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Supplementary Fig. S1. (a) Side view (left), top view (middle) and main view (right) of the different binding positions of Rh atoms and VP surface. (b) Side view (left), top view (middle) and main view (right) of the different binding positions of Rh atoms and VP edge. The P and Rh atoms are represented by violet and green spheres, respectively.
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Supplementary Fig. S2. (a) Side view (left), top view (middle) and main view (right) of the different binding positions of Rh atoms and BP surface. (b) Side view (left), top view (middle) and main view (right) of the different binding positions of Rh atoms and BP edge. The P and Rh atoms are represented by black and green spheres, respectively.
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Supplementary Fig. S3. Electron (left) and hole (right) effective masses along the a, b, and c axes for BP and BP with edge-decorated Rh NPs, respectively.




[image: 图示

描述已自动生成]
Supplementary Fig. S4. Schematic diagram of synthesis process over VP/BP-Rh composite.
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Supplementary Fig. S5. Schematic diagram of synthesis process over VP/BP composite.
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Supplementary Fig. S6. FTIR spectra of the VP, VP/BP and VP/BP-Rh samples.



[image: 图表, 直方图

描述已自动生成]
Supplementary Fig. S7. XPS survey of (a) VP and (b) VP/BP-Rh.
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Supplementary Fig. S8. AFM image of (a-b) VP, (c-d) VP/BP and (e-f) VP/BP-Rh in the dark and light.
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Supplementary Fig. S9. UV-Vis DRS measurements of VP, VP/BP and VP/BP-Rh.
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Supplementary Fig. S10. (a) UV/Vis DRS spectra; (b) Plots of (αhn)1/2 vs. photon energy (hn) of all samples; (c) electrochemical Mott-Schottky plots and (d) band structures of all samples.
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[bookmark: OLE_LINK20][bookmark: _Hlk203598866]Supplementary Fig. S11. (a) PL spectral profile and (b) TRPL decay kinetics of VP/BP and VP/BP-Rh.
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Supplementary Fig. S12. (a) Front view of photocatalytic water vapor splitting reactor. (b) The photo of the VP/BP-Rh supported on C-wood. (c) Top view of the VP/BP-Rh/C-wood system floating on water.




[image: 图形用户界面, 应用程序

描述已自动生成]
[bookmark: OLE_LINK21]Supplementary Fig. S13. The temperature variation of the VP/BP-Rh surface with respect to illumination time: (a) 1 min; (b) 60 min; (c) 90 min; (d) 120 min.
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Supplementary Fig. S14. Photograph of the water vapor generation of the VP/BP-Rh supported on C-wood under the simulated solar irradiation.
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Supplementary Fig. S15. Photos of H2 bubbles on the VP/BP-Rh surface after 120 min photorecation.



In the photocatalytic water vapor splitting system, the water desorption is one of the main factors affecting HER efficiency. And surface hydrophilicity of catalysts was revealed by contact-angle measurement of H2O. Particularly, pristine VP showed hydrophobic surface with a contact angle of 65.2°. In contrast, VP/BP was surface hydrophilic with the water contact angle of 15.4°, particularly, VP/BP-Rh showed more significant hydrophilicity as water is completely spread out on it, as it can be attributed to the hydrophilicity of Rh nanoparticles that are contacted with water.
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Supplementary Fig. S16. Water contact angle measurement for (a) VP, (b) VP/BP and (c) VP/BP-Rh samples.
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Supplementary Fig. S17. Comparison of the HER performance for different amounts of BP of VP/BP-X (X=1, 3).
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[bookmark: OLE_LINK23]Supplementary Fig. S18. Comparison of the HER performance for (a) different loading amount of Rh of VP/BP-Rh and (b) Rh-decorated samples.
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Supplementary Fig. S19. TEM images for Rh-VP/BP with surface-loaded Rh NPs.
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Supplementary Fig. S20. TEM images for (a) VP/BP-Pt, (b) VP/BP-Ag and (c) VP/BP-Au with edge-loaded noble metal NPs
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Supplementary Fig. S21. (a) The action spectra and AQY spectra with the catalysts of VP/BP-Rh in liquid-solid system. (b) Comparison of the AQY for 420 nm in liquid-solid and gas–solid-dominated reaction system.
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Supplementary Fig. S22. Photocatalytic water vapor-to-H2 stability for recycles over VP/BP-Rh.
.
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Supplementary Fig. S23. Possible structures of H2O on the (a) surface (b) and edge of VP/BP-Rh.




