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MATERIALS AND METHODS
H2O2 aqueous solution (20 wt.%), HF aqueous solution (40 wt.%) , methanol, isopropanol, Ti(OBu)4, K2TiO(C2O4)2, P25, ZnO, Fe2O3, WO3 and V2O5 with the analytical grade were purchased from Sinopharm Chemical Reagent Co. CuO (≥99%), dicyandiamide (≥98%), 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) (≥97%) and 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) (≥97%) were purchased from Sinopharm Chemical Reagent Co. Reactants of CH4 (8%) + O2(4%) + Ar (88%) and CH4 (8%) + O2 (4%) + O2 (10%) + Ar (78%) were purchased from Nanjing Shang Yuan Industry Factory. 13CH4 (13C enrichment > 99%atom), 18O2 (18O enrichment ≥ 98%atom) and H218O (18O enrichment ≥ 98 %atom) were purchased from Wuhan Newradar Gas Co. All chemicals and gases were used as received.
Photocatalyst Synthesis. TiO2 nanocrystals (NCs) predominantly exposing different types of facets were prepared following previous procedures (43). 
Synthesis of anatase TiO2{001} NCs: typically, 25 mL Ti(OBu)4 and 3 mL HF aqueous solution (40wt%) were mixed under stirring at RT. The solution was then transferred into a 50 mL Teflon lined stainless steel autoclave and kept at 180 C for 24 h. The resulted white precipitate was collected by centrifugation, washed repeatedly with ethanol and water, and dried at 70 C for 12 h. The acquired powder was dispersed in 700 mL NaOH aqueous solution (0.1 mol/L), stirred for 24 h at RT, centrifuged, and washed repeatedly with water until the pH value of aqueous solution was of 7~8. 
Synthesis of anatase TiO2{100} and TiO2{101} NCs: typically, 6.6 mL TiCl4 was added dropwise into 20 mL HCl aqueous solution (0.43 mol/L) at 0 C. After stirring for an additional 0.5 h, the solution was added dropwise into 50 mL NH3 aqueous solution (5.5 wt%) under stirring at RT. Then the pH value of the solution was adjusted to between 6 and 7 using 4 wt% NH3 aqueous solution, after which the system was stirred at RT for 2 h. The resulted precipitate was filtered, washed repeatedly with water until no residual Cl- could be detected, and then dried at 70 C for 12 h to acquire Ti(OH)4 precursor. To prepare anatase TiO2-{100} nanocrystals, 2.0 g Ti(OH)4 and 0.5 g (NH4)2SO4 were dispersed in a mixture of 15 mL H2O and 15 mL isopropanol under stirring at RT, then the mixture was transferred into a 50 mL Teflon-lined stainless steel autoclave and kept at 180 C for 24 h. The obtained white precipitate was collected and washed repeatedly with water. To prepare anatase TiO2-{101} nanocrystals, 2.0 g Ti(OH)4 and 0.2 g NH4Cl were dispersed in a mixture of 15 mL H2O and 15 mL isopropanol under stirring at RT, then the mixture was transferred into a 50 mL Teflon-lined stainless steel autoclave and kept at 180 C for 24 h. The obtained white precipitate was collected and washed repeatedly with water.
Synthesis of anatase TiO2 NCs-C3N4 composites: calculated amounts of dicyandiamide (C₂H₄N₄) and TiO2 NCs were mixed in a crucible. The crucible was placed into a tube furnace, purged in Ar 1 h, and heated to 550 ℃ at a rate of 2.5 ℃/min and kept for 4 h, then cooled to room temperature. The acquired powders were taken out and grind to obtain TiO2 NCs-C3N4 composites. 
Structure characterizations. Powder X-ray diffraction (XRD) patterns were recorded on a Philips X’Pert Pro Super diffractometer with Cu Kα radiation (λ=0.15406 nm) operated at 40 kV and 50 mA. Transmission infrared spectra were recorded on a Nicolet 8700 spectrometer at room temperature. Electron paramagnetic resonance (ESR) spectra with and without Xenon lamp irradiation were recorded on a JEOL JES-FA200 ESR spectrometer (9.063 GHz, X-band) at 130 K with employed microwave power, modulation frequency, and modulation amplitude of 0.998 mW, 100 kHz, and 0.35 mT, respectively. Steady-state photoluminescence spectra were measured on a HORIBA LabRAM HR spectrograph with a continuous wave 325 nm laser as the exciting source and the signal was collected by passing through a filter with cut-off wavelengths below 380 nm. UV–vis diffuse reflectance spectra (UV–vis DRS) were obtained on a Shimadzu DUV-3700 spectrophotometer equipped with an integrating sphere attachment. X-ray photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB 250 high-performance electron spectrometer using monochromatized Al Kα (hv=1486.7 eV) as the excitation source, and the likely charging of samples was corrected by setting the C 1s binding energy of the adventitious carbon to 284.8 eV. Near-edge X-ray absorption fine structure (NEXAFS) spectra were measured at photoelectron spectroscopy end-station of National Synchrotron Radiation Laboratory. Transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and element mapping images were performed with a JEOL JEM-2100F instrument at an acceleration voltage of 120 kV. 
Adsorption microcalorimetry measurements were carried out on a home-setup equipment consisting of a Setaram Sensys EVO 600 Tian-Calvet microcalorimeter and an Micromeritics Autochem II 2920 automated chemisorption apparatus (44). Typically, 50 mg sample was placed in the sample quartz tube and degassed in He (flow rate: 50mL/min) at 200 °C for 60 min, then the sample was cooled to -100 °C, and the gas stream was switched to 2% CH4/He (flow rate: 50mL/min) for adsorption. After CH4 adsorption reached saturation, the gas stream was switched back to He (flow rate: 50mL/min) for desorption. The adsorption/desorption amounts and accompanying heat flows were quantified by the chemisorption apparatus and microcalorimeter, respectively, from which the adsorption/desorption heats were calculated.
In situ DRIFTS experiments were performed at 298 K on a Thermo Scientific Nicolet iS50 FTIR Spectrometer with a mercury cadmium telluride detector cooled with liquid nitrogen. The spectrometer was equipped with a Harrik Praying Mantis diffuse reflection accessory and a Harrick high-temperature reaction cell with ZnSe windows. The reaction cell was connected to a SH-110 dry scroll vacuum pump (Agilent Technologies), H2O2 aqueous solution stored in a quartz tube welded with Kovar, and 8%CH4+4%O2+88%Ar gas via three closed valves. The 30% H2O2 aqueous solution was purified by repeated cycles of freeze−pump−thaw treatments. The UV light irradiation on the sample was accomplished through the front window of the high-temperature reaction chamber using a 100 W high-pressure Hg arc lamp (Oriel 6281), which provides a pressure-broadened emission spectrum from gaseous Hg in the UV-light region. A water filter was used to remove the IR portion of the emission spectrum. Typically, the sample was loaded in the sample holder of the reaction cell, then the reaction cell was evacuated by opening the valve connecting the vacuum pump. After the pressure decreased to 10 Torr, the valve connecting the vacuum pump was closed, and the valve connecting the H2O2 aqueous solution was opened to reach a stable pressure, and then the valve connecting to 8%CH4+4%O2+88%Ar gas was open to allow the pressure of the reaction cell to 1 atm, and finally both valves were closed. The DRIFTS spectrum of the sample prior to UV light illumination was firstly taken as the background spectrum, then the UV light was turned on to irradiate the sample and the DRIFTS spectra were taken in a sequential mode. The DRIFTS spectrum of the sample was also taken after the turn off of the UV light. All DRIFTS spectra were measured with 128 scans at a resolution of 4 cm-1.
