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[bookmark: _Toc220556449]Materials
[bookmark: _Hlk180694362][bookmark: OLE_LINK19][bookmark: OLE_LINK12][bookmark: OLE_LINK18][bookmark: OLE_LINK20]All reagents were purchased from commercial suppliers and used as received unless otherwise stated. Colloidal silica aqueous solution (LUDOX® HS-40, 40 wt.% suspension in H2O) was obtained from Sigma-Aldrich (Shanghai) Trading Co., Ltd. Sodium hydroxide (NaOH, analytical reagent (AR)), bismuth(Ⅲ) nitrate pentahydrate (Bi(NO3)3·5H2O, AR), ammonium metavanadate  (NH4VO3, AR), nitric acid (HNO3, AR), ammonia aqueous (NH4OH, AR), tetrabutyl titanate (Ti(OC4H9)4, 98%), hydrofluoric acid (HF, AR), hydroiodic acid (HI, ≥ 45.0%, AR), ethanol absolute (CH3CH2OH, AR), sodium iodate (NaIO3, AR), palladium(Ⅱ) chloride (PdCl2, content (by Pd), ≥ 59.0%, AR), sodium chloride (NaCl, AR), silver nitrate (AgNO3, AR), tert-butanol (TBA, C4H10O, AR), ethylenediamine tetraacetic acid disodium salt dihydrate (EDTA-2Na, C10H14N2Na2O8·2H2O, AR), methyl orange (C14H14N3NaO3S, Indicator), potassium bromide (KBr, spectrum pure), potassium bromate (KBrO3, primary reagent), acetonitrile (C2H3N, HPLC), acetone (C3H6O, AR), N-methyl-2-pyrrolidone (NMP, C5H9NO, AR), dimethyl sulfoxide (C2H6OS, AR), acetyl chloride (C2H3ClO, AR), and hydrochloric acid  (HCl, AR, 36.0~38.0%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Cyanamide (CH2N2, 95%), N,N-dimethylformamide (DMF, C3H7NO, GC), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, C6H11NO, 97%), dimethyl sulfoxide-d6 (DMSO-d6, C2D6SO, ≥ 99.9 atom% D), vinyl chloride standard solution (1000 μg mL-1, in methanol), and tetrabutylammonium perchlorate (C16H36ClNO4, electrochemical grade) were obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Ruthenium(III) chloride trihydrate (RuCl3·3H2O, 98%), tungsten trioxide (WO3, 99.9% metals basis, <100 nm), tantalum(V) oxide (Ta2O5, 99.99% metals basis), niobium pentaoxide (Nb2O5, 99.9%), N-chlorosuccinimide (C4H4ClNO2, 98%), trichloroisocyanuric acid (C3Cl3N3O3, 97%), hydrobromic acid (HBr, 48%, ACS), phenylacetylene (C8H6, 99%), propyne (C3H4, approximately 4% in n-heptane, approximately 1 mol/L, MKSeal), propiolic acid (C3H2O2, ≥ 95%), 4-ethynylpyridine (C7H5N, 95%), 3-ethynylthiophene (C6H4S, 97%), 5-ethynylpyrimidine (C6H4N2, 98%), propiolamide (C3H3NO, 98%), 2-propenamide (C3H5NO, Standard for GC, >99.8% (GC)), anhydrous lithium chloride (LiCl, 99.0%), deuterium chloride (DCl, (D, 99%) DCl 36.5% in D2O), N-tert-butyl-α-phenylnitrone (PBN, C11H15NO, 98%), ammonium hydrogen fluoride (H5F2N, 98.5%), and were purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
[bookmark: OLE_LINK14][bookmark: _Hlk137637178][bookmark: _Hlk178493319]Acetylene standard gas (1.0 or 35.0 vol.% C2H2, balanced with Ar), ethylene standard gas (35.0 vol.% C2H4, balanced with Ar), hydrogen standard gas (0.5 vol.% H2, balanced with Ar), oxygen standard gas (>99.9 vol.%), and mixed standard gas (30.0 vol.% ethane, 10.0 vol.% 1-butylene, 5.0 vol.% n-butane, and 20.0 vol.% 1,3-butadiene, balanced with Ar) were supplied by Dalian Airichem Specialty Gas & Chemical Co., Ltd.
[bookmark: _Toc220556450]Catalyst preparation
[bookmark: OLE_LINK15]Synthesis of mpg-C3N4. Cyanamide (3.00 g) and colloidal silica aqueous solution (Ludox HS-40, 40 wt.%, 7.50 g) were mixed and stirred at room temperature for about 15 min until the cyanamide was completely dissolved. The mixture was stirred at 60 °C until the water was completely evaporated. Then the white solid was transferred to a crucible and calcined in a muffle furnace with a heating rate of 2.3 °C min−1 to 550 °C that was subsequently maintained for about 4 h. After cooling to room temperature, the calcined material in the crucible was transferred to a polypropylene beaker containing 100 mL ammonium hydrogen fluoride solution at a concentration of 240 g L−1. The mixture was then stirred at room temperature for 36 h. The solid was separated by filtration after thorough washing with water and ethanol, and dried overnight at 60 °C to obtain the product (1.0 g)1.
Synthesis of NaTaO3. Ta2O5 (0.442 g) and NaOH (1.2 g) were added to a 50 mL Teflon-lined stainless steel autoclave to which ultrapure water (40 mL) was added. The solution was stirred well and then placed in a muffle furnace for 12 h of hydrothermal treatment at 180 °C. After cooling to room temperature, the resulting precipitate was collected by centrifugation, washed three times with ultrapure water and dried at 60 °C for 6 h. Finally, the powder was collected by grinding2.
Synthesis of BiVO4.  Bi(NO3)3·5H2O (6 mmol) and NH4VO3 (6 mmol) were slowly dissolved in of 2 M nitric acid solution (50 mL). After sufficient dissolution, 28% ammonia solution was added dropwise to the mixture with continuous stirring until the pH of the solution became 2.0. After stirring for half an hour, the yellow precipitate formed was aged at room temperature for 2 h. Subsequently, the obtained precipitate was transferred to a Teflon-lined stainless steel autoclave and kept at 180 °C for 24 h. After cooling down to room temperature, the yellow powder was collected by filtration and washed three times with ultrapure water, then dried at 60 °C for 12 h and collected by grinding3. 
[bookmark: _Hlk179839026]Synthesis of TiO2 and TNS. Tetrabutyl titanate (25 mL) was mixed with ultrapure water (3 mL) or HF solution (5 mL) (40 wt.% concentration), respectively, under stirring for 30 min and then the solution was transferred to a 50 mL Teflon-lined stainless steel autoclave and kept at 180 °C for 24 h. After cooling to room temperature, the white precipitate was separated and collected by high-speed centrifugation and washed at least 10 times with ultrapure water and ethanol, respectively, to remove the residual organics and fluoride ions. Finally, the samples were dried in an oven at 80 °C for 12 h and then ground to obtain TiO2 or TiO2 nanosheet (TNS), respectively4.
[bookmark: _Hlk178414373][bookmark: OLE_LINK10]Synthesis of RuO2/mpg-C3N4, RuO2/NaTaO3, RuO2/WO3, RuO2/Nb2O5, RuO2/BiVO4, RuO2/TiO2, and RuO2/TNS. mpg-C3N4 (0.5 g), NaTaO3 (0.5 g), WO3 (0.5 g), Nb2O5 (0.5 g), BiVO4 (0.5 g), TiO2 (0.5 g) or TNS (0.5 g) powders were dispersed in 0.05 M NaIO3 solution (50 mL) in a 100 mL beaker, and 0.01 M RuCl3·3H2O solution (1.88 mL) was added. After sonication for 15 min, the solution was placed under a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm, Perfect Light Technology Co., Ltd., Beijing) for light irradiation while stirring for 2 h. The powdered catalysts were washed with ultrapure water and collected by filtration, and then dried in a vacuum oven at 60 °C for 12 h. After that, these particles were ground and collected. The theoretical loading of RuO2 was 0.5 wt.%. For the 1.0 wt.%, 2.0 wt.%, 4.0 wt.% and 8.0 wt.% RuO2 catalyst loadings, the volume of the 0.01 M RuCl3·3H2O solution was simply increased proportionally, and the other synthesis procedures were the same. Unless otherwise stated, the catalysts with a RuO2 loading of 4.0 wt.% were generally used in this study and named RuO2/mpg-C3N4, RuO2/NaTaO3, RuO2/WO3, RuO2/Nb2O5, RuO2/BiVO4, RuO2/TiO2 or RuO2/TNS.
Synthesis of Pd/TNS, Pd/mpg-C3N4, Pd/Cu2O, Pd/Co3O4, Pd/MoS2, and Pd/ZnSe. A 100 mL beaker containing a mixture of anhydrous ethanol (40 mL) and ultrapure water (20 mL) was filled with TNS, mpg-C3N4, Cu2O, Co3O4, MoS2 or ZnSe catalyst (0.5 g), followed by a mixture of PdCl2 (0.01 M) and NaCl (0.04 M) solution (2.36 mL for TNS and mpg-C3N4 catalyst; 18.88 mL for Cu2O, Co3O4, MoS2 and ZnSe catalyst). It was placed under a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm) for 1 h of light irradiation while stirring. Finally, the solids were washed with ultrapure water and collected by filtration, and then dried in a vacuum oven at 60 °C for 12 h. Finally, the powder was collected by grinding. 
[bookmark: _Toc220556451]Characterization
[bookmark: OLE_LINK11]X-ray diffraction (XRD). XRD patterns of the powder catalysts were recorded with a Rigaku Smart Lab diffractometer in the 2θ range of 5°–90° at a scan rate of 5 ° min−1 with CuKα radiation.
Inductively coupled plasma mass spectrometer (ICP-MS). An Agilent 7900 ICP-MS was used to quantify the amount of Ru in the materials. A certified metal salt solution, RuCl3 (500 µg mL−1) was used to prepare external standard solutions for calibration measurement. The external standard solutions were 0, 10, 50, 100, and 500 μg L−1. After digestion of 5 mg catalysts in pure nitric acid (20 mL) at 180 °C for 12 h, the solution was calibrated to 50 mL with water. The solution was filtered through a 0.45 μm filter and withdraw 0.4 mL to calibrate to 8 mL for determination.
[bookmark: OLE_LINK13]High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM). The surface morphology and structure of catalysts were characterized with a Thermo Scientific Themis Z field emission scanning transmission electron microscope equipped with a double spherical aberration corrector. Energy-dispersive x-ray spectroscopy (EDS) of these materials was also performed by using this instrument. Prior to characterization, the samples were ultrasonically dispersed in ethanol and then drop-casted onto a TEM grid.
Transmission electron microscope (TEM). TEM images of the catalysts were obtained on a high-resolution transmission electron microscope (JEOL JEM-2100plus, Japan). Prior to characterization, the samples were ultrasonically dispersed in ethanol and then drop-casted onto a TEM grid.
[bookmark: _Hlk144913068]Scanning electron microscope (SEM). SEM images of the catalysts were obtained on a high-resolution field emission scanning electron microscope (Zeiss ∑IGMA HD, Germany). Prior to the measurement, samples were deposited on silicon wafers after ultrasonic dispersion in ethanol.
X-ray photoelectron spectroscopy (XPS). The XPS, VB-XPS and in-situ XPS of the catalysts were obtained on a Thermo Scientific ESCALAB 250Xi X-ray photoelectron spectrometer with an Al Kα X-ray radiation source (E = 1487.20 eV). The binding energy was calibrated using the C 1s peak at 284.8 eV as a reference, and the experimental error was within 0.2 eV.
In-situ Fourier transform infrared spectroscopy (In-situ FTIR). The in-situ FTIR measurements were performed in an in-situ cuvette (Harrick DRK-4-NI8) on a Thermo Scientific Nicolet iS50 spectrometer. Catalyst powder (8 mg) was placed in a cuvette containing DMF (2 mL) and HCl (0.24 mmol). The reaction was started by turning on a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm) and the spectrum was recorded at room temperature with a resolution of 4 wavenumbers.
