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1.1 Materials characterization: 

Scanning electron microscopy (SEM) was conducted using a JEOL-JSM-IT300HR 

field emission microscope. Transmission electron microscopy (TEM) and elemental 

mapping were performed with a JEOL-2010 TEM operating at an acceleration voltage 

of 200 kV. The molar ratio of Pt to Ta was determined by inductively coupled plasma-

optical emission spectroscopy (ICP-OES) using an Optima 5300DV instrument (Perkin 

Elmer). X-ray diffraction (XRD) patterns were acquired with a Rigaku Ultima III X-

ray diffractometer utilizing Cu Kα radiation. Electron paramagnetic resonance (EPR) 

spectra were obtained at room temperature (25 °C) employing a Bruker A300-10/12 

EPR spectrometer. X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a Ka X-ray photoelectron spectrometer (Thermo Scientific), where the 

binding energy was calibrated to the C 1s peak at 284.6 eV as a charge reference. Light 

absorption spectra were recorded with a UV-vis spectrophotometer (UV-2450, 

Shimadzu Co., Japan). The H2O temperature-programmed desorption (TPD) 

spectroscopy was conducted on a Micromeritics AutoChem II chemisorption analyzer 

connected to a Pfeiffer OmniStar mass spectrometer. In-situ Fourier transform infrared 

(FTIR) spectroscopy was performed using a Nicolet Nexus 870 infrared spectrometer 

(Nicolet, USA). Photoluminescence (PL) spectra were acquired with a fluorescence 

spectrometer (Edinburgh Instrument FS5). Photoelectrochemical measurements were 

carried out in a standard three-electrode setup utilizing a CHI 660E electrochemical 

workstation (Chenhua, China). The electrolyte was N2-saturated 1M NaOH, with a Pt 

foil serving as the counter electrode and a Hg/HgO electrode as the reference. The 

prepared samples were spin-coated onto fluorine-doped SnO2 (FTO) glass at 500 rpm 

for 30 s, functioning as self-supported working electrodes. Electrode potentials were 

converted to the reversible hydrogen electrode (RHE) reference scale using ERHE = 

EHg/HgO + 0.098 V + 0.059 * pH. The EIS curved were tested at open-circuit voltage 

(OCV) from 0.01 Hz to 10 MHz with a sinusoidal voltage amplitude of 5.0 mV.

1.2 Apparent Quantum Yield Calculation
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The AQY test of 0.5Pt/Ta2O5-x was taken under constant 8 h irradiation by a 300 W 

xenon lamp with a monochromator (λ =365 nm) band-pass filter (ZBPA500, Asahi 

Spectra Co., FWHM: 10 nm). The average light intensity was recorded to be 10 mW 

cm‒2 by a spectroradiometer and the irradiation area was 4.2 cm2. The amount of 

incident electrons (N) is determined by equation:

𝑁 =
𝐸 × 𝑆 × 𝑡 × 𝜆

ℎ × 𝑐
=

10 × 10 ‒ 3 × 4.2 × 8 × 3600 × 365 × 10 ‒ 9

6.626 × 10 ‒ 34 × 3 × 108

= 2.22 × 1021                (1)

The amount of CO and H2 molecule yielded at 8 h was 15.6 μmol and 49.3 μmol, 

respectively. The AQY was calculated by equation:

𝐴𝑄𝑌 =
2 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 (𝐶𝑂 + 𝐻2 )𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑟

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
× 100%

=
2 × (15.6 + 49.3) × 10 ‒ 6 × 6.02 × 1023

2.22 × 1021
× 100%

= 3.5%                 (2)

where E, S, t, 𝜆, h, and c are the average light intensity (10 mW cm‒2 nm-1), the 

illumination area (4.2 × cm2), the illumination time (8 × 3600 s), the wavelength of the 

incident light (365 × 10−9 m), the Planck constant (6.626 × 10−34 J·s) and the velocity 

of light (3 × 108 m s−1), respectively

1.3 Theoretical calculations

 All the calculations were carried out based on density functional theory (DFT) 

with the Perdew-Burke-Ernzerbof (PBE) form of generalized gradient approximation 
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functional (GGA) by employing the Vienna ab-initio simulation package (VASP).1-3 

