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1. Materials characterizations

X-ray diffraction (XRD) patterns of samples were recorded on a Philips X Pert Pro Super
diffractometer with Cu-Ko radiation (A=1.54178 A). Scanning electron microscopy (SEM) images
were obtained on JSM-6700F operated at SkV. Transmission electron microscopy (TEM) images were
taken using a transmission electron microscope (Hitachi H-7650, Japan, 100 kV). HAADF-STEM
images were carried out on a field-emission transmission electron microscope (JEOL ARM-200F,
Japan, 200 kV). Iron content in the samples was determined by the inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, Atom scan Advantage, Thermo Jarrell Ash, USA). X-ray
photoelectron spectroscopy (XPS)measurements were recorded on a spectrometer (Thermo
ESCALAB250Xi) with an exciting source of monochromatized Al Ka (hv = 1486.6 e¢V). Raman
spectra were collected at the excitation wavelength of 532 nm on a JYLABRAM-HR spectrometer
equipped with an integral microscope. X-ray absorption fine structure (XAFS) spectra of Fe K-edge
were recorded at BL14W1 beamline of Shanghai Synchrotron Radiation Facility (SSRF) in China.
CO,temperature-programmed ~ desorption  (CO,-TPD)  profiles were conducted on a
MicromeriticsAutochemIl 2920 chemisorption analyzer connected with a HIDEN QIC-20 mass
spectrometer.
2. Calculations of turnover frequency (TOF)

The following equation was used to calculate the TOF for CO formation:

loot/nF
TOF =

mcat. X w/MFe

where I is the partial current density for CO; n is the number of transferred electrons to
yield CO (n=2); F is the Faradaic constant (96485 C mol'); m, is the catalyst mass
deposited on carbon paper;  is the mass percent of iron in the catalyst based on ICP-
AES results; M is the atomic mass of iron.

3. Computational method

All first-principle calculations in this work were carried out using the Vienna abinitio Simulation
Package (VASP) based on the spin-polarized density functional theory.!? The electron-ion
interactions were described by projector augmented wave potentials.> The generalized gradient
approximation of the Perdew-Burke-Ernzerhof (PBE) form was adopted to describe the exchange-
correlation functional.* The electron wave functions were expanded using a plane-wave basis set with
an energy cut off of 400 eV.3 In the geometric optimization, atomic positions were fully relaxed until
the associated forces are less than 0.02 eV/A. 3 x 3 x 1 Monkhorst-Pack sampled k-points were used
in all of slabs system. A vacuum region greater than 15 A was applied to avoid interactions between

the neighboring slabs caused by the periodic boundary conditions.
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The considered reaction steps for the electrochemical reduction of CO, into CO are
as follows:
(1) CO, + *+ H" + e — *COOH (Activation process)
(2) *COOH + H* + e —>*CO + H,0 (Surface reaction)
(3) *CO — CO(g)+ * (Desorption process)

The Gibbs free energy for each step involved during CO, reduction and HER at 0 V
vs. RHE on Fe-Ns and Fe-Ngwas calculated as follows:
G=Eprr+ ZPVE - TS,
where Eprris the DFT-optimized total energy; ZPVE is the zero-point vibrational energy;
TS, (T=298.15K) represents the vibrational entropy corrections, which were calculated
through the harmonic-oscillator approximation.® The computational results are

summarized in Table S3.
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Figure S1. (a) TEM and (b) magnified TEM images of Fe-containing derivative of ZIF-8.
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Figure S2. (a) Magnified HAADF-STEM image, (b) HAADF-STEM image, and (c-f)
EDS mapping of Fe-Ng.
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Table S1. Fitting of N 1s XPS spectra of Fe-N5s and Fe-N.

Sample B.E. (Ev) Fraction (%) Assignment
398.6 42.18 pyridinic N

Fe-N; 399.7 8.44 Fe-N
400.9 35.84 pyrrolic N
402.3 13.54 graphitic N
398.6 48.71 pyridinic N

Fe-N, 399.7 15.16 Fe-N
400.9 27.05 pyrrolic N

402.3 9.08 graphitic N
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Figure S3. Raman spectra of Fe-N5 and Fe-N¢. The intensity ratios of D band to G band
(Ip/I;) for Fe-Ns and Fe-Ng is 0.99 and 1.02, respectively.
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Table S2. Fe K-edge EXAFS fitting results (R: distance; CN: coordination number; o>

Debye-Waller factor; AEy: inner potential correction) for Fe-Ns and Fe-N.