[bookmark: _Hlk180160318]Steady-state photoluminescence (PL). The PL spectra were recorded by a HITACHI F-7000 using an Xe lamp as the excitation source with an excitation wavelength of 290 nm.
Gas chromatography mass spectrometry (GC-MS). The products of photocatalytic experiments were identified by GC-MS. A gas chromatograph Agilent 8890 equipped with a DB-5MS (30 m  0.25 mm  0.25 μm) and HP-INNOWax (30 m  0.32 mm  0.5 μm) column and a mass spectrometer Agilent 7250A Q-time of flight (TOF) equipped with a high energy ion source (HES) were used. Detailed parameters are ion source temperature: 210 °C; mass spectrometry transmission line temperature: 220 °C; and ionization voltage: −70 eV.
Nuclear magnetic resonance (NMR) spectrum. 1H NMR spectrum was measured on Bruker Avance III HD 400 MHz spectrometers.
Specific surface area measurement. The N2 adsorption-desorption isotherms of the catalysts were determined by static N2 physisorption at −196 °C using a Micromeritics ASAP 2020 PLUS fully automated specific surface area and pore analyzer. Prior to each measurement, all samples were degassed at 120 °C for 1 h and then evacuated at 300 °C for 3 h to remove physical adsorbed impurities. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method with a relative pressure (P/P0) range of 0.0 ~ 1.0. The mesopore size distribution was calculated from the desorption branch of the isotherm using the Barrett-Joyner-Halenda (BJH) method.
UV-visible diffuse reflectance spectroscopy (UV-vis DRS). The UV-vis DRS (Shimadzu UV-3600 plus) was used to investigate the optical properties of various catalysts in the range of 200~800 nm using BaSO4 as a reference.
Ultraviolet-visible spectroscopy (UV-vis spectroscopy). Cl2 was detected by the methyl orange spectrophotometric method (Analytik Jena SPECORD 50 Plus, Germany). Specifically, Cl2 can oxidize bromide ions to bromine under acidic conditions, which results in the fading of the methyl orange solution. The absorbance of the methyl orange solution was 508 nm, as a result, the Cl2 content was determined by measuring the decreased absorbance of the solution. The Cl2 calibration curve was established through oxidizing the potassium bromide solution (1.41 mmol L–1; 0, 0.02, 0.04, 0.1, 0.2, 0.4, 1.0, and 2 mL) till fading by using potassium bromate instead of Cl2. For the batch experiments, at the end of the reaction, gas (30 mL) was withdrawn from the headspace of the photoreactor and injected into the methyl orange absorbent (10 mL, 25.0 mg L–1 methyl orange + 5.0 g L−1 KBr + 1.3143 mol L−1 H2SO4), which was diluted to 50 mL and then subjected to a discolouration reaction for 40 min. After that, the absorbance was measured to quantify the content of Cl2. For the continuous-flow reaction conditions, the analysis procedures were the same as the batch experiment except for the different gas collection method. The outlet of the photocatalytic reactor was directly connected with the methyl orange absorbent during the photocatalytic acetylene hydrogenation process. After the continuous flow of acetylene hydrochlorination reaction and another 40 min for the discolouration reaction, the absorbance was measured to quantify the content of Cl2.
Detection of hydrogen (H*) and chlorine (Cl*) radicals. A Bruker A300 wave spectrometer was used to record the quasi-in-situ electron paramagnetic resonance spectra (EPR) of capturing H* and Cl* by DMPO and PBN, respectively, at different photocatalytic reaction time. The measurement parameters of the EPR spectrometer were: central field = 3510.0 G; sweep width = 100.0 G; microwave frequency = 9.84 GHz; microwave attenuation = 10.0 dB; microwave power = 20.0 mW.
[bookmark: OLE_LINK22][bookmark: OLE_LINK24][bookmark: _Hlk180147050](Photo)electrochemical property test. The cyclic voltammetry (CV), linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), and chronoamperometry (i-t) were performed on an electrochemical workstation (PGSTAT 302N, Metrohm Autolab B.V., Switzerland) by using a standard three-electrode system with a glassy carbon coated with photocatalyst (GC, for CV test) or with indium tin oxide conductive glass coated with photocatalyst (ITO, for LSV, EIS, and i-t tests) as the working electrode, a platinum sheet as the counter electrode and Ag/Ag+ (0.01 M AgNO3 in 0.1 M tetrabutylammonium perchlorate (TBAP)/acetonitrile (ACN) solution) as the reference electrode, respectively. Specifically, 0.1 M TBAP in DMF (20 mL) was used as the electrolyte and a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm) was used as the light source. To fabricate the ITO working electrode, the photocatalyst (10 mg) was first dispersed into a 0.05 wt.% polyethylene glycol solution by a 2 h ultrasonic treatment. A 1.0 cm × 1.0 cm of conductive glass was then coated with the slurry and further dried in a vacuum oven at 120 °C for 1 h. To fabricate a GC working electrode, a droplet of the above photocatalyst ink was applied to a polished GC with a diameter of 2 mm and dried naturally. CV and LSV curves were performed at a scan rate of 0.03 V s−1. All potentials (versus to Ag/Ag+) of the GC and ITO working electrodes were calibrated versus Fc+/Fc0 and were decreased by 70.8 and 141.6 mV, respectively. The impedance was measured at an open circuit potential with an amplitude of 10 mV and a frequency range of 100,000 to 0.1 Hz. The chronoamperometry was measured by switching the xenon lamp on and off at intervals of 20 s at the open circuit potential.
[bookmark: _Toc220556452]Product analysis method
[bookmark: _Hlk178623831][bookmark: _Hlk210087206]The gas chromatography (Shimadzu 2010 plus or Agilent 7890B) was equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID), where a HP-AL/S, HP-INNOWax or Porapak Q-filled column was used, and ultrapure nitrogen was used as the carrier gas. Hydrochlorination products of acetylene, ethylene, and propyne were identified using a Shimadzu 2010 plus gas chromatograph under the following conditions: ultrapure nitrogen as carrier gas; injection port temperature 250 °C; HP-AL/S gas chromatography column; column oven temperature program: 50 °C held for 2 min, then heated at 5 °C min−1 to 110 °C; FID detector temperature 250 °C. Hydrochlorination products of propionic acid, 3-ethynylthiophene, 5-ethynyltpyrimidine, 4-ethynyltpyridine, phenylethyne, propiolamide, and 2-propenamide were identified using an Agilent 7890B gas chromatograph under the following conditions: ultrapure nitrogen as carrier gas; injection port temperature 220 °C; HP-INNOWax column; column oven temperature program: initial temperature 50 °C, then heated at 10 °C min−1 to 250 °C and held for 10 min; FID detector temperature 220 °C. H2 was determined using a Shimadzu 2010 plus gas chromatograph under the following conditions: ultrapure nitrogen as carrier gas; injection port temperature 100 °C; Porapak Q-filled column; column oven temperature program: constant temperature 50 °C; TCD detector temperature 100 °C.
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[bookmark: _Toc220556453][bookmark: _Hlk198718865][bookmark: _Hlk198718875]Supplementary Fig. 1| XRD patterns of photocatalysts. (a) RuO2/mpg-C3N4. (b) RuO2/NaTaO3. (c) RuO2/WO3. (d) RuO2/Nb2O5. (e) RuO2/BiVO4. (f) RuO2/TNS, TNS, RuO2/TiO2 and TiO2.
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[bookmark: _Toc220556454][bookmark: _Hlk198731525]Supplementary Fig. 2| SEM images of photocatalysts. (a) TNS. (b) RuO2/TNS.
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[bookmark: _Toc220556455][bookmark: _Hlk198731679]Supplementary Fig. 3| TEM images of photocatalysts. (a) TNS. (b) RuO2/TNS.
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[bookmark: _Toc220556456]Supplementary Fig. 4| N2 adsorption/desorption isotherms and pore size distribution curves for different catalysts. (a) TNS. (b) RuO2/TNS.
Note: The specific surface area of the TNS was slightly increased after the loading of RuO2.
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[bookmark: _Toc220556457]Supplementary Fig. 5| Characterization of RuO2/TNS by HAADF-STEM. (a) RuO2/TNS catalyst with a scale of 20 nm. (b) Particle size distribution of RuO2 nanoparticles in the graph of a.
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[bookmark: _Toc220556458][bookmark: _Hlk198733024]Supplementary Fig. 6| High-resolution transmission electron microscopy of RuO2/TNS under HAADF-STEM. (a) RuO2/TNS catalyst with a scale of 5 nm. (b) TNS regular lattice fringes with an interplanar distance of 0.358 nm {101}.
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[bookmark: _Toc220556459][bookmark: _Hlk183458520]Supplementary Fig. 7| XPS spectra of TNS and RuO2/TNS. (a) O 1s. (b) Ti 2p. (c) Ru 3d.
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[bookmark: _Toc220556460]Supplementary Fig. 8| Photochemical property of RuO2/TNS catalyst. (a) UV-vis absorption spectra of photocatalysts (TNS and RuO2/TNS). (b) Band gap values of photocatalysts obtained from the correlation curve of (αhv)2 versus photon energy. (c) Valence band XPS (VB-XPS) spectra of photocatalysts. (d) Steady-state photoluminescence spectra of photocatalysts.
Note: The valence band (VB) potentials of TNS was tested by VB-XPS, which was calculated as ENHE = φ + EVB-XPS − 4.44, where ENHE is the valence band normal hydrogen potential, EVB-XPS is the VB value measured by VB-XPS, and φ is the instrumental work function (4.97 eV)5.
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[bookmark: _Toc220556461][bookmark: OLE_LINK9]Supplementary Fig. 9| Cyclic voltammetry of ferrocene in DMF containing tetrabutylammonium perchlorate (TBAP, 0.1 M). Glassy carbon (GC, Supplementary Fig. 9a) or indium tin oxide conductive glass electrode (ITO, Supplementary Fig. 9b) was used as the working electrode with an Ag+/Ag0 (0.01 M AgNO3 in 0.1 M TBAP/acetonitrile (ACN) solution) as reference electrode and a Pt plate as counter electrode; E1/2, half-wave potential; scan rate: 0.03 V s−1.
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[bookmark: _Toc220556462]Supplementary Fig. 10| Photoelectrochemical property of RuO2/TNS catalyst. (a) Electrochemical impedance spectroscopy of TNS and RuO2/TNS under dark conditions. (b) Electrochemical impedance spectroscopy of these two catalysts under illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm). (c) Chronoamperometry curves of these two catalysts under illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm). (d) Linear sweep voltammetry of TNS and RuO2/TNS catalysts under illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm).
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[bookmark: _Toc220556463]Supplementary Fig. 11| Energy band diagram of TNS photocatalyst.


