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ABSTRACT: Water splitting into H2 and O2 under visible light was achieved
using simple organic dyes such as coumarin and carbazole as photosensitizers on
an n-type semiconductor for H2 evolution, a tungsten(VI) oxide (WO3)
photocatalyst for O2 evolution, and a triiodide/iodide (I3

−/I−) redox couple as a
shuttle electron mediator between them. The results on electrochemical
measurements revealed that the oxidized states of the dye molecules having an
oligothiophene moiety (two or more thiophene rings) in their structures are
relatively stable even in water and possess sufficiently long lifetimes to exhibit
reversible oxidation−reduction cycles, while the carbazole system required more
thiophene rings than the coumarin one to be substantially stabilized. The long
lifetimes of the oxidized states enabled these dye molecules to be regenerated to
the original states by accepting an electron from the I− electron donor even in an
aqueous solution, achieving sustained H2 and I3

− production from an aqueous
KI solution under visible light irradiation when they were combined with an
appropriate n-type semiconductor, ion-exchangeable layered niobate H4Nb6O17. The use of H4Nb6O17 loaded with Pt cocatalyst
inside the interlayer allowed the water reduction to proceed preferentially with a steady rate even in the presence of a
considerable amount of I3

− in the solution, due to the inhibited access of I3
− to the reduction site, Pt particles inside, by the

electrostatic repulsion between the I3
− anions and the negatively charged (Nb6O17)

4− layers. It was also revealed that the WO3
particles coloaded with Pt and IrO2 catalysts exhibited higher rates of O2 evolution than the WO3 particles loaded only with Pt in
aqueous solutions containing a considerable amount of I−, which competitively consumes the holes and lowers the rate of O2
evolution on WO3 photocatalysts. The enhanced O2 evolution is certainly due to the improved selectivity of holes toward water
oxidation on IrO2 cocatalyst, instead of undesirable oxidation of I−. Simultaneous evolution of H2 and O2 under visible light was
then achieved by combining the Pt/H4Nb6O17 semiconductor sensitized with the dye molecules having an oligothiophene
moiety, which can stably generate H2 and I3

− from an aqueous KI solution, with the IrO2−Pt-loaded WO3 photocatalyst that can
reduce the I3

− back to I− and oxidize water to O2.

1. INTRODUCTION

Photoinduced water splitting into H2 and O2 using semi-
conductor materials has recently been a cutting-edge research
area due to the growing expectation for clean and direct
production of H2 from water by utilizing abundant solar
light.1−9 Although a large number of metal oxide semi-
conductors have so far been demonstrated to be active
photocatalysts for simultaneous evolution of H2 and O2 with
the stoichiometric ratio 2:1, almost all of the active photo-
catalysts can utilize only ultraviolet (UV) light with a
wavelength shorter than 400 nm, with quite rare exceptions,
because of their larger bandgap energies than 3.0 eV. Since
visible light accounts for nearly 50% of solar light energy that
reaches the Earth’s surface, efficient utilization of visible light is
undoubtedly necessary to realize practically efficient H2
production on a huge scale. The development of efficient

water-splitting systems that can harvest a wide range of visible
light has therefore been a great challenge over many years.10−29

Applying a two-step photoexcitation system, a so-called Z-
scheme, consisting of two different photocatalysts and a shuttle
redox couple (Red/Ox)30 is one of the promising strategies for
achieving efficient water-splitting under visible light irradi-
ation.10−14,18−29 In this concept, the water-splitting system is
separated into two components: one for H2 evolution and the
other for O2 evolution. The photoexcited electrons on the H2-
evolving photocatalyst reduce water to H2, and the holes
generated oxidize a reductant (Red) to an oxidant (Ox). The
Ox produced is then reduced back to the Red by the
photoexcited electrons on the O2-evolving photocatalyst
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where the holes simultaneously oxidize water to O2. On the
basis of this concept, we demonstrated the first example of
visible-light-induced water splitting in 2001 by using SrTiO3
codoped with Cr and Ta as a H2-evolving photocatalyst, WO3
as an O2-evolving photocatalyst, and an iodate/iodide (IO3

−/
I−) redox couple31 as a shuttle electron mediator.10,11,13 Various
combinations of H2- and O2-evolving photocatalysts have
already afforded simultaneous evolution of H2 and O2 under
visible light irradiation through the redox cycle of IO3

−/
I−.10,11,13,14,19,20,22,25−28 Introduction of the two-step photo-
excitation concept (Z-scheme) can lower the energy required
to drive each photocatalysis process, enabling one to utilize
visible light more easily than in conventional one-step water-
splitting systems consisting of a single photocatalyst. For
example, the Z-scheme water-splitting system employing a
mixed tantalum oxynitride BaTaO2N as the H2-evolving
photocatalyst was demonstrated to be photoactive at wave-
lengths up to ca. 660 nm,20,22,28 the longest among the
photocatalytic water-splitting systems so far reported. Kudo and
his co-workers have also reported water splitting under visible
light based on the Z-scheme with shuttle redox couples such as
Fe3+/Fe2+ and [Co(bpy)3]

3+/[Co(bpy)3]
2+,12,18,21,29 or even

without any redox mediator.23

However, only a limited number of semiconductor materials
are available for the visible-light-driven water splitting systems
at present. The limitation basically arises from the difficulty in
tailoring the band levels, as well as the bandgaps, of inorganic
semiconductor materials. Scaife pointed out in 1980 the
difficulty in developing an oxide semiconductor having both a
sufficiently negative conduction band bottom for H2 evolution
and a narrow bandgap for visible light absorption.32 Since the
valence bands of oxide semiconductors are dominantly formed
by O 2p orbitals, the top of the valence band is fixed at highly
positive levels at around +3.0 V vs SHE, with rare exceptions.32

Consequently, the conduction band bottoms of visible-light-
responsive oxide semiconductors, which have narrower
bandgaps than 3.0 eV, are generally insufficient for the water
reduction (0 V vs SHE). In contrast, the fine-tuning of energy
levels (HOMO and LUMO), as well as the energy gaps, of
organic semiconductors is much easier than those of inorganic
semiconductors.33 It has been demonstrated that a number of
organic dyes,34−42 as well as metal complexes,43 have both the
sufficiently negative LUMO level for the electron injection to
the conduction band of TiO2 and the sufficiently positive
HOMO level for the oxidation of I− to I3

− in organic solvents
such as acetonitrile, and thus can be used as efficient
photosensitizers in dye-sensitized solar cells.34−43 It therefore
appears that employing a dye-sensitized n-type semiconductor
(e.g., TiO2) as a H2-evolving photocatalyst with I− electron
donor is one of the reasonable approaches for establishing the
Z-scheme water splitting systems that can harvest a wide range
of visible light.
Figure 1 depicts H2 evolution processes over a dye-sensitized

n-type semiconductor. Upon irradiation of visible light, an
electron is excited from the HOMO to LUMO of the dye
molecule, and then injected into the conduction band of the
semiconductor, generating an oxidized state of the dye
molecule. The injected electrons transfer to a reduction site,
such as Pt particles, and then reduce water to H2. The oxidized
state of the dye molecule can be regenerated to the original
state by accepting an electron from an appropriate electron
donor (Red) such as I−, simultaneously generating an oxidized
product (Ox) such as I3

