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Fig. S1 HRTEM image of Cu-TiO2/Ti sample. 
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Fig. S2 XRD patterns of Ti NPs, TiO2/Ti, and TiO2 samples, respectively.
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Fig. S3 XRD patterns of TiO2/Ti and Cu-TiO2/Ti samples.
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Fig. S4 Elemental mapping images of Cu-TiO2/Ti sample.
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Fig. S5 Ti K-edge XANES spectra for Ti NPs, TiO2, and Cu-TiO2/Ti samples.
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Fig. S6 Ti 2p spectra for Ti NPs, Cu-TiO2/Ti, and TiO2 samples.
[image: image7.jpg]Intensity (a.u.)

Experiment
—— Simulation(Ti*0.6+TiO,*0.4)
—— Ti NPs*0.6
——Ti0,*0.4

4950 5050
Photon energy (eV)

5150




Fig. S7 Linear combination fitting of Ti K-edge XANES spectra for Cu-TiO2/Ti sample.
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Fig. S8 a Cu K-edge XANES spectra for Cu foil, CuO, and Cu-TiO2/Ti. b Cu K-edge k2-weighted Fourier transform spectra for Cu foil, CuO, and Cu-TiO2/Ti. c Cu K-edge k2-weighted Fourier transform spectrum and the corresponding fitting curve of Cu-TiO2/Ti.
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Fig. S9 Wavelet transform of Cu K-edge EXAFS data for a Cu foil and b Cu-TiO2/Ti.
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Fig. S10 STEM-HAADF image of Cu-TiO2/Ti.
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Fig. S11 Photograph of the reaction apparatus.
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Fig. S12 H2 yield rates over TiO2/Ti-200, TiO2/Ti, and TiO2/Ti-600 samples, respectively (Light intensity: 500 mW/cm2).
Note: TiO2/Ti-200 and TiO2/Ti-600 were synthesized by annealing Ti NPs at 200 ºC and 600 ºC for 1 h under the atmosphere of air, respectively.
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Fig. S13 a The UV-vis absorption spectra of HCHO solution with different concentrations. b The standard curve for HCHO detection.
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Fig. S14 a XRD patterns of Cu-TiO2/Ti before reaction and Cu-TiO2/Ti after reaction. b SEM image of Cu-TiO2/Ti after reaction. c Cu K-edge XANES spectra for Cu-TiO2/Ti before reaction and Cu-TiO2/Ti after reaction samples. d Cu K-edge k2-weighted Fourier transform spectra for Cu-TiO2/Ti before reaction and Cu-TiO2/Ti after reaction.
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Fig. S15 a The yield rates of H2, HCHO, and CO over Cu-TiO2/Ti under different light intensity. b H2 yield rates over Cu-TiO2/Ti under actual sunlight illumination.
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Fig. S16 H2 yield rates over Cu-TiO2/Ti under actual sunlight illumination from three independent experiments for three days.
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Fig. S17 Photocatalytic reaction apparatus under natural sunlight.
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Fig. S18 The Ti RAS spectrum of Rutile.
Note:
A1: The A1 process corresponds to a core-level electron of 2p3/2 orbital being excited into the unoccupied t2g state of the 3d orbital by incident X-rays. The excited electron subsequently relaxes back to fill the 2p3/2 core hole, and the relaxation energy is transferred to the occupied 3p orbital, resulting in an electron of 3d orbital being excited above the vacuum level. This process is classified as a participator-type Auger decay.
A2: The A2 process corresponds to a core-level electron of 2p3/2 orbital being excited into the unoccupied eg state of the 3d orbital by incident X-rays. The excited electron subsequently relaxes back to fill the 2p3/2 core hole, and the relaxation energy is transferred to the occupied 3p orbital, resulting in an electron of 3d orbital being excited above the vacuum level. This process is classified as a participator-type Auger decay.
B1: The B1 process corresponds to a core-level electron of 2p3/2 orbital being excited into the unoccupied t2g state of the 3d orbital by incident X-rays. Subsequently, an electron from the occupied 3p orbital relaxes back to fill the 2p3/2 core hole, and the relaxation energy is transferred to an occupied valence-band orbital, ejecting an Auger electron above the vacuum level. This is a spectator-type Auger decay.
B2: The B2 process corresponds to a core-level electron of 2p3/2 orbital being excited into the unoccupied eg state of the 3d orbital by incident X-rays. Subsequently, an electron from the occupied 3p orbital relaxes back to fill the 2p3/2 core hole, and the relaxation energy is transferred to an occupied valence-band orbital, ejecting an Auger electron above the vacuum level. This is a spectator-type Auger decay.
B3: The B3 process corresponds to a core-level electron of 2p1/2 orbital being excited into the unoccupied t2g state of the 3d orbital by incident X-rays. The hole of 2p1/2 orbital undergoes a Coster-Kronig transition to 2p3/2 orbital. Subsequently, an electron from the occupied 3p orbital relaxes back to fill the 2p3/2 core hole, and the relaxation energy is transferred to an occupied valence-band orbital, ejecting an Auger electron above the vacuum level. This is a spectator-type Auger decay.
