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Experimental Section

Synthesis of g-C;N4

The g-C;N, was prepared following a typical thermal polymerization procedure.
Briefly, 15 g of urea was put into a covered crucible and then heated to 600 °C at a
ramp rate of 5 °C/min in a muffle furnace. It was maintained at this temperature for an
additional 2 h. After being cooled down to room temperature, the resultant powders
(about 500 mg) were ultrasonicated with deionized water, collected by filtration, and

finally dried under vacuum at 60 °C.
Synthesis of heteroatom-doped g-C;Ny4

Heteroatom-doped g-C;N, was synthesized through a typical procedure. Take
C3Ny4-S for example, pristine g-C3N,4 (0.2 g) and sulfur powder (0.01 g) were ground in
an agate mortar for 30 min. The mixture was then pressed in a tube furnace and reacted
at 550 °C for 2 h with a heating rate of 2 °C/min and the Ar gas (purity > 99.999%)
flow of 0.1 L/min. The end of the tube furnace was connected to a gas bottle containing
ethanol in case of a trace amount of volatile gas. After cooling to room temperature, the
resulting powder was filtered and washed successively with deionized water and
alcohol, and dried in a vacuum at 60 °C. The C;N4-B and C;N4-P samples were
synthesized by the same method as above, except that the sulfur powder was replaced
by the boron powder and sodium hypophosphite (NaH,PO,-H,0), respectively.
Preparation of Cu-C3;N4-X

In a typical synthesis, an aqueous suspension of C;N4-S (approximately 2.5
mg-mL-") was first prepared by dispersing 150mg C3N,-S into 60 mL deionized water
with sonication and was then kept stirring continuously. Preparation of copper chloride
aqueous suspension, dissolving 46 mg Copric chloride dihydrate (approximately 1.15
mg-mL) into 40 mL deionized water with sonication. Then, added copper chloride
aqueous suspension dropwise to C3Ny-S aqueous suspension and kept stirring for 24 h
to form a homogeneous solution. After the impregnation step, the resulting
homogeneous solution was filtered and washed successively with alcohol and deionized

water, and dried in a vacuum at 60 °C. To prepare the Cu-C;N,-S sample, the obtained



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

impregnated sample was placed in the tube furnace and annealed at 550 °C for 2 h with
the heating rate of 2 °C/min and the Ar atmosphere. The Cu-C;N4-B and Cu-C3N,4-P
samples were synthesized by the same method as above, except that the C;N4-S were
replaced by C;Ny-B and C3Ny4-P, respectively.
Preparation of Cuye,-C3N4-S

The Cuy,-C5Ny4-S was obtained by continuing to follow the preparation steps of
C3N4-S based on the Cu-C5Ny-S prepared in the previous steps. But the proportion of
Cu element into C3N4-S changed to 2%, 5%, and 15%. To facilitate the discussion,
Cuye,-C3Ny-S were named according to the ratio of Cu element to C5Ny-S in the catalyst.
Characterization of Cu-C;N,-S, Cu-C;N4-B, Cu-C3Ny4-P, Cu-C;3N,4 and C3Ny

Field emission scanning electron microscopy (FESEM) was utilized to show the
structure of the catalysts on the Regulus8100 and the accelerating voltage was set as 15
kV. Furthermore, high-resolution transmission electron microscopy (HRTEM) and
energy dispersive X-Ray (EDX) elemental mapping were used to characterize the
morphologies of the catalysts and spatial distribution of elements on a JEM-F200 with
an accelerating voltage of 300 kV. Powder X-ray diffraction (XRD) measurements
were performed on a Smart Lab SE diffractometer using Cu targets (tube voltage: 40
kV, current: 30 mA). The functional group structure was measured by Fourier transform
infrared spectroscopy (FT-IR). Inductively coupled plasma optical emission
spectrometer (ICP-OES) results were obtained by assays from Agilent 5110
instruments. High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) was performed using a state-of-the-art transmission electron
microscope equiped with double (image and probe) spherical aberration (Cs) correctors
(Thermo Scientific Spectra 300). X-ray photoelectron spectroscopy (XPS) spectra were
collected with an ESCALAB 250Xi instrument using an Al Ka X-ray as an excitation
source. In situ Raman was conducted on a HORIBA LabRAM HR Evolution Raman
spectrometer with a 532 nm solid laser as an excitation source. The measurements were
carried out in a home-made flow cell with a quartz window to detect the signal from

cathode GDE. The Cu K-edge X-ray absorption near edge structure (XANES)
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measurements was performed on a laboratory device (easyXAFS300, easyXAFS LLC),
which was based on Rowland circle geometries with spherically bent crystal analyzers
(SBCA) and operated using an Ag X-ray tube source and a silicon drift detector
(AXAS-M1, KETEK GmbH).
CO; reduction reaction measurements

