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S1 Experimental Procedures 

S1.1 Characterization 

Powder X-ray diffraction (PXRD) patterns were recorded on an Empyrean X-ray diffractometer 

at 40 kV and 40 mA with Cu Kα radiation in 2θ ranging from 10o to 80o. Field emission 

scanning electron microscopy (FESEM) was performed on a Quattro S microscope operated at 

5 kV. Transmission electronic microscopy (TEM) and high-resolution TEM (HRTEM) 

equipped with energy dispersive X-ray spectrometer (EDX) were conducted on a Talos-F200S 

microscope operated at 200 kV. X-ray photoelectron spectroscopy (XPS) and Ultroviolet 

Photoelectron Spectrometer (UPS) analyses were performed on a Thermo Fisher Scientific XPS 

ESCALAB 250Xi instrument with an Al-Ka (1486.8 eV) X-ray source. The X-ray absorption 

spectra of Ag and Sn K-edge (XANES and EXAFS experiments) were carried out in 

fluorescence mode at the BL14W1 beamline of the Shanghai Synchrotron Radiation Facility 

(SSRF), China. The EXAFS raw data were then background-subtracted, normalized and 

Fourier transformed by the standard procedures with the IFEFFIT package. Operando 

attenuated total reflection-infrared (ATR-IR) spectra were recorded on the IRTracer100 

instrument. 1H NMR was conducted on AVANCE NEO 400 evolution with DMSO as internal 

standard. 

S1.2 Electrochemical Measurements 

During the electrolysis, gaseous products were detected by an on-line gas chromatography (GC) 

(Agilent 7820A) equipped with a molecular sieve 5 Å and two porapak Q columns continuously. 

The concentration of H2 and CO was analyzed by a thermal conductivity detector (TCD) and a 

flame ionization detector (FID), respectively. The quantification of gaseous products was 

carried out using a conversion factor derived from the standard calibration gases. Liquid 

products were collected at the end of each electrocatalysis and analyzed by 1H NMR (Aligent 
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DD2-400). For the NMR, 0.5 mL of the catholyte was mixed with 0.1 mL of D2O containing 

dimethyl sulfoxide (DMSO, 10 ppm) as the internal standard. The concentration of formate was 

quantitatively determined from its NMR peak area relative to that of the internal standard using 

the calibration curve from a series of standard formate solutions. 

The half-cell cathodic energy efficiency (CEE) was calculated as follows: 

CEE=(1.23–Eformate)/(1.23–Eapplied )×FEformate×100% 

where Eformate = –0.2 V vs. RHE is the thermodynamic potential of CO2 reduction to formate. 

FEformate is the Faradaic efficiency of formate production. Eapplied is the applied potential vs. 

RHE. 

The electrochemical impedance spectroscopy (EIS) was recorded at ‒0.73 V with the 

frequency ranging from 0.1 to 105 Hz at the AC amplitude of 5 mV.  

The adsorption of OH‒ as a surrogate of CO2*
‒ was examined through a cathodic LSV 

scan between ‒0.4 and 0.38 V in Ar-saturated aqueous 0.1 M KOH solution at a scan rate of 10 

mV s‒1. 

Electrochemically active surface area (ECSA) was obtained by measuring the 

electrochemical double-layer capacitance from the scan-rate dependence of CVs in a potential 

range of ‒0.18 to ‒0.08 V. The electrochemical impedance spectroscopy (EIS) was recorded at 

‒0.73 V with the frequency ranging from 0.1 to 105 Hz at the AC amplitude of 5 mV.  

For ATR-IR measurements, the loaded Ag/Sn-SnO2 (or Sn-SnO2) electrode was used as 

the working electrode, along with Ag/AgCl as the reference electrode, and platinum wire as the 

counter electrode. 