−. Although a considerable number of

studies have been made on the dye-sensitized H2 production
using a strong sacrificial electron donor such as triethanol-
amine,44 only a few reliable studies have so far been reported on
nonsacrificial H2 production employing a reversible electron
donor such as I−.45−49 Both the insufficient stability of the
oxidized state of simple dye molecules in aqueous media and
the low efficiency in the regeneration process, the electron
injection from the electron donor to the oxidized state,48,49

seem to be the main reasons for the difficulty in achieving
steady H2 evolution from water using reversible electron donors
such as I−.
Among various organic dyes examined, a coumarin dye (C-

343) adsorbed on a Pt-loaded TiO2 particle was found to be
active for H2 evolution from an aqueous solution containing I−

electron donor,48,49 while the activity gradually decreased with
prolonged irradiation time due to the gradual degradation of
dye molecules. We have then revealed that inserting an
oligothiophene (two or more thiophene rings) moiety between
the donor and acceptor parts of coumarin dyes drastically
improved the stability of the oxidized states in aqueous
solution. The high stability of oxidized states enabled the dye
molecules to work as durable sensitizers for stoichiometric
production of H2 and I3

− from aqueous solutions containing I−

electron donor, when they were combined with an appropriate
n-type semiconductor, layered niobate H4Nb6O17.

24 Simulta-
neous evolution of H2 and O2 under visible light was thus
achieved by combining the dye-adsorbed layered niobate with a
WO3 photocatalyst, which reduced the I3

− back to I− and
oxidized water to O2.
On the basis of these findings, we examined the influence of

the molecular structure of dye, specifically that of the
oligothiophene moiety, on both the stability in aqueous
media and the efficiency of H2 evolution in detail in the
present study by using a series of coumarin and carbazole dyes.
Additionally, nanoparticulate Pt inside the interlayer space of
layered niobate and nanoparticulate IrO2 coloaded with Pt on
the surface of WO3 were applied to improve the reaction
selectivity toward H2 and O2 evolution, respectively, and their
effects on efficiencies were examined in detail.

2. EXPERIMENTAL SECTION
2.1. Preparation of Pt/H4Nb6O17 Samples. Crystals of ion-

exchangeable layered niobium oxide (K4Nb6O17) were prepared by

Figure 1. Conceptual scheme of H2 evolution from water over a dye-
sensitized n-type semiconductor using iodide (I−) as an electron
donor, with the energy diagram for the coumarin NKX-2677 dye
system.
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heating a stoichiometric mixture of K2CO3 and Nb2O5 in a platinum
crucible at 1473 K for 15 min; the melt was rapidly cooled to room
temperature. The polycrystalline K4Nb6O17 produced was pulverized
in an agate mortar to form a powder with particle sizes of 1−10 μm.50
To introduce Pt nanoparticles (0.5 wt %) into the interlayer space, the
K4Nb6O17 particles were stirred in an aqueous solution containing the
required amount of [Pt(NH3)4]Cl2 for 3 days at room temperature.
An appropriate amount of methanol was added to the aqueous
solution (to be 10 vol %), which was then irradiated by a 300 W Xe
lamp (Cermax LX-300F, λ > 300 nm) for 12 h. In this process, the
photoexcited electrons generated on the K4Nb6O17 semiconductor
reduced the [Pt(NH3)4]

2+ cations to metallic Pt, while the
photogenerated holes oxidized methanol.51 After being washed with
distilled water several times, the sample was stirred in an aqueous HCl
solution (0.5 M) for 72 h to exchange K+ ions at the interlayers into
H+. Although an atomic absorption spectrometry indicated that only
60−75% of K+ ions were exchanged to H+ by this procedure, the
proton-exchanged samples are referred to as H4Nb6O17 hereafter for
simplification. The prepared sample is thus referred to as Pt(in−out)/
H4Nb6O17, in which Pt metal particles exist mainly inside the interlayer
spaces, as well as outside of the particles in part. Finally, the Pt(in−
out)/H4Nb6O17 sample was stirred in 3:1 concentrated HCl/HNO3 at
about 90 °C for 10 min to dissolve the Pt particles deposited on
external sites of H4Nb6O17 particles.

51 The material thus obtained is
referred to as Pt(in)/H4Nb6O17. A TiO2 sample loaded with 0.5 wt %
Pt was prepared as follows. A commercial TiO2 powder (anatase, 320
m2 g−1, Ishihara Co. Ltd., ST-01) was stirred in an aqueous methanol
solution (10 vol %) containing the required amount of H2PtCl6 and
irradiated by the Xe lamp for 12 h. After being washed with distilled
water several times, the sample was heated at 473 K under a vacuum
for 2 h to remove residual organic compounds.
2.2. Adsorption of Dye Molecules on the Semiconductor

Surface. The coumarin dyes (NKX series)35,37 used in the present
study were provided by Hayashibara Biochemical Laboratories, Inc.,
Japan. The carbazole dyes (MK-1 and -2)39 were synthesized as
previously reported. The molecular structures of these dyes are shown
in Figure 2. The Pt/H4Nb6O17 or Pt/TiO2 powder (0.5 g) was
suspended in an acetonitrile−ethanol mixed solution (1:1 v/v, 50 mL)
containing the NKX dye (0.3 mM) and stirred in the dark for 24 h.
After separating the powder sample from the dye solution by
centrifugation, it was washed once with an acetonitrile−ethanol
solvent and twice by acetonitrile to remove superfluous dye molecules,
and finally dried at room temperature and kept in a dark environment.
In the case of MK dyes, a mixture of toluene and ethanol (1:1 v/v, 50
mL) was used as the solvent.

2.3. Preparation of IrO2 and Pt Coloaded WO3 Photo-
catalyst. A WO3 powder (99.99%) was obtained from High Purity
Chemical Co., Japan. Nanoparticulate Pt (0.5 wt %) cocatalyst was
loaded onto the WO3 particles by impregnation from aqueous H2PtCl6
solution, followed by calcination in air for 1 h at 773 K.27 The obtained
sample is referred to as Pt/WO3, while it contains PtO along with Pt
metal particle.27 The IrO2 (0.5 wt %) cocatalyst was then loaded on
the Pt/WO3 sample by impregnation from aqueous Na2IrCl6 solution
followed again by calcination in air at 773 K for 1 h. This sample is
referred to as IrO2−Pt/WO3. For comparison, sample loaded only
with IrO2 was prepared by the method described above, which will be
referred to as IrO2/WO3.

