrole. After 12 h, the black product polypyrrole (PPY)/Co–CN–m compounds 

were separated by centrifugation. The obtained PPY/Co–CN–m compounds were 

annealed under flowing N2 at 900 °C for 2 h to get Co–N–co–doped carbon (Co–N–

C–m). In addition, N–doped carbon (NC) was synthesized without the addition of Co–

C–N–m, and was notated as Co–N–C–m. Similarly, N–doped multi-hole carbon 

(NMC) was also prepared using CN as a template.

1.4 Materials Characterization and Testing

1.4.1 Materials Characterization

The morphology and microstructure of the samples were measured by scanning 

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

(TEM, JEOL, JEM–2100) and high–angle annular dark–field STEM (HAADF–STEM, 

FEI Themis Z). The crystalline structure and defect nature of these samples were 

examined with X-ray diffraction (XRD, Rigaku, Ultima IV) and Raman spectroscopy 

(Jobin Yvon, Labram–010). Fourier transforminfrared spectroscopy (FTIR, Thermo 

Nicolet) decorated with an AVATAR 370 spectrometer and 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 obtained on a surface area and pore size analyzer 



S4

(Micromeritics, ASAP 2020 HD) by recording the N2 adsorption/desorption curves. 

Thermal gravimetric analysis (TGA) was recorded using a Rigaku standard TG-DTA 

analyzer (TG8121). The metal content of the Co–N–C–20 was analyzed by an iCAP 

7600 ICP-OES instrument. 

1.4.2 Electrochemical measurement

a. ORR performance

The electrochemical performance was tested in 0.1 M KOH electrolyte with a 

typical three-electrode system on a rotating disk electrode (RDE, 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. 10.0 μL of 2.0 mg mL–1 dispersed sample ink was 

dropped onto a polished glassy carbon electrode (GCE, Φ=5 mm). Then, 6.0 μL of 

0.050 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. 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 were calculated with the typical Koutechy–Levich (K–L) 

equationS1–S2:
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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 with the following equationsS3:

% H2O2=                         (2) NI
NI

r

r

dI
200

    n=                           (3) 
NII

I

rd

d

/
4


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.

Calculation of mass activity was done by the formula (A g−1) = J/m, where J is 

the current density (mA cm−2) at η = 0.75 V, and m is the mass loading of 

electroactive materials. Turnover frequency (TOF) (s−1) = JA/4nF with J as the 

current density (A cm−2) at η = 0.75 V, n is the number of moles of the active sites, A 

is the geometrical surface area of the electrode, F is the faraday constant (96485.3 s A 

mol–1) S4-S5. 

b. LIBs performance

Electrochemical measurements were implemented with standard two–electrode 

coin–cell (CR 2025). Cells were fabricated with lithium foil as the counter electrode, 
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1.0 M LiPF6 dissolved into the mixture solvent comprised of dimethyl 

carbonate/ethyl methyl carbonate/ethylene carbonate (1:1:1 by volume) as the 

electrolyte and Celgard 2500 as the separator. The working electrodes were prepared 

by mixing the active material (80 wt%), acetylene black (10 wt%), and polyvinylidene 

difluoride binder (10 wt%) in N–methyl–2–pyrrolidone, then coating the slurry 

uniformly coated on Cu foils and drying under vacuum at 80 ℃ for 12 h. The cells 

were assembled in an argon filled glovebox (the water and oxygen content were 

below 0.1 ppm). Cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) tests were conducted on an electrochemical workstation (Gamry 

Instruments, RDE 710). The EIS was measured at open circuit potential within the 

frequency range of 0.01–100 kHz, and CV was tested within the voltage range of 

0.005–3.0 V. The galvanostatic charge/discharge curves were carried on a cell test 

system (Land CT2001 A) within the voltage range of 0.005–3.0 V at room 

temperature.
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Fig. S1 TGA curves of Co–N–C–m in air from room temperature to 800 °C

Fig. S2 High–resolution C 1s spectrum of NMC (a), Co–N–C–10 (b), Co–N–C–30 (c) 

and Co–N–C–40 (d)
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Fig. S3 High–resolution N 1s spectrum of NMC (a), Co–N–C–10 (b), Co–N–C–30 (c) 

and Co–N–C–40 (d)

Fig. S4 High–resolution Co 2p spectrum of Co–N–C–10 (a), Co–N–C–30 (b) and 

Co–N–C–40 (c)
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Fig. S5 FTIR spectra of Co–N–C–20.

Fig. S6 CV curves on Co–N–C–20 electrode in oxygen and nitrogen saturated 0.1 M 

KOH electrolyte.

Fig. S7 LSV-RRDE profiles of NC, NMC and Co–N–C–m in O2–saturated 0.1 M 

KOH.
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Fig. S8 LSV curves on NC (a), NMC (b), Co–N–C–10 (c), Co–N–C–20 (d), Co–N–

C–30 (e) and Co–N–C–40 (f) electrodes at different rotation speeds in 0.1 M KOH 

electrolyte.

