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S1. Experimental section 

S1.1. Chemicals

The ligand DCP was synthesized according to the literatures.S1-S3 All the other 

chemicals were commercially purchased and used as received.

S1.2. Material characterization

The powder X-ray diffraction (PXRD) was obtained on a D/MAX-rA (Rigaku) 

diffractometer with Cu Kα radiation (λ = 1.542 Å) with a scan rate of 4°/min. Raman 

spectrum was tested using Monovista CRS500. X-ray photoelectron spectrums (XPS) 

were carried out using ESCALAB Xi+. N2 adsorption experiment was tested using a 

Micrometrics ASAP 2020M. Electron microscopy measurements were measured 

using field-emission scanning electron microscopy (SEM, JSM-6360). Transmission 

electron microscopy (TEM) was measured by JEM-2100 at 200 kV.

S1.3. Electrochemical measurements

The electrocatalytic performance was tested using a Gamry references 3000 

electrochemical workstation and a Pine electrode rotator. In this experiment, 3.2 mg 

NDC-800 catalyst (or 20% Pt/C) and 2.5 mg toner were dispersed in 570 µL pure H2O 

and 177 µL ethanol, and then added with 3 µL 5wt.% Nafion to form a mixture. The 

mixture was ultrasonic for a period of time to disperse evenly. After that, 12 µL of the 

mixture were uniformly dripped onto the electrode. ORR tests were performed in a 70 

mL 0.1 M KOH electrolyte using a three-electrode system. RDE (rotating disk 

electrode) glass carbon electrode as the working electrode, saturated Ag/AgCl as the 

reference electrode, platinum foil as the counter electrode. For comparison purposes, 

all potentials are relative to the reversible hydrogen electrode (RHE). The equation 

used is as follows:

ERHE = EAg/AgCl + 0.197 V + 0.0591pH

Koutecky-Levich (K-L) equations (research on ORR dynamics based on RDE data):

                                             (1a) 

B = 0.62nFC* O2D2/3 O2v-1/6                                            
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(1b)

JK = nFkC* O2                                               (1c)

The equation of H2O2 yield and n was calculated from the RRDE (rotating ring disk 

electrode) data:

                                                      (2a)
𝐻2𝑂2% =

2𝐼𝑅/𝑁

𝐼𝐷+ 𝐼𝑅/𝑁

                                                           (2b)
𝑛=

4𝐼𝐷
𝐼𝐷+ 𝐼𝑅/𝑁

In equation (1), J, JL and JK are the measured current density, diffusion limit 

current density and dynamic current density (mA cm-2), respectively. B is the inverse 

of the slope from K-L plots. 𝜔 is RDE electrode rotating angular velocity (rad s-1). n is 

the number of electrons transferred. F is Faraday's constant (96485 C mol-1). C* O2 is 

the concentration of oxygen in the solution (1.2×10-6 mol cm-3). DO2 is the diffusion 

coefficient of O2 in the electrolyte (1.9 × 10-5 cm2 s-1). v is the kinematic viscosity of 

electrolyte at room temperature (0.01 cm2 s-1). k is the electron transfer rate constant.

In equation (2), IR is the ring current, ID is the disk current, and N is the current 

collection efficiency of the Pt ring (0.37).

S1.4. Density functional theory (DFT) calculation

All calculations are performed with the VASP simulation package.S4 The core 

electrons are treated with the Projector Augmented Wave (PAW) approach.S5,S6 The 

Perdew, Burke and Ernzerhof (PBE) functional is adopted to calculate the exchange 

and correlation energy, as formulated in the generalized gradient approximation 

(GGA) of the density functional theory.S7,S8 The Kohn-Sham valence states were 

expanded in a plane-wave basis set with a cutoff energy of 400 eV. For the Brillouin 

zone integration, a Monkhorst-Pack 3 × 3 × 1 mesh was used. The force threshold of 

all the relaxed atoms was set to 0.05 eV/Å. In all cases, at least 15 Å of empty space 

above the adsorbed species is considered to avoid interactions between the replicas of 

the slab model.
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S2. Additional Figs in supporting information

Fig. S1. (a) The N2 sorption isotherm. (b) The pore size distribution curve of NDC-

700.

