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Experimental Procedures

Chemicals. Dopamine hydrochloride (98%, Sigma-Aldrich), polyvinyl pyrrolidone 

(PVP, Sigma-Aldrich), 2-methylimidazole (2-MeIM, 98%, Aladdin), zinc nitrate 

hexahydrate (Zn(NO3)2·6H2O, ≥ 99%, Xilong Scientific), ammonia solution 

(NH3·H2O, 25-28%, Shanghai Titan Scientific), methanol (99.5%, Shanghai Titan 

Scientific) and ethanol (99.7%, Shanghai Titan Scientific) were used without further 

purification. Deionized water is used in all experiments.

Characterization. A field emission scanning electron microscope (SEM, Zeiss Supra 

55, Zeiss, Germany) operating at 20 kV was used to observe the morphology of PCNFs 

nanoparticles. Transmission electron microscopy (TEM), high-angle annular dark field 

(HAADF) images and energy-dispersive X-ray (EDX) mapping were observed with a 

FEI, Talos F200X apparatus (Thermo Fisher, the United States) at an accelerating 

voltage of 200 kV. Fourier transform infrared (FTIR) spectra were collected on a 

Bruker FTIR spectrophotometer in the range of 2700-900 cm-1 using KBr pellets. X-

ray photoelectron spectroscopy (XPS) analysis was conducted on PHI 5000 Versaprobe 

III scanning microprobe multi-functional X-ray photoelectron spectroscopy (ULVAC-

PHI, Japan). The binding energies of all the peaks were calibrated by using the 

adventitious C 1s peak (284.8 eV) as an internal standard. Meanwhile, all the obtained 

XPS spectra were further analyzed and deconvoluted by using the software of Thermo 

Avantage. Raman spectra were achieved by LabRAM HR Evolution (HORIBA, Japan) 

with an excitation laser wavelength of λ = 514 nm. The nitrogen adsorption-desorption 

isotherms of the samples were acquired by using a BELSORP-max analyzer 

(Ankersmid, Holland). X-ray diffraction (XRD) characterization was carried recorded 

on Ultima IV X-ray diffractometer (Rigaku, Japan) at a scanning rate of 2 degrees per 

min with a Cu-Ka radiation (40 kV, 40 mA) source.

Synthesis of ZIF-8-based nanoflowers. The ZIF-8-based nanoflowers were prepared 

by a polymer-assisted approach. In a typical synthesis, 30.0 mg of PVP and 80.0 mg of 

dopamine were first dissolved in 10.0 mL of mixed deionized water and methanol 

solution (volume ratio of 1:1), followed by the addition of 65.0 uL of NH3·H2O. Then, 

the mixture was stirred at 60.0 ℃ for 0.5 h. After that, 420.0 mg of 2-MeIM were added 
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to the solution, followed by the addition of 10.0 mL of mixed deionized water/methanol 

solution (volume ratio of 1:1), which consisted of 30.0 mg of PVP and 1480.0 mg of 

Zn(NO3)2·6H2O. After reacting for 2.0 h, the brown precursor was subjected to 

centrifugal filtration and washed with ethanol and water several times. The obtained 

brown precursors were then dried at 60.0 °C under vacuum to obtain the final ZIF-8-

based nanoflowers.

In this work, various dosages of PVP (e.g., 0, 20.0 or 40.0 mg) were used to study its 

effect on morphology of materials. Meanwhile, the effect of polydopamine (PDA) on 

the morphology was then evaluated by varying the dosages of dopamine (e.g., 0, 20.0, 

60.0 or 100.0 mg), while PVP dosages was 30.0 mg. In addition, in order to explore the 

effect of ZIF-8 nanosheets on morphology of the precursor, PDA nanosheets was also 

synthesized in the absence of raw materials for the synthesis of ZIF-8 nanosheets.

Synthesis of nitrogen-doped porous carbon nanoflowers (N-PCNFs). To prepare 

nitrogen-doped porous carbon nanoflowers (N-PCNFs) with different pyridinic-N 

content, the obtained ZIF-8-based nanoflowers by changing the dosage of PVP were 

transferred to a tube furnace and pyrolyzed at 1000.0 ℃ for 2.0 h under the protection 

of argon atmosphere. According to the amount of pyridinic-N, the catalysts derived 

from PVP dosages of 0, 20.0, 30.0 and 40.0 mg were denoted as N-PCNFs-9.6, N-

PCNFs-13.3, N-PCNFs-43.5 and N-PCNFs-17.0, respectively.

