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[bookmark: _Hlk127434105]ABSTRACT: Dye-sensitized H2 evolution photocatalysts have attracted considerable attention as promising systems for the photochemical generation of H2 from water. In this study, to mimic the reaction field of natural photosynthesis artificially, we synthesized a hydrophobic Ru(II) dye-sensitized Pt-TiO2 nanoparticle photocatalyst, RuC9@Pt-TiO2 (RuC9 = [Ru(dC9bpy)2(H4dmpbpy)]2+; dC9bpy = 4,4-dinonyl-2,2-bipyridine, H4dmpbpy = 4,4-dimethyl phosphonic acid-2,2-bipyridine), and integrated it into 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipid bilayer vesicle membranes. The photocatalytic H2 production activity in 0.5 M L-ascorbic acid aqueous solution enhanced by more than three times in the presence of DPPC vesicles (apparent quantum yield = 2.11%), whereas such a significant enhancement was hardly observed when the vesicle formation was omitted. These results indicate that the highly dispersed state of the hydrophobic RuC9@Pt-TiO2 nanoparticles in the DPPC bilayer vesicles is a key factor in achieving enhanced photocatalytic H2 production activity in aqueous solution. 
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Introduction
[bookmark: _Hlk127434159]Solar water splitting has recently attracted considerable attention as a promising reaction to generate clean energy resource H2 from water.1−9 Dye-sensitized photocatalysts (DSP) consisting of a semiconductor catalyst and surface-immobilized photosensitizers (PSs) have been extensively studied as possible candidates that efficiently promote the H2 production reaction, that is, the half reaction of water splitting.10−19 The advantage of DSP is the wide tunability of the light absorption wavelength and redox potential based on the molecular modification of PS molecule.20 In addition, rapid electron injection from the photoexcited PS molecule (PS*) to the semiconductor catalyst is also beneficial for designing highly active photocatalysts.21 However, studies focusing on the dispersibility of DSP particles in water are limited,22 despite the fact that PS immobilization on the semiconductor surface should have an effect on the particle dispersibility. We previously reported that the H2 production activity of a CdSe quantum dot (QDs)-sensitized photocatalytic system strongly depends on the degree of aggregation of the QDs.23 This finding motivated us to investigate the relationship between the aggregation of DSP particles and the photocatalytic H2 production activity. Therefore, in this study, we focused on the systematic control of the dispersibility of DSP nanoparticles by integration into phospholipid bilayer vesicles. 
[bookmark: _Hlk131847265]Vesicular photocatalytic systems have also been extensively till date developed by using molecular PSs and catalysts with hydrophobic alkyl functional groups.24−37 This approach enables the utilization of water-insoluble PSs and catalysts in the aqueous phase by immobilizing them onto the lipid bilayer vesicle surface. Although photocatalytic H2 production by the combination of photosensitizing QDs and molecular catalysts on the lipid vesicle surface has been reported, the combination of DSP and lipid vesicles has been scarcely reported to date.38,39 Therefore, in this study, we synthesized a Ru(II) molecular PS with four hydrophobic nonyl chains and two hydrophilic and methylphosphonate anchors, [Ru(dC9bpy)2(H4dmpbpy)]2+ (Figure 1b; RuC9 = [Ru(dC9bpy)2(H4dmpbpy)]2+; dC9bpy = 4,4-dinonyl-2,2-bipyridine, H4dmpbpy = 4,4-dimethyl phosphonic acid-2,2-bipyridine) and prepared a H2 production system of DSP nanoparticle, RuC9@Pt-TiO2 by immobilizing RuC9 on the surface of Pt-cocatalyst-loaded TiO2 nanoparticles. The methylphosphonate anchor instead of the simple phosphonate was selected to enhance the electron donating ability at the photoexcited state.
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[bookmark: _Hlk131370954][bookmark: _Hlk131370945]Figure 1. Molecular structures of (a) Ru, (b) RuC9, (c) DPPC and schematic representation of (d) photocatalytic H2 evolution by RuC9@Pt-TiO2 with DPPC bilayer in the presence of L-ascorbic acid (AA) electron donor.