Fig. S2. (a) The N2 sorption isotherm. (b) The pore size distribution curve of NDC-

900.
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Fig. S3. (a) The XPS survey spectrum. (b, c) The XPS spectra of C 1s and N 1s of 

NDC-700.

Fig. S4. (a) The XPS survey spectrum. (b, c) The XPS spectra of C 1s and N 1s of 

NDC-900.
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Fig. S5. (a) Locally amplified spectrum of Fe 2p in XPS full spectrum and (b) Fe 2p 

spectrum of NDC-800.

Fig. S6. EDS spectrum of NDC-800.
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Fig. S7. (a-c) The SEM images of NDC-700 at different magnifications. (d-f) The 

EDS mapping images of selected regions: C, N and O.

Fig. S8. (a-c) The SEM images of NDC-900 at different magnifications. (d-f) The 

EDS mapping images of selected regions: C, N and O.
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Fig. S9. (a) CV plots of the NDC-700 in O2/N2-saturated KOH solution (0.1 M). (b) 

ORR LSV curves of the NDC-700 catalyst. (c) K-L plots of the NDC-700 catalyst 

between potentials of 0.3 and 0.7 V. (d) RRDE polarization curves of NDC-700 

catalyst at 1600 rpm (inset: extent of H2O2 yield and n).
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Fig. S10. (a) CV plots of the NDC-900 in O2/N2-saturated KOH solution (0.1 M). (b) 

ORR LSV curves of the NDC-900 catalyst. (c) K-L plots of the NDC-900 catalyst 

between potentials 0.3 and 0.7 V. (d) RRDE polarization curves of NDC-900 catalyst 

at 1600 rpm (inset: extent of H2O2 yield and n).
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Fig. S11. Histogram of various ORR electrochemical evaluation parameters of NDC-

700, NDC-800, NDC-900 and 20% Pt/C.
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Fig. S12. (a) Polarization curves before and after 1000 cycles accelerated durability 

test (ADT) in 0.1 M KOH for ORR.

Fig. S13. OER stability of NDC-800 catalyst (i-t curve).
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Fig. S14. (a) Polarization curves before and after 1000 cycles accelerated durability 

test (ADT) in 1.0 M KOH for OER.
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Fig. S15. PXRD patterns for NDC-800 catalyst after ORR stability test.

Fig. S16. PXRD patterns for NDC-800 catalyst after OER stability test.
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Fig. S17. (a-b) The SEM images at different magnifications. (c-f) The EDS mapping 

images of selected regions: C, N and O for NDC-800 catalyst after ORR stability test. 

Fig. S18. (a-b) The SEM images at different magnifications. (c-f) The EDS mapping 

images of selected regions: C, N and O for NDC-800 catalyst after OER stability test. 
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Fig. S19. The ORR performance using graphite rod as the counter electrode: (a) CV 

plots of the NDC-800 in O2/N2-saturated KOH solution (0.1 M). (b) ORR LSV curves 

of the NDC-800 catalyst at different speeds. (c) ORR Tafel slopes obtained from the 

LSV plots of NDC-800 catalyst (1600 rpm). (d) K-L plots of the NDC-800 catalyst 

between potentials of 0.55~0.75 V. (e) ORR polarization curves recorded on the 

RRDE of NDC-800 catalyst. (f) H2O2 yield and electron transfer number n from 

RRDE of NDC-800 catalyst. (g-h) The electrochemical double-layer capacitance (Cdl) 

of the three catalysts. (i) ORR stability of NDC-700, NDC-800, NDC-900 and 20% 

Pt/C catalysts.
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Fig. S20. The Zinc-air battery performance of a mixture containing two benchmark 

catalysts Pt/C+IrO2/C (1:1): (a) The OCV plot of the Zinc-air battery (inset: OCV 

photograph). (b) Polarization plot and power density plot of the Zinc-air battery. (c) 

The rate capability of the Zinc-air battery under different current densities. (d) 

Galvanostatic discharge plot and corresponding specific capacity of the Zinc-air 

battery under 10 mA cm-2. (e) The charge-discharge cycling stability curve at 2 mA 

cm-2 for 140 h.
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S3. Additional tables in supporting information

Table S1. ICP-MS analysis of Fe element in NDC-800 and DCP-800.

