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1. Supporting Figures 

 

 

Figure S1 | (a) Schematic diagram and (b) photograph of the electrochemical/Raman 

spectroscopy setup. For security reasons, the fume extractor remains working during the CO 

bubbling, and the environmental CO concentration is continuously monitored by a CO detector. 
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Figure S2 | Scanning electron microscope (SEM) image of a Cu(100) surface modified by 

Au@SiO2 SHINs (scale bar: 2 μm). Insert: transmission electron microscope (TEM) image of 

a typical Au@SiO2 nanoparticle (scale bar: 50 nm). 
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Figure S3 | The pinhole test of Au@SiO2 SHINs in 0.1 M CsOH mixed with different time. 

Au@SiO2 SHINs were deposited on Si substrates. Probe solution: 20 uL 0.1 M CsOH + 5 uL 

pyridine. The spectra were collected at open circuit potential (OCP).(1) a.u. arbitrary units. 

 

 



S5 
 

 

Figure S4 | (a) CVs results of Cu(100) single-crystal electrodes without a coating of Au@SiO2 

SHINs before the CORR. (b) CVs results of Cu(100) single-crystal electrodes with a coating 

of Au@SiO2 SHINs before and after the HER cleaning. (d) CVs results of Cu(100) single-

crystal electrodes with a coating of Au@SiO2 SHINs after the CORR. All potentials are 

referenced to the reversible hydrogen electrode (RHE). 
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Figure S5 | (a) CVs results of Cu(111) single-crystal electrodes without a coating of Au@SiO2 

SHINs before the CORR. (b) CVs results of Cu(111) single-crystal electrodes with a coating 

of Au@SiO2 SHINs before and after the HER cleaning. (d) CVs results of Cu(111) single-

crystal electrodes with a coating of Au@SiO2 SHINs after the CORR. All potentials are 

referenced to the reversible hydrogen electrode (RHE). 
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Figure S6 | (a) CVs results of Cu(110) single-crystal electrodes without a coating of Au@SiO2 

SHINs before the CORR. (b) CVs results of Cu(110) single-crystal electrodes with a coating 

of Au@SiO2 SHINs before and after the HER cleaning. (d) CVs results of Cu(110) single-

crystal electrodes with a coating of Au@SiO2 SHINs after the CORR. All potentials are 

referenced to the reversible hydrogen electrode (RHE). 
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Figure S7 | Normalized EC-SHINERS spectra (40-4000 cm-1) recorded on Cu(100) in the 

12CO-saturated CsOH (0.1M) solution at different applied potentials (vs. RHE, OCP: open 

circuit potential). The anodic back scan starts from -0.8 to +0.2 V. The low-frequency band at 

105 cm-1 is characteristic of the optical fibers used in our spectrometer, and is used as a 

normalization reference and internal standard to compensate for differences in signal intensities 

due to laser alignment. a.u. arbitrary units. 
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Figure S8 | Normalized Raman spectra recorded from Cu(100) in the CO-saturated CsOH (0.1 

M) solution at different applied potentials (vs. RHE, OCP: open circuit potential). Without 

SHINs to provide sufficient enhancement, no significant Raman features can be recorded from 

the interesting Raman ranges on Cu(100). The low-frequency band at 105 cm-1 is characteristic 

of the optical fibers used in our spectrometer, and is used as a normalization reference and 

internal standard to compensate for differences in signal intensities due to laser alignment. a.u. 

arbitrary units. 
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Table S1 | Assignments of vibrational frequencies for oxygen-containing species during the 
CORR in alkaline electrolytes (pH=13) on Cu surfaces. 

Assignments Raman Shifts (cm-1) References 

Cu2O          
Powder 147 216   412 514 635  (1) 

Anodic film      525 625  (2) 
Deposited film  218    523 623  (3) 

Nanocrystal 150 220   415 520 630  (4) 
CuO          

Powder   288 337   638  (1) 
Deposited film   298 347   591  (3) 

Tenorite   296 347   631  (5) 
Nanorod 

Foil 
  273 

287 
321 
329 

  606 
619 

 (6) 
(7) 

Cu(OH)2          
Powder   288 337  

450 
 

489 
  (1) 

Anodic film     460    (2) 
Deposited film      490   (3) 

Anodic film   292   488   (8) 
(Cu2O)surf 143 

146 
222 
219 

  450 
412 

525 
528 

627 
619 

 (1) 
(9) 

CuOx/(OH)y    395  530   (10) 
Cu-OHad      520-544   This work 
     453 525-535  660-710 (1) 
     460   800 (2) 
        709 (10) 
    431 450 527   (11) 
      527   (12) 
      

460 
 

520 
 698 

 
(13) 
(14) 

Cu-ODad      516-538   This work 
      497  640 (1) 
        725 (13) 
Cu-Oad    320 393-400 630  This work 
       570-633  (1) 
       625  (2) 
       620  (10) 

    320 380    (14) 
Cu-COad   255    2060 2090 This work 
         1800-1900 2050-2100 (10) 
   275 360 502  2050-2070 (14) 
   280 365   1900-2100 (15) 
    340-350  2060-2074 (16) 
   280 360   1980-2100 (17) 
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Figure S9 | The calculated VDOSs of intermediates from AIMD simulations (in blue and red 

curves) and the static frequency predictions from DFT calculations (in green lines) during the 

CORR and CORR. Assignments of these typical frequencies are listed in Tables S2 and S3. 

a.u. arbitrary units. 
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Table S2 | Assignments of vibrational frequencies for surface adsorbed species during the 
CORR in alkaline electrolytes (pH=13) on Cu (100). a Since the OCCO structure is unstable on 
the neutral Cu surface, the Cu(100) slab was charged with one extra electron while the 
compensation charge was included with one Cs ion near the surface. H-bonding indicates that 
the surface species show a significant hydrogen bonding effect with solvent water. 

