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Interfacial Electron Flow Control by Double Nano-architectures for Effi-
cient Ru-dye-sensitized Hydrogen Evolution from Water 
Nobutaka Yoshimura,# Atsushi Kobayashi,*# Tomoki Kondo,§ Ryu Abe,§ Masaki Yoshida,# Masako 
Kato#†. 
#Department of Chemistry, Faculty of Science, Hokkaido University, North-10 West-8, Kita-ku, Sapporo 060-0810, Japan. 
§Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Nishikyo-ku, 
Kyoto 615-8510, Japan. 
 

ABSTRACT: Interfacial electron flow is crucial for efficient two-step (Z-scheme) solar water splitting reaction. Dye-sensitization 
of a wide-gap oxide semiconductor has attracted considerable attention for decades as a means of producing hydrogen from water; 
however, it suffers from back electron transfer reactions at solid-solid and solid-solution interfaces. Here, we demonstrate that com-
bination of two nano-architectures, Ru-dye double-layering and Pt-cocatalyst intercalation to layered niobate semiconductor, effec-
tively suppresses the back electron transfers at interfaces, leading to the complete oxidation of [Co(bpy)3]-type electron mediator 
(bpy = 2,2′-bipyridine) as a result of efficient photocatalytic hydrogen production. Our systematic study on the Ru-dye double layers 
revealed that the double layering of two different Ru dyes and surface modification with Zr4+ cation not only suppresses the back 
electron transfer from electron-injected semiconductor to oxidized dye, but also accelerates the electron injection from the mediator 
to oxidized dye. In addition, the re-reduction of oxidized Co(III) mediator at the Pt cocatalyst surface was effectively suppressed by 
intercalation to the layered niobate semiconductor. The present work clearly shows that double nano-architectures controlling the 
surfaces of semiconductor and cocatalyst have great potential for photo-induced charge-separation at the solid-solution interface and 
expands the possibilities of layered semiconductor materials toward Z-scheme water splitting. 

INTRODUCTION 
The photocatalytic solar water-splitting reaction has recently at-
tracted considerable attention as a promising approach to solve 
global warming and energy resource issues (1–5). Since the dis-
covery of the Honda–Fujishima effect (6), many semiconductor 
photocatalysts have been developed (1,7–15). Recently, K. 
Domen et al. achieved 96% apparent quantum yield (AQY) at 
360 nm UV light excitation for Al-doped SrTiO3, in which the 
two different cocatalysts were loaded on the different crystal 
facets (16). This technique, which is based on the two different 
crystal facets, is remarkably effective for charge separation in a 
bulk semiconductor photocatalyst (17,18). However, the 
achievement of 100% AQY for visible-light-driven water split-
ting remains challenging. Two-step photocatalytic water split-
ting (Z-scheme) systems coupled with a suitable electron medi-
ator have been extensively studied to utilize visible light in the 
solar spectrum, because of the wide tunability of both their light 
absorption and redox potentials (19–22). In such a Z-scheme 
photocatalysis process, one-way electron transfer from the ox-
ygen- to the hydrogen-evolving photocatalyst is strongly re-
quired. In this context, various electron mediators ranging from 
soluble molecular mediators, such as I3

−/I− and [Co(bpy)3]3+/2+ 
(bpy = 2,2′-bipyridine), to solid mediators like a photoreduced 
graphene oxide, have been developed (23–25). However, back 

electron transfer at the photocatalyst–mediator interface re-
mains a bottleneck issue. 

Dye-sensitization based on photoinduced interfacial electron 
injection from a surface-immobilized photosensitizer (PS) to a 
semiconductor substrate is another promising method to utilize 
visible light for water splitting (26–38). The typical n-type sem-
iconductor TiO2 has been widely used as a substrate to fabricate 
H2 evolution dye-sensitized photocatalysts (DSPs). In addition, 
several noteworthy works have suggested that layered metal ox-
ides are also promising candidates for the fabrication of highly 
active DSPs (39–41). For example, Mallouk et al. reported a 
DSP composed of the Pt-cocatalyst-loaded layered niobate 
Pt/K4-xHxNb6O17 and a carboxy-functionalized Ru(II) PS 
(42,43). This DSP is active for H2 evolution reaction, even in an 
iodide aqueous solution that can act as an electron mediator. 
Abe et al. achieved overall water splitting using the coumarin- 
dye-sensitized internally platinated layered niobate 
Pt/H4Nb6O17 as the H2 evolution DSP and IrO2-cocatalyst-
loaded WO3 as the O2 evolution photocatalyst in the presence 
of an iodide mediator (I3

-/I-) (44). Further progress was recently 
reported by Maeda et al., in that the surface deposition of Al2O3 
clusters on an Ru(II)-dye-sensitized Pt/HCa2Nb3O10 photocata-
lyst is effective for charge separation at the semiconductor– me-
diator interface  

 



 

Scheme 1. Schematic surface structures of three types of PS-double-layered Pt/KxH4-xNb6O17 photocatalysts: (a) Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17, (b) RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, and (c) RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17. 

 
 

(AQY = 2.4% at 420 nm) (45). These pioneering works indicate 
the importance of the surface structure of a DSP, but further 
investigation of the interfacial structure between the layered 
metal oxide semiconductor surface and solution mediator is 
strongly required.  