Photocatalytic activity measurements. Photocatalytic activity of various samples in aqueous-phase methane conversion was evaluated in a quartz reactor with a cooling-water jacket to maintain the reaction temperature at 25 C under atmospheric pressure using a 300 W Xe lamp as the light source. Typically, 20 mg photocatalyst, 20 mL deionized water and a certain amount of H2O2 aqueous (1mol/L) solution were mixed in the reactor. The reaction system was adequately deaerated by reaction gas for 1 h, and then was irradiated by the Xe lamp. then the photocatalytic reaction was carried out. After a desirable reaction time, 0.5 mL gas was sampled from the reaction system and its composition products was analyzed by a Fuli GC9720 gas chromatography equipped with FID and TCD detectors. 
Liquid-phase oxygenate products were analyzed and quantified by 1H nuclear magnetic resonance (NMR) spectra acquired on a JEOL ECS 400 MHz NMR spectrometer. A DSS solution in D2O (0.020 wt.%) with the 1H chemical shift at δ= 0.0 ppm15 was prepared to calibrate the chemical shift. Typically, 0.70 mL clear aqueous solution was sampled from the reaction system and mixed with 0.10 mL DSS solution in a NMR tube and the 1H NMR spectrum was taken. The intensity of measured 1H NMR peak of various products were compared to the corresponding 1H NMR working curve acquired using pure product of different concentrations (shown below). Since pure CH3OOH could not be purchased while both CH3OOH and CH3OH have the methyl group, the amount of CH3OOH in the liquid-phase products was quantified using the working curve of CH3OH22.
[image: F:\Submitted\H2O2UtilizationEfficiency-SunX\Figure S\H NMRWorkingCurves.tif]
[bookmark: _Hlk52289833]The concentration of H2O2 in the aqueous solution was quantified by the colorimetric method13,21. Typically, a reagent aqueous solution was prepared by dissolving 0.636g K2TiO(C2O4)2 and 20 μL concentrated H2SO4 (98%) in 100 mL deionized water. 0.2 mL aqueous solution was exacted from the reaction system and mixed with 4.0 mL reagent solution. Then the UV−vis absorption spectrum of the mixed solution was measured, and the intensity of the absorption peak at 398 nm arising from the complex formed by K2TiO(C2O4)2 and H2O2 was compared to the working curve acquired using pure H2O2 aqueous solution of different concentrations (shown below) to quantify the H2O2 concentration. 
[image: F:\Submitted\H2O2UtilizationEfficiency-SunX\Figure S\UV-VisAbsorptionWorkingCurves.tif]
Methane conversion, product selectivity, H2O2 conversion and H2O2 utilization efficiency were calculated as the following:
Methane conversion (%) = (n(CH4)before reaction -n(CH4)after reaction)/n(CH4)before reaction × 100%
Product selectivity (%) = nProduct/(n(CH4)before reaction -n(CH4)after reaction) × 100%
H2O2 conversion (%) = (n(H2O2)before reaction -n(H2O2)after reaction)/n(H2O2)before reaction × 100%
H2O2 utilization efficiency (%) = (n(H2O2)before reaction - n(H2O2)after reaction -  n(H2O2)decomposition to O2)/ n(H2O2)before reaction × 100%
n(H2O2)decomposition to O2 = n(O2)after reaction - n(O2)before reaction -  nO2 reacted
Carbon balance (%)= ncarbon in all products/(n(CH4)before reaction -n(CH4)after reaction) × 100%
Where n was the quantified amount of reactants or products, while nO2 reacted was calculated from the amount of products and the ratio of the products formed by O2 based on the isotope-labelling results. For photocatalytic reactions using 18O2, n18O2 reacted was calculated by (n(18O2)before reaction-n(18O2)after reaction), in which n(18O2) was quantified using GC-MS. The carbon balance was calculated not less than 96.7% for all studied photocatalytic reactions.
Products analysis of photocatalytic reactions using isotope-labelled reactants. Liquid-phase oxygenates produced by aqueous-phase photocatalytic methane conversion using 13CH4 were analyzed by 1H NMR spectrometer as described above. Products of aqueous-phase photocatalytic methane conversion using 18O2 and or H218O were analyzed by mass spectrometer as the following: 0.5 mL gas was sampled from the reaction system and its composition was analyzed on a Trace GC/ISQ MS; and 3 mL clear aqueous solution was sampled from the reaction system and transferred into a quartz tube welded with Kovar and then connected to a QIC20 mass spectrometer (Heiden Analytical Ltd.) and a Hicube 80 Eco pump station by two closed valves. The aqueous solution was purified by repeated cycles of freeze−pump−thaw treatments and its composition was analyzed by the QIC20 mass spectrometer.
Theoretical calculations. All theoretical calculations were carried out using the Vienna ab initio simulation package (VASP)45,46, and the exchange-correlation term was described by the Perdew, Burke and Ernzerhof version within the generalized gradient approximation (PBE-GGA)47. The project-augmented wave (PAW)48,49 method was used to represent the core-valence electron interaction. The titanium 3s, 3p, 3d, 4s, and the carbon and oxygen 2s, 2p electrons were treated as valence electrons and an energy cutoff of 400 eV for the basis-set expansion was used. The anatase TiO2(001)-(1×4), TiO2(101) and TiO2(100) surface was modeled as a periodic slab with six O-Ti-O trilayers of oxide. A vacuum between slabs ˃15 Å and corresponding 1×1×1 k-point mesh were used during the calculations. Adsorption was modeled on one side of the slab, and during structural optimizations, all of the atoms except those in the bottom TiO2 trilayer of the slab, were allowed to relax until atomic forces reached below 0.05 eV/Å. The adsorption energy was expressed using the average adsorption energy calculated by  in which Ead∕sub is the total energy of the interacting system containing adsorbed molecules and TiO2 support in a surface cell, Esub is the total energy of the anatase TiO2 slab and Ead is the total energy of the molecule in gas phase. 
Table S1. Photocatalytic H2O2 decomposition over different oxides under the reaction condition of 100% Ar and 10% O2+90% Ar at 298 K. Photocatalyst amount: 20 mg; reaction time: 30 mins; stirring speed: 500 rpm.

