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Photocatalytic water splitting using semiconductor materials has attracted considerable interest due to its potential
for clean production of H2 from water by utilizing abundant solar light. The developments of water-splitting systems that
can efficiently use visible light have been a major challenge for many years in order to realize efficient conversion of solar
light. We have developed a new type of photocatalysis system that can split water into H2 and O2 under visible light
irradiation, which was inspired by the two-step photoexcitation (Z-scheme) mechanism of natural photosynthesis in green
plants. In this system, the water-splitting reaction is broken up into two stages: one for H2 evolution and the other for O2

evolution; these are combined by using a shuttle redox couple (Red/Ox) in the solution. The introduction of a Z-scheme
mechanism reduces the energy required to drive each photocatalysis process, extending the usable wavelengths
significantly (μ660 nm for H2 evolution and μ600 nm for O2 evolution) from that in conventional water splitting systems
(μ460 nm) based on one-step photoexcitation in single semiconductor material.

1. Introduction

1.1 Production of H2 from Water Using Solar Radiation.
A great technological challenge is the development of a clean
and renewable energy carrier that does not utilize fossil fuels.
One of the most attractive proposals is the large-scale
utilization of hydrogen (H2) as a recyclable energy carrier.
However, industrial H2 production consumes huge amounts
of fossil fuels (e.g., natural gas), resulting in equally large
amounts of CO2 being released. Photocatalytic and photo-
electrochemical water splitting using semiconductor materials
has thus attracted considerable interest due to its potential for
clean production of H2 from water by utilizing abundant solar
light. Ever since Fujishima and Honda reported photoelectro-
chemical water splitting using a TiO2 electrode in 1972,1

numerous researchers have intensively studied water splitting
using semiconductor photoelectrodes or photocatalysts.2­7 In
such systems, light energy is converted into chemical energy
and the Gibbs free energy increases greatly by the following
water-splitting reaction:

H2Oþ h¯ ! H2 þ 1=2O2 �G� ¼ 238 kJmol�1 ð1Þ
Since photocatalytic or photoelectrochemical water splitting
resembles photosynthesis in green plants it is regarded as being
a form of artificial photosynthesis. Heterogeneous photocata-
lytic systems that use semiconductor powders have several
advantages over photoelectrochemical systems, including
greater simplicity and lower cost. Consequently, extensive
efforts have been made to develop efficient heterogeneous

photocatalysts by investigating new semiconductor materials.
Although more than 100 photocatalytic systems based on
metal oxides have been reported to be active for “overall”
water splitting (i.e., simultaneous generation of both H2 and
O2), most of them function only under ultraviolet (UV) light
(­ < 400 nm) because of the large band-gap energy of
semiconductor materials.8­73 Since nearly half of the solar
energy incident on the Earth’s surface lies in the visible
region (400 < ­ < 800 nm) (Figure 1), it is essential to use
visible light efficiently to realize practical H2 production
on a huge scale by photocatalytic water splitting. The
maximum solar conversion efficiency for photocatalytic water
splitting with a quantum efficiency of 100% can be calculated
using the standard solar spectrum. Even if all UV light up to
400 nm were utilized, the solar conversion efficiency would
be only 2%, which is similar to the maximum conversion
efficiencies of photosynthesis in green plants under normal
environmental conditions (1­2%).74 However, the utilization of
visible light up to 600 nm can drastically improve the efficiency
to 16%; a further extension up to 800 nm would give a
conversion efficiency of 32%. Therefore, achieving water
splitting under visible light has been a challenging goal
since the discovery of the Honda­Fujishima effect in 1972.
Despite many years of intensive effort by researchers around
the world, the first reproducible demonstration of water
splitting under visible light was reported only a decade ago.
The first demonstration of visible-light-driven water split-
ting,75­77 which was inspired by photosynthesis in nature, is
reviewed in Section 3.
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1.2 Difficulties in Achieving Water Splitting under
Visible Light Using Heterogeneous Semiconductor Photo-
catalysts. Figure 2 shows a schematic diagram of water
splitting into H2 and O2 over a heterogeneous semiconductor
photocatalyst. Photocatalysis on semiconductor particles in-
volves three main steps: (i) absorption of photons with higher
energies than the semiconductor band gap, leading to the
generation of electron (e¹)­hole (h+) pairs in the semiconduc-
tor particles; (ii) charge separation followed by migration of
these photogenerated carriers in the semiconductor particles;
(iii) surface chemical reactions between these carriers with
various compounds (e.g., H2O); electrons and holes may also
recombine with each other without participating in any
chemical reactions. When a heterogeneous semiconductor
photocatalyst is used for water splitting, the bottom of the
conduction band must be more negative than the reduction
potential of water to produce H2, and the top of the valence
band must be more positive than the oxidation potential of
water to produce O2 (Figure 3a). Furthermore, the photo-
catalyst must be stable in aqueous solutions under photo-
irradiation. Oxide semiconductors are generally highly stable
against photocorrosion and have thus been extensively used as
heterogeneous photocatalysts. However, Scaife noted in 1980

