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Computational details

All functional theory (DFT) method were performed using the Vienna ab initio simulation package
(VASP) code with the projector augmented wave (PAW) method.! > The generalized gradient
approximation (GGA) combined with Perdew-Burke-Ernzerhof (PBE) functional was employed to
describe the exchange-correlation term.? The projector augmented wave (PAW) pseudo-potentials were
used to describe ionic cores.* A vacuum space of 15 A along the z-axis was added to avoid the
interactions between periodic slabs. The cut-off energy for the plane-wave basis was set to 450 eV. The
Van der Waals (vdW) interactions was described by using the empirical correction in Grimme’s scheme
(DFT-D3) in all calculations.’ The convergence tolerances for energy and force were set to 1075 eV and
0.05 eV/A, respectively. The Gibbs free energy change (AG) for each elemental step was defined as

AG = AEpgr + AEzpg - TAS

In this equation, AEpgt is denotes the electronic energy change directly obtained from DFT calculations,
AEzpg and AS are the zero-point energy correction and entropy change obtained from frequency
calculations at 298.15 K.
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Fig. S1. (a, b) A model diagram of the possible structure of Bi-CPs from different perspectives. (c) Enlarged view
of the coordination pattern between bismuth and ligand molecule. (d) XRD patterns of the simulated and as-

prepared Bi-CPs.
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Fig. S2. 13C NMR spectra of SA ligand and Bi-CPs powders.
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Fig. S3. The survey XPS spectrum of the as-synthesized Bi-CPs.
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Fig. S4. The XPS of Bi 4f of the as-synthesized Bi-CPs.
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Fig. S5. N, adsorption-desorption isotherms (inset: pore size distribution) of the Bi-CPs.
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Fig. S6. In situ Raman spectroscopy recorded during the transformation from Bi-O to Bi under various applied

potentials.
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Fig. S7. The morphology and crystal structure of the as-synthesized Bi-NPs. (a) The XRD of Bi-NPs. (b) The
HRTEM image of Bi-NPs. (c)(d) The TEM images of Bi-NPs.
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Fig. S8. The morphology and crystal structure of Bi-NSs. (a) The XRD of Bi-NSs. (b) The HRTEM image of Bi-
NSs. (¢)(d) The TEM images of Bi-NSs.
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Fig. S9. Charge transfer resistance. EIS spectra of Bi-NPs, Bi-NSs and c-a Bi-NSs recorded at open circuit

potential in the frequency range of 0.1 Hz—100kHz.
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Fig. S10. CV curves of (a) c-a Bi-NSs, (b) Bi-NSs and (c) Bi NPs within the potential ranging from 0.02 to 0.04
V (vs. RHE) at various scan rates (20, 40, 60, 80, 100, 120 mV s!). (d) Plots of current density against scan rate.
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Fig. S11. XRD patterns of three types of Bi catalysts.
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Fig. S12. (a) The LSV of different samples. (b) Faraday efficiency diagram of different samples.
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Fig. S13. The represent '"H-NMR spectra of liquid product (DMSO as standard internal substance) obtained on
the c-a Bi-NSs.
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Fig. S14. (a) '"H NMR spectra of DMSO at different concentrations. (b) The fitting curve of DMSO concentration
with respect to peak-area.
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Fig. S15. (a) The XRD patterns of c-a Bi-NSs before and after stability test. (b) The TEM image of c-a Bi-NSs

after stability test. (¢)(d) The HRTEM images of c-a Bi-NSs after stability test.
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Fig. S17. Schematic illustration of in situ Raman characterization.
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Fig. S18. (a) Schematic illustration of ATR-IR characterization and (b) Digital photograph showing the in-situ
ATR-IR set-up.
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Fig. S19. In situ ATR-IR spectra on (a) Bi-NPs catalyst and (b) Bi-NSs catalyst.

5358 5353

Fig. S20. The proposed theoretical models of (a) c-a Bi (110) and (b) crystalline Bi (110).

g

§353 5383 5158

Fig. S21. The proposed electrochemical CO,RR pathways over c-a Bi-NSs.
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Fig. S22. The proposed electrochemical CO,RR pathways over Bi-NSs.
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Fig. S23. The adsorption energy of key intermediates.

