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S1. Photoelectrochemical measurements

Photoelectrochemical (PEC) measurements including photocurrent response, Mott—Schottky
analysis, and electrochemical impedance spectroscopy were performed using a VersaSTAT 4
electrochemical workstation (Princeton Applied Research, USA) in a standard three-electrode
configuration. The setup included a photocatalyst-modified working electrode, a platinum wire
counter electrode, and an Ag/AgCl reference electrode with a 0.5 M Na,SO,4 aqueous solution
used as the electrolyte. All measurements were conducted under an applied bias of 0.2 V (vs.

Ag/AgCl).

The working electrodes were prepared by depositing the photocatalyst onto fluorine-doped tin
oxide (FTO) glass substrates with an active area of 2 x 2 c¢cm?. In brief, MIS, ZTO, and
MIS/ZTO powders were dispersed separately in isopropyl alcohol (IPA) by ultrasonication to
form suspensions (0.2 g catalyst in 2 mL IPA). An aliquot of each suspension was spin-coated
onto cleaned FTO substrates at 2500 rpm for 60 s. The resulting films were dried at 60 °C for
2 h and annealed in argon atmosphere at 200 °C for an additional 2 h for removing the residual
solvent and improving film adhesion. All PEC measurements were conducted under UV—vis

illumination using a 300 W xenon lamp as the light source.

S2. Photocatalytic CO, reduction

The CO, photoreduction tests were performed in a custom-designed quartz reactor with a total
volume of 250 mL using an immobilized thin-film catalyst configuration. Initially, 200 mg of
MIS, ZTO, or MIS/ZTO powder was dispersed in 2 mL of isopropanol (IPA) through
ultrasonication, followed by magnetic stirring for 5 days to achieve uniform suspension. This
dispersion was then spin-coated onto a pre-cleaned and pre-weighed FTO substrate at 2500

rpm for 60 s. After drying at 200 °C for 2 h under argon atmosphere, the coated substrate was
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weighed again, so that the deposited catalyst mass was determined by subtracting the mass of
the bare FTO, resulting in an effective loading of 2.0 mg. For each experimental run, the FTO-
supported film containing 2.0 mg of catalyst was placed in a reaction mixture composed of 125
mL of distilled water and 25 mL of triethanolamine (TEOA), which served as a sacrificial hole
scavenger. Before initiating the reaction, the reactor was sealed with a septum and positioned
above the aqueous solution. Subsequently, the system was evacuated and filled with high-
purity CO, (99.99%) from a gas cylinder, maintaining a pressure of ~2 bar. The reactor was
purged continuously with CO, for 2 h to ensure the complete removal of residual air. Gaseous
products generated during the photoreduction process were analyzed using a gas
chromatograph (6500GC, YL Instruments, Korea) equipped with a fused-silica capillary
column, pulsed discharge detector, and flame ionization detector, with helium employed as the
carrier gas. Photocatalytic reactions were driven by UV—vis irradiation from a 300 W Xe arc

lamp (Model 66984; Newport, USA).

To assess cycling stability, the catalyst film was retrieved after each reaction cycle and rinsed
thoroughly three times with deionized water to remove any residual reactants or products.
Then, the film was dried in an oven at 60 °C overnight. Before starting a subsequent cycle, the
reactor was purged with high-purity argon for 20 min to eliminate any remaining gaseous

species and avoid cross-contamination between runs.

S3. Apparent quantum efficiency

The wavelength-dependent apparent quantum yield (AQY) of CO, photoreduction on 0.4-
MIS/ZTO is calculated using different monochromatic light sources. The AQY is defined as
the ratio of the total number of electrons participating in reduction reactions to the total number

of incident photons. Therefore, AQY can be calculated by:
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where Ycpson represent the yields CH3;OH. The number of incident photons is calculated by:

PSAt

The number of incident photons = .
4he

(2)

where the irradiation area (S) is 12.57 cm?, ¢ is the irradiation time (25200 s), A is the irradiation
wavelength (350, 420 and 500 nm), N, is the Avogadro constant (6.022x10?* mol'), 4 is the
Planck constant (6.63x10734 J-s) and c is the speed of the light (3x10% m s!). The average light
intensity (P) was measured to be 0.19 mW cm for 350 nm, 0.30 mW cm2 for 420 nm and 0.48
mW cm? for 500 nm. The corresponding methanol yield was measured to be 7.83 umol for

350 nm, 6.15 pmol for 420 nm and 3.03 pmol for 500 nm.

Fig. S1. FE-SEM images of (a—) Zn,TiOy, (d—f) MnIn,S,, and (g—i) MnIn,S,/Zn,TiO,

heterostructures.
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Fig. S2. Band structure of (a) MnIn,S4 (b) Zn,TiOy,

@ (b) [

Intensity (a.u.)
Intensity (a.u.)