To prepare nitrogen-doped porous carbon nanosheets (N-PCNSs), ZIF-8 nanosheets 

was pyrolyzed under the same condition of N-PCNFs.

Electrochemical measurements. The electrocatalytic measurements were performed 

in a three-electrode cell using a rotating disk electrode (RDE) with a CHI-760 

electrochemical workstation. The platinum plate (1.0 cm ×1.0 cm) and Ag/AgCl 

electrode were used as the counter electrode (CE) and reference electrode (RE), 

respectively. An aqueous solution of 0.1 M KOH was used as electrolyte. Before 

running electrochemical tests, either gaseous N2 or O2 was purged into the electrolyte 

for 0.5 h to obtain N2- or O2-saturated electrolyte. The ink of catalysts was prepared by 

ultrasonically dispersing 5.0 mg catalyst in 1.0 mL mixture solvent of 950.0 μL of 

ethanol-water solution and 50.0 μL of 5 wt% Nafion solution. The ink was sonicated 



4

for 1.0 h to get a homogeneous suspension. Then, 20.0 μL of the ink was dropped onto 

the glassy carbon electrode and dried at room temperature. The mass loading was 0.42 

mg cm-2 for all the catalysts. The cyclic voltammetry (CV) tests were collected at a scan 

rate of 50.0 mV s-1 and the linear sweep voltammetry (LSV) polarization curves were 

conducted at a sweep rate of 10.0 mV s-1. CV curves in the region of 1.0-1.1 V vs. RHE 

were measured in N2-saturated 0.1 M KOH solution under different scan rates. All 

potentials in this study refer to the reversible hydrogen electrode (RHE), ERHE = EAg/AgCl 

+ 0.197 + 0.0591 × pH. The number of electrons transferred (n) during ORR was 

calculated by Koutecky-Levich (K-L) equation[S2,S3]:
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where J, JL and JK are the measured current density, kinetic and diffusion limiting 

current densities, respectively, ω is the angular frequency of rotation (ω = 2πf/60, f is 

the RDE rotation rate in rpm), n is the number of electrons transferred, F is the 

Faraday’s constant (96485 C mol-1),  is the diffusion coefficient of O2 in 0.1 M 
2OD

KOH solution (1.9 × 10-5 cm2 s-1),  is the concentration of molecular oxygen in 0.1 
2OC

M KOH solution (1.2 × 10-6 mol cm-3), V is the kinematic viscosity of the electrolyte 

(0.01 cm2 s-1) and k is the electron-transfer rate constant.

The electron transfer number (n) were determined by the following equations:
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where, ID is the disk current, IR is the ring current, and N = 0.4 is the current collection 

efficiency of the Pt ring.

The electrochemically active surface area (ECSA) was determined by non-faradic 

double-layer capacitance and obtained by the following equation[S4,S5]:
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ECSA =
Cdl

Cs

where Cdl is double layer capacitance, Cs (0.04 mF·cm-2) represents the specific 

capacitance of the total double layer.
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Fig. S1. The polymerization mechanism of dopamine for the formation of PDA.
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Fig. S2. (a-j) SEM images and (k-o) schematic images of products prepared with 

different dosages of dopamine: (a, f, k) 0 mg, (b, g, i) 20.0 mg, (c, h, m) 60.0 mg, (d, i, 

n) 80.0 mg and (e, j, o) 100.0 mg.
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Fig. S3. XRD patterns of ZIF-8-based products prepared under the typical condition 

but using different dosages of dopamine.
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Fig. S4. SEM image of PDA synthesized under the typical condition but without adding 

2-MeIM and Zn(NO3)2.
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Fig. S5. SEM images of ZIF-8-based nanoflowers products prepared with different 

reaction time: (a) 30.0 min, (b) 35.0 min, (c) 45.0 min, (d) 60.0 min, (e) 90.0 min and 

(d) 120.0 min.
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Fig. S6. XRD patterns of N-PCNFs samples.
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Fig. S7. Size distribution of (a) N-PCNFs-9.6, (b) N-PCNFs-13.3, (c) N-PCNFs-43.5 

and (d) N-PCNFs-17.0.
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Fig. S8. The XPS survey spectra of N-PCNFs samples.
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Fig. S9. (a) LSV curves of the investigated catalysts recorded in the O2-saturated 

alkaline solution at 1600 rpm and 10 mV s-1. (b) Comparison of half-wave potential and 

the content of graphitic-N in different samples.