Electrochemical measurements were conducted using a CHI760E electrochemical
station (China) within a reactor featuring two electrode chambers separated by an ion
exchange membrane, equipped with three electrodes. The cathode and anode electrodes
consisted of carbon paper (2 cm x 2 cm) with catalyst and nickel foam (2 cm X2 cm),
respectively. A reference electrode of Ag/AgCl (3.5 M KCl) was employed. The
catalyst ink, fully dispersed, was prepared by ultrasonically vibrating a mixture of
catalyst (3 mg), absolute ethanol (300 puL, YongDa, China), and Nafion (50 puL, HeSen,
China) for 30 minutes. Cathode electrodes were then fabricated by evenly spreading
100 pL of the catalyst ink onto carbon paper and drying it overnight under vacuum. The
electrode potentials were converted from the reversible hydrogen electrode (RHE)
reference:

E(vs. RHE) = E(vs. Ag/AgCl ) + 0.0591 x pH +0.197

To assess the Faradaic efficiencies (FEs) of the CO,RR products,
chronoamperometry was conducted for 8000 s at a range of potentials (typically, at -
0.8,-1.0,-1.1,-1.2,-1.3, -1.4 V). Gas products were analyzed every 30-minute intervals
during the CO,RR and after the reaction by Gas Chromatography (GC), and the average
value of the whole process was adopted. Liquid products were analyzed after reaction
by 'H nuclear magnetic resonance (NMR) spectroscopy. Linear sweep voltammetry
(LSV) was carried out from 1.6 V to -1.4 V vs. RHE in CO;-saturated 0.1 M KHCO;
to evaluate CO,RR activity. Stability tests were conducted in a 0.1 M KHCO,
electrolyte solution saturated with CO, at -0.9 V vs. RHE for 1440 min. During the
stability test, CO, was kept purging into the cathodic room at 10 sccm with stirring at
500 rpm. C,H, production was monitored by GC every 30 min. Cyclic voltammograms
(CV) measurements were conducted at various scan rates (100, 130, 160, 190, 210

mV-s™!) within the potential windows of open circuit voltage (= 0.3 V) (vs. Ag/AgCl).

4
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By plotting the Aj (the difference between cathodic and anodic current density) against
the scan rate at open circuit voltage (vs Ag/AgCl). The double layer capacitance (Cy)
could be obtained from half of the corresponding slope value.

Faraday efficiency (FE) calculation formula for a gas product was as follows:

v
X Y XnXF
Qg 60 s/min 24.5 L/mol
FE, = X 100% = - X 100%
total ]average

where V is the flow rate of CO, gas, controlled by the gas flow meter at 10 sccm;
Y is the volume percentage of the target component in the exhaust gas obtained by gas
chromatography; for gas phase reduction products H,, CO, CHy, and C;Hy, n is 2, 2, 8
and 12 respectively; F is Faraday constant (F =96485.3 C mol™!); Javerage is the average

current.
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Computation details

DFT calculations were performed using the Vienna Ab-initio Simulation Package
(VASP).[1, 2] The Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) method was employed to account for exchange-
correlation effects.[3, 4] Core-valence interactions were treated using the projected
augmented wave (PAW) method.[5] A plane wave energy cutoff of 450 eV was set,
and a 3x3x1 Monkhorst-Pack k-point grid was utilized for Brillouin zone sampling. To
prevent periodic interactions, a vacuum space of 15 A above the surfaces was adopted.
The self-consistent calculations applied a convergence energy threshold of 10-5 eV.
The equilibrium geometries and lattice constants were optimized with maximum stress
on each atom within 0.02 eV A-!. Isosurface level of charge density difference of Cu-
C3N,-S was set at 0.01 e A-3. Density of states of Cu-C3N,-S, Cu-C3N4-B, Cu-C3N,-P,
Cu-C;3Ny-S-CO, Cu-C3N4-B-CO, and Cu-C3N4-P-CO were both obtained by vaspkit
interface.

In Gibbs free energy calculation,the elementary steps of C-C coupling reaction

were described as:

*CO-CO — *COCO

uon

In reaction pathways, the sign of “*" represents the bare surface. The sign of “-

represents the situation of intermediates which adsorbed on surface before C-C
coupling. Besides, the Kelvin temperature T was set at 298.15K. Ezpe and TS were
both obtained by vaspkit interface. pH value was set at 8 to simulate the weakly alkaline
media medium.