that it is intrinsically difficult to develop an oxide semi-
conductor photocatalyst that has both a sufficiently negative
conduction band for H2 production and a sufficiently narrow
band gap (i.e., <3.0 eV) for visible light absorption because of
the highly positive valence band (at ca. +3.0V vs. NHE)
formed by the O 2p orbital.78 Indeed, most visible-light-
responsive oxide photocatalysts, such as tungsten oxide
(WO3)79­81 or bismuth vanadate (BiVO4),82­85 cannot produce
H2 from water due to their conduction bands being too low for
water reduction (Figure 3b). Although some non-oxide semi-
conductors, such as sulfides86­91 and nitrides,92,93 posses
appropriate band levels for water splitting under visible light
(Figure 3c), they are generally unstable and readily become
deactivated through photocorrosion or self-oxidation, rather
than evolving O2. For example, cadmium sulfide CdS has
appropriate band levels for water reduction and oxidation as
well as a narrow band gap that permits visible light absorption.
Indeed, CdS particles loaded with a cocatalyst such as
Pt exhibit a high H2 production activity under visible light
irradiation in the presence of a sacrificial electron donor such as
Na2SO3.86,94­97 However, S2¹ anions in the CdS semiconductor
are preferentially oxidized over H2O molecules by photo-
generated holes in the absence of a sacrificial electron donor.

Another class of non-oxide semiconductor photocatalyst is
homogeneous sensitizer molecules, such as organic dyes and
metal complexes.98­116 As a strategy for achieving effective
visible light harvesting, spectral sensitization of wide-band-gap
semiconductors (e.g., TiO2) by such sensitizer molecules has
been studied for photocatalytic H2 production from water. The
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Figure 2. Schematic illustration of water splitting over semiconductor photocatalyst.
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adsorption of molecular sensitizers such as [Ru(bpy)3]2+ or
Eosin Y on platinized titanium oxide (Pt/TiO2) particles
resulted in efficient H2 evolution from water under visible
light irradiation in the presence of a sacrificial electron
donor such as triethanolamine or ethylenediaminetetraacetic
acid.98­108 However, the sensitizer molecules themselves
cannot oxidize H2O to O2 and they generally decompose
through self-oxidation under photoirradiation in the absence of
a sacrificial electron donor. Because the evolution of O2 from
water requires the abstraction of four electrons, it is quite
difficult for it to occur on simple sensitizer molecules, in which
only one positive or negative charge can be stored. Only a few
studies have achieved appreciable O2 generation from water
using a Ru complex combined with a colloidal hydrated
iridium oxide (IrO2¢nH2O)114,115 or a molecular manganese
complex,116 which can scavenge the positive charge in the
Ru complex and acts as catalyst for O2 evolution. As
mentioned above, there are not many stable semiconductors
that have both a sufficient visible light absorption and a
sufficiently high potential for water splitting. Thus, achieving
water splitting using heterogeneous photocatalysts under
visible light has been a major challenge for many years.

1.3 Two Strategies for Achieving Water Splitting Using
Heterogeneous Photocatalysts under Visible Light. There
are two main approaches for achieving water splitting using
visible light. One approach is to split water into H2 and O2

using a single visible-light-responsive photocatalyst (a one-step
system), as illustrated in Figure 4a. Because there are few
stable semiconductors that can absorb visible light and have a
sufficiently high potential for water splitting, band engineering
of semiconductors is required to artificially develop new
photocatalyst materials that satisfy the following requirements
for water splitting under visible light: (i) have a narrow band
gap, (ii) are stable under photoirradiation, and (iii) have
suitable conduction and valence band levels for H2 and O2

production. Various band-engineering methods have been
studied, including introduction of a midgap electron donor

level (doped materials),117­126 hybridization of the O 2p orbital
with other orbitals (oxides,83,127­131 oxynitrides,92,132­137 and
oxysulfides138­141), and the formation of solid solutions.142­147