[bookmark: _Hlk194498137][bookmark: OLE_LINK16]The photocatalytic HER pathways of liquid and gas-phase H2O molecules on the surface active sites of VP/BP-Rh photocatalyst are investigated by density functional calculation (Fig. S24). In our calculation, the conversion of liquid *H2O into *H is the rate-determining step in both gas-solid and liquid-solid systems during HER process, but the Gibbs free energy is lower in the gas-solid system (0.82 eV) than in the liquid-solid system (0.93 eV), which further indicates that accelerated HER process in the gas-solid interfaces over VP/BP-Rh.
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[bookmark: OLE_LINK6]Supplementary Fig. S24. Possible spossible adsorption configuration of of *H2O and *H on VP/BP-Rh surface.
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[bookmark: _Hlk210256883][bookmark: _Hlk210256709][bookmark: _Hlk199879547]Supplementary Fig. S25. Raw liquid 1H nuclear magnetic resonance (1H-NMR) data of (a) benzyl alcohol (BA) and (b) benzaldehyde (BAD) standard solution with a 2 s recycle delay and 16 scans. (c) Raw liquid 1H-NMR data of the BAD products from VP/BP-Rh under 1 h irradiation with a 2 s recycle delay and 16 scans.
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[bookmark: _Hlk199879804]Supplementary Fig. S26. (a) Raw liquid 1H-NMR data of DMSO solutions at varying concentrations with a 2 s recycle delay and 16 scans; (b) the work curve for determination of liquid 1H-NMR (mmol/L) concentration.
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Supplementary Fig. S27. (a) Time dependence of the raw liquid 1H-NMR data of BA solution after reaction with the VP/BP-Rh during photocatalytic water vapor splitting; (b) Photocatalytic H2 and BAD production of VP/BP-Rh under light (AM 1.5 G, 100 mW cm−2) illumination for 4 hours.
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Supplementary Fig. S28. (a) Control experiments with different scavengers in the H2 and BAD photosynthesis process over VP/BP-Rh under light (AM 1.5 G, 100 mW cm−2). (b) EPR spectra of DMPO-•OH over VP/BP-Rh under light irradiation.





[image: 图表, 直方图

描述已自动生成]
Supplementary Fig. S29. XRD patterns analysis of VP/BP-Rh before and after four-run cycling photoreaction.
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Supplementary Fig. S30. (a) P 2p and (b) Rh 3d XPS analysis of VP/BP-Rh before and after four-run cycling photoreaction.
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[bookmark: OLE_LINK3]Supplementary Fig. S31. The calculated interlayer electrostatic potentials and optimized local structures (inset) for (a) BP and (b) Rh NPs.
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Supplementary Fig. S32. The calculated differential charge density distribution for VP/BP-Rh; Thereinto, charge accumulation is shown in yellow and depletion in blue, respectively.





Table S1. Calculated adsorption energies of Rh atoms on the surface and edge of BP and VP at different sites.
	Samples
	Site 1
(surface)
	Site 2
(surface)
	Site 3
(surface)
	Site 4
(edge)
	Site 5
(edge)
	Site 6
(edge)

	VP
	-5.61 eV
	-5.34 eV
	-6.31 eV
	-6.14 eV
	-7.46 eV
	-7.69 eV

	BP
	-5.80 eV
	-5.79 eV
	-5.79 eV
	-8.21 eV
	-7.89 eV
	-7.85 eV







Table S2. The intensity ratio of P 2p1/2 to P 2p3/2 as well as PxOy, O-P=O to O-P-O in the XPS spectra of the VP and VP/BP-Rh samples.
	Samples
	P2O5
	O-P=O
	O-P-O
	P 2P1/2
	P 2P3/2
	[bookmark: _Hlk146019160]PxOy/P=P

	VP
	19793.65
	40670.57
	7355.49
	16960.71
	43450.54
	1.12

	VP/BP-Rh
	20194.65
	39537.42
	17281.26
	13056.66
	34687.46
	1.61



 



Table S3. Fractions of Rh species obtained from the XPS Rh 3d deconvolution regions for the Rh NPs and VP/BP-Rh.
	Samples
	Rh 3d2/3
	Rh 3d2/5
	Rh 3d2/3/Rh 3d2/5

	
	Rh3+3d2/3
	Rh03d2/3
	Rh3+3d2/5
	Rh03d2/5
	

	Rh
	112100.60
	209373.74
	144401.49
	366435.85
	0.45

	Rh-VP/BP
	9760.48
	3812.02
	14899.04
	9366.51
	1.87


 



The calculated average lifetimes (τaνe.) based on the information of τ1 (A1), τ2 (A2) and τ3 (A3) according to Equations S1-2: 
                                   (S1)
                                                   (S2)
I0, Ai and τi represent the baseline correction, preexponential factors and excited-state luminescence decay time associated with the i th component, respectively.
 