Assignments Frequencies (cm-1) Literatures 
Experimental Calculated 

*CO  AIMD DFT  
C≡O stretching 2120; 2090; 

2060 
  This work 

(18-23) 
C=O stretching 1830-1864 

(1838-1867) 
1870-1760 1848 This work 

(24) 
*CHO     

CHO in-plane bending 
 

1235 1230 
(H-bonding) 

1205 
(1235) 

This work 
(25) 

C-H in-plane bending  1030 
(H-bonding) 

 This work 

*COH     
C-OH bending  1320 

(H-bonding) 
1163 

(1160) 
This work 

(25) 
C-OH stretching  1030 

(H-bonding) 
1014 

(1020) 
This work 

(25) 
C-O stretching  970 

(H-bonding) 
 This work 

 
*OCCOa     

 C=O stretching (1550-1562)  1498, 1553 (26) 
asymmetry stretching  1430 1438 

(1486) 
This work 

(25) 
symmetry stretching   1412 This work 

asymmetry stretching  1235 
(1229) 

(H-bonding) 

 This work 
(27) 

symmetry stretching  1005 
(1039) 

(H-bonding) 

 This work 
(27) 

C=O bending  945 
(H-bonding) 

 This work 
 

*OCCOH     
C-O stretching (1584)  (1576) (25) 

C=O stretching   1508 This work 
C=O stretching  1310 

(H-bonding) 
 This work 

 
C-O-H stretching  

(1191) 
1265 

(1231) 
1265 

(1235, 1242) 
This work 

(25-27) 
C-OH stretching  1185 

(H-bonding) 
1077 This work 

 
*OCCHO     

C=O stretching   (1313, 1376) (25, 26) 
C-O stretching   (1200, 1206) (25, 26) 

*HOCCOH     
C=C stretching 1370 1375 1383 

(1397) 
This work 

(25) 
C-OH bending  1310 

(1324) 
1300 

(1229) 
This work 
(25, 27) 

C-OH bending 1220 1215 
(1187) 

1175 This work 
(27) 

*C=C=O     
asymmetry stretching 1960 1987 

(2078) 
(H-bonding) 

2070 This work 
(27) 

symmetry stretching  1200 
(1211) 

1206 This work 
(27) 

C=C=O bending  556 605 This work 
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Table S3 | Assignments of vibrational frequencies for surface adsorbed species during the 
COOR in alkaline electrolytes (pH=13) on Cu (100) and Cu(111). 

Assignments Frequencies (cm-1) Literatures 
Experimental Calculated 

*CO2
- 

on Cu(100) 
 AIMD DFT  

in-plane CO2 bending  725  This work 
symmetry C-O stretching   1105  This work  

 asymmetry C-O stretching  
 

(1330, 1325) 

1345 
(1365) 

 This work 
(28) 
(16) 

*CO2
- 

on Cu(111)  
    

in-plane CO2 bending  
(700) 

680 
 

 
(733) 

This work 
(16) 

symmetry C-O stretching   
(1330) 

1103  
(967) 

This work 
(16) 

asymmetry C-O stretching 1535-1610 
(1543) 

1535-1604  
(1503) 

This work 
(16) 

*HCOO     
O-C-O bending  994 990 This work 

symmetry O-C-O stretching  1290 1308 This work 
asymmetry O-C-O stretching  1506 1528 This work  

*HCO3
-      

 C-O stretching 997 
(1015) 

995 1002 This work 
(17, 29) 

C-O stretching  
(1363, 1360) 
(1345, 1362) 

1353 1365 This work 
(29, 30) 
(14, 31) 

asymmetry O-C-O stretching 1535-1610 1535 1553 This work 
*CO3

2- (1)     
symmetry O-C-O stretching   914 This work 

asymmetry O-C-O stretching 997 
(990) 

1025 1000 This work 
(32) 

C-O stretching  1293  This work 
C-O stretching  1320  This work 
C-O stretching  

 
(1390, 1395) 

1400 
(1400) 

 This work 
(28) 

(30, 33) 
C-O stretching 1440 

(1430) 
1432  This work 

(16) 
*CO3

2- (2)     
C-O stretching 1070 

 
(1070, 1065) 

(1060) 

1040 
(1034) 

 This work 
(28) 

(14, 29) 
(34) 

C-O stretching  
(1344) 

1330 
 

 This work 
(14) 

C-O stretching  
 

(1390, 1395) 

1407 
(1400) 

 This work 
(28) 

(30, 33) 
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Figure S10 | Normalized EC-SHINERS spectra recorded from Cu(100) in the Ar-saturated 

CsOH (0.1 M) solution at different applied potentials (vs. RHE, OCP: open circuit potential). 

Assignments of vibrational frequencies for O-containing species can be found in Table S1. The 

low-frequency band at 105 cm-1 is characteristic of the optical fibers used in our spectrometer, 

and is used as a normalization reference and internal standard to compensate for differences in 

signal intensities due to laser alignment. All potentials are referenced to the reversible hydrogen 

electrode (RHE). a.u. arbitrary units. 
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Figure S11 | Normalized EC-SHINERS spectra recorded from Cu(111) in the Ar-saturated 

CsOH (0.1 M) solution at different applied potentials (vs. RHE, OCP: open circuit potential). 

Assignments of vibrational frequencies for O-containing species can be found in Table S1. The 

low-frequency band at 105 cm-1 is characteristic of the optical fibers used in our spectrometer, 

and is used as a normalization reference and internal standard to compensate for differences in 

signal intensities due to laser alignment. All potentials are referenced to the reversible hydrogen 

electrode (RHE). a.u. arbitrary units. 
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Figure S12 | Normalized EC-SHINERS spectra recorded from Cu(110) in the Ar-saturated 

CsOH (0.1 M) solution at different applied potentials (vs. RHE, OCP: open circuit potential). 

