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Experimental Section

Materials

Dicyandiamide, sulfuric acid, glucose (C6H12O6), acetone and KHCO3 (AR, 99.5%) were purchased 
from Sinopharm Chemical Reagent Co., Ltd (China). Hydrofluoric acid (HF), zinc acetate dihydrate 
(Zn(CH3COO)2·2H2O) and zinc chloride (ZnCl2) were purchased from Shanghai Macklin 
Biochemical Technology Co., Ltd (China). Glucosamine hydrochloride and KOH (AR, 95%) were 
obtained from Aladdin Reagent Co., Ltd (China). Colloidal silica (40 wt.% suspension in H2O) was 
purchased from Sigma-Aldrich (US). Nafion N-117 membrane (0.180 mm thick), Nafion D-520 
dispersion (5% w/w in water and 1-propanol) and Carbon Paper (CP) were obtained from Alfa Aesar 
Co., Ltd. 1-butyl-3-methylimidazole hexafluorophosphate ([Bmim]PF6, > 99%) was obtained from 
the Green Chemistry and Catalysis Center (China). CO2 (> 99.999%) was provided by Qingdao 
Telilai Trading Co., Ltd (China).

Catalysts preparation

Synthesis of porous N-doped carbon: 5 mL of colloidal silica, 334 mg of ZnCl2, 2.5 g glucosamine 
hydrochloride, 2.5 g dicyandiamide, and 25 mL of deionized water were mixed and stirred for 2 h. 
After the lyophilization treatment, the obtained ivory powder was heated at 900 ℃ for 2 h at a 
heating rate of 5 ℃/min in a tube furnace in the presence of N2. Then the black powder was washed 
with HF (10%) to obtain porous N-doped carbon (P-NC). N-doped carbon (NC) was prepared with 
a similar protocol without the addition of colloidal silica. Porous N-doped carbon with different 
porous structures (Px-NC) was obtained with a similar procedure except by adding 0 mg ZnCl2, 2.5 
mL colloidal silica and 1 mL colloidal silica for P1-NC, P2-NC and P3-NC, respectively. Porous N1-
doped carbon with different N content (P-N1C and P-C) was obtained with a similar procedure 
except by adding 5.0 g glucosamine hydrochloride and 5.0 g C6H12O6 for P-N1C and P-C, 
respectively.
Synthesis of porous carbon-supported ZnO quantum dots: 1.5 mmol of Zn(CH3COO)2·2H2O 
and 200 mg P-NC were mixed in 35 mL ethanol and sonicated, then the mixture was heated to 80 
℃ and maintained for 2 h. Then, 1.5 mL of 0.5 M KOH in ethanol was added to the above mixture 
under stirring after the mixture was cooled to 40 ℃. The obtained suspension was centrifuged and 
washed with deionized water and ethanol several times before being dried in a vacuum oven at 60 
℃ for 12 h. ZnOQDs/NC, ZnOQDs/P1-NC, ZnOQDs/P2-NC, and ZnOQDs/P3-NC were obtained with a 
similar procedure using NC, P1-NC, P2-NC and P3-NC as a carrier, respectively. ZnOQDs/P-N1C and 
ZnOQDs/P-C were obtained with a similar procedure using P-N1C and P-C as carrier, respectively.

Catalysts characterization

The morphological and structural characteristics of the materials were obtained from JEOL JEM-
F200 high-resolution transmission electron microscopy (HR-TEM) equipped with energy-
dispersive X-ray spectroscopy (EDX, OXFORD X-Max). The actual compositions of Zn in the 
ZnOQDs/P-NC catalysts were determined by inductively coupled plasma optical emission 
spectroscopy (ICP-OES, PE Avio 200). X-ray photoelectron spectroscopy (XPS) analysis was 
performed on the Thermo Scientific K-Alpha using 200 W monochromatic Al Kα radiation. The 
500 μm X-ray spot was used. The base pressure in the analysis chamber was about 3×10-10 mbar. 
Typically, the hydrocarbon C1s line at 284.8 eV from adventitious carbon was used for energy 



referencing X-ray diffraction (XRD) analysis of the samples was performed on the X-ray 
diffractometer (Rigaku Smartlab SE) with Cu-Kα radiation, and the scan speed was 5° min-1. Raman 
spectra were recorded on a micro-Raman spectrometer (Renishaw in Via). N2 adsorption/desorption 
isotherms of the materials were determined using Micromeritics ASAP 2020 to obtain Brunauer-
Emmett-Teller (BET) specific surface area and pore size. The adsorption isotherms of CO2 were 
determined at 25 ℃ in the pressure range of 0-1 atm on a TriStar II 3020 device.