	
catalyst
	Reaction atmosphere

	
	Ar
	10% O2+90% Ar

	
	H2O2 decomposition
	O2 selectivity
	H2O2 decomposition
	O2 selectivity

	Blank
	1.4%
	99.6%
	1.3%
	99.3%

	P25
	37.3%
	99.6%
	26.6%
	99.3%

	ZnO
	28.8%
	99.3%
	18.5%
	99.1%

	Fe2O3
	45.5%
	99.6%
	28.1%
	99.1%

	WO3
	58.4%
	99.9%
	41.9%
	99.4%

	CuO
	38.2%
	99.8%
	25.6%
	99.1%

	V2O5
	36.4%
	99.4%
	27.3%
	99%
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Figure S1. XRD patterns with the standard XRD pattern of anatase TiO2, TEM and HRTEM images of TiO2{001} (a-c), TiO2{100} (d-f) and TiO2{101} (g-i) NCs.
















Table S2. Photocatalytic H2O2 decomposition over C3N4, TiO2 NCs and TiO2 NCs-C3N4 composites under the reaction condition of 100% Ar or 10% O2+90% Ar at 298 K. Photocatalyst amount: 20 mg; reaction time: 30 mins; stirring speed: 500 rpm.

	
catalyst
	Reaction atmosphere

	
	Ar
	10% O2+90% Ar

	
	H2O2 decomposition
	O2 selectivity
	H2O2 decomposition
	O2 selectivity

	C3N4
	1.9%
	94%
	1.8%
	93.4%

	TiO2{001}
	31.2%
	93%
	15.4%
	91.8%

	TiO2{100}
	34.1%
	96%
	16.5%
	94.7%

	TiO2{101}
	35.8%
	98%
	19.6%
	96.8%

	TiO2{001}-C3N4-0.1
	20.4%
	89%
	8.26%
	86.4%

	TiO2{100}-C3N4-0.1
	22.4%
	92%
	10.63%
	89.8%

	TiO2{101}-C3N4-0.1
	26.1%
	95%
	12.24%
	92.4%




























[image: F:\Submitted\H2O2UtilizationEfficiency-SunX\Figure S\FigureS2.tif]
Figure S2. (a) XRD patterns and (b) TGA plots of TiO2{001}-C3N4-0.1, TiO2{100}-C3N4-0.1 and TiO2{101}-C3N4-0.1 composites. (c) XRD with the standard XRD pattern of anatase TiO2 and (d) TGA plots of various TiO2{001}-C3N4 composites. In addition to the diffraction peaks arising from anatase TiO2, the diffraction peaks of g-C3N4 appear at 12.98 and 27.54 respectively corresponding to the repeated tri-s-thiazine (100) units and (002) lattice plane50,51. The compositions of TiO2{001} NCs-C3N4 composites listed in Table S3 were calculated by assuming the remaining solid after TGA measurements to be pure TiO2. (e) TEM, (f) HRTEM and (g and h) mapping images of TiO2{001}-C3N4-0.1. TEM and HRTEM images of (i and j) TiO2{100}-C3N4-0.1 and (k and l) TiO2{101}-C3N4-0.1.










Table S3. Compositions and nomenclature of various TiO2 NCs-C3N4 composites.

	Mass ratio of precursors
	Mass fraction of TiO2
	TiO2:C3N4 mole ratio
	Nomenclature of catalysts

	TiO2{001}:C₂H₄N₄ = 1:5
	60.48%
	1.75:1
	TiO2{001}-C3N4-1.75

	TiO2{001}:C₂H₄N₄ = 1:10
	16.02%
	0.22:1
	TiO2{001}-C3N4-0.22

	TiO2{001}:C₂H₄N₄ = 1:30
	9.87%
	0.13:1
	TiO2{001}-C3N4-0.13

	TiO2{001}:C₂H₄N₄ = 1:50
	7.83%
	0.1:1
	TiO2{001}-C3N4-0.1

	TiO2{001}:C₂H₄N₄ = 1:80
	6.75%
	0.08:1
	TiO2{001}-C3N4-0.08

	TiO2{100}:C₂H₄N₄ = 1:50
	7.89
	0.1:1
	TiO2{100}-C3N4-0.1

	TiO2{101}:C₂H₄N₄ = 1:50
	8.01%
	0.1:1
	TiO2{101}-C3N4-0.1
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Table S4. Photocatalytic performance of various photocatalysts in aqueous-phase photocatalytic conversion of methane under the reaction condition of (Entry 1) 8%CH4+92%Ar with 165 μL H2O2 in 20 mL H2O or (Entry 2) 8%CH4+4%O2+88%Ar with 165 μL H2O2 in 20 mL H2O at 298 K. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm. NT indicates “not detected”.

	Catalyst
	CH4 conversion (%)
	Product selectivity (%)
	H2O2 Decomposition (%)
	H2O2 utilization efficiency (%)

	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	CO and CO2
	
	

	
	Entry 1
	Entry 2
	Entry 1
	Entry 2
	Entry 1
	Entry 2
	Entry 1
	Entry 2
	Entry 1
	Entry 2
	Entry 1
	Entry 2
	Entry 1
	Entry 2
	Entry 1
	Entry 2
	Entry 1
	Entry 2

	P25
	0.97
	1.73
	NT
	NT
	2.7
	2.9
	NT
	NT
	NT
	NT
	NT
	NT
	97.3
	97.1
	100
	100
	4.64
	7.94

	ZnO
	0.13
	0.2
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	100
	100
	21.3
	27.9
	8.57
	12.1

	Fe2O3
	0.6
	0.95
	6.9
	7.2
	1.3
	1.7
	NT
	NT
	NT
	NT
	NT
	NT
	91.8
	91.1
	84.8
	96.5
	7.65
	11.3

	WO3
	0.5
	0.85
	NT
	NT
	4.1
	4.8
	NT
	NT
	NT
	NT
	NT
	NT
	95.9
	95.2
	100
	100
	5.2
	8.2

	CuO
	0.2
	0.3
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	100
	100
	39
	52.8
	3
	5.1

	V2O5
	0.3
	0.5
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	100
	100
	65.1
	74.2
	6.31
	9.0