However, there are still few reliable photocatalysts for one-step
water splitting under visible light due to the stringent require-
ments.142­144 An effective one-step water-splitting system that
uses a solid solution photocatalyst such as (Ga1¹xZnx)(N1¹xOx)
or (Zn1+xGe)(N2Ox) has been developed by Domen et al., while
the usable wavelength is still limited to under 460 nm.142­144

The other approach for achieving water splitting using
visible light is to apply a two-step photoexcitation mechanism
between two different photocatalysts (a two-step system;
Figure 4b).75­77,113,148­160 This process was inspired by natural
photosynthesis in green plants and is known as the Z-scheme.
In two-step systems, the water-splitting reaction is broken up
into two stages: one for H2 evolution and the other for O2

evolution; these are combined by using a shuttle redox couple
(Red/Ox) in the solution. Over a H2 evolution photocatalyst,
the photoexcited electrons reduce water to H2 and holes in the
valence band oxidize the reductant (Red) to an oxidant (Ox).
The oxidant is reduced back to the reductant by photoexcited
electrons generated over an O2 evolution photocatalyst, where
the holes oxidize water to O2. This system lowers the energy
required for photocatalysis, allowing visible light to be utilized
more efficiently than in conventional water-splitting systems
(Figure 4a). In other words, it enables a semiconductor to be
used that has a water reduction or oxidation potential suitable
for one side of the system. For example, visible-light-
responsive oxides such as WO3 can be used as O2 evolution
photocatalysts if they can reduce the oxidant to a reductant.
Similarly, non-oxide photocatalysts (e.g., sulfides, oxynitrides,
and dyes) can be used as H2 evolution photocatalysts if they
can oxidize the reductant to an oxidant. Consequently, various
semiconductor materials can be used in the Z-scheme even if
they do not satisfy all the stringent requirements for a one-step
system. Another advantage of Z-scheme systems is the ability
to separate production of H2 and O2 by employing a separator
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Figure 4. Schematic energy diagrams of photocatalytic water-splitting systems: (a) conventional one-step system and (b) two-step
photoexcitation system.

AWARD ACCOUNTSBull. Chem. Soc. Jpn. Vol. 84, No. 10 (2011)1002



that permits only redox mediators to be transferred. It is
impossible in principle to achieve separate production of H2

and O2 in a conventional one-step water-splitting system since
H2 and O2 are evolved simultaneously on small semiconductor
particles.

1.4 Difficulties in Achieving Water Splitting Using Two-
Step Photoexcitation Mechanisms. As mentioned above,
two-step water-splitting (Z-scheme) systems have significant
advantages over conventional one-step systems and they appear
to be the most promising way of achieving efficient water
splitting under visible light. Bard first proposed a two-step
water-splitting system in 1979.161 Since then, much effort
has been expended to construct such a Z-scheme system by
focusing on developing new semiconductor materials and
effective shuttle redox mediators.81,162­171 Many researchers
have investigated half reactions (i.e., either H2 or O2 evolution)
by combining various redox mediators with conventional
photocatalysts such as TiO2. Some combinations resulted in gas
evolution (either H2 or O2) under light irradiation; however, in
most cases, gas evolution terminated during the reaction. In
photocatalytic reactions with reversible redox mediators,
backward reactions readily proceed over the photocatalyst
and suppress gas (H2 or O2) evolution (Figure 5). Over the
H2 evolution photocatalyst, reduction of Ox to Red (indicated
by the broken lines in Figure 5), a thermodynamically advanta-
geous backward reaction, proceeds preferentially over reduc-
tion of water to H2. In contrast, over the O2 evolution
photocatalyst, oxidation of Red to Ox proceeds preferentially
over oxidation of water to O2. Furthermore, it is much more
difficult to achieve simultaneous evolution of H2 and O2 in
two-step water-splitting systems in which the two different
photocatalysts coexist in an aqueous solution containing both
Red and Ox, because the two reactions have different favorable
redox concentrations. For example, a high concentration of Red
is favorable for the H2 evolution photocatalyst, but it causes a
significant backward reaction (i.e., reoxidation of Red to Ox)

