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Experimental Section

Synthesis of ZIF-8

Typically, 6.4g 2-methylimidazole (MeIM) and 2.97g zinc nitrate hexahydrate (Zn(NO3)2·6H2O) were 
dissolved in 50 mL methanol, respectively. Then, the solution of MeIM was added into Zn(NO3)2 solution 
rapidly and stirred for 2 h at room temperature (700 rpm). After the reaction, the precipitate was obtained 
by centrifugation (6000 rpm, 8 min) and washed with ethanol three times. Finally, the obtained precipitate 
was dried in vacuum at 60°C for about 8 h.

Synthesis of CuNi-ZIF, Ni-ZIF, and Cu-ZIF

To obtain CuNi-ZIF, 2g nickel nitrate hexahydrate (Ni(NO3)2·6H2O) and 1.25g cupric acetate anhydrous 
(Cu(CH3COO)2) were dissolved in 20mL deionized water, respectively. 100 mg obtained ZIF-8 was dissolved 
in 12 mL n-hexane and stirred for 5 minutes. Then, 25 μL as-prepared Ni(NO3)2 and Cu(CH3COO)2 solution 
were added into the ZIF-8 solution separately and stirred for 3h. The precipitate was obtained by 
centrifugation (1000 rpm, 5min) and then dried in vacuum at 60°C for about 8 h. The synthesized 
procedures of Ni-ZIF and Cu-ZIF were the same as the CuNi-ZIF, except for 50 μL Ni(NO3)2 solution for Ni-
ZIF and 50 μL Cu(CH3COO)2 solution for Cu-ZIF.

Synthesis of CuNi-NC, Ni-NC, Cu-NC

To get CuNi-NC, the as-obtained CuNi-ZIF was placed in a tube furnace and heated to 1000°C for 2 h under 
the Ar atmosphere; the heating rate was 5°C min-1. Then, with the same method, Ni-ZIF and Cu-ZIF were 
used to synthesize the Ni-NC and Cu-NC. 

Synthesis of CuNi-NC-0.5h and CuNi-NC-1h

To get CuNi-NC-0.5h and CuNi-NC-1h, the as-obtained CuNi-ZIF was placed in a tube furnace and heated 
to 1000 °C for 0.5 h and 1 h in Ar atmosphere; the heating rate was 5°C min-1. 

Characterization

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) were carried out on 
JEOL-2100F. High-angle annular dark-field scanning TEM (HAADF-STEM) and Elemental mapping were 
carried out JEOL JEM-ARM200F S/EM. XRD was performed on a LabX XRD-6100 Shimadzu with a scanning 
range of 10° ~ 80° by the scan rate of 5° min-1. Raman spectra data were obtained by Renishaw inVia 
Qontor spectroscopy system. Nitrogen adsorption-desorption isotherms and pore size distributions were 
measured with the equipment of BELSORP-MAX. Elemental content analysis of Ni and Cu in power samples 
was detected by inductively coupled plasma (ICP) spectrometry (iCAP6300). XPS results were recorded by 
Thermo ESCALAB250i.

Electrochemical Measurements

The electrochemical measurements were performed in an H-cell, which was separated by a cation 
exchange membrane and recorded via the equipment of CHI760E. Pt foil was used as the counter 
electrode, and the Ag/AgCl electrode was used as the reference electrode. To make the working electrode, 
the ink was prepared with a 5 mg catalyst and 40 μl Nafion, and 1 mL isopropanol. Then, 100μL formulated 
ink was dropped on carbon paper and dried in air. The loading amount of the catalyst was 1 mg/cm2. CO2-
saturated 0.1 M KHCO3 (pH=6.8) aqueous solution was used as the electrolyte. All potentials were 
calculated with respect to the reversible hydrogen electrode (RHE), which were converted according to 
the Nernst equation: Evs RHE = Evs Ag/AgCl + 0.059 × pH + 0.199 V. Linear sweep voltammetry was performed 
with a scan rate of 10 mV s−1. All electrochemical tests were carried out without iR compensation.



3

The gaseous products were quantified by a gas chromatograph (GC) equipped with a flame ionization 
detector (FID) and a thermal conductivity detector (TCD). Highly pure N2 (99.999%) was used as the carrier 
gas. Electrochemical impedance spectroscopy (EIS) was measured with a range of 0.1 Hz to 0.1 M Hz. The 
electrochemical active surface area (ECSA) test was measured by operating cyclic voltammetry (CV) at 
different scanning rates (5, 10, 15, 20, 25, 30 mV s-1). 