The Blöchl’s all-electron-like projector augmented wave (PAW) method was used to 

describe the interactions between valence electrons and ion cores. 4 To construct the 

composite model of Pt/Ta2O5-x, the (001) surface of Ta2O5-x with four atomic layers and 

the Pt cluster with eight Pt atoms are employed, where a 1.5 nm vacuum layer was 

added to avoid interactions. To reduce the lattice mismatch between Ta2O5-x(001) 

surface and Pt cluster, a 2×2 supercell of Ta2O5-x(001) are chosen. The lattice 

parameters of Ta2O5-x were calculated first with the plane wave cutoff energy set as 500 

eV and the k-point mesh set as 8 × 12 × 6. To calculate the Ta2O5-x(001) slab, a 2 × 2 

supercell is created and a 20 Å vacuum layer is added on top of the supercell to avoid 

inter-layer interactions. The oxygen vacancy on the Ta2O5-x(001) slab was created by 

removing one surface O atom from the perfect Ta2O5(001) surface. The free energies 

of adsorption are then calculated as ∆G=∆EDFT＋EZPE−TS, where ∆EDFT, EZPE, T, and 

S are adsorption enthalpy, zero-point energy, temperature (300 K), and entropy, 

respectively. Standard ideal gas methods were employed to compute EZPE and TS from 

temperature, pressure and the calculated vibrational energies. The limiting potential is 

calculated by taking the negative of the maximum free energy difference between each 

two successive steps in the free energy diagram. The computational hydrogen electrode 

model was employed to assess the free energy changes for each reaction step that 

involves a proton–electron pair transfer. In this model, the free energy of a proton-

electron pair at 0 V vs. RHE is equivalent to half the free energy of a hydrogen 

molecule.
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Fig. S1. The HRTEM image of Ta2O5-x.

Fig. S2. The HRTEM images of 0.5Pt/Ta2O5-x.
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Fig. S3. XPS survey spectrum of 0.5Pt/Ta2O5-x.

Fig. S4. SEM images of (a) 0.25Pt/Ta2O5-x, (b) 0.75Pt/Ta2O5-x, and (c) 1Pt/Ta2O5-x, respectively.
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Fig. S5. XRD patterns of Ta2O5, Ta2O5-x, and Pt/Ta2O5-x, respectively.

Fig. S6. Photographs of Ta2O5, Ta2O5-x, and Pt/Ta2O5-x, respectively.
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Fig. S7. UV−vis−NIR diffuse reflection spectra of Ta2O5, Ta2O5-x, and Pt/Ta2O5-x, respectively.

Fig. S8. Infrared photothermal images of Ta2O5-x and Pt/Ta2O5-x under continuous full-spectrum 

light irradiation (0.5 W⋅cm-2). 
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Fig. S9. O2 yield rate over Ta2O5 and Pt/Ta2O5, respectively.

Fig. S10. The CO2 reduction performance over 0.5Pt/Ta2O5-x system at different temperatures 
with the same irradiation intensity.
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Fig. S11. (a) The CO2 reduction performance over control variable catalysts. (b) Schematic 
diagram showing the respective percentage of light, heat, and synergy that contributed to the total 

syngas production.

Fig. S12. Mass spectra of 18O2 (m/z = 36) produced over 0.5Pt/Ta2O5-x in the photoreduction of 
H2

18O.
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Fig. S13. Quasi in situ XPS spectra of Ta 4f for the Ta2O5-x.

Fig. S14. The H2O temperature-programmed desorption mass spectra of Ta2O5, Pt/Ta2O5, and 
Pt/Ta2O5-x, respectively.

. 
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Fig. S15. Electrochemical linear sweep voltammetry curves with a scan rate of 5 mV s−1 in a CO2-
saturated 1.0 M NaOH solution.

Fig. S16. The C=O bond length of CO2 after adsorption on Pt/Ta2O5-x.
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Table S1. Pt content in various Pt/Ta2O5-x catalysts measured by ICP.