over O2 evolution photocatalysts, which suppresses O2 evolu-
tion. On the other hand, a high concentration of Ox, which is
desirable for the O2 evolution photocatalyst, reduces the H2

evolution rate. To realize a two-step water-splitting system, it is
thus necessary to develop a photocatalytic system that has a
high selectivity for the forward reactions (indicated by the solid
lines in Figure 5). Indeed, there had been no report of
simultaneous and stoichiometric evolution of H2 and O2 even
under UV irradiation, prior to our demonstration using a
combination of Pt-loaded anatase TiO2 and bare rutile TiO2

photocatalysts in the presence of an iodate/iodide (IO3
¹/I¹)

shuttle redox mediator,148 which will be reviewed in Section 2.

2. Construction of a Two-Step Photoexcitation (Z-Scheme)
Water-Splitting System That Uses Two Different TiO2

Photocatalysts (Anatase and Rutile) in the Presence
of an IO3

¹/I¹ Shuttle Redox Mediator77,148,172

We demonstrated water splitting under visible light for the
first time in 2001 using a Z-scheme photocatalytic system
that consists of SrTiO3 doped with Cr and Ta (denoted as
SrTiO3:Cr/Ta) for H2 evolution, WO3 for O2 evolution, and an
iodate/iodide (IO3

¹/I¹) redox couple as an electron mediator
(Figure 6),75­77 which will be introduced in the later Section 3.
Prior to that, Z-scheme photocatalytic water splitting had been
demonstrated using a combination of Pt-loaded anatase TiO2

and bare rutile TiO2 photocatalysts in the presence of an
iodate/iodide (IO3

¹/I¹) shuttle redox mediator.148 Although
this system operates only under UV light (­ < 400 nm) due to
the large band gap of the TiO2 photocatalysts, it opened the
way to achieve water splitting under visible light. The key was
controlling the reactivity of electrons and holes with a redox
mediator (IO3

¹ and I¹ anions) and water molecules. This
section will review the first demonstrations of water splitting
with two-step photoexcitation (Z-scheme) under UV light
irradiation using combinations of two different TiO2 photo-
catalyst (anatase and rutile).
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2.1 Selective Water Oxidation over Rutile TiO2 Photo-
catalysts Using IO3

¹ as Electron Acceptor under UV Light
Irradiation. As mentioned in Section 1­4, it is quite difficult
to achieve simultaneous evolution of H2 and O2 in two-step
water-splitting systems (Z-scheme) because the backward
reactions of the redox mediator proceed readily over both
photocatalysts and suppress the forward reactions (H2 and O2

evolutions) (Figure 5). Photocatalytic H2 or O2 evolutions were
investigated using various semiconductor particles suspended
in an aqueous solution containing an electron donor (Red) or an
electron acceptor (Ox), respectively. Although some combina-
tions of a photocatalyst and a redox mediator resulted
in evolution of either H2 or O2 under UV or visible light

irradiation, gas evolution readily terminated during the reaction
due to the backward reaction in most cases. However, efficient
and selective O2 evolution was found to proceed over rutile
TiO2 photocatalysts in an aqueous solution containing IO3

¹

anions as electron acceptors (Ox) according to the following
reactions:

h¯ ! e�CB þ hþVB ð2Þ
IO3

� þ 3H2Oþ 6e�CB ! I� þ 6OH� ð3Þ
2H2Oþ 4hþVB ! O2 þ 4Hþ ð4Þ

Figure 7 shows time courses of O2 evolution over four TiO2

photocatalysts (A: anatase; R: rutile) in an aqueous solution
(400mL) containing 1mmol (2.5mM) NaIO3 under UV
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irradiation (­ > 300 nm, 400W high-pressure Hg lamp). When
the reaction was initiated in the absence of I¹ anions,
O2 evolution proceeded over both rutile TiO2 (R1 and R2)
and anatase TiO2 (A1 and A2), while the rutile samples showed
higher rates of O2 evolution than anatase ones. Over the TiO2-
R2 sample, O2 evolution proceeded with a fairly high efficiency
(rate of O2 evolution: ca. 1mmol h¹1, quantum efficiency at
350 nm: ca. 10%). O2 evolution over rutile TiO2 proceeded at
an almost constant rate and continued until the total amount of
O2 reached 1.5mmol in the absence of NaI (Figure 7a) and
even in the presence of a considerable amount of I¹ (100mM)
in the solution (Figure 7b). The amounts of O2 (1.5mmol)
agree with the stoichiometric amount (obtained from eqs 3 and
4) expected from the amounts of IO3