Herein, we demonstrate that the photocatalytic activity of RuC9@Pt-TiO2 in L-ascorbic acid (AA) aqueous solution was significantly enhanced by integrating it with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Figures 1(c) and 1(d)) lipid bilayer vesicles, at the same PS and electron donor concentrations. Dynamic light scattering (DLS) analysis indicated that the DPPC vesicles improved the dispersibility of the hydrophobic RuC9@Pt-TiO2 nanoparticle in water.
Experimental section
All the commercially available starting materials were used as received without further purification. TiO2 nanoparticles (CSB, ca. 7 nm in diameter) were purchased from Sakai Chemical Industry Co., Ltd. The Pt-cocatalyst-loaded TiO2 nanoparticles were prepared using a previously reported photodeposition method.40 The loading amount of Pt cocatalyst was estimated to be 2.5 wt.% by X-ray fluorescence (XRF) spectroscopy. The starting materials, 4,4-bis(diethylphosphonomethyl)-2,2-bipyridine (dmpbpy) ligand, cis-[Ru(dC9bpy)2]Cl2 and alkyl-chain-omitted analog, [Ru(H4dpbpy)(bpy)2]Cl2 (Ru), were synthesized using previously reported methods.41−44 Ru-sensitized Pt-TiO2 nanoparticles (Ru@Pt-TiO2) were prepared by our previously reported method.40 Ultracentrifugation was conducted using a Himac CS120FNX ultracentrifuge (Eppendorf Himac Technologies Co., Ltd.).
Synthesis of [Ru(H3dpbpy)(dC9bpy)2]PF6 (RuC9)
cis-[Ru(dC9bpy)2]Cl2 (149 mg, 0.151 mmol) and dmpbpy (76 mg, 0.167 mmol) were dissolved in a mixture of EtOH (12.0 mL) and deionized water (6.0 mL), and then refluxed for 4 h. After cooling to room temperature at approximately 293 K, the solvents were removed using a rotary evaporator to obtain a red powder. The powder was purified by silica-gel column chromatography (acetone: MeOH = 9:1 containing 0.1 wt.% tetra-n-butyl ammonium hexafluorophosphate (TBAPF6), and the solvents were removed under reduced pressure. The obtained red powder was dissolved in a mixture of conc. HCl aq. (30 mL) and deionized water (30 mL) and then refluxed for 1 night to hydrolyze the ester protecting groups. After cooling the reaction mixture to room temperature (~293 K), the solvents were removed using a rotary evaporator to form a red suspension, which was isolated by filtration and washed three times with deionized water. The obtained red solid was further purified by recrystallization with a small amount of acetonitrile as a good solvent and a large amount of diethyl ether as a poor solvent. Yield: 64.1 mg (48.1 μmol, 32%). 1H NMR (CD3OD, 298 K): 8.60(s, 2H), 8.59(s, 4H), 7.71(d, 2H, J = 5.8 Hz), 7.60(m, 4H), 7.43(m, 2H), 7.32(d, 4H, J = 5.7 Hz), 3.38(d, 4H, J = 22.5 Hz), 2.84(t, 8H, J = 7.8 Hz), 1.73(m, 8H), 1.29(m, 48H), 0.89(m, 12H) Anal. Calcd. (%) for C68H101RuN6O6P2PF6H2O: C, 57.33; H, 7.29; N, 5.90. Found: C, 57.59; H, 7.16; N, 5.95.
Preparation of RuC9-sensitized Pt-TiO2 nanoparticles
The Pt-TiO2 powder (30 mg) was dispersed in a 1.25 mM RuC9 MeOH solution (6 mL) and acidified by the addition of HNO3 aq. (12 μL). The obtained mixture was continuously stirred for 2 h at 293 K under dark conditions to immobilize RuC9 on the Pt-TiO2 surface, after which the red-brown suspension and red supernatant solution were separated by ultracentrifugation (50,000 rpm, 150 min). The obtained red-brown powder was washed twice with a small amount of 25 mM HNO3 methanolic solution and then dried under reduced pressure to obtain RuC9@Pt-TiO2 as a red-brown powder. The amount of RuC9 immobilized on the Pt-TiO2 nanoparticle surface was estimated by XRF spectroscopy and UV-vis absorption spectroscopy of the supernatant solution (Supporting Information for details). 
Vesicle preparation
The RuC9@Pt-TiO2-dispersed DPPC vesicle solution was prepared using a previously reported method with some modifications as follows.29 The RuC9@Pt-TiO2 powder (approximately 3.0 mg, the final concentration of RuC9 was 15 M) and DPPC (in the range of 2.9–73.4 mg, the final DPPC concentration was 0.05 to 3.0 mM), and a small amount of CHCl3 was added to a round-bottomed flask and sonicated for 1 min at 293 K. The solvent was removed using a rotary evaporator to form a thin film containing DPPC and RuC9@Pt-TiO2 nanoparticles. After drying the obtained thin film under reduced pressure at 293 K, 1.0 M Tris-HCl buffer aqueous solution (20 mL, pH = 7.5) was added and sonicated for 2 h at 330 K. The obtained suspended solution was incubated in the dark for 1 night, and sonicated again for 2 h at 330 K to obtain a RuC9@Pt-TiO2 dispersed DPPC vesicle solution. 
Measurements
[bookmark: _Hlk513540355]Elemental analysis was conducted at the analysis center of Hokkaido University. Energy-dispersive XRF spectra were recorded using a Bruker S2 PUMA analyzer. DLS analysis was performed using an OTSUKA ELSZ-1000SCI analyzer. UV-vis absorption and luminescence spectra were recorded on a Hitachi U-3000 spectrophotometer and JASCO FP-6600 spectrofluorometer, respectively. Quartz cells with an 1-cm optical path length were used for both spectroscopic analyses. Prior to luminescence measurements, the sample solutions were degassed by N2 bubbling for 20 min. Emission quantum yields (Φem) were measured using a Hamamatsu C9920-02 absolute photoluminescence quantum yield measurement system equipped with an integrating sphere apparatus and a 150-W continuous-wave xenon light source. Emission lifetime measurements were conducted using a Hamamatsu Photonics C4334 system equipped with a streak camera as the photodetector and nitrogen laser as the excitation light source (λex = 337 nm). Cyclic voltammetry (CV) was performed using a HOKUTO DENKO HZ-3000 electrochemical measurement system equipped with a glassy carbon, Pt wire and Ag/AgCl electrodes as the working, counter and reference electrodes, respectively. An aqueous solution containing 0.1 mM TBAPF6 as the supporting electrolyte was de-aerated by N2 bubbling for 20 min and subsequently used in the CV experiments. 
Photocatalytic H2 Evolution Reactions
[bookmark: _Hlk486454765]A vesicle solution (5 mL) was placed in a homemade Schlenk flask-equipped quartz cell (volume: 255 mL) with a small magnetic stirring bar. L-AA (440 mg) was added to the vesicle solution, and the pH was adjusted to 3.5. Each sample flask was doubly sealed with a rubber septa. The mixed solution was deoxygenated by bubbling with Ar for 1 h. The flask was then irradiated from the bottom with a blue LED lamp ( 470  10 nm, 70 mW; Opto-Device Lab. Ltd., OP6-4710HP2). The temperature was controlled at 293 K using a homemade aluminum water-cooling jacket with a water-circulating temperature controller (EYELA CCA-1111). Gas samples (0.6 mL) for each analysis were collected from the headspace using a gastight syringe (Valco Instruments Co. Inc.). The amount of evolved H2 was determined using gas chromatography (Agilent 490, Micro Gas Chromatograph). The turnover number (TON) and turnover frequency (TOF) were estimated from the amount of evolved H2, which required two photoredox cycles of the Ru(II)-photosensitizer to reduce one water molecule. The apparent quantum yield () was calculated using the following equation:
 = Ne / Np = 2NH2/ Np
where, Ne is the number of reacted electrons, NH2 is the number of evolved H2 molecules, and Np is the number of incident photons.


