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Experimental section

Chemicals and Materials

All chemicals were of analytical grade and used as received. The reagents used were 

potassium bicarbonate (KHCO3, ≥99.5%), 2-methylimidazole (99%), zinc acetate 

dihydrate (Zn(OAc)2·2H2O, 98%), anhydrous copper (II) acetate (Cu(OAc)2, 99%), 

iron(II) acetate (Fe(OAc)2, 95%), iron phthalocyanine (FePc, 97%), copper 

phthalocyanine (CuPc, 98%), KCl (99.8%), KBr (99.5%), potassium dihydrogen 

phosphate (KH2PO4, ≥99%), and dipotassium hydrogen phosphate (K2HPO4, ≥99%). 

Nafion-related materials comprised Nafion solution (5 wt%) and Nafion 117 

membranes. Gases: CO2 (99.999%) and Ar (99.999%). Deionized water (18.2 MΩ·cm 

at 25 °C) was used for all solution preparations and equipment rinses.

Synthesis of Catalysts

In synthesizing the catalyst Cu-FeSA, a mixed solution A was first prepared by 

dissolving 5.96 g zinc acetate dihydrate (Zn(OAc)2·2H2O) and 1.24 g anhydrous 

copper acetate (Cu(OAc)2) in 120 mL deionized water. Separately, 22.33 g 2-

methylimidazole was dissolved in 120 mL deionized water to form solution B. 

Solutions A and B were combined under vigorous stirring at 25 °C for 1 h, followed 

by static aging for 4 h. The resulting off-white precipitate was collected via vacuum 

filtration, washed with deionized water, and dried at 60 °C to obtain the precursor. 

The Cu-FeSA catalyst was synthesized by homogenizing 0.4 g of ZIF-8 precursor, 

0.02 g FePc, 0.2 g KCl, and 0.6 g KBr through mortar grinding, followed by pyrolysis 

at 950 °C for 4 h under N2 atmosphere (5 °C min−1 heating rate). The resulting black 

powder was washed with deionized water and vacuum-dried. The CuSA and FeSA 

was synthesized except for adding 1.24 g of anhydrous copper acetate or 1.19 g of 

iron acetate into the solution A.
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DFT calculations

Density functional theory calculations for all materials were performed with the 

Vienna ab initio Simulation Package (VASP).1,2 The Perdew–Burke–Ernzerhof (PBE) 

exchange-correlation functional was adopted.3 The Kohn–Sham wave functions were 

expanded in a plane-wave basis set with an energy cutoff of 500 eV, and the core–

valence interactions were described by projector augmented-wave (PAW) 

pseudopotentials.4 Geometry optimizations were carried out until convergence 

thresholds of 10−5 eV in total energy and 10−2 eV/Å in atomic forces were reached. 

For 2D slab models, a vacuum spacing of no less than 15 Å was applied perpendicular 

to the layer to suppress artificial coupling between periodic replicas. The Brillouin 

zone sampling for these systems employed a 2×2×1 Monkhorst–Pack k-point grid. 

Notably, the calculation of Gibbs free energy includes zero-point energy (ZPE).

The adsorption energy (Ead) of the structures was calculated using the equation: 

                 Ead = Esurface + adsorbate − Esurface − Eadsorbate                              

(1)

where Esurface + adsorbate, Esurface and Eadsorbate represent the total electronic energy of the 

adsorption system, the individual surface, and the adsorbate, respectively.

Furthermore, the free energy change (ΔG) is defined by:

                          ΔG = ΔH – TΔS                            (2)

where ΔH and ΔS represent the variation of enthalpy and entropy respectively.

CO2RR Performance Test

The electrochemical measurements were conducted in a three-electrode system using 

a CHI760E workstation at 25°C. Catalyst ink—prepared by homogenizing 10 mg 

catalyst with 0.3 mL Nafion solution (5 wt.%) in 2.7 mL deionized water—was 

uniformly coated onto HCP331P carbon cloth (3.6 × 2.7 cm2) as the cathode (loading: 

1.03 mg cm−2). A saturated KCl Hg/Hg2Cl2 electrode served as the reference electrode 

with a Pt sheet counter electrode. CO2 was continuously purged into the cathode 

chamber at 100 mL min−1.
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CO2RR Product Analysis

The gaseous products were analyzed using a Shimadzu GC-2014 gas chromatograph 

equipped with an RT-Q-Bond capillary column. The liquid products were 

characterized using ion chromatography (Metrohm ECO IC). The Faradaic efficiencie 

(FE) were calculated as:

                        FE = C×V×Z×F/Q×100%                      (3)

where C = product concentration, V = total reaction volume, Z = electron transfer 

number, F = Faraday constant (96,485 C mol−1), and Q = total charge passed during 

electrolysis.
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Supplementary Figures