TOF for CO production was calculated as follows:

𝑇𝑂𝐹 (ℎ ‒ 1) =
𝐼𝐶𝑂/𝑛𝐹

𝑚𝑐𝑎𝑡 × 𝑤/𝑀𝑚𝑒𝑡𝑎𝑙
× 3600

: partial current of CO, A;𝐼𝐶𝑂

: the number of electrons transferred for CO production, which is 2 for CO;𝑛
: Faradaic constant, 96485 C mol-1;𝐹

: the mass of catalyst on the electrode, g;𝑚𝑐𝑎𝑡

: the metal loading in the sample measured by ICP;𝑤
: relative atomic mass of metal.𝑀𝑚𝑒𝑡𝑎𝑙

DFT calculations

Density functional theory (DFT) calculations based on the projector augmented wave (PAW) method1 were carried 

out by utilizing the Vienna ab initio simulation package (VASP)2, 3 with the generalized gradient approximation 

(GGA),4 the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional in the treatment of electron-ion 

interactions and cut-off energy of 520 eV for a plane wave expansion of the wave functions. A (3×3) surface cell 

model was constructed to express (111) surface of CuNi/C, Cu/C, and Ni/C. The CuNi/C structure was constructed 

by substituting the Ni atom with the Cu atom in all possible geometries and selecting the most stable one.5 The 

Monkhorst-Pack grid of size of 1×1×1 was adopted to sample the CuNi/C, Cu/C, and Ni/C surface Brillouin zone.6 A 

vacuum region of 15 Å was added to give converged adsorption energies while the energy convergence criterion 

is 0.0001 eV/atom for electronic minimization steps. It is well known that the whole process of CO2 electrochemical 

reduction to CO mainly includes the following three steps.7, 8 Gibbs free energy for each step of these slabs was 

calculated.

CO2 + * + H+ + e- → COOH* (Activation process)

COOH* + H+ + e- → CO* + H2O (Surface reaction)

CO* → CO + * (Desorption process)

Considering that the adsorption free energy of intermediate hydrogen, ΔGH*, was used as a descriptor to 

evaluate the electrocatalytic activity of HER,9 we also calculated ΔGH* of these three slabs to explain their HER 

activity. The Sabatier principle indicated that the moderate hydrogen adsorption, that is ΔGH* = 0, gives the optimal 

HER activity.10 For the HER process in this work, we consider the following steps and Gibbs free energy for each 

step of all slabs was calculated.

H+ + e- + *→H*

H*→ H2

1
2

The calculating method for UL was as follows:

𝑈𝐿 =‒
Δ𝐺
𝑒

: the lowest energy required to make all reaction steps downhill in free energy.Δ𝐺

e: unit electron.
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Results and Discussion

Fig. S1 XRD patterns of the simulated ZIF-8, ZIF-8, Cu-ZIF, Ni-ZIF, and CuNi-ZIF.

Fig. S2 TEM images of the (a) Ni-NC and (b) Cu-NC.
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Fig. S3 HAADF-STEM images (a) and corresponding elemental mapping of Ni-NC: (b) C, (c) N, (d) Ni.

Fig. S4 HAADF-STEM images (a) and corresponding elemental mapping of Cu-NC: (b) C, (c) N, (d)Cu.
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Fig. S5 N2 absorption isotherms of CuNi-NC, inset image corresponding to the pore size distribution.

Fig. S6 Bimetallic cluster size distribution of CuNi-NC
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Fig. S7 The ratio of Cu and Ni in regions 1, 2, and 3 by EDS. Regions 1 and 3 on the bimetallic cluster show the 

content of Ni is close to Cu, while region 2 is beyond the cluster and indicates the absence of Ni and Cu.

Fig. S8 Raman spectra of CuNi-NC, Ni-NC, and Cu-NC.

 

Fig. S9 XPS spectra of Ni 2p in (a) CuNi-NC, (b) Ni-NC.
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Fig. S10 XPS spectra of N 1s in (a) Ni-NC, (b) Cu-NC.

 

Fig. S11 XPS spectra of C 1s in CuNi-NC.

Fig. S12 XPS spectra of C 1s in (a) Ni-NC, (b) Cu-NC.
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Fig. S13 Comparisons of LSV curves in CO2-saturated (solid line) and Ar-saturated (dash line) electrolyte: (a) CuNi-

NC; (b) Ni-NC; (c) Cu-NC.

Fig. S14 GC calibration curves for (a) CO and (b) H2.