Assignments of vibrational frequencies for O-containing species can be found in Table S1. The 

low-frequency band at 105 cm-1 is characteristic of the optical fibers used in our spectrometer, 

and is used as a normalization reference and internal standard to compensate for differences in 

signal intensities due to laser alignment. All potentials are referenced to the reversible hydrogen 

electrode (RHE). a.u. arbitrary units. 
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Figure S13 | Normalized EC-SHINERS recorded from (a) Cu(111)  and (b) Cu(110) in 0.1 M 

12CO-saturated CsOH solutions (pH=13, OCP:  open circuit potential). Assignments of these 

typical frequencies are listed in Tables S1and S2. The 1960 cm-1 band can be assigned to the 

asymmetric C=C=O stretching modes of a surface ketene (*C=C=O) species according to the 

calculated VDOSs (at 1987 cm-1, Fig. S20) (35, 36). The low-frequency band at 105 cm-1 is 

characteristic of the optical fibers used in our spectrometer, and is used as a normalization 

reference and internal standard to compensate for differences in signal intensities due to laser 

alignment. All potentials are referenced to the reversible hydrogen electrode (RHE). a.u. 

arbitrary units. 
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Figure S14 | Potential dependence of the peak ratios (Ipeak/I105) of (a) *COatop (2090 and 2060 

cm-1), *CObridge (~1860 cm-1), and (b) *HOCCOH (1370 and 1220 cm-1) and *CHO (1235 cm-

1) during the CORR on Cu(100). This prototype data was taken from Figure 2a. The low-

frequency band at 105 cm-1 is characteristic of the optical fibers used in our spectrometer and 

is used as a normalization reference and internal standard to compensate for differences in 

signal intensities due to laser alignment. All potentials are referenced to the reversible hydrogen 

electrode (RHE). Here we try to provide insights into the change trends of these specific Raman 

signals during the CORR under different conditions. This attempt is based on the following 

facts: (i) except the applied potentials, other experimental parameters (Cu facets, electrolytes, 

CO bubble rates, laser wavelengths, incident power, acquisition time, etc.) have been kept 

constant; (ii) the data recorded (ca. 10 spectra) across different locations on the Cu surfaces 

and has been averaged for further presentation; (iii) all the averaged spectra have been 

normalized to the intensity of the highest 105 cm-1 bands as an internal standard. Accordingly, 

these averaged spectra with the normalized intensity ratio (Ipeak/I105) can help us to find out the 

general change trend of surface species along with the applied potentials, as similarly reported 

by other groups. (37-39) 
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Figure S15 | Normalized EC-SHINERS recorded from Cu(100)  in 0.1 M 12CO-saturated (a) 

LiOH (pH=12.3 ) and (b) KOH solutions (pH=13.0, OCP:  open circuit potential). Assignments 

of these typical frequencies are listed in Tables S2 and S3. The low-frequency band at 105 cm-

1 is characteristic of the optical fibers used in our spectrometer, and is used as a normalization 

reference and internal standard to compensate for differences in signal intensities due to laser 

alignment. All potentials are referenced to the reversible hydrogen electrode (RHE). a.u. 

arbitrary units. 
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Figure S16 | SEM images of the roughened polycrystalline Cu electrode. 
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Figure S17 | Normalized EC-SHINERS recorded from the roughened polycrystalline Cu 

electrode in 0.1 M (a) 12CO- and (b) Ar-saturated CsOH solutions (pH=13, OCP:  open circuit 

potential). Assignments of these typical frequencies are listed in Tables S1 and S2. The Raman 

peak at 1615 cm-1 can be assigned to the H–O–H bending mode of interfacial water at the 

Cu(100) surface.(40) The low-frequency band at 105 cm-1 is characteristic of the optical fibers 

used in our spectrometer and is used as a normalization reference and internal standard to 

compensate for differences in signal intensities due to laser alignment. All potentials are 

referenced to the reversible hydrogen electrode (RHE). a.u. arbitrary units. 
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Figure S18 | Normalized EC-SHINERS recorded from Cu(100)  in 0.1 M (a) 12CO- and (b) 

Ar-saturated CsHCO3 solutions (pH=9.0, OCP:  open circuit potential). Assignments of these 

typical frequencies are listed in Tables S1 and S2. All potentials are referenced to the reversible 

hydrogen electrode (RHE). A new CO band at 2085 cm-1 appears under potentials of -0.3V to 

-0.5V in the Ar-saturated CsHCO3 solution (b), demonstrating that bicarbonate anions play a 

critical role in the CO2RR and they can directly adsorb onto Cu surfaces to generate initial CO 

products.(41) At more negative potentials, the CORR occurs on Cu(100) since its typical 

intermediates are visible in the spectra at 1220, 1235, and 1370 cm-1  under such conditions 

(see Tables S2 and S3). The 1950 cm-1 band can be assigned to the asymmetric C=C=O 

stretching modes of a surface ketene (*C=C=O) species according to the calculated VDOSs (at 

1987 cm-1, Fig. S20)(35, 36). The low-frequency band at 105 cm-1 is characteristic of the optical 

fibers used in our spectrometer, and is used as a normalization reference and internal standard 

to compensate for differences in signal intensities due to laser alignment. a.u. arbitrary units. 
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Figure S19 | Normalized EC-SHINERS recorded from Cu(100)  in 0.1 M (a) 12CO- and (b) 

Ar-saturated CsCl solutions (pH=7.0, OCP:  open circuit potential). Assignments of these 

typical frequencies are listed in Tables S1 and S2. The Raman peak at 1615 cm-1 can be 

assigned to the H–O–H bending mode of interfacial water at the Cu(100) surface.(40) The low-

frequency band at 105 cm-1 is characteristic of the optical fibers used in our spectrometer, and 

is used as a normalization reference and internal standard to compensate for differences in 

signal intensities due to laser alignment. All potentials are referenced to the reversible hydrogen 

electrode (RHE). a.u. arbitrary units. 
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Figure S20 | VDOSs of (a) *CCO and (b) *CHCO as obtained from AIMD and representative 

snapshots of typical reaction intermediates during the CORR on Cu(100). The Cu, C, O, and 

H atoms are presented in orange, black, red, and white colours, respectively. a.u. arbitrary units. 
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Figure S21 | Normalized EC-SHINERS spectra recorded from various Cu surfaces in the 12CO-

saturated CsOH (0.1 M) solution at different applied potentials (OCP: open circuit potential). 