Fig. S9 K–L plots on NC, NMC and Co–N–C–m electrodes at various potentials in 

0.1 M KOH electrolyte (d).
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Fig. S10 CV curves on Co–N–C–20 electrode before and after 4500 continuous 

cycles in 0.1 M KOH electrolyte (a); LSV curves on Co–N–C–20 electrode at the 

rotation rate of 1600 rpm before and after 4500 continuous CV cycles in 0.1 M KOH 

(b); the i–t curves on Co–N–C–20 and commercialized Pt/C electrodes at 0.67 V for 

20000 s in O2 saturated 0.1 M KOH electrolyte (c); the i–t curves on Co–N–C–20 and 

commercialized Pt/C electrodes at 0.67 V in O2 saturated 0.1 M KOH electrolyte 

before and after adding 3 M methanol (d).

Fig. S11 CV curves of NC (a) and NMC (b) at 0.4 mV s–1.
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Fig. S12 Cycling performance at 0.5 (a) and 1 A g–1 (b) of the NC, NMC and Co–N–

C–20, respectively.
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Table S1 The specific BET result of NC, NMC and Co–N–C–20

Samples Specific surface area (m2/g) pore volume (cm3/g) average pore width (nm)

NC 21.8 0.08 13.78

NMC 256.5 1.08 16.81

Co–N–C–20 317.3 1.39 17.50

Table S2 The XPS result of NMC and Co–N–C–m 

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

NMC 86.85 11.11 2.04 ——

Co–N–C–10 86.01 11.20 2.53 0.26

Co–N–C–20 85.76 11.66 2.24 0.33

Co–N–C–30 85.42 11.47 2.71 0.40

Co–N–C–40 85.26 10.70 3.53 0.51

Table S3 The C 1s spectra fitting results of NMC and Co–N–C–m 

Samples C=C (%) C–N (%) C=O (%) O-C=O (%)

NMC 43.05 31.84 11.66 13.45

Co–N–C–10 40.80 33.90 15.78 9.52

Co–N–C–20 39.29 36.19 12.82 11.69

Co–N–C–30 39.02 35.18 14.80 11.00

Co–N–C–40 38.89 31.33 16.74 13.04
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Table S4 The N 1s spectra fitting results of NMC and Co–N–C–m 

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

NMC 20.91 12.28 41.01 25.80

Co–N–C–10 24.97 8.40 41.43 25.20

Co–N–C–20 27.08 3.30 46.42 23.21

Co–N–C–30 26.91 6.66 42.22 24.21

Co–N–C–40 26.64 6.88 41.40 25.08

Table S5 The Co 2p spectra fitting results of Co–N–C–m 

Samples Co0 (%) Co 2p3/2 (%) Sat. (%) Co 2p1/2 (%) Co–N (%)

Co–N–C–10 20.70 22.71 29.95 13.45 13.19

Co–N–C–20 25.11 22.67 23.80 13.48 14.94

Co–N–C–30 23.93 23.05 24.94 13.85 14.23

Co–N–C–40 23.18 24.92 24.20 13.99 13.71

Table S6 Comparison of ORR activity data for Co–N–C–m catalysts. 

Catalysts Mass activity (A g–1) TOF (s–1)

Co–N–C–10 23.0 0.39

Co–N–C–20 42.1 0.62

Co–N–C–30 39.8 0.47

Co–N–C–40 38.7 0.42
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Table S7. Comparison of the ORR performance between this work and some other 

works reported previously

Samples

Limiting

current 

density

(mA cm-2)

E1/2

(V vs. 

RHE)

Eonset

(V vs. 

RHE)

Electron

transfer 

number

(n)

loading 

mass

(mg cm-2)

References

Co–N–C–20 4.96 0.87 1.03 3.99 0.10 This work

Single–holed Co/NC

hollow particles
5.30 0.87 0.98 3.99 0.25 [S6]

Co/CoNx/N–CNT/C 3.84 0.80 0.90 3.77 0.34 [S7]

Co–N–doped CFs 5.95 0.83 0.95 3.97 0.26 [S8]

Co–pyridinic N–C 5.30 0.87 0.99 3.99 0.25 [S9]

Co–N–C–900 4.20 0.80 0.92 3.70 0.20 [S10]

Co@NC/rGO–800 5.90 0.86 0.98 3.98 0.43 [S11]

Table S8. Comparison of the lithium storage properties between this work and some 

other works reported previously

Samples
Current density 

(mA g–1)
Cycle number (n)

Remaining capacity 

(mAh g–1)
References

Co–N–C–20 2000 650 659 This work

S-doped Co/N/C 

mesoporous nanorods
1000 500 624 [S12]

Co/CoNx/N–CNT/C 1860 (5 C) 500 1091 [S13]

Co/NC–700 1000 1000 434 [S14]

3D rich Fe–N–C 

species
1860 (5 C) 400 400 [S15]

Ni@NC–rGO 1000 600 1047 [S16]

N–C@Co/Ni HDNCs 2000 500 323 [S17]
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