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S1 Materials and Methods 

S1.1 Chemicals  

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 98%, Sigma-Aldrich), zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O, 98%, Fisher), 2-methylimidazole (2-mIm, 99%, Sigma-Aldrich), methanol 

(MeOH, 99.9%, Sigma-Aldrich), Iron (III) nitrate nonahydrate Fe(NO3)3·9H2O (99.9%, Sigma-

Aldrich), Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 98%, Sigma-Aldrich), Copper nitrate 

(Cu(NO3)2·xH2O, 98%, Sigma-Aldrich), Potassium hydrogen carbonate (KHCO3, 99%, Alfa 

Aesar) were used as received without any purification. Deionized water (18.2 MΩ·cm) was 

obtained from the ultrapure water system of Arium® Pro DI from SATORIUS.  

S1.2 Synthesis of Co-ZIF  

Typically, Co(NO3)2·6H2O (0.546 g) and Zn(NO3)2·6H2O (1.116 g) were dissolved in 40 mL of 

methanol. Then, 2-methylimidazole methanol solution (1.116 g in 40 mL) was slowly poured into 

the above solution under vigorously stirring, following with the subsequent stirring for 24 hours 

at room temperature. The as-obtained powders were collected by centrifugation at 7000 rpm for 5 

minutes, washed three times with methanol, and finally dried in the oven at 90℃ overnight. 

S1.3 Synthesis of Fe-Co-ZIF with Different Fe Loadings  

The powder of as-prepared Co-ZIF (100 mg) was dispersed in methanol (10 ml) under ultrasound 

for 5 min at room temperature. After forming homogeneous solution, Fe(NO3)2·9H2O methanol 

solution (115 mg ml-1, 50 μL for 0.8 wt% Fe, 100 μL for 1.6 wt% Fe, 200 μL for 3.2 wt% Fe, and 

300 μL for 4.8 wt% Fe) was slowly injected into the mixed solution under ultrasound for 2 min at 

room temperature. Next, the mix solution was under vigorous stirring for 5 h at room temperature 
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to make the salt solution be absorbed completely. Then the samples were centrifuged and dried in 

the oven at 90℃ overnight. 

S1.4 Synthesis of C-Co-ZIF and C-Fe-Co-ZIFs  

The powder of as-prepared Co-ZIF and Fe-Co-ZIFs were placed in the tube furnace, maintained 

at three temperature plateaus (800 ℃, 900 ℃, and 1000 ℃, 1 hour for each) with a heating rate of 

25 ℃ min−1 under flowing argon gas, and then naturally cooled to room temperature. All the as-

prepared samples were directly used without any post-treatment. 

S1.5 Synthesis of C-Cu-Co-ZIF and C-Ni-Co-ZIFs  

The synthesis of C-Cu-Co-ZIF and C-Ni-Co-ZIFs follows the same procedure of C-Fe-Co-ZIF 

while replacing the Fe(NO3)2 methanol solution into the corresponding Cu(NO3)2 and Ni(NO3)2 

methanol solution, respectively, during the ZIF preparation process.  

 

S2 Supplementary Tables and Figures 

 

 

Fig. S1 SEM images of a Co-ZIF powders. b Fe-Co-ZIF-0.8 wt%-Fe powders. c Fe-Co-ZIF-1.6 

wt%-Fe powders. d Fe-Co-ZIF-3.2 wt%-Fe powders 
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Fig. S2 TEM and EDX images of the clusters in the sample of C-Fe-Co-ZIF-3.2 wt%-Fe 

 

Fig. S3 EXAFS of Co foil, C-Co-ZIF, and C-Fe-Co-ZIF catalysts 
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Fig. S4 Cyclic voltammograms of a C-Co-ZIF. b C-Fe-Co-ZIF-0.8 wt%-Fe. c C-Fe-Co-ZIF-1.6 

wt%-Fe. d C-Fe-Co-ZIF-3.2 wt%-Fe. e C-Fe-Co-ZIF-4.8 wt%-Fe in CO2-saturated 0.5 M KHCO3 

solution at a scan rate of 20 mV s-1 (no iR-compensation was made during CV tests). f LSV curves 

of the samples in CO2-saturated 0.5 M KHCO3 solution at a scan rate of 5 mV s-1 (80% iR-

compensation)  