The low-frequency band at 105 cm-1 is characteristic of the optical fibers used in our 

spectrometer, and is used as a normalization reference and internal standard to compensate for 

differences in signal intensities due to laser alignment. All potentials are referenced to the 

reversible hydrogen electrode (RHE). a.u. arbitrary units. 
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Figure S22 | Normalized EC-SHINERS spectra recorded from Cu(100) in the 13CO-saturated 

CsOH (0.1 M) and 12CO-saturated CsOD (0.1 M) solutions at different applied potentials (OCP: 

open circuit potential). The low-frequency band at 105 cm-1 is characteristic of the optical fibers 

used in our spectrometer, and is used as a normalization reference and internal standard to 

compensate for differences in signal intensities due to laser alignment. All potentials are 

referenced to the reversible hydrogen electrode (RHE). Compared to Fig. 2a, the small peak 

around 255 cm-1 was red-shifted to 245 cm−1 (Fig. S22) in the 13CO-saturated CsOH solution, 

while kept constant (256 cm−1, Fig. S22) in the 12CO-saturated CsOD solution, indicating it 

originated from C-bound species. This mode is calculated to be a bending mode of an adsorbed 

CO on Cu hollow sites. a.u. arbitrary units. 

 



S27 
 

 

Figure S23 | The total current density for various Cu single-crystal surfaces under different 

conditions.  
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Table S4 | Electrochemical potentials of possible CO2 reduction reactions in aqueous solutions 

for the production of different hydrocarbon fuels.(42) 

Possible	half‐reactions	of	electrochemical 
CO2	reduction 

Electrode	potentials 
(V	vs.	RHE)	at 

pH=7														pH=13 
 

CO2	(g)	+	H2O	(l)	+	2e−	→	CO	(g)	+	2OH− ‐0.10																			0.06	

CO2	(g)	+	H2O	(l)	+	2e−	→	HCOO−	(l)	+	OH− ‐0.03																			0.13	

CO2	(g)	+	5H2O	(l)	+	6e−	→	CH3OH	(l)	+	6OH− 0.03																					0.19	

CO2	(g)	+	6H2O	(l)	+	8e−	→	CH4	(g)	+	8OH− 0.17																					0.33	

2CO2	(g)	+	8H2O	(l)	+	12e−	→	C2H4	(g)	+	12OH− 0.08																					0.24	

  

 

 

 

Table S5 | Electrochemical potentials of possible CO reduction reactions in aqueous solutions 

for the production of different hydrocarbon fuels. The below half-reactions are obtained from 

equation addition or subtraction operations in Table S4. 

 

Possible	half‐reactions	of	electrochemical 
CO	reduction 

Electrode	potentials 
(V	vs.	RHE)	at 

pH=	7														pH=13	
 

CO	(g)	+	2OH−	‐2e−	→	CO2	(aq.)	+	H2O	(l)	 0.10																			0.26	

CO	(g)	+	OH−	→	HCOO−	(l)	 0.07																			0.23	

CO	(g)	+	4H2O	(l)	+	4e−	→	CH3OH	(l)	+	4OH− 0.13																			0.29	

CO	(g)	+	5H2O	(l)	+	6e−	→	CH4	(g)	+	6OH− 0.27																			0.43	

2CO	(g)	+	6H2O	(l)	+	8e−	→	C2H4	(g)	+	8OH− 0.18																			0.34	
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2. Supporting Notes 

Supporting Note 1 - the plasmon-enhanced effect in the SHINs/Cu nanogap 

Compared to the situation at a plain Cu surface, the CORR and COOR would take place in a 

different environment within the hotspots. This is due to the fact that localized surface plasmon 

(LSP) resonances of metallic nanostructures will harvest and confine light near a metal surface 

via photon–electron interactions, leading to confined electromagnetic fields, charge transfer, 

local heat generation, as well as hot carrier excitation (43, 44). These LSP-induced phenomena 

within the hotspots could result in various effects in electrocatalytic reactions, e.g., field-

induced reagent concentration (45), extreme nanophotonics and molecular optomechanics (46), 

anchoring group-based intermediates (47), strong dependence on the gap size (48), etc. 

However, it is hard to exclude these LSP-induced effects during the in-situ spectro-electro-

chemical measurements. On the one hand, we can’t record any useful Raman signals (e.g., 

adsorbed CO modes) of intermediates from the plain Cu(100) surface without SHINs (see 

Figure S8). On the other hand, the plasmon-enhanced effect in the nanogap can help to boost 

the Raman signals, and thus one can obtain some peaks during the SHINERS measurements 

(see Fig. 2). 

 

Supporting Note 2 - isotope exchange effects for the 13CO vs. 12CO species 

As shown in Figure 2a, the 13CO isotopic substitution measurements were carried out on 

Cu(100) in the 0.1 M CsOH solution saturated with 13CO. We found that the C≡O stretching 

vibrations at 2060 (on terrace sites) and 2090 cm-1 (on step sites) shift to lower wavenumbers 

around 2015 and 2045 cm-1 during the 13CORR, respectively. The ratio (γ) of the Raman 

frequency for *COatop red-shift during the 13CORR experiments can be approximately analyzed 

by the following reduced mass formula:(49, 50) 



S30 
 

𝛾ଵ ൌ
ν൫ COଵଷ ൯

ν൫ COଵଶ ൯
ൌ
ට𝑚൫ Cଵଷ ൯  𝑚ሺOሻ

ට𝑚൫ Cଵଷ ൯ ൈ 𝑚ሺOሻ
/
ට𝑚൫ Cଵଶ ൯  𝑚ሺOሻ

ට𝑚൫ Cଵଶ ൯ ൈ 𝑚ሺOሻ
ൌ
√13  16

√13 ൈ 16
/
√12  16

√12 ൈ 16
ൌ 97.8% 

Therefore, theoretically, the vibrational peaks at 2060 and 2090 cm-1 for *COatop on Cu(100) 

should downward shift to around 2060 × 0.978 = 2015 and 2090 × 0.978 = 2044 cm-1 during 

the 13CORR, respectively. This is in good agreement with our experimental observations 

(Figure 2a). 

