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2.3 Material Characterizations and Photocatalytic (Photoelectrochemical) Tests
2.3.1 Material Characterizations
The surface morphology of the photocatalysts was examined using scanning electron microscopy (SEM, ZEISS SIGMA-500) and transmission electron microscopy (TEM, JEOL JEM-2100), acceleration voltage of 20 kV. Elemental composition was analyzed by energy-dispersive X-ray spectroscopy (EDX, JED-2300T) at an accelerating voltage of 20 kV. Fourier-transform infrared spectroscopy (FTIR, Nicolet IS10) was employed to identify surface functional groups, and the crystal structure was determined by X-ray diffraction (XRD, Bruker D8). The chemical states of the elements were characterized using X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB 250xi), 284.8 eV was used as an exogenous carbon correction peak. UV-visible diffuse reflectance spectra (DRS, Shimadzu UV-2600) were recorded with BaSO4 as the reference material. Photoluminescence (PL) emission spectra were obtained using a fluorescence spectrophotometer (Jasco FP-8300). 
[bookmark: _Hlk177669194]2.3.2 Photoelectrochemical Measurement
Photoelectrochemical measurements were conducted using a standard three-electrode system on a CHI 650E electrochemical workstation, with 0.1 M sodium sulfate solution serving as the electrolyte. The working electrode was prepared by dispersing the photocatalyst (10.0 mg) in a mixture of ethanol (1.00 mL) and Nafion (20 μL), followed by 30 minutes of ultrasonication. The resulting dispersion was uniformly coated onto fluorine-doped tin oxide (FTO) glass and dried in an oven at 60 °C. A platinum wire and an Ag/AgCl electrode were used as the counter and reference electrodes, respectively. Photocurrent measurements were performed under visible light irradiation for 300 seconds using a 300 W xenon lamp. Electrochemical impedance spectroscopy (EIS) was conducted within a frequency range of 0.01 Hz to 100 kHz under the same three-electrode setup. The open circuit voltage was used as the reference for parameterization. Mott-Schottky plots were recorded at an AC voltage amplitude of 5 mV with frequencies of 500 and 1000 Hz.
2.3.3 Photocatalytic Hydrogen Experiments
Typically, 20 mg of catalyst was dispersed in 50 mL of an aqueous methanol solution (CH3OH, 20 vol%), with 1% K2PtCl6 added as a co-catalyst deposited onto the catalytic material. The reaction system was then degassed for 30 min and irradiated using a 300 W xenon lamp equipped with a 400 nm cutoff filter. The photocatalytic reaction was conducted under a constant-temperature circulating water bath (10 ± 0.5°C). The amount of H2 generated during the reaction was monitored using a gas chromatograph (GC-7920, TCD detector, high-purity N2 as carrier gas).
Hydrogen volume was quantified via the gas chromatography system, and the amount of evolved hydrogen was calculated based on a calibration curve (Figure S1) to determine hydrogen production yield and rate.
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Fig S1. H2 calibration curve
Under identical illumination conditions to those employed in the hydrogen evolution experiments, the apparent quantum efficiency (AQE) of hydrogen evolution for each catalyst was investigated1.


Where, C is the H2 production amount (mol) per hour; NA is the Avogadro constant (6.02×1023 mol−1); S is the irradiation area (cm2); P is the monochromatic light intensity (W⋅cm−2); t is the light irradiation time (s); λ is the wavelength of the monochromatic light (nm); h is the Plank constant (6.626×10−34 J⋅s); c is the speed of light (3×108 m⋅s−1).
3 Results and discussion
3.1 Elemental and Structural Analysis
Table S1. The elemental percentages in Cs/PTCN-3 were determined via Energy Dispersive X-ray Spectroscopy.
	Elemental
	C
	N
	P
	Cs

	Atom%
	64.18
	33.91
	0.03
	1.88
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Fig.S2 (a)BJH pore size distribution from adsorption branch, (b)surface area of PTCN and Cs/PTCN-3
3.2 Evaluation of Photocatalytic Hydrogen Evolution Performance
[image: ]
Fig.S3 Comparison of hydrogen evolution performance via photocatalytic water splitting with other catalytic systems reported in the literature2-17.
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