The Gibbs free energy change (AG) of each step is determined using the formula:

AG = AE + AZPE - TAS

where AE represents the electronic energy difference directly obtained from DFT
calculations, AZPE is the zero-point energy difference, T is the room temperature
(298.15 K) and AS is the entropy change. The AZPE can be obtained following

frequency calculations[6]:
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156 vibrational frequencies[7]:
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160

161 Fig. S1. FE-SEM and HR-TEM images of Cu-C;Ny-B.
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163
164 Fig. S2. FE-SEM and HR-TEM images of Cu-C3;Ny-P.
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167 Fig. S3. HR-TEM and corresponding EDXs mapping images of Cu-C;Ny.
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170 Fig. S4. HR-TEM and corresponding EDXs mapping images of Cu-C;N,4-B.
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Fig. S7. The DFT calculation configurations of (a) CuN3-S, (b) CuN,S, and (c) CuNj;
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for C, and golden for Cu.
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Fig. S8. (a-d) XPS spectra of Cu-C3;N,4 and Cu-C3N4-HA.
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Fig.S22. HRTEM images of Cu-C3N,-S after the reaction.
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Fig.S23. HRTEM and corresponding EDX mapping images of Cu-C3N,-S after the reaction.
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Fig. S24. XRD pattern of Cu-C;Ny-S after the reaction.
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Fig. S25. High-resolution Cu 2p spectra of Cu-C;Ny4-S before and after the reaction.
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Fig.S26. High-resolution S 2p spectra of Cu-C;Ny-S before and after the reaction.
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Fig. S27. The cyclic voltammograms measurements and the double-layer capacitance

(Cq) were conducted at various scan rates (100, 130, 160, 190, 210 mV s*') on Cu-
C;Ny-B.
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Fig. S28. The cyclic voltammograms measurements and the double-layer capacitance

(Cq) were conducted at various scan rates (100, 130, 160, 190, 210 mV s!) on Cu-C;3Ny-
P.
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Fig. S29. The cyclic voltammograms measurements and the double-layer capacitance
(Cq) were conducted at various scan rates (100, 130, 160, 190, 210 mV s*!) on Cu-
C3N4.
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Fig. S30. The cyclic voltammograms measurements and the double-layer capacitance

(Cq) were conducted at various scan rates (100, 130, 160, 190, 210 mV s'') on C3Nj,.
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Fig. S31. The DOS of Cu-C3;N4-HA before and after CO, absorption.
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Fig. S33. The schematic representation of the molecular orbital diagram of CO,.
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Fig. S34. Schematic representation of In-situ Raman device.
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Fig. S36. Potential pathway of Cu-C;Ny-S for the reduction of CO, to C,H,.
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Table S1.: Concentrations of non-metallic elements in different Cu-C;N4-HA samples

Catalyst S (%) B (%) P (%)
Cu-C3N4-S 4.4 - -
Cu-C;Ny4-B - 4.2 -
Cu-C3N4-P - - 2.8
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Table S2. Fitted parameters of the Cu-C3N,4-S.

Sample Path N2 R (AP o62(103A2c AE,(eV)?  R-factore

Cu-C;3N4-S  Cu-N 3.02  2.01 6.41 2.14 0.019

aN, coordination number; PR, distance between absorber and backscatter atoms; °c2, Debye-Waller
factor to account for both thermal and structural disorders; 9AE,, inner potential correction; °R factor

indicates the goodness of the fit.
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Table S3. Comparison of the electroreduction CO, to C,H,4 performance for various

catalysts.
Catalyst FEc2n4 (%) Potential (V vs. RHE) Reference
Cu-C;N4-S 60.2 -0.9 This Work
Cu/HMCS;s-10% 68.6 -1 [8]
Cu-MOF-CF 48.6 -1.11 [9]
Pd-Cu,0O 63.8 -1.1 [10]
P-Cu-2 48.6 -1.09 [11]
60-CuO/CeO, 44.8 -1.27 [12]
Cu-KBr 52 -1.1 [13]
OBC 45 -1 [14]
La,CuO4 NBs 60 -1 [15]
PTF(Ni)/Cu 57.3 -1.1 [16]
Cu/CuxSy 60 -1.32 [17]
Cu;N NCs 60 -1.6 [18]
Cu-based NP/C 57.3 -1.1 [19]
PcCu-Cu-O 50 -1.2 [20]
CuPANI 40 -1.2 [21]
Ages-CussJNS-100 54 -1.2 [22]
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