[bookmark: _Toc220556464][bookmark: _Hlk210087082]Supplementary Text 1| The surface heterojunction of TiO2.
[bookmark: _Hlk184851225]When the {001} and {101} facets are in contact with each other due to the existence of an energy difference, it makes the electrons and holes transfer in the direction of their respective lower energies until the Fermi energy level reaches equilibrium and the energy difference disappears. Therefore, the {001} and {101} facets can form a surface heterojunction, which is beneficial for the transfer and separation of photogenerated carriers. As a result, the photogenerated holes and electrons migrate to the {001} and {101} facets, respectively, in the photocatalytic process4.
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[bookmark: _Toc220556465][bookmark: OLE_LINK23]Supplementary Fig. 12| Evaluation of the percentage of {001} facet on TNS.
Note: Crystal parameters were obtained from XRD, TEM and HADDF-STEM results, and the TNS nanocrystal models were constructed using VESTA software via the Wulff construction rule, where θ is the theoretical value (68.3°) of the angle between the {001} and {101} facets of anatase TiO2 6.
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[bookmark: _Toc220556466][bookmark: OLE_LINK16]Supplementary Fig. 13| Simulation of photocarrier distributions in the TNS nanocrystal. (a) electron density (e−), (b) hole density (h+), and (c) simulated potential distribution on a TNS single crystal cross section; (d and e) electron and hole densities of RuO2/TNS and TNS.
Note: When the {001} facet of TNS was loaded with RuO2, the hole concentration on it was increased, and the hole concentration at the contact between RuO2 and TNS was higher than that without RuO2. This was conducive to the activation of Cl−, and the surface with the loading of RuO2 was more favorable for photogenerated carrier separation. 
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[bookmark: _Toc220556467][bookmark: _Hlk198738641]Supplementary Fig. 14| In-situ XPS spectra of RuO2/TNS under dark and light illumination conditions. (a) O 1s. (b) Ti 2p.
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[bookmark: _Toc220556468]Supplementary Fig. 15| Investigation of the electron excitation property of TiO2{101} by hole - electron analysis. (a) Density of holes. (b) Density of electrons. (c) Charge density difference (CDD) between electron and hole, in which cyan and yellow represent electrons decrease and increase, respectively, on electron excitation. (d) Side-view isosurface plot of the CDD, with the CDD local integral curve and the value of the oscillator strength (f) in the excited state. (e) Ordinal number of the individual atoms. (f) Contribution of the individual atoms to the photogenerated holes and electrons. The isosurface value is 0.0008 e Å−3.
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[bookmark: _Toc220556469]Supplementary Fig. 16| Investigation of the electron excitation property of TiO2{001}by hole - electron analysis. (a) Density of holes. (b) Density of electrons. (c) Charge density difference (CDD) between electron and hole, in which cyan and yellow represent electrons decrease and increase, respectively, on electron excitation. (d) Side-view isosurface plot of the CDD, with the CDD local integral curve and the value of the oscillator strength (f) in the excited state. (e) Ordinal number of the individual atoms. (f) Contribution of the individual atoms to the photogenerated holes and electrons. The isosurface value is 0.0008 e Å−3.
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[bookmark: _Toc220556470]Supplementary Fig. 17| Investigation of the electron excitation property of RuO2/TiO2{001} by hole - electron analysis. (a) Density of holes. (b) Density of electrons. (c) Charge density difference (CDD) between electron and hole, in which cyan and yellow represent electrons decrease and increase, respectively, on electron excitation. (d) Side-view isosurface plot of the CDD, with the CDD local integral curve, the value of the oscillator strength (f) and the number of transferred electrons in the excited state. (e) Ordinal number of the individual atoms. (f) Contribution of the individual atoms to the photogenerated holes and electrons. The isosurface value is 0.0008 e Å−3.
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[bookmark: _Toc220556471][bookmark: _Hlk194225710]Supplementary Fig. 18| Investigation of the electron excitation property of H-TiO2{101} by hole - electron analysis. (a) Density of holes. (b) Density of electrons. (c) Charge density difference (CDD) between electron and hole, in which cyan and yellow represent electrons decrease and increase, respectively, on electron excitation. (d) Side-view isosurface plot of the CDD, with the CDD local integral curve, the value of the oscillator strength (f) and the number of transferred electrons in the excited state. (e) Ordinal number of the individual atoms. (f) Contribution of the individual atoms to the photogenerated holes and electrons. The isosurface value is 0.0008 e Å−3.
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[bookmark: _Toc220556472]Supplementary Fig. 19| Investigation of the electron excitation property of Cl-RuO2/TiO2{001} by hole - electron analysis. (a) Density of holes. (b) Density of electrons. (c) Charge density difference (CDD) between electron and hole, in which cyan and yellow represent electrons decrease and increase, respectively, on electron excitation. (d) Side-view isosurface plot of the CDD, with the CDD local integral curve, the value of the oscillator strength (f) and the number of transferred electrons in the excited state. (e) Ordinal number of the individual atoms. (f) Contribution of the individual atoms to the photogenerated holes and electrons. The isosurface value is 0.0008 e Å−3.
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[bookmark: _Toc220556473][bookmark: _Hlk212499836]Supplementary Fig. 20| Time slices of the femtosecond transient absorption (fs-TA) spectra of (a) TNS and (b) RuO2/TNS.
[bookmark: _Hlk210905246][bookmark: _Hlk210905053]Note: To explore the dynamic behaviors of photoexcited-state charges in the TNS and RuO₂/TNS photocatalytic systems, femtosecond transient absorption (fs-TA) spectroscopy was used to observe the evolution of photocatalysts under photoexcitation. After excitation by a 320 nm pump pulse, the fs-TA spectra of both photocatalysts were recorded using a probe pulse. As shown in Fig. 2f-i and Supplementary Fig. 20, both samples exhibited similar initial signal intensities and spectral shapes, indicating comparable initial charge generation. For TNS, a distinct negative signal at ~450 nm was assigned to the ground-state bleaching (GSB) effect. This signal showed a rapid decline in peak intensity within 1 ps, attenuated by over 80% at 10 ps and nearly vanished after 50 ps. This uniform decay across the entire detection wavelength range corresponded precisely to the dominant sub-picosecond short-lived components in its triple-exponential fit (e.g., τ1 = 2.5 ps, τ2 = 8.28 ps, and τ3 = 69.5 ps), directly reflecting the rapid recombination of photogenerated carriers. For RuO2/TNS, an intense GSB signal appeared at ~450 nm in the early time range (0.5–5 ps), but its decay rate was significantly slower than that of TNS. More critically, as time elapsed from 50 ps to 1000 ps, the spectral shape underwent significant changes: the signal at 450 nm decayed more rapidly, while the signal in the longer-wavelength region (500–550 nm) persisted relatively longer. This resulted in a significant red shift of the entire GSB spectral peak. This phenomenon was consistent with the 280 ps long-lived component observed in the kinetic fitting. This red-shifting process revealed that after RuO2 rapidly extracted holes to achieve effective charge separation, electrons retained on TNS had sufficient time to relax from shallow trap states (corresponding to ~450 nm GSB) to more stable deep trap states (corresponding to ~500 nm GSB). Thus, the RuO2/TNS photocatalyst not only extended the charge lifetime to nanosecond scale temporally but also guided the photogenerated carriers energetically into a more stable and reactively active state.
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[bookmark: _Toc220556474][bookmark: _Hlk183376484]Supplementary Fig. 21| Calibration curves and corresponding linear correlation coefficients (R2) for the quantification of acetylene and its photocatalytic conversion products under batch experimental conditions by gas chromatography. (a) Acetylene. (b) Vinyl chloride. (c) Ethylene. (d) Ethane. The standard curve value is the average of three independent measurements under the same conditions.
Note: The X-axis refers to the molar amount of gas injected into a 20 mL vial containing 10 mL DMF, and after stirring for reaching a gas-liquid equilibrium, 100 μL of gas were withdrawn from the headspace and immediately injected into the gas chromatography for analysis.
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[bookmark: _Toc220556475][bookmark: _Hlk198725734][bookmark: _Hlk195822182][bookmark: _Hlk209991675][bookmark: _Hlk209988755]Supplementary Fig. 22| Performance comparisons of photocatalytic hydrochlorination of acetylene under liquid-phase and gas-phase reaction conditions. (a) Time-dependent curve of acetylene conversion efficiency. (b) Gas chromatogram (GC) spectrum. Reaction conditions: 0 or 10 mL DMF; 1.2 mmol HCl in gaseous or liquid; 40 mg RuO2/TNS catalyst; 0.014 mmol acetylene; light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556476][bookmark: _Hlk198726726][bookmark: _Hlk209784151]Supplementary Fig. 23| Production, TON, production rate, and TOF value for photocatalytic hydrochlorination of acetylene to VCM. (a) Production value. (b) TON value. (c) Production rate value. (d) TOF value. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; saturated acetylene (100 vol.% C2H2 was exposed at a flow rate of 100 sccm for 10 min to a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (6 or 8 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556477][bookmark: _Hlk200833527]Supplementary Fig. 24| Performances of photocatalytic acetylene hydrochlorination over different supports with RuO2 or Pd cocatalyst under batch-type conditions. (a) Performances of photocatalytic acetylene hydrochlorination with different loading amounts of RuO2 on TNS. (b) Product distributions of the photocatalytic conversion of acetylene by RuO2/TNS, Pd/TNS, Pd/mpg-C3N4, Pd/Cu2O, Pd/Co3O4, Pd/MoS2, and Pd/ZnSe catalysts. (c) Performances of mpg-C3N4, NaTaO3, WO3, Nb2O5, BiVO4, TiO2, and TNS catalyst for photocatalytic acetylene hydrochlorination. Reaction conditions: 10 mL DMF; 1.2 mmol HCl; 40 mg catalyst; 0.014 mmol acetylene; light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
Note: As shown in Supplementary Fig. 24a, an increase of RuO2 loading from 0 to 4.0 wt.% on TNS showed an enhanced photocatalytic performance toward acetylene conversion, whereas a further increase of RuO2 loading to 8.0 wt.% resulted in a slight decrease in acetylene conversion efficiency. This was possibly due to that an excessive RuO2 led to the recombination of photogenerated charges, resulting in a decrease in photocatalytic activity.
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[bookmark: _Toc220556478]Supplementary Fig. 25| Product distribution of the RuO2-based catalysts supported onto various supports for the photocatalytic acetylene hydrochlorination under batch-type conditions. Reaction conditions: 10 mL DMF; 1.2 mmol HCl; 40 mg RuO2/mpg-C3N4, RuO2/NaTaO3, RuO2/WO3, RuO2/Nb2O5, RuO2/BiVO4, or RuO2/TNS catalyst; 0.014 mmol acetylene; light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556479][bookmark: _Hlk198736263][bookmark: _Hlk195821997][bookmark: _Hlk194160535]Supplementary Fig. 26| Photocatalytic acetylene hydrochlorination performance with different light intensity and catalyst dosage under batch-type conditions. (a and b) Acetylene conversion and VCM selectivity under different light intensity and RuO2/TNS catalyst dosage. Reaction conditions: 10 mL DMF; 1.2 mmol HCl; 40 mg or different dosage of RuO2/TNS catalyst; 0.014 mmol acetylene; light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
	Note: The photocatalytic conversion of acetylene to VCM was enhanced by increasing the dosage of RuO2/TNS catalyst, while a further increase of catalyst beyond 40 mg did not enhance the reaction rate, which was possibly due to the obstruction of light transmittance at high concentration of photocatalyst. 
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[bookmark: _Toc220556480][bookmark: _Hlk198735942]Supplementary Fig. 27 Comparison of thermo-catalysis and photocatalysis acetylene hydrochlorination in 20 mL screw-capped quartz glass headspace vial with or without light illumination. Reaction conditions: 10 mL DMF; 1.2 mmol HCl; 40 mg RuO2/mpg-C3N4, RuO2/NaTaO3, RuO2/WO3, RuO2/Nb2O5, RuO2/BiVO4, or RuO2/TNS catalyst; 0.014 mmol acetylene; temperature (12, 25, 50, 75, or 100 ℃) or with light illumination by a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556481][bookmark: _Hlk209989203][bookmark: _Hlk209990258][bookmark: _Hlk178969695]Supplementary Fig. 28| Outdoor photocatalytic acetylene hydrochlorination system. (a) Photograph of two batch experimental setups for the photocatalytic hydrochlorination of acetylene under real solar illumination, one with a 20 mL screw-top quartz glass headspace vial (containing 10 mL DMF) and the other with a 250 mL quartz glass reactor (containing 150 mL DMF). (b) Photograph of the optical power meter (PL-MW2000 Photoradiometer, Perfect Light Technology Co., Ltd., Beijing) test for the real time power of sunlight. (c) Photocatalytic performance of RuO2/TNS catalyst for acetylene hydrochlorination in a 20 mL quartz glass reactor (containing 10 mL DMF) under real sunlight. Reaction conditions: 20 or 250 mL photocatalytic cell; 10 or 150 mL DMF; 1.2 or 18 mmol HCl; 40 or 150 mg RuO2/TNS catalyst; 0.014 or 0.605 mmol acetylene; reaction time (6 h); ambient working conditions. Note: Photocatalytic experiments were conducted under solar radiation in Changsha, China (location: 28.184141°N, 112.950264°E, date: 07/21–23/2024, temperature: 29–39 ℃, average optical power: 79.45 mW cm−2, Illumination: 103697.29 ± 15003.12 LUX).
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[bookmark: _Toc220556482]Supplementary Fig. 29| Time of flight mass spectrometry (TOF-MS) and 1H nuclear magnetic resonance (NMR) spectrum of photocatalytic acetylene hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; acetylene (100 vol.% C2H2 was exposed at 100 sccm for 10 min to a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556483]Supplementary Fig. 30| TOF-MS and 1H NMR spectrum of photocatalytic acetylene hydrobromination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HBr; 10 mg RuO2/TNS catalyst; acetylene (100 vol.% C2H2 was exposed at 100 sccm for 10 min to a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556484]Supplementary Fig. 31| TOF-MS and 1H NMR spectrum of photocatalytic acetylene hydroiodination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HI; 10 mg RuO2/TNS catalyst; acetylene (100 vol.% C2H2 was exposed at 100 sccm for 10 min to a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556485]Supplementary Fig. 32| TOF-MS and 1H NMR spectrum of photocatalytic propiolic acid hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; propiolic acid (0.14 mmol propiolic acid was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556486]Supplementary Fig. 33| TOF-MS and 1H NMR spectrum of photocatalytic propyne hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; propyne (0.14 mmol propyne was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556487]Supplementary Fig. 34| TOF-MS and 1H NMR spectrum of photocatalytic 3-ethynylthiophene hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; 3-ethynylthiophene (0.14 mmol 3-ethynylthiophene was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556488]Supplementary Fig. 35| TOF-MS and 1H NMR spectrum of photocatalytic 5-ethynyltpyrimidine hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; 5-ethynyltpyrimidine (0.14 mmol 5-ethynyltpyrimidine was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions. 
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[bookmark: _Toc220556489]Supplementary Fig. 36| TOF-MS and 1H NMR spectrum of photocatalytic 4-ethynyltpyridine hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; 4-ethynyltpyridine (0.14 mmol 4-ethynyltpyridine was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556490]Supplementary Fig. 37| TOF-MS and 1H NMR spectrum of photocatalytic phenylethyne hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; phenylethyne (0.14 mmol phenylethyne was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556491]Supplementary Fig. 38| TOF-MS and 1H NMR spectrum of photocatalytic propiolamide hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; propiolamide (0.14 mmol propiolamide was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556492]Supplementary Fig. 39| TOF-MS and 1H NMR spectrum of photocatalytic ethylene hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; ethylene (35 vol.% C2H4 was exposed at 100 sccm for 30 min to a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556493]Supplementary Fig. 40| TOF-MS and 1H NMR spectrum of photocatalytic 2-propenamide hydrochlorination over the RuO2/TNS photocatalyst. Reaction conditions: 10 mL DMF; 6 mmol HCl; 10 mg RuO2/TNS catalyst; 2-propenamide (0.14 mmol 2-propenamide was added into a 20 mL screw-top quartz glass headspace vial containing 10 mL DMF); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556494]Supplementary Fig. 41| Calibration curves and corresponding linear correlation coefficients (R2) for the quantification of acetylene and its photocatalytic conversion products under continuous-flow reaction conditions by gas chromatography. (a) Acetylene. (b) Vinyl chloride. (c) Ethylene. (d) Ethane. The standard curve value is the average of three independent measurements under the same conditions.
Nate: Here the X-axis refers to the molar amount of gas injected directly into the gas chromatograph.
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[bookmark: _Toc220556495][bookmark: _Hlk198729299][bookmark: _Hlk209991057][bookmark: _Hlk194160744][bookmark: _Hlk209991118]Supplementary Fig. 42| Time-dependent plots for photocatalytic acetylene hydrochlorination by continuous-flow of acetylene steam (1.0 vol.% C2H2, balanced with Ar) in photocatalytic reactors of different volumes. (a) 40 mL. (b) 250 mL. (c) 100 + 250 mL. Reaction conditions: 30, 210 or (90 + 210) mL DMF; 6, 6 or (6 + 18) mmol HCl; 30, 210 or (90 + 210) mg RuO2/TNS catalyst; flow rate (2, 5 or 10 sccm); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (3 h); 25 °C and ambient working conditions.


