Supplementary Information

Revealing the Reaction Mechanism of C-C Coupling on Cu-based Tandem Catalysts towards CO2 Reduction
Xiangdong Kong1,4, Jingwen Ke1,4, Weiran Zhou1, Zhengwu Yang1, Mingfang Chi1, Cheng Wang1, Sijia Li1, Rui Si2, Bin Liu3, Zhigang Geng1,*, Jie Zeng1,*
1Hefei National Laboratory for Physical Sciences at the Microscale, CAS Key Laboratory of Strongly-Coupled Quantum Matter Physics, Key Laboratory of Surface and Interface Chemistry and Energy Catalysis of Anhui Higher Education Institutes, Department of Chemical Physics, University of Science and Technology of China, Hefei, Anhui 230026, P. R. China.
2Shanghai Synchrotron Radiation Facility, Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, P. R. China.

3School of Chemical and Biomedical Engineering, Nanyang Technological University, 62 Nanyang Drive, Singapore 637459, Singapore.

4These authors contributed equally to this work.

*Corresponding author. E-mail: gengzg@ustc.edu.cn (Z.G.); E-mail: zengj@ustc.edu.cn (J.Z.).
Supplementary Figures

[image: image1.jpg]Cu foil

Intensity (a.u.)

GDE of Cu

8972

8976

8980 8984
Energy (eV)

8988

8992




Supplementary Figure 1. The first-order derivative profiles for the XANES spectra of Cu foil, Cu2O, and GDE of Cu.
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Supplementary Figure 2. Schematic illustration of the flow-cell system.
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Supplementary Figure 3. GC signals of gaseous products for the GDE of Cu towards CO2 electroreduction at applied j of 300 mA cm-2. a,b, FID (a) and TCD (b) signals of gaseous products for the GDE of Cu at applied j of 300 mA cm-2. The retention times at 0.94, 1.26, and 4.04 min in FID corresponded to the signals of CH4, C2H4, and C3H6, respectively. H2 ,CO, and CH4 were quantified by TCD with retention times at 1.25, 2.20, and 2.60 min, respectively.
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Supplementary Figure 4. 1H NMR of electrolyte for the GDE of Cu towards CO2 electroreduction at j of 300 mA cm-2. 1H NMR (d6-DMSO) of HCOO-: δH (ppm) 8.42 (s, H-COO-). 1H NMR (d6-DMSO) of C2H5OH: δH (ppm) 3.61 (q, -CH2-), 1.14 (t, -CH3). 1H NMR (d6-DMSO) of CH3COO-: δH (ppm) 1.86 (s, -CH3). s, q, and t represent singlet, quartet, and triplet peaks, respectively.
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Supplementary Figure 5. The linear relation of peak-area ratios with the concentrations of different products. a,b,c, Concentration (C) plotted against peak-area ratios (S) with a series of standard concentrations of HCOO- (a), C2H5OH (b), and CH3COO- (c). The singlet peaks at 8.42 ppm for HCOO-, the triplet peaks at 1.14 ppm for C2H5OH, and the singlet peaks at 1.86 ppm for CH3COO- were selected as quantitatively standard peaks. (For HCOO-: y = 3.58 x, R2 = 0.999; For CH3CH2OH: y = 1.25 x, R2 = 0.999; For CH3COO-: y = 1.22 x, R2 = 0.998)
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Supplementary Figure 6. FE for C2H5OH (FEC2H5OH), FE for CH3COOH (FECH3COO-), and FE for C3H6 (FEC3H6) for the GDE of Cu towards CO2 electroreduction. a,b,c, FEC2H5OH (a), FECH3COO- (b), and FEC3H6 (c) for the GDE of Cu. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 7. FEHCOO- and FECH4 for the GDE of Cu towards CO2 electroreduction. a,b, FEHCOO- (a) and FECH4 (b) for the GDE of Cu. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 8. Mass spectra of C2H4-correlated fragments with the partial pressure of C2H4 for 1%.
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Supplementary Figure 9. FEC2H4 for the GDE of Cu using different ratios of CO2 and Ar as co-feeding gases at applied j of 300 mA cm-2. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 10. FEC2H4 for the GDE of Cu using different ratios of CO and Ar as co-feeding gases at applied j of 300 mA cm-2. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 11. The FE for viarous products towards CO electroreduction over the GDE of Cu. CO electroreduction was conducted at different applied j in flow-cell system with pure CO as feeding gas and 1 M KOH as electrolyte. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 12. FE of products towards CO2 electroreduction over CoPc. CO2 electroreduction was conducted in flow-cell system with 1 M KOH as electrolyte. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 13. Raman spectra for the GDE of Cu, four Cu-CoPc catalysts, and CoPc.
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Supplementary Figure 14. SEM-EDX elemental mappings for the four Cu-CoPc catalysts. a,b,c,d, SEM-EDX elemental mappings of Cu-CoPc-1 (a), Cu-CoPc-2 (b), Cu-CoPc-3 (c), and Cu-CoPc-4 (d).
[image: image15.jpg]E (V vs RHE)

