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Figure S1. Total current densities and Faradaic efficiencies of the electropolished Cu foil 

electrode. The total current densities and Faradaic efficiencies are measured in (a) H2O2-free 

0.1 M KHCO3, (b) 0.1 M KHCO3 with 5 mM H2O2, (c) 0.1 M KHCO3 with 10 mM H2O2, (d) 

0.1 M KHCO3 with 20 mM H2O2. The error bars represent the standard deviation from at least 

three independent measurements. The missing parts of Faradaic efficiency in H2O2 induced 

experiments are attributed to H2O2 reduction.
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Figure S2. Linear sweep voltammograms from 0.3 VRHE to -1 VRHE in 0.1 M KHCO3 + x mM 

H2O2 (x=0, 5, 10, 20). The experiments are conducted without stirring. 

At > -0.65 VRHE, the plateau-shape current densities are most likely due to the mass transport-

limited reduction of H2O2, and differences can be attributed to the different H2O2 concentration. 

In 20 mM H2O2 added electrolyte, a broad reduction peak at ~ -0.2 VRHE was observed. This 

could be attributed to the reduction of surface Cu oxide formed due to the addition of the largest 

amount of oxidative H2O2. At < -0.65 VRHE, significant increase in current density can be 

observed due to the onset of HER and CO2RR, which smears out the difference of mass 

transport-limited H2O2 reduction current.
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Figure S3. The partial current densities of ethylene, ethanol, acetate and n-propanol production. 

The partial current densities are measured in H2O2-free 0.1 M KHCO3 and 0.1 M KHCO3 with 

5 mM, 10 mM, 20 mM H2O2. The partial current densities are compared at different potentials 

of (a) -0.75 VRHE, (b) -0.80 VRHE, (c) -0.85 VRHE, (d) -0.90 VRHE, (e) -0.95 VRHE, (f) -1.00 VRHE. 

The numbers stand for the enhancement relative to the rates in H2O2-free 0.1 M KHCO3. ‘N/A’ 

represents that the product is not detected. The error bars represent the standard deviation from 

at least three independent measurements.
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Figure S4. The partial current densities of hydrogen and formate production. The partial current 

densities are measured in H2O2-free 0.1 M KHCO3 and 0.1 M KHCO3 with 5 mM, 10 mM, 20 

mM H2O2. The partial current densities are compared at different potentials of (a) -0.75 VRHE, 

(b) -0.80 VRHE, (c) -0.85 VRHE, (d) -0.90 VRHE, (e) -0.95 VRHE, (f) -1.00 VRHE. The numbers stand 

for the enhancement relative to the rates in H2O2-free 0.1 M KHCO3. The error bars represent 

the standard deviation from at least three independent measurements.
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Figure S5. AFM images of (a) as-prepared Cu foil, (b) Cu foil after electrolysis in 0.1 M 

KHCO3, and (c) Cu foil after electrolysis in 0.1 M KHCO3 + 20 mM H2O2.
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Figure S6. In situ shell-isolated nanoparticle-enhanced Raman spectra of C-O stretch region 

on electropolished Cu foil. The spectra are acquired at different potentials in CO2 saturated (a) 

0.1 M KHCO3, (b) 5 mM H2O2 + 0.1 M KHCO3, the electrolyte is continuously delivered into 

Raman cell during electrolysis. Peaks at 2074-2098 cm-1 can be assigned to the C-O stretching 

mode of atop CO.1-2 No significant change in the frequency of C-O stretching mode can be 

observed in the absence or presence of H2O2. The potential at which the C-O stretching mode 

emerges becomes more negative after adding H2O2, which is due to the reduction of Cu2Osurf 

requires more negative potential with the addition of H2O2. This is also consistent with the trend 

of Cu-C stretching (355 cm-1) and rotation (296-303 cm-1) mode of adsorbed CO (Figure 3).
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Figure S7. In situ surface-enhanced Raman spectra on mechanically polished Cu foil. The Cu 

