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Supplementary methods
Chemicals
Bi(NO3)3·5H2O (AR, 99%), glacial acetic acid (AR, 99%), KI (AR, 99%) and CuCl2·2H2O (AR, 99%) were purchased from Aladdin. Nafion solution (5 wt. % in lower aliphatic alcohols and water) was bought from Sigma-Aldrich. NaOH (AR, 99%), NaHCO3 (AR, 99.5%), Na2HPO4 (AR, 99%), and Na2SO4 (AR, 99%) were provided by Sinopharm Chemical Reagent Co. Ltd. All the reagents were used directly without further purification. The ultrapure water (Milli-Q water) with an electrical resistivity of 18.2 MΩ cm–1 was used in all the experiments. Argon (Ar, 99.999%), carbon dioxide (CO2, 99.99%), and CO2/N2 gas mixture (10/90, v/v) were purchased from Tianjin Huanyu Gas company.
Characterization
The scanning electron microscopic (SEM) images were taken on a Verios 460L ultrahigh resolution scanning electron microscope. The transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were conducted on Tecnai G2 Spirit Twin and FEI Talos F200X transmission electron microscope, respectively. The XRD patterns were collected using a RIGAKU SmartLab 9kW with a Cu Kα radiation. The ex-situ Raman spectra were recorded on a high-resolution laser confocal fibre Raman spectrometer (HORIBA EVOLVTION, HORIBA Jobinyvon) with the excitation wavelength of 532 nm. X-ray photoelectron spectra (XPS) were collected by ESCA LAB250Xi X-ray photoelectron spectrometer with an Al Kα radiation as the X-ray source, and corrected by fixing the binding energy of C 1s peak at 284.8 eV. CO2 adsorption isotherms were measured at 298 K using a multi-station specific surface micropore and vapor adsorption analyser (BELSORP-Max, MicrotracBEL, Japan).  The inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed on a VISTA-MPX VARIAN optical emission spectrometer. Gas chromatograph (GC) tests were conducted using a SHIMADZU GC-2014 equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD). 1H NMR spectra were recorded on a Bruker 400 MHz NMR instrument.
Synchrotron radiation-based X-ray adsorption fine structure (XAFS) measurements were performed at the BL11B beamline in Shanghai Synchrotron Radiation Facility (SSRF) operated at 3.5 GeV under “top-up” mode with a constant current of 260 mA. The Cu K-edge spectra were collected under fluorescence mode with a Lytle detector, while the Bi L-edge spectra were recorded under transmission mode. The acquired XAFS data were processed using Athena software with Cu foil, Cu2O, CuO, Bi foil and Bi2O3 as references.
Electrochemical measurements

Linear sweep voltammetry (LSV) measurements were performed in Ar- or CO2-saturated 0.5 M NaHCO3 electrolyte at a scan rate of 10 mV s–1. 

To analyse the electrochemically active surface area (ECSA), CVs were recorded at different scan rates (100, 120, 140, 160,180, 200 and 220 mV s–1) between –0.03 to –0.13 V vs. RHE. 
ECSA calculation: ECSA was estimated from the electrochemical double-layer capacitance (Cdl). The electrochemical capacitance was measured through CVs according to Equation 1.

jc = v Cdl    (1)

where jc is the charging current density and v is the scan rate. As shown in Supplementary Fig. 13, the slope corresponded to Cdl, from which the ECSA was obtained according to Equation 2.

ECSA = Cdl/Cs    (2)

where Cs is the specific capacitance of sample. In consideration of an ideal situation, we adopted a general specific capacitance of Cs = 0.029 mF cm–2 in 0.5 M NaHCO3 solutionS21. The ECSA-corrected jformate of the samples were shown in Supplementary Fig. 14.  
Electrochemical impedance spectroscopy (EIS) was carried out in CO2-saturated 0.5 M NaHCO3 electrolyte in the frequency range of 1 MHz to 0.1 Hz with an AC voltage of 5 mV at the open-circuit potential. 

The local pH effect experiments were tested in CO2-saturated 0.5 M Na2HPO4 (high buffer capacity), 0.5 M NaHCO3 (medium buffer capacity) and 0.5 M Na2SO4 (low buffer capacity) electrolytes respectively at the current density of 2.4 mA cm–2 for 1h.
The HCO3– concentration dependence experiment was conducted in NaHCO3 aqueous solution with different concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 M). NaCl was added to keep the total ion concentration unchanged.
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Supplementary Fig. 1 Schematic illustration of the synthesis of BiCu-x alloy catalysts.
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Supplementary Fig. 2 XRD patterns for BiOI-Cu nanosheets with different Cu contents.
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Supplementary Fig. 3 TEM images for (a) BiOI, (b) BiOI-Cu-0.2, (c) BiOI-Cu-0.5, (d) BiOI-Cu-1 and (e) BiOI-Cu-3. Scale bars, 50 nm.
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Supplementary Fig. 4 (a) HRTEM and (b) FFT images for BiOI-Cu-0.5 nanosheets. 

