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Experimental section
Materials

All chemicals and solvents were commercially available and used without further 

purification. Hexadecyltrimethylammonium bromide (CTAB), Na2MnO4·2H2O, 

Bi(NO3)3·5H2O, Trisodium citrate dihydrate and NaBH4 are purchased from Sinopharm 

Chemical Reagent Co., Ltd. Cu(NO3)2·3H2O is purchased from Shanghai Taitan 

Scientific Co., Ltd. All aqueous solutions are prepared with Millipore water (18.25 

MΩ).

Experimental Section 

Preparation of BMO: 30 mL Na2MoO4·2H2O (0.18 g, 0.75 mmol) deionized water 

solution and 30 mL Bi(NO3)3·5H2O (0.73 g, 1.50 mmol) ethylene glycol solution was 

mixed and stirred until dissolved, and then CTAB (0.36 g, 1.00 mmol) was added to 

the above mixture and stirred for 20 minutes. Then, the mixture was transferred into a 

polytetrafluoroethylene lined reactor, sealed and heated at 120 ℃ for 24 h. The solution 

was centrifuged, washed with water and ethanol for several times, and then placed in 

an oven to dry at 60 ℃ overnight to obtain the product.

Preparation for BMO NSs: 200 mg BMO was dissolved in 30 mL water and the 

resulting dispersion was sonicated at 200 W for 3 h. The solution was centrifuged, 

washed with water and ethanol for several times, and then placed in an oven to dry at 

60 ℃ overnight to obtain the product.

Synthesis of Cu/BMO NSs: 200 mg BMO was dissolved in 30 mL water and the 

resulting dispersion was sonicated at high frequency for 3 h to generate the BMO NSs 

dispersion. Then, Cu(NO3)2·3H2O (0.06 g, 0.25 mmol) and trisodium citrate dihydrate 

(0.15 g, 0.50 mmol) were added in 10 mL 0.1 M HCl solution, dissolved and added into 

the dispersion of BMO NSs, and stirred at 45 ℃ for 6 h in a water bath. Then, 1 mL 

NaBH4 (0.076g, 2 mmol) solution was slowly added to the above suspension and stirred 

in an ice bath for 2 h. Finally, the mixture was centrifuged, washed several times with 

deionized water and acetone, and dried in a vacuum drying oven at 60 ℃ for 10 h. In 

addition, Cu/BMO NSs with different Cu NPs loadings were synthesized by adding 

different amount of Cu(NO3)2·3H2O (e.g., 0.15, 0.25, and 0.35 mmol), and the samples 
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were denoted as Cu/BMO NSs (1.48%, 4.14%, and 8.39%), respectively. 

Characterizations 

Powder X-ray diffraction (PXRD) experiments are recorded on Bruker D8 

Advance (operating at 40 kV and 20 mA) with Ni-filtered Cu Ka radiation at 1.5406 

(Å) with a speed of 5 min-1. SEM images are obtained from a FEI NOVA NANO 430 

Field emission scanning electron microscope equipped with an Oxford Energy 

Dispersive X-ray spectroscopy. X-ray Photoelectron Spectroscopy (XPS) was carried 

out on a Thermo ESCALAB 250XI multifunctional imaging electron spectrometer 

using the binding energy of C as the internal standard. TEM images and STEM-

HAADF images coupled to EDS elemental mapping were collected on a JEOL JEM-

2100 electron microscope at 200 kV equipped with an Oxford Energy Dispersive X-ray 

spectroscopy. Atomic force microscope (AFM) images were measured on a Shimadzu 

SPM-Nanoa Atomic Force Microscopy.

The preparation of working electrode

10 mg sample and 10 mg acetylene black were grinded for 10 min and dispersed in 

1 mL 0.5% Nafion solution followed with sonication for 30 min to form uniform 

catalyst ink. The ink was dropped directly on a hydrophobic carbon paper (1 cm × 2 

cm) to form a 1 × 1 cm2 catalyst area with a catalyst loading of ~1 mg cm-2 (cathode) 

and ~2 mg cm-2 (anode). The deposited carbon paper was further dried at room 

temperature.