2.4. Electrochemical Measurements. To examine the stability of
dye molecules in aqueous solutions, their oxidation and reduction
behaviors were analyzed by cyclic voltammetry (CV) in both aqueous
and dehydrated acetonitrile (AN) solutions. Since all the dyes used in
the present study are barely soluble in the aqueous solutions of pH
lower than 7 due to their hydrophobic nature, their CV profiles in
aqueous solutions could not be obtained by use of conventional
techniques for the dissolved species. Thus, the CV measurements were
carried out by using nanoporous TiO2 electrodes adsorbed with the
dye molecules.52 Porous TiO2 film electrodes were prepared by
spreading a TiO2 nanoparticle sol (Ishihara Co. Ltd., ST-21) on a
conducting glass support (F-doped SnO2). They were then calcined at
723 K for 30 min in air. The TiO2 electrode was immersed in an
acetonitrile−ethanol solution (1:1 v/v) of coumarin dye (0.3 mM) or
in a toluene−ethanol solution (1:1 v/v) of carbazole dye (0.3 mM)
and kept for more than 24 h at room temperature under dark
conditions. The dye-adsorbed TiO2 electrodes were washed with
acetonitrile or toluene to remove superfluous dye molecules and then
used immediately for the electrochemical measurements.

Electrochemical measurements were conducted with a potentiostat
(Princeton Applied Research, PASTAT 2263) and a one-compartment
cell consisting of a dye-adsorbed TiO2 electrode, a Pt counter
electrode, and a reference electrode. CV profiles of dye-adsorbed TiO2
electrodes were examined in a dehydrated acetonitrile (AN) or
aqueous solution, with a scan rate of 100 mV s−1. Both the solutions
contained 0.1 M LiClO4 as a supporting electrolyte. As for the
measurement in AN solutions, Ag/Ag+ in 0.01 M AgNO3/AN solution
was used as a reference electrode, while Ag/AgCl in saturated aqueous
NaCl solution was used as a reference in aqueous solutions. The
solution was purged with argon gas for more than 30 min prior to the
measurement.

2.5. Photocatalytic Reactions. Photocatalytic reactions were
carried out using a Pyrex glass reactor connected to a closed gas-
circulation system. In the case of H2 evolution, the dye-adsorbed Pt/

Figure 2. Molecular structures of dyes.
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H4Nb6O17 (or Pt/TiO2) photocatalyst powder (50 mg) was
introduced into an aqueous potassium iodide (KI) solution (0.1 mol
L−1, 100 mL) in the reactor, and the suspension was stirred using a
magnetic stir bar. Stirring the dye-adsorbed Pt/H4Nb6O17 powder in
the KI aq. (pH ∼ 6.5, without adjustment) made the solution acidic

(pH ∼ 3.7) after 1 h, due to the cation exchange between K+ in the
solution and H+ in the interlayers of H4Nb6O17. In some cases, initial
pH values of KI aq. were adjusted to be 1.0, 2.0, and 11.0 by adding
appropriate amounts of H2SO4 or KOH, which were confirmed to be
ca. 1.0, 2.0, and 9.0, respectively, after stirring the dye-adsorbed Pt/

Figure 3. Wide range CV profiles of dyes adsorbed on a porous TiO2 electrode in dehydrated acetonitrile containing 0.1 M LiClO4 as a supporting
electrolyte. The scan rate was 100 mV s−1. Ag/Ag+ in 0.01 M AgNO3 acetonitrile solution was used as a reference electrode.

Figure 4. Narrow range CV profiles of dyes adsorbed on a porous TiO2 electrode in dehydrated acetonitrile containing 0.1 M LiClO4 as a supporting
electrolyte. The scan rate was 100 mV s−1. Ag/Ag+ in 0.01 M AgNO3 acetonitrile solution was used as a reference electrode.
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H4Nb6O17 powder in each solution for 1 h. The system was
thoroughly degassed by several cycles of evacuation and then
introduced by Ar gas (ca. 13 kPa). The suspension was irradiated by
visible light (410 nm < λ < 800 nm) from the top of the reactor using
the 300 W Xe lamp equipped with a UV-cut filter (Hoya L-42) and a
cold mirror. In some cases, the reaction was carried out without any
cutoff filters, in which both UV and visible light was irradiated (λ > 300
nm). The reactor temperature was maintained at a constant value of
288 K during the reaction using cooling water. As for O2 evolution, a
WO3 photocatalyst powder (100 mg) was suspended in an aqueous
solution containing a fixed concentration of KIO3 (2 mM) and various
concentrations of KI (0−50 mM). In the case of overall water splitting,
dye-adsorbed Pt/H4Nb6O17 (50 mg) and IrO2−Pt/WO3 (100 mg)
were mixed in an aqueous KI solution (5 mM), and then irradiated by
visible light (410 nm < λ < 800 nm). The evolved H2 and/or O2 gas
was analyzed by an online gas chromatograph (TCD, molecular sieve 5
Å). The amount of I3

− ions generated in the aqueous solution after
each reaction was determined on the basis of the absorption peak at
around 350 nm, arising from I3

− anions.

3. RESULTS AND DISCUSSION

3.1. Influence of the Oligothiophene Moiety on the
Stability of Dye Molecules in Aqueous Media. Dye
molecules must be stable in their oxidized states, which are
generated after the electron injection from the excited dye to a
semiconductor (see Figure 1). This is indispensable for efficient
regeneration of dye molecules and achieving steady H2
evolution on dye-sensitized photocatalysts in an aqueous
solution containing a reversible electron donor such as iodide
(I−). To examine the stability of dyes during the redox cycles,
their oxidation and reduction behaviors were analyzed by cyclic
voltammetry (CV) in both aqueous and dehydrated acetonitrile
(AN) solutions. Since all the dyes used in the present study
(see Figure 2) are barely soluble in the aqueous solutions of pH

lower than 7 due to their hydrophobic natures and the acid
dissociation constant of the carboxylic group, a nanoporous
TiO2 electrode adsorbed with the dye molecules was employed
for the CV measurements.52 When the potential on the TiO2

electrode was scanned over a wide range from 0 to 1.6 V (vs
reference, except for MK-2) in dehydrated acetonitrile (AN),
one or two current peaks were observed due to the oxidation of
dye molecules adsorbed on the TiO2 surface (see Figure 3).
The dye molecules having two or more thiophene rings (NKX-
2677, NKX-2697, MK-1, and MK-2) exhibited two oxidation
peaks in this scan range, as well as two corresponding reduction
peaks in the reverse cathodic scan, indicating that these dye
molecules can store two positive charges and can be reduced
back to the original species by accepting two electrons within
the lifetime in AN.
To estimate the stability of dye molecules during the dye-

sensitized H2 evolution (see Figure 1), in which one-electron
processes are expected to predominate, scans in a narrower
range were carried out in AN (Figure 4) and water (Figure 5)
within the potential in which only one-electron oxidation−
reduction takes place. A current peak corresponding to one-
electron oxidation was observed during an anodic potential
scan in all cases. On the other hand, the behavior during reverse
cathodic scanning differed considerably depending on the
structure of the dye molecule, specifically on the number of
thiophene rings. For the coumarin NKX-2311 dye having no
thiophene ring, no reduction peak was observed in water
(Figure 5a), while a weak one was observed in AN (Figure 4a).
Although the coumarin NKX-2587 dye having one thiophene
ring exhibited almost reversible behavior in AN (Figure 4b), the
intensity of the reduction peak in water was significantly lower
than that of oxidation (Figure 5b). On the other hand, the