HRTEM image for BiOI-Cu-0.5 nanosheets exhibits an interplanar distance of 0.28 nm, which matches well with the plane distance of the (110) facet of BiOI. The FFT image displays the planes of (110) and (020) with an angle of 45 degrees, indicating the [001] orientation of the exposed facet of BiOI-Cu-0.5 nanosheets.  
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Supplementary Fig. 5 XRD patterns for BiCu-x alloy nanosheets with different Cu contents.
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Supplementary Fig. 6 (a) XPS survey result and (b) I 3d XPS spectrum for BiCu-0.5.

No signal for I was observed in the XPS results, indicating that BiOI-Cu precursor was totally converted into metallic BiCu nanosheets. The absence of Cu signal in the XPS survey can be attributed to the extremely low content of Cu.
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Supplementary Fig. 7 SEM images for (a) Bi, (b) BiCu-0.2, (c) BiCu-1, and (d) BiCu-3. Scale bars, 500 nm.
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Supplementary Fig. 8 FFT pattern for BiCu-0.5.
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Supplementary Fig. 9 (a) A representative 1H-NMR spectrum for the catholyte after CO2RR with water suppression. DMSO was used as an internal standard. (b) Typical ion chromatograph curves of the catholyte after CO2RR and the ultrapure water. (c) Standard curve of the concentration of formate versus the integrated area of ion chromatograph signal.   
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Supplementary Fig. 10 LSV curves for BiCu-0.2, BiCu-1 and BiCu-3 under Ar and CO2 atmosphere.
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Supplementary Fig. 11 Faradaic efficiencies of the electrolysis products for (a) BiCu-0.2, (b) BiCu-1 and (c) BiCu-3.
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Supplementary Fig. 12 Tafel plots for BiCu-0.5 and Bi.
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Supplementary Fig. 13 CV curves recorded at a non-faradic potential range of –0.03 V to –0.13 V vs. RHE for (a) Bi, (b) BiCu-0.2, (c) BiCu-0.5, (d) BiCu-1 and (e) BiCu-3. The scan rates of 100, 120, 140, 160, 180, 200, and 220 mV s–1, which were marked in increase by the arrows, were applied in the measurements. (f) The corresponding linear fitting of double-layer capacitive currents against scan rates to estimate ECSA.
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Supplementary Fig. 14 ECSA-corrected jformate of Bi, BiCu-0.2, BiCu-0.5, BiCu-1 and BiCu-3.

Compared with that of Bi, the ECSA-corrected jformate were significantly boosted with the introduction of Cu. Moreover, the BiCu-0.5 shows the largest ECSA-corrected jformate at potentials more negative than –1.28 V vs. RHE, suggesting the superior CO2RR performance of BiCu-0.5 under high current densities. 
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Supplementary Fig. 15 (a) Amperometric i-t curves of BiCu-0.5 alloy nanosheets under various potentials with ohmic resistance compensation. (b) Faradaic efficiencies and partial current densities of formate for BiCu-0.5 alloy nanosheets under various potentials with ohmic resistance compensation.

A reasonable compensation level of 80% was adopted here to overcome the undesirable voltage drop caused by the resistance of the electrochemical setup. As a result, the current densities increased markedly at much reduced overpotentials, further indicating the remarkable CO2RR performance of BiCu-0.5.       
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Supplementary Fig. 16 (a) XRD pattern and (b) SEM image for the BiCu-0.5 nanosheets after 40-h electrolysis. Scale bar, 500 nm.
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Supplementary Fig. 17 EIS pattern for BiCu-0.5 and Bi.
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Supplementary Fig. 18 LSV curves for Bi and BiCu-0.5 in Ar-saturated 0.5 M Na2SO4 solution.
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Supplementary Fig. 19 pH-dependent experiments on BiCu-0.5 and Bi in 0.5 M CO2-saturated Na2HPO4, NaHCO3 and Na2SO4 aqueous solution. The electrolysis was conducted at a current density of 2.4 mA cm–2 for 1 h.

[image: image20.jpg]109 (jtormate/MA cmM2)

0.5~

52 2o

Slope =-0.08

10 08 06 -04  -02
log {[HCO; M}




Supplementary Fig. 20 Partial current density of formate versus the concentration of HCO3– for BiCu-0.5 at –1.28 V vs. RHE.
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Supplementary Fig. 21 (a) Cu K-edge XANES spectra of the BiCu-0.5 before and after reaction. (b) WT plot of the BiCu-0.5 after reaction.
After 40 h electrolysis, the absorption edge position of Cu K-edge XANES spectrum slightly shifts to lower energy. Nonetheless, the WT plot for the BiCu-0.5 after reaction still shows a maximum value at 5 Å–1 corresponding to the Cu–O bonding, which is similar to the result of BiCu-0.5 before reaction. 
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Supplementary Fig. 22 XANES spectra of the Bi L-edge for BiCu-0.5, BiCu-1 and BiCu-3.