Results and Discussion
Characterization of RuC9 
[bookmark: _Hlk131847455]Figure 2(a) shows the UV-vis absorption and emission spectra of RuC9 in the MeOH solution state at 293 K in comparison with those of Ru without C9 alkyl chains. The photophysical parameters obtained are presented in Table 1. The observed absorption and emission spectra of RuC9 were very similar to those of Ru, consisting of 1– absorption of the ligand center at 289 nm ( = 8.34 104 M1cm1), singlet metal-to-ligand charge transfer (1MLCT) absorption at 461 nm ( = 1.81 104 M1cm1), and 3MLCT phosphorescence at 637 nm. The MLCT absorption and phosphorescence bands of RuC9 were redshifted by approximately 9 and 19 nm, respectively, compared to those of Ru, probably because of the electron-donating C9 alkyl groups, as reported in many studies.21,45,46 The emission decay and quantum yield of RuC9 are shown in Figure 2(b) and Table 1, respectively. The estimated radiative and nonradiative rate constants (kr and knr) based on these measurements are listed in Table 1. The 3MLCT emission lifetime of RuC9 (780 ns) was estimated to be slightly shorter than that of Ru (833 ns) based on the single exponential decay, but kr of both complexes was comparable in the 105 s−1 order, indicating the same emission origin from the 3MLCT excited state. 47 The CV measurements revealed that RuC9 exhibited a Ru(III)/Ru(II) redox couple at 1.11 V vs NHE (Figure S1), which was slightly shifted to a negative potential compared to that of Ru (1.19 V). These electrochemical and photophysical measurements suggest that the Ru(III)/Ru(II)* redox potential at the 3MLCT excited state of RuC9 is approximately −0.82 V, which is comparable to that of Ru and sufficiently negative to inject the photoexcited electron to the conduction band of TiO2 (conduction band minimum at −0.29 V at pH 2.2).
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Figure 2. (a) UV-vis absorption (solid lines) and emission (dashed lines) spectra and (b) emission decay of RuC9 (red) in MeOH solution in comparison with Ru (black). [RuC9] = 10 M, ex = 470 nm, 298 K. 

