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Experimental section
The preparation of IV catalysts

IV is synthesized by hydrothermal method. In specific method, 1 mmol ammonium
met vanadate, 1 mmol indium nitrate were added into 20 mL deionized water, and 0.5
mmol citric acid were added into 10 mL deionized water. Then mix the two solutions
and ultrasound dispersed evenly. And then the mixed solution was transferred into a 50
mL Teflon-lined stainless-steel autoclave and heated at180 °C for 3 h. After cooling
down, the sample was obtained by filtering, and heated at 40 °C for 12 h.

The preparation of VO, and Me,V Co-catalysts (Me=Mo, Co, W,
x=0.05, 0.1)

VO, is synthesized by hydrothermal method. In typical method, 2 mmol ammonium
met vanadate and 0.5 mmol citric acid were added into 30 mL deionized water, and
dispersed by ultra phonic method for 30 minutes evenly. And it was transferred into a
50 mL Teflon-lined stainless-steel autoclave and heated at 160 °C for 12 h. After
cooling down, the sample was washed using water by centrifuged and filtered for four
times. Finally, heat and dry the sample at 40 °C for 24 h. Similarly, Me,V is synthesized
by hydrothermal method like the procedure of the preparation of VO,. Specifically, 2
mmol ammonium met vanadate, 0.5 mmol citric acid were added into 20 mL deionized
water, and 0.2 or 0.4 mmol molybdenum nitrate or cobalt nitrate or tungstic acid was
added into 10 mL deionized water. Then mix the two solutions and dispersed by ultra
phonic method for 30 minutes evenly. And it was transferred into a 50 mL Teflon-lined
stainless-steel autoclave and heated at160 °C for 12 h. After cooling down, the sample
was washed using water by centrifuged and filtered for four times. Finally, heat and dry
the sarnple at 40 °C for 24 h. Then M00.05V02(M1V), MOQ]VOQ (M2V), CO().()5V02
(C1V), Cop1VO, (C2V), W(05VO, (W1V) and W, VO, (W2V) were obtained.
Synthesis of VO,-IV and Me, V-1V Composites

100 mg IV and 10 mg Me,V were mixed into 20 mL H,O and it was dispersed by
ultra phonic method for 1 h. Then the samples were obtained by centrifuged at 10000
r/min for 5 minutes. Then heat, dry the samples at 40 °C for 24 h and grind them.
Finally, VO,-1V, M1V-IV, M2V-1V, C1V-1V, C2V-IV, WI1V-IV and W2V-IV were
obtained.

Characterizations

The crystallographic phase of these as-prepared powder samples was determined
investigated by an in-situ temperature-dependent and ex-situ X-ray diffractometer
(XRD; Rigaku Ultima III, Japan) at different temperatures. The rate of rising
temperature is 10 °C/min and maintain the test temperature 5 min. The XRD graphs
were described over the scanning range of 5°-80° using Cu-Ka radiation (A =0.154178
nm) at 40 kV and 40 mA.

The morphologies of the materials and EDS mapping were determined by a field-
emission scanning electron microscope (FESEM) by using an accelerating voltage of 5
kV. Transmission electron microscopic (TEM) images were obtained at 200 kV by a
transmission electron microscope.

The X-ray photoelectron spectroscopy (XPS) was performed using a spectrometer
(Escalab 250xi, Thermo Scientific). The specific surface area and pore size distribution
of materials was performed by a physical absorption analyzer.

The UV-vis diffuse reflectance spectra (DRS) of all as-prepared powder samples were
recorded using a Perkin Elmer Lambda spectrophotometer and using BaSO, as standard
under different temperatures.

The atomic force microscopic (AFM) images and ex situ and in situ Kelvin probe force

4



microscope (KPFM) images were performed by an atomic force microscope (NX-
Hivac, Park). The KPFM images were displayed in dark or under a LED lamp.
The photoluminescence (PL) spectra of the samples were recorded with a PE LS 55
spectro fluoro photometer. The average carrier lifetime (t,,¢) is calculated through the
following equation:

Alrlz + Azrzz

Fave AT, + AT,
In situ DRIFT was measured by Nicolet iS50 FTIR (Thermo Scientific) in dark or under
a 300 W Xe lamp at a distance of 30 cm. The rate of raising temperature is 10 °C/min
and maintain the test temperature 5 min using cooling water when measured. The
temperature rise curves of each sample were measured in a closed reactor about 0.5 cm
X 0.5 cm without water using a data-recording thermocouple.
Photocatalytic activities for CO, conversion

