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S1. Experimental

1.1 Materials
All experimental materials and reagents used in this study are listed as follows:

Copper(Il) nitrate trihydrate (Cu(NOs),:3H,0, 99%, Macklin), trimesic acid (CoHgOg,
99%, Aladdin), lauric acid (C;;H40,, 99%, Adamas), sodium citrate dihydrate
(C¢Hs5Na3;07-2H,0, 99%, Sigma-Aldrich), tripotassium hexacyanocobaltate (III)
(K3Co(CN)g, 98%, Aladdin), 1-butanol (C4H;¢0, 99.5%, Sinopharm), 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH, 97%, Aladdin), Triethanolamine
(TEOA, 99%, Aladdin), tris (2,2’-bipyridyl) dichlororuthenium (II) hexahydrate
([Ru(bpy);]Cl,-6H,0, 99.95%, Aladdin), acetonitrile (CH3CN, 99.9%, Aladdin),
ultrapure water (UP water, 18 MQ-cm), ethanol (C;HsOH, 99.8%, Aladdin), ultra-high-
purity CO; (99.999%) were used without any further treatment.

1.2 Preparation of HKUST-1 nanocubes

The HKUST-1 nanocubes were synthesized by referring to a previous report.!
Dissolve 123 mg of Cu(NOs),:3H,0, 72 mg of trimesic acid, and 12.75 g of lauric acid
in 45 mL of 1-butanol, and stir until completely dissolved. The resulting solution was
transferred to a 100 mL Teflon-lined stainless steel auto-clave and reacted at 120 °C
for 6 hours. The precipitate was collected by centrifugation, washed three times with
ethanol, and dried at 70 °C for 6 hours to obtain HKUST-1 nanocubes.

1.3 Preparation of H-CuCo PBA

H-CuCo PBA was synthesized via an anion exchange strategy. 25 mg of HKUST-
1 was dispersed in a mixed solution of 12.5 mL of ethanol and 2.5 mL of UP water and
magnetically stirred for 1 h to pre-activate the material. Subsequently, 20 mL of cobalt
potassium cyanide aqueous solution (concentration of 5 mg ml-') was added, and the
reaction was continued for another 3 h. The resulting product was collected by
centrifugation, washed sequentially with water and ethanol, and then dried overnight

for subsequent use.

1.4 Preparation of C-CuCo PBA
C-CuCo PBA was synthesized via a coprecipitation method at room temperature.
Solution A was prepared by dissolving 289 mg of cupric nitrate trihydrate and 500 mg

of sodium citrate dihydrate in 30 mL of ultrapure water. Solution B was prepared by
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dissolving 266 mg of potassium cobalt cyanide in 30 mL of ultrapure water. After
complete dissolution of both solutions, solution B was added dropwise into solution A
under magnetic stirring for 10 min. The resulting mixture was then left to age for 3 h.
The obtained C-CuCo PBA product was collected by centrifugation, washed

sequentially with water and ethanol, and finally dried at 70 °C overnight.

1.5 Materials characterization

The X-ray diffraction (XRD) patterns of the sample were characterized using an
X-ray diffractometer (Bruker, D2 Phasertong Cu Ka). The morphology and
microstructure of the obtained samples were characterized using field-emission
scanning electron microscopy (FESEM, Nova NanoSEM 450) and transmission
electron microscopy (TEM, FEI Talos-S). The elemental composition was analyzed by
energy-dispersive X-ray spectroscopy (EDS) attached to the FESEM. Additionally,
elemental mapping was performed using a TEM equipped with EDX spectroscopy.
Fourier transform infrared spectroscopy (FT-IR) spectra were collected using KBr on
an FT-IR spectrometer (V80, Bruker Corporation) and the X-ray photoelectron
spectroscopy (XPS) was carried out on an energy spectrometer (Kratos AXIS Ultra
DLD). Ultraviolet—visible (UV—Vis) reflectance spectra were acquired on a Shimadzu
UV-3600i Plus spectrophotometer in the wavelength range of 250-800 nm. Isotopic
labeling control experiments were obtained on gas chromatography-mass spectrometry
(8890/7000D, Agilent Technologies).

1.6 Photoelectrochemical tests

Photoelectrochemical measurements were performed on a CHI 760E
electrochemical workstation using a standard three-electrode system with 0.2 M
Na,SOy solution as the electrolyte. A saturated Ag/AgCl electrode was used as the
reference electrode, a platinum electrode as the counter electrode, and fluorine-doped
tin oxide (FTO) conductive glass as the working electrode. 2 mg of the sample was
dispersed in a mixture of 350 pL of ethanol, 140 puL of ultrapure water, and 10 pL of 5%
Nafion solution under ultrasonication for 30 min. Subsequently, 20 pL of the resulting
dispersion was drop-cast onto a 1 cm x 1 cm FTO substrate and dried at room
temperature. Mott—Schottky plots were measured at frequencies of 1000, 2000, and
3000 Hz. Electrochemical impedance spectroscopy (EIS) was recorded in the frequency

range of 0.1 to 10° Hz with an amplitude of 5 mV. For the photocurrent response
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measurements, a certain amount of [Ru(bpy);]Cl,-6H,O was dissolved in Na,SOy
aqueous solution as the electrolyte. A 300 W Xe lamp equipped with a UV-cutoff filter

(A > 420 nm) was used as the light source.