-0.85

-0.80 -+

-0.75 1

-0.70 +

-0.65 1

-0.60

—— Cu-CoPc-1

{—0— Cu-CoPc-2

—4x— Cu-CoPc-3
—{— Cu-CoPc+4

60 120 180 240 300 360 420 480

J(MA cm'z)





Supplementary Figure S15. The applied potential versus the applied j. Scale bar represents the standard deviations for the three separated tests. The applied potential was iR-corrected using voltage drop from the resistance of electrolyte.
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Supplementary Figure 16. Characterization of Cu-CoPc-2 before and after 20-h durability tests. a,b, The photograph for the top view of Cu-CoPc-2 before (a) and after (b) 20-h durability test. c,d, Contact angles of 1 M KOH droplets on Cu-CoPc-2 before (c) and after (d) 20-h durability test.
[image: image17.jpg]J(mA cm?)

-0.5

1

Cu-CoPc-2

Cu-CoPc-3

Cu-CoPc+4

-0.4 -0.3 -0.2
E (V vs Ag/AgCl)

-0.1




Supplementary Figure 17. Pb UPD profiles for the GDE of Cu and four Cu-CoPc catalysts.
[image: image18.jpg]Cu-CoPc-1

Cu-CoPc-2
Cu-CoPc-3
Cu-CoPc-4

SSNNNNNNNNNNNNNNN
SONNNN\N

SNONNNNNN\N
SN\

SSNNNNNNANNNNNN
NNNNNNN

S INANAANNNNNNNANN
NN\
NNN\N

SSNANNNNNNNNNN

180 240 300 360 420 480

120

60

J(mA cm?)




Supplementary Figure 18. FECO for the four Cu-CoPc catalysts towards CO2 electroreduction. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 19. FEHCOO- and FECH4 for the four Cu-CoPc catalysts towards CO2 electroreduction. a,b, FEHCOO- (a) and FECH4 (b) for the four Cu-CoPc catalysts. Scale bar represents the standard deviations for the three separated tests.
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Supplementary Figure 20. In-situ Raman spectra towards CO2 electroreduction over CoPc at different applied potential.
Supplementary Tables

Supplementary Table 1. Quantitative calibration of C2H4-correlated fragments via GC-MS measurements.
	m/z
	C2H4
	13CH2CH2
	13C2H4

	
	Fragments
	Ratios
	Fragments
	Ratios
	Fragments
	Ratios

	24
	[C2]+
	3%
	
	
	
	

	25
	[C2H]+
	12%
	[13CC]+
	3%
	
	

	26
	[C2H2]+
	56%
	[13CCH]+
	12%
	[13C2]+
	3%

	27
	[C2H3]+
	64%
	[13CCH2]+
	56%
	[13C2H]+
	12%

	28
	[C2H4]+
	100%
	[13CHCH2]+
	64%
	[13C2H2]+
	56%

	29
	
	
	[13CH2CH2]+
	100%
	[13C2H3]+
	64%

	30
	
	
	
