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Methods 

Product analysis 

Gas products from the outlet of gas chamber were directly transferred into the gas chromatograph 
(GC-2014, Shimadzu) equipped with a Molecular sieve-13X 60/80 column and a Plot-Q80/100 
column during electrochemical reactions and analysed online. H2 was analysed using a thermal 
conductivity detector (TCD), and CO or other gaseous hydrocarbons were analysed using a flame 
ionization detector (FID). A GC run was initiated every 20 min. High purity nitrogen (99.999%) 
was used as the carrier gas. The Faradaic efficiencies (FEs) of the gas products were calculated by 
using the concentrations (Cproduct) detected by the GC as follows:  

FE =  
C������� × 10�� × F���

× 10�� × α × 96485

60 × V� × I
× 100% (1) 

where Cproduct (ppm) is the concentration of the gas-phase products, FCO2 is the flow rate of CO2 
(10 mL∙min-1), α is the quantity of transferred electrons for producing each gas product, Vm (L∙mol-

1) is the molar volume of gas and I (A) is the electrolysis current.  

Liquid products after each constant current electrolysis experiment for 15 min were analyzed and 
quantified by 1H NMR spectra measured on a 600 MHz NMR spectrometer (Bruker). Before 
measurement, a 0.5 mL 1 M KOH catholyte solution after CO2 electrolysis was mixed with 0.1 
mL of 5 mM DMSO (HPLC grade, Sigma-Aldrich) in D2O stock solution. As confirmed by 1H 
NMR spectra, no liquid products formed after CO2RR over the used catalysts.  
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Supplementary Figure 1. SEM images of rGO@SnOx ND. 
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Supplementary Figure 2. TEM images of rGO@SnOx ND. 
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Supplementary Figure 3. SAED pattern of rGO@SnOx ND.  
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Supplementary Figure 4. (a) O 1s and (b) C 1s XPS spectra of rGO@SnOx ND and  SnO2.  
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Supplementary Figure 5. (a) Fourier-transformed k2-weight of Sn K-edge EXAFS spectra of 
rGO@SnOx ND, SnO2 and Sn foil. (b) Fitting of Fourier-transformed k2-weight of Sn K-edge 
EXAFS spectra on rGO@SnOx ND.  
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Supplementary Figure 6. Raman spectra of rGO@SnOx ND and GO. 
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Supplementary Figure 7. Faradaic efficiency of CO2RR over SnO2.  
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Supplementary Figure 8. Cyclic voltammetry curves of (a) rGO@SnOx ND in flow cell, (b) 
rGO@SnOx ND and (c) SnO2 in H Cell. 
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Supplementary Figure 9. The plot of current density against the scan rates.  
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Supplementary Figure 10. EIS test of rGO@SnOx ND and SnO2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

S13 
 

 
Supplementary Figure 11. TEM image of the rGO@SnOx ND on carbon paper after reaction.  
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Supplementary Figure 12. Powder XRD pattern of the rGO@SnOx ND on carbon paper after 
reaction.  
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Supplementary Figure 13. NAP-XPS spectra of Sn 3d of (a) SnO2 and (b) rGO@SnOx ND 
before, and after CO2RR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

S16 
 

 
Supplementary Figure 14. NAP-XPS spectra of O 1s of (a) SnO2 and (b) rGO@SnOx ND 
before, and after CO2RR. 
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Supplementary Figure 15. (a-f) R-space EXAFS fitting curves of rGO@SnOx ND under 
CO2RR conditions. 
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Supplementary Figure 16. Operando Sn K-edge XANES spectra of pure SnO2.  
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Supplementary Figure 17. a) TEM image of pure SnO2. b) TEM image of the pure SnO2 on 
carbon layer after reaction. 
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Supplementary Figure 18. (a) XANES and (b) EXAFS of rGO@SnOx ND before reaction and 
after the 50 h electrolysis. 
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Supplementary Figure 19. Optimized adsorption configurations of HCOO* on the rGO@SnOx 
ND (SRD13.3%) and their relative energies. 
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Supplementary Figure 20. Optimized adsorption configurations of *HCOOH on the 
rGO@SnOx ND (SRD13.3%) and their relative energies. 
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Supplementary Figure 21. Optimized adsorption configurations of HCOO* on the rGO@SnOx 
ND (SRD23.8%) and their relative energies. 
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Supplementary Figure 22. Optimized adsorption configurations of *HCOOH on the 
rGO@SnOx ND (SRD23.8%) and their relative energies. 
 