0.02 g of the photocatalyst with glass fiber filter and 2 mL deionized water was
placed in a 50 mL quartz reactor. Besides, a 300 W xenon arc lamp was used as reactive
light source. Simulated solar spectrogram is displayed in Figure S27. Firstly, high-
purity (99.999 %) CO, with a steady flow was continuously bubbled in the closed
reactor to ensure no O, and N in the reactor and the CO,/H,0 adsorption-desorption
equilibrium on the photocatalyst for at least 1 h, and then start the light reaction. After
irradiation for 6 h, 1 mL mixed gas of the photo-reactor was injected into a gas
chromatograph (GC-9720, containing both TCD and FID detectors) to obtain CO and
CH, concentrations. Meanwhile, control experiments were also done in Ar atmosphere,
no light or no catalyst. Furthermore, the reduction products of 3CO, isotope labelling
instead of 12CO, experiment were experimented. After light irradiation for two days, 1
mL of the product gas was analyzed by gas chromatography-mass spectrometer
(Agilent 7890B 5977B GC-MSD).
Photoelectrochemical measurements

The photoelectrochemical measurements were measured in a three-electrode
configuration system (FTO-working electrode, Pt-counter electrode, Ag/AgCl-
reference electrode and 0.5 M Na,SO, solution-the electrolyte) on a CHI 760A
electrochemical workstation. The photocurrent data were obtained by using a 300 W
Xe lamp with filters to with on-off time intervals of 10 s. The linear sweep voltammetry
(LSV) was obtained at a scan rate of 50 mV/s in dark or under light. Mott-Schottky
curves were tested under the condition at the frequency of 1000 Hz and the scan rate of
50 mV of various potentials in dark.
Theoretical calculation methods

All calculations are performed within the DFT framework using the generalized

gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE).! The VASP
(Vienna Ab initio Simulation Package) package and the projection-enhanced wave
method are used.?? The kinetic cutoff energy of the planar wave base is set to 600 eV.
Brillouin zone integration is performed on a Gamma-centered K-Mesh. The self-
consistent field (SCF) procedure is performed with a convergence criterion of 10-8 eV
until all atoms are fully relaxed until the force on each atom is less than 0.02 eV/A. The
rutile phase has 72 atoms in 2*2*3 expansion, and the M phase has 48 atoms in 2*2*1
expansion. The (110) and (011) planes of the rutile phase and the m phase were
respectively selected for adsorption calculation. The adsorption model consists of 4
layers, the bottom two layers are fixed for calculation, and the vacuum layer is set at 15
angstrom. The energy band structure was calculated by CASTEP.
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Figure S3 EDS elemental mapping profiles of IV with In (bright yellow),
V (red), O (green) and C(blue) distribution.

Flgure S4 Representatlve SEM images of : synthe51zed (a) M2V IV (b)
C1V-1V, (c) C2V-1V, (d) WI1V-1V, (e) W2V-1V and (f) VO,-IV.
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Figure S5 TEM-EDS spectrum of M1V-IV material.
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Figure S7 Representative AFM image of VO,.
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Figure S9 N, absorption-desorption isotherms of samples.
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Figure S10 High-resolution XPS spectra of V 2p in C,V, C, V-1V, W,V and
W, V-1V materials.
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Figure S11 High-resolution XPS spectra of O 1s in C,V, C,V-IV, W,V and
W, V-1V materials.
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Figure S12 High-resolution XPS spectra of In 3d in C,V, C,V-IV, W,V
and W, V-1V materials.
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Figure S13 High-resolution XPS spectra of Co 2p in C,V and C,V-IV
materials.
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Figure S14 High-resolution XPS spectra of W 4f in W,V and W,V-IV
materials.
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Figure S16 XRD pattern and SEM image of reclaimed M1V-IV.
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Figure 17 The high-resolution spectra of (a) V 2p, (b) O 1s, (c¢) In 3d and

(d) Mo 3d for M1V-1V and reclaimed M1V-IV.
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Figure S18 XRD pattern of VO,, M2V, C1V, C2V, W1V and W2V of
different temperatures.
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for 10 min irradiation.
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Figure S27 Simulated solar spectrogram in photocatalytic reaction.
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Supplementary Table
Table S1 N, absorption-desorption data of different samples