B4: The B4 process corresponds to a core-level electron of 2p1/2 orbital being excited into the unoccupied eg state of the 3d orbital by incident X-rays. The hole of 2p1/2 orbital undergoes a Coster–Kronig transition to 2p3/2 orbital. Subsequently, an electron from the occupied 3p orbital relaxes back to fill the 2p3/2 core hole, and the relaxation energy is transferred to an occupied valence-band orbital, ejecting an Auger electron above the vacuum level. This is a spectator-type Auger decay.
C1: The C1 process corresponds to a core-level electron of 2p1/2 orbital being excited into the unoccupied t2g state of the 3d orbital by incident X-rays. Subsequently, an electron from the occupied 3p orbital relaxes back to fill the 2p1/2 core hole, and the relaxation energy is transferred to an occupied valence-band orbital, ejecting an Auger electron above the vacuum level. This is a spectator-type Auger decay.
C2: The C2 process corresponds to a core-level electron of 2p1/2 orbital being excited into the unoccupied eg state of the 3d orbital by incident X-rays. Subsequently, an electron from the occupied 3p orbital relaxes back to fill the 2p1/2 core hole, and the relaxation energy is transferred to an occupied valence-band orbital, ejecting an Auger electron above the vacuum level. This is a spectator-type Auger decay.
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Fig. S19 a In situ XANES spectra for Cu-TiO2/Ti sample. b Average Cu oxidation state determination in dark, light and heat (maintained at 333 K) of Cu-TiO2/Ti, using the Cu K-edge energy shift of Cu foil, Cu2O, and CuO. c Cu K-edge k2-weighted Fourier transform spectra for Cu-TiO2/Ti and Cu-TiO2/Ti under heat (maintained at 333 K). d In situ Cu RAS spectra of Cu-TiO2/Ti in dark and heat (maintained at 333 K).
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Fig. S20 PL spectra of TiO2/Ti and Cu-TiO2/Ti samples.
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Fig. S21 Transient photocurrent response spectra of TiO2/Ti and Cu-TiO2/Ti samples.
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Fig. S22. EIS spectra of TiO2/Ti and Cu-TiO2/Ti samples.
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Fig. S23 EIS spectra of TiO2/Ti, Cu-TiO2/Ti samples under light and fitting.
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Fig. S24 a Calculated electronic density of states (DOS) of Cu-TiO2(110). b Calculated electronic density of states (DOS) of TiO2(110). c The corresponding charge distributions of locations Ⅰ from the top view. d The corresponding charge distributions of locations Ⅰ from the side view. The balls in light yellow, red, and blue represent O, Ti, and Cu atoms, respectively. The yellow and cyan colors represent electron accumulation and depletion, respectively.
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Fig. S25 H2 evolution reaction energy barriers over Cu site in ground and excited states.
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Fig. S26 The temperature of the liquid during the lighting process over Ti NPs, Cu-TiO2/Ti, TiO2/Ti and TiO2, respectively.
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Fig. S27 a Transient photocurrent response spectra of Cu-TiO2/Ti sample. b Transient photocurrent response spectra of Cu-TiO2 sample.
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Fig.S28 Photograph of Temperature Measurement Using a Contact Thermocouple under Practical Reaction Conditions.
Note: the temperature of the reaction solution under illumination was monitored using a calibrated K-type thermocouple probe, which was directly immersed in the liquid phase to ensure accurate and real-time temperature recording. The thermocouple was connected to a digital temperature acquisition system with an estimated measurement accuracy of ±0.5 °C.
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Fig. S29 Photograph of Temperature Measurement Using an Infrared Thermometer under Practical Reaction Conditions.
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Fig. S30 The yield rates of H2, HCHO, and CO over Cu-TiO2/Ti under different reaction temperatures with light (Light intensity: 500 mW/cm2).
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Fig. S31 The yield rates of H2, HCHO, and CO over Cu-TiO2/Ti under different reaction temperatures without light over Cu-TiO2/Ti.
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Fig. S32 a Photograph of the in situ XAFS setup. b Photograph of the in situ DRIFTS setup. c Photograph of the in situ RAS and SRPES detection principle.
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Fig. S33 The schematic diagram of the in situ SRPES detection principle.
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Fig. S34 a Potential-dependent free energies of the HCHO desorption process over Cu-TiO2(110) model surface at 333 K and 293 K, respectively. ΔE(ζa, ζb) is the free energy difference between two reaction coordinates. (ζa and ζb) and F(ζ) is the averaged constrained force. b Theoretical models of HCHO desorption over Cu-TiO2(110) model under different collective variable conditions.
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Fig. S35 Adsorption energy calculations of CH3OH molecule at Cu and Ti sites, respectively.
Table S1 The Cu content of Cu-TiO2/Ti before and after the cycling test.
	Catalyst
	Cu content before the cycling test
	Cu content after the cycling test