S2 Supplementary Figures and Tables 

 

Fig. S1 Characterization of SnS2 NSs: (a) XRD pattern; (b) TEM image; (c) HAADF-STEM 

image  
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Fig. S2 Characterization of Ag-SnS2 NSs: (a) TEM image; (b, c) STEM images; (d) HAADF-

STEM image; (e) corresponding EDX spectrum; (f) EDX mapping images 

 

Fig. S3 Characterization of Ag2SO4/SnO2 NSs: (a, b) TEM images; (c) SAED pattern; (d) 

HRTEM image; (e, f) corresponding FFT patterns; (g) HAADF-STEM and EDX mapping 

images  
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Fig. S4 Characterization of Ag2SO4/SnO2 NSs: (a) PXRD pattern; XPS spectra of (b) full 

spectrum, (c) Ag 3d spectrum, (d) Sn 3d spectrum, (e) S 2p spectrum, (f) O 1s spectrum. 

PXRD pattern exhibits that all the diffraction peaks of the product can be indexed to the 

Ag2SO4 and SnO2 phase (Fig. S4a). The surface chemical state and composition of the 

Ag2SO4/SnO2 NSs were further characterized by X-ray photoelectron spectroscopy (XPS). As 

shown in Fig. S4b, there are a series of peaks corresponding to Sn, Ag, O, C, and S elements 

in the survey spectrum of the Ag2SO4/SnO2 NSs. Ag 3d spectra showed Ag 3d5/2 and Ag 3d3/2 

peaks at binding energies of 367.5 and 373.5 eV, respectively, indicating the metallic Ag+ 

characteristics of sample surfaces (Fig. S4c). Fig. S4d shows the Sn 3d spectrum, in which 

peaks at 494.6 and 486.3 eV correspond to Sn 3d3/2 and 3d5/2 orbitals of Sn4+. In the S 2p spectra 

(Fig. S4e), two splitting peaks around 168.6 and 169.8 eV are assigned to S6+ 2p3/2 and 2p1/2 

orbitals. In the O 1s spectrum (Fig. S4f), the peak at 531.9 eV is associating with the S-O bonds 

in SO4
2− species, and the peak at 529.9 eV is assigned to the Sn-O bonds. In addition, a peak 

around 533 eV was also detected which is ascribed to hydroxyl groups. 

 

Fig. S5 XRD pattern of Ag/Sn-SnO2 NSs 
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Fig. S6 HAADF-STEM image and corresponding EDX line scans of Ag/Sn-SnO2 NSs 

 

Fig. S7 XRD patterns of SnO2 NSs and Sn-SnO2 NSs 

 

Fig. S8 Characterization of SnO2 NSs and derived Sn-SnO2 NSs: (a) TEM image, (b) 

HAADF-STEM image, (c) HRTEM image of SnO2 NSs; (d, e) HAADF-STEM images, (f) 

HRTEM image of Sn-SnO2 NSs 
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Fig. S9 High-resolution XPS spectra: (a) Ag 3d of Ag/Sn-SnO2 NSs; (b) Sn 3d of Ag/Sn-

SnO2 NSs and Sn-SnO2 NSs; (c) O 1s of Ag/Sn-SnO2 NSs and Sn-SnO2 NSs 

The O 1s spectra for Ag/Sn-SnO2 NSs and Sn-SnO2 NSs were resolved into three peaks at 

the binding energies of 529.4, 531.6, and 534.2 eV, corresponding to the lattice oxygen of Sn–

O, oxygen atoms adjacent to Ovacs, and the adsorbed oxygen (Oads), respectively (Fig. S9c). 

 

Fig. S10 Ag K-edge EXAFS oscillations of Ag foil, Ag2O and Ag/Sn-SnO2 

The oscillation curves of Ag K-edge for Ag/Sn-SnO2 in the K range of 0–14.0 Å−1 also 

displayed obvious decrease in oscillation intensity with respect to Ag foil and Ag2O (Fig. 

S10), indicating the existence of two silver phases. 