 

Supporting Note 3 – excluding possible overlaps from the *HCO3
–/*COOH /*CO3

2–

/*CO2
– species 

To the best of our knowledge, both peaks at 1220 and 1370 cm-1 have not been previously 

observed on Cu surfaces during the CO(2)RR in pH=13 electrolytes by SERS/SHINERS 

techniques. Due to the system complexity and co-existent pathways, the assignments of the 

1220 and 1370 cm-1 bands may involve certain overlaps from other surface species. For 

example, Dunwell et al. observed IR peaks associated with H12CO3
– (1362 cm–1) and H13CO3

– 

(1323 cm–1) through ATR-IR spectrum deconvolution of the vibrational bands, which were 

recorded from Au films in 12/13CO2-saturated NaHCO3 electrolytes at pH=7.2 (31). These peak 

positions are pretty close to our observations, which might overlap the proposed assignments 

(-C=C- stretching) for the *HOCCOH species under 12CO (1370 cm-1) and 13CO (1320 cm-1) 

atmospheres (Fig. 2). Note that although in some cases one vibrational mode can be both IR 

(change in dipole moment) and Raman (change in polarizability) active, such a direct 

comparison between IR and Raman peaks needs to tread with care. 

 

In order to exclude the possible spectral overlap, more EC-SHINERS spectra have been 

recorded on Cu(100) surface in 0.1 M Ar-saturated CsHCO3 solutions (pH=9.0, Fig. S18b). At 
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the low overpotentials (+0.2 V to - 0.3 V, Fig. S18b), no significant Raman features can be 

observed around the 1220 and 1370 cm-1 regions in this electrolyte (dominated by H12CO3
– 

anions), which presents direct evidence that they are not associated with H12CO3
– adsorbed on 

Cu surfaces. At the same time, these two peaks appeared under lower potentials (-0.4 V to -1.0 

V). This is due to the fact that the surface H12CO3
– species will be reduced to CO (2085 cm-1, 

Fig. S16b), and then the CORR occurs on Cu(100) to produce the *HOCCOH intermediates 

(Fig. S16b). Notably, it is well known that the *HCO3
– tends to deprotonate in pH=13 media 

(e.g., 0.1 M CsOH) and transform to the *CO3
2- species. For the same reason, although previous 

SERS (17) and ATR-SEIRAS (41) observations from Cu surfaces in CO2-saturated 

KHCO3 buffer (0.1M, pH=6.8) assigned the 1370 cm-1 peak to a carboxyl intermediate 

(*COOH), this assignment can not be applied to the current system due to the difference in 

electrolyte pH (Fig. 2, 0.1 M CsOH, pH=13.0). 

 

Additionally, Chernyshova et al. reported that the co-existence of the 1350-1370 cm-1 peak 

with the peak at 1070 cm-1 could be associated with a typical symmetric C-O stretching of the 

CO3
2– species (16). This overlap can be excluded from the D2O labelling studies (Figs. 2a, c). 

Compared to the CORR in the CsOH electrolyte, the peak position at 1070 cm-1 remains 

unchanged while the 1370 cm-1 band slightly red-shifted to 1365 cm-1 in the CsOD electrolyte 

(Figs. 2a, c). On the contrary,  the 1370 cm-1 band accompanied by the 1220 cm-1 band 

downward shifted to ca. 1365 and 1205 cm-1 simultaneously in the D2O isotope experiments 

(Figs. 2a, c), indicating that both peaks are correlated with ‘H’ atoms (see Supporting Notes 3-

5). Therefore, the 1370 cm-1 band accompanied by the 1070 cm-1 band should not be ascribed 

to the CO3
2– species in our case. Moreover, Raman peaks at 350, 700, 1330, and 1540 cm–1 can 

be assigned to the *CO2
- (14, 16), which are beyond the regions around 1220 and 1370 cm-1 

and thus the *CO2
- can also be excluded here. 
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Supporting Note 4- isotope exchange effects for 13C-OH vs. 12C-OH species 

For the –C-OH related moiety during the 13CORR,  we found that the –C-OH stretching 

vibration at 1220 cm-1 shifts to lower wavenumbers around 1185 cm-1. The ratio (γ) of the 

Raman frequency for –C-OH red-shift during the 13CORR experiments can be approximately 

analyzed by the following mass formula:(49, 50) 

𝛾ଶ ൌ
ν൫ COHଵଷ ൯

ν൫ COHଵଶ ൯
ൌ
ට𝑚൫ Cଵଷ ൯  𝑚ሺOHሻ

ට𝑚൫ Cଵଷ ൯ ൈ 𝑚ሺOHሻ
/
ට𝑚൫ Cଵଶ ൯  𝑚ሺOHሻ

ට𝑚൫ Cଵଶ ൯ ൈ 𝑚ሺOHሻ
ൌ
√13  17

√13 ൈ 17
/
√12  17

√12 ൈ 17
ൌ 97.7% 

Therefore, theoretically, the vibrational peak at 1220 cm-1 for the –C-OH moiety should 

downward shift to around 1220 × 0.977 = 1192 cm-1 during the 13CORR. This is in good 

agreement with our experimental observations (1185 cm-1, Fig. 2a). 

 

Supporting Note 5 - isotope exchange effects for the 12C-OD vs. 12C-OH species 

For the –C-OH related moiety during the 12CORR with D2O as the electrolyte,  we found that 

the –C-OH stretching vibration at 1220 cm-1 shifts to lower wavenumbers around 1205 cm-1. 

The ratio (γ) of the Raman frequency for –C-OH red-shift during the 12CORR experiments in 

the CsOD solution can be approximately analyzed by the following mass formula:(49, 50) 

𝛾ଷ ൌ
νሺCODሻ

νሺCOHሻ
ൌ
ඥ𝑚ሺCሻ  𝑚ሺODሻ

ඥ𝑚ሺCሻ ൈ 𝑚ሺOHሻ
/
ඥ𝑚ሺCሻ  𝑚ሺODሻ

ඥ𝑚ሺCሻ ൈ 𝑚ሺOHሻ
ൌ
√12  18

√12 ൈ 18
/
√12  17

√12 ൈ 17
ൌ 98.8% 

 

Therefore, theoretically, the vibrational peak at 1220 cm-1 for the –C-OH moiety should 

downward shift to around 1220 × 0.988 = 1205 cm-1 in the deuterium experiments. This is in 

good agreement with our experimental observations (1205 cm-1, Fig. 2a). 