Table 1. Photophysical and Electrochemical data of RuC9 in MeOH solution in comparison with Ru.
	Complex
	abs a
(nm)
	emb
(nm)
	τemc
(ns)
	Φemd
	kr e
(105 s−1)
	knr f
(106 s−1)
	Eox (V vs NHE)g
	E*ox (V vs NHE)h

	RuC9
	289, 461
	637
	780
	0.08
	1.01
	1.18
	1.11
	−0.82

	Ru
	287, 452
	618
	833
	0.11
	1.32
	1.07
	1.19
	−0.79


aAbsorption maximum, bEmission maximum, cEmission Lifetime, dPhotoluminescence quantum yield, eRadiative rate constants (kr) were estimated using the equation: em /em. fNonradiative rate constants (knr) were estimated from the equation: kr(1−em)/em. gEstimated by CV measurements (Figure S1). hE*ox was estimated using the following equation: E*ox = Eox − E00, where E00 was approximated as em.

Characterization of RuC9@Pt-TiO2 nanoparticle
[bookmark: _Hlk131889822]　The immobilization of the RuC9 complex on the Pt-TiO2 nanoparticle surface was conducted by dispersing Pt-TiO2 nanoparticles in a nitric-acidified MeOH solution of RuC9 (Experimental section for more details). The amount of immobilized RuC9 was estimated from the UV-vis absorption spectrum of the supernatant solution obtained after the immobilization reaction (Figure S2). The results for RuC9@Pt-TiO2 are listed in Table 2 in comparison with those for Ru@Pt-TiO2. The estimated amount of immobilized RuC9 per 1 mg of TiO2 nanoparticles was 100 nmol, which is approximately one-fourth that of Ru (367 nmol), suggesting steric bulkiness of the four C9 alkyl chains. Consequently, the molecular footprint of RuC9 (3.7 nm2) estimated based on the immobilized amount and surface area of TiO2 nanoparticle (see the Supporting Information for details) was approximately four times larger than that of Ru. This experimentally estimated molecular footprint of Ru was almost comparable to that of the molecular size of non-functionalized [Ru(bpy)3]2+ (ca. 1 nm in diameter), suggesting that the Pt-TiO2 surface was almost fully covered by Ru as previously reported by us.20 Similarly, the four times larger molecular footprint of RuC9 than Ru is ascribed to the bulkiness of the C9 chains with a length of 1 nm; that is, the C9 modification of the [Ru(bpy)3]2+ motif should increase the molecular size from 1 to 2 nm in diameter. Thus, even in the case of RuC9@Pt-TiO2, the TiO2 surface was almost fully covered by RuC9. Although RuC9 was emissive in the solution state as discussed above (Figure 2), RuC9@Pt-TiO2 exhibited negligible emission in the solid state at 293 K, suggesting that the oxidative quenching by TiO2 nanoparticle occurs effectively. 
[bookmark: _Hlk131933723]Figure 3 shows the XRF spectra of Ru(II) complex-immobilized Pt-TiO2 nanoparticles in comparison with bare Pt-TiO2. Ru K radiation at 19 keV was observed for RuC9@Pt-TiO2 and Ru@Pt-TiO2, indicating successful immobilization of Ru(II) complexes on the Pt-TiO2 surface. The weaker Ru K radiation of RuC9@Pt-TiO2 than Ru@Pt-TiO2 indicates a lower immobilization amount of RuC9 than Ru, which is consistent with the UV-vis spectroscopic results discussed above. Further, the intensities of the Pt L radiations at approximately 10 keV for the three samples were almost comparable, suggesting negligible desorption of the Pt cocatalyst (2.5 wt%) from the TiO2 nanoparticle surface.
Table 2. Amount of immobilized RuC9 and Ru on the Pt-TiO2 nanoparticle surface.
	