	TiO2{001}
	1.23
	2.17
	6.5
	7.8
	NT
	NT
	NT
	NT
	NT
	NT
	22.3
	33.7
	71.2
	58.5
	100
	100
	12.1
	18.9

	TiO2{100}
	1.07
	1.6
	3.3
	5.1
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	96.7
	94.9
	100
	100
	5.85
	8.48

	TiO2{101}
	0.64
	0.9
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	NT
	100
	100
	100
	100
	5.48
	7.51

	TiO2{001}-C3N4-0.1
	8.6
	16.7
	2.2
	3.8
	13.6
	7.6
	2.1
	0.5
	19.4
	15.3
	56.4
	69.8
	6.3
	3
	89
	100
	53.4
	93.3

	TiO2{100}-C3N4-0.1
	3.2
	4.7
	13.3
	16.4
	32.6
	37.6
	NT
	NT
	NT
	NT
	NT
	NT
	54.1
	46
	95
	100
	16.38
	24.4

	TiO2{101}-C3N4-0.1
	1.8
	2.6
	NT
	NT
	12.4
	15.3
	NT
	NT
	NT
	NT
	NT
	NT
	87.6
	84.7
	100
	100
	10.33
	14.3










Table S5. Photocatalytic performance of various TiO2 NCs in aqueous-phase photocatalytic conversion of methane under the reaction condition of 8%CH4+92%Ar+ different amounts of H2O2+ 20 mL H2O at 298 K. Photocatalyst amount: 20 mg; reaction time: 5 hours; stirring speed: 500 rpm. NT indicates “not detected”.
 
	Catalyst
	Amount of H2O2 (µL)
	CH4 conversion rate
(μmol g−1 h−1)
	Product selectivity (%)
	Selectivity of liquid-phase oxygenates (%)
	H2O2 utilization efficiency (%)

	
	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	COx
	
	

	TiO2{001}
	22
	25
	22.3
	NT
	NT
	NT
	20.3
	57.4
	42.6
	32.3

	
	55
	29.2
	20.9
	NT
	NT
	NT
	25.5
	53.6
	46.4
	27.6

	
	110
	39.5
	20.4
	NT
	NT
	NT
	30.4
	49.2
	50.8
	21.4

	
	165
	50.1
	12.6
	NT
	NT
	NT
	36.2
	51.2
	48.8
	17.7

	
	220
	62.1
	11.4
	NT
	NT
	NT
	34.2
	54.4
	45.6
	10.1

	TiO2{100}
	11
	16.7
	33.3
	NT
	NT
	NT
	NT
	66.7
	33.3
	24.1

	
	22
	22.7
	37.5
	NT
	NT
	NT
	NT
	62.5
	37.5
	20.7

	
	55
	33.5
	46.9
	NT
	NT
	NT
	NT
	53.1
	46.9
	15.4

	
	110
	45.9
	25.1
	NT
	NT
	NT
	NT
	74.9
	25.1
	10.3

	TiO2{101}
	11
	8.3
	NT
	11.3
	NT
	NT
	NT
	88.7
	11.3
	22.1

	
	22
	12.4
	NT
	16.6
	NT
	NT
	NT
	83.4
	16.6
	19.3

	
	55
	20.8
	NT
	22.1
	NT
	NT
	NT
	77.9
	22.1
	14.8

	
	110
	25
	NT
	10
	NT
	NT
	NT
	90
	10
	9.3


 








Table S6. Photocatalytic performance of various TiO2 NCs in aqueous-phase photocatalytic conversion of methane under the reaction condition of 8%CH4+different amounts of O2+balanced Ar+ desired amount of H2O2+ 20 mL H2O at 298 K. Photocatalyst amount: 20 mg; reaction time: 5 hours; stirring speed: 500 rpm. NT indicates “not detected”.

	Catalyst
	H2O2 amount
(µL)
	O2 Concentration (%)
	CH4 conversion rate
(μmol g−1 h−1)
	Product selectivity (%)
	Selectivity of liquid-phase oxygenates (%)
	H2O2 utilization efficiency (%)

	
	
	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	COx
	
	

	TiO2{001}
	110
	0
	39.5
	20.4
	NT
	NT
	NT
	30.4
	49.2
	50.8
	21.4

	
	
	0.8
	61.3
	19.1
	NT
	NT
	NT
	45.9
	35
	65
	28.8

	
	
	1.6
	69.7
	16.8
	NT
	NT
	NT
	53.9
	29.3
	70.7
	32.1

	
	
	4
	73.2
	14.2
	NT
	NT
	NT
	40.4
	45.4
	54.6
	35.7

	
	
	8
	78.5
	13
	NT
	NT
	NT
	19.9
	67.1
	32.9
	38.8

	TiO2{100}
	55
	0
	33.5
	46.9
	NT
	NT
	NT
	NT
	53.1
	46.9
	15.4

	
	
	0.8
	43.7
	58.5
	NT
	NT
	NT
	NT
	41.5
	58.5
	20.2

	
	
	1.6
	50.3
	63.4
	NT
	NT
	NT
	NT
	36.6
	63.4
	22.3

	
	
	4
	54.4
	50.2
	NT
	NT
	NT
	NT
	49.8
	50.2
	24.1

	
	
	8
	58.6
	45.2
	NT
	NT
	NT
	NT
	54.8
	45.2
	25.7

	TiO2{101}
	55
	0
	20.8
	NT
	22.1
	NT
	NT
	NT
	77.9
	22.1
	14.8

	
	
	0.8
	27.1
	NT
	27
	NT
	NT
	NT
	73
	27
	19.3

	
	
	1.6
	29.2
	NT
	27.5
	NT
	NT
	NT
	72.5
	27.5
	20.3

	
	
	4
	35.5
	NT
	22.9
	NT
	NT
	NT
	77.1
	22.9
	25.3

	
	
	8
	39.1
	NT
	21.8
	NT
	NT
	NT
	78.2
	21.8
	27.7



As shown in Tables S5 and S6, the optimal reaction condition for photocatalytic methane conversion was 8%CH4+1.6%O2+90.4%Ar+ 110 µL H2O2+ 20 mL H2O for TiO2{001} NCs and 8%CH4+1.6%O2+90.4%Ar+ 55 µL H2O2+ 20 mL H2O for TiO2 {100} and {101} NCs at 298 K, which were employed for other experiments. 




Table S7. Photocatalytic performance of TiO2 NCs- C3N4-0.1 in aqueous-phase photocatalytic conversion of methane under the reaction condition of 8%CH4+92%Ar+ different amounts of H2O2+ 20 mL H2O at 298 K. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm. NT indicates “not detected”.

