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Abstract  

Photocatalytic oxygen evolution driven by two pyridyl-anchor-modified Ru(II) photosensitizers, 

namely [Ru(bpy)2(qpy)](PF6)2 and [Ru(qpy)3](PF6)2 (RuPy2 and RuPy6; bpy = 2,2'-bipyridine, 

qpy = 2,2'-4,4''-4',4'''-quaterpyridine), was examined in order to investigate the influence of 

pyridyl groups as the connectors that bind both the water-oxidation and water-reduction catalysts. 

RuPy2 and RuPy6 act as redox photosensitizers in the presence of the S2O8
2− sacrificial electron 

acceptor and the K2xCo(3−x)[Fe(CN)6]2·nH2O, Prussian-blue-type, water-oxidation catalyst; 

however, their photosensitizing efficiencies were lower than that of [Ru(bpy)3]2+ because of their 

lower reactivities with S2O8
2−, probably due to steric hindrance associated with the pyridyl 

groups. Interestingly, the photosensitizing efficiency of RuPy2 was significantly improved 

through immobilization on TiO2 nanoparticles (RuPy2@TiO2), while the efficiency of RuPy6 

was hardly improved by immobilization. These contrasting results indicate that the surface 

structure of the photosensitizer-immobilized nanoparticle is a crucial factor that determines 

photosensitizing and/or photocatalytic activity.  

Keywords  
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1. Introduction 

As a promising approach that addresses the global energy issue, the solar water-splitting 

reaction has attracted considerable attention because it enables the conversion of the energy of 

sunlight into the chemical energy of dihydrogen (H2) [1,2]. Since the pioneering work on TiO2 

by Honda and Fujishima [3], extensive effort has been devoted over several decades to the 

development of a variety of solar water-splitting systems, including those based on 

heterogeneous photocatalysts that use semiconductor materials [4-7], and homogeneous 

photocatalytic systems based on molecular materials [8-15]. Recently, photoelectrochemical 

(PEC) cells composed of semiconductor electrodes modified with photosensitizer (PS) dye 

molecules and/or molecular water-reduction/water-oxidation catalysts (WRCs/WOCs) have been 

extensively developed [16-17]. The interfaces between the PS dye (or semiconductor electrode) 

and the WRC and WOC in a PEC cell are critical factors that determine the light-driven water-

splitting efficiency because the photoexcited electron must travel beyond these interfaces [18-22]. 

This is especially critical for the O2-evolving photoanode because four electrons are transferred 

during the oxidation of a water molecule (H2O → O2 + 4H+ + 4e-). One promising approach 

toward effective photoinduced-charge separation, which is referred to as the “through particle 

mechanism”, involves the use of semiconductor nanoparticles as the electron-transfer mediator. 

Reisner and co-workers reported that the combination of [NiFeSe]-hydrogenase and 

[Ru(bpy)3]2+-sensitized TiO2 nanoparticles (bpy = 2,2′-bipyridine) enabled the production of H2 

even under aerobic conditions [23]. We recently reported on the multi-layered PS-dye structure 

of Pt-cocatalyst-loaded TiO2 nanoparticles that act as an effective photoinduced-charge 

separating layer, such that photoexcited electron-hole pairs are separated to the insides and outer-

edges of the nanoparticles [24]. However, the development of a highly effective photoinduced-
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charge-separation WOC/WRC interface that facilitates the overall water-splitting reaction 

remains a challenge. 

Our recent attention has focused on the interface between the PS dye and the WOC. Several 

recent progresses toward supramolecular photocatalysts for water oxidation suggest that 

photocatalytic O2-evolution activity is improved by the coordination-bond assembly of a 

molecular PS and a WOC [25]. However, whether or not direct-bonding interactions between the 

PS and WOC are necessary to achieve high charge-separation efficiency remains unclear. 