Fig. S24. Digital photo of the real photovoltaic-electrolysis system.

(a) Cu Foam
3 s
&
‘a‘ >
b~ ()
e &
£ 2
£ c
| g
L . Y —c——-
10 20 30 40 50 60 70 80 0.0 0.2 0.4 06 08 1.0 1.2 1.4 1.6
2 Theta (degree) Potential (V vs. RHE)

Fig. S25. (a) The XRD pattern of the Cu foam. (b) LSV curves of Cu foam (red) and Ni foam (blue) in | M KOH
+0.1 M HCHO.



Table S1. Current density and FE over the reported materials for CO, reduction to HCOO-
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Fig. S26. The XRD pattern of Cu foam before and after 6h testing.

in H-type cell.

Catalyst Electrolyte | Potential | FEgcoo Jhcoo Potential range for Reference
4
(V vs. (%) (mA cm” | FEycoo >90% (mV)
RHE) )
. 0.5 M .
c-a Bi-NSs KHCO, -1.10 95.6 334 600 This Work
. 0.5M
Cu-Bi KHCO, -1.00 92.5 49.5 ~200 [6]
. 0.5M
S-Bi-NSs KHCO, —0.88 95.3 19.4 400 [7]
) ) 0.1M
Pits-Bi KHCO; -1.10 953 27.9 ~200 [8]
0.5M
SOR
Bi@C NPs KHCO; -0.99 95.0 10.5 440 [9]
3.5nm Bi 0.IM
NS KHCO, -1.10 92.0 ~10 ~220 [10]
. 0.5M
PD-Bil KHCO, -0.90 914 ~7 ~200 [11]
Bi,O,@C- | 05M |
200 KHCO, 0.90 92.0 7.5 ~200 [12]
0.5M
BMNS KHCO; -0.80 98.0 23 300 [13]
‘b 0.5M 5 14
Bi(btb) KHCO; -0.97 95.0 ~5.5 ~200 [14]




Table S2. Current density and FE over the reported materials for CO, reduction to HCOO-in flow cell.

Catalysis Electrolyte Current FEucoo (%) Reference
density
(mA cm?)
c-a Bi-NSs 1.0 M KOH 300 90.11 This Work
. [15] Nat. Commun.
BOC with Vg 1.0 M KOH 200 81 2023, 14,751
. . [16] Nano Lett. 2022, 22,
Bi,05/Bi0, 0.5 M KHCO; 114 98.12 1656-1664
[17]J. CO, Util. 2021,
Sn-N-C 0.5 M KHCO; 200 50-60 50, 101583.
. [18] Adv. Energy Mater.
Bi-NSs 1.0 M KOH 405 89 2020, 70, 2001709
[12] Angew. Chem. Int.
Bi,0;@C-800 1.0 M KOH 224 93 Ed. 2020, 59, 10807-
10813
. [19] Adv. Funct. Mater.
Bi-NBs 1.0 M KOH 200 95 2022, 322201125
. [20] Nat. Commun.
Bi;Sn 1.0 M KOH 200 97 2021, 12, 5223,
[21]J. Mater. Chem. A
SnO, NPs 1.0 M KOH 147 46 2018, 6. 10313-10319
. [22] Adv. Energy Mater.
BiNN-CFs 1.0 M KOH 200 95.7 2022, 12, 2103960
[23] Energy Environ.
Bi-ene-NW 1.0 M KOH 200 95 Sci., 2021, 14, 4998—
5008
. [24] ACS Nano, 2021,
Bi,0;@C/HB 1.0 M KOH 250 93 15, 17757-17768
[25] Adv. Energy Mater.
CDB 1.0 M KOH 200 92 2022, 2202818
C [26] Small, 2023, 19,
Ti-Bi-NSs 1.0 M KOH 130 93 2302253
. [27] Appl. Catal. B:
basal-oriented | 5y e, 90 94 Environ. 2021, 299,

Bi NSs

120693
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