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In situ construction of Cs3Bi2I9/WO3 0D/1D Z-scheme heterojunction photocatalyst for photochemical CO2 reduction under visible light



1. Experimental
1.1. Materials
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11]Sodium tungstate dihydrate (Na2WO6·2H2O, 99.5%), Sodium chloride (NaCl, 99.5%), Diluted hydrochloric acid (HCl, 36.0%‒38.0%), Cesium carbonate (Cs2CO3, 99.0%), oleic acid (C18H34O2, ≥ 99.0%), 1-octadecene (C18H36, 90.0%), Bismuth (III) iodide (BiI3, 99%), oleylamine (C18H37N, 98%), Ethyl alcohol (C2H6O, 95%), and 5,5-Dimethyl-1-pyrroline N-oxide (DMPO). All other reagents were of analytical grade and utilized directly without any further purification or treatment.
[bookmark: OLE_LINK1]2.1. Preparation of the pristine WO3 and Cs3Bi2I9 photocatalysts 
WO3 nanorods were prepared by a hydrothermal method [1]. Firstly, Na2WO6·2H2O (1.0 g) and NaCl (0.2 g) were dissolved in deionized water (30 mL). The pH of the solution was adjusted to 2 with dilute HCl. Subsequently, the above solution was transferred to a hydrothermal autoclave to react at 180 °C for 24 hours. After reaction, the solution was naturally cooled to room temperature. Following centrifugation, washing, and drying, WO3 as a silver-gray powdery sample was obtained (Fig. S1). 
[bookmark: OLE_LINK30]Cs3Bi2I9 nanoparticles were prepared through a hot-injection method [2]. Firstly, Cs2CO3 (0.2 g) and oleic acid (0.65 mL) were dissolved in 1-octadecene (10 mL) at a high temperature (120 ℃) under vacuum to prepare a Cs precursor solution. And, BiI3 (0.2 g), oleic acid (1.5 mL), and oleylamine (1.5 mL) were dissolved in 1-octadecene (15 mL) to prepare a Bi-I precursor solution. Thereafter, the Cs precursor solution was rapidly injected into the Bi-I precursor solution under vacuum at a high temperature of 180 °C. After ~ 1 minute of reaction, the reaction solution was rapidly cooled. Following washing and drying, the resulting bright red powder of Cs3Bi2I9 was obtained (Fig. S1).
2.2. Preparation of CBI/WO3 heterojunction and CBI/WO3-mix photocatalysts
The Cs3Bi2I9/WO3 (CBI/WO3) heterojunction photocatalyst was prepared by a hot injection method, in which Cs3Bi2I9 were grown in-situ onto the WO3 substrate. Firstly, WO3 was ultrasonically dispersed and then dissolved in 1-octadecene (15 mL) along with BiI3 (0.2 g), oleic acid (1.5 mL), and oleylamine (1.5 mL). Subsequently, the Cs precursor solution was rapidly injected into the above solution under vacuum at a high temperature of 180 °C. After reacting for ~ 4‒6 minutes, the reaction solution was rapidly cooled, washed, and dried to obtain the desired CBI/WO3 heterojunction product, which is a light brown powder (Fig. S1).
[bookmark: _Hlk185615721]A series of CBI/WO3 heterojunctions with different CBI: WO3 mass ratios were prepared by adjusting the mass ratio of Cs3Bi2I9 to WO3. Specifically, the mass amount of CBI was set at 500 mg, and the mass amounts of WO3 were 25, 40, 50, 75, and 100 mg for the preparation of the samples of CBI/WO3-5%, CBI/WO3-8%, CBI/WO3-10%, CBI/WO3-15%, and CBI/WO3-20%, respectively.
Additionally, a CBI/WO3 mixture (CBI/WO3-mix) was prepared through the physical mixing of Cs3Bi2I9 and WO3 in an aqueous solution assisted by ultrasonication using 75 mg of WO3 and 500 mg of Cs3Bi2I9.
[bookmark: OLE_LINK17]2.3. Photocatalytic CO2 reduction experiment and product analysis
[bookmark: OLE_LINK39]To prepared a sample for the photocatalytic CO2 reduction experiment, 2cm ×2 cm FTO glass was first cleaned and dried for use. Then, the prepared photocatalyst (3 mg) was dispersed in ethyl acetate (0.5 mL) under ultrasonication to prepared a suspension, which was then spin coated onto the pre-treated FTO sheet and dried for the photocatalytic CO2 reduction experiment. 
Photocatalytic CO2 reduction performance was evaluated using a 320 mL glass-enclosed gas cycle quartz reactor with a height of 70 mm and a diameter of 50 mm. The prepared photocatalyst sheets were loaded at the bottom of the quartz reactor. The reactor was then evacuated upon sealing with a quartz glass lid and the pressure was raised to 1.5 kPa. Then, the reactor was filled with CO2 and water vapor by purging CO2 (99.99%) through a cylinder containing ultrapure water until the pressure in the reactor reached approximately 80 kPa. A Xenon lamp equipped with a 420 nm cutoff filter (Porfilet model PLS-SXE300+) was used as the light source. The temperature of the reaction system was kept at room temperature via circulating water. Every one hour, 1 mL of the gas product was extracted from the photoreactor with a sampler and analyzed using a gas chromatograph (GC9790II, Fuli, Zhejiang; injector 120 °C, column flow 20 mL min-1, detector 150 °C, reformer 360 °C) using Argon as the carrier gas. We employed gas chromatography equipped with a flame ionization detector (FID) to detect carbon monoxide (CO) and methane (CH4), while a thermal conductivity detector (TCD) was utilized to measure oxygen (O2).
2.4. Catalyst recycling test
[bookmark: _Hlk186463130]In the catalyst cycling study, after completing one reaction cycle, pure nitrogen (N2) was introduced into the reactor to purge the catalyst and remove the reaction products. Subsequently, CO2 gas was injected into the reactor and the photocatalytic reaction was initiated once again.