Figure 5. CV profiles of dyes adsorbed on a porous TiO2 electrode in water containing 0.1 M LiClO4 as a supporting electrolyte. The scan rate was
100 mV s−1. Ag/AgCl in saturated aqueous NaCl solution was used as a reference electrode.
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coumarin dyes having an oligothiophene moiety (i.e., two or
more thiophene rings; NKX-2677 and NKX-2697) showed
almost reversible behavior even in water (Figure 5c,d), as well
as in AN (Figure 4c,d). This finding indicated that the one-
electron oxidized states of these dyes have sufficiently long
lifetimes even in water, and therefore can be reduced back to
the original species by accepting an electron during the
cathodic potential scan. For carbazole dyes, MK-2 with four
thiophene rings exhibited almost reversible behavior even in
water (Figure 5f), while MK-1 with three thiophene rings
showed a rather irreversible CV profile in water (Figure 5e).
The repeated CV scans more clearly identified the influence

of molecular structure on the stability. The intensities of
oxidation peaks remarkably decreased with the increased
number of scans for the coumarin dyes without oligothiophenes
(NKX-2311, NKX-2587) in both AN and water. Since
desorption of these dye molecules from the TiO2 surface was
negligible during the repeated CV scans, the decrease in peak
intensity was undoubtedly due to the irreversible oxidation of
dye molecules, generating some inactive species. For the
coumarin dyes, the introduction of two or more thiophene
rings (NKX-2677 and -2697) significantly improved the
stability in both AN and water, while the intensities of
oxidation peaks gradually decreased with increasing number of
scans in both cases. For the carbazole system, the MK-2 dye
having four thiophene rings showed much higher stability than
the MK-1 dye that possesses three thiophene rings. Given the
fact that a similar tendency was observed in both AN and water
for all the dyes, the deactivation of dye molecules in AN was
probably due to the irreversible reaction of the oxidized dyes
with residual H2O molecules in AN. Clearly, introduction of
two or more thiophene rings plays an essential role in
stabilizing the one-electron oxidized states of dye molecules
in aqueous media, while the carbazole system seems to require
more thiophene rings than the coumarin one to be substantially
stabilized.
3.2. Photocatalytic H2 Evolution from Water over

Dye-Adsorbed Layered Niobate in the Presence of I−

Electron Donor under Visible Light Irradiation. These
dyes were then used as photosensitizers of n-type semi-
conductors for H2 evolution from an aqueous solution
containing iodide (I−) as an electron donor. However, the H2
evolution from an aqueous KI (0.1 M) solution on a dye-
adsorbed Pt/TiO2, which is the best-known n-type semi-
conductor for dye sensitization, was found to readily terminate

within a few hours of irradiation, with a tiny amount of H2 gas
evolved (see Figure 6a, for example). It was also confirmed that
the H2 evolution over dye-sensitized Pt/TiO2 photocatalysts
was entirely suppressed by adding a small amount of I3

− (ca. 50
μmol) into the solutions before photoirradiation. In contrast,
the NKX-2677-adsorbed Pt/TiO2 sample exhibited efficient H2
evolution with a steady rate from an aqueous solution
containing a sacrificial electron donor, triethanolamine
(TEOA), as shown in Figure 6b. Clearly, a backward reaction,
i.e., rereduction of I3

− to I−, preferentially proceeded on the Pt
cocatalysts loaded on TiO2 in the presence of the I3

−/I− redox
couple, suppressing the H2 evolution consequently (see Figure
7a).49

In order to achieve steady H2 evolution on the dye-sensitized
systems, an internally platinized layered niobate, Pt(in)/
H4Nb6O17, was applied as an n-type semiconductor instead of
Pt/TiO2. It has been demonstrated that the use of Pt(in)/
H4Nb6O17, where Pt nanoparticles are selectively loaded in the
interlayer spaces, is effective to suppress the undesirable
backward reaction, i.e., rereduction of I3

− to I− on Pt.45−47,49

As shown in Figure 6a, H2 evolution proceeded with a steady
rate over NKX-2677-adsorbed Pt(in)/H4Nb6O17 from an
aqueous solution containing an I− electron donor under visible
light irradiation. Since I3

− anions are unable to access the Pt
particles inside due to the electrostatic repulsion between the
anionic I3

− and the negatively charged (Nb6O17)
4− layers, the

backward reduction of I3
− to I− can be effectively suppressed

(see Figure 7b).45−47,49 When Pt cocatalysts were loaded both
in the interlayers and on the outerlayers of H4Nb6O17 [Pt(in−
out)/H4Nb6O17], the rate of H2 evolution gradually decreased,

Figure 6. Time courses of photocatalytic H2 evolution under visible light (λ > 410 nm) on NKX-2677 dye-adsorbed Pt(in)/H4Nb6O17, Pt(in−out)/
H4Nb6O17, and Pt/TiO2 photocatalysts suspended in (a) 0.1 M aqueous KI solution (pH ∼ 6.5, without adjustment) and (b) 0.1 M aqueous
triethanolamine solution (pH ∼ 7, adjusted with HCl).

Figure 7. Conceptual schemes for suppression of backward reaction
using nanostructured layered semiconductors.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4048637 | J. Am. Chem. Soc. 2013, 135, 16872−1688416877



undoubtedly due to the occurrence of backward reduction of
I3
− on the outer Pt particles.
On the other hand, the dye-adsorbed Pt/TiO2 photocatalyst

exhibited a much higher rate of H2 evolution than the dye-
adsorbed Pt/H4Nb6O17 samples in an aqueous TEOA solution,
in which the occurrence of backward reaction can be neglected.
The high rate of H2 evolution is certainly due to both the much
higher amount of adsorbed dye molecules (ca. 12 μmol/50 mg)
and the efficient electron transfer from excited dye to Pt
through the conduction band of TiO2. The dye-adsorbed
Pt(in)/H4Nb6O17 system generated the lowest H2, implying
that the efficiency of electron transfer in the system is still
insufficient due to the long distance between the dye molecules
outside and Pt cocatalysts inside of interlayers. Since the
K4Nb6O17 particles prepared by solid state reaction possess
relatively large particle sizes from several to a hundred μm,50 it
appears that only the Pt cocatalysts loaded in the interlayers
near the outer surface mainly scavenge the electrons from dye
molecules outside. The apparent quantum efficiency for H2

production on NKX-2677-adsorbed Pt(in)/H4Nb6O17 was
determined to be ca. 0.05% at 480 nm under similar reaction
conditions to those in Figure 6a, except for the light intensity of
monochromatic light passed through a bandpass filter.
Although the efficiency should be further improved by
controlling the sizes or shapes of K4Nb6O17 particles, the
steady H2 evolution on dye-adsorbed Pt(in)/H4Nb6O17

samples allows us to evaluate the influence of dye structure
on the stability and efficiency of H2 evolution from water using
an I− electron donor.