[image: ]
[bookmark: _Toc220556496][bookmark: _Hlk194410447][bookmark: _Hlk212187924]Supplementary Fig. 43| Time-dependent plot for photocatalytic acetylene hydrochlorination by continuous-flow of acetylene steam (35.0 vol.% C2H2, balanced with Ar) in two tandem cells. Reaction conditions: (90 + 210 mL) DMF; (6 + 6 mmol) HCl; (90 + 210 mg) RuO2/TNS catalyst; flow rate (2 sccm); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (3 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556497]Supplementary Fig. 44| SEM images of RuO2/TNS catalyst before and after long-term stability test.
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[bookmark: _Toc220556498][bookmark: _Hlk198729498]Supplementary Fig. 45| TEM images of RuO2/TNS catalyst before and after long-term stability test.
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[bookmark: _Toc220556499][bookmark: OLE_LINK17][bookmark: _Hlk198729515]Supplementary Fig. 46| XRD patterns of RuO2/TNS catalyst before and after long-term stability test.
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[bookmark: _Toc220556500][bookmark: _Hlk183377946][bookmark: _Hlk198729972]Supplementary Fig. 47| XPS spectra of the RuO2/TNS catalyst before and after long-term stability test. (a) O 1s. (b) Ti 2p. (c) Ru 3d.
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[bookmark: _Toc220556501]Supplementary Fig. 48| Long-term stability test of photocatalytic acetylene hydrochlorination approach with the continuous flow of acetylene at a flow rate of 2 sccm (1.0 vol.% C2H2, balanced with Ar). Reaction conditions: (90 +210 mL) DMF; (6 + 18 mmol) HCl; (90+210 mg) RuO2/TNS catalyst; light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (104 h); 25 °C and ambient working conditions.


