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1. Computational section

1.1 Computational setup

Theoretical calculations were conducted using spin-polarized density functional theory
(DFT) implemented through the Vienna ab initio simulation package (VASP).! The
Perdew-Burke-Ernzerhof (PBE) functional,> a type of generalized gradient
approximation (GGA), was employed to calculate the exchange-correlation potentials.
A 4x2x2 k-points grid and an energy cutoff of 450 eV were employed for structural
relaxation. Ionic relaxations were conducted with conventional energy criteria (10
eV), while force convergence thresholds were set at -0.02 eVA ™! during optimization.
Based on experimental findings, a 131 facet of Bi;MoOs was selected as a
representative model for CO, reduction. To minimize periodic image interactions, the
separation between adjacent cells was adjusted to approximately 15 A. Gas-phase
molecule energies (H,, H,O, and CO,) were evaluated within a box measuring 27 A x

27 A x 20 A. Charge population and transfer were determined using the Bader method.?

The conversion of CO, to CO through photo-reduction occurs through a mechanism
involving the transfer of two electrons, consisting of two elementary steps coupled with

proton-electron interactions:

%+ COyg+ 2(H + €) — *COOH + H* + e (1)
*COOH + H* + e — *CO + H,0, (2)
*C0 — (0 + &)

Additionally, the *CO that has been adsorbed can undergo further reduction to *CHO
and CHj4 via eight-electron CO; reduction products, following the subsequent route;

*CO+H"+e —*CHO “4)

*CHO + H" + e~ — CH,0* (5)

*OCHy+ H* + e~ — CH30* (6)



*0CH3+H++€_—>*0+CH4(9) (7)
*0+H*+e — *OH (8)
*OH+H"+e — H,0y) + ©)

AT 33

where denoted the active site of catalysts, (g) denoted gas phase, respectively,
and HCOOH*, *COOH, *CO, *CHO, CH,0*, CH30*, and *OH, are the adsorbed
intermediates.

The addition of corrections for zero-point energy, entropy, and enthalpy was
performed on adsorbates to transform electronic energy into free energy.

The Gibbs free energy (G) at 0 V was modified by equation (10).

G = Eppr + Ezpe — TS + C,dT (10)
where Eppr, Ezpg, TS, and | CodT denoted electronic energy obtained from DFT
optimization, zero-point vibrational energy, entropy, and heat capacity at room
temperature (T=298.15 K), respectively. The computational hydrogen electrode (CHE)
model was used to calculate the Gibbs free energy for the reaction step involving the

coupled of proton-electron, in which the free energy of a pair of proton and electron

(H* + e7) was calculated as a function of applied potential relative to a reversible

1

hydrogen electrode (U vs RHE), i.e., w(H") + p(e”) = 2 p(H,) — eU.# The reaction free

energies of each elementary reaction (-AG) at a given potential Ugyg are calculated as:

1u(H2)
AG= yt(product) — u(reactant)— 2 —eUgyg (11)

Where pwas the chemical potential. Precisely, when U=0 V then,

AG=-Up X e (12)



Where U, was the limiting potential, and Uy, of each specific product (CO, CH4 and
H,0) were obtained via U, = -AGax/€, Where (AGnax) Was the maximum free energy
change and determined the value of potential-determining step.

Charge transfer Ap from the atoms to the crystal is calculated by,

Ap = p(crystal) - p(atoms) (13)
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Figure S1. Typical XPS survey spectra of Bi;MoOg and Bi,M0O4-10% Cu.
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Figure S2. High-resolution XPS spectrum of Cu 2p for Bi,M00O4-20% Cu.
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Figure S3. Raman spectra of Bi;MoOg and Bi;M0O¢-10% Cu.



Figure S4. SEM images of (a, c¢) Bi;MoOg, and (b, d) Bi;MoOs-10% Cu.



12+ 11.40 co
CH,
£ 9ol
o
_g . 6.47 cor
=
= 4.46
K>, 3.48
)
— 3 .
= 1.94
o 032, 0.30 0.29 = 048 0.53
e
Q.’\,? o & e o &

Figure S5. The yield of photocatalytic CO, conversion products of Bi,MoOg and
Bi;M00Og-XCu (S1-S5: X=1%, 5%, 10%, 15% and 20%).



Table S1. Bi,M00O¢-10% Cu photocatalyst and other reported photocatalysts towards

photocatalytic CO evolution rate from CO, reduction.

Photocatalyst Light source Activity, Selectivity, Ref
pmol g! h! %

Bi;Mo00s-10% Cu 300 W Xe 11.40 69.3 --
lamp

Co-POR 300 W Xe 0.40 -- 5
lamp

Bi24031C110-OV 300 W Xe 0.9 - 6
lamp

2H/3C-SiC 300 W Xe 4.68 -- 7
lamp

3D CoAl,Oy4 300 W Xe 4.73 -- 8
lamp

LHTO nanosheets 300 W Xe 4 93 9
lamp

CdG-2 350 W Xe 2.59 -- 10
lamp

Bi,MoOg 300 W Xe 3.62 -- 11
nanosheets lamp

Au-BiOCI-OV 300 W Xe 4.85 -- 12
lamp

BON-Br 150 W Xe 8.12 -- 13
lamp

5 wt.% GO/TiO, 500 W Xe 1.86 -- 14
lamp

CdS/CdWO4 300 W Xe 1.4 -- 15
lamp

ultrathin ZnAl 300 W Xe 7.6 -- 16
LDH lamp

ISS/CBB 300 W Xe 9.55 92.9 17
lamp

BOC-OV 300 W Xe 4.19 >90 18

lamp
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Figure S6. Original gas chromatograms of the gas products for CO, reduction over

Bi,M004-10% Cu under different irradiation times.
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Figure S7. CO, photoreduction activity under various conditions.
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Figure S8. (a) XRD patterns, (b) typical XPS survey spectra, and (c) high-resolution

XPS spectra of Bi 4f for Bi,M0QOg-10% Cu before and after cycling reactions.
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Figure S9. Transient photocurrent responses for Bi,MoOg and Bi,M00Og-10% Cu.