Therefore, in order to investigate the effect of direct coordination bonding between the PS and 

the WOC, we selected two Ru(II)-polypyridine complexes, namely [Ru(bpy)2(qpy)]2+ and 

[Ru(qpy)3]2+ (RuPy2 and RuPy6; see Scheme 1, qpy = 2,2'-4,4''-4',4'''-quaterpyridine), with two 

and six neutral pyridyl anchoring groups, respectively, as PS molecules for water oxidation in 

this work. Although RuPy6 has been reported by Hanan et al. to be a highly efficient PS for H2 

production [26,27], to the best of our knowledge, there is no report on the photocatalytic water-

oxidation reaction driven by these pyridyl-functionalized [Ru(bpy)3]2+ analogues. In addition, we 

were also interested in the effect of RuPyn (n= 2, 6) immobilization on the surfaces of TiO2 

nanoparticles on the photocatalytic O2-evolution reaction because several pyridyl-anchor-

modified dyes have been reported [28-30]; in particular Sakai and Ozawa firstly demonstrated 

that that a [Ru(bpy)3]2+-type photosensitizer can be more stably immobilized on the surface of 

TiO2 using the pyridyl anchoring group compared to the widely used phosphonate-anchoring 

group [29-30]. The K2xCo(3−x)[Fe(CN)6]2·nH2O Prussian-blue analogue (hereafter CoFe-PBA) 

[31] was selected as the WOC, because the labile Co(II) sites on the surface of CoFe-PBA are 

expected to easily form coordination bonds with the pyridyl anchors of RuPyn. In this report, we 

demonstrate that the pyridyl groups of the RuPyn photosensitizers suppress reactivity with the 
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Na2S2O8 sacrificial electron acceptor, but this detrimental effect is overcome by the 

immobilization of RuPy2 on the surfaces of TiO2 nanoparticles.  

                                

 Scheme 1. The molecular structures of the Ru(II) photosensitizers used in this study. 

 

2. Materials and Methods 

2.1 Synthesis and Materials 

2,2'-4,4''-4',4'''-Quaterpyridine (qpy) [32], [Ru(bpy)2(qpy)](PF6)2 (RuPy2) [26], 

[Ru(bpy)2(qpy)](PF6)2 (RuPy6) [27], and [Ru(bpy)3](SO4) [33] were synthesized as previously 

reported. TiO2 nanoparticles (SSP-M, ~φ15 nm) were purchased from the Sakai Chemical 

Industry Co. Ltd. The CoFe-PBA water-oxidation catalyst, was synthesized by a previously 

reported method [31].  

2.1.1 Preparation of RuPyn-immobilized TiO2 nanoparticles (RuPyn@TiO2) 
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The TiO2-nanoparticle powder (120.4 mg) was dispersed in a solution of RuPyn (1.25 mM, 24 

mL) in acetonitrile/toluene (2:3 v/v for RuPy2, and 11:9 v/v for RuPy6). The solution was stirred 

in the dark, overnight, at room temperature. The RuPyn-immobilized TiO2 nanoparticles 

obtained in this manner were isolated by ultracentrifugation (50000 rpm, 15 min), and the 

supernatant was removed. After washing twice with the reaction solvent, the isolated 

RuPyn@TiO2 was dried under vacuo. The amount of immobilized RuPyn on the TiO2 

nanoparticles was determined by UV-vis absorption spectroscopy of the supernatant (See 

Supporting Information, SI). 

2.2 Measurements 

UV−vis absorption spectra were recorded on a Shimadzu UV-2400PC spectrophotometer. 

Luminescence spectra were recorded on a JASCO FP-6600 spectrofluorometer at 298 K. 