	Amount of immobilized Ru(II) complex a
(nmol/ 1 mg TiO2)
	Surface coverage
 (nmol/cm2)
	Molecular footprint of Ru(II) complex
(nm2)

	RuC9@Pt-TiO2
	100
	0.046
	3.7

	Ru@Pt-TiO2
	367
	0.167
	1.0


aEstimated based on the absorbance observed in the UV-vis absorption spectra of each supernatant solution (Figure S2 in Supporting Information).
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Figure 3. XRF spectra of Ru@Pt-TiO2 (black) and RuC9@Pt-TiO2 (red) in solid state at 298 K. Dotted gray line shows the spectrum of bare Pt-TiO2 nanoparticle. All spectra are normalized by Ti K radiation intensity. The band marked by an asterisk (*) is derived from the Cu sample holder.




Photocatalytic H2 evolution
To discern the effect of the C9 alkyl chain modification on the Ru(II) photosensitizing molecule, photocatalytic H2 evolution reaction was conducted using RuC9@Pt-TiO2 as the photocatalyst in a 0.5 M L-AA aqueous solution as the sacrificial electron donor. Figure 4(a) shows the results in comparison with that of Ru@Pt-TiO2. The evolved amount of H2, apparent quantum yield (), turnover number, and turnover frequency per photosensitizer (PS TON and PS TOF) are listed in Table 3. RuC9@Pt-TiO2 evolved 9.7 mol of H2 after 3 h of irradiation, indicating successful photocatalytic H2 production. However, the estimated PS TON of RuC9@Pt-TiO2 was less than half that of Ru@Pt-TiO2 which has no C9 alkyl chain, suggesting that the modification of C9 alkyl chains to [Ru(bpy)3]-type dye molecules should significantly modify the photocatalyst surface from hydrophilic to hydrophobic. Fundamentally, RuC9@Pt-TiO2 was hardly dispersed in the L-AA aqueous solution (Figure S3), whereas Ru@Pt-TiO2 without C9 chains was uniformly dispersed. Thus, the lower photocatalytic H2 evolution activity of RuC9@Pt-TiO2 compared to Ru@Pt-TiO2 is plausibly due to its lower reactivity with the hydrophilic L-AA electron donor.
[bookmark: _Hlk132447501][bookmark: _Hlk131962774][bookmark: _Hlk132013688]  To overcome the hardly dispersive nature of RuC9@Pt-TiO2 to the aqueous phase, a photocatalytic H2 evolution reaction was performed in the presence of DPPC lipid vesicles (Figure 4(b)). Interestingly, more than three times larger H2 (31.4 mol) was evolved, and the PS TON and  reached 837 and 2.11%, respectively, which were higher than those of Ru@Pt-TiO2 in the absence of DPPC vesicles. This superior photocatalytic activity of RuC9@Pt-TiO2 was almost retained up to 18 h light irradiation (Figure S4), and the slight and gradual decrease observed in the latter half could be due to the size change of DPPC vesicle (Figure S5). In contrast, the photocatalytic activity of Ru@Pt-TiO2 became deteriorated by approximately half owing to the DPPC vesicle formation. Notably, the photocatalytic H2 evolution activity of RuC9@Pt-TiO2 hardly improved when DPPC vesicle formation procedure was omitted. Similarly, the activity of RuC9@Pt-TiO2 was hardly improved by addition of 10 eq. of well-known surfactants, trimethyl-n-octyl ammonium chloride or sodium 1-octanesulfonate (Figure S6). These results indicate that not only the surface hydrophilization of RuC9@Pt-TiO2 nanoparticle by adsorption of DPPC lipid molecule but also the uniform dispersion in aqueous solution in the presence of DPPC vesicles are important to exhibit the superior H2 evolution activity. This was further substantiated by the observation that RuC9@Pt-TiO2 was clearly dispersed in the L-AA aqueous solution in the presence of DPPC vesicles (Figure S3). In contrast, in the case of Ru@Pt-TiO2 without the hydrophobic C9 chains, the DPPC vesicles hardly improved the dispersibility of Ru@Pt-TiO2 in the aqueous solution and may suppress electron donation from L-AA to Ru.
[image: グラフ, 散布図
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[bookmark: _Hlk131968310]Figure 4. Photocatalytic H2 evolution reaction by RuC9@Pt-TiO2 (red) and Ru@Pt-TiO2 (blue) in the (a) absence and (b) presence of 2 mM DPPC. [RuC9 or Ru] = 15 μM in 1 M Tris-HCl aqueous solution with 0.5 M L-AA (pH 3.5) under blue LED light irradiation ( = 470  10 nm). Red open circles in panel (b) show the reaction result of RuC9@Pt-TiO2 without DPPC vesicle formation.



