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Materials and Methods 

 

(1) Synthesis of BiOCl 

 

BiOCl was synthesized through co-precipitation. BiCl3 (2.7 mmol, from Alfa Aesar) 

was firstly dissolved in ethanol (4 mL) under ultrasonic treatment for 2 h, followed by 

cooling at -10 ℃ for 3 h to obtain the supernatant liquid. A mixture of water (2 mL) 

and ethanol (0.46 mL) was first placed at -10 ℃ for 1 h, and then was slowly dropwise 

added to the above supernatant liquid with the simultaneous addition of propylene 

oxide (2 mL). The resultant solution was aged for 12 h, and the obtained precipitate 

was washed for five times with acetone. The BiOCl nanosheets were finally obtained 

after drying in a vacuum oven. 

 

(2) Electrochemical characterizations and in-situ preparation of POD-Bi 

 

In-situ synthesis of POD-Bi was obtained via electrochemical reduction of BiOCl 

using an electrochemical workstation (MULTI Autolab M204) in a three-electrode 

system. The platinum foil and Ag/AgCl electrode were utilized as the counter and 

reference electrode, respectively. The glassy carbon electrode (GCE) (diameter: 3 mm, 

area: 7 mm2) was chosen as the substrate of catalysts and the performance was 

measured in CO2-saturated 0.5 M potassium bicarbonate (KHCO3) aqueous solution. 

For the preparation of working electrode, we firstly obtained a suspension including 

10 mg of sample, 1 mL of deionized water, 0.25 mL of isopropanol and 80 µL of 

Nafion solution (5 wt% aqueous solution). Then, the suspension turned to a 

homogeneous ink after ultrasonic treatment for 30 min. 6 µL of the ink was coated on 

the GCE and was dried at the room temperature for 30 min. The scan rate in the cyclic 

voltammetry measurements was 50 mV/s. After electrochemically reduced under 

cyclic voltammetry method in CO2-saturated 0.5 M KHCO3 aqueous solution from 

-0.2 to -1.4 V vs. RHE for 3 cycles, POD-Bi coated on GCE was obtained.   

 

(3) X-ray absorption fine spectroscopy (XAFS) 

 

The in-situ Bi L3-edge XAFS data were conducted on the 1W1B beamline of Beijing 

Synchrotron Radiation Facility. The spectra were obtained from 13.2 to 13.8 keV in 
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fluorescence mode at 0.5 eV steps at the near edge. The experiment was conducted in 

the triangular electrochemical cell, and working electrodes were prepared by loading 

catalyst samples on carbon paper. We employed a chronoapermetry process at -0.76 V 

vs. RHE in the in-situ measurements. For the standard samples, we conducted ex-situ 

XAFS to obtain the Bi L3-edge XAFS data of commercial Bi, BiOCl and Bi2O3 

powers. These power samples were prepared by being uniformly placed on 3M tape 

without Br. 

 

(4) Other characterizations 

 

Powder X-ray diffraction (XRD) patterns were obtained in Bragg-Brettano mode by 

using a MiniFlex600 diffractometer. The morphologies about the catalyst were 

observed through a Hitachi FE-SEM S-4800 scanning electron microscopy (SEM) 

operated at 1.0 kV. Energy dispersive X-ray spectroscopy (EDX) were obtained using 

an Oxford EDX integrated in the FEI SEM system. The catalyst after reaction was 

collected from the working glassy carbon electrode (GCE) which had been through an 

hour-long chronoamperometry electroreduction at -1.16 V vs. reversible hydrogen 

electrode (RHE). High-resolution transmission electron microscopy (TEM) images 

were obtained by a JEOL JEM-2100F operated at 200 kV. The outcomes of X-ray 

photoelectron spectroscopy (XPS) were acquired by a PHI5300 apparatus with Mg 

Kα X-ray sources. 