	Catalyst
	H2O2 amount (µL)
	CH4 conversion rate
(μmol g−1 h−1)
	Product selectivity (%)
	Selectivity of liquid-phase oxygenates (%)
	H2O2 utilization efficiency (%)

	
	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	COx
	
	

	TiO2{001}-C3N4-0.1
	55
	221.9
	4.8
	17.6
	6.6
	3.5
	20.3
	11.2
	88.8
	68.3

	
	110
	291.2
	4.9
	13.9
	0.9
	8.5
	37.5
	8.7
	91.3
	61.6

	
	165
	416.7
	4.7
	13.4
	1.9
	17.3
	56.4
	6.3
	93.7
	53.4

	
	220
	435.6
	5.2
	14.2
	0.7
	11.1
	41.2
	27.6
	72.4
	49.7

	
	275
	445.2
	5.5
	12.6
	0.7
	9.7
	27.8
	43.7
	56.3
	43.1

	TiO2{100}-C3N4-0.1
	22
	51.7
	33.3
	22.7
	NT
	NT
	NT
	44
	56
	55.4

	
	55
	133.4
	47.4
	26.7
	NT
	NT
	NT
	25.9
	74.1
	51.7

	
	110
	201.2
	19.6
	28.5
	NT
	NT
	NT
	51.9
	48.1
	46.1

	
	165
	235.3
	13.2
	22.6
	NT
	NT
	NT
	64.2
	35.8
	36.8

	TiO2{101}-C3N4-0.1
	11
	49.1
	NT
	27.1
	NT
	NT
	NT
	72.9
	27.1
	43.1

	
	22
	75.7
	NT
	32.9
	NT
	NT
	NT
	67.1
	32.9
	37.3

	
	55
	94.2
	NT
	22.5
	NT
	NT
	NT
	77.5
	22.5
	28.4

	
	110
	111.9
	NT
	16.8
	NT
	NT
	NT
	83.2
	16.8
	22.3

	
	165
	121.3
	NT
	12.4
	NT
	NT
	NT
	87.6
	12.4
	17.7











Table S8. Photocatalytic performance of TiO2 NCs- C3N4-0.1 in aqueous-phase photocatalytic conversion of methane under the reaction condition of 8%CH4+ different amounts of O2+balanced Ar+ desired amount of H2O2+ 20 mL H2O at 298 K. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm. NT indicates “not detected”.

	Catalyst
	H2O2 amount
 (µL)
	O2 concentration (%)
	CH4 conversion rate
(μmol g−1 h−1)
	Selective of product (%)
	Selectivity of liquid-phase products (%)
	H2O2 utilization efficiency (%)

	
	
	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	COx
	
	

	TiO2{001}-C3N4-0.1
	165
	0
	416.7
	4.7
	13.4
	1.9
	17.3
	56.4
	6.3
	80.6
	53.4

	
	
	0.8
	508.6
	3.5
	8.1
	1.6
	17.9
	63.3
	5.6
	94.4
	71.1

	
	
	1.6
	587.7
	3.6
	7.9
	1.1
	17.9
	65.1
	4.4
	95.6
	82.6

	
	
	4
	696.3
	3.8
	7.6
	0.5
	15.3
	69.8
	3
	97
	93.3

	
	
	8
	829.2
	3.7
	7.1
	1.3
	15.1
	58.8
	14
	86
	93.5

	
	
	12
	1067.8
	3.5
	7.3
	1.4
	15.8
	44.1
	27.9
	72.1
	94.1

	TiO2{100}-C3N4-0.1
	55
	0
	133.4
	47.4
	26.7
	NT
	NT
	NT
	25.9
	74.1
	51.7

	
	
	0.8
	173.7
	45.3
	31.1
	NT
	NT
	NT
	23.6
	76.4
	68.8

	
	
	1.6
	186.8
	50.6
	26.9
	NT
	NT
	NT
	22.5
	77.5
	70.4

	
	
	4
	195.9
	55.3
	26.7
	NT
	NT
	NT
	18
	82
	72.7

	
	
	8
	221
	41.7
	27.8
	NT
	NT
	NT
	30.5
	69.5
	78.1

	
	
	12
	241.8
	32.5
	26.3
	NT
	NT
	NT
	41.2
	58.8
	84.7

	TiO2{101}-C3N4-0.1
	22
	0
	75.7
	NT
	32.9
	NT
	NT
	NT
	67.1
	32.9
	37.3

	
	
	0.8
	91.1
	NT
	34.3
	NT
	NT
	NT
	65.7
	34.3
	48.2

	
	
	1.6
	99.2
	NT
	36.1
	NT
	NT
	NT
	63.9
	36.1
	49.6

	
	
	4
	108.4
	NT
	37.7
	NT
	NT
	NT
	62.3
	37.7
	51.3

	
	
	8
	121.3
	NT
	25.9
	NT
	NT
	NT
	74.1
	25.9
	61.7

	
	
	12
	136.2
	NT
	11.1
	NT
	NT
	NT
	88.9
	11.1
	64.4


As shown in Tables S7 and S8, the optimal reaction condition for photocatalytic methane conversion was 8%CH4+4%O2+88%Ar+ 165µL H2O2+ 20 mL H2O for TiO2{001}-C3N4-0.1, 8%CH4+4%O2+88%Ar+ 55 µL H2O2+ 20 mL H2O for TiO2{100}-C3N4-0.1 and 8%CH4+4%O2+88%Ar+ 22 µL H2O2+ 20 mL H2O for TiO2{101}-C3N4-0.1 at 298 K, which were employed for other experiments. 


Table S9. Photocatalytic performance of TiO2{001}-C3N4 composites with different TiO2:C3N4 molar ratios in aqueous-phase photocatalytic conversion of methane under the reaction condition of 8%CH4+ 4%O2+88% Ar+ 165 µL H2O2+ 20 mL H2O at 298 K. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm. NT indicates “not detected”.

	Catalyst
	CH4 conversion rate
(μmol g−1 h−1)
	Selective of product (%)
	Selectivity of liquid-phase products (%)

	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	COx
	

	TiO2 {001}-C3N4-0.08
	479.2
	5.1
	11
	0.1
	12.7
	65.3
	5.8
	94.2

	TiO2 {001}-C3N4-0.1
	696.3
	3.8
	7.6
	0.5
	15.3
	69.8
	3
	97

	TiO2 {001}-C3N4-0.13
	546.5
	4.9
	0
	0.4
	17
	60.7
	17
	83

	TiO2 {001}-C3N4-0.22
	168.8
	6.6
	0
	9.3
	16.4
	12.9
	54.8
	45.2

	TiO2 {001}-C3N4-1.75
	145.3
	12.5
	0
	0.9
	14.7
	16.3
	55.6
	44.4




















Table S10. Photocatalytic performance of various photocatalysts in aqueous-phase photocatalytic conversion of methane under the optimal reaction conditions for different reaction times at 298 K. Photocatalyst amount: 20 mg; stirring speed: 500 rpm. NT indicates “not detected”.