Material Single point BET BJH Desorption  Median pore BJH
surface area Surface average pore width (nm) Desorption
P/Py=0.27 Area diameter (nm) cumulative
(m?/g) (m?/g) volume of

pores (cm?/g)

MI1V-IV 13.9 14.0 14.34 0.746 0.067416
VO,-IV 19.1 19.4 22.20 0.552 0.111277
M1V 7.7 7.6 23.26 0.741 0.052286
VO, 4.6 4.5 25.43 0.554 0.016234
v 20.9 21.3 14.75 0.752 0.091233

Table S2 the main binding energy position of samples

Sample V 2p (eV) O 1s In 3d Mo 3d/Co 2p/W 4f
V3 2p1/2§ 523.4
v V3* 2psp: 516.5 2%?(6) 452.4 /
V3* 2pypp: 524.4 532.6 4449
V3t 2p3/21 517.2 ’
V3 2p1/21 522.8
529.1
V3* 2p5/2: 515.1
Vo, V5* 2py: 524.0 ggég / /
V3t 2p3/21 516.4 )
\/YSJr 2p]/21 523.2
MLV V3* 2ps: 517.7 gg?z / 234.0
V> 2pyj: 524.5 533'0 230.8
\/SJr 2p3/23 517.1 ’
V3+ 2p1/22 523.1
529.7
V3* 2pspp: 515.8 234.0
M2V V3" 2pyp: 524.5 gg;g / 230.8
V5+ 2p3/2: 523.1 ’
\ISJr 2p1/23 523.1
529.4
V3" 2psp: 516.2 451.6
VO 1V V5 2py: 5243 ggég 444.1 /
\A 2p3/2: 516.8 ’
V3* 2pyp: 523.2 520.6
V3* 2pspp: 516.4 ’ 452.0 2354
MIV-IVE s ap1: 5245 ggé; 444.5 2322
V3t 2p3/21 517.1 ’
V3* 2pyp: 523.1
vV e 3164 gg?; 452.0 235.4
) V3 2py: 524.4 532‘8 444.5 232.2

V5t 2p3/21 517.0
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Table S3 Comparison of products yield rates with other IV system

photocatalysts.
Reacti Productivity
Catalyst Light source ena;i tliOlrll (umol g! Selectivity ~ Reference
conditio b))
300 W Xe
lamp )
CdSe-InVO, visible light NaHCO; C0O:27.9 / (4]
(2> 420 nm)
Xe lamp (A> 80 kPa CO, C0:20.14 0
InVO,-C3Ns 420 nm) 20mLH,0  CHg3d6 5034 % [5]
300 W Xe
VO /La,Tir0, 20P (00~ 4 1 1,0 CO:11.7  ~100% [6]
YEEREEET 780 nm, 1160 ' : o
mW.cm™?)
Xe lamp (A> CO0:14.05 0
C3N4-Il’1VO4 420 nm) 5mL Hzo CH4188 88.20 % [7]
300 W Xe .
Bi;WO¢/InVO,  lamp (2> 420 5 mL H,0O CO'1'7'97 94.11 % (8]
CHy:1.12
nm)
300 W Xe
. ) lamp (A> 420 ) ~ o
BP:La/InVO,:La nm) (455 4 mL H,O CO:11.96 100 % 9]
mW.cm™?)
300 W Xe .
InVO4/Ti5C,Ty lamp (110 0.4 mL H,O CO'1'3'83 95.12 % [10]
Zy CH,4:0.71
mW.cm™?)
300 W Xe
lamp (2> 420 CO:11.02
. 3+ 0,
CdS/InVO4:Eu nm) (455 4 mL H,0 CH,:8.24 5721 % [11]
mW.cm™2)
300 W Xe
. lamp C0:47.53 0
InVO,/SiC visible light 50 uL H,O CH,:3.61 92.9 % [12]
(2> 420 nm)
300 W Xe CO: 58
MI1V-1V lamp (330 2 mL H,0 CH.'~1 >99 % This work
mW.cm™2) &

Table S4 The bi-exponential decay time constants of the time-resolved

PL of samples.
Sample  ti/ns A% T,/ns Ay/% Tave/NS
v 1.00 84.19 5.52 15.81 3.31
VO,- IV  1.70 38.22 7.24 61.78 6.54
MI1V-IV  0.99 30.43 9.24 69.57 8.87




Table S5 the band position of different intermediates

Band position Intermediates
1294 *COy
1395 *COOH/CO;*/*OCHO
1434 *CO,
1505 COz*
1580 *COOH
2077 CO*
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