Sample Intensity (ppb) wt.%

NDC-800 1.2015 0.03%

DCP-800 1.2011 0.03%

Table S2. The element quantity of NDC-700, NDC-800, and NDC-900 catalysts 

determined by XPS.

Samples C(At %) N(At %) O(At %)

NDC-700 87.37 5.40 7.23

NDC-800 86.57 5.27 8.18

NDC-900 92.93 1.37 5.70

Table S3. Various C contents of NDC-700, NDC-800, and NDC-900 catalysts in C 1s 

analysis (relative to the percentage of C).

Samples sp2 C(At %) sp3 C(At %) sp3 C/sp2 C

NDC-700 24.20 5.44 0.23

NDC-800 47.30 22.93 0.48

NDC-900 55.14 21.46 0.39
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Table S4. The various N contents, the pyridinic N and graphinic N/total N ratios of 

NDC-700, NDC-800, and NDC-900 catalysts in N 1s analysis (relative to N 

percentage).

Samples graphitic N (At %) pyridinic N 

(At %)

pyridinic N and graphitic N/total N

(%)

NDC-700 0.18 1.74 35.56

NDC-800 0.96 1.76 51.61

NDC-900 0.02 0.33 25.69
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Table S5. Comparison of ORR performances of N-doped carbon in this work and the 

recently reported highly active metal-free carbons and transition-metal oxide 

bifunctional catalysts.

Catalysts
Eonset 

(V)
E1/2 (V) n References

NDC-800 1.03 0.88 3.96 This work

N-GRW 0.92 0.84 -- S9

N-MG-800 0.94 0.835 3.94 S10

Co-doped np-graphene 0.987 0.845 3.9 S11

BNC-1000-3 0.95 0.83 3.7 S12

NPS-1&10&2 0.948 0.862
3.82-

3.96
S13

ACTF-α-900 0.96 0.86
3.64 to 

3.72
S14

N, P co-doped carbons 0.88 0.81 - S15

Thiophene-sulfur covalent organic 

frameworks (MFTS-COFs)
0.82 0.70 3.81 S16
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Table S6. The ECSA of NDC-700, NDC-800 and NDC-900 catalysts.

Catalysts ECSA (cm2)

NDC-700 29.40

NDC-800 34.79

NDC-900 33.17

Table S7. The ∆E parameters of N-doped carbon catalysts in this work and the 

recently reported references.

Catalysts ΔE (V) References

NDC-800 0.76 This work

NCN-1000-5 0.81 S17

NFPC-1100 0.86 S18

NS-CD@gf_a900 0.82 S19

Defective graphene 0.84 S20

CNIS-NC-CCC 0.78 S21

NCP-950 0.72 S22

CNRs-C 0.75 S23

N-doped graphene@SWCNT 1.00 S24

N-CN9 0.98 S25

NKCNPs 0.92 S26

N-PC@G-0.02 0.83 S27
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Table S8. Comparison of Zn-air batteries performance assembled by various carbon 

materials.

Catalysts

Peak power density 

(mW cm-2)@j

 (mA cm-2) 

Specific capacity 

(mAh gZn
-1)@j 

(mA cm-2) 

Durability

@j 

(mA cm-2) 

References 

NDC-800 186.12 630@10
60 h (120 

cycles)@10
This work

N, P co-doped 

mesoporous 

nanocarbon

55@70 735@5 30 h@2  S28

N, O-codoped 

graphene
119 - 30 h@10  S29

N, F, P tri-doped 

carbon nanofibers
-- 520@10 200 cycles  S30

N-doped carbon 

flake arrays grown 

on

carbon nanofibers

-- 530.17@6.25 90 cycles  S31

N and P co-doped 

carbon spheres 
79 684@2 56 h@2  S32

CC-AC 52.3 -- 1000 min  S33
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