	
	[13C2H4]+
	100%


According to the quantitative calibration of fragments for C2H4, the ratios of 13C2H4, 13CH2CH2, and C2H4 in the co-feeding gas of 13CO2 and CO (92:8) were calculated via allocating the integral areas of m/z (A(m/z)). Specifically, all fragments obey follow equations ignoring trace components:

A(30) = A([13C2H4]+)                                               (S1)

A(29) = A([13C2H3]+) + A([13CO]+) + A([13CH2CH2]+)                     (S2)

A(28) = A([13C2H2]+) + A([13CHCH2]+) + A([C2H4]+) + A([CO]+)            (S3)

A(27) = A([13C2H]+) + A([13CCH2]+) + A([C2H3]+)                        (S4)

A(26) = A([13C2]+) + A([13CCH]+) + A([C2H2]+)                          (S5)
To exclude the influence of CO fragments (13CO with m/z = 29 and CO with m/z = 28), we detected the mass spectra with m/z of 30, 27, and 26, respectively. Replacing [13C2H]+, [13CCH2]+, [13C2]+, and [13CCH]+ into the main fragments in the equations S4 and S5, we obtained equations S6 and S7 as follow:
A(27) = 12% × A(30) + 56% × A([13CH2CH2]+) + 64% × A([C2H4]+)         (S6)
A(26) = 3% × A(30) + 12% × A([13CH2CH2]+) + 56% × A([C2H4]+)          (S7)
The peak areas of [13CH2CH2]+ and [C2H4]+ were calculates by the following equations:
A([13CH2CH2]+) = 2.36 × A(27) - 2.70 × A(26) - 0.20 × A(30)               (S8)
A([C2H4]+) = 2.36 × A(26) - 0.50 × A(27) - 0.01 × A(30)                   (S9)
Supplementary Table 2. Molar ratios of CoPc to Cu determined by ICP-AES for the four Cu-CoPc catalysts.
	Samples
	Molar ratios of CoPc to Cu (%)

	Cu-CoPc-1
	3.1

	Cu-CoPc-2
	6.2

	Cu-CoPc-3
	10.4

	Cu-CoPc-4
	16.6


Supplementary Table 3. Comparison of catalytic performance for Cu-CoPc-2 catalyst with previously reported Cu-based tandem catalysts.
	Catalysts
	Electrolytes
	Cell
	Potential

(V vs RHE)
	products
	FE (%)
	Partial j

(mA cm-2)
	Ref.

	Cu4Zn
	0.1 M KHCO3
	H cell
	-1.05
	C2H5OH
	29.1
	8.2
	1

	Ag-Cu2OPB
	0.2 M KCl
	H cell
	-1.2
	C2H5OH
	34.2
	~1
	2

	Au/Cu bimetallic
	0.1 M KHCO3
	H Cell
	-0.8
	C2+ alcohols
	~5
	~0.6
	3

	Cu dots on Ag substrate
	0.1 M CsHCO3
	H Cell
	-1.0
	oxygenates
	41.4
	~6.2
	4

	Cu-Ag bimetallic
	0.1 M KHCO3
	peek cell
	-1.05
	C2H4
	51.5
	18
	5

	CuOx/NiNC
	0.1 M KHCO3
	H Cell
	-0.9
	C2H4
	~11
	~2.5
	6

	CuZn bimetallic
	1 M KOH
	Flow Cell
	-0.68
	C2+ liquids
	48.6
	97
	7

	Cu-CoPc-2
	1 M KOH
	Flow Cell
	-0.98
	C2H4
	67
	281
	This
work

	
	
	
	-1.05
	
	65
	313
	


Supplementary Table 4. Estimated ECSAs for the GDE of Cu and four Cu-CoPc catalysts with geometric area of 1.0 cm-2.
	Samples
	Integral Areas (μC)
	ECSAs (cm-2)

	GDE of Cu
	1138
	3.67

	Cu-CoPc-1
	1131
	3.64

	Cu-CoPc-2
	1084
	3.49

	Cu-CoPc-3
	1073
	3.46

	Cu-CoPc-4
	1062
	3.42
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