 

Fig. S5 Bars: FECO and FEH2; Stars: H2/CO ratio of a C-Co-ZIF. b C-Fe-Co-ZIF-0.8 wt%-Fe. c C-

Fe-Co-ZIF-3.2 wt%-Fe. d C-Fe-Co-ZIF-4.8 wt%-Fe at various applied potentials 
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Fig. S6 Tafel slopes of C-Co-ZIF and C-Fe-Co-ZIF-1.6 wt%-Fe 

 

Fig. S7 Double-layer capacitance tests for evaluating the electrochemical active surface area of 

the catalysts a CVs of C-Fe-Co-ZIF-1.6 wt%Fe sample with scan rate from 5 mV s-1 to 100 mV s-

1. The cathodic (dark line) and anodic (red line) currents were measured at 0.10 V vs. RHE as a 

function of the scan rate of b C-Co-ZIF. c C-Fe-Co-ZIF-0.8 wt%-Fe. d C-Fe-Co-ZIF-1.6 wt%-Fe. 

e C-Fe-Co-ZIF-3.2 wt%-Fe. f C-Fe-Co-ZIF-4.8 wt%-Fe. The average value of the cathodic and 

anodic slopes is taken as the double-layer capacitance of the catalyst electrode. 
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Fig. S8 EIS results of C-Co-ZIF and C-Fe-Co-ZIF catalysts 

 

Table S1 Resistance of the catalysts at open circuit potential 

 Resistance (Ω) 

C-Co-ZIF 3.691 

C-Fe-Co-ZIF-0.8 wt%-Fe 2.028 

C-Fe-Co-ZIF-1.6 wt%-Fe 2.085 

C-Fe-Co-ZIF-3.2 wt%-Fe 4.149 

C-Fe-Co-ZIF-4.8 wt%-Fe 4.296 
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Fig. S9 SEM images of a Cu-Co-ZIF-1.6 wt%-Cu. b C-Cu-Co-ZIF-1.6 wt%-Cu. c Ni-Co-ZIF-1.6 

wt%-Ni. d C-Ni-Co-ZIF-1.6 wt%-Ni 

 

All the original and carbonized Cu-Co-ZIFs and Ni-Co-ZIFs have the same morphology with a 

particle size of around 300 nm. It illustrates that the series of Cu and Ni modified Co-ZIF samples 

retain the morphology of the original Co-ZIFs independent of the metal sources during the 

synthesis and pyrolysis processes. 

 

Fig. S10 XRD patterns of a M-Co-ZIF samples with M adding amount of 1.6 wt% (M=Ni, Cu, 

Co). b C-M-Co-ZIF samples with M adding amount of 1.6 wt% (M=Ni, Cu, Fe). 
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Cu-Co-ZIF and Ni-Co-ZIF share the same crystalline structure as that of Fe-Co-ZIF, without any 

obvious characteristic peak assigned to Cu and Ni crystals. It indicates that Cu-Co-ZIF and Ni-Co-

ZIF keep the same crystalline structure as that of Co-ZIF as well. After the pyrolysis, carbonized 

Cu-Co-ZIF (C-Cu-Co-ZIF) and carbonized Ni-Co-ZIF (C-Cu-Co-ZIF) also appear to be the 

amorphous carbon material, same as C-Fe-Co-ZIF. 