 

Fig. S11 Wavelet transform EXAFS of Ag of Ag foil, Ag/Sn-SnO2, and Ag2O 

https://www.springer.com/journal/40820


Nano-Micro Letters 

S7/S18 

 

 

Fig. S12 Sn K-edge EXAFS oscillations of Sn foil, SnO2, Sn-SnO2, Ag/Sn-SnO2 and SnO 

 

Fig. S13 The Sn4+/Sn and Ag+/Ag reduction waves of Ag/Sn-SnO2 in cyclic voltammetry 

curves 

The cyclic voltammetry (CV) test was first conducted in an Ar-saturated 0.5 M KHCO3 

electrolyte to investigate the Ag and Sn-SnO2 interaction. As shown in Fig. S13, the Sn4+ to 

Sn reduction peak shifted from −0.39 V (for Sn-SnO2) to −0.37 V (for Ag/Sn-SnO2), while 

the Ag+/Ag reduction peak shifted from 0.75 V (for Ag powder) to 0.63 V (for Ag/Sn-SnO2), 

suggesting that the interphase electron transfer from Ag to Sn atoms, during which Sn atoms 

as electron acceptor became electron enrichment. 
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Fig. S14 Electrocatalytic CO2RR performance of Sn-SnO2 NSs in CO2-saturated 0.5 M 

KHCO3: (a) Polarization curves in Ar- or CO2-saturated solution; (b) Total current densities at 

designated potentials; (c) FE for formate, CO and H2; (d) Partial current densities of formate 

 

Fig. S15 Electrocatalytic CO2RR performance of Ag/Sn-SnO2 NSs in CO2-saturated 0.5 M 

KHCO3: (a) Polarization curves in Ar- or CO2-saturated solution; (b) Total current densities at 

designated potentials; (c) FE for formate, CO and H2; (d) Partial current densities of formate 
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Fig. S16 Electrocatalytic CO2RR performance of Ag powder in CO2-saturated 0.5 M KHCO3: 

(a) Polarization curves in Ar- or CO2-saturated solution; (b) Total current densities at 

designated potentials; (c) FE for CO and H2; (d) Partial current densities of CO 

 

 

Fig. S17 Electrocatalytic CO2RR performance of Ag powder in CO2-saturated 0.5 M KHCO3: 

(a) Polarization curves in CO2-saturated solution; (b) FE for formate; (c) Partial current 

densities of formate 

 

Where the content of Ag in Ag/Sn-SnO2 was indirectly controlled by changing the 

concentration of Ag + in the ion exchange experiment. Firstly, 0.1 g of SnS2 NSs were dispersed 

in 80 mL of ethanol with sonication for 30 min. Then, 20 mL of ethanol solution of AgNO3 

(0.12, 0.24, 0.36, 0.48, 0.5 mM, name 1, 2, 3, 4, 5) was added to the above mixture with 

magnetic stirring for 12 h at 60 °C. Subsequently, the Ag+-exchanged SnS2 NSs was collected, 

washed, and dried, and it was further calcined at 500 °C for 2 h in O2 with a heating rate of 5 °C 

min–1. Finally, Ag/Sn-SnO2-X (X=1, 2, 3, 4, 5) were obtained via an in situ electrochemical 

self-reconstruction process. 
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Fig. S18 The Sn-SnO2 NSs and Ag/Sn-SnO2 NSs for electrocatalytic CO2 reduction: (a) 

ESCAs; (b) ESCAs-normalized formate partial current density; (c) Tafel plots; (d) Nyquist 

plots (insert is simplified randles circuit) 

In a simplified Randles circuit, Rs and Rct represent the solution resistance and charge 

transfer resistance, respectively. Cdl element models the double-layer capacitance. The kinetics 

for Faradaic CO2RR is determined by charge transfer resistance (Rct). 