Electrocatalytic CO2RR tests

All electrochemical tests were performed in a standard three-electrode 

configuration in 0.1 M KHCO3, simulated seawater (0.6 M NaCl) and natural seawater 

using a CHI660-E electrochemical workstation. Carbon rod and Ag/AgCl were used as 

counter electrode and reference electrode, respectively, and modified carbon paper (1 

cm ×1 cm) is used as work electrode. The electro-chemical CO2RR performance was 
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carried out in an airtight electro-chemical H-type cell, in which, two compartments 

were separated by a Nafion®117 proton exchange membrane to prevent mixing of 

products from the two electrode chambers. The polarization curves were performed by 

linear sweep voltammetry (LSV) mode at a scan rate of 5 mV s-1. In this experiment, 

polarization curves were recorded successively in Ar-saturated and CO2 saturated 

KHCO3 solution. The measurement of electrochemical impedance spectroscopy (EIS) 

was carried out under the open circuit voltage. During the measurement process, 10 mV 

amplitude AC voltage was applied in the frequency range of 1000 kHz to 100 MHz. To 

estimate the electrochemical active surface area (ECSA), cyclic voltammograms (CV) 

were tested under the potential window of -0.1 V ~ 0 V (vs. Ag/AgCl) with various 

scan rates from 20 to 100 mV s-1. In this work, all the potentials were measured vs. 

Ag/AgCl electrode, and the results were calculated to the potential vs. reversible 

hydrogen electrode (RHE) based on the Nernst equation: E (vs. RHE) = E (vs. Ag/ 

AgCl) + 0.1989 V +0.059 × pH (without iR compensation).

The gaseous reduction products were monitored by a gas chromatography 

(Shimadzu-2010 plus) equipped with a flame ionization detector (FID) and a thermal 

conductivity detector (TCD). The liquid products (e.g., formate) were collected from 

the anode chambers after electrolysis and detected by NMR and ion chromatography. 

In this work, all reported values were average ones calculated from three or more 

independent measurements, and all errors were given as standard deviations.

Evaluation of CO2RR performance

For products, Faradaic efficiency (FECO) was calculated according to the following 

equation:

For HCOOH

𝐹𝐸𝐻𝐶𝑂𝑂𝐻 =
2 × 𝐹 × 𝑛𝐻𝐶𝑂𝑂𝐻

𝑄
× 100%

For CO

𝐹𝐸𝐶𝑂 =
2 × 𝐹 × 𝑛𝐶𝑂

𝑄
× 100%
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For H2

𝐹𝐸𝐻2 =
2 × 𝐹 × 𝑛𝐻2

𝑄
× 100%

N: the number of electrons transferred for product formation.

F: Faraday constant, 96485 C mol-1.

: the moles of products.𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

Q: the total charge obtained from chronoamperometry (C).

The calculation of energy efficiency (EE, %) 

𝐸𝐸 (%) =
𝐸0

𝑗  ×  𝐹𝐸𝑗

𝐸0
𝑗 +  𝜂

 × 100%

: the equilibrium cell potential for a certain product (V).𝐸0
𝑗

FEj: the Faradaic efficiency of the aiming product j (%).

η: the overpotential (V).

Reaction rate of the catalysts (r, mol h-1 m-2):

𝑟 =
𝑗 ×  𝐹𝐸
𝑛 × 𝐹

j: total current density.

n: the number of transferred electrons.

F: Faradaic constant (96485 C mol-1).

Computational details

Density functional theory (DFT) calculations were conducted using the Vienna Ab 

Initio Simulation Package1 with the Perdew-Burke-Ernzerhof1, 2 exchange-correlation 

functional. During structural optimization, convergence criteria were set at 10-4 eV for 

total energy and 0.02 eV Å-1 for atomic forces. A plane-wave cutoff energy of 400 eV 

was employed. Van der Waals interactions were incorporated using the DFT-D3 

dispersion correction method.4 The binding energies of CO2 and hydrogen were defined 

as ∆E CO2= ECatal+CO2-ECatal-ECO2 and ∆EH= ECatal+H-ECatal-EH2/2, respectively. Gibbs free 
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energy changes for elementary reaction steps were determined using the computational 

hydrogen electrode approach.3, 4 The Cu/BMO NSs catalyst was modeled with a 4×4 

periodic cell featuring a Cu16 cluster loaded onto a Bi-O terminal slab.
The calculation of Gibbs free energy G is as follows:

𝐺 = 𝐸DFT + 𝐸ZPE ‒ 𝑇𝑆 + ∫𝐶𝑃𝑑𝑇

Among them, EDFT, EZPE, T, S and CP are respectively the total energy, zero-point 
energy, temperature, entropy and heat capacity of the system. The values of EZPE, TS 
and ∫CPdT can be obtained through frequency calculation:

𝐸𝑍𝑃𝐸 =
1
2∑

𝑖

ℎ𝑣𝑖

‒ 𝑇𝑆 = 𝐾𝐵𝑇∑
𝑖

ln (1 ‒ 𝑒
‒

ℎ𝑣𝑖
𝐾𝐵𝑇

) ‒ ∑
𝑖

ℎ𝑣𝑖(
1

𝑒

ℎ𝑣𝑖
𝐾𝐵𝑇

‒ 1

)

∫𝐶𝑝𝑑𝑇 = ∑
𝑖

ℎ𝑣𝑖(
1

𝑒

ℎ𝑣𝑖
𝐾𝐵𝑇

‒ 1

)
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Figure S1. Characterization of BMO NSs. (a) SEM image. (b) TEM image. (c) 

HRTEM image. (d) STEM image and elemental mapping images.
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Figure S2. AFM images of Cu/BMO NSs. (a) AMF image. (b) 3D mode image.
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Figure S3. FTIR spectra of BMO NSs and Cu/BMO NSs.
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Figure S4. EPR spectra of BMO NSs and Cu/BMO NSs under vacuum and CO2 
atmospheres (g = 2.003).
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Figure S5. XPS spectra of BMO NSs and Cu/BMO NSs.



14

Figure S6. High resolution XPS spectra of Cu/BMO NSs and BMO NSs. (a) Mo 3d. 
(b) Bi 4f. (c) O 1s. (d) Cu 2p.
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Figure S7. Collection of natural seawater (a photo of a seaside in Shanghai, China on 
May 02, 2024).
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Figure S8. CV curves of comparisons at different scanning rates (40 ~ 140 mV S-1). (a) 
Cu NPs (b) BMO NSs. (c) Cu/BMO NSs.
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Figure S9. Characterization of the liquid product. (a) Ion chromatogram. (b) 1H-NMR 
spectra.
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Figure S10. FE of different products for Cu/BMO NSs in 0.1 M KHCO3.
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Figure 11. EDS images of Cu/BMO NSs with different Cu NPs loadings. (a) Cu/BMO 
NSs (4.14%). (b) Cu/BMO NSs (8.39%). (c) Cu/BMO NSs (1.48%).
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Figure S12. FEHCOOH of Cu/BMO NSs with different content of Cu NPs.
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Figure S13. FE of different products for Cu/BMO NSs in simulated seawater.
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Figure S14. Electrochemical properties of Cu/BMO NSs in simulated seawater. (a) 
LSVs. (b) jHCOOH at different potentials.
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Figure S15. Durability test for Cu/BMO NSs in simulated seawater (0.6 M NaCl) at -
0.8 V vs. RHE.
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Figure S16. Energy efficiency of Cu/BMO NSs at different potentials in simulated 
seawater.
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Figure S17. SEM and PXRD tests of Cu/BMO NSs before and after electrocatalysis 
for 10 h in simulated seawater. (a) SEM image. (b) PXRD patterns.
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Figure S18. The pH value and conductivity of cathode and anode electrolytes at the 
beginning and after the electrocatalysis tests in simulated seawater.
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Figure S19. FE of different products for Cu/BMO NSs in natural seawater.
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Figure S20. Electrochemical properties of Cu/BMO NSs in natural seawater. (a) LSVs. 
(b) jHCOOH at different potentials.
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Figure S21. LSV of Cu/BMO NSs in different electrolytes (simulated seawater, natural 
seawater and 0.1 M KHCO3).
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Figure S22. Energy efficiency of Cu/BMO NSs in natural seawater.
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Figure S23. SEM and elemental mapping images of Cu/BMO NSs electrode surface 
after electrocatalysis in natural seawater.
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Figure S24. The pH value and conductivity of cathode and anode electrolytes at the 
beginning and after the electrocatalysis tests in natural seawater.
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Figure S25. FEHCOOH for Cu/BMO NSs at different potentials in seawater with different 
pH.
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Figure S26. Free energy diagrams of the CO2 reduction pathway toward HCOOH on 

