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Supplementary Figures

Fig. S1 FESEM images of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, (c) SAs-Cu-N-C
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Fig. S2 TEM images of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, (c) SAs-Cu-N-C
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Fig. S3 Raman spectra of SAs-Fe-N-C, SAs-Ni-N-C, SAs-Co-N-C, and SAs-Cu-N-C
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Fig. S4 XPS survey spectra of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, (¢) SAs-Cu-N-C,
and (d) SAs-Ni-N-C

Fig. S5 (a) FESEM and (b) TEM images of N-C
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Fig. S6 TGA curves of MCA, Ni-porphyrin, and composite of MCA and Ni-porphyrin
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Fig. S7 High resolution metal XPS spectra of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, and
(c) SAs-Cu-N-C
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Fig. S8 High resolution N 1s XPS spectra of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, and
(c) SAs-Cu-N-C
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Fig. S9 FT-EXAFS fitting results of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, and (c)
SAs-Cu-N-C
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Fig. S10 FT-EXAFS fitting results of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, and (c)
SAs-Cu-N-C
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Fig. S11 LSV curves measured in CO. and Ar saturated 0.5 M KHCO3 solutions of (a)
SAs-Fe-N-C, (b) SAs-Co-N-C, (¢) SAs-Cu-N-C, and (d) SAs-Ni-N-C
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Fig. S12 'H NMR results of SAs-Ni-N-C catalyzed CO2ER.

The total F.E. of gaseous CO and H. products in SAs-Ni-N-C catalyzed CO2ER was
calculated to be 100%. Likewise, the gaseous CO and H. products with 100% F.E.
were observed for the SAs-Fe-N-C, SAs-Cu-N-C, and SAs-Co-N-C catalyzed one,
respectively. Taking SAs-Ni-N-C as an example, all liquid-phase products under
investigated potentials were measured by *H NMR spectra, during which the 0.5 M
KHCO:3 electrolyte after long-term CO2ER electrolysis was mixed with internal
standard of DMSO in D20, and then the mixture was directly identified on *H NMR.
As shown in Fig. S12, the *H NMR spectra of 0.5 M KHCOj electrolyte from the
SAs-Ni-N-C catalyzed CO2ER under applied potentials only exhibited the signals of
H20 and DMSO, no characteristic peaks of any liquid-phase CO2ER products was
observed, which excluded the formation of liquid-phase products in the SAs-Ni-N-C
catalyzed CO2ER electrolysis.
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Fig. S13 LSV curves measured in CO> and Ar saturated 0.5 M KHCO3 solutions for
(a) N-C, (b) F.E. of CO and H: products of N-C, (c) content of N dopants and
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maximum CO F.E. and (d) Tafel slopes of SAs-Fe-N-C, SAs-Co-N-C, SAs-Ni-N-C,
SAs-Cu-N-C, and N-C
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Fig. S14 CV curves measured with different scan rates at the potential of -0.35V ~
-0.45 V vs. Ag/AgCI of (a) SAs-Fe-N-C, (b) SAs-Co-N-C, (c) SAs-Cu-N-C, and (d)
SAs-Ni-N-C

The ECSA was calculated by the following equation [S1]:

ECSA =R, -S
The Rt (roughness factor) is calculated by Rs = Cai/Cs, where Cs s the specific
capacitance (21 pF cm™) of graphene [S2], S is the geometric active area (1 x 1 cm?).

The ECSA of SAs-Fe-N-C, SAs-Co-N-C, SAs-Cu-N-C, and SAs-Ni-N-C were
calculated to be 102, 98, 32, and 35 cm?, respectively.
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Table S1 Contents of center metal species in the SAs-M-N-C quantified by ICP-AES

measurements
. metered . L
Weight Concentration (C:  Dilution Content of

Samples Weg  ome Ly factor (I)  metal (Wi%)

. 0

g (Vo: mL) g

SAs-Fe-N-C 0.0079 10 2.17 20 5.49
SAs-Co-N-C 0.0217 10 1.60 50 3.69
SAs-Ni-N-C 0.0514 10 1.94 100 3.77
SAs-Cu-N-C 0.0208 10 2.10 50 5.05

*Calculation of the metal amount in the SAs-M-N-C:

Taking SAs-Ni-N-C as an example, the content of metal quantified by ICP-AES was
calculated with the following formula:

_ CXVyx107° 1.94 X 10 x 107°
Ni (wt%) = —w X I x100% = 0.0512 X 100 X 100%
= 3.77 wt%

Table S2 Structural parameters of SAs-Ni-N-C, SAs-Fe-N-C, SAs-Co-N-C, and
SAs-Cu-N-C extracted from the EXAFS fitting results. (So> = 0.85)

Scattering
Sample CN R(A 2(10°%A2 AEq (V
P pair ) o ) 0 (V) factor
SAs-Ni-N-C  Ni-N 4146 2.1040.02 4649 -35#.1
SAs-Fe-N-C  Fe-N 4146 1.9140.02 4749 -35#.1 0.01
SAs-Co-N-C  Co-N 3.840.9 1.9040.02 6.441.0 -5.7#.1 '
SAs-Cu-N-C  Cu-N 4147 1.9240.02 5640.6 -4.1108

So? is the amplitude reduction factor; CN is the coordination number; R is interatomic
distance (the bond length between central atoms and surrounding coordination atoms);
o2 is Debye-Waller factor (a measure of thermal and static disorder in
absorber-scatterer distances); AEo is edge-energy shift (the difference between the
zero Kinetic energy value of the sample and that of the theoretical model). R factor is
used to value the goodness of the fitting.
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Table S3 Comparison of CO2ER performance and stability of SAs-Ni-N-C with other
reported M-N-C catalysts for CO production

Onset potential Tafel slope Stability
Catalyst F.E. (%) 1 Ref.
(V vs. RHE) (mV dec™) (h)
. This
SAs-Ni-N-C -0.3 98.5 115 50
work
Fe3*-N-C -0.2 95.0 117 12 [S3]
Ni-Ns-C -0.4 99.0 103 30 [S4]
NiN-GS -0.35 93.2 139 20 [S5]
Ni SAs/N-C -0.57 719 249 60 [S6]
Ni-NG -0.31 95.0 110 20 [S7]
NiZ*@NG -0.38 92.0 142 20 [S8]
Ni-NCB -0.4 99.0 101 24 [S9]
Co-TPP -0.46 83.0 255 4 [S10]
Cu—N2/GN -0.33 81.0 245 10 [S11]
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