In this work, we newly fabricated a DSP system by using two 
different nano-architectures, Ru-dye double layering and Pt co-
catalyst intercalation, to overcome the back reactions at the 
solid–solution interface. The DSP reported herein is composed 
of the internally platinated layered niobate Pt/KxH4-xNb6O17 
sensitized by double-layered Ru(II) dyes with different surface 
functional groups: RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17, 
RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, and Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 {Scheme 1; RuCP2 = [Ru(bpy)2 
(mpbpy)]2-, RuCP6 = [Ru(mpbpy)3]10-, RuP6 = [Ru(pbpy)3]10-, 
bpy = 2,2′-bipyridine, H4mpbpy = 2,2′-bipyridine-4,4′-bis(me-
thane-phosphonic acid), and H4pbpy = 2,2′-bipyridine-4,4′-
bis(phosphonic acid)}. This strategy not only effectively sup-
presses the back reaction of the internally loaded Pt cocatalysts, 
as previously reported, (44) but also enabled us to control the 
reactivity with the electron mediators based on the surface 
structure and thus, the immobilized PS molecules (46–48). We 
demonstrate that the double layering of Ru(II) PS remarkably 
improved the photocatalytic H2 evolution activity (AQY ~0.4% 
at 470 nm) in redox-reversible electron donors (iodide or 

[Co(bpy)3]2+) and that the surface functional groups signifi-
cantly affected the reactivity with these electron sources. Nota-
bly, RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 continued to evolve H2 
until all the [Co(bpy)3]2+ donor species were consumed, even in 
the presence of an equimolar amount of the oxidized Co(III) 
mediator [Co(bpy)3]3+. These results indicate that dye assembly 
at the solid–solution interface coupled with the intercalation of 
cocatalyst to the layered semiconductor is a promising approach 
to achieve one-way electron transfer in Z-scheme water split-
ting photocatalysts. 
 
RESULTS AND DISCUSSION 
 
Single-layered Ru(II)-dye-immobilized Pt/KxH4-xNb6O17 
Figure 1 summarizes the estimated amount of Ru(II)-dye mole-
cules immobilized onto the surface of 1 mg particulate Pt/KxH4-

xNb6O17 sample. This was estimated from the decreased amount 
of dye molecules in the supernatant solutions, determined by 
comparing the UV-vis spectra before and after the immobiliza-
tion process (see ESI, Figure S1 and, Table S1). For the PS sin-
gle layers (RuCP2 and RuP6), the amount of RuCP2 dye im-
mobilized on Pt/KxH4-xNb6O17 was approximately double that 
of the RuP6 dye, probably owing to the difference in the occu-
pied area of each dye molecule. RuP6 possesses more (six) 



 

phosphonate moieties than RuCP2 (two), and thus, compared to 
RuCP2, it sterically and electrostatically occupies a larger area 
of the Pt/KxH4-xNb6O17 surface. This results in a smaller amount 
of RuP6 being immobilized. A similar trend was previously re-
ported for Pt-TiO2 (48). The validity of the estimated values 
(e.g., 54 nmol/g for RuP6) was assessed by considering the sur-
face area of the Pt/KxH4-xNb6O17 particles. The thickness of a 
Pt/KxH4-xNb6O17 platelet particle was estimated to be 11±1 nm, 
based on the full width at half maximum of the (040) reflection 
of the PXRD pattern (Figure S2), while the average length 
and/or width, determined from the TEM images, was in the 
range 20–200 nm (Figure S3). Assuming the shape of a Pt/KxH4-

xNb6O17 particle as rectangular parallelepiped, the immobiliza-
tion amount per unit area of Pt/KxH4-xNb6O17 is 0.018–0.121 
nmol/cm2 (see “Calculation of the surface coverage of Ru(II) 
complexes per unit area of KxH4-xNb6O17” in the supporting in-
formation). This value approaches the calculated value (~0.083 
nmol/cm2) based on the occupied area of one RuP6 molecule 
(~2 nm2 per one molecule), strongly suggesting that the surfaces 
of a Pt/KxH4-xNb6O17 particle are almost fully covered by RuP6. 
This hypothesis was supported by the fact that no significant 
adsorption occurred in the subsequent (second) RuP6 immobi-
lization reaction without Zr(IV) cation linkers. Indeed, the UV-
vis absorption spectra of the supernatant solution was near-
identical to that recorded before the reaction (Figure S4). In ad-
dition, no characteristic RuP6 absorption band was observed for 
the supernatant solution obtained after subsequent reaction with 
the Zr4+ cation to prepare the Zr-RuP6@Pt/KxH4-xNb6O17 pre-
cursor (Figures S1c and S1f) for double layer formation.  
 
Double-layered Ru(II)-dye-immobilized Pt/KxH4-xNb6O17 

As seen in Figure 1, all three samples with PS-double-layered 
Ru dyes prepared using the Zr(IV) cation linkers were con-
firmed to contain at least double the amount of immobilized dye 
molecules than that of the single-layered sample 
(RuP6@Pt/KxH4-xNb6O17). Moreover, the negligible desorption 
of RuP6 during the subsequent reaction with the Zr4+ cation in-
dicates that the immobilized amount of RuP6 dye in Zr-
RuP6@Pt/KxH4-xNb6O17 is near-identical to that of 
RuP6@Pt/KxH4-xNb6O17. Notably, neither desorption of RuP6 
nor dye exchange from RuP6 to the dye used for the second 
layer (e.g., RuCP2 or RuCP6) occurred, as confirmed by the 
emission and 1H NMR spectra and emission decay curve of the 
supernatant solution isolated from the second dye immobiliza-
tion reaction (Figure S5). All three results were near-identical 
to that of the RuCP6 dye aqueous solution, and no signals as-
signable to RuP6 were detected. As was observed for the single-
layered sample, the amount (~92 nmol) of immobilized RuCP2 
in RuCP2-Zr-RuP6@Pt/KxH4−XNb6O17 was 35% larger than 
that (~69 nmol) of RuCP6 in RuCP6-Zr-
RuP6@Pt/KxH4−XNb6O17. This was attributed to the smaller 
size and neutral nature of RuCP2. In the RuCP2-Zr-
RuP6@Pt/KxH4−XNb6O17 sample, the amount of outer RuCP2 
was approximately 1.3 times larger than that of the inner RuP6. 
This seems quite reasonable on considering the number of phos-
phonic acid groups in each dye: The RuP6 dye in the inner layer 
is immobilized on the surface of KxH4−XNb6O17 by three phos-
phonate linkers, leaving three free phosphonates for binding to 
the Zr4+ cations. If the RuCP2, with two phosphonates, occupies 
two of the three surface-bound Zr4+ sites to form the second 
outer layer, the maximum amount of immobilized RuCP2 will 

be approximately one and a half times the amount of RuP6 in 
the inner layer, reasonably explaining the above result.  