Notes: The samples named by 700, 800, 900 and N-PCNFs-43.5 were derived from 

same ZIF-8-based precursor, and they were obtained N-doped porous carbon 

nanoflowers under pyrolyzed temperature of 700.0 ℃, 800.0 ℃, 900.0 ℃ and 1000.0 

℃, respectively.
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Fig. S10. CV curves at a potential range of 1.0 and 1.1 V at different scan rates for (a) 

N-PCNFs-9.6, (b) N-PCNFs-13.3, (c) N-PCNFs-43.5 (d) N-PCNFs-17.0 and (e) 

commercial Pt/C-20% catalyst.
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Fig. S11. The SEM image of N-PCNSs derived from ZIF-8 nanosheets.
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Fig. S12. (a) LSV curves of N-PCNSs. (b) CV curves at a potential range of 1.0 and 

1.1 V at different scan rates and (c) corresponding electrochemical double layer 

capacitance values for N-PCNSs.
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Fig. S13. LSV curves at various rotation speeds of (a) N-PCNFs-9.6, (b) N-PCNFs-

13.3, (c) N-PCNFs-17.0 and (d) commercial Pt/C-20% catalyst.
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Fig. S14. K-L plots (j-1 vs ω-1/2) at different potentials of (a) N-PCNFs-9.6, (b) N-

PCNFs-13.3, (c) N-PCNFs-17.0 and (d) commercial Pt/C-20% catalyst.
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Fig. S15. The SEM image of N-PCNFs-43.5 after 10000 cyclic voltammetry cycles.



21

Table S1. The surface area, Cdl and ECSA of N-PCNFs.

Samples BET surface 
area (m2 g-1)

Micropore 
surface area 

(m2 g-1)

External 
surface area 

(m2 g-1)

Cdl
(mF cm-2)

ECSA
(m2 g-1)

N-PCNFs-9.6 1956.0 1464.3 491.7 9.9 247.5

N-PCNFs-13.3 2109.6 1571.9 537.7 10.8 270.0

N-PCNFs-43.5 2018.6 1133.6 885.0 16.2 405.0

N-PCNFs-17.0 1552.3 1109.7 442.6 6.2 155.0
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Table S2. Typical N species analysis of N-PCNFs samples.

Samples Pyridinic-N 
(%) Pyrrolic-N (%) Graphitic-N 

(%)
Oxidized-N 

(%)

N-PCNFs-9.6 9.6 35.5 34.5 20.4

N-PCNFs-13.3 13.3 38.1 33.7 14.9

N-PCNFs-43.5 43.5 24.1 19.7 12.7

N-PCNFs-17.0 17.0 36.1 20.8 26.1
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Table S3. Comparison of ORR performance with non-precious metal catalysts in 0.1 

M KOH.

Samples Half-wave (V 
vs RHE)

Onset potential 
(V vs RHE)

Decay after 10000 
cycles (mV) References

N-PCNFs-43.5 0.85 0.97 16 This work

FeNC 0.84 - 18 [S2]

Cu/SAC 0.81 0.97 - [S3]

Cu-N/C 0.81 0.87 - [S6]

Cu(15%)-MFC6 0.76 0.86 - [S7]

Cu/Zn-NC 0.83 0.98 0 [S8]

CoNC700 0.80 0.96 0 [S9]

PPy/CuPcTs 0.78 0.92 - [S10]

N-S/Gr-1000 0.79 0.92 20 [S11]

SA-Fe-HPC 0.81 0.94 - [S12]

20Co-NC-1100 0.80 0.93 30 [S13]
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