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1. Experimental details 

1.1 Materials characterization: Crystal forms of catalysts were analyzed by X-ray 

diffraction (XRD) on a Bruker D8 Advance X-ray diffractometer using Cu-Kα radiation. 

High resolution transmission electron microscopy (HR-TEM, JEM-2100 F), elemental 

mapping using energy-dispersive X-ray spectroscopy (EDX), and field emission scanning 

electron microscopy (FE-SEM, Hitachi Regulus 8100) were employed to determine the 

structure and elemental distribution of the catalysts. X-ray photoelectron spectroscopy 

(XPS) was performed on an Esca lab 250Xi spectrometer, and the binding energies were 

referenced to the C 1s peak at 284.8 eV. N2 adsorption/desorption isotherms and CO2 

adsorption isotherms were recorded and analyzed using a Micromeritics ASAP 2020 

system. Catalysts were degassed in vacuum at 120 ◦C for 6 h prior to measurement. Fourier 

transform infrared spectroscopy (FTIR) and Raman spectroscopy were conducted on a 

Nexus 670 FTIR spectrometer and a DXR 2xi Raman spectrometer, respectively. The 

diffuse reflectance spectra (DRS) of the samples were acquired using a UV-vis 

spectrophotometer (Shimadzu, UV-2550, Japan). The energy band structure of the samples 

was determined by measuring ultraviolet photoelectron spectra (UPS, ESCALAB 250Xi, 

Thermo Fisher Scientific, USA). Time-resolved photoluminescence (PL) spectra and 
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steady-state PL spectra of the photocatalytic reaction systems were recorded and analyzed 

on an FLS980 spectrometer (540 nm, room temperature). (Shimadzu, Japan). Electron spin 

resonance (ESR) was performed on an ESR spectrometer (MEX-nano, Bruker, DEU). In 

situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was obtained on 

a Nicolet iS50 FTIR spectrometer (Thermo Fisher, USA) equipped with a mercury 

cadmium telluride detector. In situ irradiated X-ray photoelectron spectroscopy (ISI-XPS) 

was conducted on a Thermo Fisher Escalab 250xi with an Al Kα radiation hemispherical 

electron energy analyzer and a 300 W Xe arc lamp (PLS-SXE300D, Beijing Perfect Light 

Co., Ltd) with a 420 nm cut-off filter being placed. In the process of ISI-XPS 

characterization, the binding energy changes of the sample under visible-near infrared light 

irradiation of 20 cm (λ>420 nm), darkness in a vacuum atmosphere, and after five minutes 

of illumination were studied. All binding energies were calibrated with the C 1s peak at 

284.8 eV. To prepare the sample: accurately weigh 20 mg of the catalyst and 2 mg of 

[Ru(bpy)₃]Cl₂. The components were dispersed in deionized water and ultrasonically 

dispersed for 5 minutes to ensure that the dispersion was completely uniform to obtain 

La/Ni-MOF-3 adsorbed [Ru(bpy)₃]Cl₂.1

1.2 Photoelectrochemical measurements: Photoelectrochemical properties were 

assessed on a CHI 660E electrochemical station (Shanghai Chenhua, China) in a three-

electrode quartz cell containing 40 mL of electrolyte, with Pt plate (10 mm × 10 mm) and 

Ag/AgCl employed as the counter electrode and reference electrode, respectively. For 

preparing working electrodes, fluorine-doped tin oxide (FTO) glass was ultrasonic washed 

with ethanol for 30 min and dried at 333 K, onto which scotch tape with the 0.25 cm2 

round-shaped hole was sticked. 5 mg of the samples was dispersed in 0.5 mL of N,N-

dimethylformamide (DMF) assisted by ultrasonic concussion to form quasi steady 

suspension, which was then spread onto the hole left on the pretreated FTO glass. After 

drying naturally in the air, the scotch tape was unstuck, and the uncoated section of the 

electrode was segregated with epoxy resin. A 300 W Xe lamp system (PLS SXE300+, 

Beijing Perfect Light Co., Ltd.) equipped with a 420 nm cut-off filter was used as the 

irradiation source. The electrochemical impedance spectroscopy (EIS) experiments were 

conducted with the electrolyte of 0.5 M KCl aqueous solution containing 0.01 M 
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K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) under open-circuit potential conditions. The cathodic 

polarization curves were obtained using the linear sweep voltammetry (LSV) technique 

with a scan rate of 0.05 mV s−1 in 0.1 M NaHCO3 aqueous solution under continuous 

bubbling of CO2 or Ar. The Mott-Schottky (M-S) experiments were obtained in 0.2 M 

