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Experimental Section

Materials: NiCl2·6H2O, AlCl3·6H2O, FeCl3·6H2O, MnCl2·4H2O, CoCl2·6H2O, 

CuCl2·2H2O, ZnCl2, NaOH, KHCO3, melamine, HCl were purchased from Sigma-

Aldrich Co. and were used without any further purification. Deionized water was used 

in all the experimental processes. Nafion 211 membrane was purchased from Dupont. 

Carbon dioxide (99.999%) was purchased at Beijing Beiwen Gas Comp.

Synthesis of NiMAl-LDH (X=Ni, Mn, Fe, Co, Cu, Zn): 47.5mmol NiCl2·6H2O, 

25mmol AlCl3·6H2O and 2.5mmol chloride of metal X were dispersed in 35 mL 

deionized water as solution A. NaOH and Na2CO3 were dispersed in another 50mL 

deionized water and added dropwise into solution A under 80℃. The obtained mixture 

was then stirred under 80℃ for 12h and washed by deionized water till pH=7. The 

drying process finally gave rise to NiMAl-LDH.

Synthesis of Ni1+NPsM@NCNT (M= Ni, Mn, Fe, Co, Cu, Zn): 3g melamine and 50mg 

NiMAl-LDH were milled together to get well-mixed powder, which was then calcined 

in a tubular furnace under N2 atmosphere at 650℃ for 3h. The calcined product was 

then stirred in 3 mol L-1 HCl for 24h to remove the exposed nanoparticles and 

impurities. The sample was then washed by deionized water and dried.

Characterization: XRD patterns were collected by powder X-ray diffraction (XRD) 

on Bruker D8 diffractometer with Cu-Kα radiation (λ=1.5405 Å). Scanning electron 

microscopy (SEM) images were obtained utilizing a Zeiss Supra55. High-resolution 

transmission electron microscopy (HRTEM) images were performed on a FEI Talos 

F200x. Ni and Cu K-edge X-ray absorption fine structure (XAFS) measurements were 

performed at the 1W1B beamline of the Beijing Synchrotron Radiation Facility. Raman 

spectroscopy was performed at a Jobin-Yvon LabRam HR800 microscope. XPS spectra 

was calibrated against C 1s at 284.8 eV. The gas and liquid products were analyzed 

using Gas chromatography-mass spectrometry (GC-MS, QP2020 equipped with 

Micropacked column) and NMR (AVANCE III HD 400), respectively.

Electrochemical measurements: The measurements were taken in a H-type cell 

connected to an electrochemical station (CHI660A). Pt plate was chosen as the counter 



electrode and the Ag/AgCl electrode served as reference electrode. The data was 

converted to those against the reversible hydrogen electrode (RHE) before analysis. For 

the working electrode, a typical procedure is to disperse 5mg sample and 10 μL Nafion 

solution in 1mL ethanol solution. Afterwards, 200 μL mixture was taken and loaded on 

the carbon fiber paper with the size of 1*2 cm2 in an area of 1*1 cm2. LSV test, CV test 

and the faradaic efficiency analysis were taken in 0.25M KHCO3 after injection of CO2 

gas for 30 minutes, which remains at the flow rate of 20 mL/min during the entire 

catalytic period.

Faradic efficiency calculation: Faradic efficiency was calculated by the equation: 

𝐹𝐸=
𝑛 × 𝑍 × 𝐹

𝑄
× 100%

n is the moles of the product; F is the Faradaic constant (96485.33289 C mol-1); Z: the 

number of transferred electrons (ZCO=ZH2= 2); Q is the total charge calculated during 

CO2RR.

𝑛=
𝑃0 × 𝑣 × 𝑉

𝑅 × 𝑇

P0 is the standard atmospheric pressure (101.325 kPa); v is the gas flow rate (20 

mL/min); V is the volume concentration of the calculated product in the outlet gas from 

the catalytic system; T is the reaction temperature (298 K) and R is the ideal gas 

constant (8.314 J mol-1 K-1).

CO2 electrolysis in flow cells: CO2RR was taken in a flow cell equipped with gas 

diffusion electrodes (GDE), where Ag/AgCl electrode served as reference electrode. 

The catalyst ink was prepared in the same way and loaded on the carbon fiber paper 

with the size of 1×1 cm2. KOH was chosen as the catholyte and anolyte, which were 

cycled at a flow rate of 14 mL min-1 by using a peristaltic pump.CO2 gas flow was 

delivered into the gas chamber at 14 sccm and collected for GC analysis. 

Computational details

All spin-polarized DFT calculations were performed using the QUICKSTEP 

module in the CP2K package (version 2023.1)1. The exchange-correlation potential in 

the single-electron Kohn-Sham equation was described by generalized gradient 



approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional2. 

Wavefunctions were expanded in molecularly optimized (MOLOPT) double ζ-valence 

polarized basis set3 with an auxiliary plane-wave basis set with a cutoff energy of 410 

Ry. Core electrons were modeled by scalar relativistic norm-conserving Goedecker-

Teter-Hutter (GTH) pseudopotentials4 with 18, 11, 15, 16, 4, 5, 6, and 1 valence 

electrons for Ni, Cu, Mn, Fe, C, N, O, and H, respectively. Grimme’s D3 method with 

Becke-Johnson (B-J) damping 5, 6 was added to study the impact of van der Waals 

interaction. The Monkhorst-Pack gamma centered 3×3×1 k point mesh was used for 

Brillouin zone sampling during geometry optimization process and self-consistent field 

(SCF) interaction was carried out with a conventional diagonalized method. 

The density of state (DOS) was analyzed by Multiwfn package7 with the formed 

molden file in single point calculation. The projected DOS (pDOS) was calculated with 

the C-Squared Population Analysis (SCPA) method8 and the Gaussian function was 

selected to be the broadening function.