 

(5) Electrochemical flow cell 

 

The electrolysis experiments were performed in a customized flow cell under a 

three-electrode system. It was made by plastic and consisted of a cathode and anode 

chamber separated by Nafion membrane. Platinum wire and Ag/AgCl electrode were 

utilized as counter electrode at the anode chamber and reference electrode, 

respectively. The samples on gas diffusion electrodes were used as the working 

electrodes at the cathode chamber. During the electrolysis process, the flow rate of 

CO2 was maintained at 20 sccm, which was controlled by a mass flow controller 

(Alicat Scientific Inc.). The electrolyte of 1.0 M KOH solution was filled into the two 

chambers and re-circulated continuously by two separate liquid pumps (BT600-2J, 

Longer Precision Pump Co. Ltd) with a constant flow rate of 128 sccm.  

 



S3 
 

(6) Electrochemical reduction under high pressure 

 

Experiments were carried out in a customized three-electrode single cell stainless 

vessel. Platinum plate and Ag wire were utilized as counter and reference electrodes, 

respectively. The sample on customized GCE was used as the working electrode. The 

electrolyte of 0.5 M KHCO3 solution was filled into the vessel, and the solution was 

saturated with purified CO2 gas until the pressure reached 5.6 MPa. Calibration of the 

Ag wire reference electrode was conducted in the three-electrode system. Details see 

Figure S17. 

 

After conducting electrolysis at a controlled potential or current for a desired time, the 

liquid products were quantified offline using 1H nuclear magnetic resonance analysis 

(AVANCE III HD 400MHz). We mixed 0.6 g electrolyte with 0.1 g D2O and 0.02 mg 

dimethyl sulfoxide (Sigma, 99.99%) which acted as an internal standard. The 

one-dimensional 1H spectrum was measured using water suppression mode. 

 

(7) Calibration of the reference electrode of Ag wire 

 

The calibrations of Ag wire reference electrode were conducted in the high-pressure 

system as reference electrodes, using Pt plates as working and counter electrodes. 

Firstly, the 0.5 M H2SO4 electrolyte (pH = 0.3) was pre-purged with H2 overnight, and 

during calibrations continuously bubbled with H2 with a flow rate of 25 mL/min. 

Then, linear sweep voltammetry was conducted at +/-100 mV between hydrogen 

evolution and oxidation, and we obtained the potential of zero current (Fig. S17). The 

potential of zero current was around 0.2198V (including pH correction of 

0.3*0.0591=0.0177V) for Ag wire electrode. Electrode potentials were converted to 

the RHE scale using ERHE = EAg wire + 0.2375V + 0.059*pH (pH=7). 

 

(8) Evaluation of Bi electrochemical surface areas (ECSA) 

 

ECSA measurements of POD-Bi and commercial Bi were evaluated by Pb 

underpotential deposition (UPD) in a solution of 0.1 M HClO4 and 0.001 M 

Pb(ClO4)2. The GCE with a film of POD-Bi or commercial Bi was immersed in the 

electrolyte with a continuous stirring. Then the electrode was held at -0.49 V vs. 

Ag/AgCl for 10 min under a chronoamperometry method to deposit a monolayer of 
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Pb atoms, followed by stripping the Pb under the sweeping potential from -0.6 to -0.1 

V at 10 mV/s. The Bi ECSA calculations from the consumed charge for the oxidation 

of Pb adatoms can be determined by integrating the current versus time curve. The 

ECSA was calculated as follows: ECSA=Qc/Qs, where Qs represents the charge 

consumed for the 2e- Pb oxidation with a conversion factor of 310 μC/cm2.[1] We 

further confirmed the ECSA result by also using Cu UPD.[2] We obtained cyclic 

voltammetry data in Ar-purged 0.1 M CuSO4 and 0.25 M H2SO4 from -0.6 V to 0.5 V. 

The scan rate was 50 mV/s. The distinct cathodic peak which was observed at -0.15 V 

vs. Ag/AgCl showed the formation of Cu film on the catalyst. A Qs of Cu UPD charge 

was 0.445 mC/cm2. 

 

(9) Formate power conversion efficiency 

 

It was calculated for the half-cell by assuming the overpotential of the oxygen 

evolution reaction was zero.  

Formate energy efficiency = (1.23 + (-EFormate))* FEFormate/(1.23 + (-E)),  

where E is the applied potential vs. RHE; EFormate of 0.196 V is thermodynamic 

potential (vs. RHE) of CO2 reduction to ethylene; FEFormate is the measured formate 

faradaic efficiency. 