Na2SO4 aqueous solution. 
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2. Figures and tables 

La3+

Ni2+

Figure S1. Synthesis diagram of bimetallic MOFs.
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Figure S2. Elemental mapping images of the La/Ni-MOF-3 sample.
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Figure S3. The XRD patterns of La/Ni-MOF-3 and La-MOF samples prepared by different 

reaction solvent compositions (more specifically, La-MOF is prepared in the solvent of 

DMF, H2O and CH3CH2OH as described in the experimental section; La-MOF (Without 

H2O) is prepared by adjusting the solvent as indicated in the bracket).
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Figure S4. FTIR spectra of La-MOF, Ni-MOF, and La/Ni-MOF-X (X = 1, 2, 3, and 4).
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Figure S5. Raman spectra of La-MOF, Ni-MOF, and La/Ni-MOF-X (X = 1, 2, 3, and 4).

Figure S6. La-MOF crystal structure diagram.
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Figure S7. EPR spectra of La-MOF, Ni-MOF, and La/Ni-MOF-X (X = 1, 2, 3, and 4).

1200 900 600 300 0

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

La-MOF

La/Ni-MOF-3

Ni-MOF

La3d

La3d

Ni2p

Ni3p

Ni3p

C1s

C1s

C1s

O1s

O1s

O1s

Figure S8. The XPS spectra of the as-prepared La-MOF, Ni-MOF, and La/Ni-MOF-3 

samples.
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Figure S9. High-resolution C 1 s XPS spectra of La-MOF, Ni-MOF, and La/Ni-MOF-3.
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Figure S10. The liquid nuclear magnetic resonance (NMR) map before and after the 

reaction.
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Figure S11. Comparison of the performances of La/Ni-MOF-3 in present work with some 

typical photocatalysts towards CO2 reduction in similar reaction systems.
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Figure S12. Comparison of the performances of La/Ni-MOF-3 in present work with some 

typical single-atom photocatalysts towards CO2 reduction in similar reaction systems.
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Figure S13. Mass spectra obtained for the photocatalytic reduction of 13CO2 over La/Ni-

MOF-3.
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Figure S14. XRD patterns of the as-prepared La/Ni-MOF-3 photocatalyst before and after 

durability test.
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Figure S15. FTIR results of the as-prepared La/Ni-MOF-3 photocatalyst before and after 

durability test.
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Figure S16. The XRD patterns of La/Ni-MOF-3 and La-MOF samples prepared by 

different reaction solvent compositions (more specifically, La-MOF is prepared in the 

solvent of DMF, H2O and CH3CH2OH as described in the experimental section; the other 

two La-MOF samples are prepared by adjusting the solvent as indicated in the brackets).
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Figure S17. The SEM of La-MOF samples prepared by different reaction solvent 

compositions (more specifically, La-MOF is prepared in the solvent of DMF, H2O and 

CH3CH2OH as described in the experimental section; the other two La-MOF samples are 

prepared by adjusting the solvent as indicated in the brackets) and La/Ni-MOF-3.
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Figure S18. The photocatalytic activity of La/Ni-MOF-3 and La-MOF samples prepared 

by different reaction solvent compositions (more specifically, La-MOF is prepared in the 

solvent of DMF, H2O and CH3CH2OH as described in the experimental section; La-MOF 

(Without H2O) is prepared by adjusting the solvent as indicated in the bracket).
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Figure S19. N2 adsorption–desorption isotherms of La-MOF, Ni-MOF, and La/Ni-MOF-3.
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Figure S20. Pore diameter distribution of La-MOF, Ni-MOF, and La/Ni-MOF-3.
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Figure S21. CO production rate in terms of BET specific surface area the as-prepared La-