Bi-O surface (a) O-vacancy surface and (b) the O-vacancy surface.
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Figure S27. Calculated CO2 adsorption energy on different sites.
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Figure S28. Free energy profile of the CO2 reduction pathway toward CO on the 
Cu/BMO NSs.
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Table S1. The summary of CO2 electro-reduction performances of Cu/BMO NSs and 
other electrocatalysts in H-type cells.

Catalyst FE (%) jHCOOH

(mA cm-2)
Potential
(V vs. RHE)

r
(mol m-2 h- 1)

Ref.

1 Cu/BMO NSs 96.00 35.59 -1.00 6.64
(-1.4 V)

This 
work

2 Cu0.66: Bi0.34 98.00 6.90 -0.93 0.91
(-0.93 V)

[5]

3 Bi/Bi2O2CO3 96.00 25.00 -0.90 4.48
(−1.1 V)

[6]

4 S-In2O3/CP 97.10 8.00 -1.1 1.45
(-1.1 V)

[7]

5 10In-SnO2/C 79.20 16.00 -0.99 2.36
(−1.09 V)

[8]

6 Bi-Sn 93.90 12.00 -1.00 3.02
(-1.20 V)

[9]

7 SnO2/Bi2O3 90.00 5.00 -1.00 2.48
(-1.40 V)

[10]

8 Bi2O3 98.00 22.00 -1.00 3.04
(-1.20 V)

[11]

9 f-Bi2O3 87.00 24.00 -1.20 3.98
(-1.20 V)

[11]

10 GaN/In2O3@P
CNF

87.00 29.70 -0.90 4.95
(-1.20 V)

[12]

11 ER-HC 96.80 1.90 -0.88 2.36
(-0.98 V)

[13]

12 Bi/Cu foam 92.00 10.00 -0.97 2.98
(-1.17 V)

[14]

13 BiOx/C 93.40 18.00 -1.00 3.26
(-1.37 V)

[15]

14 Bi2S3-
Bi2O3@rGO

90.00 6.14 -0.90 1.01
(-1.10 V)

[16]

15 Bi@NPC 92.00 14.4 -0.87 4.27
(-1.27 V)

[17]

16 Bi(1200) 97.5 5.50 -0.87 1.83
(-1.07 V)

[18]

17 Re-P 84.00 9.10 -0.87 3.99
(-1.17 V)

[19]
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Table S2. The summary of CO2 electro-reduction performances of Cu/BMO NSs and 
other electrocatalysts in seawater.

Catalyst Product FE 
(%)

jHCOOH

(mA cm-2)
Stability

(h)
Ref.

1 Cu/BMO NSs HCOOH 93 35.59 >50 This work

2 BDD HCHO 36 - 20 [20]

3 CoPc/g-C3N4 CO 89.5 16.00 >2 [21]

4 N-Zn0.25Ni0.75O/C CO 89 1.80 - [22]
5 Bi NPs HCOOH 81 47.00 - [23]

6 Polished Cu CH4 5 5.00 4 [24]

7 Cu@ZIF-8C CO 94.3 30.00 1.5 [25]
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Table S3. The metal ions concentration in seawater before and after electrocatalysis 
for 10 h measured by ICP-MS.

Seawater Cu (ppm) Bi (ppm) Mo (ppm)

Natural seawater Not detected Not detected Not detected

After electrolysis for 10 h 0.01 0.02 0.008
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