Table S4. The calculated taνe. based on values of τ1 (A1), τ2 (A2) and τ3 (A3) for samples.
	Samples
	τ1 (ns) (Rel.%)
	τ2 (ns) (Rel.%)
	τ3 (ns) (Rel.%)
	τave. (ns)
	c2

	VP/BP
	0.98 (30.02%)
	4.58 (26.16%)
	42.78 (43.82%)
	20.24
	1.06

	VP/BP-Rh
	1.09 (15.01%)
	5.25 (32.80%)
	49.57 (52.19%)
	27.76
	1.12


τaνe. represents the average lifetime of photogenerated carriers; τ1, τ2 and τ3 represent the radiative and nonradiative energy decay processes, respectively; c2 represents the goodness of fit parameter.


[bookmark: _Hlk203073317]Table S5. Comparison of photocatalytic HER performance and STH for VP/BP-Rh with the reported photocatalysts in gas–solid and liquid–solid photoreaction systems.
	Photocatalysts
	Condition
	Light source
	Sacrificial
agent
	H2 yield
[bookmark: OLE_LINK5](mmol g -1 h -1)
	Reference

	VP/BP-Rh
	gas–solid
	300 W Xe lamp
(λ= 320-780 nm)
	——
	5110.62
	Our work

	GO-CTFs
	gas–solid
	Sunlight
	——
	1961.25
	[1]

	TiO2/Ag gel
	gas–solid
	[bookmark: OLE_LINK27]300 W Xe lamp
(λ> 420 nm)
	——
	3.2
	[2]

	K-STO/TiN
	gas–solid
	300 W Xe lamp
(λ> 420 nm)
	——
	1106.04
	[3]

	SrTiO3:Al-RhCrOx-CoOy
	gas–solid
	300 W Xe lamp
	——
	15
	[4]

	Pt@DHTA-TAPyT-COF
	gas–solid
	300 W Xe lamp
(λ> 420 nm)
	——
	51.2
	[5]

	Rh2−yCryO3/GaN:ZnO
	gas–solid
	300 W Xe lamp
(λ> 400 nm)
	——
	37
	[6]

	phosphorene/g-C3N4
	liquid–solid
	300 W Xe lamp
(λ> 400 nm)
	lactic acid
	571
	[7]

	Pt/micro-fibrous P/SiO2
	liquid–solid
	[bookmark: OLE_LINK30]300 W Xe lamp
(λ> 420 nm)
	methanol
	633
	[8]

	Pt/graphene/SiC
	liquid–solid
	300W Xe lamp
(AM-1.5 G)
	Na2S/Na2SO 3
	472
	[9]

	BP/BiVO4
	liquid–solid
	300W Xe lamp
(420 nm)
	EDTA
	140
	[10]

	Ni/HBP
	liquid–solid
	300 W Xe lamp
(λ> 420 nm)
	——
	87.25
	[11]

	Co/BP
	liquid–solid
	300 W Xe lamp
(λ> 420 nm)
	——
	735
	[12]

	amorphous RP/g-C3N4
	liquid–solid
	300 W Xe lamp
(λ> 420 nm)
	TEOA
	2565
	[13]

	RP/g-C3N4
	liquid–solid
	300 W Xe lamp
(λ> 420 nm)
	TEOA
	1691
	[14]

	BPQDs/g-C3N4
	liquid–solid
	300 W Xe lamp
(λ> 405 nm)
	[bookmark: OLE_LINK4]methanol
	1900
	[15]

	[bookmark: _Hlk202982959]dendritic RP
	liquid–solid
	300 W Xe lamp
(λ> 420 nm)
	methanol
	1280
	[16]

	Pt/BP-nanosheets
	liquid–solid
	300 W Xe lamp
(λ> 420 nm)
	TEOA
	3580
	[17]

	red P/g-C3N4
	liquid–solid
	300 W Xe lamp
(λ> 405 nm)
	L-ascorbic
acid
	1000
	[18]






Table S6. The data of AQY under incident light with different wavelengths over VP/BP-Rh in liquid–solid and gas–solid photoreaction systems.
	Wavelength (nm)
	Yield of H2
(mmol g -1 h -1)
	light intensity (mW/cm2)
	AQY (%)

	380 (liquid–solid)
	3.31
	26.7
	2.17

	[bookmark: OLE_LINK2]400 (liquid–solid)
	2.53
	27.8
	1.52

	420 (liquid–solid)
	2.46
	51.4
	0.76

	420 (gas–solid)
	11.71
	55.9
	3.31

	475 (liquid–solid)
	0.91
	66.3
	0.19

	550 (liquid–solid)
	0.51
	84.9
	0.07
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