3.1. Catalyst characterization
The scanning electron microscopy (SEM) and transmission electron microscopic (HRTEM) were used to study the morphology and composition of the samples. The SEM images were obtained on a Japanese electronics JSM-7800F, and the acceleration voltage is 15 kV. The TEM images were gained on a Japanese electronics JEM-2800, for which the samples were prepared by dispersing the powdered samples in ethanol by sonication for 10 min and then lay on a copper grid (microgate, 230 mesh), and the acceleration voltage is 200 kV. The X-ray diffractometer (XRD), X-ray photoelectron spectroscopy (XPS), and Fourier-transform infrared (FTIR) were used to study the crystal structure and chemical states of the samples, as well as the bonding mode between different components.
Supporting Information 
[bookmark: OLE_LINK2]The XRD measurements were performed on a Rigaku Ultima IV diffractometer using Cu-Kα radiation at 36 kV, a scanning rate of 8°/min, with a 2θ angle ranging from 5° to 90°, the glass slide flattening powder preparation samples. The XPS measurements were performed on a Thermo Scientific ESCALAB 250Xi with a monochromatized Al-Kα X-ray source, voltage was 16 kV and the energy resolution of the spectrometer was set at 0.5 eV, and the samples were prepared by pressing aluminum foil and powder. The FTIR curvilinear were measured using a Thermo Nicolet 380 FTIR spectrometer in the wavenumber range from 400 cm-1 to 4000 cm-1. The optical and photoelectric properties of the samples were characterized using surface photovoltage (SPV) measurements, electrochemical impedance spectroscopy (EIS), Mott-Schottky (M-S) test, photocurrent response (i-t) analysis, UV-Vis diffuse reflection spectroscopy (UV-Vis DRS), and transient fluorescence spectroscopy (TRPL). The SPV spectra were measured using a self-made measurement system equipped with a 500-W Xe lamp (CHF-XM500, Perfect Light), grating monochromator (Omni-λ3007, Zolix), lock-in amplifer (SR830-DSP) with an optical chopper (SR540), and photovoltaic cell. The EIS, M-S and i-t test were performed on CHI760E electrochemical workstation and the applied voltage was an open circuit potential (OCP). The standard electrolytic cell used for the test is 50 mL and adopts a three-electrode system, in which the working electrode is ITO electrode, the relative electrode is 1×1 cm platinum foil and the reference electrode is saturated calomel electrode. In the EIS test, 6 µL of electrolyte was added to the surface of a glassy carbon electrode approximately 3 mm in diameter. The electrolyte consists of 5 mM solutions of potassium ferricyanide and potassium ferricyanide, as well as KCl solution, with frequencies ranging from 0.01 to 105 Hz. In the i-t test, the electrolyte was 0.1M PBS buffer solution with pH=7. In the M-S test, the electrolyte used is 0.1 M sodium sulfate solution. The UV-Vis spectra were obtained using a PERKIN-ELMER Lambda 950 with a diffuse reflectance accessory in the region of 200‒800 nm. The TRPL measurements were performed on Edinburgh FLS1000 with an excitation energy of 235 nm. The Zeta potential were used to confirm the surface state of the material, using the Austrian Anton Paar Litesizer 500 test, with 1 g L‒1 uniform suspension configured with water as dispersant. The free radicals were detected using electron spin resonance (ESR) and tested at Germany Bruker (E580-10/12). Photocatalytic isotope labeling was carried out using an Agilent 7890A-5975C gas chromatograph-mass spectrometer.
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[bookmark: _Hlk180608850]Figure S1. The digital photographs of the samples.
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Figure S2. Zeta potentials of pristine Cs3Bi2I9 and WO3.
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[bookmark: _Hlk102590681]Figure S3. The high-resolution XPS. (a) The full spectra of WO3, Cs3Bi2I9, and CBI/WO3-15%. (b) Cs 3d spectra, (c) Bi 4f spectra, (d) I 3d spectra, (e) W 4f spectra, (f) O 1s spectra of CBI/WO3-15%.
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Figure S4. FTIR spectra of WO3, Cs3Bi2I9, and CBI/WO3-15%.
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[bookmark: OLE_LINK15][bookmark: _Hlk176176076]Figure S5. (a) XRD pattern before and after the reaction of CBI/WO3-15%, (b) FTIR spectra before and after the reaction of CBI/WO3-15%.
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Figure S6. UV-vis DRS of WO3, Cs3Bi2I9, and CBI/WO3-15%.
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[bookmark: _Hlk180942609][bookmark: _Hlk102679369]Figure S7. (a and d) Tauc plots of Cs3Bi2I9 and WO3, (b and e) the flat band potentials (Efb) of Cs3Bi2I9 and WO3 obtained by Mott-Schottky, (c and f) the VB positions (EVB) of Cs3Bi2I9 and WO3 obtained by VB-XPS.
[image: ]
Figure S8. Schematic diagram depicting the band positions of the Cs3Bi2I9/WO3 heterojunction.
[image: ]
Figure S9. DMPO ESR spin-trapping for (a) ·O2- and (b) ·OH of the WO3, Cs3Bi2I9, and CBI/WO3-15% heterojunctions under dark.
[bookmark: _Hlk102678079]Table S1. The production rate and selectivity of CO2 reduction to CO using different photocatalysts.
	Sample
	Reaction medium and Light source
	CO
(μmol g-1·h-1)
	CH4
(μmol g-1·h-1)
	Selectivity of CO (%)
	Ref.