3.3. Influence of Dye Structure on Photocatalytic H2

Evolution from Water over Dye-Adsorbed Layered
Niobate in the Presence of I− under Visible Light
Irradiation. Figure 8 shows the time courses of H2 evolution
over the dye-adsorbed layered niobate [Pt(in)/H4Nb6O17]
photocatalysts suspended in an aqueous KI solution (0.1 M,
initial pH ∼ 3.7) under visible light irradiation (410 nm < λ <
800 nm). The rates of H2 evolution on the Pt(in)/H4Nb6O17

adsorbed by the coumarin dyes without oligothiophenes (NKX-
2311 and NKX-2587) gradually decreased with irradiation time
and became quite low after 6 h of irradiation (see the second
runs after evacuation of the gas phase), while the initial rates of
H2 evolution were relatively high. The diffuse reflectance
spectra of these samples markedly changed during the
photoirradiation, as shown in Figure 9a, in which the
absorption of dye molecules in the visible region (400−700
nm) was mostly disappeared after each reaction. Such a marked
change was not observed when the photocatalysts were stirred
in an aqueous KI solution in the dark, even under slightly basic
conditions. This fact indicates that the marked decrease in
absorption was caused by photochemical processes, not by the
desorption of dye molecules from the Pt(in)/H4Nb6O17

surface. A part of the oxidized state of dye molecules must
have reacted with H2O molecules to form photoinactive species
before accepting an electron from I− for regeneration,
decreasing the number of active dye molecules gradually
during the photoirradiation, as suggested by the results on
electrochemical measurement for these dyes.

Figure 8. Time courses of photocatalytic H2 evolution under visible light on dye-adsorbed Pt(in)/H4Nb6O17 photocatalysts suspended in 0.1 M
aqueous KI solution (initial pH ∼ 3.7).

Figure 9. Diffuse reflectance spectra of dye-adsorbed Pt(in)−H4Nb6O17 photocatalysts before and after the reactions shown in Figure 8.
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On the other hand, relatively steady H2 evolution proceeded
over the dyes with an oligothiophene (NKX-2677, NKX-2697,
MK-1, and MK-2), as shown in Figure 8, and nearly the same
amounts of I3

− as H2 were detected in the solutions after all the
reactions. The absorption of these dye molecules in the visible
region can be clearly seen even after each reaction (see Figure
9b and c), while the absorption edges shifted to a shorter
wavelength in all the cases, especially in the case of NKX-2677.
The blue shift was probably caused by partial desorption of dye
molecules from the Pt(in)/H4Nb6O17 surface due to the pH
change during the reaction, as well as by the progress of
oxidative decomposition in part, which will be discussed in the
next section. These findings indicated that the following
reaction cycle took place continuously under visible light on the
Pt(in)/H4Nb6O17 adsorbed with the dyes having an oligothio-
phene moiety:

ν λ+ > → *hS ( 400 nm) S (excitation of dye) (1)

* → ++ −S S e (electron injection to H Nb O )4 6 17 (2)

+ →− +2e 2H H (H production on Pt)2 2 (3)

+ → ++ −2S 2I 2S I (regeneration of dye)2 (4)

+ →− − −I I I (generation of I )2 3 3 (5)

+ → ++ − −2H 3I H I (total)2 3 (6)

These photocatalysis results again indicate the essential role
of the oligothiophene moiety in stabilizing the oxidized state of
dye molecules during the redox cycle in aqueous solutions. It
should be noted that the electrochemical experiments (shown
in Figures 3−5) were carried out under quite severe conditions,
i.e., in the absence of an electron donor for regeneration,
increasing the probability of deactivation through the reaction
of the oxidized states with H2O molecules. On the other hand,
the regeneration of dye molecules can take place competitively
with the deactivation in the photocatalytic reactions carried out
in the presence of a considerably high concentration of I−

electron donor (0.1 M KI). Therefore, even the electrochemi-
cally unstable coumarin dyes that possess no oligothiophene
moiety (NKX-2311 and -2587) could generate H2 in the initial
period, as seen in Figure 8a, while the activity decreased
remarkably with prolonged irradiation time due to the
occurrence of competitive deactivation of the dyes. As indicated
by the electrochemical experiments, the oxidation states of dyes
with an oligothiophene moiety possess sufficiently long
lifetimes even in aqueous solutions, enabling the dye molecules
to be regenerated by accepting an electron from I− and thus to
work stably as photosensitizers for H2 evolution.

Kato et al. examined the influence of the oligothiophene
moiety on the stability of these coumarin and carbazole dyes
adsorbed on nanocrystalline TiO2 films under photoirradiation
in air.53 It was found that the dyes having an oligothiophene
moiety between their donor and acceptor parts are much more
robust than those without an oligothiophene moiety. The
transient absorption spectra of the oxidized state of dyes
indicated that the positive charge generated after electron
injection localized within the oligothiophene moiety, regardless
of the structure of the donor portion (i.e., coumarin or
carbazole). Therefore, it is likely that the positive charge
localized within the oligothiophene moiety possesses relatively
low reactivity toward H2O molecules, while it can react with I−

anions in the aqueous solution, enabling the regeneration by
accepting an electron from I−. The higher stability under
ambient condition also implied that the dyes with an
oligothiophene moiety are resistant to O2 molecules, not only
to H2O. Indeed, the Pt(in)/H4Nb6O17 adsorbed with the dye
molecules having an oligothiophene moiety stably evolved H2
even when the reaction was initiated in the presence of a
considerable amount of O2 in the gas phase. On the other hand,
the positive charge generated in the dye molecules without an
oligothiophene tend to delocalize over the whole π-conjugation
system, and readily reacted with H2O and/or O2 molecules,
resulting in a loss of light absorption in the visible light region
due to the destruction of π-conjugation.
Table 1 summarizes the properties of dyes together with the

initial rate of H2 evolution (determined from the results in
Figure 8). The number of thiophene rings does not significantly
affect the absorption properties of these dyes both in solution
and on H4Nb6O17. The oxidation potentials (Eox), which
correspond to the HOMO level, of these dyes were estimated
from the reversible CV profiles shown in Figures 3−5. All the
Eox values in acetonitrile (AN) solvent could be determined,
while those in water could be determined only for NKX-2587,
-2677, and -2697 dyes. The Eox values of coumarin dyes in AN
clearly decreased with increasing numbers of thiophene rings:
from 0.81 V (NKX-2311) to 0.63 V (NKX-2697). The Eox in
water also decreased from 1.06 V (NKX-2587) to 0.93 V
(NKX-2697). The same trend was observed for carbazole dyes
(MK-1 and MK-2). In each dye system (except for NKX-2311),
the initial rate of H2 evolution decreased with increasing
numbers of thiophene rings. These findings strongly suggested
that inserting more thiophene rings lowers the efficiency in
electron injection from I3

−/I− (+0.54 V vs SHE) to the HOMO
level due to the decreased energy gap between them, resulting
in the lowered rate of H2 evolution. The reduction potential
(Ered), which corresponds to the LUMO levels, could be
estimated on the basis of the Eox and energy gap of each dye.
For example, the Ered of NKX-2677 was estimated to be ca.