[bookmark: _Toc220556502]Supplementary Text 2| Techno-economic analysis (TEA)
As shown in Supplementary Fig. 28, outdoor tests confirmed the possibility of using solar energy for the hydrochlorination of acetylene to vinyl chloride. We note that performing this type of analysis at the early technology readiness stage (Technology Readiness Level (TRL) 3-4) of the photocatalytic acetylene hydrochlorination process allowed us to identify the main economic drivers of VCM preparation by photocatalytic approach. These results could guide future research efforts to develop the technology.
[bookmark: _Hlk195644932][bookmark: _Hlk195644093][bookmark: _Hlk167435085]In order to perform photocatalytic hydrochlorination of acetylene from coal, as shown in Supplementary Fig. 49, a bag-type reactor was designed in conjunction with a practical design for our photocatalytic system of suspended powder particles7,8. The bag-type reactor consists of a low-lying horizontal plastic bag containing a certain amount of DMF solvent, concentrated hydrochloric acid, and catalyst (determined from experimental data). Bag-type reactors made of high-density polyethylene (HDPE) were selected to serve as liners for the transparent top and opaque bottom layers. The dimensions of each bag were 6.1 m long, 0.61 m wide, 0.10 m deep, and 0.5 mm thick. Each bag-type reactor contained 70% pure DMF by volume and was connected in parallel via wiring and piping. Coal-based acetylene was converted to VCM by real solar irradiation (assuming 10 hours of irradiation per day).
  [image: ]
[bookmark: _Toc220556503][bookmark: _Hlk198730285]Supplementary Fig. 49| Cross-section and top view of bag-type reactor. 
As an example, for the production of 20 tonnes VCM per day, the required amounts of DMF solvent, hydrochloric acid, and catalyst were calculated based on an experimentally obtained VCM production rate of 53.93 mmol gcat−1 h−1 (99.9% VCM selectivity and 0.1% ethylene selectivity). As shown in Supplementary Fig. 50, we developed a TEA analytical model to determine the economic potential of the photocatalytic hydrochlorination of acetylene obtained from coal to VCM route.
[image: ]
[bookmark: _Toc220556504][bookmark: _Hlk198730684]Supplementary Fig. 50| Modelled techno-economic analysis of photocatalytic acetylene hydrochlorination to VCM. Units are in USD per tonne ($/tonne) of VCM.