¹ (1mmol) added to the
solution before irradiation. These behaviors of rutile TiO2

photocatalysts are quite unique from a thermodynamic view-
point. The oxidation of water, which is thermodynamically less
favorable than the oxidation of I¹, proceeded preferentially
over these photocatalysts even in the presence of I¹. On the
other hand, such preferential oxidation of water did not take
place on anatase TiO2. As shown in Figure 7a, the rate of O2

evolution over anatase TiO2 samples gradually decreased with
irradiation time, and the O2 evolution terminated before it
reached the expected stoichiometric value. The different
reactivity between anatase and rutile was observed more
clearly when the reaction was initiated in the presence of an
excess amount of I¹. The addition of excess amount of I¹

(100mM) to the solution completely suppressed O2 evolution
over both the anatase TiO2 samples, as shown in Figure 7b.
Figure 8 shows the rates of O2 evolution over the TiO2

photocatalysts in the solution containing different concentra-
tion of I¹ (0­100mM) and a fixed concentration of IO3

¹

(2.5mM). The rate of O2 evolution over anatase TiO2 photo-
catalysts markedly decreased with the increasing concentration
of I¹ (Figure 8a). The O2 evolution was negligible when
the concentration of I¹ was above 30 (TiO2-A1) or 10mM
(TiO2-A2). It is thus presumed that over anatase TiO2 photo-
catalysts, the oxidation of I¹, which is a thermodynamically

favorable reaction, proceeds preferentially in the aqueous
solution containing a considerable amount of I¹.

I� þ 6OH� þ 6hþVB

! IO3
� þ 3H2O ðoxidation of I� to IO3

� by holesÞ ð5Þ
Consequently, the undesirable recycled reaction (IO3

¹ � I¹),
the combination of eqs 3 and 5, which consumes electrons (e¹)
and holes (h+), proceeded over the anatase TiO2 photo-
catalysts, in place of O2 evolution. Although the rate of O2

evolution over rutile TiO2 also decreased with increasing NaI
concentration, appreciable O2 evolutions were still observed
even with considerably high concentration of NaI (above
50mM), as seen in Figure 8b. This reactivity in oxidation on
rutile TiO2 is quite unique from the thermodynamic standpoint
as discussed above. It should be noted that the TiO2-A2
(surface area: 48m2 g¹1) and the TiO2-R1 (surface area:
40m2 g¹1), which have similar surface areas, showed quite
different reactivity. Thus, the factor governing the reactivity
undoubtedly rests on the difference in the crystal structure
instead of the surface area.

We also investigated photocatalytic O2 evolution using I3¹

anion as an electron acceptor instead of IO3
¹ anion.

I3
� þ 2e�CB

! 3I� ðreduction of I3
� to I� by electronsÞ ð6Þ

Although appreciable O2 evolutions were confirmed on some
TiO2 samples, the rates of O2 evolution were much lower than
those in the presence of IO3

¹. These results indicate that the
IO3

¹ anions can react with electrons more efficiently than I3¹,
despite the similar standard redox potential of the I3¹/I¹

(+0.54V vs. NHE at pH 7) to that of IO3
¹/I¹ (+0.67V vs.

NHE at pH 7).
2.2 Different Reactivity in Oxidation between Anatase

and Rutile TiO2 Photocatalysts. To examine the different
reactivity in oxidation of these TiO2 photocatalysts separately
from that in reduction, photoelectrochemical measurements
were conducted using two porous TiO2 photoelectrodes made
of the TiO2-A2 and the TiO2-R1 powders. The measurements
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were carried out using a two-component cell (filled with 10mM
of Na2SO4aq., pH 11 adjusted by NaOH) in which a Pt counter
electrode was separated from the TiO2 electrode and a reference
electrode (Ag/AgCl) by an ion-exchange membrane (Nafion).
The different amounts of NaI were added only into the Na2SO4

aqueous solution in which the TiO2 working electrode and
the reference electrode were immersed. The photocurrent over
TiO2-A2 was remarkably increased by the increasing NaI
concentration, as shown in Figure 9a. Almost 100% of
photogenerated hole over the TiO2-A2 electrode was consumed
for the oxidation of I¹ to IO3

