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Fig. S1. Diffuse reflectance ultraviolet-visible absorption spectra of Cu@ZIF-8, Fe(acac)s@ZIF-8,

Fe(acac)s powder and ZIF-8.



Fig. S2. (a) SEM image, (b) TEM image, (c) EDS mapping, (d) HRTEM image, (¢) HAADF-STEM

image, and (f) SAED pattern of Fe-N-C.



Fig. S3. (a) SEM, image (b) TEM image, (c) EDS mapping, (d) HRTEM image, (¢) HAADF-STEM

image, and (f) SAED pattern of Cu-N-C.
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Fig. S4. (a), (b), (d) and (¢) HAADF-STEM images of Fe/Cu-N-C and (c) corresponding EDS mapping,

(f) EELS spectrum.



Fig. S5. HAADF-STEM images of Fe/Cu-N-C.
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Fig. S6. (a) Percentage of isolated atoms, 2 neighboring atoms and 3 neighboring atoms in Fe/Cu-N-C.

(b) Statistical distance between 2 neighboring monomers.



Fig. S7. Scheme of (a) Fe-N-C, (b) Cu-N-C and (c) Fe/Cu-N-C in DFT calculations.
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Fig. S8. XPS survey spectra of Fe/Cu-N-C, Fe-N-C, and Cu-N-C.

Table S1. Elemental compositions of various catalyst samples, as measured using XPS.

Sample C (at%) N (at%o) O (at%) Cu (at%) Fe (at%o)
N-C 90.92 5.64 3.44 0 0
Cu-N-C 90.95 5.65 3.02 0.38 0
Fe-N-C 89.21 6.02 4.34 0 0.43
Fe/Cu-N-C 89.14 5.70 4.69 0.18 0.29
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Fig. S9. High-resolution XPS spectra of various catalyst samples: (2) N 1s, (b) Cu 2p, and (c) Fe 2p.

Table S2. N 1s components in catalyst samples, as determined by fitting of the corresponding XPS

data.
Sample Pyridinic N M-N Pyrrolic N Graphitic N Oxide N
(%) (%) (%) (%) (%)
N-C 39.34 0 39.13 13.72 7.81
Cu-N-C 31.71 14.56 31.22 13.02 9.49
Fe-N-C 36.32 15.36 28.45 12.18 7.69
Fe/Cu-N-C 34.31 19.31 26.01 11.81 8.56
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Table S3. Fitting results for N 1s derived from corresponding XPS data.

Samole Pyridinic N M-N Pyrrolic N Graphitic N Oxide N
i (%) (%) (%) (%) (%)
Fe/Cu-N-C 900°C 39.34 15.68 21.67 11.35 11.96
Fe/Cu-N-C 1000°C 34.31 19.31 26.01 11.81 8.56
Fe/Cu-N-C 1100°C 33.66 21.36 16.91 16.82 11.25
Fe/Cu-N-C 1200°C 32.47 22.31 26.01 18.06 11.35
da b Cc
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Fig. S10. (a), (b), (c) high resolution N 1 s XPS spectra of Fe/Cu-Nx-C (T).
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Fig. S11. XRD patterns of (a) Fe/Cu-codoped ZIF-8 and ZIF-8, and (b) Fe/Cu-N-C, Fe-N-C, Cu-N-C,

and N-C catalysts.
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Fig. S12. Raman spectra of N-C, Cu-N-C, Fe-N-C, and Fe/Cu-N-C.
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Fig. S13. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distributions of Fe/Cu-N-C,

Fe-N-C, Cu-N-C, and N-C.

Table S4. BET surface areas and pore volumes of catalyst samples.

Micropore External

Sample frir(ilrj;zf ng) surface area  surface area (C\n/]?ta'_l \é" o
(cm?g™) (cm?gY) g9 (cm*g™)
N-C 1216.2 1079.6 136.7 0.719 0.468
Cu-N-C 1392.5 1007.8 384.6 0.840 0.429
Fe-N-C 1521.2 1264.1 257.2 1.274 0.550
Fe/Cu-N-C 1541.9 12775 264.4 1.575 0.569
Table S5. Elemental compositions of catalysts, as determined by ICP-OES.
Sample Fe (wt%) Cu (wt%)
Cu-N-C 0 0.41
Fe-N-C 0.57 0
Fe/Cu-N-C 0.30 0.19
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Fig. S14. WT plots of Fe/Cu-N-C, Fe-N-C, Fe Pc, and Fe foil.
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Fig. S15. K-edge EXAFS data and fitting for (a) Fe foil and (b) Cu foil; (c,d) EXAFS k-space fitting

for Fe/Cu-N-C.
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Fig. S16. Fitting of Fourier transformations of EXAFS spectra for Fe/Cu-N-C with different models:

(a) N2Fe-CuNs, (b) NsFe-CuNs, (¢) N3Fe-CuN4 and (d) NsFe-CuNa.
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Fig. S17. EXAFS fitting for (a) Fe-N-C and (b) Cu-N-C in R space and corresponding EXAFS k-space

fitting for (c) Fe-N-C and (d) Cu-N-C.
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Table S6. Structural parameters for the catalyst samples obtained from the Cu K-edge EXAFS fitting

(Sc2 = 0.83).
Catalyst Sca;;ei;'”g CN R(A) 2 (10°A)  AE(eV)  Rfactor
Cu Cu-Cu 12% 254001 86+03 47205  0.0033
Cu-N-C Cu-N 4001 195001 6305  -47+03 0002
Cu-N 3002  193%001 6607 4918 00015
Fe/Cu-N-C
Cu-Fe 10403 2594002  90%26 1306 00015

CN: coordination number; R: bond distance; ¢°: Debye—Waller factor; AEo: inner potential correction;
R factor: goodness of fit. So> was set to 0.83 based on the experimental EXAFS fit for the Cu foil

reference by fixing CN at the known crystallographic value.

Table S7. Structural parameters for the catalyst samples obtained from the Fe K-edge EXAFS fitting

(So*=0.77).

Catalyst Scattering pair CN R (A) 6 (10°A% AEo(eV) Rfactor
Fe foil Fe-Fe 8* 2.46 £0.01 45 +0.6 56 £1.1 0.0061
Fe-N-C Fe-N 4.3 +0.1 1.99 +£0.01 59+1.6 -0.6 15 0.015

Fe-N1 3.0+0.2 1.97 £0.01 4.3+0.9 -2.1+0.9 0.015
Fe/Cu-N-C Fe-N2 1.1+0.1 2.13+0.01 18+14 95+14 0.015
Fe-Cu 1.0 0.2 2.58 +£0.01 75+*16 8.1+1.6 0.015

CN: coordination number; R: bond distance; ¢%: Debye—Waller factor; AEo: inner potential correction;
R factor: goodness of fit. So? was set to 0.77 based on the experimental EXAFS fit for the Fe foil

reference by fixing CN at the known crystallographic value.

19



A 4

To Air

CO,

> GC

%00

Fig. S18. Schematic diagram of electrochemical hydrogen pump device.
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Fig. S19. 'H NMR spectrum of the liquid product obtained over Fe/Cu-N-C after 1 h CO. reduction at

-0.8 V.
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Table S8. Elemental compositions of 0.5Fe-N-C catalyst, as determined by ICP-OES.
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Sample Fe (wt%o) Cu (wt9%)
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Fig. S20. (a) FEcoand (b) jco of Fe/Cu-N-C, Fe-N-C, Cu-N-C, N-C and 0.5Fe-N-C at potentials

from-0.4to-1.1V.
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Figure S21. CO Faradaic efficiency and CO current density of Fe/Cu-N-C with and without 0.1 M

KSCN solution.

23



a b
100 25
— = FelCu-N-C 900C
= '-“E —— Fe/Cu-N-C 1000°C
T g6l 6 204 ——Fe/Cu-N-C 1100T
z < —— Fe/Cu-N-C 1200
g E
G 2151
% o024 2
8 ke
E = 10+
5 Fe/Cu-N-C 900°C g
w884 ——Fe/CuN-C1000C | 3
3 ——Fe/Cu-N-C 1100C | & 37 —
——Fe/Cu-N-C1200C | O e
84l LT
04 -05 -06 -07 08 09 -1.0 -1.1 04 05 -06 -07 -08 -09 -1.0 -1.1

Potential (V vs. RHE)

Potential (V vs. RHE)

Fig. S22. Catalytic performance. (a) FEcoand (b) CO current density of Fe/Cu-N-C (T) at various

applied potentials.
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Fig. S23. (2) XRD pattern, (b) XPS survey spectrum, (c) high-resolution Cu 2p and Fe 2p XPS

spectrum, and (d) high-resolution N 1s XPS spectrum of Fe/Cu-N-C after stability test for 60-hour.