Table 1. Absorption and Electrochemical Properties of Coumarin and Carbazole Dyes

dye λmax
a (nm) (ε, M−1 cm−1) λmax (nm) (on H4Nb6O17) Eox

b (V) vs Ag/Ag+ Eox
c (V) vs SHE initial rate of H2 generation (μmol h−1)

NKX-2311 483 (43500) 516 0.81 28.0
NKX-2587 493 (54500) 516 0.75 1.06 37.8
NKX-2677 483 (60100) 510 0.66 0.96 24.8
NKX-2697 493 (70000) 496 0.63 0.93 12.1
MK-1 480 (38800) 490 0.88 19.2
MK-2 480 (38400) 503 0.77 14.0

aλmax and the corresponding ε were obtained from acetonitrile−ethanol mixed solutions (1:1 v/v) containing NKX dyes or toluene−ethanol mixed
solutions (1:1 v/v) containing MK dyes. bEstimated from the reversible CV profiles in AN shown in Figures 3 and 4. cEstimated from the reversible
CV profiles in aqueous solution shown in Figure 5, and then corrected to the potential vs SHE.
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−1.47 and −0.87 V vs SHE in aqueous solutions using the λmax
value on H4Nb6O17 (ca. 510 nm) and the λ at absorption edge
(ca. 700 nm), respectively. Even the later value (−0.87 V)
seems to be sufficient for the electron injection from the
LUMO level to the conduction band bottom of H4Nb6O17,
which was estimated to be ca. −0.27 V vs SHE.46 Despite the
increase in the energy gaps between the estimated Ered and the
conduction band bottom with increasing numbers of thiophene
rings, the rate of H2 evolution decreased. These facts strongly
suggested that the energy gaps between the LUMO and
conduction band bottom affected the efficiency of H2 evolution
less than those between the HOMO and I3

−/I− redox.
From these results, we can conclude that the introduction of

more thiophene rings significantly improves the stability of dye
molecules during the redox cycle in aqueous solutions, while it
lowers the rate of H2 evolution probably due to the decreased
efficiency in the electron injection from I3

−/I− to HOMO.
However, one cannot still exclude the possibility that other
factors, such as structural difference in the main part of dye
molecules (coumarin or calbazole) or geometric effect of
oligothiophene, dominantly affect the efficiency of H2
evolution. For example, MK-2 showed a lower rate of H2
evolution than NKX-2677, despite the higher Eox potential.
One possible explanation is that inserting more thiophene rings
between the donor and acceptor parts lowers the efficiency in
electron transfer from the dye to the semiconductor through
the longer oligothiophene moiety. More systematic inves-
tigation is required to clarify the influence of each factor on the
overall efficiency.
3.4. Influence of pH Values and Irradiation Wave-

length on Photocatalytic H2 Evolution. Figure 10 shows

the time courses of H2 evolution over NKX-2677-adsorbed
Pt(in)/H4Nb6O17 photocatalysts suspended in aqueous KI
solutions with different pH values. In some cases, reactions
were carried out under full arc irradiation from the Xe lamp,
which includes both UV and visible light (λ > 300 nm), in order
to investigate the influence of UV light that induces direct
excitation of H4Nb6O17 (ca. 380 nm of absorption edge) on
both the activity and stability. As described in the Experimental
Section, the pH value of nonadjusted KI aq. was confirmed to
change from 6.5 to ∼3.7 by stirring the dye-adsorbed Pt(in)/
H4Nb6O17 powder (50 mg) in the solution for 1 h. This change

is due to the cation exchange between K+ in the solution and
H+ contained in the interlayers of H4Nb6O17. When the
reaction was initiated at pH 3.7 without pH adjustment, in the
same manner as in Figure 8, the rate of H2 evolution gradually
decreased with irradiation time and became quite low after 10 h
of irradiation, as shown in Figure 10. Because the H2 evolution
from water with I− electron donor consumes H+ in the progress
of reaction (see eq 6), the pH value actually increased from 3.7
to ∼6.2 during the reaction (see Figure 10). Therefore, the lack
of H+ in the reaction media probably caused the decrease in the
rate of H2 evolution when the reaction was initiated without pH
adjustment. Indeed, such a decrease was effectively suppressed
by applying lower pH conditions. As shown in Figure 10,
relatively steady H2 evolution with higher rates was observed in
acidic solutions (pH 1 or 2). On the other hand, H2 evolution
was negligible in a basic KI solution (pH 9). Figure 11 shows

the diffuse reflectance spectra of NKX-2677-adsorbed Pt(in)−
H4Nb6O17 photocatalysts before and after the reactions. The
absorption in visible region apparently decreased and shifted to
a shorter wavelength after the reaction in unadjusted aqueous
KI solution (pH 3.7). Such change in absorption was clearly
suppressed by applying lower pH conditions, (pH 2). Since
these dyes possess a carboxylic acid group as an anchor to
semiconductor surface, they can be soluble in a basic aqueous
solution. Indeed the reaction at pH 9 resulted in the significant
decrease in absorption (see Figure 11), undoubtedly due to
desorption of dye molecules during the reaction. It therefore
appears that a part of dye molecules desorbed from the surface
of Pt(in)/H4Nb6O17 due to the increased pH value in the
progress of H2 evolution when the reaction was initiated
without pH adjustment (pH 3.7).
The full arc irradiation, which includes both UV and visible

light, to the NKX-2677-adsorbed Pt(in)/H4Nb6O17 photo-
catalyst appreciably enhanced the H2 evolution, as clearly seen
in the reaction at pH 2. The bare Pt(in)/H4Nb6O17 sample
without dye adsorption was found to generate appreciable H2
from an aqueous KI solution (pH 2) under the full arc
irradiation (see Figure 10), suggesting partial contribution of
direct excitation of H4Nb6O17 to the H2 evolution on the dye-
absorbed samples. However, the full arc irradiation obviously
decreased the absorption of dyes after the reaction (see Figure
11), indicating the oxidative degradation of dye molecules by
the holes generated on H4Nb6O17. It can be therefore

Figure 10. Time courses of H2 evolution over NKX-2677-adsorbed
Pt(in)/H4Nb6O17 photocatalysts suspended in aqueous KI solutions
with different pH values under full arc (UV + Vis; 300 nm < λ < 800
nm) or visible light (410 nm < λ < 800 nm) irradiation.