1.7 CO, photoreduction performance

Photocatalytic reactions were conducted in a 50 mL sealed quartz reaction vessel
under a CO, atmosphere at 1 atm. The reaction system consisted of 1 mg of catalyst,
10 mg of [Ru(bpy);]Cl,-6H,0, 50 mg of BIH, 10 mL of CH;CN, and 2 mL of H,O,
with continuous magnetic stirring. Light irradiation was provided by a 300 W Xe lamp
equipped with a 420 nm long-pass cutoff filter (A > 420 nm). The gaseous products
generated from the reaction were analyzed using a gas chromatograph (GC, Fuli
Instruments F80) equipped with a thermal conductivity detector (TCD) and a flame

ionization detector (FID).

1.8 In-situ DRIFTS measurements

In-situ DRIFTS measurements was performed using a custom-designed top-plate
reaction cell with a ZnSe crystal as the infrared transmission window (cut-off energy
of ~625 cm™). The end station was equipped with a Bruker 66 v/s FT-IR spectrometer
coupled with a Bruker Hyperion 3000 infrared microscope (%16 objective) and a liquid
nitrogen cooled mercury cadmium telluride (MCT) detector, providing a spectral range
of 15-4000 cm™! and a spectral resolution of 0.25 cm™!. CO, was introduced into the
cell, which was loaded with a powder mixture of [Ru(bpy);]Cl,-6H,0O, BIH, and H-
CuCo PBA. The sample was purged with CO, for 30 min until its spectrum in the dark
stabilized. Visible light irradiation (A > 420 nm) was applied to the sample through a
quartz window, and spectra were recorded over time to monitor the evolution of
surface-adsorbed intermediates. Each spectrum was obtained by averaging 514 scans
at a resolution of 2 cm™'. The background spectrum was collected before light
irradiation. By analyzing the appearance and evolution of characteristic vibrational
peaks, key reaction intermediates (e.g., *COOH, *CO, carbonate species) were

identified, elucidating the synergistic reaction pathway for CO, reduction to CO.

1.9 DFT calculation

All density functional theory (DFT) calculations were performed using the Vienna
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Ab-initio Simulation Package (VASP).> The projected augmented wave (PAW)3
method was employed within the generalized gradient approximation (GGA)* using the
Perdew-Burke-Emzerhof (PBE)> exchange-correlation functional. To account for long-
range dispersion-interactions, the DFT-D3 correction method of Grimme was applied.
A plane-wave energy cutoff of 450 eV was used for all calculations, ensuring sufficient
convergence.The Brillouin zone sampling was performed using a 5x2x1 Monkhorst-
Pack k-point mesh. The electronic self-consistent field (SCF) convergence threshold
was set to 105 eV, while the atomic forces were relaxed below 102 eV/A to ensure
structural optimization accuracy. A vacuum region of 15 A was introduced along the c-

axis to prevent spurious interactions between periodic images.
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S2. Supplemental figures
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Fig. S1 (a) FESEM, (b) TEM images, and (c) XRD pattern of the HKUST-1.

S6

50



—
©
—
(=)}
~—

3
—.-'JJ Ch
=
© 8
o [+
Z &
2 E
2 PDF#02-0169 2
— ©

=
10 20 30 40 50 60 70 4000 3500 3000 2500 2000 1500 1000 500

-1
2-Theta (degree) Wavenumber {cm™)

Fig. S2 (a) XRD patterns and (b) FT-IR spectra of the H-CuCo PBA.
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Fig. S3 EDS spectra of the H-CuCo PBA.
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Fig. S4 (a) The XPS full spectrum of various elements of the H-CuCo PBA. (b) Cu 2p and (c) Co 2p
high-resolution spectrum of the H-CuCo PBA.
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Fig. S5 STEM image and elemental mapping images of the H-CuCo PBA.
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Fig. S6 XRD patterns of samples obtained at different reaction times of anion exchange: 0 h (HKUST-

1), 1 h (coexistence of HKUST-1 and H-CuCo PBA), and 3 h (H-CuCo PBA).
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Fig. S7 FT-IR spectra of samples obtained at different reaction times of anion exchange: 0 h (HKUST-

1), 1 h (coexistence of HKUST-1 and H-CuCo PBA), and 3 h (H-CuCo PBA).
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Fig. S8 FESEM images of samples obtained at different reaction times of anion exchange: 0 h (HKUST-

1), 1 h (coexistence of HKUST-1 and H-CuCo PBA), and 3 h (H-CuCo PBA).
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Fig. S9 TEM images of samples obtained at different reaction times of anion exchange: 0 h (HKUST-1),

1 h (coexistence of HKUST-1 and H-CuCo PBA), and 3 h (H-CuCo PBA).
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Fig. S10 (a) XRD patterns and (b) FT-IR spectra of the C-CuCo PBA.
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Fig. S11 EDS spectra of the C-CuCo PBA.