Table S9. Elemental quantification of Fe/Cu-N-C measured by XPS.

Sample C (at%0) N (at%) O (at%) Cu (at%) Fe (at%o)
Fe/Cu-N-C 89.14 5.70 4.69 0.18 0.29
(before stability test)
Fe/Cu-N-C 89.61 5.03 4.97 0.15 0.24

(after stability test)
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Fig. S24. (a), (b), (c) HAADF-STEM image of Fe/Cu-N-C, and (d) the corresponding EDS images
after stability test for 60-hour.
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Table S10. Catalytic performance of previously reported CO2RR electrocatalysts and Fe/Cu-N-C.

Loading E FEco J
Catalyst - (Vvs o (mA Electrolyte Reference
mg cm Wt% RHE) (%) cm?)
Cu-N2/GN 0.5 1.45 —0.50 81 1.81 0.1 M NaHCOs3 !
Fe/NC-750 1 1.25 —0.60 80 1.9 0.1 M KHCOs 2
Ni-N-C 0.5 0.4 —-0.67 93 39 0.5 M KHCOs 3
Fe-N-C 0.6 - —0.58 93 2.8 0.1 M KHCO3 4
Co-N4 2 0.63 —0.80 82 10.9 0.1 M KHCO3 5
ZnNx/C 1 0.1 —0.43 95 4.8 0.5 M KHCO3 6
Cu-APC 1.5 1 —-0.78 92 8.6 0.2 M NaHCO3 !
NiN-GS 0.4 - —-0.82 93 4.0 0.1 M KHCO3 8
Ni SAs/N-C 0.2 1.53 -1.0 72 10.5 0.5 M KHCO3 o
AuCu NP 0.4 N/A -0.77 80 1.39 0.1 M KHCO3 10
Cu/Ni(OH). 0.5 0.92 -0.50 92 3.96 0.5 M NaHCO3 u
CuFe-N-C 0.1 2.26 —0.50 95.5 2.10 0.5 M KHCO3 12
Ni/Fe-N-C 0.5 1.31 —-0.70 98 7.40 0.5 M KHCO3 1
Fe/Cu-N-C 1 0.49 —-0.40 95 3.26 0.1 M KHCOz  This work
Fe/Cu-N-C 1 0.49 —0.60 98 6.74 0.1 M KHCOz  This work
Fe/Cu-N-C 1 0.49 —0.80 99 12.91 0.1 M KHCOz  This work
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Fig. S25. Nyquist plots of the catalyst samples in the frequency range of 0.1 to 100000 Hz.

28



a b
4
N-C
& &
£ £
o [&]
<< <
E E
= =
£ £
o [
@ 5]
el o
1= =
o o
5 5
o —4 — 6 (&)
8 10
—12——14
042 045 048 051 054 0.57 0.60
Potential (V vs. RHE)
C d
3
Fe-N-C
& &
b 2 [
§ §
< <
E E
= 2
= £
= c
5] @
© k=]
i< €
o o
5 5
[&] [&]
-3 T T T T T T T
042 045 048 051 054 057 0.60
Potential (V vs. RHE)
e
* Fe/Cu-N-C
154 + FeN-C
4+ Cu-N-C
+ N-C
¥
§ 1.0-
<
E
T~
<
0.5
0.0 T T T T T T T
0 2 4 6 8 10 12 14

Scan rate (mV s ")

N
th

Cu-N-C

N
o
N

o

12——14

045 048 0.51

054 057 0.60

Potential (V vs. RHE)

Fe/Cu-N-C

12——14

042 045 048 051

054 057 060

Potential (V vs. RHE)

Fig. S26. Cyclic voltammograms measured at various scan rates (1, 2, 4, 6, 8, 10, 12, and 14 mV s™%)

for (@) N-C, (b) Cu-N-C, (c) Fe-N-C, and (d) Fe/Cu-N-C; (e) electrochemically active surface areas

(ECSAs) estimated from the double-layer capacitances (Cai) of the samples.
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Fig. S27. Top and side view of net spin densities for (a) NsFe-CuNs, (b) Fe-Na, and (c) Cu-N4 at an

isosurface value of 1 <1073 eA 3. The yellow and blue areas represent charge accumulation and

depletion, respectively.
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Fig. S28. Calculated partial density of states (PDOS) for (a) Cu-N4 and for (b) Cu-Na, (c) Fe-Na4, and (d)

NsFe-CuNsz with *COOH adsorption.
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