¹ even with low concentration of
I¹ (10mM), as shown in Figure 10. These results indicated that
the oxidation of I¹ mainly occurred over the TiO2-A2 powder
photocatalyst in the aqueous solution containing I¹ above
10mM. This well agrees with the negligible O2 evolution over
TiO2-A2 photocatalyst in the presence of more than 10mM I¹,

as shown in Figure 8a. Clearly, the I¹ anions act as an effective
hole scavenger on the anatase TiO2. On the other hand, the
increase of photocurrent over the TiO2-R1 electrode was
negligibly small by adding 10mM of I¹, as shown in
Figure 9b. Approximately 80% of the photogenerated holes
were still consumed to oxidize H2O to O2, while the remainder
was consumed to oxidize I¹ to IO3

¹ (Figure 10). Although
both the photocurrent and the percentage of I¹ oxidation
increased with the increasing I¹ concentration, the oxidation of
water still proceeded over the TiO-R1 electrode even in the
presence of 50mM of I¹. This also agreed with the results of
the O2 evolution over TiO2-R1, as shown in Figure 8b. These
results clearly indicate that anatase and rutile have a different
reactivity in the competitive oxidation of I¹ and H2O. Ohno
and co-workers have also reported the preferential oxidation
of H2O over rutile TiO2 photocatalysts in the presence of an
Fe3+/Fe2+ redox couple.167 Therefore, rutile itself surely
possesses an active site for the effective oxidation of H2O, as
suggested by some research. For example, Nakato and co-
workers have suggested that the (100) face of rutile TiO2

possesses favorable properties for water oxidation.173 Ohno and
co-workers studied the role of the crystal faces of anatase and
rutile TiO2 particles in photocatalytic reactions.174 It was
suggested that the well-developed crystal faces help in the
separation of electrons and holes in the TiO2 particle. This
effect was found to be much stronger for the rutile particles
than for the anatase particles.174 The efficient charge separation
in rutile particles may increase the concentration of holes on the
particular crystal faces such as (100) and consequently facilitate
the water oxidation.

2.3 Adsorption Properties of IO3
¹ and I¹ on TiO2

Powders in Aqueous Solution. The different adsorption
properties of IO3

¹ and I¹ anions by these TiO2 photocatalysts
also explain their different reactivities when IO3

¹ and I¹

coexist. The amounts of IO3
¹ and I¹ ions adsorbed on TiO2

particles were determined by analyzing the concentration of the
anions in the aqueous solution before and after the addition
of measured amounts of photocatalyst powder (1­2 g) to the
solution (1mL) in darkness. After leaving the solution in
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darkness at room temperature for 12 h, the concentrations of
anions remaining in solution were measured by ion chroma-
tography. Interestingly, IO3

¹ ions readily adsorb on the surface
of rutile TiO2 particles (Figures 11c and 11d), whereas I¹ ions
adsorb very little on them (below the detection limit). The
different adsorption properties of IO3

¹ and I¹ anions by these
photocatalysts explain the unusual reactivity of rutile TiO2

photocatalysts, the efficient and preferential water oxidation in
the coexistence of IO3

¹ and I¹ anions. That is, even in the low
concentrations, IO3

¹ anions readily adsorb onto the surface of
rutile TiO2 particles and efficiently react with photoexcited
electrons there. Meanwhile, photogenerated holes can prefer-
entially react with water molecules to produce O2 because the
I¹ oxidation rate, which competes with water oxidation, is low
due to the negligible adsorptivity of I¹ ions on the surface of
rutile TiO2 (Figure 12a). In contrast, both IO3

¹ and I¹ ions
adsorbed on the surface of anatase TiO2 (Figures 11a and 11b),
while IO3

¹ showed a higher adsorptivity than I¹ at higher
concentrations. The appreciable adsorption of I¹ anions on
anatase TiO2 particles is undoubtedly responsible for the
efficient oxidation of I¹ to IO3

¹ (or I3¹), which is thermody-
namically more favorable than water oxidation, by photo-
generated holes on these photocatalysts and for completely
suppressing oxidation of water to O2 (Figure 12b).