 

Supporting Note 6 - isotope exchange effects for the –13C=13C- vs. –12C=12C- species 
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For the –C=C- related moiety during the 13CORR,  we found that the –C=C- stretching 

vibration at 1370 cm-1 shifts to lower wavenumbers around 1320 cm-1. The ratio (γ) of the 

Raman frequency for –C=C- red-shift during the 13CORR experiments can be approximately 

analyzed by the following mass formula:(49, 50) 

𝛾ସ ൌ
ν൫ C Cଵଷଵଷ ൯

ν൫ C Cଵଶଵଶ ൯
ൌ
ට𝑚൫ Cଵଷ ൯  𝑚൫ Cଵଷ ൯

ට𝑚൫ Cଵଷ ൯ ൈ 𝑚൫ Cଵଷ ൯
/
ට𝑚൫ Cଵଶ ൯  𝑚൫ Cଵଶ ൯

ට𝑚൫ Cଵଶ ൯ ൈ 𝑚൫ Cଵଶ ൯
ൌ
√13  13

√13 ൈ 13
/
√12  12

√12 ൈ 12
ൌ 96.0% 

Therefore, theoretically, the vibrational peak at 1370 cm-1 for the –C=C- moiety should 

downward shift to around 1370 × 0.96 = 1315 cm-1 during the 13CORR. This is in good 

agreement with our experimental observations (1320 cm-1, Fig. 2a). 

 

Supporting Note 7 – AIMD calculations for the *CO2
- species on Cu(100) and Cu(111) 

Under a vacuum condition, molecular CO2 can physically adsorb on the Cu surface in both Cu 

(100) and Cu (111) facets (28). However, the CO2
- species is unstable on the Cu surfaces in the 

vacuum and can only be stabilized in the aqueous condition during ab-initio molecular 

dynamics calculations. To understand the vibration fingerprints of CO2
- species, we simulated 

the CO2
- species that chemically adsorbed on Cu(100) and Cu(111) with explicit solvation. The 

chemically adsorbed CO2 is bent and more negatively charged (by 0.45 |e| according to the 

Mulliken charge population) compared to the physically absorbed CO2 species. The vibrational 

frequencies differ between two Cu surfaces (Fig. 3b). On the one hand, the AIMD calculations 

of the CO2
- species on Cu(100) indicate vibrational frequencies at 725, 1105 and 1345 cm-1 

(Table S3), which are in good agreement with Cheng’s calculated VDOSs (28). On the other 

hand, the AIMD results indicate vibrational frequencies at 680, 1103, and 1535-1604 cm-1 on 

Cu(111) (Table S3).  
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Based on the isotopic experiments and DFT calculations as reported by Chernyshova et al. (16), 

the vibrational frequencies of chemically adsorbed CO2
- species have been determined to be 

around 703 (in-plan bending), 1330 (symmetry stretching), and 1520-1540 cm-1 (asymmetry 

stretching). Note that their simulations were carried out at Cu(111) surface using a static 

vibrational analysis, which only successfully predicted the bending mode (733 cm-1) and 

asymmetry stretching (1503 cm-1) of the CO2
- species (16). The symmetry stretching mode at 

1330 cm-1 in the experimental result was far away from the DFT prediction (at 967 cm-1) (16). 

To understand this discrepancy, we carried out AIMD simulations on CO2 adsorbed both on 

Cu(100) and Cu(111) (Table S3). It is evident that our AIMD simulations can reproduce the 

frequency regions at 1345 cm-1 on Cu(100) and 1535-1604 cm-1 on Cu(111). We proposed that 

these peaks were associated with the asymmetry stretching modes of the CO2
- species on 

different Cu facets (Table S3). This assumption can also be backed up by several experimental 

facts that even Cu single-crystal facets tend to reconstruct quickly under CO(2) reduction 

conditions (21, 51, 52). Thus the CO oxidation occurs both on Cu(100) and Cu(111) 

simultaneously. While, the similar calculated frequencies around 700 (725 on Cu(100)/680 on 

Cu(111)) and 1100 (1105 Cu(100)/1103 Cu(111)) cm-1 both on Cu(100)/Cu(111) would be 

associated with their symmetry stretching modes and in-plane bending modes, respectively 

(Table S3). Interestingly, the *HCOO species (with two oxygen bound with Cu sites) also 

present peaks around 1506 cm-1 on Cu(100) surface, which might contribute to the Raman 

signals as observed from our experiments in the CsHCO3 (Fig. S18) and CsCl (Fig. S19) 

solutions.  

 

Supporting Note 8 - isotope exchange effects for the *OD vs. *OH species 
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For the *OH species on Cu(100) during the 12CORR with D2O as the electrolyte, we found 

that *OH bending vibration at 538 cm-1 shifts to lower wavenumbers 530 cm-1 at 0.4 V (vs. 

RHE). The ratio (γ) of the Raman frequency for *OH downward shift in the CORR in CsOD 

experiments can be approximately analyzed by the following mass formula: 

𝛾 ൌ
νሺODሻ

νሺOHሻ
ൌ
ඥ𝑚ሺOሻ  𝑚ሺDሻ

ඥ𝑚ሺOሻ ൈ 𝑚ሺDሻ
/
ඥ𝑚ሺOሻ  𝑚ሺHሻ

ඥ𝑚ሺOሻ ൈ 𝑚ሺHሻ
ൌ
√16  2

√16 ൈ 2
/
√16  1

√12 ൈ 1
ൌ 72.8% 

 

Therefore, theoretically, the vibrational peak at 538 cm-1 for the *OH species should downward 

shift to around 530 × 0.728 = 392 cm-1 in the deuterium experiment. However, in actual 

experimental research systems, the hydrogen bonding with electrolyte molecules and the 

interaction with surface *D2O/*O species may become more pronounced for the *OH/*OD in 

higher alkaline solutions (pH=13).(10) Thus, it should not exhibit a significant isotopic shift in 

actual D2O experiments compared with the calculation result without taking those factors as 

mentioned above into consideration. 