Figure 11. Diffuse reflectance spectra of NKX-2677-adsorbed Pt(in)−
H4Nb6O17 photocatalysts before and after the reaction shown in
Figure 10.
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concluded that the light in the UV region should be eliminated
to avoid the deactivation of dye molecules and to achieve stable
H2 evolution on dye-adsorbed Pt(in)/H4Nb6O17 photocatalyst.
3.5. Oxidation of Water to O2 over Cocatalyst-Loaded

WO3 Photocatalysts. As described above, some dye-adsorbed
Pt(in)/H4Nb6O17 photocatalysts could stably evolve H2 from
an aqueous solution containing I−, accompanied by generation
of I3

− as an oxidized product from I−. For achieving overall
water splitting (i.e., simultaneous evolution of H2 and O2) using
these dye-sensitized photocatalysts, it is necessary to develop
the O2-evolving photocatalyst that can evolve O2 from aqueous
solution containing I3

−. Additionally, the O2-evolving photo-
catalyst must be capable of evolving O2 even in the presence of
a relatively high concentration of I−, which is required for the
effective regeneration of the oxidized state of dye molecules (eq
4). However, it has been proven that the rate of O2 evolution
on tungsten oxide (WO3), which is known as one of the
efficient O2-evolving photocatalysts, significantly decreases with
increasing concentration of I−, due to the occurrence of
competitive oxidation of I− by holes on the surface of WO3.

27

Thus, loading of various O2-evolving cocatalysts on WO3
particles was attempted to improve the selectivity of holes
toward the oxidation of water.
Since the main oxidized product on the dye-adsorbed Pt(in)/

H4Nb6O17 photocatalysts was I3
−, the O2 evolution activity of

WO3 photocatalysts should be evaluated using I3
− as an

electron acceptor. However, both the insufficient solubility of
iodine (I2) in aqueous KI solution (I2 + I− → I3

−) and the
relatively high volatility of I2 prevented the preparation of
reaction solutions containing appropriate amounts of I3

−,
especially when the concentrations of I− were low.
Furthermore, the light absorption of I3

− in the visible light
region disturbed the accurate evaluation of the O2 evolution
rate under visible light irradiation. Iodate anion (IO3

−) with
light absorption shorter than 300 nm was thus used as an
electron acceptor instead of I3

−, since it has a similar redox
potential (IO3

−/I−: +0.67 V vs SHE at pH 7) to that of I3
−/I−

(+0.54 V vs SHE at pH 7) and sufficiently high solubility in
aqueous solutions.13,31

Figure 12 shows time courses of photocatalytic O2 evolution
on Pt-loaded WO3, IrO2-loaded WO3, and IrO2−Pt-coloaded
WO3 photocatalysts suspended in aqueous solutions containing
IO3

− alone or containing both IO3
− and I−. Although the Pt−

IrO2/WO3 and Pt/WO3 samples showed almost comparable
activity in the absence of I− (see Figure 12a), Pt−IrO2/WO3

exhibited much higher activity than Pt/WO3 in the copresence
of I− (50 mM) and IO3

−. The lower activity of IrO2/WO3 (see
Figure 12a) is undoubtedly due to the lack of reduction sites for
the reduction of IO3

− in a six-electron process.13,27 Figure 13

shows the rates of O2 evolution on these photocatalysts in
aqueous solutions containing a fixed concentration of IO3

− (2
mM) and different concentrations of I− (0−50 mM). Although
the rates of O2 evolution drastically decreased with increasing
concentration of I− both on Pt/WO3 and Pt-IrO2/WO3, the
degree of the decrease on Pt−IrO2/WO3 was clearly less,
resulting in higher rates of O2 evolution on Pt−IrO2/WO3 with
I− concentrations above 2 mM than those on Pt/WO3. These
results strongly suggested that some holes generated in WO3
migrated to the IrO2 cocatalyst, which is known to be an
effective water-oxidation catalyst,54 and oxidizes water to O2
with higher selectivity than on the bare WO3 surface.

3.6. Simultaneous Evolution of H2 and O2 under
Visible Light Irradiation Using a Combination of Dye-
Adsorbed Pt(in)/H4Nb6O17 and WO3 Photocatalysts.
Water splitting under visible light was then tried by combining
the dye-adsorbed Pt(in)/H4Nb6O17 photocatalysts with the
WO3 photocatalysts. The combination of NKX-2677−Pt(in)/
H4Nb6O17 and Pt−IrO2/WO3 allowed steady evolution of H2
and O2 in a nearly stoichiometric ratio (H2, 14.1 μmol; O2, 6.8
μmol at 8 h), as shown in Figure 14. The use of Pt/WO3
resulted in a smaller amount of O2 than the stoichiometric

Figure 12. Time courses of photocatalytic O2 evolution under visible light irradiation over various WO3 photocatalysts suspended in aqueous
solutions (250 mL, pH ∼ 6 without adjustment) containing (a) 2 mM of KIO3 and (b) 2 mM of KIO3 and 50 mM of KI.

Figure 13. Rates of O2 evolution over WO3 photocatalysts in aqueous
solutions containing different concentrations of I− (0−50 mM) and a
fixed concentration of IO3

− (2 mM).
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value (H2, 12.0 μmol; O2, 4.0 μmol at 8 h), with a gradual
decrease in gas evolution rates after 5 h of irradiation. The
deviation from stoichiometry is certainly due to the undesirable
oxidation of I− to I3

− by the holes generated on Pt/WO3, which
possesses lower selectivity toward water oxidation than Pt−
IrO2/WO3, as demonstrated in Figure 13. The decrease in the
gas evolution rates in the Pt/WO3 system is possibly due to the
light shielding by I3

− generated on Pt/WO3, since the
accumulation of an appreciable amount of I3

− was confirmed
in the solution after the reaction.
The rate of gas evolution increased with increasing I−

concentration up to 5 mM but decreased significantly with
further increase in concentration. The increase in gas evolution
rate is undoubtedly due to the enhanced H2 evolution on the
NKX-2677−Pt(in)/H4Nb6O17 photocatalyst by adding more I

−

electron donor, whereas the decreased rate at higher I−

concentrations is certainly due to the enhanced rate of
undesirable oxidation of I− over the Pt−IrO2/WO3 photo-
catalyst, which lowers the rate of O2 evolution and also causes
the accumulation of I3

−. It was also confirmed that the ratio
between dye-adsorbed Pt(in)/H4Nb6O17 and Pt−IrO2/WO3
photocatalysts affected the ratio in H2/O2 evolved during the
reaction; the optimal combinations were found to be 50 and
100 mg, respectively.