Fig. S15 A typical data plot of GC for CuNi-NC electrolyzed at -1.0 V vs RHE. (a) Data plots from channel 1 equipped 

with an FID to detect CO; (b) Data plots from channel 2 equipped with a TCD to detect H2 and CH4.
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Fig. S16 Faradaic efficiency of (a) CuNi-NC, (b)Ni-NC, and (c)Cu-NC at various applied potentials.

Fig. S17 Partial current density of CO production for CuNi-NC, Ni-NC and Cu-NC.

 
Fig. S18 Stability test of CuNi- NC at -1.0 V vs RHE. The red arrows in the figure indicate regular refreshing of the 

electrolyte to eliminate the effect of the microenvironment and evaluate the intrinsic stability of CuNi-NC.
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Fig. S19 (a) TEM image of CuNi-NC after stability test and (b) corresponding elemental mapping. 

Fig. S20 TEM image of Ni particles found in CuNi-NC after a stability test, which may be the reason for irreversible 

degradation due to the dissolution-deposition of catalysts.

Fig. S21 CV curves taken over a range of scan rates (5-30 mV/s) in a potential window (0.3-0.5 V vs. RHE) to measure 

the double-layer capacitance of (a) CuNi-NC, (b) Ni-NC and (c) Cu-NC.
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Fig. S22 Nyquist plots of CuNi-NC, Ni-NC and Cu-NC (inset: equivalent circuit).

Fig. S23 ECR performance comparisons between CuNi-NC and metal-free NC. (a) LSV curves; (b) CO and H2 

Faradaic efficiency. The metal-free NC was synthesized by direct pyrolysis of ZIF-8 following the same time and 

temperature as those for CuNi-NC.
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Fig. S24 Tafel plots for producing CO in CuNi-NC, Ni-NC, and Cu-NC.

Fig. S25 TEM image of (a) CuNi-NC-0.5h, (b) CuNi-NC-1h. 

Fig. S26 N2 adsorption isotherms of CuNi-NC with different pyrolysis times.
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Fig. S27 Partial current density of CO production for CuNi-NC with different pyrolysis times.

Fig. S28 The atomic slab models in the top, side, and 3D view of (a) CuNi-NC, (b) Ni-NC, and (c) Cu-NC.

Fig. S29 Calculated Gibbs free energy diagrams for HER on CuNi-NC, Ni-NC, and Cu-NC, respectively.
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Table S1. Elemental composition of the catalysts from ICP results.

Sample Ni (wt%) Cu (wt%)

CuNi-NC 1.804 1.615

Ni-NC 3.318 \

Cu-NC \ 3.557

Table S2. The ECR performance comparison of various catalysts.

Catalyst Electrolyte FECO

jCO

(mA cm-2)

Potential range

 (FE>90 %)
Ref.

CuNi-NC 0.1 M KHCO3 96.3% (-1.0 V) 9.86 0.6V Our work

Fe–Nx 0.5 M KHCO3 86.9% (–0.47 V) ~3 None 11

Ni/Fe-N-C 0.5 M KHCO3 98.0% (0.7 V) 9.5 0.4 V 12

Cu SAs/NC 0.1 M KHCO3 92.0% (-0.7 V) ~3.8 0 V 13

Fe/Co−N 0.1 M KHCO3 93.0% (-0.47 V) 2.8 0 V 14

Co-PMOF 0.5 M KHCO3  98.7% (-0.8 V) 18.08 0.2 V 15

C-ZnxNiy ZIF-8 1 M KHCO3 97.8% ( -0.63 V) N/A 0.5 V 16

FeN4/graphitic 0.1 M NaHCO3 97.0% (-0.6 V ) 6.87 0.5 V 17

Ni/NC 0.1 M KHCO3 92.3% (-0.8 V ) ~4 0 V 18

Cu-N4 0.1 M KHCO3 98.0% (-0.9 V) ~6 0.5 V 19

Co−N5 0.2 M NaHCO3 99.0% (−0.73 V) 4.5 0.31 V 20

Ni SAs/N-C 0.5 M KHCO3 71.9% (-0.89 V) 7.54 None 21

Ag15 0.5 M KHCO3 95.0% (-0.6V) ~2.5 0.3V 22

Au28-S 0.5 M KHCO3 98.5% (-0.9V) ~9.6 0V 23

Note:

1. The potential in FECO is relative to RHE (V vs. RHE)

2. In the column of ‘potential range’, ‘None’ means the highest FE for CO production is less than 90%, and ‘0 V’ 

means there is only one potential where FE for CO is above 90%
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