 

Supporting Note 9 – calculations for the co-adsorbed *OH/*O and *CO species 

Due to the high cost, it is challenging to include all surface states (e.g., *OH/*O or CuOx/(OH)y 

species) on Cu(100) together during ab-initio molecular dynamics simulations, although the 

coupling between *OH/*O and C-containing adsorbates exist. (24, 53)  The surface *O and 

*OH species may contribute to the reaction reactivity/selectivity of the CO(2)RR and the 

vibrational modes of the intermediates since they could react with the surface C-containing 

intermediates or water molecules. This will give rise to different reaction products via various 

intermediaries. However, according to several benchmark simulations, the *CO model 

adsorbed on clean Cu(100) contains quite similar vibrational modes as that obtained from the 

*CO+*O(Θ = 0.25) and *CO+*OH(Θ = 0.25) models (see Fig. S24). The difference in their 
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VDOS intensities is probably due to the occupation of active sites by the *OH/*O and the 

interaction between the *CO and *OH/*O on Cu(100). (24, 53) More detailed and 

comprehensive simulations are indeed essential to fully understand the CO(2)RR on the Cu 

surface but beyond the current computational affordability. 

 

Figure S24 | VDOSs as obtained from AIMD simulations and representative snapshots of 

typical *CO and its co-adsorbed *OH/*O intermediates on Cu(100). The surface coverage (Θ) 

of the *CO model was set at 1/3 monolayer (ML). The *CO model adsorbed on clean Cu(100) 

contains quite similar vibrational modes as that obtained from the *CO+*O (Θ = 1/4 ML) and 

*CO+*OH (Θ = 1/4 ML) models. The difference in their relative intensities is probably due to 

the occupation of active sites by the *OH/*O and the interaction between the *CO and *OH/*O 

on Cu(100).(24, 53) The Cu, C, O, and H atoms are presented in orange, black, red, and white 

colours, respectively. a.u. arbitrary units. 
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Supporting Note 10 – calculations with and without the cation effect and potential bias  

 

Figure S25 | VDOSs as obtained from AIMD simulations and representative snapshots of 

typical (a) *HOCCOH and (b) *HCO3
- species on Cu(100) with and without the cation effect 

(Cs+) and potential bias (U). The Cu(100) electric double layers of the models with Cs+U 

include a Cs+ ion and 132 explicit water molecules, and the corresponding surface charge 

densities are -6.81 μC/cm2. The Cs, Cu, C, O, and H atoms are presented in purple, orange, 

black, red, and white colours, respectively. a.u. arbitrary units. 

 

Due to the high cost, it is challenging to consider all cation effects and potential bias together 

during our ab-initio molecular dynamics simulations for all intermediates, although these 

factors will induce shifts of vibrational frequencies under certain conditions. (27, 40) However, 

our in-situ EC-SHINERS spectra mostly obtained from Cu surfaces under low applied 

potentials (+0.2 to -0.5 V vs. RHE) and current densities (ca. > -100 μA/cm2, see Fig. 2), which 

mild conditions render us to take simplified simulation models to save computation time and 
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sources. To provide more reliable comparisons, we carried out additional AIMD simulations, 

which included Cs+ cations and applied potentials in the models. Based on the calculation 

results (Fig. S25), these vibrational frequencies of typical intermediates (e.g., *HOCCOH and 

*HCO3
-) are pretty similar for both models with and without cation (Cs+) and potential (U) 

conditions. In addition, the difference in their VDOS intensities doesn’t affect the assignments 

of the corresponding surface species. More detailed and comprehensive simulations are indeed 

essential to fully understand the CO(2)RR on the Cu surface but beyond the current 

computational affordability. 

 

 

3. Supporting Methods 

 

3.1. Chemicals and Materials  

Cesium hydroxide monohydrate (99.95% trace metals basis), potassium hydroxide (99.99% 

trace metals basis), lithium hydroxide monohydrate (99.995% trace metals basis), cesium 

hydrogencarbonate (99.9%), cesium chloride (99.999% trace metals basis), perchloric acid 

(70%), sulfuric acid (96%), phosphoric acid solution (85% in water, 99.94% metals basis), 

potassium phosphate dibasic trihydrate (99%), potassium phosphate monobasic (99%) and 

sodium perchlorate (≥98.0%) were purchased from Sigma-Aldrich. Deuterium oxide (99.9 

atom % D) and 13CO isotopic gas (99 atom % 13C) were purchased from Cambridge Isotope 

Laboratories, Inc. All chemicals were used as received. Argon (99.999%) and nitrogen 

(99.999%) were purchased from Chem-Gas Pte Ltd. Carbon monoxide (99.97%) was 

purchased from Linde Gas Singapore Pte Ltd. Deionized water (18.2 MΩꞏcm, Barnstead Type 

1) was used for all the studies. Shell-isolated nanoparticles (SHINs) were donated by Prof. 
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Jian-Feng Li’s group (Xiamen University, China), prepared using previously-reported 

protocols.(54) 

 

3.2. Pretreatment of Cu single-crystal and polycrystalline electrodes 

Cu(100), Cu(111), and Cu(110) single-crystal discs (99.999%, GoodFellow, 10 mm in 

diameter and 2 mm in thickness) were used as working electrodes and were prepared based on 

our previous-reported protocols.(55)    Briefly, the Cu single-crystal surfaces were gently 

polished with nano-diamond slurries (DiaPro Nap ¼ µm, Struers) to mirror-like finishes, and 

then electropolished in an acidic electrolyte at +2 A/cm2 for 1 second (Autolab PGSTAT100). 

The electropolishing acidic solution was prepared by mixing 130 mL H3PO4 (85% in water, 

Sigma-Aldrich, 99.94% metals basis), 20 mL H2SO4 (96% in water, Sigma-Aldrich), and 60 

mL deionized water (18.2 MΩꞏcm). Immediately afterward, the single-crystal discs were rinsed 

with deionized water and 0.1 mM HClO4 solution (Sigma-Aldrich). The surface structures of 

the single-crystal electrodes were checked using cyclic voltammetry (CV) in N2-purged 0.1 M 

KOH (Sigma-Aldrich, 99.99% trace metals basis), at 50 mV/s between -0.45 V and +0.45 V 

vs. RHE. 