A list of the specific assumptions for TEA is shown as follows:
[bookmark: _Hlk195638801]1. The bag-type reactor is expected to have a service life of 30 years, with 360 days of operation per year.
2. The sunshine is 10 hours per day.
3. HDPE has a density of 0.95 g mL−1.
4. The price of VCM, ethylene, acetylene from coal, DMF, hydrochloric acid, TiO2, and HDPE are 731, 1000, 949.73, 560, 25, 2500, and 1400 $ tonne−1, respectively9-15. The price of RuO2 is 64 $/g16.
5. The molar masses of Ru, RuO2, VCM, ethylene, and acetylene are 101.1, 133.1, 62.5, 28.1, and 26.0 g mol−1, respectively.
6. The price of electricity is assumed as 0.087 $/kWh17.
7. Average power consumption is 137.2 kW *20 TPD/1 TPD = 2744 kW7.
8. Installation factor is assumed as 4 18.
9. Capacity factor is assumed as 80%18.
10. The separation equipment costs are assumed to be 20% of bag-type reactor costs 18.
11. The product separation costs are assumed as 20% of electricity costs18. It consists of two parts: a distillation cost for separating VCM and a recycling system for acetylene gas.
12. Maintenance factor is assumed as 5%19. These costs include the catalyst, DMF, and hydrochloric acid used in the supplemental system.
13. Balance of plant factor is assumed as 45%20.
14. Discount rate is assumed as 12%20.
15. Depreciation period is 30 years using straight-line depreciation method, and the net salvage rate is 5%20.
Calculating the number of bag-type reactor required
1. VCM production rate 
[bookmark: _Hlk195187267]2. Catalyst weight = VCM production per day ÷ VCM production rate 
3. DMF volume = Catalyst weight ÷ Catalyst concentration 
[bookmark: _Hlk195568737]4. Bag-type reactor number = DMF volume ÷ Bag-type reactor volume ÷ 70% 
[bookmark: _Hlk167347897]5. Bag-type reactor weight = Bag-type reactor number × HDPE volume × Density 
Capital costs
[bookmark: _Hlk167351925]1. Bag-type reactor cost = Total cost of bag-type reactor × Capital recovery factor ÷ (Capacity factor × Operating days per year × VCM production per day) 
Capital recover factor = Discount rate × (1 + Discount rate)^Service life ÷ [(1 + Discount rate)^ Service life − 1] 
[bookmark: _Hlk167352001]2. Separation equipment cost = 20% × Bag-type reactor cost 
Operating costs
1. Chemicals cost = Acetylene cost + DMF cost + Hydrochloric acid cost + Catalyst cost
(1) Acetylene cost = Acetylene unit price × Mass of acetylene need 
Calculating the required mass of acetylene according to the reaction of HCl with acetylene: VCM = 1:1 molar ratio and 99% VCM selectivity.
(2) DMF cost = DMF volume × Density × Unit price ÷ Lifetime ÷ VCM production per day 
[bookmark: _Hlk195603690][bookmark: _Hlk195607156](3) Hydrochloric acid cost = DMF volume × Hydrochloric acid concentration × Density × Unit price ÷ Operating days per year ÷ VCM production per day 
(4) Catalyst cost = (Mass of Ru × Ru unit price + Mass of TiO2 × TiO2 unit price) ÷ Operating days per year ÷ VCM production per day 
2. Electricity cost = Energy used per day × Cost per kWh ÷ Operating days per year ÷ VCM production per day 
[bookmark: OLE_LINK1]3. Balance of plant cost = Balance of plant factor × Bag-type reactor cost 
4. Installation cost = Installation factor × Capital cost 
[bookmark: OLE_LINK8]5. Product separation cost = Separation factor × Electricity cost 
6. Depreciation charge = Capital costs × (1−Maintenance factor) ÷ Service life 
7. Maintenance cost = Maintenance factor × Capital cost 
Potential profit
1. Total profit per tonne of VCM = VCM Profit + Ethylene profit − Capital cost − Operating cost 
2. Ethylene profit = Ethylene unit price × Mass of ethylene produced 
Calculation of NPV and DCFRR
In addition, the two most important dynamic economic evaluation indicators, net present value (NPV) and discounted cash flow rate of return (DCFROR), are calculated in this study. The NPV of a project is the sum of the present values of future cash flows:

where  is the cash flow in year n,  is the project life in years, and  is the interest rate.
[bookmark: OLE_LINK26]The DCFROR is an interest rate that can be obtained by calculating the NPV at various interest rates that have a cumulative NPV value of zero at the end of the project. It measures the maximum interest rate that a project can pay and maintain break-even at the end of the project's life. It can be calculated as follow:

where  is the cash flow in year n,  is the project life in years, and  is the discounted cash flow rate of return. The value of  is obtained by trial-and-error calculation or by using an appropriate function (e.g., "IRR" in Excel) in a spreadsheet. A more profitable project will be able to pay higher NPV and DCFROR.


[image: ]
[bookmark: _Toc220556505][bookmark: _Hlk198731040][bookmark: _Hlk195823963]Supplementary Fig. 51| TEA of photocatalytic acetylene hydrochlorination process at different VCM production rates. (a) 30.55 mmol gcat−1 h−1. (b) 40.78 mmol gcat−1 h−1. (c) 49.72 mmol gcat−1 h−1.


[image: ]
[bookmark: _Toc220556506][bookmark: _Hlk198731483]Supplementary Fig. 52| Sensitivity analysis of the NPV and DCFROR for photocatalytic acetylene hydrochlorination process. (a) NPV. (b) DCFROR.


[image: ]
[bookmark: _Toc220556507][bookmark: _Hlk155272600][bookmark: _Hlk180700161]Supplementary Fig. 53| Time-dependent plot for photocatalytic acetylene hydrochlorination with a continuous-flow of acetylene steam (1.0 vol.% C2H2, balanced with Ar) in a 40 mL photocatalytic reactor with the addition of different quenching agents. Reaction conditions: 30 mL DMF; 6 mmol hydrochloric acid; quenching agent (10 mmol EDTA-2Na, 10 mmol NaIO3, 10 mmol PBN, or 20 mmol TBA); 30 mg RuO2/TNS catalyst; flow rate (2 sccm); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (3 h); 25 °C and ambient working conditions.


 [image: ]
[bookmark: _Toc220556508][bookmark: _Hlk183382569]Supplementary Fig. 54| Performance of photocatalytic acetylene hydrochlorination in the presence of different chlorination reagents. Reaction conditions: 10 mL DMF; chlorination reagent (1.2 mmol acetyl chloride, 5.56 mmol H2O + 1.2 mmol lithium chloride anhydrous, 5.56 mmol H2O + 1.2 mmol N-chlorosuccinimide, 5.56 mmol H2O + 0.4 mmol trichloroisocyanuric acid, or 1.2 mmol hydrochloric acid); 30 mg RuO2/TNS catalyst; 0.014 mmol acetylene; light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 h); 25 °C and ambient working conditions.


[image: ]
[bookmark: _Toc220556509][bookmark: _Hlk198740993][bookmark: _Hlk198741469]Supplementary Fig. 55| Quasi-in-situ EPR spectra for the trapping of H* and Cl* on RuO2/TNS catalyst. (a) Quasi-in-situ EPR spectrum for the Cl* at 30 min captured by PBN under light illumination conditions (a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm)). (b) Quasi-in-situ EPR spectrum for the H* within 30 min captured by DMPO under light illumination conditions (a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm)). (c) Quasi-in-situ EPR spectrum for the H* at 30 min captured by DMPO under light illumination conditions (a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm)).


[image: ]
[bookmark: _Toc220556510][bookmark: _Hlk198741872]Supplementary Fig. 56| Detection of Cl2 and H2 formations during photocatalytic acetylene hydrochlorination process under batch-type or continuous-flow conditions. (a) Ultraviolet-visible spectra of methyl orange under different conditions for determining Cl2. (b) Gas chromatogram of H2 by-product under various reaction conditions. Reaction conditions: 10 or 30 mL DMF; 1.2 or 6 mmol HCl, 40 or 30 mg RuO2/TNS catalyst; 0.014 mmol acetylene or acetylene stream with a flow rate of 2 sccm (1.0 vol.% C2H2, balanced with Ar); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (1 or 3 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556511]Supplementary Fig. 57| Adsorption free energy diagrams for H* and Cl* on different photocatalysts. (a) Adsorption free energy of H* on TiO2{101} and TiO2{001} facets. (b) Adsorption free energy of Cl* on TiO2{101}, TiO2{001} and RuO2/TiO2{001}. 

[image: ]
[bookmark: _Toc220556512]Supplementary Fig. 58| Adsorption energy of C2H2 on different photocatalysts.
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[bookmark: _Toc220556513]Supplementary Fig. 59| Cyclic voltammetry of RuO2/TNS with different amounts of HCl. (a and b) 0.6 and 1.8 mM HCl.
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[bookmark: _Toc220556514]Supplementary Fig. 60| Cyclic voltammetry of RuO2/TNS in the presence of 0.6 mM HCl and different amounts of anhydrous LiCl. (a-d) 0, 5, 10, and 20 mM anhydrous LiCl.
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[bookmark: _Toc220556515][bookmark: _Hlk194225132]Supplementary Fig. 61| Isosurface graphs of condensed Fukui function (CFF), condensed dual descriptor (CDD, Δf) and frontier molecular orbital and electrostatic potential (ESP) mapping of C2H2. (a-c) f −, f +, and f 0 CFF, respectively. (d) CDD. (e and f) HOMO and LUMO respectively. (g) ESP mapping. The isosurface value is 0.01 e Bohr−3 for CFF and CDD, 0.05 e Bohr−3 for HOMO and LUMO.
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[bookmark: _Toc220556516][bookmark: _Hlk198756749]Supplementary Fig. 62| Orbital interaction diagram for C2H3* and C2H2Cl*. (a) Orbital interaction diagram of C2H2 and H*. (b) Isosurface graphs of C2H2, C2H3* and H* frontier molecular orbitals. (c) Orbital interaction diagram of C2H2 and Cl*. (d) Isosurface graphs of C2H2, C2H2Cl* and Cl* frontier molecular orbitals. The isosurface value is 0.05 e Bohr−3.
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[bookmark: _Toc220556517]Supplementary Fig. 63| Time of flight mass spectrometry (TOF-MS) of photocatalytic acetylene hydro(deuteron)-chlorination over the RuO2/TNS photocatalyst. Reaction conditions: 30 mL DMF; 6 mmol HCl or DCl; 30 mg RuO2/TNS catalyst; acetylene flow rate (2 sccm; 1.0 vol.% C2H2, balanced with Ar); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (3 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556518]Supplementary Fig. 64| Kinetic isotope effect (KIE) and photocatalytic acetylene hydrochlorination and deuteron-chlorination ratio with HCl or DCl. Reaction conditions: 30 mL DMF; 6 mmol HCl or DCl; 30 mg RuO2/TNS catalyst; acetylene stream with a flow rate of 2 sccm (1.0 vol.% C2H2, balanced with Ar); light illumination with a 300 W xenon lamp (PLS-SXE300/300UV, 300 < λ < 780 nm); reaction time (3 h); 25 °C and ambient working conditions.
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[bookmark: _Toc220556519]Supplementary Fig. 65| Progressive reaction of acetylene on the RuO2/TNS surface determined by photochemical in-situ FTIR. (a) Photograph of the photochemical in-situ FTIR set-up. (b) In-situ FTIR spectra of C2H2 adsorption on RuO2/TNS under dark conditions. (c) Comparison of in-situ FTIR spectrum of photocatalytic acetylene hydrochlorination at 60 min with standard VCM infrared spectroscopy tested by the National Institute of Standards and Technology (NIST).
Note: The spectrum of the in-situ FTIR test matched well with that of NIST (Supplementary Fig. 65c).
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[bookmark: _Toc220556520][bookmark: _Hlk176034088]Supplementary Fig. 66| Calculated free energy diagram for photocatalytic acetylene hydrochlorination on TiO2{001}.


[bookmark: _Toc220556521]Supplementary Table 1| Parameters in the calculation of the energy band diagrams and electron and hole densities for the TNS particulate system.
	Parameters
	Numerical values
	Ref.

	Dielectric constant
	87
	21

	Energy bandgap
	3.2 eV
	22

	Electron affinity
	2.1 eV
	23

	Effective density of states – valence band
	6  1023 m−3
	24

	Effective density of states – conduction band
	2  1023 m−3
	24

	Electron mobility
	0.01 m2 V−1 s−1
	24

	Hole mobility
	0.0025 m2 V−1 s−1
	24

	Charge carrier lifetime
	10 ns
	25

	Charge carrier effective Richardson constant
	1200 A K−2 cm−2
	26

	Work function
	TiO2 – 4.5 eV
	27

	
	RuO2 – 5.2 eV
	28




[bookmark: _Toc220556522]Supplementary Table 2| Quantitative determination of the loading amount of Ru by ICP-MS.
	Catalysts
	Ru/wt.%

	RuO2/mpg-C3N4
	0.82

	RuO2/NaTaO3
	0.79

	RuO2/WO3
	0.84

	RuO2/Nb2O5
	1.07

	RuO2/BiVO4
	0.56

	RuO2/TiO2
	0.92

	0.5 wt.%-RuO2/TNS
	0.12

	1.0 wt.%-RuO2/TNS
	0.22

	2.0 wt.%-RuO2/TNS
	0.47

	4.0 wt.%-RuO2/TNS
	1.08

	8.0 wt.%-RuO2/TNS
	2.33




[bookmark: _Toc220556523]Supplementary Table 3| Performance comparisons for the hydrohalogenation of alkynes and alkenes by photocatalytic and electrocatalytic methods.
	Entry
	Method
	Catalyst
	GHSV (h−1)
	Production rate (mmol h−1)
	Selectivity (%)
	Refer.