	Cu-TiO2/Ti
	0.45 wt.%
	0.43 wt%


Table S2 EXAFS fitting parameters at the Cu K-edge for various samples (Ѕ02=0.850).
	Sample
	Shell
	Na
	R(Å)b
	σ2(Å2)c
	ΔE0 (eV)d
	R factor

	Cu foil
	Cu-Cu
	12.0
	2.55
	0.0056
	4.5
	0.0019

	Cu-TiO2/Ti
	Cu-O
	4.7
	1.94
	0.0094
	5.9
	0.0007

	Cu-TiO2/Ti after reaction
	Cu-O
	4.5
	1.93
	0.0082
	-4.5
	0.0009

	Cu-TiO2/Ti 
under heat
	Cu-O
	4.7
	1.95
	0.0104
	0.3
	0.0006


Note: aN: coordination numbers. bR: bond distance. cσ2: Debye-Waller factors. dΔE0: the inner potential correction. R factor: goodness of fit. Ѕ02 was set to 0.85, according to the experimental EXAFS fit of Cu foil reference by fixing coordination numbers as the known crystallographic value. The fixed parameters are underlined.
Table S3 The yield rates of products and the selectivity of HCHO over Cu-TiO2/Ti
	Catalyst
	Yield rate (mmol h−1)
	Selectivity of HCHO (%)

	Cu-TiO2/Ti
	H2
	HCHO
	CO
	96.6

	
	0.511
	0.485
	0.017
	


Note: the selectivity of HCHO was calculated through the following equation:
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where nHCHO and nCO represent the amounts of substance generated HCHO and CO, respectively.
Table S4 The solar-convert-chemical conversion efficiency (SCC) over Cu-TiO2/Ti
	Catalyst
	SCC

	Cu-TiO2/Ti
	0.21%


Note: The solar-convert-chemical conversion efficiency (SCC) was calculated based on the overall Gibbs free energy change of the methanol dehydrogenation reaction:
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The efficiency was defined as:
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where [image: image39.png]


is the H2 production rate (mol·s⁻1), [image: image40.png]AG®



 is the standard Gibbs free energy change of the reaction (63.5 kJ·mol⁻1), [image: image41.png]


 is the incident light intensity (100 mW·cm⁻2), and [image: image42.png]


 is the irradiation area.
Table S5 Apparent quantum yield (AQY) of the reaction over Cu-TiO2/Ti and TiO2/Ti
	Catalyst
	AQY(365 nm)

	Cu-TiO2/Ti
	15.9 %

	TiO2/Ti
	4.3 %


Note: the AQY was calculated through the following equation:
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where Ne and Np represent the number of reacted electrons and incident photons, respectively, n is the number of electrons transferred during the generation of H2, M is the molar number of H2, and NA is Avogadro's constant. W, A, t, h, and ν are the incident light intensity, irradiation area, irradiation time, Planck constant, and incident light frequency, respectively. 
Table S6 The summary of the reported performance of H2 production from photocatalytic CH3OH activation on representative photocatalysts
	Catalysts
	Reaction conditions
	H2 yield
(mmol h−1)
	Stability
	Ref.

	0.5%Cu-TiO2/Ti
	333 K
300 W Xe lamp
	0.511
	102 h
	This
work

	0.75%Cu/TiO2
	Xe lamp (MAX-302)
	0.083
	20 h (4 cycles)
	[S1]

	Cu-THS
	Xe lamp
	0.063
	72 h (6 cycles)
	[S2]

	0.5%2D-2D MoS2/TiO2
	300 W Xe lamp
	0.215
	9 h (3 cycles)
	[S3]

	TiO2-UV100
	UV(A)-Vis illumination
(60 mW cm-2)
	0.3
	3 h
	[S4]

	0.5%Ni/TiO2
	UV SB-100P/F (365 nm)
	0.202
	3 h
	[S5]

	3%Li/TiO2
	Xe lamp
	0.052
	48 h (12 cycles)
	[S6]

	Ni-ZIS NCs
	365 nm LED
	0.141
	22 h
	[S7]