Figure S1. SEM image of CuSA, FeSA, Cu-FeSA revealed their rhombic 

dodecahedron morphology.
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Figure S2. TEM image of Cu-FeSA indicated the metal-free particles in the catalyst.
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Figure S3. Distance distribution diagram of Cu single atom and Fe single atom. 
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Figure S4. High-resolution XPS spectra of C 1s for CuSA, FeSA and Cu-FeSA.
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Figure S5. (a) High-resolution XPS spectra of Cu 2p for CuSA and Cu-FeSA, (b) 

High-resolution XPS spectra of Cu 2p for FeSA and Cu-FeSA.
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Figure S6. Various N types of catalysts in different monatomic forms obtained by 

XPS statistics.
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Figure S7. The wavelet transform of the Cu foil, CuO, Cu2O and CuPc.
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Figure S8. (a) Cu K-edge EXAFS and fit for the Cu-FeSA, shown in k2 weighted R-

space. (b) Cu K-edge EXAFS and fit for the sample, shown in k2 weighted k-space. 
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Figure S9. The wavelet transform of the Fe foil, FeO, Fe2O3 and FePc.
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Figure S10. (a) Fe K-edge EXAFS and fit for the Cu-FeSA, shown in k2 weighted R-

space. (b) Fe K-edge EXAFS and fit for the sample, shown in k2 weighted k-space.
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Figure S11. CV curves of CuSA, FeSA and Cu-FeSA.
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Figure S12. Tafel slope of Cu-FeSA, CuSA and FeSA.
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Figure S13. Cyclic voltammetric curves of CuSA, FeSA and Cu-FeSA at different 

scan rates from 5 mV s−1 to 100 mV s−1.
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Figure S14. The detection of liquid products on Cu-FeSA by 1H NMR at −1.26 V.
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Figure S15. CO partial current density for CuSA, FeSA and Cu-FeSA at −1.26 V (vs 

RHE).
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Figure S16. ECSA-normalized CO partial current densities for CuSA, FeSA and Cu-

FeSA at −1.26 V (vs RHE).
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Figure S17. Metal loading-normalized CO partial current densities for CuSA, FeSA 

and Cu-FeSA at −1.26 V (vs RHE).
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Figure R18. The models of Cu−N4, Fe−N4, Fe−Cu−N4 and different Cu−Fe distances.
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Figure S19. Bader charges analysis of Cu−N4, Fe−N4, Fe−Cu−N4 and different 

Cu−Fe distances. 
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Figure S20. Optimized structures of all reaction intermediates involved in the CO2-

CO reduction pathway at Cu−N4 site.
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Figure S21. Optimized structures of all reaction intermediates involved in the CO2-

CO reduction pathway at Cu−N4 site.
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Figure S22. Free energy diagram for HER at Cu−N4, Fe−N4, Fe−Cu−N4 (Cu) and 

Fe−Cu−N4 (Fe) sites.
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Figure S23. Production rate of CO2-to-CO at H-cell reactor for Cu-FeSA.
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Figure S24. CO partial current density of Cu-FeSA.
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Figure S25. CO production rate under different electrolyte concentrations.
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Figure S26. Faradic efficiency at −1.26 V (vs RHE) for different KHCO3 
concentrations of Cu-FeSA.
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Figure S27. CO Production of Cu-FeSA at different current densities.
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Figure S28. Full-cell energy efficiency and partial current density toward CO of Cu-
FeSA in the flow cell.
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Figure S29. Production rate of CO2-to-CO on Cu-FeSA in the flow-cell reactor.
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Figures S30. 100 h long time voltage stability test.
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Supplementary Tables

Table S1. Quantification of Cu and Fe species in the as prepared electrocatalysts by 

ICP-OES.

Samples Cu-FeSA CuSA FeSA

Content of Cu (wt.%) 0.856 0.848 /

Content of Fe (wt.%) 0.149 / 0.925
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Table S2. The atomic content of each element in the prepared electrocatalysts was 
quantified using XPS.

Catalysts Cu-FeSA CuSA FeSA

Atomic of C (%) 85.93 84.23 88.24

Atomic of N (%) 5.06 9.55 1.88

Atomic of O (%) 8.28 5.92 7.62

Atomic of Cu (%) 0.3 0.31 /

Atomic of Fe (%) 0.43 / 2.25
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Table S3. EXAFS data fitting results of Samples (Cu).
Sample Path CNa R(Å)b σ2 (Å2)c ΔE0(eV)d R factor

Cu K-edge (Ѕ0
2=0.7469)