Electrode preparation

A mixture of 5 mg of catalyst and 5 μL of Nafion D-520 in 1 mL of acetone was sonicated for 10 
min. 500 µL of the as-prepared ink was dropped onto a carbon paper (CP, 0.5 × 2 cm-2) to obtain 
the working electrode.

Electrocatalytic CO2 reduction

Electrochemical measurements were carried out on a CHI660E workstation via a two-compartment 
cell separated by a Nafion 117 membrane in 0.5 M 1-butyl-3-methylimidazolium 
hexafluorophosphate ([Bmim]PF6)/MeCN electrolyte saturated with N2 or CO2. All measurements 
were conducted at room temperature in a standard three-electrode system. The as-prepared catalysts 
on CP, Ag/Ag+ (0.01 mol L-1 AgNO3 in 0.1 mol L-1 TBAP-MeCN), and platinum gauze were used 
as working electrodes, the reference electrode, and the counter electrode, respectively.

Product analysis 

The gaseous products were analyzed on gas chromatography (GC, PANNA A60) equipped with 
FID and TCD detectors using helium as the internal standard. Standard gases are used for calibration 
to quantify the gas components with conversion coefficients. The liquid products were analyzed on 
a proton nuclear magnetic resonance spectrometer (1H-NMR, Bruker Avance III 400 HD).

The Faraday efficiency of gas products was calculated by the Eq 

(n: transfer electron number; NA: Avogadro constant; v: gas-flow rate; P: standard atmospheric 
pressure; R: gas constant; T: temperature; I: total current; t: reaction time)

Tafel analysis 

The partial current density of CO was measured at different potentials and the equilibrium potential 
was known by extrapolation. The overpotential was obtained from the difference between the 
equilibrium potential and the applied potential. Repeated electrolysis experiments were performed 
at each potential to obtain data on the overpotential and partial current density of CO in the H-type 
electrolytic cell. Finally, the tafel plots were plotted.

Electrochemical surface areas (ECSAs) study



The electrochemical active surface area of different electrodes was characterized. It could be 
determined by measuring the capacitive current associated with double-layer charging (Cdl) from 
the square root of scan-rate dependence of cycle voltammetry curves (CVs). Cyclic voltammetry 
was performed in 0.5 M [Bmim]PF6/ MeCN as the electrolyte using a three-electrode system at 25 
°C. Cyclic voltammograms were measured at different scan rates of 25, 75, 125, 175, 225, 275, 325, 
375, 425, 475, 525 575 and 625mV s -1 at -1.61 to -1.71 V vs. Ag/Ag+ for the catalysts, and the 
double layer capacitance (Cdl) of the catalysts were obtained. Cdl was estimated by plotting Δj (ja 
- jc) at -1.66 V vs. Ag/Ag+ versus the scan rate, where ja and jc were the anode and cathode current 
densities, respectively. The linear slope was equivalent to twice the Cdl.

Electrochemical impedance spectroscopy (EIS) study

The experimental apparatus was the same as that for LSV measurements. The EIS measurement 
was carried out in 0.5 M [Bmim]PF6/MeCN at an open circuit potential (OCP). 



Supplementary Figures

Fig. S1. The HR-TEM image of P-NC.



Fig. S2. The distribution diagram of the elements of ZnOQDs/P-NC.



Fig. S3. The XRD pattern of ZnO QDs.



Fig. S4. The N2-adsorption/desorption isotherms average pore size distribution of (A) ZnOQDs/P-

NC, (B) P-NC, (C) ZnOQDs/NC, (D) ZnO14.4%/P-NC, (E) ZnO25.2%/P-NC, (F) ZnOQDs/P1-NC, (G) 

ZnOQDs/P2-NC and (H) ZnOQDs/P3-NC.



Fig. S5. The Raman spectra of ZnOQDs/P-NC and ZnO QDs.



Fig. S6. The XPS spectra of N 1s for ZnO14.0%/P-NC and ZnO25.5%/P-NC.



Fig. S7. The XPS spectra of N 1s for ZnOQDs/P1-NC, ZnOQDs/P2-NC and ZnOQDs/P3-NC.



Fig. S8. The LSV curves of ZnOQDs/P-NC in CO2-saturated and N2-saturated 0.5 M 

[Bmim]PF6/MeCN electrolytes, respectively.