	Catalyst
	Reaction condition
	Time
	CH4 conversion rate
(μmol g−1 h−1)
	Product selectivity (%)
	Selectivity of liquid-phase products (%)

	
	
	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	COx
	

	TiO2{001}
	8%CH4+1.6%O2+90.4%Ar+110 μL H2O2+20 mL H2O 
	2h
	23.1
	14.9
	NT
	NT
	NT
	50.3
	34.8
	65.2

	
	
	5h
	69.7
	16.8
	NT
	NT
	NT
	53.9
	29.3
	70.7

	
	
	8h
	84.3
	6.4
	NT
	NT
	NT
	31.7
	61.9
	38.1

	TiO2{100}
	8%CH4+1.6%O2+90.4%Ar+55 μL H2O2+20 mL H2O
	2h
	17.4
	59.9
	NT
	NT
	NT
	NT
	40.1
	59.9

	
	
	5h
	50.3
	63.4
	NT
	NT
	NT
	NT
	36.6
	63.4

	
	
	8h
	78.2
	29.1
	NT
	NT
	NT
	NT
	70.9
	29.1

	TiO2{101}
	8%CH4+1.6%O2+90.4%Ar+55 μL H2O2+20 mL H2O
	2h
	9.7
	NT
	28.4
	NT
	NT
	NT
	71.6
	28.4

	
	
	5h
	29.2
	NT
	27.5
	NT
	NT
	NT
	72.5
	27.5

	
	
	8h
	40.2
	NT
	11.8
	NT
	NT
	NT
	88.2
	11.8

	TiO2{001}-C3N4-0.1
	8%CH4+4%O2+90.4%Ar+ 165 μL H2O2+20 mL H2O
	5h
	335.2
	3.9
	0
	0.9
	18.6
	63.8
	12.8
	87.2

	
	
	8h
	696.3
	3.8
	7.6
	0.5
	15.3
	69.8
	3
	97

	
	
	12h
	736.8
	0
	0
	0.7
	20.4
	67
	11.9
	88.1

	TiO2{100}-C3N4-0.1
	8%CH4+1.6%O2+90.4%Ar+55 μL H2O2+20 mL H2O
	5h
	137.4
	47.9
	36.3
	NT
	NT
	NT
	15.8
	84.2

	
	
	8h
	195.9
	55.3
	26.7
	NT
	NT
	NT
	18
	82

	
	
	12h
	258.3
	38.5
	7.3
	NT
	NT
	NT
	54.2
	45.8

	TiO2{101}-C3N4-0.1
	8%CH4+1.6%O2+90.4%Ar+22 μL H2O2+20 mL H2O
	5h
	71.9
	NT
	41.9
	NT
	NT
	NT
	58.1
	41.9

	
	
	8h
	108.4
	NT
	37.7
	NT
	NT
	NT
	62.3
	37.7

	
	
	12h
	158.3
	NT
	18.4
	NT
	NT
	NT
	81.6
	18.4








Table S11. Photocatalytic performance of TiO2(001) and TiO2{001}-C3N4-0.1 in aqueous-phase photocatalytic conversion of methane under the optimal reaction conditions at 298 K using O2 and 18O2. Photocatalyst amount: 20 mg; stirring speed: 500 rpm. NT indicates “not detected”. Reaction condition for TiO2(001): 8%CH4+1.6%O2+90.4%Ar+110 μL H2O2+20 mL H2O; time: 5 h. Reaction condition for TiO2{001}-C3N4-0.1: 8%CH4+4%O2+88%Ar+ 165 μL H2O2+20 mL H2O; time: 8 h.

	Catalyst
	oxygen
	CH4 conversion rate
(μmol g−1 h−1)
	Product selectivity (%)
	Selectivity of liquid-phase products (%)
	H2O2 Decomposition (%)
	H2O2 utilization efficiency (%)

	
	
	
	CH3OH
	CH3OOH
	CH3CH2OH
	CH3COOH
	HCOOH
	COx
	
	
	