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 (τ) measurements 

were conducted using a Hamamatsu Photonics C4334 system equipped with a streak camera as 

the photodetector and a nitrogen laser as the excitation light source (λex = 470 nm for RuPy2 and 

474 nm for RuPy6). Each sample solution was deoxygenated by bubbling with N2 for 30 min at 

298 K. Cyclic voltammetry (CV) was conducted using a Hokuto Denko HZ-3000 

electrochemical measurement system equipped with glassy carbon, Pt wire, and Ag/Ag+ 

electrodes as the working, counter, and reference electrodes, respectively. Ferrocene was used 

the internal standard. An acetonitrile solution containing 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6), as the supporting electrolyte, and 1.0 mM of the Ru(II) 

complex, was used in the CV experiments. RuPyn-immobilized TiO2-modified FTO electrode 
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were prepared by literature method.[34] All solutions were deaerated by bubbling N2 for 15 min 

prior to any measurement. IR spectra were recorded on a Jasco FT-IR 4100 spectrophotometer 

with KBr pellets. Zeta potential measurement and dynamic light scattering (DLS) analysis were 

conducted using an OTSUKA ELSZ-1000SCl analyzer. 

2.3 Photochemical O2-evolution Reaction 

A phosphate-buffer-water/acetonitrile (2:1 v/v) solution (18 mM, pH 7.2) containing the Ru(II) 

photosensitizer (100 μM of the Ru(II) complex) and the water-oxidation catalyst (1 mg 

CoFe−PBA) was placed, in the dark, in a Pyrex vial (~15 mL volume) with a small magnetic 

stirring bar and covered with a rubber septum. A Na2S2O8 solution (5, 10 mM) was injected into 

this mixed solution or dispersion by a syringe and the resultant solution (total 5 mL) was 

deoxygenated by bubbling with Ar gas for 30 min. A robust O2 sensor probe (Pyro Science, 

FireSting O2 oxygen meter) was fitted to the top of the septum to detect the oxygen 

concentration within the headspace of the vial. The vial was irradiated with a blue LED lamp (λ 

= 470 ± 10 nm; 210 mW; OptoDevice Lab. Ltd., OP6-4710HP2) from underneath. The 

temperature was set to 293 K with a homemade aluminum water-cooling jacket and a 

temperature circulator (EYELA CCA-1111). Turnover numbers (TONs) and turnover 

frequencies (TOFs) were determined from the amount of evolved O2; four photoredox cycles of 

the Ru(II) photosensitizer are required to oxidize one water molecule. The apparent quantum 

yield (ΦOx) was calculated using the following equation: 

ΦOx = Ne/Np = 4NO2 /Np                                                                                              (1), 

where, Ne is the number of reacted electrons, NO2 is the number of evolved O2 molecules, and 

Np is the number of incident photons. 
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3. Results and Discussion 

3.1 Synthesis and Characterization 

As mentioned in Introduction, the pyridyl group has been reported to be a useful organic anchor 

for immobilizing various functional molecules on TiO2 electrodes. In order to investigate the 

differences in the immobilization behavior of RuPy2 and RuPy6, we first measured the UV-vis 

absorption spectra of the supernatant solutions obtained following their immobilization reactions 

(Figure S1 and Table S1 in the SI). The amounts of immobilized RuPyn on the TiO2 

nanoparticles are summarized in Table 1 and are compared with that of the previously reported 

RuCP2 phosphonate-functionalized Ru(II) photosensitizer [24]. The amounts of immobilized 

RuPy2 and RuPy6 are comparable with that of RuCP2, indicating that the pyridyl groups of 

RuPyn (n = 2, 6) act as effective anchors. It is interesting to note that the amount of immobilized 

RuPy6 was moderately higher than that of RuPy2 in spite of its bulkier molecular structure [27, 

35]. The slightly larger amount of immobilized RuPy6 over RuPy2 implies that uncoordinated 

pyridyl groups contribute to arranging the molecular orientations of the immobilized molecules 

so as to form a more tightly packed structure on the surface. As shown in Figure 1, characteristic 

1MLCT absorptions were clearly observed at around 470 nm in the UV-vis diffuse reflectance 

spectra of the RuPyn-immobilized TiO2 nanoparticles (RuPyn@TiO2), indicating that the 

RuPyn photosensitizing molecules were successfully immobilized on the TiO2 surface. The 

slightly larger absorption band observed for RuPy6@TiO2 compared to RuPy2@TiO2 is 

ascribable to the larger molar absorption coefficient of the 1MLCT band of RuPy6 than that of 