EVB =1.02 eV

| B s Ea e o s e pa e O 1 2 3 4 5 6 7 8

o 1 2 3 4 5 6 71 8 2
Binding energy (eV) Binding energy (eV)

Fig. S3. Valence band energy maximum of (a) MIS (b) ZTO determined using XPS valence

band spectra.
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Fig. S4. CO, photoreactor setup.
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Fig. S5. CO, photoreduction activities of (a) Zn,TiO4, (b) 0.1MnIn,S4/Zn,TiO4 (c) 0.2
Ml’lIIle4/Zl'12TiO4 (d) 04 MHIHQS4/ZH2TiO4 (e) 0.6 Ml’lIIle4/Zl'12TiO4 (f) MHII’IQS4 for Hz, CcO

and CH,4 generation.
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Fig. S6. CO, photoreduction activities of (a) Zn,TiO4, (b) 0.1MnIn,S4/Zn,TiO4 (c) 0.2
Ml’lIl’le4/Zl’12TiO4 (d) 04 Ml’lIIle4/Zl’lzTiO4 (e) 0.6 MHII’IzS4/Zl’12TiO4 (f) MDIHQS4 for CH3OH

production.
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Fig. S7. Product selectivity based on overall yield of 0.4-MIS/ZTO
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Fig. S8. CO; adsorption (a) and desorption (b) of ZTO, MIS, and MIS/ZTO heterostructures
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Fig. S9. Optimized adsorption geometries structures of intermediates on reaction sites of the

surface of MIS.
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Table S1. Total carbon balance of 0.4-MIS/ZTO
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Product Product amount Carbon per molecule Carbon
(umol)
(umol)
CO 0.97 1 0.97
CH,4 0.69 1 0.69
CH;0H 8.91 1 8.91
Total 10.57 10.57

Table S2. Comparison of the reaction conditions and performances with titanates-based

catalysts for photocatalytic CO, reduction.

Photocatalyst

Al-doped SrTiO;

Reaction

Light source medium

400 W high-pressure 0.1 M aq.

NaHCOj; solution

Yield
1 hh-
Product (el 1 Ref
")
co 64.6 .
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CaTiO;

CaTiO;

SrTiOs

Vo-SrTi sMng ,03

Pt/SI‘TiO3

Bi-doped SrTiO;

Defective Bi,Ti,07/TiO,

CaTiO3

Ti-rich SrTiO;

BaTiO3

Vo-StTiOy/Ag

20% FeTiO;/TiO,

Hg lamp (A > 300 nm)
100 W high-pressure
Hg lamp (A = 254 nm)
400 W high-pressure

Hg lamp

300 W UV-enhanced

Xe-lamp (A > 420 nm)

Xe lamp (0.2 W cm?)

300 W Xe-lamp (320 <

A <780 nm)

300 W UV-enhanced
Xe-lamp, (A > 420 nm)

300 W Xe lamp

UV-lamp (6 W cm?)

Xe lamp (0.19 W cm??)

400 W high-pressure
Hg lamp
Xe lamp (A > 420 nm,
0.2 W cm?)
500 W, Xe lamp (A <

300 nm)

0.5M aq.
NaHCO; solution
1.0 M aq.

NaHCO; solution

Aqueous H,O

H,0 vapor

Aqueous H,O

Aqueous H,O

H,0 vapor

H,0

H,O vapor
1.0 M aq.

NaHCOj; solution

H,0 +TEOA

0.08 M aq.

NaHCO; solution

CO

CcO

CcO

CH,4

CH,4

CO

CH,4

CcO

CH,

CH,4

CH,4

CcO

CcO

CcO

CH3OH:

24.4

14.36

0.349

0.231

6.07

4.1

26.7

5.58

0.36

6.8

243

4.4

3.04

2.0

0.46




NiTiO; NFs

N1T103/g-C3N4

Ga-doped NiTiO;

BizTCg,/SI'TiO:;

Carbon QD/Ti0,—SrTiO;

Cu species/SrTiO;

Oxygen vacancy +
Cu/SrTiO;

ZnIn,S,/SrTiO5In(OH)s

Bi202C03/SrTiO3

TiO, NPs/SrTiO,

BlelO5/SI'TlO3

CSPbBr3/SrTiO3

Ag/ SrTiOs

300 W Xe-lamp (320 <

A <780 nm)

A 300 W Xe lamp.

(A>420 nm)

90 W LED (visible

range)

300 W Xe lamp

300 W Xe lamp

300 W Xe lamp

300 W Xe lamp

300 W Xe lamp (A >
420 nm)

300 W Xe lamp

300 W Xe lamp

300 W Xe lamp

300 W Xe lamp
(A>420 nm)
300 W Xe lamp
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H20+TEOA

H,0

0.1 M aq.

NaHCOj; solution

H:0 vapor

H,0O

H,O

H,0

aqueous H,O

Aqueous H,O

Aqueous H,O

Aqueous H,O

Aqueous H,O

MeCN+ H,O

CcO

CH,

CH;0H

CH;0H

CH,4
CcO

H,
CO

CH,

CcO

CH,

CH;0H

CH;0H

CcO

CH,

CcO
CH,
CcO

CH,

CcO

CcO

CH,4

57.833

24.33

13.74

84.45

21.35

16.28

27.86

28.0

1.4

54.9

359

8.08

5.75

394

35.62

11.35

164.55

15.89

10.60

1.64

120.2

4.21
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ZnFe204/SrTiO3

Cr-doped SrTiO;

Hydrogenated SrTiO;

Mnlnzs4/ lezTiO4

300 W Xe lamp
(A > 420 nm)

300 W Xe lamp
(A =420 nm)
Ultraviolet lamp

(A > 254 nm)

300 W Xe-lamp

(320 < A < 780 nm)

Aqueous H,O

Aqueous H,O

Aqueous H,O

H,0

CcO

H,
CH,4
CO

CH,

CH,
CO
CH,

CH;0H

CH,
CO

H,

20.06

5.75
2.51
8.24

0.88

6.49
3.32
1.96

636.71

49.28

69.14

36.00

26

27

28
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