foil is mechanically polished with 400 mesh sandpaper and rinsed thoroughly before 

electrolysis. The spectra are acquired at -0.2 VRHE in Ar saturated 1 M KHCO3 and 1 M K3PO4, 

respectively. The 937 cm-1 peak is absent in the KCHO3 electrolyte, and the 1070 cm-1 peak is 

attributed to the adsorbed carbonate. SHINER particles are not employed in this experiment for 

the mechanically polished Cu foil readily exhibited surface enhancement. The electrolyte is 

continuously delivered into Raman cell during electrolysis.
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Figure S8. In situ shell-isolated nanoparticle-enhanced Raman spectra of electropolished Cu 

foil. The spectra are acquired at different potentials in CO2 saturated (a) 0.1 M KHCO3, (b) 5 

mM H2O2 + 0.1 M KHCO3, (c) 10 mM H2O2 + 0.1 M KHCO3. The electrolyte is saturated with 

CO2 before electrolysis and not continuously purged with CO2 during electrolysis. The 1070 

cm-1 peak appears at more negative potentials with the addition of H2O2, likely due to the 

carbonate adsorption is not favored on Cu2Osurf, which can withstand more negative potentials 

in H2O2-containing electrolytes.
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Figure S9. Current profiles of potential-dependent and time resolved in situ surface enhanced 

Raman studies. (a) 0.1 M KHCO3, (b) 5 mM H2O2 + 0.1 M KHCO3. 
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Figure S10. Time resolved in situ surface-enhanced Raman spectra of 250-1150 cm-1 at -1.0 

VRHE in 0.1 M KHCO3, with 20 mM H2O2 added to the electrolyte at 55 min. The electrolyte is 

constantly purged with CO2 during electrolysis. 



12

Figure S11. Structures of ReaxFF MD simulations for Cu(100) with H2O2. The blue, red, and 

white balls stand for copper, oxygen, and hydrogen atoms, respectively.
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Figure S12. Structures of the models for Raman cross section calculations. (a) 2*O, (b) *OH 

+ *O. The orange, red, and white balls stand for copper, oxygen, and hydrogen atoms, 

respectively.
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Figure S13. Structures of ReaxFF MD simulations for OH adsorbed Cu(100) with H2O2. The 

blue, red, and white balls stand for copper, oxygen, and hydrogen atoms, respectively.
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Figure S14. Structures of the initial state, transition state and final state of *CO hydrogenation 

on different surfaces. (a) Cu(100), (b) the 2*O surface. The orange, red, grey, and white balls 

stand for copper, oxygen, carbon and hydrogen atoms, respectively.
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Figure S15. Structures of the initial state, transition state and final state of *CO dimerization 

on different surfaces. (a) Cu(100), (b) the 2*O surface (case 1), (c) the 2*O surface (case 2). 

The orange, red, and grey balls stand for copper, oxygen, and carbon atoms, respectively.
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Figure S16.  The partial current densities of CH4, C2+ products and CO production and time 

resolved Raman spectra on spherical Cu and dendritic Cu. The partial current densities are 

measured at -0.95 VRHE in H2O2-free 0.1 M KHCO3 and 0.1 M KHCO3 with 5 mM, 10 mM, 20 

mM H2O2 on (a) spherical Cu and (c) dendritic Cu. Time resolved in situ surface-enhanced 

Raman spectra are acquired at -1 VRHE in 0.1 M KHCO3 on (b) spherical Cu and (d) dendritic 

Cu, with additional 20 mM H2O2 added to the electrolyte at 15 min and 25 min, respectively. 

The electrolyte is constantly purged with CO2 during electrolysis.
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Figure S17. TEM image of the SHINER particles showing that the Au nanoparticles are 

completely covered by ~ 2 nm thick SiO2 shell.
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Figure S18. Schematic diagram of the SERS flow cell for in situ Raman spectroscopy 

measurements.
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