Cascade electrocatalysis via AgCu single-atom alloy and Ag nanoparticles in CO2 electroreduction
toward multi-carbon products

Cheng Du, * Joel. P. Mills,*4 Asfaw G. Yohannes,! Wei Wei, Lei Wang,! Siyan Lu,! Jian-Xiang Lian,?
Maoyu Wang,® Tao Guo,* Xiyang Wang,! Hua Zhou,® Cheng-Jun Sun,® John Z. Wen,! Brian Kendall,*

Martin Couillard,®> Hongsheng Guo,® ZhongChao Tan,!" Samira Siahrostami,?” Yimin A. Wu6."

!Department of Mechanical and Mechatronics Engineering, Waterloo Institute for Nanotechnology,
Materials Interfaces Foundry, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

2Department of Chemistry, University of Calgary, 2500 University Drive NW, Calgary, Alberta, T2N
1N4 Canada

3X-Ray Science Division, Argonne National Laboratory, Lemont, IL 60439, USA

*Department of Earth and Environmental Sciences, University of Waterloo, Waterloo, Ontario N2L
3G1, Canada

®Energy, Mining and Environment Research Center, National Research Council Canada, 1200 Montreal
Road, Ottawa, Ontario K1A OR6, Canada

®Interdisciplinary Center on Climate Change, University of Waterloo, Waterloo, Ontario N2L 3G1,
Canada

"Department of Chemistry, University of Waterloo, Ontario N2L 3G1, Canada
A Equal contribution

* Corresponding emails: zhongchao.tan@uwaterloo.ca; samira.siahrostami@ucalgary.ca;

vimin.wu@uwaterloo.ca

This Supplementary Information file includes:

Figure S1to S17, Table S1 to S3, and Supplementary References.


mailto:zhongchao.tan@uwaterloo.ca
mailto:dhiggs@stanford.edu
mailto:yimin.wu@uwaterloo.ca

Figure S1. SEM images of Cu NP (A and E), AgCu SAA (B and F), AgCu SANP (C and G), and Ag NP (D and
H).
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Figure S2. (A-B) BF-STEM images of AgCu SANP; (C-D) HAADF-STEM images of AgCu SANP, the
representative Ag NP are marked by the circle; (E) HAADF-STEM image of AgCu SANP, region 1 represents the
Ag NP, region 2 represents AgCu SAA; (F) EDX of region 1, which shows the apparent signal of Ag and Cu; (G)
EDX of region 2, which only shows the signal of Cu without Ag due to the low content of Ag in AgCu SAA
composition.
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Figure S3. (A) BF-STEM image of AgCu SAA; (B-C) HAADF-STEM images with different magnifications of
AgCu SAA; (D) AC-HAADF-STEM image of AgCu SAA, the bright dot marked by the circle represents the Ag
single-atoms; (E) STEM and EDS element mapping images of AgCu SAA.
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Figure S4. (A) XRD spectra of Cu NP, AgCu SAA, AgCu SANP and AgCu NP; (B) Auger spectra of AgCu
SAA, AgCu SANP and AgCu NP. Source data are provided with this paper.
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Figure S5. (A) Cu K-edge XANES spectra of AgCu SANP, Cu foil, Cu,O and CuO; (B) Cu K-edge EXAFS
experimental and fitting spectrum of AgCu SANP. Source data are provided with this paper.
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Figure S6. (A-B) Experimental and fitting spectra of Ag K-edge in k space of AgCu SANP (A) and Ag foil (B);
(C) Experimental and fitting spectra of Ag K-edge in r space of Ag foil; (D-E) Experimental and fitting spectra of
Cu K-edge in k space of AgCu SANP (D) and Cu foil (E); (F) Experimental and fitting spectra of Cu K-edge in r
space of Cu foil. Source data are provided with this paper.
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Figure S7. Schematics of the flow cell.
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Figure S8. (A) Representative gas chromatography (GC) flame ionization detector (FID) spectrum for CO,RR
products; (B) Representative GC thermal conductivity detector (TCD) spectrum for CO;RR products; (C-D)
Standard curves of CH4 (C), C2H4 (D), and CO (E). Source data are provided with this paper.
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Figure S9. (A) Representative NMR spectrum for CO2RR products; (B-E) Standard curves of HCOO" (B), C;HsOH
(C), CHsCOO- (D) and C3H7OH (E). Source data are provided with this paper.
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Figure S10. (A-D) Faradic efficiency (FE) results of Cu NP, AgCu SAA, AgCu SANP, and Ag NP under different
potentials; (E-H) I-t curves of Cu NP, AgCu SAA, AgCu SANP, and Ag NP under different potentials. Noted that
the FE of H products from competitive hydrogen evolution reaction is not presented. All the error bars are obtained
from three independent experiments. Source data are provided with this paper.
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Figure S11. (A) The partial current density of C.. products of Cu-based samples. All the error bars are obtained
from three independent experiments; (B) The FE values of various products during the long-term stability test.
Noted that the FE of H products from competitive hydrogen evolution reaction is not presented. Source data are
provided with this paper.
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Figure S12. (A-C) FE results of AgCu SANP for CO;RR feeding with different CO, concentrations, 20% (A), 15%
(B) and 10% (C); (D-F) I-t curves of AgCu SANP for COzRR feeding with different CO, concentrations, 20% (D),
15% (E) and 10% (F). Noted that the FE of H, products from competitive hydrogen evolution reaction is not

presented. All the error bars are obtained from three independent experiments. Source data are provided with this

paper.
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Figure S13. Proposed all mechanistic pathways for the formation of ethanol, ethylene, and acetic acid. The most
less energetic pathways are given in the main text. The free energy of the reactions indicated in the arrows is in eV.