 

(10) Yield calculation 

 

Formic acid’s yield =
Q∗FE∗M

2𝐹∗𝑡∗𝑆
 

where Q is the total charge of the experiment; FE is the faradic efficiency; M is the 

molar mass of formic acid; F is the faraday constant; t is the whole time of the 

experiment; S is the surface area of the glassy carbon electrode. 

 

(11) Computational method 

 

All the theoretical calculations were implemented in the software Dmol3, which 

adopted the numerical orbitals for the basic functions.[3] The gradient-corrected 

function44 was used to describe the exchange-correlation interaction and the core 

electrons of Bi were treated by a single effective potential, which can reduce the 

computational cost. The convergence standards of energy, force and displacement 
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were 10-5 Ha, 0.002 Ha/Å and 0.005 Å, respectively. Three-layer Bi slab model with 

15 Å vacuum layer was constructed to investigate the CO2 electrocatalytic processes. 

The change of Gibbs free energy was calculated by ∆G = ∆E + ∆ZPE − T∆S, where 

∆E, ∆ZPE and ∆S were the change of total energy, zero-point energy and entropy 

before and after adsorption of the intermediate, respectively. The p-band-center of Bi 

was given by the formula 

𝜀𝑝 =
∫ 𝐸 ∗ 𝐷𝑂𝑆(𝑝)𝑑𝐸
𝐸𝑓
−∞

∫ 𝐷𝑂𝑆(𝑝)𝑑𝐸
𝐸𝑓
−∞

 

where E and DOS(E) were the energy and density of state of p-orbitals in Bi atom, 

respectively. 
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Figure S1. Bi L3-edge XAFS spectra of commercial Bi catalyst after reduction at 

-0.76 V vs. RHE in CO2 saturated electrolyte.  
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Figure S2. XRD patterns of POD-Bi and commercial Bi. 
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Figure S3. TEM image of commercial Bi. 

 

  



S9 
 

 

Figure S4. The enlarged XRD patterns of POD-Bi and commercial Bi in Figure 

S2.   
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Figure S5. Cl 1s XPS spectra of BiOCl and POD-Bi. 
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Figure S6. Characterization of BiOCl. (a) XRD patterns. (b) SEM image. (c) EDX.  
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Figure S7. Linear sweep voltammetry curve of BiOCl on GCE electrode in 

CO2-saturated 0.5 M KHCO3 aqueous solution.  
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Figure S8. SEM image of the POD-Bi from BiOCl. 
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Figure S9. Potential dependence of Faradaic efficiencies and current densities of 

POD-Bi for electrochemical reduction of CO2 in H-cell system. 
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Figure S10. Potential dependence of Faradaic efficiencies and current densities of 

commercial Bi for electrochemical reduction of CO2 in H-cell system. 
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Figure S11. Cyclic voltammetry data of POD-Bi and commercial Bi showing Cu 

UPD. 
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Figure S12. Nyquist plots for POD-Bi and commercial Bi on the gas diffusion 

electrodes in 1.0 M KOH aqueous electrolyte at -1.0 V vs. Ag/AgCl in flow cell 

system. 
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Figure S13. The electrochemical reduction of CO2 polarization curves of POD-Bi 

and commercial Bi in 1.0 M KOH aqueous electrolyte on gas diffusion electrodes 

in flow cell system. 
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Figure S14. Potential dependence on time during reduction at 75, 100, and 200 

mA/cm2 of POD-Bi in 1.0 M KOH aqueous electrolyte on the gas diffusion 

electrodes in flow cell system. 
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Figure S15. Formate Faradaic efficiencies of POD-Bi under reduction at 75, 100, 

and 200 mA/cm2 in 1.0 M KOH aqueous electrolyte on the gas diffusion 

electrodes in flow cell system. 
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Figure S16. Nyquist plots for POD-Bi on GCE in 0.5 M KHCO3 solution with the 

applied pressure of 5.6 MPa when applied -1.4 V vs. Ag wire in high-pressure 

reactor. 
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Figure S17. Linear scanning voltammetric curves, sweeping the potential +/-100 

mV between hydrogen evolution reaction and hydrogen oxidation reaction, in 

three-electrode configuration in 0.5 M H2SO4 aqueous electrolyte bubbled with 

pure hydrogen gas, with the scan rate of 0.5 mV/s. 
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Table S1. Comparison of electrochemical conversion of carbon dioxide 

performance for POD-Bi and recent reported main-group metal electrocatalysts 

for CO2 reduction to formate on GCE in H-cell system.  