RuPy2. The immobilization of positively-charged RuPyn at the surface of TiO2 nanoparticle was 
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also confirmed by the zeta potential measurements (Table S2); both RuPy2@TiO2 and 

RuPy6@TiO2 exhibited positive zeta potential ranging from 11 to 28 mV, whereas the potential 

of non-modified TiO2 nanoparticle was negative (-27 mV) because of the OH- anions were 

thought to be coordinated to Ti(IV) ion at the TiO2 surface.[36] The larger positive zeta potential 

of RuPy6@TiO2 than RuPy2@TiO2 is probably because the ratio of pyridyl-coordinated Ti(IV) 

site to uncoordinated (or OH-coordinated) Ti(IV) site is larger for RuPy6@TiO2 than 

RuPy2@TiO2 even in the comparable amount of the immobilized RuPyn dye on the TiO2 

surface.   

It is well known that the 3MLCT emission of the [Ru(bpy)3]2+ molecular photosensitizer is 

strongly quenched by immobilization on TiO2 [37]. In contrast, the each RuPyn clearly exhibited 

a 3MLCT emission band from the corresponding RuPyn@TiO2 nanoparticles (Figure S2), 

although the intensities of the emissions from RuPyn@TiO2 were weaker than those of their 

non-immobilized solution states, which is ascribable to excitation light scattering of the TiO2 

nanoparticles. Indeed, the emission quantum yield of RuPy2@TiO2 was determined to be 

comparable (Φ = 0.07) to that observed in the solution state and the particle diameters of 

RuPyn@TiO2 estimated by the dynamic light scattering method were distributed from sub-

micron to several tens micron range (see Figure S3). This large difference in emission-quenching 

behavior between the well-known [Ru(bpy)3]2+ and RuPyn probably originates from the longer 

emission wavelengths of RuPyn. As shown in Figure S4, the 3MLCT emission wavelengths of 

RuPy2 and RuPy6 at both 298 and 78 K are red-shifted (above 30 nm) with respect to the 

emission of [Ru(bpy)3]2+. Cyclic voltammetry experiments using the RuPyn immobilized 

TiO2/FTO working electrode clearly indicate that the Ru(III)/Ru(II) redox potential were 

negligibly affected by the immobilization to the TiO2 surface probably due to the localization of 
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the HOMO at the central Ru(II) ion (Figure S5). As a result, the excited electron in the 3MLCT 

state of RuPyn does not have sufficient negative potential (Table S3) to be injected to the TiO2  

 

 Figure 1. UV-vis diffuse reflectance spectra of RuPyn@TiO2 (n = 2, 6) in the solid state at 

room temperature. 

 

Table 1.  Amounts of immobilized Ru(II) complexes on TiO2 nanoparticle surfaces. 

Complex Amount of immobilized Ru(II) 
complex (nmol/mg TiO2) 

Surface coverage 
(nmol/cm2) 

RuPy2 99.6  0.0971 

RuPy6 113  0.110  

RuCP2 [a] 116 0.113 
a Ref. [24]. 
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3.2 Photochemical O2-evolution Reactions 

Although several groups have reported photocatalytic hydrogen-evolution reactions driven by 

pyridyl-functionalized Ru(II) photosensitizers, such as RuPy6, photocatalytic O2-evolution 

catalyzed by such a pyridyl-functionalized Ru(II) PS has not been reported. We performed 

photocatalytic O2-evolution experiments in the presence of molecular RuPyn or the TiO2-

immobilized photosensitizers, with Na2S2O8 as the sacrificial electron acceptor, the results of 

which are displayed in Figure 2, while TONs, TOFs, and ΦOx values are summarized in Table 2. 