 
Figure 1. Amounts of immobilized Ru(II) complexes on Pt/KxH4-

xNb6O17. Two different batches of RuP6@Pt/KxH4-xNb6O17 were 
used for Zr-RuP6@Pt/KxH4-xNb6O17, RuCP2-Zr-RuP6@Pt/KxH4-

xNb6O17 and RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17, with immobilized RuP6 dye concentra-
tions of 69.0 nmol/mg and 56.3 nmol/mg, respectively. 
 
This is also a reasonable explanation for the comparable immo-
bilization amounts of the two Ru(II) dyes in RuCP6-Zr-
RuP6@Pt/KxH4−XNb6O17. This is because RuCP6, with six 
phosphonates, can occupy all the three surface-bound Zr4+ sites, 
resulting in the 1:1 molar ratio of these two Ru(II) dyes. As dis-
cussed above, no 1MLCT absorption band derived from the 
Ru(II) dyes was detected in the UV-vis absorption spectrum of 
the supernatant solution obtained after the Zr4+ immobilization 
reaction to form Zr-RuCP6-Zr-RuP6@Pt/KxH4−XNb6O17 (Fig-
ure S1f). Thus, we concluded that the immobilization amount 
of each Ru(II) dye in Zr-RuCP6-Zr-RuP6@Pt/KxH4−XNb6O17 is 
near-identical to that in RuCP6-Zr-RuP6@Pt/KxH4−XNb6O17.  

The chemical composition of each sample was estimated by 
XRF (Figure S6). We confirmed that the unmodified 
Pt/KxH4−XNb6O17 sample only exhibited peaks derived from Pt 
and Nb. On the other hand, all the Ru(II)-dye-immobilized 
Pt/KxH4−XNb6O17 particles exhibited Ru Kα radiation at 19.2 
keV, confirming the presence of immobilized Ru(II) dyes on 
the surface. Although quantitative analysis on the amount of 
each Ru(II) dye was difficult, owing to the overlap between the 
Ru Kα and Nb Kβ radiations, the Ru Kα intensity of the PS-
double-layered Pt/KxH4−XNb6O17 was significantly stronger 
than that of the PS-single-layered counterpart. All the Zr4+-
treated samples, namely Zr-RuP6@Pt/KxH4−XNb6O17, RuCP2-
Zr-RuP6@Pt/KxH4−XNb6O17, and RuCP6-Zr-
RuP6@Pt/KxH4−XNb6O17 presented a Zr Kα peak at 15.7 keV, 
confirming that the Zr4+ cations were bound by the phospho-
nates of the Ru(II) dyes. As expected, the Zr Kα peak intensity 
of Zr-RuCP6-Zr-RuP6@Pt/KxH4−XNb6O17 was larger than that 
of RuCP6-Zr-RuP6@Pt/KxH4−XNb6O17, indicating an increased 
amount of Zr4+ cations as a result of their immobilization to the 
phosphonate groups directed on the outside of the RuCP6 layer. 
PXRD measurements revealed that the effect of Ru(II)-dye-
immobilization on the crystal structure of the Pt/KxH4−XNb6O17 
particles was negligible (Figure S2). 
 



 

Photocatalytic H2 evolution reaction using KI as anionic 
electron donor 
Figure 2 shows the time courses of photocatalytic hydrogen 
evolution on the Ru(II)-dye-immobilized Pt/KxH4−XNb6O17 
samples from aqueous KI solution (0.5 M, pH = 2), in which the 
iodide anions act as electron donors. In addition, the TON, TOF, 
and AQY values estimated for each reaction are summarized in 
Table 1. Note that the total amount of Ru(II) dye in each solu-
tion was constant (100 µM) and no hydrogen evolution was ob-
served in the absence of Ru(II) PS, light, or electron donor (Ta-
ble S2). As seen in Figure 2, all six samples, including the PS-
single-layered samples, evolved H2 with relatively steady rates. 
This is in stark contrast to previously reported results with Pt-
TiO2 nanoparticles, in which the PS-single-layered Pt-TiO2 na-
noparticles did not show any reliable H2 production under the 
same conditions (47). This implies the crucial role of the Pt co-
catalyst loaded in the interlayer of KxH4−XNb6O17, as discussed 
in various literature (41–45). As seen in Table 1, all six samples 

exhibited TONs >1, confirming the occurrence of H2 production 
via photocatalytic processes triggered by light absorption of a 
Ru(II) PS and subsequent electron donation from the iodide as 
the electron source. Clearly, the PS-double-layered particles 
evolved two- to fourfold the amount of H2 than did the PS-
single-layered particles with the same surface functional (Zr-
PO3-, PO3-, or H-) group. This was attributed to the improved 
charge separation between the semiconductor and Ru(II) dyes, 
as we previously reported for the Pt-TiO2 nanoparticles  (49). 
Briefly, the back electron transfer can be suppressed by the in-
troduction of PS-dye-double-layered particles. This suppres-
sion can be explained by the energy diagram shown in Scheme 
2, which reveals that hole transfer from the inner to the outer PS 
is possible. These results suggest that PS-multilayering is a 
promising method to improve the charge-separation efficiency 
not only for the classical TiO2 but also for the layered niobate 
KxH4-xNb6O17. More interestingly, the activity of the PS-
double-layered particles strongly depended on the surface func-
tional group.  

 

Figure 2. Photocatalytic H2 evolution reactions driven by (a) Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 (red closed circles) and Zr-
RuP6@Pt/KxH4-xNb6O17 (pink open triangles), (b) RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 (blue closed triangles) and RuP6@Pt/KxH4-xNb6O17 
(purple open triangles), and (c) RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17 (black closed circles) and RuCP2@Pt/KxH4-xNb6O17 (green open circles) 
in the presence of 100 μM Ru(II) dye and 0.5 M KI as the electron donor (initial pH = 2.0, λ = 470 ± 10 nm).