Cu foil Cu-Cu 12.0* 2.54 0.007 4.2±0.4 0.008

Cu-FeSA Cu-N 4.1±0.2 1.97 0.005 -4.8±0.5 0.005

aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean 

Square Relative Displacement (MSRD); dΔE0, inner potential correction; R factor 

indicates the goodness of the fit. S0
2 was fixed to 0.7469, according to the 

experimental EXAFS fit of the sample foil by fixing CN as the known 

crystallographic value. This value was fixed during EXAFS fitting, based on the 

known structure of Cu foil. Data ranges 3.0 ≤ k ≤ 11.0 Å-1, 1.0 ≤ R ≤ 3.0 Å. The 

Debye-Waller factors and ΔRs are based on the guessing parameters and constrained 

for paths.
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Table S4. EXAFS data fitting results of Samples (Fe).
Sample Path CNa R(Å)b σ2 (Å2)c ΔE0(eV)d R factor

Fe K-edge (Ѕ0
2=1.0974)

Fe-Fe 8 2.47 0.008
Fe foil Fe-Fe2 6 2.83 0.007

5.2±0.5 0.012

Cu-FeSA Fe-N 4.2±0.2 2.02 0.008 -3.0±0.4 0.005

aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean 

Square Relative Displacement (MSRD); dΔE0, inner potential correction; R factor 

indicates the goodness of the fit. S0
2 was fixed to 1.0974, according to the 

experimental EXAFS fit of the sample foil by fixing CN as the known 

crystallographic value. This value was fixed during EXAFS fitting, based on the 

known structure of Fe foil. Data ranges 3.0 ≤ k ≤ 10.0 Å-1, 1.0 ≤ R ≤ 3.0 Å. The 

Debye-Waller factors and ΔRs are based on the guessing parameters and constrained 

for paths.
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Table S5. Metal leaching concentrations of the Cu-FeSA catalyst after stability 

testing by ICP-OES.

Cycle Number Cu Leaching (mg L−1) Fe Leaching (mg L−1)

1 0.155 0.149

5 0.006 0.039
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Table S6. Comparison of Two-Electron CO2 Reduction to CO in H-cell under 

alkaline conditions with currently reported work

Catalysts Electrolyte 
FE

(%)

Potential

(V vs. RHE)
Ref.

CNS-NiSA 0.5 M KHCO3 95 -0.8 5

NiSA-NGA-900 0.5 M KHCO3 90.2 -0.8 6

Ni-SNC 0.5 M KHCO3 95 -0.8 7

Ni1-N-C (Cl) 0.5 M KHCO3 94.7 -0.7 8

NiSA-N-CNTs 0.5 M KHCO3 91.3 -0.7 9

NC-CNTs (Ni) 0.5 M KHCO3 90 -1.0 10

Ni-SAs@FNC 0.5 M KHCO3 95 -0.77 11

V-CuInSe2 0.5 M KHCO3 91 -0.7 12

Chitin-2.5Fe 1 M KHCO3 ~90 -0.59 13

Co1Cu3@C 0.5 M KHCO3 34 -0.7 14

Cd-MgAl-LDHs@RGO 0.1 M KHCO3 91.5 -1.1 15

ZnO-UR 0.5 M KHCO3 88 -0.95 16

Fe3Ni7-NC 0.5 M KHCO3 81.3 -0.9 17

ZnO (1 0 1) 0.1 M KHCO3 91.4 -0.9 18

ZnO-VO-S 0.5 M KHCO3 90 -1.1 19

CeNCl-CeO2/Ni/N-C 0.5 M KHCO3 90 -0.8 20

ZnO-NN 0.5 M KHCO3 91.3 -0.88 21

NiCd650F0.2 0.1 M KHCO3 90.3 -1.0 22

Cu-FeSA 0.1 M KHCO3 95 -1.3 This work
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Table S7. Comparison of Two-Electron CO2 Reduction to CO in flow-cell under 

alkaline conditions with currently reported work

Catalysts Electrolyte 
FE

(%)

J

(mA cm-2)

Stability

(h)
Ref.

Au/CeO2/MWCNT 1 M KOH 51.87 200 20 23

ZrO2@Ni-NC 1 M KHCO3 96.8 200 12

Ni-NC 1 M KHCO3 84.1 150 /

24 

24

NiPc–OMe MDE 1 M KHCO3 ~99.5 300 40 25

CoPc@GO 1 M KOH 96.33 500 35 26

CoPc/GO 1 M KOH 74.5 500 / 26

FeZnNC 1 M KOH ~97 50-300 / 27

CoIIQPyPhen 1 M KHCO3 ~99 100 8 28

Ni@C3N4-CN 1 M KHCO3 90 300 20 29

CoF4Pc/CNT 2:30 0.5 M KHCO3 91.8 29 2 30

97 20

100 30

97 40
Cu-FeSA 1 M KHCO3

87 50

10 This work
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