Oxygen evolution was observed upon irradiation of each RuPyn-containing sample with light, 

and the TONs of these reactions after 60 min of irradiation were above unity. Hence, O2 was 

evolved through photocatalytic processes involving the RuPyn photosensitizers. However, as 

shown in Figure 2(a), the TONs and TOFs of RuPy2 and RuPy6 were less than half and a quarter 

of those of [Ru(bpy)3]2+, respectively, in the presence of 5 mM Na2S2O8 sacrificial electron 

acceptor. In contrast, it is noteworthy that both the TON and TOF of RuPy2 increased 

remarkably when immobilized on the surfaces of TiO2 nanoparticles (RuPy2@TiO2), whereas 

such the improvement by immobilization was hardly observed for RuPy6@TiO2. Considering 

that both pyridyl groups of RuPy2 are coordinated to Ti4+ ions on the surfaces of the TiO2 

nanoparticles, the uncoordinated pyridyl groups of RuPyn may suppress photoinduced charge 

separation between the photosensitizer, the sacrificial electron acceptor, and the water-oxidation 

catalyst. The photosensitizing efficiency of RuPyn dyes in homogeneous system was improved 

by increasing the concentration (10 mM) of Na2S2O8 sacrificial electron acceptor, indicating that 

the oxidative quenching of the photoexcited [RuPyn]* by S2O8
2- anion could be the rate 

determining step of photocatalytic O2 evolution reaction. In contrast, completely different 

behaviors were observed for the heterogeneous systems, RuPy2@TiO2 and RuPy6@TiO2 (see 

Figures 2(b) and 2(c)); the efficiency of RuPy2@TiO2 strongly depended on the S2O8
2- 
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concentration whereas RuPy6@TiO2 exhibited negligible dependence on the S2O8
2- 

concentration. These remarkably different behaviors between RuPy2@TiO2 and RuPy6@TiO2 

indicate that the surface condition of the RuPyn immobilized TiO2 nanoparticle greatly 

influenced on the photocatalytic O2 evolution activity.  

 

Figure 2. Photocatalytic O2-evolution reactions driven by (a) homogeneous photosensitizer 

[Ru(bpy)3]2+ (black), RuPy2 (blue) and RuPy6 (red) or (b) heterogeneous photosensitizer 

RuPy2@TiO2 and (c) RuPy6@TiO2 (red) (100 μM of the Ru(II) complex) with CoFe-PBA (1 

mg) in Na2S2O8 sacrificial electron acceptor (2.5 to 20 mM) and 18 mM phosphate-buffer-

water/acetonitrile (2:1 v/v) solution (pH 7.2) under an atmosphere of Ar. A blue LED (λ = 470 ± 

10 nm) was used as the light source.  
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Table 2. Photocatalytic O2-evolution-reaction results. 

Photosensitizer Na2S2O8 
concentration O2 (μmol) a TON a TOF (min-1) b ΦOx (%) a 

[Ru(bpy)3]2+ 5mM 3.03 24.3 1.04 0.409 

RuPy2 
5 mM 1.17 9.32 0.400 0.157 

10 mM 2.69 21.6 0.339 0.362 

RuPy6 
5 mM 0.572 4.57 0.141 0.0771 

10 mM 1.38 11.1 0.597 0.186 

RuPy2@TiO2 

2.5 mM 1.47 11.8 0.299 0.198 

5 mM 2.78 22.3 0.611 0.375 

10 mM 1.59 12.7 0.249 0.214 

20 mM 1.13 9.02 0.128 0.152 

RuPy6@TiO2 

2.5 mM 0.693 5.54 0.126 0.0933 

5 mM 0.541 4.32 0.127 0.0729 

10 mM 0.651 5.20 0.136 0.0877 

20 mM 0.606 4.85 0.113 0.0817 
a After irradiation for 60 min. b After irradiation for 10 min. 