Table 3. Results of photocatalytic H2 evolution reaction driven by RuC9@Pt-TiO2 and Ru@Pt-TiO2 nanoparticles
	Photocatalyst
	DPPC concentration
(mM)
	Evolved H2
(μmol)
	PS TON
(3 h)
	PS TOF
(/h)
	3 h AQY
(%)

	Ru@Pt-TiO2
	0
	25.4  3.8
	676
	225
	1.71

	
	1.8
	13.5  0.8
	359
	120
	0.91

	RuC9@Pt-TiO2
	0
	9.7  0.1
	259
	86
	0.65

	
	0.05
	12.5  1.2
	334
	111
	0.84

	
	0.1
	13.1  1.1
	341
	114
	0.86

	
	0.15
	14.6  2.0
	389
	130
	0.98

	
	0.2
	18.4  1.2
	490
	163
	1.24

	
	1.0
	18.0  1.5
	479
	160
	1.21

	
	1.8
	23.4  2.1
	627
	209
	1.58

	
	2.0
	31.4  2.5
	837
	279
	2.11

	
	2.0*
	12.3  0.1
	328
	110
	0.84

	
	2.5
	24.8  2.3
	661
	220
	1.67

	
	3.0
	18.2  1.3
	485
	161
	1.23


*The vesicle formation process is omitted. [RuC9 or Ru] = 15 μM in 1 M Tris-HCl aqueous solution with 0.5 M L-AA (pH 3.5) under blue LED light irradiation ( = 470  10 nm).
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Figure 5. (a) Relationship between PS TON and DPPC concentrations. Each photocatalytic H2 evolution reaction was conducted in the presence of [RuC9] = 15 μM in 1 M Tris-HCl aqueous solution with 0.5 M L-AA (pH 3.5) under blue LED irradiation ( = 470 10 nm). Estimated particle size distribution of RuC9@Pt-TiO2 aqueous dispersion in the presence of various DPPC concentrations of (b) 0.05, (c) 0.10, (d) 0.15, (e) 0.20, (f) 1.0, (g) 1.8, (h) 2.0, (i) 2.5, and (j) 3.0 mM, by DLS method. 