MOF, Ni-MOF, and La/Ni-MOF-3.
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Figure S22. CO2 adsorption isotherms of La-MOF, Ni-MOF, and La/Ni-MOF-3.
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Figure S23. CO production rate in terms of BET specific surface area the as-prepared La-

MOF, Ni-MOF, and La/Ni-MOF-3.
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Figure S24. In situ DRIFTS spectra of CO2 adsorption for La-MOF, Ni-MOF, and 

La/Ni-MOF-3.
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Figure S25. Mott-Schottky plots of (a) La-MOF, (b)Ni-MOF, and (c) La/Ni-MOF-3.

550 600 650 700 750 800

In
te

ns
ity

 (a
.u

.)

Wavelength (cm-1)

 [Ru(bpy)3]Cl2
 [Ru(bpy)3]Cl2+TEOA

Figure S26. Steady state photoluminescence emission spectra of [Ru(bpy)3]Cl2 (1 mg/mL) 

upon the addition of TEOA in a CO2 degassed solution of CH3CN/H2O.



17

Figure S27. (a) Transient photocurrent response for La/Ni-MOF-3 and La/Ni-MOF-3 

containing [Ru(bpy)3]Cl2. (b) Transient photocurrent response for La-MOF, Ni-MOF, and 

La/Ni-MOF-X in the case of containing [Ru(bpy)3]Cl2. 

Table S1. ICP-MS results of La/Ni-MOF-X (X=1, 2, 3, and 4).
Samples The molar ratio of La/Ni-MOF

La/Ni-MOF-1 La: Ni=109:1
La/Ni-MOF-2 La: Ni=48:1
La/Ni-MOF-3 La: Ni=32:1
La/Ni-MOF-4 La: Ni=12:1

Table S2. Comparison of the performances of La/Ni-MOF-3 in present work with some 
typical photocatalysts towards CO2 reduction in similar reaction systems.

Catalyst Light
source

Photosensit
izer/

sacrificial 
agent

Irradiatio
n time

Catalys
t

dosage

CO 
evoluti
on rate 
μmol/g

Select
ivity 

to CO
Refs.

La/Ni-
MOF-3

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 2 h 3 mg 669.5 96.8% this 
work

Co-MOF-
NS

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 10 h 0.5 mg 27.1 70.1% 2

Cu−CCH λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 1 h 10 mg 703 92.9% 3

[DMC@C
u-CAT]-

λ≥420 nm
300W Xe Ru(bpy)3

2+ 1 h 10 mg 133.36 --- 4
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PVK

m-NiAl-
LDH

300W Xe
λ≥600 nm

Ru(bpy)3
2+

TEOA 1 h 10 mg 90 52% 5

LaNi-
Phen/COF

-5

λ≥420 nm
300W Xe

Ru(bpy)3
2+

BIH 1 h 10 mg 605.8 98.2% 6

CdSeTe/U
iO-66

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 1 h 5 mg 228.68 --- 7

Fe-soc-
MOFs

λ≥420 nm
300W Xe --- 5 h 100 mg 285.6 64.3% 8

CuO@In2
O3

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 1 h 1 mg 500.86 81% 9

Ni-COFs λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 4 h 15 mg 915 76% 10

Ni-MOF λ≥420 nm
300W Xe

Ru(bpy)3
2+

TIPA 1 h 10 mg 317 97% 11

FeCoS2-
CoS2

λ≥400 nm
300W Xe

Ru(bpy)3
2+

TEOA 1 h 0.5 mg 28.1 64% 12

ZnCo-OH 
QUNH

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 1 h 10 mg 134.2 76.9% 1

Cu-
SA/CTF

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEA 2 h 5 mg 66 91% 13

AuNPS/ZIS λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 2 h 10 mg 550 77% 14

Co-
SA/CTF

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 2 h 5 mg 1665 56% 15

CTF-
TPE@Co

λ≥420 nm
300W Xe

Ru(bpy)3
2+

TEOA 2 h 5 mg 1515 70% 16
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