 

To clarify the origin of the differences in the photosensitizing efficiencies of the three 

molecular photosensitizers, we performed emission-quenching experiments using Na2S2O8 as a 

sacrificial electron acceptor. Stern-Volmer plots of RuPy6, RuPy2, and [Ru(bpy)3]2+ in the 

presence of various concentrations of Na2S2O8 are shown in Figure 3. The calculated Stern-

Volmer constant (Ksv), emission lifetime (τem), and quenching rate constant (kq) of each complex 

are listed in Table 3. The quenching efficiencies of RuPy6, and RuPy2 by S2O8
2- were 

significantly lower than that of [Ru(bpy)3]2+ over the entire concentration range. The kq value 

decreased in the order: [Ru(bpy)3]2+ >> RuPy2 > RuPy6, suggesting that greater numbers of 

pyridyl-anchor-modified bpy ligands result in less-efficient quenching of the Ru(II) complex by 



 14 

S2O8
2-. Considering that [Ru(bpy)3]2+ has previously been reported to form an ion-pair 

intermediate with S2O8
2- during electron-transfer [39,40], the lower quenching efficiencies of 

RuPyn (n = 2, 6) compared to that of [Ru(bpy)3]2+ are ascribable to suppression of ion-pair 

formation by the sterically bulky pyridyl groups of the qpy ligand(s). In contrast, comparable 

emission quenching (I0/I ~ 1.5) using CoFe-PBA was observed for all three molecular 

photosensitizers (Figure S6), whereas the adsorption of these RuPyn dyes to the surface of CoFe-

PBA were confirmed by UV-Vis absorption spectral changes (Figure S7 and Table S4). These 

results suggest that the pyridyl groups of RuPyn hardly affect their reactivities with the CoFe-

PBA catalyst at the photoexcited state. Hence, the lower photosensitizing efficiencies of the 

RuPyn (n = 2, 6) molecular photosensitizers toward the water-oxidation reaction compared to 

[Ru(bpy)3]2+ are due to the poorer reactivity of the sacrificial electron-accepting S2O8
2- ion when 

sterically-bulky pyridyl groups are present.  

 

Figure 3. Stern–Volmer plots of 100 μM solutions of [Ru(bpy)3]2+ (black closed circles), RuPy2 

(blue closed triangles), and RuPy6 (red closed triangles) in the presence of various 
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concentrations of Na2S2O8 at room temperature. A 2:1 (v/v) mixture of H2O/CH3CN was used 

as the solvent during these experiments. 

 

Table 3. Stern-Volmer and quenching rate constants for [Ru(bpy)3]2+, RuPy2, and RuPy6. 

 

 
 

a Estimated from the slope of the Stern–Volmer plot displayed in Figure 3. 
b Estimated using the equation: kq = KSV/τem; the τem of each complex is listed in Table S3. 
 

 
 The immobilization of molecular photosensitizers onto the surfaces of TiO2 nanoparticles 

generally tends to suppress their reaction efficiencies with sacrificial reagents and catalysts 

because of the slower diffusions of larger nanoparticles compared to those of single molecules. 

Nevertheless, the photosensitization efficiency of the immobilized RuPy2@TiO2 was higher 

than that of its molecular equivalent, RuPy2 in the optimized condition (5 mM Na2S2O8 

solution). This result suggests that the immobilization of RuPy2 onto the TiO2 nanoparticles 

provides benefits that compensate for slower nanoparticle diffusion, which is a plausible reason 

for the observed improvement in reactivity of the TiO2-immobilized RuPy2 with the sacrificial 

S2O8
2- acceptor. In contrast, such the enhancement by immobilization was hardly observed for 

RuPy6. As discussed above, the uncoordinated pyridyl anchoring groups of the RuPyn certainly 

suppress their reactivities with S2O8
2-, probably due to steric hindrance (Figure 3). In the case of 

RuPy2@TiO2, the bulky qpy ligands of the RuPy2 coordinate to the Ti4+ ions on the surfaces of 

the TiO2 nanoparticles. Such a molecular arrangement of molecular RuPy2 on the surface may 