Table 1. Results of photocatalytic H2 evolution experiments in 0.5 M KI aqueous solution.  

aReaction conditions: [Ru-PS] = 100 µM in total, [KI] = 0.5 M, HCl aqueous solution (pH = 2), λex = 470 ± 10 nm, 70 mW. The 
reaction solution was purged by Ar bubbling for 1 h before light irradiation. The numerical values are averages of more than three 
experiments. Definitions: TON, turn-over number; TOF, turn-over frequency; AQY, apparent quantum yield. Average value of pro-
duced H2 was used in these calculations. 
 
 

Photocatalysta H2 (μmol) 
(0–6 h) 

Produced 
I3

− 
(µmol) 

PS 
TONa 
(0–3 h) 

PS 
TONa 
(0–6 h) 

PS initial 
TOFa 

AQYa 

(%) 
(0–6 h) 

iAQYa 

(%) 
(0–1 h) 

RuCP2@Pt/KxH4-xNb6O17 0.589±0.114 0.33 1.58 2.36 1.0 0.020 0.049 

RuP6@Pt/KxH4-xNb6O17 2.84±1.04 3.0 9.96 11.4 6.0 0.10 0.30 

Zr-RuP6@Pt/KxH4-xNb6O17 4.38±0.68 3.7 11.6 17.5 5.4 0.15 0.27 

RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17 1.62±0.08 1.5 4.40 6.48 2.1 0.054 0.11 

RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 8.64±0.26 7.7 21.8 34.6 8.9 0.29 0.45 

Zr-RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 
11.2±0.56 9.2 30.0 44.9 7.9 0.38 0.60 



 

Scheme 2. Energy diagram of Ru(II)-PS double-layered 
Pt/KxH4−XNb6O17 photocatalytic system in aqueous solution 

 
After 6 h irradiation, the TONs of RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 and Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 were re-
spectively approximately five and seven times higher than that 
of RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17. The Ru(III)/Ru(II) re-
dox potentials of RuCP2 and RuCP6 immobilized in the second 
outer layer were reported to be near-identical by Meyer et al. 
(49) (Scheme 2). In addition, coordination to Zr4+ had little ef-
fect on these values. Thus, the difference in activity was not 
thermodynamically (redox potential) induced but originated 
from the geometrical difference in the outer surface structure, 
as reported in the previously reported Pt-TiO2 nanoparticle sys-
tem (48). Hence, iodide anions are attracted by the electrostatic 
and/or hydrogen bonding interactions with the surface func-
tional groups of Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 and 
RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, enabling more efficient 
electron injection to the photo-oxidized Ru(III) dye. In the pre-
sent Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, the iodide anions 
are attracted by the Zr4+-phosphonate groups at the outer surface, 
whereas they are electrostatically repelled by the surface phos-
phonate groups of RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17. The 
zeta potential of Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 in the 
absence of iodide aqueous solution was positive, assumptions 
are supported by the zeta potential measurements while a large 
negative shift was observed following the addition of 0.5 M io-
dide (Table S3, +31 mV → +4.9 mV), suggesting the attraction 
of iodide anions to the particle surface. These results are con-
sistent with those from the recent work on a dye-sensitized solar 
cell by Hanson et al., whereby the surface Zr4+-phosphonate 
moiety attached on a well-known Ru(II) dye (N3) suppressed 
back electron transfer from the redox mediator to improve the 
open circuit voltage (VOC) (50). On the other hand, the change 
in the zeta potential of RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 was 
negligible when iodide was added (+2.9 mV → +1.0 mV). 
Given that the pKa of phosphonic acid is ~1.5 (51), the particle 
surface of RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 can be neutral-
ized by the proton release from the surface phosphonic acid 
groups, resulting in weaker attraction with the iodide anion than 
is observed with Zr-RuP6@Pt/KxH4-xNb6O17. Although 
RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17 showed a large negative 
shift following the addition of the iodide (+32 mV → ±0.0 mV), 
implying attraction of the iodide anions, the photocatalytic ac-
tivity was the lowest among the three PS-double-layered photo-
catalysts. Since the surface of RuCP2-Zr-RuP6@Pt/KxH4-

xNb6O17 has no interactive functional groups for iodide anions 

(52,53), the electrostatic attraction between the surface-immo-
bilized [Ru2+(bpy)3]-type molecules and iodide anions is less ef-
fective for electron donation from the iodide ions compared to 
that between the surface Zr4+-phosphonates and iodides.  

The amount of oxidized iodide species was determined from the 
UV-vis absorption spectrum of the supernatant solution after 
each reaction (Figure S7). All solutions showed two character-
istic triiodide anion (I3

-) absorption bands at 290 and 350 nm 
(52,55,56). Table S4 summarizes the amounts of I3

- produced 
for each reaction. Although their precise quantitative determi-
nation was difficult, owing to light scattering by the residual 
particles ever after ultracentrifugation, the produced I3

- amount 
approached the stoichiometric values of the evolved H2. Thus, 
we concluded that the iodide acted as the electron source for 
proton reduction to evolve H2, as expressed in Eq. I: 
2H+ + 3I−  →  H2 +  I3−                                             (I)  
Notably, I3

- production generally causes a gradual decrease in 
the H2 production rate, as observed in each reaction during 6 h 
light irradiation (Figure 2), attributed to its light shielding effect. 
The absorbance values of the 20-fold diluted supernatant solu-
tions of Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 and RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 at 470 nm were 0.07 and 0.06, respec-
tively, indicating that the actual absorbance of the reaction so-
lution is >1 (Table S4).  
 