The activity of each dye for visible-light-induced water
splitting was evaluated by irradiating the mixture of dye-
adsorbed Pt(in)/H4Nb6O17 (50 mg) with Pt−IrO2/WO3 (100
mg) in aqueous KI solution (5 mM, pH ∼ 4.5 without
adjustment). For the coumarin NKX-2311 dye without
thiophene rings, only a small amount of H2 evolved in the
initial period and the gas evolution completely terminated
within 8 h, as shown in Figure 15a. Although simultaneous
evolution of H2 and O2 was observed in the initial period on the
NKX-2587 system having one thiophene ring, the evolution
rates significantly decreased with prolonged irradiation time, as
Figure 15a shows. On the other hand, the use of NKX-2677
dye, which has two thiophene rings, allowed simultaneous
evolution of H2 and O2 in nearly stoichiometric ratio even for
long photoirradiation times, while the rates of gas evolution
appreciably decreased after 40 h of irradiation. The total
amount of evolved H2 for 64 h (ca. 141.0 μmol) exceeded the
amount of dye molecules adsorbed on Pt(in)/H4Nb6O17 (ca.
0.55 μmol), giving a turnover number of ca. 513 (see Table 2).

Figure 14. Time courses of photocatalytic evolution of H2 and O2
using a mixture of NKX-2677−Pt/H4Nb6O17 (50 mg) and WO3 (100
mg) photocatalysts suspended in 5 mM KI aqueous solution under
visible light.

Figure 15. Time courses of H2 (closed) and O2 (open) evolution using a mixture of dye-adsorbed [(a) NKX-2311 and NKX-2587, (b) NKX-2677
and NKX-2697, and (c) MK-1 and MK-2] Pt/H4Nb6O17 (50 mg) and IrO2−Pt/WO3 (100 mg) suspended in 5 mM KI aqueous solution (pH ∼ 4.5,
without adjustment) under visible light. Arrows indicate evacuation of gas phase.

Table 2. Photocatalytic Activities of Dye-Adsorbed Pt/
H4Nb6O17 Combined with IrO2−Pt/WO3 Photocatalyst
from Aqueous KI Solution under Visible Light Irradiationa

amount of gas
evolved (μmol)

dye
amount of
dyeb (μmol)

irradiation
time (h) H2 O2

TON for H2
evolutionc

NKX-2311 0.51 8 0.6 0 2.4 (8 h)
NKX-2587 0.50 24 23.8 10.1 95 (24 h)
NKX-2677 0.55 24 50.4 21.3 183 (24 h)

64 141.0 59.1 513 (64 h)
NKX-2697 0.52 24 26.9 12.3 104 (54 h)

64 82.3 35.1 317 (64 h)
MK-1 0.71 24 26.4 10.2 75 (24 h)
MK-2 0.56 24 40.3 15.8 144 (24 h)

aReaction conditions: catalyst, 50 mg of dye-adsorbed Pt (in, 0.5 wt
%)/H4Nb6O17 and 100 mg of IrO2 (0.5 wt %)−Pt (0.5 wt %)/WO3;
aqueous KI solution (5 mM, 100 mL); light source, xenon lamp (300
W) fitted with L-42 cutoff filter; reaction vessel, Pyrex top-irradiation
type; irradiation wavelength, 410 nm < λ < 800 nm. bAmount of dye
molecules adsorbed on 50 mg of Pt/H4Nb6O17.

cCalculated as follows:
turnover number = amount of H2 evolved × 2/amount of dye
molecules adsorbed on 50 mg of Pt/H4Nb6O17.
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Simultaneous evolution of H2 and O2 was also observed for
NKX-2697, with three thiophene rings, with steady rates even
after 48 h of irradiation (see Figure 15b), while the initial rates
of gas evolution were lower than those on NKX-2677 dye.
These results again indicated that introducing more thiophene
rings makes the dye molecules more robust during the redox
cycle in aqueous solutions, while it lowers the efficiency in H2
evolution, as discussed in a previous section. Although both the
carbazole systems (MK-1 and MK-2) exhibited simultaneous
evolution of H2 and O2, the rate of gas evolution on the MK-1
system gradually decreased, as seen in Figure 15c, indicating
that the introduction of four thiophene rings (MK-2) is
required for substantial stabilization of the carbazole dye
system, agreeing well with the results on the electrochemical
measurements.
Table 2 summarizes the results on water splitting using the

combinations of dye-adsorbed Pt(in)/H4Nb6O17 and Pt−IrO2/
WO3 in aqueous KI solutions under visible light. The coumarin
dyes having two or three thiophene rings (NKX-2677 and
-2697), as well as the carbazole dye with four thiophene rings
(MK-2), showed higher turnover numbers than the others. It
should be noted here that these numbers were not the
maximum values, since their activities still remained even at the
end of the photoreactions (see Figure 15b and c). On the other
hand, the turnover numbers for NKX-2311 and NKX-2587
seem to be close to the maximum values, since the rates of gas
evolution became almost negligible at the end of the reactions.
The activity of the MK-1 system also decreased gradually over a
long irradiation time. These results again indicated that the
insertion of the oligothiophene moiety is quite effective for
stabilizing these dye molecules during photocatalytic water
splitting, while the required number of thiophene rings is
different between coumarin and carbazole systems.
The quantum efficiencies of the dye-sensitized H2 evolution

are quite low (e.g., ca. 0.05% at 480 nm for the NKX-2677
system) at present. One possible explanation for the low
efficiency is the low efficiency in electron transfer from the dye
molecules outside to the Pt cocatalysts inside through the
micrometer sized H4Nb6O17 particles. Another possible reason
is the intrinsically low rate of electron injection from I− to dyes
in aqueous media. Spiccia et al. have recently reported highly
efficient aqueous dye-sensitized TiO2 solar cells with the
carbazole MK-2 dye in conjunction with electrolytes based on
the Fe(CN)6

4−/3− redox couple in water, with incident photon
to electron conversion efficiencies above 80%.55 This high
efficiency in aqueous media indicates the possibility for
developing an efficient dye-sensitized water splitting system
by employing an appropriate shuttle redox mediator other than
I3
−/I−.

4. SUMMARY
We demonstrated Z-scheme-type water splitting under visible
light using simple molecular sensitizers such as coumarin or
carbazole dyes adsorbed on a layered niobate for the H2
evolution part. It was revealed that the insertion of an
oligothiophene (two or more thiophene rings) moiety between
the donor and acceptor parts of these dyes effectively improves
the stability of their oxidized states in aqueous solutions,
certainly due to the localization of positive charge within the
oligothiophene moiety that possesses low reactivity toward
water molecules. This unique stabilizing ability of the
oligothiophene moiety enabled us to achieve visible-light-
induced water splitting using these robust dye sensitizers as H2-

evolving photocatalysts, combined with an effective O2-evolving
IrO2−Pt/WO3 photocatalyst through the redox cycle between
I3
− and I−. It will also provide us the chance to diversify the H2-

evolving photocatalysts available for the Z-scheme water-
splitting systems by eliminating the difficulty in tailoring the
band levels of inorganic semiconductors for H2 evolution under
visible light. Although the quantum efficiency of the dye-
sensitized H2 evolution is currently low, optimal design of
organic dye molecules, as well as semiconductors, for efficient
electron transfers in aqueous solutions will improve the
efficiency and help us to achieve efficient water splitting
harvesting a wide range of the solar light spectrum.
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