	2%Pt/TiO2
	300 W Xe lamp
	0.450
	24 h
	[S8]

	Pt/C3N4
	300 W Xe lamp
	0.22
	10 h
	[S9]

	Pt/(CNT-TiO2)ox-473
	Heraeus TQ 150 medium pressure mercury vapor lamp
	0.25
	2 h
	[S10]

	C-0.8Pt/TiO2
	300 W Xe lamp
	0.267
	18 h
	[S11]

	FePS3-TiO2
	350 W Xe lamp
	0.0061
	9 h
	[S12]

	Cu2O/TiO2
	300 W Xe lamp
	0.1523
	12 h
	[S13]

	MoS2/TiO2
	365 LED
	0.122
	12 h
	[S14]


Table S7 Quantitative Peak Area Ratio of A1 (Participant Decay) and B1 (Spectator Decay) in the Ti RAS Spectrum.
	Catalysts
	A1
	B1

	TiO2/Ti
	14.4%
	85.6%

	Cu-TiO2/Ti
	7.5%
	92.5%


Table S8 The light intensity and sample-to-Xenon lamp distance in photocatalytic experiments and different in situ characterization measurements.

	Application
	Sample-to-Xenon lamp distance
	Light intensity at the sample

	Photocatalytic experiments
	10 cm
	500 mW/cm2

	In situ DRIFTS 
	2 cm
	500 mW/cm2

	In situ XAFS
	3 cm
	500 mW/cm2

	In situ RAS/SRPES
	～20 cm
	～500 mW/cm2


Note: During the in situ experiments, the light intensity at the reaction system was maintained at 500 mW/cm2 by adjusting the lamp current, as measured with an optical power meter (MC-PM100B, Beijing Merry Change Technology Co., Ltd.). As for the in situ RAS and in situ SRPES measurements, the sample was located inside a vacuum chamber, making it impossible to directly measure the actual light intensity at the sample position. We therefore recorded the distance from the Xe lamp to the sample (20 cm) and adopted the lamp current that, under ambient conditions, yields 500 mW/cm2 at a distance of 20 cm. The influence of the window medium was also taken into account to ensure that the light intensity at the sample position was as close as possible to 500 mW/cm2.
Table S9 Quantitative Peak Area Ratio of Cu+ and Cu2+ in the Cu RAS Spectrum.
	Status
	Cu2+
	Cu+

	Light
	59.0%
	41.0%

	Dark
	~100%
	-

	Heat
	~100%
	-


Table S10 The EIS fitting data of TiO2/Ti, Cu-TiO2/Ti samples under light

	Sample
	Rs (solution: Ω)
	Rct (catalyst: Ω)
	QPE-Q
	QPE-n

	Cu-TiO2/Ti
	44.98
	14308
	8.9298E-6
	0.94933

	TiO2/Ti
	48.97
	16180
	8.0095E-6
	0.96183


Note: The Rs represents the series resistance at the interface between the photoelectrode material and FTO substrate, while Rct corresponds to charge-transfer resistance within catalysts. QPE element was introduced to describe the non-ideal capacitive behavior arising from surface heterogeneity and roughness. 
Table S11 An analysis of the photothermal and photochemical contribution

	Status
	H2
	HCHO

	Thermal catalysis @293 K (mmol h−1)
	--
	--

	Thermal catalysis @333 K (mmol h−1)
	0.019
	0.017

	Light catalysis @ 293 K (mmol h−1)
	0.117
	0.082

	Light catalysis @333 K (mmol h−1)
	0.511
	0.485

	Photothermal contribution (mmol h−1)
	0.019
	0.017

	Photochemical contribution (mmol h−1)
	0.117
	0.082

	Synergistic contribution of photothermal and photochemical effects (mmol h−1)
	0.375
	0.386

	Photothermal contribution
	3.7%
	3.5%

	Photochemical contribution
	22.9%
	16.9%

	Synergistic contribution of photothermal and photochemical effects
	73.4%
	79.6%


Table S12 Quantitative relative peak areas of the in situ C 1s SRPES spectra.
	Light + condensate 
(maintained at 293 K)
	COx*
	CH2O*
	CH3O*
	CH3OH*

	5 min
	4.31%
	6.98%
	26.63%
	62.08%

	15 min
	10.76%
	10.50%
	29.24%
	49.50%

	30 min
	17.55%
	13.45%
	30.92%
	38.08%

	Light 
(maintained at 333 K)
	COx*
	CH2O*
	CH3O*
	CH3OH*

	5 min
	9.59%
	24.98%
	27.73%
	37.70%

	15 min
	10.41%
	25.20%
	32.69%
	31.70%

	30 min
	9.02%
	50.02%
	12.49%
	28.47%
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