 
 
 
 
 
 
 
 
 
 



 

 

S25 
 

 
Supplementary Figure 23. Optimized adsorption configurations of HCOO* on the rGO@SnOx 
ND (SRD32.3%) and their relative energies. 
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Supplementary Figure 24. Optimized adsorption configurations of *HCOOH on the 
rGO@SnOx ND (SRD32.3%) and their relative energies. 
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Supplementary Figure 25. Gibbs free energies of the H2 formation on rGO@SnO2 ND and 
SnO2. 
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Supplementary Table 1 | Sn K-edge EXAFS curves fitting parameters of rGO@SnOx ND. 

Sample Path N R(Å) 2 (10-3 Å2) E0 (eV) R-factor 

rGO@SnOx 

ND 

Sn-O 5.6 2.05 6.0 8.8 
0.013 

Sn-Sn 2.0 3.21 10.0 8.8 

Notes: N, coordination number; R, distance between absorber and backscatter atoms; 2, Debye-
Waller factor; E0, the edge-energy shift. The S0

2 values was determined as 0.95.  
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Supplementary Table 2 | Comparisons of CO2RR-to-formate performance of Sn-based 
electrodes in flow cell. 

Catalyst 
FE of HCOOH 

(%) 
|j| of HCOOH 

(mA cm-2) 
References 

rGO@SnOx ND 
91.7 458 

This work 
88 525 

Cu-SnO2 81 405 1 

FTO/C 82.5 330 2 

SnO2-Bi2O3/C HNFs 91 200 3 

CeO2-SnO2 
heterostructures 

87.1 435 4 

Bi@Sn NPs 92 230 5 

SnIn-3 alloy 
nanoparticles 

94 236 6 

SnO2/Bi2O3CO3 
heterojunction 

90 200 7 

Sn NCs 90 90 8 

NRS-SnO 94 330 9 

H-Sn3O4 NS 91.1 417.2 10 

Sn(S)-H 72.4 724 11 

SnO/CuxO 62.1 1151.7 12 
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Supplementary Table 3 | Sn K-edge EXAFS curves fitting parameters of rGO@SnOx ND 
during CO2RR conditions. 

Sample Path N R(Å) 2 (10-3 Å2) E0 (eV) R-factor 

Dry 
Sn-O 5.6 2.08 3.0 8.0 

0.017 
Sn-Sn 2.0 3.19 6.7 8.0 

OCP 
Sn-O 5.6 2.02 3.2 10.0 

0.004 
Sn-Sn 2.0 3.16 4.3 10.0 

-20 mA 
Sn-O 5.5 2.04 4.3 10.2 

0.003 
Sn-Sn 2.3 3.16 4.1 10.2 

-50 mA 
Sn-O 5.1 2.07 4.8 8.9 

0.004 
Sn-Sn 3.9 3.01 5.3 8.9 

-150 mA 
Sn-O 4.7 2.02 9.8 8.9 

0.003 
Sn-Sn 4.2 3.21 10.0 8.9 

-250 mA 
Sn-O 4.6 2.09 5.6 8.2 

0.003 
Sn-Sn 4.9 3.23 3.0 8.2 

Notes: N, coordination number; R, distance between absorber and backscatter atoms; 2, Debye-
Waller factor; E0, the edge-energy shift. The S0

2 values was determined as 0.95.  
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Supplementary Table 4 | Surface reduction degree of rGO@SnOx ND during CO2RR 
conditions. 

Reaction process Number of O desorption 
Surface reduction degree 

(Number of O desorption / 
The total number of O) 

OCP 0 13.3% 
-20 mA 20 16.7% 
-50 mA 62 23.8% 

-150 mA 102 30.6% 
-250 mA 112 32.3% 
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