Table S2 The fitted parameters of the equivalent circuit of Bi,MoO4 and Bi,M0QOg-10%

Cu in the EIS spectra.

Sample Element Parameter Value Estimated Error
(9)] (%)
Rs R 33.8100 0.7333
Rct R 2.3730E+1 1.0577E8
Bi,M0Os 1
CPE-T YO 4.4333E-5 1.9591
CPE-P N 0.9537 0.4115
Rs R 41.0 0.7305
Bi,MoOs- Rcet R 1368 2.2531
10% Cu CPE-T YO0 6.7246E-5 2.9649

CPE-P N 0.8842 0.6538




Figure S10. Charge density difference plot of Cu/Ov-Bi,Mo0Og. The yellow and sky-
blue color loops represent charge accumulation and depletion regions. The isosurface

value is set to 0.002 e/Bohr?.
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Figure S11. In situ FT-IR spectra of Bi,M00¢-10% Cu in dark and under irradiation.
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Figure S12. The zoomed view of the in situ FTIR spectra of Bi,M00O¢-10% Cu in the
region of 3400-3700 cm™'.



Table S3 Summary of simulation parameters obtained from DFT calculation. The DFT
energies (Eprr), zero-point energies (Ezpg), entropies (TS), and free energy correction
(Georr) for the gas molecules. The values are measured in eV. The vibrational corrections

for gas molecules are taken from ref.!920

Species Eprr Ezpr TS Georr
H, -6.77 0.27 0.4 -6.9
€0, -22.9 0.31 0.4 -23.31

HCOOH -29.88 0.89 0.66 -29.99
co -14.78 0.14 0.98 -14.31
H,0 -14.22 0.57 0.61 -14.32

CH, -24.04 1.2 0.6 -23.44




Table S4 Summary of simulation parameters obtained from DFT calculation. The DFT energies (Eppr), zero-point energies (Ezpg), heat capacity
(Ic,dT) entropies (TS), and free energy correction (Go) and free energy (AG) for intermediates involved in CO, photoreduction reaction on pristine

Bi,Mo0OQOg. The values are measured in eV.

Number Species Eper Ezpe jc,dT TS Georr AG AG,
0 x -677.776 0.00 0.00 0.00 -677.776 0.00 0.00
1 *COOH -703.973 0.604 0.111 0.236 -703.494 0.723 0.723
2 *CO -692.927 0.135 0.024 0.035 -692.803 -0.18 0.543
3 *CHO -696.353 0.448 0.064 0.127 -695.969 0.284 0.827
4 CH,0* -700.114 0.758 0.112 0.241 -699.485 -0.066 0.761
5 CH;0% -704.514 1.093 0.097 0.194 -703.518 -0.583 0.178
6 *0+CH, -707.693 1.218 0.100 0.225 -706.599 0.369 0.547
7 *OH -688.668 0.345 0.056 0.105 -688.372 -1.762 -1.215
8 ++H,0 -692.228 0.631 0.100 0.214 -691.712 0.120 -1.106




Table S5 Summary of simulation parameters obtained from DFT calculation. The DFT energies (Epgr), zero-point energies (Ezpg), heat capacity
(Ic,dT) entropies (TS), and free energy correction (Geo) and free energy (AG) for intermediates involved in CO, photoreduction reaction on Cu/Ov-

Bi,Mo0OQOg. The values are measured in eV.

Number Species Eprr Ezpe lc,dr TS Georr AG AG,
0 x -675.093 0.00 0.00 0.00 -675.093 0.00 0.00
1 *COOH -701.679 0.594 0.111 0.235 -701.208 0.325 0.325
2 *CO -690.915 0.202 0.071 0.146 -690.788 -0.450 -0.125
3 *CHO -693.577 0.140 0.067 0.431 -693.801 0.437 0.311
4 CH,0* -697.565 0.760 0.075 0.137 -696.867 0.384 0.695
5 CH;0* -701.623 1.061 0.098 0.194 -700.657 -0.340 -0.355
6 *0+CH, -706.037 1.267 0.099 0.229 ~704.900 -0.793 -0.438
7 *OH -685.269 0.328 0.044 0.082 -684.979 -0.069 -0.506
8 ++H,0 -689.205 0.591 0.071 0.150 -688.693 -0.264 -0.770
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Figure S13. The optimized structure along charge density difference plot of CO,
adsorption (a, ¢) pure Bi,MoOg, (b, d) Cu/Ov-Bi,MoOg respectively. The yellow and
sky green color loops represent charge accumulation and depletion region. The

1sosurface value is set to 0.004 e/Bohr>.
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