Apparent quantum yields for H2 evolution in the KI system 
The AQYs after 6 h irradiation of Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 and RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 were estimated to be 0.38% and 0.29%, respectively. 
These values are slightly smaller but comparable to the values 
of our previously reported Pt-TiO2 nanoparticles with the same 
PS-double-layered structure (AQY = 0.54% for Zr-RuCP6-Zr-
RuP6@1wt%Pt-TiO2 and 0.30% for RuCP6-Zr-
RuP6@1wt%Pt-TiO2)(48). In contrast, the AQY of RuCP2-Zr-
RuP6@Pt/KxH4-xNb6O17 (0.054%), which does not comprise 
any surface phosphonate groups, was double that of the corre-
sponding Pt-TiO2 nanoparticle (0.028%, RuCP2-Zr-
RuP6@1wt%Pt-TiO2). Similarly, the PS-single-layered 
RuCP2@Pt/KxH4-xNb6O17 photocatalytically evolved H2 (TON 
= 2.36, AQY= 0.020%), while the Pt-TiO2 nanoparticle with the 
same RuCP2 dye was almost inactive (TON = 0.28, AQY = 
0.0024%). These differences between Pt/KxH4-xNb6O17 and Pt-
TiO2 are ascribable to the size relationship between the Pt co-
catalyst and Ru(II)-dye layer. As discussed in various literature 
reports (41,44), the Pt cocatalysts in Pt/KxH4-xNb6O17 were in-
corporated into the KxH4-xNb6O17 interlayer and the Pt surface 
was barely exposed to the solid–solution interface, while the Pt 
cocatalyst loaded on the TiO2 nanoparticle was directly exposed 
to the interface. On the other hand, the thickness of the Ru(II)-
dye double layer comprising surface phosphonate or Zr4+-phos-
phonate groups, roughly estimated at 3–4 nm based on the mo-
lecular sizes of the immobilized Ru(II) dyes, was slightly larger 
than the size of the Pt cocatalyst (~2.9 nm) loaded on the TiO2 
nanoparticle (48). These sizes indicate that the Pt cocatalysts 
loaded on TiO2 were submerged in the Ru(II)-dye double layer 
and the Pt surface was barely exposed to the particle–solution 
interface, especially for the thickest layer Zr-RuCP6-Zr-
RuP6@1wt%Pt-TiO2. The photocatalytic activity is therefore 
comparable to that of the Pt/KxH4-xNb6O17 particle with the 
same dye double layer structure. Thus, to suppress the back re-
action on the Pt cocatalyst surface, double layering of Ru(II) 
dyes using Zr4+ cations is comparably effective to the intercala-
tion of a Pt cocatalyst into the interlayer of a semiconductor 
substrate. This technique shows great potential for application 
to other semiconductor photocatalysts. Further, the significant 
enhancement of the photocatalytic activity of a Pt/KxH4-xNb6O17 



 

particle by changing the surface structure of the Ru(II)-dye dou-
ble layer from simple bpy to phosphonate or Zr4+-phosphonate-
functionalized bpy clearly indicates the importance of surface 
structure for photocatalytic H2 evolution activity. 
 
Photocatalytic H2 evolution reaction using [Co(bpy)3]SO4 as 
cationic electron donor 
To further investigate the impact of the surface structure on the 
H2 evolution efficiency, the reaction was next conducted with 
[Co(bpy)3]SO4 aqueous solution instead of KI. In this case we 

predicted that the cationic [Co(bpy)3]2+ complex acts as a cati-
onic one-electron donor, which completely differs from the pro-
cess with the iodide anion. In addition, this complex molecule 
is too large to approach the Pt cocatalyst immobilized in the in-
terlayer of KxH4-xNb6O17. Thus, back electron transfer to the ox-
idized electron donor [Co(bpy)3]3+ is completely suppressed. 
Figure 3 shows the time courses of H2 evolution from 16.4 mM 
[Co(bpy)3]SO4 aqueous solution (pH = 2, acidified by adding 
aqueous HCl); the results are also summarized in Table 2. No 
hydrogen evolution was observed in the absence of Ru(II) PS, 
light, or [Co(bpy)3]2+ electron donor (Table S2).  

 

Figure 3. Photocatalytic H2 evolution reactions driven by (a) Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 (red closed circles) and Zr-
RuP6@Pt/KxH4-xNb6O17 (pink open triangles), (b) RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 (blue closed triangles) and RuP6@Pt/KxH4-xNb6O17 

(purple open triangles), and (c) RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17 (black closed circles) and RuCP2@Pt/KxH4-xNb6O17 (green open circles) 
in the presence of 100 μM Ru(II) dye and 16.4 mM [Co(bpy)3]SO4 as the electron donor (initial pH = 2.0, λ = 470 ± 10 nm). 

Table 2. Results of photocatalytic H2 evolution experiments in [Co(bpy)3]SO4 aqueous solution. 

aMeasurement conditions: [Ru-PS] = 100 µM in total, HCl aqueous solution (pH = 2), λex = 470 ± 10 nm, 70 mW. The reaction solution was 
purged by Ar-bubbling for 1 h before light irradiation. The numerical values are averages of more than three experiments. Definitions: TON, 
turn-over number; TOF, turn-over frequency; AQY, apparent quantum yield. Average value of produced H2 was used in these calculations. 

 

1H NMR spectrum after the 6 h reaction of RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 clearly indicates that [Co(bpy)3]3+ was 

produced as the oxidation product coupled with the H2 evolu-
tion reaction (Figure S8). Further, no signals assignable to the 

Photocatalyst [Co(bpy)3]SO4 

(mM) 
H2 (μmol) 
(0–6 h) 

PS 
TONa 
(0–3 h) 

PS 
TONa 
(0–6 h) 

PS initial 
TOFa 

AQYa (%) 
(0–6 h) 

iAQYa(%) 
(0–1 h) 

RuCP2@Pt/KxH4-xNb6O17 16.4 7.25±1.04 18.0 29.0 6.3 0.24 0.32 

RuP6@Pt/KxH4-xNb6O17 16.4 2.17±0.06 5.29 8.68 1.9 0.07 0.10 
Zr-RuP6@Pt/KxH4-xNb6O17 16.4 4.80±0.26 12.9 19.2 5.6 0.16 0.28 