	1
	Photocatalysis
	RuO2/TNS
	232
	0.20 (VCM)
	99.99a
	This work

	
	
	
	0
	0.067~0.306
	97.3~99.6
	

	2
	Photocatalysis
	fac-Ir(ppy)3
	0
	0.005~0.019
	24~86
	J. Am. Chem. Soc. 2024, 146, 31547-31559

	3
	Photocatalysis
	Fe(NO3)3·9H2O
	0
	0.002~0.003
	36~80
	Nat. Synth. 2025, 4, 314-326

	4
	Electrocatalysis
	Mn(OTf)2
	0
	0.065~0.096
	65~96
	J. Am. Chem. Soc. 2017, 139, 15548-15553

	5
	Electrocatalysis
	Co3O4/CeO2
	0
	0.72~0.912
	60~76
	J. Am. Chem. Soc. 2025, 147, 8024-8031


aThe selectivity of VCM.


[bookmark: _Toc220556524]Supplementary Table 4| Performance comparisons for the hydrochlorination of acetylene to VCM by photocatalytic and thermo-catalytic methods.
	Entry
	Method
	Catalyst
	Feed gas
	GHSV (h−1)
	Temperature (K)
	Pressure (atm)
	TOF (s−1)
	Conversion (%)
	Selectivity (%)
	Stability (h)
	Refer.

	1
	Photocatalysis
	RuO2/TNS
	V(C2H2)=2 sccm
	232
	298
	1
	0.14
	96
	100
	104
	This work

	2
	Photocatalysis
	g-C3N4/BiOCl
	V(C2H2)=0 sccm
	0
	298
	1
	-
	21.5
	95
	120
	29

	3
	Thermo-catalysis
	SiC@N-C
	V(HCl)/V(C2H2) = 1.15
	46
	473
	1
	-
	85
	98
	150
	30

	4
	Thermo-catalysis
	Au/CeO2&AC
	V(HCl)/V(C2H2) = 1.2
	720
	453
	1
	-
	90
	99.5
	3000
	31

	5
	Thermo-catalysis
	Pt/AC
	[bookmark: OLE_LINK2]V(HCl)/V(C2H2) = 1.1
	650-1500
	453-483
	1
	0.25
	-
	>95
	60
	32

	6
	Thermo-catalysis
	PtSA/AC-w-473
	V(HCl)/V(C2H2) = 1.1
	650
	473
	1
	-
	45
	100
	10
	33

	7
	Thermo-catalysis
	Au/C
	V(HCl)/V(C2H2) = 1.2
	1737
	453
	-
	-
	52
	>99
	24
	34

	8
	Thermo-catalysis
	Ru-NP/NC
	V(HCl)/V(C2H2) = 1.1
	650
	473
	1
	0.6
	89
	>99
	12
	35

	9
	[bookmark: OLE_LINK3]Thermo-catalysis
	Pt/AC-w-473
	V(HCl)/V(C2H2) = 1.1
	650
	473
	1
	0.35
	45
	100
	10
	36

	10
	[bookmark: OLE_LINK4]Thermo-catalysis
	Au/C-AR
	V(HCl)/V(C2H2) = 1.0
	140000
	473
	-
	-
	-
	-
	4
	37

	11
	Thermo-catalysis
	CuP-500
	V(HCl)/V(C2H2) = 1.0~3.0
	50
	433
	1
	0.16
	98
	99.5
	160
	38

	12
	Thermo-catalysis
	15Cu-5iPr2PCl/AC
	V(HCl)/V(C2H2) = 1.15
	180
	453
	1
	0.008
	93.7
	>99
	24
	39

	13
	[bookmark: OLE_LINK5]Thermo-catalysis
	Ru/NC-g
	V(HCl)/V(C2H2) = 1.1
	650
	473
	1
	-
	95
	>98
	12
	40

	14
	Thermo-catalysis
	RuCu(II)/AC
	V(HCl)/V(C2H2) = 1.15
	180
	453
	1
	1.56
	96.7
	94.5
	48
	41

	15
	Thermo-catalysis
	Au(H2O)/C@IL1-5
	V(HCl)/V(C2H2)=1
	740
	453
	1
	2.04
	65
	-
	5
	42

	16
	Thermo-catalysis
	Cu–H5NO/C
	V(HCl)/V(C2H2) = 1.2
	90
	433
	1
	0.21
	-
	-
	12
	43

	17
	Thermo-catalysis
	P-BN
	V(HCl)/V(C2H2) = 1.2
	44
	553
	1
	-
	99
	99
	1000
	44

	18
	Thermo-catalysis
	Cu-7MPPO
	V(HCl)/V(C2H2) = 1.2
	50
	453
	-
	0.1
	90
	99
	700
	45

	19
	Thermo-catalysis
	1/12Ru-NC/1000
	V(HCl)/V(C2H2) = 1.2
	60
	473
	-
	0.6
	96
	-
	100
	46

	20
	Thermo-catalysis
	Cu/O-FLP-HCl
	V(HCl)/V(C2H2) = 1.15
	180
	453
	-
	0.002s
	60
	-
	10
	47

	21
	Thermo-catalysis
	Cs-Fe-600
	V(HCl)/V(C2H2) = 1.15
	90
	453
	-
	0.0073
	70
	98
	30
	48

	22
	[bookmark: OLE_LINK6]Thermo-catalysis
	SnOx/AC
	V(HCl)/V(C2H2) = 1.15
	90
	453
	-
	-
	40
	-
	30
	49

	23
	[bookmark: OLE_LINK7]Thermo-catalysis
	Cu8MDPO1/AC
	V(HCl)/V(C2H2) = 1.15
	30
	423
	-
	-
	92.5
	97
	3414
	50

	24
	Thermo-catalysis
	NP-C600
	V(HCl)/V(C2H2) = 1.2
	30
	553
	-
	-
	98.1
	99.3
	400
	51

	25
	Thermo-catalysis
	Pd-IL/AC
	V(HCl)/V(C2H2) = 1.2
	50
	413
	-
	-
	99.4
	-
	500
	52

	26
	Thermo-catalysis
	NS-C-NH3
	V(HCl)/V(C2H2) = 1.2
	35
	493
	1
	-
	89.5
	-
	100
	53




[bookmark: _Toc220556525]Supplementary Table 5| Lower bound (LB) and upper bound (UB) values for the most relevant parameter settings in the TEA.
	Parameters
	LB
	Base
	UB

	RuO2/TNS lifetime (years) 
	0.5
	1
	2

	RuO2 loading (wt.%)
	0.71
	1.42
	2.84

	Acetylene price ($/tonne)
	474.87
	949.73
	1329.62

	DMF price ($/tonne)
	280
	560
	1120

	Electricity price ($/kWh)
	0.0435
	0.087
	0.174




[bookmark: _Toc220556526][bookmark: _Hlk198681866]Supplementary Table 6| Hirshfeld charges, CFF and CDD values of C2H2.
	[bookmark: _Hlk198681839]Atom
	Hirshfeld charges
	CFF
	Δf

	[bookmark: _Hlk183637587]
	q(N)
	q(N+1)
	q(N−1)
	f −
	f +
	f 0
	

	1(C)
	−0.1085
	−0.4366
	0.2961
	0.4045
	0.3281
	0.3663
	−0.0765

	2(C)
	−0.1085
	−0.4366
	0.2961
	0.4045
	0.3281
	0.3663
	−0.0765

	3(H)
	0.1086
	−0.0581
	0.2040
	0.0953
	0.1667
	0.1310
	0.0714

	4(H)
	0.1086
	−0.0581
	0.2040
	0.0953
	0.1667
	0.1310
	0.0714


[bookmark: _Hlk198681849]The units used above are "e" (elementary charge).
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