 

Fig. S19 LSV curves of Ag/Sn-SnO2 NSs and Sn-SnO2 NSs in Ar-saturated 0.1 M KOH 

electrolyte 

 

Fig. S20 Comparison of the performance of Ag/Sn-SnO2 NSs with other Sn-based catalysts of 

H-type reactor 
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Fig. S21 Stability test for Ag/Sn-SnO2 NSs at a potential of –0.97 V vs. RHE 

 

 

Fig. S22 The recycled Ag/Sn-SnO2 NSs after stability test: (a) XRD pattern; high-resolution 

XPS spectra of (b) Ag 3d, and (c) Sn 3d; (d) TEM image; (e) HRTEM image; (g) 

corresponding EDS mapping images 

 

 

Fig. S23 Flow-type reactor configuration for electrocatalytic CO2 reduction: (a) schematic 

diagram; (b) actual photograph  
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Fig. S24 Electrocatalytic CO2RR performance in Flow-type reactor using 1M KOH as 

electrolyte: (a) Polarization curves; (b, c) Total current densities of Sn-SnO2 NSs (b) and 

Ag/Sn-SnO2 NSs (c); (d, e) FE for formate, CO and H2 of Ag/Sn-SnO2 NSs (d) and Sn-SnO2 

NSs (e); (f) Partial current densities of formate 

 

Fig. S25 Side- and top-view of the initial models: (a, b) Sn-SnO2; (c, d) Ag/Sn-SnO2 

 

Fig. S26 The optimized intermediate species along the reaction pathways for CO2 

electroreduction to formate on the (a) Sn-SnO2 and (b) Ag/Sn-SnO2  
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Fig. S27 Calculated adsorption configuration of *H on catalysts: (a, b) Sn-SnO2; (c, d) 

Ag/Sn-SnO2 

 

 

Fig. S28 MEA with PSE layer electrolyzer for pure HCOOH production: (a, b) Schematic 

diagram, and digital image; (c, d) SEM images of the sulfonated styrene-divinylbenzene 

copolymer proton conductor 

https://www.springer.com/journal/40820


Nano-Micro Letters 

S14/S18 

 

 

Fig. S29 Electrocatalytic CO2RR performance of Ag/Sn-SnO2 NSs in MEA with PSE layer 

reactor: (a) LSV curve, (b) FE of all products, (c) Partial current densities of HCOOH using DI 

water as carrier flow; (d) LSV curve, (e) FE of all products, (f) Partial current densities of 

HCOOH using humidified N2 as carrier flow 

Table S1 Ag K-edge EXAFS fitting results for Ag/Sn-SnO2, Ag foil, and Ag2O 

 

N: Coordination numbers; σ: Debye-Waller parameters, R: coordination distances; R-factor: 

goodness of fit, ΔE0 energy shift. S0
2 is amplitude reduction factor (S0

2=0.83 was obtained by 

Ag foil fitting and applied for other sample fitting). 

Table S2 Sn K-edge EXAFS fitting results for Ag/Sn-SnO2, Sn-SnO2, SnO2, Sn foil, and SnO 

 

N: Coordination numbers; σ: Debye-Waller parameters, R: coordination distances; R-factor: 

goodness of fit, ΔE0 energy shift. S0
2 is amplitude reduction factor (S0

2=0.88 was obtained by 

Sn foil fitting and applied for other sample fitting) 
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Table S3 Comparison of the catalytic performance of various electrocatalysts for CO2RR to 

formate production in H-type reactor 

 

Table S4 Comparison of the catalytic performances of various electrocatalysts for CO2RR to 

formate production in Flow-type reactor 
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Table S5 Comparison of the catalytic performances of various electrocatalysts for CO2RR to 

pure HCOOH solution in the MEA with PSE layer reactor 

 

[a] Formic acid was released by feeding a flow of deionized water (anode-coupled OER 

reaction); [b, c] Formic acid was released by feeding a flow of N2 vapour flow (b: anode-

coupled OER reaction, c: anode-coupled HOR reaction) 
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