RuCP2-Zr-RuP6@Pt/KxH4-

xNb6O17 
16.4 7.79±0.65 18.8 31.1 7.0 0.26 0.35 

RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 
16.4 11.8±0.63 29.5 47.2 11 0.40 0.56 

RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 
1.64 4.15±0.01 14.8 16.6 7.9 - 0.40 

RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 -2nd 
1.64 4.04±0.21 13.7 16.2 5.3 - 0.27 

Zr-RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 
16.4 8.39±0.30 21.4 33.6 7.1 0.28 0.36 



 

Ru(II) dyes  was observed, suggesting the superior durability of 
the RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17. These results indicate 
that the [Co(bpy)3]2+ donor was one-electron-oxidized to pro-
duce the [Co(bpy)3]3+ as the result of photocatalytic H2 evolu-
tion in these systems. Although we tried to estimate the amount 
of [Co(bpy)3]3+ by UV-Vis absorption spectral measurement 
(Figure S9), it was failed because the similar spectral shapes of 
tris-bipyridyl Co(III) and Co(II) complexes (57). The photo-
catalytic activity clearly depended on the surface structure. In-
deed, the activity of the PS-double-layered particles increased 
in the order RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17 < Zr-RuCP6-
Zr-RuP6@Pt/KxH4-xNb6O17 < RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17. Notably, both Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 
and RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 evolved an amount of 
H2 comparable to that evolved from the KI system, even though 
the donor concentration (16.4 mM [Co(bpy)3]SO4) was approx-
imately 30-fold lower than that of the iodide (0.5 M). This is 
probably because the redox reaction of [Co(bpy)3]3+/2+ does not 
accompany any interatomic bond formation reactions, as is the 
case with I3

-/ I-.  
Interestingly, the TON for RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 was 1.4 times higher than that for Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17, in contrast to the KI system (see Fig-
ure 2). The zeta potential at pH 2 for RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 was confirmed to be near-neutral both 
in the sulfuric acid (−0.83 mV) and aqueous HCl (+1.0 mV, Ta-
ble S3) solutions. However, the potential positively shifted by 
up to +6.7 mV following the addition of [Co(bpy)3]2+, suggest-
ing that cationic [Co(bpy)3]2+ molecules were attracted near the 
particle surface, probably through electrostatic attraction of the 
partially H+-released surface phosphonates of RuCP6.  In con-
trast, the zeta potential (+2.1 mV) of Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 in the sulfuric acid solution shifted 
slightly to +5.6 mV. Considering that the potential of Zr-
RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 in aqueous HCl was highly 
positive (+31 mV), the Zr4+ cations bound by the surface phos-
phonate of RuCP6 may be surrounded by sulfate anions in 
aqueous H2SO4, providing a near-neutral zeta potential. In this 
case, the electron donating [Co(bpy)3]2+ cations are indirectly 
attracted by the sulfate anions surrounding the surface Zr4+ cat-
ions. The electron transfer kinetics is inversely proportional to 

the square of the distance between the electron donor and ac-
cepter. Thus, the plausible origin of the higher H2 evolution ac-
tivity in the [Co(bpy)3]2+ solution of RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 over that in Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 is due to the closer distance between 
the cationic [Co(bpy)3]2+ donor and RuCP6 on the particle sur-
face with direct electrostatic interaction with the anionic phos-
phonates. On the other hand, RuCP2-Zr-RuP6@Pt/KxH4-

xNb6O17, which exhibited the lowest H2 evolution activity 
among the three PS-double-layered particles in aqueous KI, 
showed almost the same activity as Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17 when [Co(bpy)3]2+ was used instead. 
This possibly originates from the difference in the electron do-
nating process: [Co(bpy)3]2+ donates one electron to form the 
stable Co(III) species, whereas electron donation from the io-
dide anion is accompanied by two I–I bond formations to form 
the stable I3

- anion. Thus, a high donor concentration is not re-
quired for [Co(bpy)3]2+ to donate one electron to the surface 
Ru(II)-PS, as mentioned above. The change in the zeta potential 
shift of RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17, following the ad-
dition of [Co(bpy)3]2+ (+11 mV → +17 mV) was similar to that 
of Zr-RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, and is consistent 
with their comparable photocatalytic activities in the 
[Co(bpy)3]2+ donor solution. These results suggest that the ap-
propriate surface modification of a photocatalyst particle to in-
duce the desirable electrostatic attraction with redox mediators 
shows great potential as an effective strategy for boosting the 
electron donation from the mediators to the PS molecules. Alt-
hough the dominant reason for the similar activity between the 
PS-single-layered RuCP2@Pt/KxH4-xNb6O17 and PS-double-
layered RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17 is unclear at pre-
sent, it might be due to the difference in the amount of Ru(II) 
dyes immobilized directly on the surface of KxH4-xNb6O17.   
 
Complete consumption of [Co(bpy)3]2+ donor 
We also performed the photocatalytic hydrogen evolution reac-
tion using RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 in a 10-fold 
lower concentration of [Co(bpy)3]SO4 (1.64 mM) solution to 
avoid light absorption by the [Co(bpy)3]3+/2+ mediators, which 
interferes with the light absorption of Ru(II) PSs (Figure 4).  

 



 

Figure 4. Two-cycle photocatalytic hydrogen production reactions using RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 in the presence of 100 μM 
Ru(II) dye and 1.64 mM [Co(bpy)3]SO4 as the electron donor (initial pH = 2.0, λ = 470 ± 10 nm). 