 

The polycrystalline Cu (polyCu) discs (99.99%, Goodfellow) were first mechanically polished 

with SiC paper (grit 1200, Struers) and diamond slurries (Diapro, 9 μm and 3 μm, Struers) to a 

mirror-like finish, then sonicated and rinsed with deionized water. In order to gain a strong 

surface-enhanced Raman scattering (SERS) effect, the polyCu electrodes were then 

electrochemically roughened by a square wave potential pulses (SWPP) method (56). The 

morphology of the polyCu electrodes was characterized by SEM imaging (JEOL JSM-6710F). 
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3.3. FDTD calculations 

The spatial distribution and absorption spectra of local electric fields in the nanogaps between 

a Cu surface and a 2 × 2 array of Au@SiO2 SHINs were calculated using the FDTD method 

(Lumerical Solution). The simulation model comprised four Au@SiO2 SHINs (the diameter of 

the Au core is ca. 55 nm and the thickness of the SiO2 shell is ca. 3 nm, Fig. S2) and a Cu metal 

slab. The incident wavelength is set at 633 nm. In the simulation, a perfectly matched layer 

was used. The simulation time was set to 1000 fs, which was enough to ensure convergence of 

the calculation. We adopted a non-uniform mesh size in the junctions of the investigated 

structures. The Yee cell size in the junctions of the particle–particle and particle–Cu film was 

0.25 nm× 0.25 nm× 0.25 nm and for the remaining regions was 0.5 nm× 0.5 nm× 0.5 nm. The 

dielectric functions of Cu and Au, which are wavelength-dependent, were taken from a multi-

coefficient fitting model offered by Lumerical FDTD (50). 

 

3.4. Spectral processing  

 

Figure S26 | Normalization processing of typical averaged spectra under different conditions 

(Fig. 2a). OCP: open circuit potential. All potentials are referenced to the reversible hydrogen 

electrode (RHE). a.u. arbitrary units. 
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All in-situ SHINERS spectra were acquired from at least three different spots with three repeats 

each. Each presented spectrum is an average of acquired spectra with a collection time of 20 

seconds each. These averaged spectra are reported without smoothing. To make all spectra 

comparable, they are normalized to the intensity of the low-frequency band at 105 cm-1, which 

is characteristic of the optical fibers used in our spectrometer and it is always the highest peak 

as the internal standard during the measurements. The background was subtracted by using the 

baseline correction function (Type: Lines, Degree: 5), and the peak position was determined 

by using the add peak function in the LabSpec 5 Spectral Software Suite (build-in software in 

the HORIBA system). The arbitrary scaling of the spectra is set as 1 unit (at the 105 cm-1 band), 

and then they are stacked (shift up 0.25 units each time) in the Origin (OriginLab, 2019b) for 

better clarification.  

 

3.5. DFT and AIMD computational details 

(i) vibrational analysis based on DFT calculations 

The theoretical prediction of vibrational spectra is a well-established field of computational 

chemistry. The commonly used approach is based on the harmonic approximation, where the 

modes are assumed to be harmonic oscillators. The stationary point of the oscillator is obtained 

from the geometry optimization, and the frequencies are derived from the second derivatives 

of the energy.  

The gradient of the potential energy surface is determined via the finite differences method. 

    𝑫𝒊𝒋  ൌ
𝝏𝟐𝑬

𝝏𝑹𝒊  𝝏𝑹𝒋 
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Where E is the potential energy, R is the position. The force constant matrix  𝑫𝒊𝒋(Hessian) is 

then diagonalized to yield the eigenvectors and eigenvalues. 

 

Although static vibrational analysis has been proved to work in many cases, it neglects the 

anharmonicity and thermal effect. Another issue for the static calculation is that the influence 

of the solvent cannot be considered due to its dynamical nature, although continuum solvation 

models can simulate the electrostatic environment. However, the interaction of the solvent 

molecules is known to be non-negligible in many cases, especially when the hydrogen bond is 

involved between the solvent and target molecule/group. Therefore, it is necessary to explicitly 

consider the solvent molecules as well as their dynamic nature using a molecular dynamics 

approach.  

 

(ii) computational workflow of AIMD simulations 

We first prepared the surface intermediates by optimizing their geometries adsorbed on 

Cu(100). The structures were first optimized using static DFT calculations (see Fig. S27a). The 

vibrational analysis was based on the optimized geometry and summarized in Supporting 

Tables 2 and 3. Starting from the optimized geometry, we further included explicit solvent 

molecules in the system and ran AIMD simulations. The water film was added and equilibrated 

for about 5 ps, keeping the intermediates and Cu surface fixed. (see Fig. S27b)  The production 

runs were about 10 ps for each intermediate, keeping the intermediates and Cu surface relaxed 

(see Fig. S27c).  

 



S43 
 

           

Figure S27 | Computational workflow of the ab-initio molecular dynamics simulations. (a) 

Geometry optimization of the adsorbate and surface, where the optimized geometry is used for 

vibrational analysis based on the finite difference method; (b) Pre-equilibrium of the AIMD 

simulations with explicit water molecules where the adsorbate and surface are kept fixed; (c) 

AIMD simulations with adsorbate and surface relaxed. As illustrated in the box, the trajectory 

of adsorbates is used to calculate the vibrational density of states. Color code: The slab of Cu 

is orange; the adsorbate (CO as an example) is black (carbon) and red (oxygen); hydrogen is 

grey. 

 

4. Supporting Videos 

 

Movie S1. AIMD simulation of the protonation process from the *OCCO to *OCCOH and 
*HOCCOH species at the aqueous/Cu(100) interface. The Cu, C, O, and H atoms are presented 
in orange, black, red, and white colours, respectively. The reacted surface H2O molecules are 
presented in green colour. 

 

Movie S2. AIMD simulation of the protonation process from the *OCCOH to *HOCCOH 
species at the aqueous/Cu(100) interface. The Cu, C, O, and H atoms are presented in orange, 
black, red, and white colours, respectively. The reacted surface H2O molecules are presented 
in green colour. 
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