 

Sample Electrolyte F.E. 

CO2 to 

formate 

(%) 

Current 

density 

mA/cm2/ 

(ERHE) 

Energy 

conversion 

(%) 

Reference 

Sn/SnOx, 

composite 

0.5 M 

NaHCO3 

58 < 5 (-0.7 V) 3.6 [5] 

SnO2/ 

graphene 

0.1 M 

NaHCO3 

93.6 10.2(-1.16 V) 55.8 [6] 

Sn/N–

SnO2 

0.5 M 

NaHCO3 

70 6.5 (-0.75V) 50.4 [7] 

Sn/Ag 0.5 M 

NaHCO3 

80 17 (-0.8) 56.1 [8] 

SnS2 

derived Sn 

0.5 M 

KHCO3 

84.5 11.8 (-1.05 V) 52.8 [9] 

Bi/Carbon 

paper 

0.5 M 

NaHCO3 

96.4 15.2 (-1.16V) 57.5 [10] 

Bi 0.1 M 

KHCO3 

91.3 6 (-1.07 V) 56.6 [11] 

Oxide-deri

ved-Pb 

films 

0.5M 

NaHCO3 

95 0.3 (-1.0 V) 60.7 [12] 

POD-Bi 

catalyst 

0.5 M 

KHCO3 

~95 55.6 (-1.16 V) 56.6 This Work 

 0.5 M 

KHCO3 

~95 18.0 (-0.86 V) 64.0  



S24 
 

Table S2. Comparison of electrochemical conversion of carbon dioxide 

performance for POD-Bi and recent reported metal electrocatalysts for CO2 

reduction to formate on the gas diffusion electrodes in flow cell system. 

 

Sample  Electrolyte F.E. CO2 

to 

formate 

(%) 

Current 

density 

mA/cm2 (vs. 

RHE) 

Energy 

conversion 

efficiency 

(%) 

Reference 

Sn 0.1 M aqueous 

KHCO3/KOH-add 

90 100 (-0.95 V) 
58.8 

[13] 

Sn 1 M KOH 70 150 (-0.83 V) 48.4 [14] 

Sn 0.5 M NaHCO3 71 10 (-1.37 V) 38.9 [15] 

Sn 0.5 M NaHCO3 70 27 (-1.11 V) 42.6 [16] 

POD-Bi 

catalyst 
1 M KOH 93.6 200 (-0.63 V) 

71.8 
This 

Work 

1 M KOH 93.0 100 (-0.48 V) 78.5  
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Table S3. Comparison of production rate for POD-Bi and recent reported metal 

electrocatalysts for CO2 reduction in high-pressure reactor. 

 

Sample  Major 

product 

Electrolyte Current 

density 

mA/cm2 

Production 

rate 

(mg/hcm2) 

Reference 

Sn HCOOH 0.1 M aqueous 

KHCO3/KOH-add 

200 
184.1 

[13] 

Sn HCOOH 1 M KOH 150 90.3 [14] 

Boron-doped 

diamond 

HCOOH 0.5 M KCl 15 

7.8 

[17] 

Sn HCOOH 0.5 M KHCO3 34.2 29.4 [18] 

Pb HCOOH 0.5 M NaHCO3 35 15.0 [19] 

Sn HCOOH 0.45 M KHCO3 + 

0.5 M KCl 

90 
53 

[20] 

Sn CH4 0.1 M KHCO3 2.66 3.84 [21] 

Cu CH4 0.1 M KHCO3 7.5 0.025 [22] 

Bi CO MeCN 28 1.4 [23] 

Cu C2H4 0.1 M KHCO3 7.5 11.57 [24] 

Cu C2H5OH 0.1 M KHCO3 1 7.66 [25] 

POD-Bi  HCOOH 1 M KOH 500  391 This Work 
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