The absorption edge positions of these three samples are located closely to that of Bi2O3, indicating the severe oxidation of the Bi atoms under ambient condition.
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Supplementary Fig. 23 (a) Bi 4f XPS spectrum and (b) ex situ Raman spectrum of BiCu-0.5.

The Bi 4f XPS spectrum exhibits two strong peaks at 164.4 and 159.1 eV, which can be assigned to the Bi3+. Besides, as depicted in the ex situ Raman spectrum, the peak at 95 cm–1 can be attributed to the A1g vibration mode of the Bi atoms in Bi2O3, and the peaks at 128 and 312 cm–1 are the characteristics of the Bi–O stretches of Bi2O3S22. These results further suggest the oxidation of the surface atoms of BiCu-0.5 under ambient condition. 
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Supplementary Fig. 24 Calculated d-band electronic states for (a) Cu atoms in BiCu-0.5 and (b) Bi atoms in Bi.  
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Supplementary Fig. 25 KIE of H/D and formation rate over Bi and BiCu-0.5 in CO2RR to formate at –1.28 V vs. RHE. 

The formation rates of DCOO– were obtained by subtracting the amount of HCOO– detected by 1H-NMR from the amount of formate determined by IC. Calculation results revealed that only a small portion of HCOO– (less than 5%) was produced in D2O, which could be ascribed to the residual H2O or H/D exchange between HCO3– and D2O. 
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Supplementary Fig. 26 Photograph of the gas diffusion electrolyser.
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Supplementary Fig. 27 Current-time curves for BiCu-3 at different potentials and corresponding FEformate in GDE.

For BiCu-3, a potential of –0.55 V vs. RHE is required to achieve a current density of 130 mA cm–2 with a FEformate of only 37.3%; the FEformate further decreases to 30.6% with a current density of 320 mA cm–2 at –0.70 V vs. RHE. The poor CO2RR performance of BiCu-3 in GDE further demonstrates the pivotal role of single-atom Cu in BiCu alloy catalyst in electrochemical reduction of CO2 to formate under high current density.    

Table S1. The contents of Cu in BiOI-Cu-x and BiCu-x samples.
	Sample
	The content of Cu (mol%)
	Sample
	The content of Cu (mol%)

	BiOI-Cu-0.2
	0.28
	BiCu-0.2
	0.18

	BiOI-Cu-0.5
	0.71
	BiCu-0.5
	0.48

	BiOI-Cu-1
	1.23
	BiCu-1
	1.25

	BiOI-Cu-3
	3.86
	BiCu-3
	3.32


Table S2. A comparison of jformate and FEformate of BiCu-0.5 with those of the reported state-of-the-art Bi-based electrocatalysts. 
	Electrocatalyst
	Electrolyte
	jformate, max
(mA cm–2)
	FE@jformate, max
(%)
	Ref.

	BiCu-0.5
	0.5 M NaHCO3
	–76.6
	91.6
	This work

	Bismuthene@BP
	0.5 M KHCO3
	–54.0
	65.5
	S1

	Bi-300
	0.5 M KHCO3
	–16.3
	52.0
	S2

	Bi (btb)
	0.5 M KHCO3
	–8.7
	87.0
	S3

	Bi2O3 NS@MCCM
	0.1 M KHCO3
	–17.7
	90.0
	S4

	Bi NTs
	0.5 M KHCO3
	–50.0
	82.0
	S5

	Bi NSs
	0.5 M NaHCO3
	–24.0
	90.0
	S6

	Mesoporous Bi NS
	0.5 M NaHCO3
	–18.0
	85.0
	S7

	Bi2O3-NGQDs
	0.5 M KHCO3
	–29.3
	80.0
	S8

	Bi- BOCNS
	0.5 M NaHCO3
	–24.0
	80.0
	S9

	Bi NSs
	0.1 M KHCO3
	–16.5
	86.0
	S10

	Bi flake
	0.1 M KHCO3
	–4.1
	88.0
	S11

	BiOx/C
	0.5 M NaHCO3/ NaClO4
	–17.5
	60.0
	S12

	Sulphide derived Bi
	0.5 M NaHCO3
	–15.8
	72.0
	S13

	Cu foam@BiNW
	0.5 M NaHCO3
	–47.0
	86.0
	S14

	Bi-Sn /CF
	0.5 M KHCO3
	–39.7
	85.0
	S15

	BiCu-0.5/GDE
	1.0 M KOH
	–434.3
	96.5
	This work

	Bi-ene/GDE
	1.0 M KOH
	–198.4
	99.2
	S16

	Bi NSs/GDE
	1.0 M KOH
	–360.5
	89.0
	S17

	Bi@Sn NPs/GDE
	2.0 M KHCO3
	–230.5
	92.2
	S18

	BiOBr-templated (Bi)/GDE
	2.0 M KHCO3
	–180.0
	90.0
	S19

	NTD-Bi/GDE
	1.0 M KOH
	–205.8
	98.0
	S20


“GDE” means that the CO2RR performance was evaluated in a gas diffusion electrolyser.
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