	TiO2{001}
	O2
	69.7
	16.8
	NT
	NT
	NT
	53.9
	29.3
	70.7
	100
	32.1

	
	18O2
	61.2
	18.3
	NT
	NT
	NT
	49.5
	32.2
	67.8
	100
	30.7

	TiO2{001}-C3N4-0.1
	O2
	696.3
	3.8
	7.6
	0.5
	15.3
	69.8
	3
	97
	100
	93.3

	
	18O2
	675.7
	3.1
	6.9
	0.3
	18.9
	66.6
	4.2
	95.8
	100
	91.8



[bookmark: _GoBack]As described in the Materials & Methods section, when O2 was used, nO2 reacted was calculated from the amount of products and the ratio of the products formed by O2 based on the isotope-labelling results for the calculations of H2O2 utilization efficiency, and when 18O2 was used, n18O2 reacted was calculated by (n(18O2)before reaction-n(18O2)after reaction), in which n(18O2) was quantified using GC-MS (as shown above). It can be seen that the data calculated by both methods were almost the same.
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Figure S3. 1H NMR spectra of liquid-phase products of aqueous-phase photocatalytic conversion of methane over TiO2{001}-C3N4-0.1 under the reaction condition of 8%CH4+ 4%O2+88% Ar+ 165 µL H2O2+ 20 mL H2O at 298 K using CH4 or 13CH4. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm.
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Figure S4. As measured mass spectra of liquid-phase products of aqueous-phase photocatalytic conversion of methane over TiO2{001} NCs under the reaction condition of 8%CH4+1.6%O2+90.4% Ar+110 µL H2O2+20 mL H2O at 298 K using H2O+O2+H2O2, H2O+18O2+H2O2, or H218O+O2+H2O2. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm.
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Figure S5. Mass spectra of (a) methanol and (b) formic acid formed during aqueous-phase photocatalytic conversion of methane over TiO2{001} NCs under the reaction condition of 8%CH4+1.6%O2+90.4% Ar+110 µL H2O2+20 mL H2O at 298 K using H2O+O2+H2O2, H2O+18O2+H2O2, or H218O+O2+H2O2. These spectra were derived from those in Figure S4 by subtracting the contributions of fragments based on the NIST standard mass spectra of methanol (https://webbook.nist.gov/cgi/cbook.cgi?ID=C67561&Units=SI&Mask=200#Mass-Spec) and formic acid (https://webbook.nist.gov/cgi/cbook.cgi?ID=C64186&Units=SI&Mask=200#Mass-Spec) as the following:
CH3OH: I32-CH3OH=I32-peak; I31-CH3OH=I32-CH3OH/0.744; I29-CH3OH=I31-CH3OH*0.446
CH318OH: I34-CH318OH=I34-peak; I33-CH318OH=I34-CH318OH/0.744; I31-CH318OH=I33-CH318OH*0.446
HCOOH: I46-HCOOH=I46-peak; I45-HCOOH=I46-HCOOH*0.664; I29-HCOOH=I46-HCOOH*0.582
HCO18OH: I48-HCO18OH =I48-peak; I47-HCO18OH =I48-HCO18OH*0.664; I31-HCO18OH= I48-HCO18OH* 0.582
The reliability of our analysis was proved by comparing I29-peak with (I29-CH3OH+I29-HCOOH) and I31-peak with (I31-CH3OH+I31-CH318OH+I31-HCO18OH). The error between I29-peak and (I29-CH3OH+I29-HCOOH) was 1%, 0.7% and 1.13% for the cases of H2O+O2+H2O2, H2O+18O2+H2O2, or H218O+O2+H2O2, respectively, and the error between I31-peak and (I31-CH3OH+I31-CH318OH+I31-HCO18OH) was 0.73% for the case of H2O+18O2+H2O2.
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Figure S6. As measured mass spectra of liquid-phase products of aqueous-phase photocatalytic conversion of methane over TiO2{001}-C3N4-0.1 under the reaction condition of 8%CH4+4%O2+88% Ar+165 µL H2O2+20 mL H2O at 298 K using H2O+O2+H2O2, H2O+18O2+H2O2, or H218O+O2+H2O2. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm. Mass spectra of methanol, formic acid, ethanol and acetic acid shown in Figure 2 a-d were derived from these spectra by subtracting the contributions of fragments based on the NIST standard mass spectra of methanol (https://webbook.nist.gov/cgi/cbook.cgi?ID=C67561&Units=SI&Mask=200#Mass-Spec), formic acid (https://webbook.nist.gov/cgi/cbook.cgi?ID=C64186&Units=SI&Mask=200#Mass-Spec), ethanol (https://webbook.nist.gov/cgi/cbook.cgi?ID=C64175&Units=SI&Mask=200#Mass-Spec) and acetic acid (https://webbook.nist.gov/cgi/cbook.cgi?ID=C64197&Units=SI&Mask=200#Mass-Spec) as the following:
CH3OH: I32-CH3OH=I32-peak; I31-CH3OH=I32-CH3OH/0.744; I29-CH3OH=I31-CH3OH*0.446
CH318OH: I34-CH318OH=I34-peak; I33-CH318OH=I34-CH318OH/0.744; I31-CH318OH=I33-CH318OH*0.446
HCOOH: I29-HCOOH=I29-peak-I29-CH3OH; I46-HCOOH=I29-HCOOH/0.582; I45-HCOOH= I46-HCOOH*0.664
CH3CH2OH: I46-CH3CH2OH=I46-peak-I46-HCOOH; I31-CH3CH2OH=I46-CH3CH2OH/0.246; I45-CH3CH2OH=I31-CH3CH2OH*0.573
HCO18OH: I31-HCO18OH=I31-peak-I31-CH3OH-I31-CH318OH-I31-CH3CH2OH; I48-HCO18OH =I31-HCO18OH/0.582; I47-HCO18OH =I48-HCO18OH*0.664
CH3CH218OH: I33-CH3CH218OH=I33-peak-I33-CH3CH2OH; I47-CH3CH218OH=I33-CH3CH218OH*0.573; I48-CH3CH218OH=I33-CH3CH218OH*0.246
CH3C18O18OH: I49-CH3C18O18OH=I49-peak; I45-CH3C18O18OH=I49-CH3C18O18OH/0.9
CH3CO18OH: I47-CH3CO18OH=I47-peak-I47-HCO18OH-I47-CH3CH218OH; I43-CH3CO18OH=I47-CH3CO18OH/0.9
CH3COOH: I43-CH3COOH=I43-peak-I43-CH3CO18OH; I45-CH3COOH=I43-CH3COOH*0.9
The reliability of our analysis was proved by comparing I45-peak with (I45-HCOOH+ I45-CH3CH2OH+ I45-CH3C18O18OH+ I45-CH3COOH). The error between I45-peak and (I45-HCOOH+ I45-CH3CH2OH+ I45-CH3C18O18OH+ I45-CH3COOH) was 0.68%, 1.13% and 0.55% for the cases of H2O+O2+H2O2, H2O+18O2+H2O2, or H218O+O2+H2O2, respectively.
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Figure S7. (a) As measured mass spectrum of liquid-phase products of aqueous-phase photocatalytic conversion of methane over TiO2{001}-C3N4-0.1 under the reaction condition of 8%CH4+4%18O2+88% Ar+165 µL H2O2+20 mL H218O at 298 K. Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm. Mass spectra of (b) methanol, (c) formic acid, (d) ethanol and (e) acetic acid derived from the as –measured mass spectrum in Figure S7a by subtracting the contributions of fragments based on the NIST standard mass spectra of methanol (https://webbook.nist.gov/cgi/cbook.cgi?ID=C67561&Units=SI&Mask=200#Mass-Spec), formic acid (https://webbook.nist.gov/cgi/cbook.cgi?ID=C64186&Units=SI&Mask=200#Mass-Spec), ethanol (https://webbook.nist.gov/cgi/cbook.cgi?ID=C64175&Units=SI&Mask=200#Mass-Spec) and acetic acid (https://webbook.nist.gov/cgi/cbook.cgi?ID=C64197&Units=SI&Mask=200#Mass-Spec) as described in the caption of Figure S6. The reliability of our analysis was proved by comparing I45-peak with (I45-HCOOH+ I45-CH3CH2OH+ I45-CH3C18O18OH+ I45-CH3COOH). The error between I45-peak and (I45-HCOOH+ I45-CH3CH2OH+ I45-CH3C18O18OH+ I45-CH3COOH) was 0.47% for the case of H218O+18O2+H2O2.
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Figure S8. GC-MS spectra of (a and b) blank test, (c and d) gas-phase products of aqueous-phase photocatalytic conversion of methane over TiO2{001} NCs under the reaction condition of 8%CH4+1.6%O2+90.4% Ar+110 µL H2O2+20 mL H2O at 298 K using H2O+18O2+H2O2 (Photocatalyst amount: 20 mg; reaction time: 5 hours; stirring speed: 500 rpm), and (e and f) over TiO2{001}-C3N4-0.1 under the reaction condition of 8%CH4+4%O2+88% Ar+165 µL H2O2+20 mL H2O at 298 K using H2O+18O2+H2O2 (Photocatalyst amount: 20 mg; reaction time: 8 hours; stirring speed: 500 rpm). The HP-5MS column in the used Trace GC/ISQ MS was not able to separate CO, N2, O2, Ar and CO2, and the mass spectra were measured over across the time range indicated in the GC spectra by the red rectangle.
.
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Figure S9. In situ ESR spectra of H2O (5 mL H2O+3µL DMPO), H2O+O2 (O2 +5 mL H2O+3µL DMPO), H2O+H2O2 (10µL H2O2+5 mL H2O+3µL DMPO) and H2O+O2+H2O2 (O2+10µL H2O2+5 mL H2O+3µL DMPO) solutions under UV light illumination in the presence of DMPO over (a) TiO2{100} NCs and TiO2{100}-C3N4-0.1 composites and (b) TiO2{101} NCs and TiO2{101}-C3N4-0.1 composites at 298 K. All spectra were taken after 2 min’s UV light illumination. Photocatalyst amount: 2.5 mg. 
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Figure S10. In situ ESR spectra of O2 in methanol (O2 +5 mL CH3OH+3µL DMPO) under UV light illumination in the presence of DMPO and methanol over TiO2 NCs and TiO2-C3N4 composites at 298 K. All spectra were taken after 2 min’s UV light illumination. Photocatalyst amount: 2.5 mg.
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Figure S11. (a) UV-vis DRS spectra of TiO2 NCs and TiO2 NCs-C3N4-0.1 composites. The inset shows calculated band gaps. Valence-band XPS spectra with indicated valence band edges of (b) TiO2 NCs and (c) TiO2 NCs-C3N4-0.1 composites. (d) Band structures of TiO2 NCs and TiO2 NCs-C3N4-0.1 composites derived from UV-vis DRS spectra (band gap) and valence-band XPS spectra (valence band edge).
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Figure S12. In situ ESR spectra of CH4+isopropyl alcohol mixture (CH4 +5 mL isopropyl alcohol+3µL DMPO) under UV light illumination in the presence of DMPO over TiO2 NCs and TiO2 NCs-C3N4-0.1 composites at 298 K. All spectra were taken after 2 mins’ UV light illumination. Photocatalyst amount: 2.5 mg.
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Figure S13. In situ ESR spectra of CH4+methanol mixture (CH4 +5 mL CH3OH+3µL DMPO) under UV light illumination in the presence of DMPO over TiO2 NCs and TiO2 NCs-C3N4-0.1 composites at 298 K. All spectra were taken after 2 min’s UV light illumination. Photocatalyst amount: 2.5 mg.
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Figure S14. In situ ESR spectra of H2O+H2O2 mixture (CH4+10µL H2O2+5 mL H2O+3µL DMPO) under UV light illumination in the presence of DMPO over (a) TiO2 NCs and (b) TiO2 NCs-C3N4-0.1 composites at 298 K. All spectra were taken after 2 min’s UV light illumination. Photocatalyst amount: 2.5 mg.
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Figure S15. In situ ESR spectra of CH4+isopropyl alcohol mixture (CH4 +5 mL isopropyl alcohol+3µL DMPO) under UV light illumination in the presence of DMPO over (a) TiO2 NCs and (b) TiO2 NCs-C3N4-0.1 composites at 298 K. All spectra were taken after 2 min’s UV light illumination. Photocatalyst amount: 2.5 mg.
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Figure S16. (a) EPR spectra, (b) EIS and (c) PL spectra of TiO2 NCs and TiO2 NCs-C3N4-0.1 composites.
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Figure S17. (a) Ti L-edge, (b) O K-edge, (c) N K-edge and (d) C K-edge NEXAFS spectra of TiO2{100} NCs (black line), TiO2{100} NCs-C3N4-0.1 composite (red line) and C3N4 (blue line) in dark (thick line) and under UV light illumination (thin line).

