Figure S1. XRD patterns of NiMAl-LDH.
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Figure S4. (a-f) SEM images of Ni1+NPsM@NCNT (M=Mn, Fe, Co, Ni, Cu, Zn).

Figure S5. TEM images of (a) Ni1+NPsMn@NCNT and (b) Ni1+NPsFe@NCNT. 



Figure S6. EDX elemental mapping image of N in the Ni1+NPsCu@NCNT.

Figure S7. (a) STEM image of Ni1+NPsCu@NCNT and (b) the corresponding STEM-EDX line 
scanning image.



Figure S8. EXAFS in k space of Ni1+NPs@NCNT, Ni1+NPsCu@NCNT and Ni foil.

Figure S9. Cu K-edge XANES spectra of Ni1+NPsCu@NCNT and Cu foil



Figure S10. XPS of Ni1+NPs@NCNT, Ni1+NPsMn@NCNT, Ni1+NPsFe@NCNT and 
Ni1+NPsCu@NCNT.

Figure S11. (a) N 1s and (b) Ni 2p XPS spectra of Ni1+NPs@NCNT, Ni1+NPsMn@NCNT, 
Ni1+NPsFe@NCNT and Ni1+NPsCu@NCNT.



Table S1. EXAFS fitting results of Ni1+NPsCu@NCNT, Ni1+NPs@NCNT and Ni foil.
Sample shell C.N. R (Å) ∆σ2 (/10-3Å2) ∆E0(eV) R factors

Ni-foil Ni-Ni 12 2.48 5.83 -5.85 0.0010

Ni-N 3.96 1.81 14.00 -7.00Ni1+NPs@NCNT

Ni-Ni 2.15 2.49 5.06 -4.77
0.0027

Ni-N 3.91 1.81 19.00 -5.00Ni1+NPsCu@NCNT

Ni-Ni 0.88 2.49 3.36 -4.85
0.0195

Figure S12. (a-f) LSV curves of Ni1+NPsM@NCNT under Ar (black) and CO2 (colored) atmosphere.



Figure S13. Characterization for the liquid product of Ni1+NPsM@NCNT after the full-potential-
CO2RR period by 1H nuclear magnetic resonance spectroscopy.

Figure S14. CO2RR performance of Ni1+NPsM@NCNT. (a) FECO of Ni1+NPsM@NCNT (M=Mn, Fe, 
Co, Ni, Cu, Zn); (b) contour plots of JCO under different potential.



Table S2. FECO
 of Ni1+NPsM@NCNT under different potentials.

Potential (V vs. RHE) Ni1+NPs@NCNT Ni1+NPsMn@NCNT Ni1+NPsFe@NCNT Ni1+NPsCo@NCNT Ni1+NPsCu@NCNT Ni1+NPsZn@NCNT
-0.59 48.64 47.64 57.15 49.34 70.37 57.40
-0.69 70.99 70.51 76.81 68.34 83.15 76.73
-0.79 77.96 80.44 84.70 81.07 89.0 87.85
-0.89 81.26 82.37 86.86 85.18 92.06 90.42
-0.99 79.60 81.20 85.44 83.25 89.56 89.27
-1.09 72.16 78.17 80.74 77.96 84.15 85.73
-1.19 60.96 69.72 71.04 69.23 73.18 78.96



Figure S15. Typical cyclic voltammetry curves for (a) Ni1+NPs@NCNT, (b) Ni1+NPsMn@NCNT, (c) 
Ni1+NPsFe@NCNT and (d) Ni1+NPsCu@NCNT under different scan rates.

Figure S16. (a) XRD patterns of Ni1+NPsCu@NCNT before (black) and after (red) CO2RR; (b) TEM 
image of the Ni1+NPsCu@NCNT after CO2RR.



Figure S17. DFT models for Ni1+NPs@NCNT and Ni1+NPsCu@NCNT.

Figure S18. CO2RR performance of NiNPs@NCNT. (a) current density and (b) FECO and FEH2 under 
different potentials.



Figure S19. (a) Schematic illustration and (b) photograph of the flow cells.

Figure S20. (a) TCD1 Chromatogram of CO; and (b) TCD2 Chromatogram of H2.



Table S3. Comparison of CO2RR performance displayed by our catalyst and other reported works.
Material Electrolyte cell FECO (%) Potential

(V vs. RHE)
Current density

(mA cm-2) Ref.

ACP/S-N-Ni 0.5 M KHCO3 H-type 91 -0.77 4.1 9

Ni SAs/N-C 0.5 M KHCO3 H-type 71.9 -0.9 10.48 10

NiSA-N-CNTs 0.5 M KHCO3 H-type 91.3 -0.7 25.74 11

Ni-N-C 0.1 M KHCO3 H-type 97 -0.75 7.73 12

Ni-N3-C 0.5 M KHCO3 H-type 95.6 -0.65 6.95 13

0.1 M KHCO3 H-type 93.2 at 0.7 V 
overpotential 4.16

NiN-GS
1M KHCO3 Flow cell 91.9 at 0.66 V 

overpotential 10.68
14

0.5 M KHCO3 H-type 99.1 -0.9 V -
NiPc-COF

1 M KOH Flow cell 94.4 -0.5 V 54
15

0.5 M KHCO3 H-type 99 -0.75, -0.80 -

Ni(NC)-1

1 M KOH Flow cell 99 -1.82 160

16

NiI-NCNT 
@Ni9Cu 0.5 M KHCO3 H-type 97 -0.73 32.87 17

0.25 M KHCO3 H-type 92 -0.89 23.69
Ni1+NPsCu
@NCNT

1 M KOH Flow cell 96.92 -0.78 171.25

This 
work
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