 

Fig. S11 a XANES (insert: enlarged white line region). b EXAFS of C-Co-ZIF and C-M-Co-ZIF 

samples with M adding amount of 1.6 wt% (M=Ni, Cu, Fe) 

 

In Fig. S11a, the valances of Co atoms in C-Fe-Co-ZIF and C-Cu-Co-ZIF are close to that of C-

Co-ZIF while the introduction of Ni reduces the valance of Co atoms in the catalyst, which is 

relatively greater than Fe and Cu. It implies The atomically dispersed state of the TM atoms and 

the interactions between Co and the introduced foreign TM atoms (Cu and Ni) are also confirmed 

by the analysis of EXAFS (Fig. S11b) where peaks at M-N and M-M regions appear for both C-

Cu-Co-ZIF and C-Ni-Co-ZIF. Compared to C-Fe-Co-ZIF, the Co R space patterns in C-Cu-Co-

ZIF and C-Ni-Co-ZIF are closer to that of C-Co-ZIF. 
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Fig. S12 The evaluation of the electrocatalytic performance of C-Cu-Co-ZIF with different Cu 

adding amounts. a LSV curves in CO2-saturated 0.5 M KHCO3 solution at a scan rate of 5 mV s-

1. b  CO Faradaic efficiency of the catalysts at various applied potentials. c H2 Faradaic efficiency 

of the catalysts at various applied potentials. d Total Faradaic efficiency of CO and H2 of C-Cu-

Co-ZIF-3.2 wt%-Cu at various applied potentials. e CO current density of the catalysts. f H2 current 

density of the catalysts. 

 

Fig. S13 The evaluation of the electrocatalytic performance of C-Ni-Co-ZIF with different Ni 

adding amounts. a LSV curves in CO2-saturated 0.5 M KHCO3 solution at a scan rate of 5 mV s-

1. b CO Faradaic efficiency of the catalysts at various applied potentials. c) H2 Faradaic efficiency 
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of the catalysts at various applied potentials. d Total Faradaic efficiency of CO and H2 of C-Ni-

Co-ZIF-3.2wt%-Ni at various applied potentials. e CO current density of the catalysts. f) H2 current 

density of the catalysts.  

Table S2 CO2RR performances of diverse electrocatalysts 

Catalyst FE 

Current 

density (mA 

cm-2) 

Potential 

(overpotential) vs. 

RHE 

Medium Refs. 

topological defect-

enriched porous 

carbons (PC-TD) 

FEco 

99.0% 
0.37 

-0.4 V 

(283 mV) 

0.5 M 

KHCO3 
[S1] 

A-Ni-NSG 
FEco 

94.0% 
23.5 

-0.72 V 

(610 mV) 

0.5 M 

KHCO3 
[S2] 

high-spin-state 

nickel(II) 

phthalocyanine (HS-

NiPc) 

FEco 

98.5% 
2.7 

-0.7 V 

(590 mV) 

0.5 M 

KHCO3 
[S3] 

Ni-N3S 
FEco 

95.0% 
7.8 

-0.8 V 

(690 mV) 

0.5 M 

KHCO3 
[S4] 

Ni@NCNTs-CNF 
FECO+H2 

100.0% 
25 -0.8 V 

0.5 M 

KHCO3 
[S5] 

CoPc 
FEco 

99.0% 
8.0 

-0.8 V 

(690 mV) 

0.5 M 

KHCO3 
[S6] 

Co-N2 
FEco 

94% 
18.1 

-0.63 V 

(520 mV) 

0.5 M 

KHCO3 
[S7] 

Fe/NG 
FEco 

80% 
2.0 

-0.57 V 

(460 mV) 

0.1 M 

KHCO3 
[S8] 

Fe-N-C 
FEco 

>80% 
25.0 

-0.47 V 

(360 mV) 

0.5 M 

KHCO3 
[S9] 

Pd/NbN 
FECO+H2 

~90.0% 
~1.0 -0.6 V 

0.5 M 

NaHCO3 
[S10] 

CoNi-NC 
FECO+H2 

~99.0% 
50 -0.9 V 

0.5 M 

KHCO3 
[S11] 

C-Fe-Co-ZIF 

FECO 

51.9% 

FEH2 

42.4% 

8.7 -0.55 V 
0.5 M 

KHCO3 
This work 
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