Figure S14. Cu-Cu bond distance comparison before Ag doping (A) and after Ag doping (B). Color code: Cu -
brown, and Ag - light gray. Source data are provided with this paper.
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Figure S15. Projected d-band for pure Cu (red and orange lines) and Ag-doped Cu (blue and black lines) surfaces.
Orange and black lines are the DOS projected on the d-band of the atoms near the target Cu (in pure Cu) and Ag
atom (in CuAg). Insets: the target Cu and Ag atoms are indicated with the label ‘A’ whereas the first-neighbor Cu
atoms are indicated with ‘B’. The red and blue dashed lines indicate the d-band center of the pure Cu and CuAg
surfaces, respectively. The Blue dashed oval indicates the excess DOS in CuAg. Color code: Cu - brown, and Ag -
light gray.
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Figure S16. CO,-to-CO reduction on Ag-doped Cu (black line) and Ag(100) (orange line).



Figure S17. CO adsorbed structures before and after optimization for the ontop and bridge sites on pure Cu
surface (A and B, respectively) and Ag doped-Cu surface (C and D, respectively). Color code: Cu - brown, Ag -
light gray, C - dark gray, and O - red. Source data are provided with this paper.



Table S1 Fitted EXAFS parameters at the Cu and Ag K-edge for AgCu SANP, Ag foil, and Cu foil

AgCu SANP CN error R(A) ERROR Eo(eV) (A% R-factor
Ag-Ag 732 | 073 | 2859 0.009 0.0080(1)
2.4(7) 0.0103
Ag-Cu 1.03 0.09 2.810 0.048 0.0125(9)
AgCu SANP CN error R(A) ERROR Eo(eV) (A% R-factor
Cu-O 2.12 0.36 1.952 0.170 0.0019(5)
Cu-O 1.06 0.18 2.689 0.077 0.0030(2)
Cu-Cu(oxide) 212 | 036 | 3076 0.042 8(2) 0.0118(1) 0.0204
Cu-Cu(metal) 142 | 065 | 2548 0.018 0.0012(8)
Cu-Ag 095 | 009 | 2810 0.048 0.0008(5)
Ag_foil CN error R(A) ERROR Eo(eV) *(A?) R-factor
Ag-Ag 12 2.866 0.003 2.1(3) 0.0092(4) 0.0021
Cu_foil CN error R(A) ERROR Eo(eV) c4(A?) R-factor
Cu-Cu 12.00 2.544 0.003 0.0090(4)
Cu-Cu 6.00 3.595 0.022 0.0148(4)
Cu-Cu-Cu 48.00 3.848 0.046 4.5(5) 0.0202(5) 0.0011
Cu-Cu-Cu 48.00 4,373 0.032 0.0032(5)
Cu-Cu 24.00 4,418 0.018 0.0125(2)

CN: coordination number; R: distance; Eo: energy shift; 6% mean-square disorder; R-factor: goodness of
EXAFS fitting). The numbers in the parentheses are the last digit error. Due to the complex mixture phases
of Cu structures, Cu,O, CuO, Cu atoms bonded to Ag in the Cu cluster, and Cu atoms not bonded to Ag in the Cu
cluster, the coordination number of Cu-Ag extracted from Cu EXAFS spectral is just the demonstration of existence

Cu-Ag.




Table S2 Performances comparison of AgCu SANP and reported results of alkaline solution in Figure 3D

Catalysts NO. o MA cm2 Co. FE S“Fggc'eerrgﬁgéiry
AgCu SANP 1 720 94 This work

La,xCuOass 2 51.3 415 !
CuxO,C, 3 80 54 2
Cu-PzH 4 346 60 3
alkanethiol-modified Cu 5 255 64 4
CuO/Al,CuO4 6 600 70.1 °
F-Cu 7 400 70.4 6
Cu-Cul 8 700 71 !
CuzP207 9 350 73.6 8
Cu-SiOx 10 300 75 o
electrodeposited Cu 11 150 75 10
Cus-AgsAu 12 230 7 1
B-Cu-Zn 13 200 79 12
Cu NPs with +1 valence 14 300 80 13
CuNi 15 250 80.5 14
Cu@Pb 16 400 81.6 15
CusNy 17 307 81.7 16
Cu Nanoribbons 18 347.9 82.3 1
Oxide-Derived Copper 19 3415 83.8 18
SHKUST-1 20 400 88.4 19
Cu(OH),-derived Cu 21 217 87 20
N-C/Cu 22 300 93 21




Table S3 Gibbs free adsorption energies (AGads) of CO on Ag doped-Cu surface and pure Cu surface. CO
adsorption on the bridge between Cu-Ag and 4-fold hollow sites is not stable (migrates to the nearby Cu sites).

Ag doped-Cu surface Pure Cu surface
Site type AGags (eV) Site type AGags (eV)
Ontop of Cu -0.60
Ontop of Ag -0.18 Ontop -0.85
Bridge Cu-Cu -0.63 Bridge -0.87
Bridge Cu-Ag unstable Hollow (4-fold) -0.90
Hollow (4-fold) unstable
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