The photocatalytic activity and particle size distribution of RuC9@Pt-TiO2 were investigated at various DPPC concentrations to obtain a deeper insight of the function of DPPC vesicles. Figure 5(a) shows the DPPC concentration dependence of the photocatalytic H2 evolution activity of RuC9@Pt-TiO2. At all DPPC concentrations, the H2 evolved amount increased linearly with increasing irradiation time, indicating a continuous H2 evolution reaction by RuC9@Pt-TiO2 photocatalyst (Figure S7). Notably, the activity of RuC9@Pt-TiO2 significantly changed in response to the DPPC concentration in the following four steps: PS TON increased up to twice with the increase in the concentration of DPPC from 0 to 0.2 mM, and the comparable activity (PS TON ~ 450) was retained in the DPPC concentration up to 1 mM. A further two-fold enhancement in the activity was observed (max. PS TON = 837 at 2.0 mM DPPC) in the region from 1.0 to 2.0 mM, while the activity decreased with further increase in DPPC concentration over the 2.0 mM region. The particle size distribution of RuC9@Pt-TiO2 in the presence of various concentrations of DPPC estimated by DLS is shown in Figures 5(b)–5(j). The size distribution of RuC9@Pt-TiO2 in the absence of DPPC failed because of its strongly hydrophobic surface; however, it was successfully estimated in the presence of DPPC with a concentration above 0.05 mM which corresponded to only 3.3 eq. of DPPC existing in one RuC9 molecule. This is probably because the amphiphilic nature of the DPPC molecule might improve the dispersibility of the hydrophobic RuC9@Pt-TiO2 nanoparticles in the aqueous phase (Scheme 1a to 1b). The RuC9@Pt-TiO2 nanoparticles with low DPPC concentrations (below 0.1 mM) could form large aggregates with a diameter of approximately 10 m, which was four orders of magnitude larger than the size of the TiO2 nanoparticles used in this study (ca. 7 nm), probably due to the insufficient amount of DPPC that makes the RuC9@Pt-TiO2 surface hydrophilic. Inevitably, the size decreased to approximately 32 nm upon increasing the DPPC concentration to 1.8 mM that corresponds to 120 eq. DPPC existing with respect to RuC9. Considering that the size of DPPC vesicles formed at this concentration without RuC9@Pt-TiO2 nanoparticles was almost the same (~32 nm, Figure S8(c)), RuC9@Pt-TiO2 nanoparticles with a diameter of approximately 10 nm could be highly dispersed in the lipid bilayer of DPPC vesicles (Scheme 1c). Consequently, the hydrophilic L-AA electron donor could easily access the surface of RuC9@Pt-TiO2, leading to enhanced photocatalytic activity in the presence of DPPC vesicles. The size distribution of RuC9@Pt-TiO2 became much larger (~ 1.0 m) when DPPC vesicle formation procedure was omitted (Figure S8(b)). This result strongly indicates that the presence of amphiphilic DPPC molecules and the formation of lipid bilayer vesicles are crucial for the higher photocatalytic H2 evolution activity of RuC9@Pt-TiO2. Furthermore, above 2.0 mM DPPC concentration, large particles with a diameter of approximately 20 m coexisted with small particles with diameters less than 100 nm, and finally, only one distribution at approximately 30 nm was obtained at 3.0 mM DPPC concentration. Considering that an excess amount of DPPC (over 200 eq. with respect to one RuC9) exists at this high concentration, thicker DPPC multilayer vesicles may form on the RuC9@Pt-TiO2 surface (Scheme 1d), resulting in slower electron donation from L-AA molecules.
[image: ]
Scheme 1. Schematic representations of dispersion state of RuC9@Pt-TiO2 nanoparticle in the (a) absence and presence of DPPC molecules (b: ~ 0.1 mM, c: ~2.0 mM, d: > 2.0 mM). 






Conclusion
In this study, we have developed a new photocatalytic H2 production system consisting of hydrophobic Ru(II) dye-sensitized Pt-TiO2 nanoparticles, RuC9@Pt-TiO2 dispersed in amphiphilic DPPC lipid bilayer vesicles. The photocatalytic activity strongly depended on the DPPC concentration, and the maximum activity (PS TON = 837, AQY = 2.11% after 3 h irradiation), which was more than three times higher than that without DPPC (PS TON = 259, AQY = 0.65%), was obtained in the presence of 2.0 mM DPPC. Vesicle formation by DPPC molecules is essential to obtain enhanced activity by the hydrophobic RuC9@Pt-TiO2 photocatalyst, suggesting that highly dispersed RuC9@Pt-TiO2 nanoparticles in the DPPC lipid bilayer are a key factor for improving the reactivity with the hydrophilic electron donor, L-AA. This is further supported by DLS analysis, which indicated that RuC9@Pt-TiO2 was highly dispersed (~32 nm in diameter) in the aqueous solution in the presence of DPPC vesicles. Further studies on the regulation of the surface hydrophobicity of dye-sensitized photocatalysts to separate the hydrophilic and hydrophobic regions for H2 production and electron transfer, respectively, are currently in progress.
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