 

Fig. S9. The stability of different catalysts at -2.2 V vs. Ag/Ag+ during 2 h electrolysis.
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Fig. S10. The stability of different catalysts at -2.2 V vs. Ag/Ag+ during 2 h electrolysis.
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Fig. S11. The 1H-NMR spectra of 0.5 M [Bmim]PF6/MeCN before (A) and after (B) CO2 

electrolysis on ZnOQDs/P-NC at an applied potential of -2.2 V vs. Ag/Ag+ (DMSO-d6).
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Fig. S12. The partial mass current density for different samples at the applied potentials in 0.5 M 

[Bmim]PF6/MeCN electrolyte.
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Fig. S13. The current density and the FE(CO) of ZnOQDs/P-NC at the applied potentials in (A) 0.5 

M KHCO3 aqueous solution, (B) 1.0 M KOH aqueous solution and (C) different ionic liquid-based 

electrolytes. (D) The FE(CO) and (E) the current density of ZnOQDs/P-NC at the applied potentials 

in different concentrations of [Bmim]PF6/MeCN. (F) The FE(CO) and the current density of 

ZnOQDs/P-NC at the applied potentials in 0.5 M [Bmim]PF6/Acetone.
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Fig. S14. The HR-TEM image of ZnO25.5%/P-NC.
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Fig. S15. The FE(CO) of catalysts with different load amounts of ZnO QDs at the applied potentials.
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Fig. S16. The FE(CO) of different catalysts of the different pores at the applied potentials.



21

Fig. S17. The current densities of catalysts with different loading amounts of ZnO at the applied 

potentials.
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Fig. S18. The current densities of catalysts of the different pores at the applied potentials. 
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Fig. S19. (A) The XPS spectra of N 1s and (B) the nitrogen content for ZnOQDs/P-NC, ZnOQDs/P-
N1C and ZnOQDs/P-C. (C) The FE(CO) and (D) the current densities of ZnOQDs/P-NC, ZnOQDs/P-
N1C and ZnOQDs/P-C. 



24

 

Fig. S20. The BET surface area-normalized turnover frequency (TOF) of CO on N sites for 

ZnOQDs/P-NC and P-NC.
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Fig. S21. (A) The FE(CO) and (B) the current densities of ZnOQDs/P-NC, ZnOQDs/P1-NC, P-NC and 

P1-NC.
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Fig. S22. The FE(CO) and the current densities of ZnO QDs.
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Fig. S23. The TEM image (A), HRTEM image (B), corresponding elemental mappings (C), the N2-

adsorption/desorption isotherms (D, inset: the average pore size distribution), XPS spectrum (E) 

and XRD pattern (F) of ZnOQDs/P-NC after 2 h electrolysis.
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Fig. S24. The extrapolation method of calculating equilibrium potential.
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Fig. S25. Charging current density differences plotted against the scan rates for catalysts with 

different ZnO loads.



30

Fig. S26. Charging current density differences plotted against the scan rates for catalysts of the 

different pores.
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Fig. S27. Tafel plot for CO production over catalysts with different ZnO loads.
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Fig. S28. Tafel plot for CO production over catalysts of the different pores.
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Fig. S29. Nyquist plots for different catalysts in CO2-saturated 0.5 M [Bmim]PF6/MeCN electrolyte 

for different catalysts.
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Fig. S30. The Nyquist plots for different catalysts in CO2-saturated 0.5 M [Bmim]PF6/MeCN 

electrolyte for catalysts with different load amounts of ZnO QDs.
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Fig. S31. Nyquist plots for different catalysts in CO2-saturated 0.5 M [Bmim]PF6/MeCN electrolyte 

for catalysts of the different pores.
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Fig. S32. Single oxidative LSV curves for SO4
2- adsorption over three catalysts in N2-saturated 0.1 

M H2SO4.
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Supplementary Tables

Table S1. Summary of the amount of colloidal silica and ZnCl2 added, the ICP results, the BET 
surface area, adsorption average pore size and pore volumes of different catalysts.