S16



—_—
Q
~—

CeiZp Co 2p
3
o N1s
> O1s Ci1s
‘B
c
[
£
Y T T T T T . T : T :
1200 1000 800 600 400 200 0
Binding energy (eV)
(b) (c)
Cu 2p Cu 2p;, Co 2p Co 2p,,
cu? 781.6 eV

= Cu2 -

z I:m 935.7 oV z

= Satellite = Co 2?2

2 358 eV Satellite 2 0.<Pyr2

® 95240V, 9324eV| ‘0 | 796.6 eV

8 cu cu™| 8

= £

970 960 950 940 930 800 790 780
Binding energy (eV) Binding energy (eV)

Fig. S12 (a) The XPS full spectrum of various elements of the C-CuCo PBA. (b) Cu 2p and (¢) Co 2p
high-resolution spectrum of the C-CuCo PBA.
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Fig. S13 (a-b) FESEM images, (c) TEM image, and (d) SAED pattern of the C-CuCo PBA.
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Fig. S14 Gas chromatography-mass spectrometry for 3C isotope tracer tests.
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Fig. S15 AQE values of the H-CuCo PBA at several selected wavelengths and the UV-vis absorption
spectrum of Ru-PS.
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Fig. S16 Time-dependent CO/H; evolution rate over H-CuCo PBA.
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Fig. S17 The SEM images of the H-CuCo PBA before (a) and after (b) the cycling test.
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Fig. S18 (a) XRD patterns and (b) FT-IR spectra of the H-CuCo PBA before and after the cycling test.
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Fig. S20 UV-vis DRS and Tauc plots of all samples. HKUST-1 (a and b), C-CuCo PBA (¢ and d) and H-
CuCo PBA (e and ).
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Fig. S21 Mott-Schottky plots of all samples. (a) HKUST-1, (b) C-CuCo PBA, (¢) H-CuCo PBA.
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Fig. S25 Adsorption configurations of CO, on the Cu sites of the catalyst: (a) (111) facet, (b) (001)

facet.
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Table. S1 Performance comparison of H-CuCo PBA with other photocatalysts

in terms of the Syngas yield.

Syngas yield
Catalyst Reaction medium Reference
(mmol g~'h™)
Ru(bpy);|Cl,-6H,0 25.83 (CO
HCuCopBa | NOPVRICLOHLO, CO " rhis Work
BIH 29.15 (H,)
Ru(bpy);|Cl,-6H,0 19.24 (CO
HCuCopBa | OPYRICLOHLO, CO " rhis Work
TEOA 20.55 (H,)
Ru(bpy);]Cl,-6H,0, 29.6 (CO
ZIF-67 [Ru(bpy);]ClL, 2 (CO) Ref 6
TEOA 10.29 (H,)
CoPc/Nil-g- [Ru(bpy)s]Cl,-6H,0, 2.14 (CO) Ref. 7
CI.
C3N4 TEOA 1.5 (H,)
Ru(bpy);]Cl,-6H,0, 2.52 (CO
COF-367-CoNgs  Ru(oPY):ICl6H: (C0) Ref. 8
Ascorbic Acid 4.59 (Hy)
Ru(bpy);]Cl,-6H,0, 10.5 (CO
TT-Por(Co)-COF [Ru(bpy):]Cly-6H, (O) Ref 9
TEOA 8.94 (Hy)
Ru(bpy);]Cl,-6H,0, 10.16 (CO
30ZISCN [Ru(bpy)s]Cly6H; (€O Ref. 10
TEOA 3 (Hy)
Ru(bpy);]Cl,-6H,0, 8.39 (CO
Co-TAPB-COF-1  LRu(opy)]Cl6H; (€0) Ref. 11
TEOA 11.31 (Hy)
Ru(bpy);]Cl,-6H,0, 10 (CO
Ce-ZnIn,S, [Ru(bpy)s]Cly6H; €O Ref. 12
TEOA 9.8 (H,)
CIS/Co- [Ru(bpy)s]Cl,-6H,0, 0.31 (CO) Ref. 13
CI.
PBA/NaY-5 TEOA 1.15 (Hy)
Ru(bpy);]Cl,-6H,0, 5.49 (CO
B-BTO NF [Ru(bpy)s]Cly6H; (€O) Ref. 14
TEOA 7.03 (Hy)
Ru(bpy);]Cl,-6H,0, 4.7 (CO
Co@sisacs  RubPy:ICL6H, (€0 Ref. 15
TEOA 4.4 (Hy)
Co-2,3-DHTA-  [Ru(bpy):]CL-6H,O, 5.64 (CO) Ref. 16
CI.
COF TEOA 10.2 (H)
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