	CBI-WO3-15%
	CO2 + H2O
	300 W Xe-lamp
	16.5
	0.2
	98.7
	This work

	T-CN-TC
	CO2 + NaHCO3 + H2SO4
	350 W Xe-lamp
	4.3
	1.2
	78.5
	[3]

	Cs3Bi2I9/BiVO4
	CO2 + H2O
	300 W Xe-lamp
	17.5
	2.3
	88.4
	[4]

	Cs2AgBiBr6/Bi
	Methanol
	300 W Xe-lamp
	0.7
	1.5
	31.0
	[5]

	Cs3Bi2Cl9
	CO2 + H2O
	300 W Xe-lamp
	21.01
	0.36
	98.3
	[6]

	ReSe2/C3N4
	CO2 + H2O
	300 W Xe-lamp
	19.6
	0.4
	98.0
	[7]

	Bi3O4Cl/20%g-C3N4
	CO2 + H2O
	300 W Xe-lamp
	6.5
	1.9
	77.6
	[8]

	Co3O4/CNS-10%
	Acetonitrile + H2O
	300W Xe-lamp
	13.3
	3.1
	80.9
	[9]

	Cs2AgBiBr6@g-C3N4-10%
	Ethyl acetate + Methanol
	300 W Xe-lamp
	1.8
	0.2
	90.0
	[10]

	Cs3Bi2(Cl0.5Br0.5)9
	CO2 + H2O
	300 W Xe-lamp
	16.0
	0
	100
	[11]

	Cs3Bi2I9/Bi2WO6
	CO2 + H2O
	300 W Xe-lamp
	7.33
	0
	100
	[12]

	7.4-BiO/g-C3N4
	CO2 + H2O
	300 W Xe lamp
	3.4
	0.5
	86.6
	[13]

	Cs3Bi2I9 NCs/CeO2
	CO2 + H2O
	300 W Xe-lamp
	15.3
	4.80
	76.1
	[14]

	10TC
	CO2 + H2O
	300 W Xe-lamp
	5.1
	0.05
	99.1
	[15]

	MnO2/100CN
	CO2 + H2O
	300 W Xe-lamp
	3.4
	0
	100
	[16]



[bookmark: _Hlk186402563][bookmark: _Hlk186460580]Table S2. Photocatalytic CO2-to-CO yield, average yield and error values of WO3, Cs3Bi2I9, CBI/WO3-5%, CBI/WO3-8%, CBI/WO3-10%, CBI/WO3-15%, and CBI/WO3-20% in 6 hours of reaction. The average value is defined as the average of three independent tests, and the error value is defined as the maximum value minus the minimum value among three independent tests.
	[bookmark: _Hlk186462384]Samples
	Time (h)
	1st test
CO (μmol g-1·h-1)
	2nd test
CO (μmol g-1·h-1)
	3rd test
CO (μmol g-1·h-1)
	Average Yield 
CO (μmol g-1·h-1)
	Error Value 