Catalysts
Colloidal 

silica / 
mL

ZnCl2 
/ mg

Zn / 
wt%

BET 
surface 

area / m2 g-1

Adsorption 
average 

pore size / 
nm

Pore 
volume / 
cm3 g-1

P-NC 5 334 0.4 201.7 13.0 1.12

ZnO14.0%/P-
NC

5 334 14.0 359.1 11.2 1.26

ZnOQDs/P-
NC

5 334 19.3 380.6 11.7 1.08

ZnO25.5%/P-
NC

5 334 25.5 374.7 10.8 1.00

P1-NC 5 0 0 166.3 11.8 1.01

ZnOQDs/P1-
NC

5 0 18.6 206.2 13.5 0.69

ZnOQDs/P2-
NC

2.5 334 17.6 89.0 15.0 0.33

ZnOQDs/P3-
NC

1 334 17.2 20.3 / 0.28

ZnOQDs/NC 0 0 13.8 7.2 / /
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Table S2. CO2RR performance of ZnOQDs/P-NC in 0.5 M KHCO3 and 1.0 M KOH electrolyte in 
the flow cell.

Electrolyte Potential / V vs. RHE
|j| / mA 
cm-2 FE(CO) / %

-0.6 59.6 11.52

-0.7 111.2 15.341.0 M KOH

-0.8 123.2 13.98

-0.3 37.8 20.38

-0.4 53.1 15.050.5 M KHCO3

-0.5 77.1 11.38
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Table S3. CO2RR performance of ZnOQDs/P-NC with different amounts of Nafion addition in 0.5 

M [Bmim]PF6/MeCN electrolyte.

Amounts of Nafion 
addition / μL

|jCO| / mA 
cm-2 FE(CO) / %

0 7.3 53.44

2.5 21.6 95.3

5.0 19.7 94.5
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Table S4. The BET surface area and adsorption average pore size of the ZnOQDs/P-NC catalyst 

obtained after 2 h electrolysis.

BET surface area / m2 
g-1

Adsorption average pore size / 
nm

Pore volumes / cm3 
g-1

344.7 11.0 1.05
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Table S5. Comparison of the catalytic performance for the ZnO QDs/NC with other catalysts.

Catalysts Electrolyte Potential
j / mA 
cm-2

FE(CO) 
/ %

Ref

ZnOQDs/P-NC
0.5 M 

[Bmim]PF6/Me
CN

-1.34 V vs. RHE
-2.20 V vs. Ag/Ag+ -21.6 95.3 This work

ZnO sheet
array/Zn

0.1 M KHCO3 -1.40 V vs. RHE -11.5 85.0 S1

Vo-rich ZnO 0.1 M KHCO3 -1.10 V vs. RHE -16.0 83.0 S2

Pristine ZnO 0.1 M KHCO3 -1.10 V vs. RHE -7.0 44.0 S2

ZNX/C 0. 5 M KHCO3 -0.43 V vs. RHE -4.8 95.0 S3

Zn dendrite 0.5 M KHCO3 -0.90 V vs. RHE -4.0 80.0 S4

Zn-N 0.1 M KHCO3 -0.91 V vs. RHE -11.2 85.6 S5

Zn-rich Zn-Cu 0.1 M KHCO3 -0.60 V vs. RHE -3.2 97.0 S6

h-Zn 0.5 M KHCO3 -0.85 V vs. RHE -9.5 80.0 S7

ED Zn 0.5 M KHCO3 -1.10 V vs. RHE -16.0 80.0 S8

LiET-Zn 0.1 M KHCO3 -1.06 V vs. RHE -23.0 43.0 S9

Zn/NC NSs 0.5 M KHCO3 -0.96 V vs. RHE -50.0 95.0 S10

P-Zn / -0.95 V vs. RHE -12.7 98.1 S11

Por-Zn
0.1 M TBAPF6 

DMF/H2O
-1.70 V vs. SHE -2.0 95.0 S12
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Table S6. Electrocatalytic CO2RR to CO and H2 the corresponding equilibrium potentials (E0, vs. 

SHE) (25 ℃, 1 atmosphere of gases and 1 M solutes in aqueous solution)

CO2RR E0 (V vs. SHE)

CO2 (g) + e- ⇌ CO2
•– -1.900

CO2 (g) + 2H+ + 2e- ⇌ CO (g) + H2O -0.530

CO2 (g) + H2O + 2e- ⇌ CO (g) + 2OH- -1.347

2H+ + 2e- ⇌ H2 -0.420
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Table S7. The Cdl of different catalysts.

Catalysts Slope / mF cm-2 Cdl / mF cm-2

ZnOQDs/P-NC 2.23 1.12

P-NC 1.04 0.52

ZnOQDs/NC 0.54 0.27

ZnO14.0%/P-NC 1.40 0.70

ZnO25.5%/P-NC 1.69 0.85

ZnOQDs/P1-NC 0.85 0.43

ZnOQDs/P2-NC 0.67 0.34

ZnOQDs/P3-NC 0.36 0.18
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