Even at this low donor concentration, the initial 1 h TOF ap-
proximated 70% in 16.4 mM donor solution, indicating the su-
perior performance of this PS-double-layered photocatalyst. 
Notably, the evolved amount of H2 after 4 h light irradiation 
reached approximately 4.1 μmol, which is nearly equal to the 
upper limit of evolved hydrogen from the total 8.2 μmol of the 
one-electron [Co(bpy)3]2+ donor. This finding strongly suggests 
that RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 can drive the photo-
catalytic H2 evolution reaction until all the [Co(bpy)3]2+ donors 
are oxidized to [Co(bpy)3]3+. 1H NMR spectrum of the superna-
tant solution in the presence of three internal standards (Acetone, 
MeCN, and 1,4-dioxane) suggests that about 2 mM 
[Co(bpy)3]3+ was produced after 6 h irradiation (Figure S10 and 
Table S5). This spectrum with sharp signals is strong evidence 
showing that all paramagnetic [Co(bpy)3]2+ electron donors 
(1.64 mM) were completely oxidized during the photochemical 
H2 evolution reaction. The photocatalytic reaction was next 
conducted by adding another 8.2 μmol [Co(bpy)3]SO4 followed 
by Ar-purging. Although the initial TOF in the second cycle 
was slightly lowered to ~70%, the amount of evolved H2 still 
reached ~4 μmol, indicating the complete consumption of the 
[Co(bpy)3]2+ donor, even in the presence of 8.2 μmol of the one-
electron oxidized [Co(bpy)3]3+ in the initial period. The lower 
activity in the second cycle compared to that in the first cycle 
was attributed to back electron transfer to the oxidized donor 
[Co(bpy)3]3+. Compared to the divalent species, the trivalent 
species is more effectively attracted near the particle surface by 
electrostatic interaction and thus, backward electron transfer oc-
curs to some extent. Nevertheless, the H2 evolution continued 
until another portion of [Co(bpy)3]2+ was completely oxidized. 
Therefore, the charge separation process triggered by the en-
ergy transfer process from the outer excited RuCP6* to inner 
RuP6 followed by the electron injection process from the inner 
excited RuP6* to Pt/KxH4-xNb6O17 is relatively faster than the 
back electron transfer from the outer excited RuCP6* to the ox-
idized [Co(bpy)3]3+, resulting in the complete consumption of 
the secondary added [Co(bpy)3]2+ donors. 
 
CONCLUSION 
In this work, to suppress the back electron transfer processes 
that occur from a H2 evolving photocatalyst to an oxidized re-
dox mediator, we synthesized new hybrid photocatalysts com-
posed of the internally platinated layered niobate Pt/KxH4-

xNb6O17 and surface-immobilized double-layered Ru(II) photo-
sensitizers with phosphonates coordinated to Zr4+ cations. As 
expected from the pioneering works on layered niobates 
(41,43,44), the photocatalytic H2 evolution activity (e.g., AQY) 
of the single-PS-layered photocatalyst RuCP2@Pt/KxH4-

xNb6O17 in the presence of the KI redox-reversible electron do-

nor was approximately 10 times higher than that of its TiO2 an-
alogue (RuCP2@Pt/TiO2) (48). This occurred because interca-
lation of the Pt-cocatalyst effectively suppressed back reaction 
with the oxidized mediators on the Pt cocatalyst surface. The 
double-layering of Ru(II) PS on the Pt/KxH4-xNb6O17 surface 
significantly improved the photocatalytic H2 evolution activity 
probably by enhancing the charge separation efficiency be-
tween the electron-injected semiconductor and photo-oxidized 
PS, as is the case with Pt-TiO2 nanoparticles. The photocatalytic 
activity of the PS-double-layered Pt/KxH4-xNb6O17 system 
strongly depended on the surface structure. Thus, Zr-RuCP6-
Zr-RuP6@Pt/KxH4-xNb6O17, with Zr4+ cations on its surface, 
showed the highest AQY (0.38%) in the KI aqueous solution, 
while RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, having phosphonate 
anions on its surface, exhibited the highest AQY (0.40%) in the 
[Co(bpy)3]SO4 aqueous solution. These results suggest that sur-
face modification of dye-sensitized photocatalysts to modify 
the electrostatic interaction between the photocatalyst surface 
and redox mediator is a promising approach not only to enhance 
electron donation but also to suppress back electron transfer to 
the redox mediator. In fact, RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17 
was photocatalytically active even in a 10-fold lower 
[Co(bpy)3]SO4 solution concentration, and almost all the 
[Co(bpy)3]2+ donors were consumed as an electron source for 
H2 evolution. These results are important for the fabrication of 
Z-scheme water splitting photocatalysts, because back electron 
transfer to the oxidized redox mediator on a H2 evolution pho-
tocatalyst is a bottleneck issue. In conclusion, the combination 
of two nano-architectures, the intercalation of a Pt cocatalyst 
and PS double layering, can suppress back electron transfer to 
the oxidized redox mediator and shows potential as an effective 
approach for the preparation of highly active Z-scheme water 
splitting photocatalysts. Further study to design a water-split-
ting Z-scheme photocatalyst based on a PS-multilayered H2 
evolution photocatalyst is in progress. 
 
EXPERIMENTAL SECTION 
 
Materials and Syntheses 
Caution! Although we did not come across any difficulties, 
most of the chemicals used in this study are potentially harmful 
and should be used in small quantities and handled with care in 
a fumehood. All commercially available starting materials were 
used as received without further purification. The internally 
platinated layered niobate Pt/KxH4-xNb6O17 was synthesized ac-
cording to a previously reported method (41) with some modi-
fications. The Ru(II) molecular photosensitizers (RuCP2, 
RuCP6, and RuP6 (49, 58) were also synthesized using previ-
ously reported methods.  