From these results, we can conclude that the rutile TiO2

photocatalysts have a unique property of oxidation, which

enables preferential oxidation of H2O to O2 in the presence of
IO3

¹ and I¹ anions, regardless of the thermodynamic dis-
advantage of water oxidation when compared to the oxidation
of I¹. The distinct difference between the adsorption properties
of the IO3

¹ and I¹ anions on rutile TiO2 particles is
undoubtedly one of the major factors enabling selective and
efficient water oxidation, while the origin of the different
adsorption properties between anatase and rutile is not clarified
yet. This high selectivity for the forward reaction (O2

evolution) is exactly what we have desired to find, and is
indispensable to achieve overall water splitting, i.e., simulta-
neous evolution of H2 and O2, through the two-step photo-
excitation between two different photocatalysts, which will be
demonstrated in a later Section 2.5.

2.4 Photocatalytic H2 Evolution over Pt-Loaded TiO2

Photocatalysts Using I¹ as an Electron Donor. The above
results (Figures 8­10) indicated that I¹ anions act as an
efficient electron donor over anatase TiO2 photocatalysts.
Indeed, the Pt-loaded anatase TiO2 photocatalysts showed
reasonable activity for H2 evolution in the presence of I¹ under
UV light irradiation. As summarized in Table 1, Pt­anatase
TiO2 exhibited higher activity for H2 production than Pt­rutile
TiO2. Figure 13 shows the time courses of the H2 evolution
over Pt(0.5wt%)­TiO2-A1 suspended in a NaI (0.1M)
aqueous solution with different pH values. In an acidic aqueous
solution of pH <5, the triiodide (I3¹) anion was mainly
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produced as the oxidative product of I¹ with H2 evolution, as
reported by Ohno and co-workers.165 We found the IO3

¹ anion
produced over the Pt­anatase TiO2 photocatalysts as the
oxidative product of I¹ in a basic solution of pH >9. In
solutions of pH 5 to 9, both I3¹ and IO3

¹ were produced. These
results indicate that the following reactions had taken place
over a Pt­anatase TiO2 photocatalyst under UV light irradia-
tion, along with the oxidation of I¹ to IO3

¹ (eq 5):
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under UV light irradiation (­ > 300 nm, 400W Hg lamp).

Table 1. Photocatalytic Activity of Various Photocatalysts
Suspended in Aqueous NaI Solutiona)

Photocatalystb)
Surface area
/m2g¹1

Rate of gas evolutionc)

/¯mol h¹1

H2 O2

1 Pt­TiO2-A1 320 20d) tr.
2 Pt­TiO2-A2 48 6d) tr.
3 TiO2-A1 320 0 0
4 TiO2-A2 48 0 0
5 Pt­TiO2-R1 40 tr. 0
6 Pt­TiO2-R2 2 tr. 0
7 TiO2-R1 40 0 0
8 TiO2-R2 2 0 0
9 Pt­TiO2-A1 + TiO2-R1 125 62
10 Pt­TiO2-A1 + TiO2-R2 180 90
11 Pt­TiO2-A2 + TiO2-R1 8 4
12 Pt­TiO2-A2 + TiO2-R2 18 9
13 Pt­TiO2-R1 + TiO2-A1 <1 tr.
14 Pt­TiO2-A1 + TiO2-A2 tr. tr.

15 Pt­TiO2-A1 + Pt­WO3 95 47
16 Pt­TiO2-A1 + Pt­BiVO4 tr. 0

a) Catalyst: 0.5 g (in the case of mixture 0.25 + 0.25 g,
0.5wt% of Pt cocatalyst was loaded), water 400mL, NaI
40mmol (pH 11 for Entries 1­14, pH 6.5 for Entries 15 and
16), Pyrex reactor of inner irradiation type, high-pressure Hg
lamp (400W). b) TiO2-A1 (anatase, Ishihara ST-01); TiO2-A2
(anatase, prepared by hydrolysis of titanium tetrapropoxide);
TiO2-R1 (rutile, Ishihara TTO-55N); TiO2-R2 (rutile, Toho
Titanium HT0201). c) Rate in steady state. d) Initial rate.
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2Hþ þ 2e�CB

! H2 ðreduction of water to H2 by electronsÞ ð7Þ
3I� þ 2hþVB ! I3

� ðoxidation of I� to I3
� by holesÞ ð8Þ

The IO3
¹ anions in neutral and basic solutions were possibly

produced via the disproportional reaction from I3¹:

3I3
� þ 6OH� ! 8I� þ IO3

� þ 3H2O ð9Þ
The rates of H2 evolution gradually decreased with the
irradiation time, as seen in Figure 13. The H2 evolution
terminated when the concentration of the product (I3¹ or IO3

¹)
in the solution reached a certain level. These results indicate
that the backward reactions, the reduction of I3¹ (eq 6) or IO3

¹

(eq 3), proceeded on the reduction sites of the photocatalyst.
The facile termination of H2 evolution in the basic solution
proves that the IO3

¹ anions react more efficiently than I3¹, as
described in a previous Section 2.1.