Fe-N
Sample R(A) CN o* (A) AE, (eV)
Fe-Njs 2.00+£0.01 54403
0.005 10.8 £ 0.8
Fe-Ng 2.00+£0.01 6.0+ 0.3
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Figure S4. FT-EXAFS fitting curves for Fe-Ns and Fe-Ng. The fitting curves match well

with the experimental data. The gray, green, blue, and yellow spheres represent C, Fe, N,

and H atoms, respectively.
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Figure S5. Scheme of the custom-designed flow cell.
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Figure S6. (a) On-line gas chromatography and (b) 'H NMR spectroscopy of the
electrolyte for Fe-N;5 after CO, electroreduction at -0.45 V vs. RHE.
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Figure S7. Cyclic voltammograms (CVs) of Fe-Ns and Fe-Ng recorded under CO, (gas

flow rate=10 sccm; sweep rate=10 mV s'!) in 1.0 M KOH aqueous electrolyte.
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Figure S8. Chronoamperometry curves of (a) Fe-Ns and (b) Fe-Ng in 1.0 M KOH
electrolyte. The corresponding GC curves of (¢) Fe-Nsand (d) Fe-Nj after the electrolysis.
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Figure S9. Linear fitting of double layer capacitive currents (Aj (j.-j.)) plotted against

scan rates performed in CO;-saturated 1.0 M KOH solution.
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Figure S10. TEM images of (a) ZIF-8-800 and (b) ZIF-8-900.
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Figure S11. FE( at different applied potentials for ZIF-8-800 and ZIF-8-900.
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Figure S12. FEco on carbon paper, Fe, Fe;O4, and Fe,O; at -0.55 V vs. RHE. The

extremely low FEco confirmed the structure-sensitivity of Fe species.
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Table S3. Electrocatalytic performance of Fe-Ns and some previously reported catalysts

for CO, electroreduction.

Catalyst Electrolyte Maximum FEco  Overpotential  Reference

Fe-Ns 0.5 M KHCO; 94% 038V This work
H-M-G 0.1 M KHCO;3 96.6% 035V 6
Fe-N-C 0.1 M NaHCO3 91% 049V 7
Fe-N-C 0.1 M KHCO;3 80% 049V 8
Fe/NG-750 0.1 M KHCO3 80% 046V 9
Ni-N-G 0.1 M KHCO;3 90% 0.59V 10
A-Ni-NSG 0.5 M NaCOs3 97% 061V 11
Ni SAs/N-C 0.5 M KHCO3 71.9% 0.79 V 12
Ni-NG 0.5 M KHCO3 95% 0.55V 13
Co-N, 0.5 M NaHCO; 94% 052V 14
Co-Ns/HNPCSs 0.2 M NaHCO; 99.4% 0.68 V 15
NiSA-N-CNTs 0.5 M KHCO3 89% 0.44V 16
CoNi-NC 0.5 M KHCO3 50% 039V 17
Ni-N;3-V SAC 0.5 M KHCO4 94% 0.69 V 18

S18



Figure S13. (a) TEM and (b) HAADF-STEM images of Fe-Ns after the long-time
stability test.
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Figure S14. N 1s XPS spectra of spent Fe-Nj after 24-h continuous electrolysis.
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Table S4. Fitting of N 1s XPS spectra of spent Fe-N;s after 24-h continuous electrolysis.

Sample B.E. (Ev) Fraction (%) Assignment
398.6 36.93 pyridinic N

399.7 9.77 Fe-N
Spent Fe-Ns 400.9 32.04 pyrrolic N
402.3 21.25 graphitic N

S21



—0— Fe-Ns
—o—Fe-Ns

0 " 1 & 1 i 1 i
0 200 400 600 800
Pressure (mmHg)

CO: adsorption capacity (umol g™')

Figure S15. CO, adsorption isotherms of Fe-Ns and Fe-Ng collected at 298 K.
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Table S5. The thermodynamic contributions to the free energy for the molecules and

adsorbates from the DFT calculations (T=298.15 K).

Species Eprr (€V) ZPVE (eV) -TS,i (€V)
Hy(g) -6.76 0.27 -0.4
COy(g) -22.99 0.31 -0.66
CO(g) -14.80 0.14 -0.61
H,O(g=1) -14.22 0.57 -0.22
Fe-N; -597.12 0 0
Fe-Ns-*COOH -622.71 -0.22 0.62
Fe-Ns-*CO -612.64 -0.14 0.23
Fe-Ng -653.84 0 0
Fe-N4-+*COOH -678.45 -0.20 0.63
Fe-Ng-+*CO -667.17 -0.14 0.21
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Figure S16. The lateral view of (a) Fe-Ns and (b) Fe-N¢ established based on XPS and
EXAFS fitting results. The gray, green, blue, and yellow spheres represent C, Fe, N, and

H atoms, respectively.
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Figure S17. Two kinds of structural models of Fe-Ns. Theoretical calculations showed
that Fe-Ng with two pyrrole rings on the same side can activate CO, while Fe-Ng with one

pyrrole ring on each side cannot.
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