	[bookmark: _Hlk186452408]WO3
	1
	0.00
	0.00
	0.00
	0.00
	0.00

	
	2
	0.00
	0.00
	0.00
	0.00
	0.00

	
	3
	0.00
	0.00
	0.00
	0.00
	0.00

	
	4
	0.00
	0.00
	0.00
	0.00
	0.00

	
	5
	0.00
	0.00
	0.00
	0.00
	0.00

	
	6
	0.00
	0.00
	0.00
	0.00
	0.00

	Cs3Bi2I9
	1
	5.32
	6.40
	5.98
	5.90
	1.08

	
	2
	13.80
	11.25
	12.45
	12.50
	2.55

	
	3
	16.40
	14.80
	17.80
	16.33
	3.00

	
	4
	16.00
	18.90
	17.60
	17.50
	2.90

	
	5
	19.60
	18.10
	16.30
	18.00
	3.30

	
	6
	18.00
	17.60
	18.90
	18.17
	1.30

	[bookmark: OLE_LINK14]CBI/WO3-5%
	1
	3.55
	2.75
	2.08
	2.79
	1.47

	
	2
	10.35
	9.15
	10.80
	10.10
	1.65

	
	3
	20.35
	18.80
	21.85
	20.33
	3.05

	
	4
	24.01
	26.27
	25.02
	25.10
	2.26

	
	5
	36.18
	35.38
	33.94
	35.17
	2.24

	
	6
	43.05
	41.83
	39.13
	41.34
	3.92

	CBI/WO3-8%
	1
	6.04
	5.58
	6.59
	6.07
	1.01

	
	2
	17.60
	16.75
	15.65
	16.67
	1.95

	
	3
	23.78
	24.62
	22.10
	23.50
	2.52

	
	4
	31.44
	29.53
	32.83
	31.27
	3.30

	
	5
	38.29
	41.15
	40.71
	40.05
	2.86

	
	6
	54.39
	56.10
	58.11
	56.20
	3.72

	CBI/WO3-10%
	1
	12.50
	13.47
	14.08
	13.35
	1.58

	
	2
	25.11
	24.08
	26.01
	25.07
	1.93

	
	3
	41.67
	40.80
	39.00
	40.49
	2.67

	
	4
	51.18
	52.95
	50.09
	51.41
	2.86

	
	5
	67.05
	65.63
	64.15
	65.61
	2.90

	
	6
	74.85
	76.55
	73.18
	74.86
	3.37

	CBI/WO3-15%
	1
	12.12
	10.32
	11.26
	11.23
	1.80

	
	2
	29.10
	28.09
	30.21
	29.13
	2.12

	
	3
	47.67
	51.51
	49.02
	49.4
	3.84

	
	4
	63.68
	62.01
	60.01
	61.90
	3.67

	
	5
	76.77
	75.82
	78.21
	76.93
	2.39

	
	6
	95.89
	100.10
	98.01
	98.00
	4.21

	CBI/WO3-20%
	1
	10.21
	11.60
	12.19
	11.33
	1.98

	
	2
	26.08
	27.71
	28.81
	27.53
	2.73

	
	3
	36.91
	38.70
	39.76
	38.46
	2.85

	
	4
	55.82
	57.25
	59.13
	57.40
	3.31

	
	5
	63.21
	65.78
	67.81
	65.60
	4.60

	
	6
	78.8
	79.88
	83.02
	80.57
	4.22



[bookmark: _Hlk186402066][bookmark: OLE_LINK32]Table S3. The yield of O2 over CBI/WO3-15% (µmol g-1)
	Time (h)
	1
	2
	3
	4
	5
	6

	O2 (µmol g-1)
	5.40
	14.50
	24.80
	40.10
	38.45
	48.99



Table S4. The fitted results of Nyquist plots for CBI/WO3-15%, Cs3Bi2I9 and WO3.
	Sample
	Rs (Ω)
	Zw
	Rct (Ω)
	Cdl (F)

	[bookmark: _Hlk176039148]CBI/WO3-15%
	0.10
	1.77×10-4
	3.673
	1.80×10-5

	[bookmark: _Hlk176039160]Cs3Bi2I9
	0.15
	2.03×10-4
	7.148
	5.59×10-6

	WO3
	0.11
	2.66×10-4
	10.72
	1.10×10-5




Table S5. The PL lifetime parameters for CBI/WO3-15%, Cs3Bi2I9 and WO3.
	Samples
	A1
	τ1
	A2
	τ2
	τav (ns)
	R2

	CBI/WO3-15%
	3.08
	0.37
	0.47
	63.44
	61.12
	87.1

	Cs3Bi2I9
	3.75
	0.44
	0.33
	67.02
	62.40
	87.0

	WO3
	9.83
	0.38
	0.76
	71.36
	66.79
	91.2
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