Samples Measured Pt/Ta (Mole ratio)

0.25Pt/Ta2O5-x 0.10%

0.5Pt/Ta2O5-x 0.19%

0.75Pt/Ta2O5-x 0.25%

1Pt/Ta2O5-x 0.38%
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Table S2. Summary of the catalytic performance of the catalysts listed in Fig. 3e.   

Catalyst Light source
Reaction 

conditions

Metal 

loading
Major products

Product 

selectivity
AQY Ref.

Pt/Ta2O5-x 300 W Xe lamp Gas-solid, H2O 0.5wt%

CO:516.4µmol g−1 h−1

H2:1456.5µmol g−1 h−1

CH4:432.6µmol g−1 h−1

82% for 

syngas
3.5% (365nm)

This 

Work

Cds/Pt/In2O3

300 W Xe lamp 

with a 420 nm 

cut-off filter

H2O, TEOA 1.97wt%
H2:691µmol g−1 h−1

CH4:383µmol g−1 h−1

100% for 

CH4

3.9% (420nm) 5

Au-Pt/Cu2O

/ReS2

300 W Xe lamp Gas-solid, H2O 6.0wt%
CO:60.76µmol g−1 h−1

CH4:39.45µmol g−1 h−1

60% for 

CH4

0.5% (420nm) 6

Co/C3N4

200mW Halogen 

lamps
MeCN, H2O, TEOA 0.1wt% CO:503µmol g−1 h−1

71% for 

CO
0.4% (420nm) 7

Co/C3N4

300 W Xe lamp 

with a 420 nm 

cut-off filter

H2O，TEOA，

C10H8N2，CoCl2

0.12wt%
CO:37µmol g−1 h−1

H2:6µmol g−1 h−1

86% for 

CO
0.25% (420nm) 8

Co/Bi3O4Br 300 W Xe lamp H2O 0.8wt% CO:107.1µmol g−1 h−1
100% for 

CO
0.91% (380nm) 9

Co/C3N4

300 W Xe lamp 

with a 400 nm 

cut-off filter

MeCN, H2O, TEOA 4.4wt%
CO:17µmol g−1 h−1

CH4:0.7µmol g−1 h−1

80% for 

CO
0.8% (420nm) 10

Ru/ZnS

150 W

XBO arc lamp 

with a 320 nm 

cut-off filter

H2O，C3H8O 0.1wt%
CO:84µmol g−1 h−1

HCOOH:240µmol g−1 h−1

74% for 

HCOOH
0.5% (375nm) 11

Ru/Ta2O5 300 W Xe lamp MeCN, H2O, TEOA 1.0wt% HCOOH :7µmol g−1 h−1
75% for 

HCOOH
1.9% (405nm) 12

Ru/C3N4

400 W High-

pressure mercury 

lamps

K2C2O4·H2O，

EDTA·2Na，H2O
5.0wt% HCOOH:42.3µmol g−1 h−1

98% for 

HCOOH
5.2% (400nm) 13

Ru/GaN:ZnO

300 W Xe lamp 

with a 400 nm 

cut-off filter

Na2CO3，H2O，

Na4EDTA
1.5wt%

H2:30µmol g−1 h−1

HCOOH:65µmol g−1 h−1

68% for 

HCOOH
1% (400nm) 14

Ag/CN

300 W Xe lamp 

with a 400 nm 

cut-off filter

Gas-solid, H2O 0.73wt% CO:160µmol g−1 h−1
94% for 

CO
4.8% (365nm) 15

Al@Cu2O

300 W Xe lamp 

with a 400 nm 

cut-off filter

CO2，H2 5.0wt% CO:360 µmolcm–2h–1
97% for 

CO
0.35% (420nm) 16

Au/TZO

300 W Xe lamp 

with a 400 nm 

cut-off filter

MeCN, H2O, TEOA 1.2wt%
H2:271.6µmol g−1 h−1   

CO:260.6µmol g−1 h−1

98% for 

syngas
2.4% (400nm) 17

CuO/TiO2

40 W Hg UV 

lamp
Gas-solid, H2O 3.0wt%

CO:14.5µmol g−1 h−1

H2:2.8µmol g−1 h−1

CH4:2.1µmol g−1 h−1

75% for 

CO
2% (254nm) 18
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