Photosensitizer Ksv (mM-1) a kq (M-1s-1) b 

RuPy6 0.0552 7.10 ×10
7
 

RuPy2 0.0351 7.31×10
7
 

[Ru(bpy)3]2+ 0.168 2.38×10
8
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negate the detrimental effects associated with the bulkiness of the uncoordinated pyridyl groups 

of the qpy ligand, resulting in higher photosensitization efficiency of the heterogeneous 

RuPy2@TiO2 photosensitizer compared to that of homogeneous RuPy2. Indeed, the 

RuPy2@TiO2 emission was more effectively quenched by S2O8
2- than that of RuPy2 (Figure 

S8). This assumption is also reasonable when considering the RuPy6@TiO2 results, that is, more 

than half of the pyridyl groups of RuPy6 remain uncoordinated in RuPy6@TiO2, and these 

groups face the outer edges of the RuPy6@TiO2 nanoparticles, resulting in low efficiency 

compared to that of RuPy6. In addition, the positively charged surface of RuPyn@TiO2 

nanoparticle may promote the electron transfer quenching process by the S2O8
2- anionic 

sacrificial electron acceptor. In fact, the zeta potentials of both RuPyn@TiO2 was negatively 

shifted in the presence of S2O8
2- (Table S2). Note that the contribution of photoinduced 

interfacial electron transfer from RuPyn* to the TiO2 nanoparticles would be negligible due to 

the lack of a Ru(III)/Ru(II)* redox potential (Scheme 2). Although the photosensitizing 

efficiency of RuPy2@TiO2 decreased by increasing S2O8
2- concentration above 5 mM (Figure 

2(b)), it would be due to the particle aggregation induced by the charge neutralization by 

surrounding S2O8
2- anions around the positively-charged RuPy2@TiO2 nanoparticles as 

suggested by zeta potential shift (Table S2) and particle diameter changes estimated by dynamic 

light scattering (DLS) method (Figure S9). Such the aggregation of nanoparticles should 

suppress the reaction with both S2O8
2- sacrificial acceptor and the CoFe-PBA catalyst because of 

the slower diffusion of aggregated nanoparticles.  On the other hand, the photosensitizing 

efficiency of RuPy6@TiO2 hardly depended on the S2O8
2- concentration. Although the reason is 

still under investigation, the pyridyl groups at the outer surface of RuPy6@TiO2 might bind the 
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CoFe-PBA catalyst, resulting in the lower efficiency of photo-induced electron transfer reaction 

from the surface-immobilized RuPy6* to S2O8
2- sacrificial acceptor.  

  

Scheme 2. Depicting a plausible electron-transfer mechanism for RuPyn@TiO2 (n = 2, 6) 

during the photocatalytic O2-evolution reaction. The redox potential of S2O8
2− and the 

conduction-band minimum of TiO2 are taken from the literature [38,41]. 
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4. Conclusions 

In this study, we immobilized pyridyl-anchor-functionalized Ru(II) photosensitizers (RuPyn; n = 

2, 6) on the surfaces of TiO2 nanoparticles in order to investigate the effects of the pyridyl 

anchoring groups on the photocatalytic O2-evolution reaction driven by the CoFe-PBA catalyst, 

which is a Prussian blue analogue. Emission-quenching experiments clearly indicate that the 

pyridyl groups of the RuPyn molecular photosensitizers suppress their reactivities with the 

S2O8
2- sacrificial electron acceptor, resulting in lower photocatalytic O2-evolution activities in 

the presence of the CoFe-PBA catalyst than that of the unmodified [Ru(bpy)3]2+ complex. 

Although the 3MLCT emission of the RuPyn photosensitizers were hardly quenched by 

immobilization on the TiO2 nanoparticles, the RuPy2-loaded TiO2 nanoparticles (RuPy2@TiO2) 

exhibited higher photocatalytic O2-evolution activity under the same experimental condition than 

that of free RuPy2, while the immobilization of RuPy6 on the TiO2 nanoparticles hardly 

improved its activity. These contrasting results clearly indicate that the surfaces of the 

RuPyn@TiO2 nanoparticles have a dominating influence over the photocatalytic O2-evolution 

reaction.  
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