[image: Fig.S18]
Figure S18. (a) Ti L-edge, (b) O K-edge, (c) N K-edge and (d) C K-edge NEXAFS spectra of TiO2{101} NCs (black line), TiO2{101} NCs-C3N4-0.1 composite (red line) and C3N4 (blue line) in dark (thick line) and under UV light illumination (thin line).

















[image: S19]
Figure S19. TCD signals of adsorption/desorption processes of CH4 on TiO2 NCs and TiO2 NCs-C3N4-0.1 composites at -100 °C.






















[image: S20]
Figure S20. Heat flow of adsorption/desorption processes of CH4 on TiO2 NCs and TiO2 NCs-C3N4-0.1 composites at -100 °C.





















[image: S21]
Figure S21. Calculated adsorption/desorption heats of CH4 on TiO2 NCs and TiO2 NCs-C3N4-0.1 based on the results shown in Figures 19 and 20.


























Table S11. Assignments of vibrational bands observed in the in situ DRIFTS spectra shown in Figure 4.

	Assignment
	Wavenumber (cm-1)

	CH3
	1473 cm-1

	CH2
	1445 cm-1

	CH3OH
	1019 and 1092 cm-1

	CH3O
	1042 and 1156 cm-1

	CH2O
	1712 cm-1

	HCOO
	1526, 1556 and 1564 cm-1

	HCOOH
	1664 cm-1

	Carbonates species
	1504 and 1592 cm-1

	HCOOH species
	1760 and 1782 cm-1

	gaseous CH4 species
	1304 cm-1

	gaseous CO
	2135 and 2170 cm-1

	gaseous CO2
	2340 and 2360 cm-1
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Figure S22. DRIFTS spectra of methanol and formic acid adsorption on TiO2 NCs at 298 K.
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Figure S23. Optimized structures of (a) anatase TiO2(001), (b) (100) and (c) (101) surfaces.
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Figure S24. Optimized structures with corresponding adsorption energies of H2O2 adsorption on (a) bare TiO2 (001), (100) and (101) surfaces and (b) O2-covered TiO2 (001), (100) and (101) surfaces.
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Figure S25. Optimized structures with corresponding adsorption energies of O2 adsorption on (a) TiO2(001), (b) (100) and (c) (101) surfaces.






























[image: F:\Submitted\H2O2UtilizationEfficiency-SunX\SupportingInformation\FigureS26.tif]
Figure S26. Optimized structures with corresponding adsorption energies of CH4 adsorption on (a) TiO2 (001), (b) (100) and (c) (101) surfaces.
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Figure S27. Optimized structures with corresponding adsorption energies of CH3OOH adsorption on (a) TiO2 (001), (b) (100) and (c) (101) surfaces.
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Figure S28. Optimized structures with corresponding adsorption energies of molecular and dissociative CH3OH adsorption on (a and b) TiO2 (001), (b and d) (100) and (c and f) (101) surfaces.
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