 

 
Preparation of the Ru(II)-dye-immobilized Pt/KxH4-xNb6O17 
Six types of Ru(II)-dye-immobilized Pt/KxH4-xNb6O17 nanopar-
ticles (RuCP2@Pt/KxH4-xNb6O17, RuP6@Pt/KxH4-xNb6O17, Zr-
RuP6@Pt/KxH4-xNb6O17, RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17, 
RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17, and Zr-RuCP6-Zr-
RuP6@Pt/KxH4-xNb6O17) were synthesized according to our 
previously reported procedure (48) for Ru(II)-dye-immobilized 
Pt-TiO2 nanoparticles with several modifications as follows:  
I. Immobilization of the first Ru(II)-dye layer. Exactly, 30 mg 
of Pt/KxH4-xNb6O17 was dispersed in 2.5 mM Ru(II)-dye solu-
tion (RuCP2 or RuP6, 6 mL). Next, 50 µL of 34% aqueous HCl 
solution was added to acidify the dispersion solution and stirred 
overnight at 293 K in the dark. The resultant Ru(II)-dye-
immobilized Pt/KxH4-xNb6O17 was isolated by ultracentrifuga-
tion (50,000 rpm, 15 min) and then washed twice with 0.4% 
aqueous HCl. The Ru(II)-dye-single-layered Pt/KxH4-xNb6O17 

(RuCP2@Pt/KxH4-xNb6O17 or RuP6@Pt/KxH4-xNb6O17) was fi-
nally obtained by drying under air at 293 K.  
II. Immobilization of Zr4+ cations on the phosphonates of the 
Ru(II) dyes. The well-dried RuP6@Pt/KxH4-xNb6O17 was dis-
persed in 6 mL of an MeOH solution of 50 mM ZrCl2O⋅8H2O 
and stirred overnight at 293 K in the dark. The dispersed parti-
cles were collected by ultracentrifugation (50,000 rpm, 15 min), 
washed twice with MeOH, and then dried under air for several 
days to afford the orange Zr-RuP6@Pt/KxH4-xNb6O17.  
III. Immobilization of the second Ru(II)-dye layer. The second 
immobilization of the Ru(II) dye was conducted using an al-
most identical procedure to that used for the first dye layer im-
mobilization, but using Zr-RuP6@Pt/KxH4-xNb6O17 instead of 
Pt/KxH4-xNb6O17. Briefly, Zr-RuP6@Pt/KxH4-xNb6O17 was dis-
persed in 2.5 mM Ru(II)-dye solution (RuCP2 or RuCP6, 6 mL) 
and then acidified with 50 µL of 34% aqueous HCl solution. 
After stirring overnight at 293 K in the dark, the dispersed par-
ticles were isolated by ultracentrifugation (50,000 rpm, 15 min) 
and then washed twice with 0.4% aqueous HCl. The Ru(II)-dye 
double-layered particles (RuCP2-Zr-RuP6@Pt/KxH4-xNb6O17 
or RuCP6-Zr-RuP6@Pt/KxH4-xNb6O17) were obtained by dry-
ing under air for several days at 293 K. Subsequently, RuCP6-
Zr-RuP6@Pt/KxH4-xNb6O17 was treated with ZrCl2O⋅8H2O 
MeOH solution (method II above) to form the Zr4+-cation-mod-
ified Ru(II)-dye double-layered Zr-RuCP6-Zr-RuP6@Pt/KxH4-

xNb6O17 particles.  
The immobilized amounts of Ru(II) dyes were estimated from 
the UV-vis absorption spectrum of each supernatant solution, 
isolated by ultracentrifugation of the Ru(II)-dye immobilization 
reaction (see the ESI for details). 
 
Measurements 
1H-NMR spectra were recorded at 293 K on an JEOL ECZ-
400S NMR spectrometer, while UV−vis absorption spectra 
were recorded on a Shimadzu UV-2400PC spectrophotometer. 
Luminescence spectra were recorded on a JASCO FP-6600 or 
FP-8600 spectrofluorometer at 298 K. Each sample solution 
was deoxygenated by N2 bubbling for 30 min at 298 K. Emis-
sion lifetime measurements were conducted using a Quantau-
rus-Tau C11367 fluorescence lifetime spectrometer (Hamama-
tsu Photonics KK) excited by a UV light-emitting diode (LED) 
light source (λex = 280 nm). Energy-dispersive XRF spectra 
were recorded using a Bruker S2 PUMA analyzer. Powder X-

ray diffraction studies were conducted using a Rigaku SPD dif-
fractometer at beamline BL-8B of the Photon Factory, KEK, 
Japan. The wavelength of the synchrotron X-ray was 1.5372(1) 
Å. TEM was performed using a JEOL JEM-2010x electron mi-
croscope (200 kV). 
 
Photocatalytic water reduction reaction 
This reaction was conducted in the dark. A KI (0.5 M, pH = 2 
adjusted by adding aqueous HCl) or [Co(bpy)3]SO4 (16.4 mM 
or 1.64 mM, pH = 2 adjusted by adding aqueous HCl) solution 
containing Ru(II)-dye-immobilized particles (100 μM) was 
placed into an in-house Schlenk flask-equipped quartz cell (vol-
ume: 265 mL) with  a small magnetic stirring bar. Each sample 
flask was doubly sealed with rubber septa, and the mixed solu-
tion was deoxygenated by Ar-bubbling for 1 h. The flask was 
then irradiated from the bottom with a blue LED lamp (λ = 470 
± 10 nm; 70 mW; Opto Device Lab. Ltd., OP6-4710HP2). The 
temperature was controlled at 293 K using an in-house alumi-
num water-cooling jacket with a water-circulating temperature 
controller (EYELA CCA-1111). The gas samples (0.6 mL) for 
each analysis were then collected from the headspace using a 
gas-tight syringe (Valco Instruments Co. Inc.), and the amount 
of evolved H2 was determined using a gas chromatograph (Ag-
ilent 490 Micro Gas). The turn-over numbers (TONs) and turn-
over frequencies (TOFs) were estimated from the amount of 
evolved H2, which required two photoredox cycles of the Ru(II) 
photosensitizer to reduce one water molecule.  Each photocata-
lytic H2 evolution reaction was conducted threefold under the 
same conditions, and the average value with standard deviation 
was recorded. The detection limit of the H2 gas chromatography 
analysis was 0.005 µmol. The AQY was calculated using the 
equation:  
AQY = Ne/Np = 2NH2/ Np 
where Ne represents the number of reacted electrons, NH2 is the 
number of evolved H2 molecules, and Np is the number of inci-
dent photons. 
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