2.5 Simultaneous Evolution of H2 and O2 Using a
Mixture of Pt­TiO2-Anatase and TiO2-Rutile under UV
Light Irradiation. We thus attempted water splitting using a
combination of Pt­anatase TiO2 for H2 evolution and rutile
TiO2 for O2 evolution, respectively. Figure 14 shows the time
course of gas evolution using the mixture of Pt(0.5wt%)­
TiO2-A1 and bare TiO2-R2 suspended in a basic aqueous
solution of NaI (0.1M, pH 11), in which simultaneous
evolution of H2 and O2 in a stoichiometric ratio was observed.
The rate of gas evolution gradually decreased with gas
accumulation in the closed system, possibly because the
backward reaction from the evolved H2 and O2 into H2O also
proceeded on Pt metal cocatalyst particles.8,9,175 However, the
initial rate of gas evolution was recovered by the evacuation of
accumulated gases. When a 200 h long-term photoirradiation
was carried out in an aqueous solution of NaI (40mM, pH 11)
with periodical evacuation of gas phase, the total amount of
H2 and O2 reached ca. 15.6 and 7.8mmol, respectively. The
amount of H2 gas evolved exceeded the stoichiometric amount
of TiO2 powders (6.3mmol) and I¹ (14mmol) in the solution.
The stoichiometric evolution of H2 and O2 was also observed in

an aqueous solution of LiI and KI, but not in that of NaBr,
NaCl, or NaOH. As Table 1 shows, only the combination of
Pt­anatase TiO2/rutile TiO2 exhibited simultaneous evolution
of H2 and O2 in a stoichiometric ratio (Runs 9­12). Simulta-
neous evolution of H2 and O2 was not observed when these
photocatalysts were used alone (Runs 1­8) or in other combi-
nations such as Pt­rutile TiO2/anatase TiO2 (Run 13) or Pt­
anatase TiO2/anatase TiO2 (Run 14). These results demonstrate
that overall water splitting proceeds by a two-step photo-
excitation mechanism combined with a redox cycle between
anions IO3

¹ and I¹. The first step involves reduction of water to
H2 and oxidation of I¹ to IO3

¹ over a Pt­anatase TiO2 photo-
catalyst, while the second step involves reduction of IO3

¹ to I¹

and oxidation of water to O2 over a rutile TiO2 photocatalyst.
The initial H2 evolution rates over the combined Pt­anatase
TiO2/rutile TiO2 systems (Runs 9­12) are much higher than
over Pt­anatase TiO2 alone (Runs 1­4) (Figures 13, 14 and
Table 1). The rapid reduction of IO3

¹ to I¹ over rutile TiO2 can
maintain a very low IO3

¹ concentration during the reaction,
effectively suppressing the undesirable backward reaction
(IO3

¹ reduction to I¹) over the Pt­anatase TiO2 photocatalyst,
and thus giving a higher H2 evolution rate. The key for
achieving water splitting is to use different oxidation reactions;
in other words, preferential oxidation of I¹ to IO3

¹ over the
H2 photocatalyst (e.g., Pt­anatase TiO2) and preferential
oxidation of water to O2 over the O2 photocatalyst (e.g., rutile
TiO2) must occur simultaneously in a single solution.

The apparent quantum efficiency of the overall water
splitting was ca. 4% at 350 nm using the combination of
Pt(0.5wt%)­TiO2-A1 and TiO2-R2 in a basic aqueous solution
of NaI (0.1M, pH 11). When the Pt(0.5wt%)­TiO2-A1 was
independently used in the same solution, the apparent quantum
efficiency for the initial rate of H2 evolution was determined
to be ca. 1%. On the other hand, ca. 10% of high quantum
efficiency was obtained in O2 evolution over TiO2-R2 in a
2.5mM of NaIO3 aqueous solution (pH 11), and ca. 4% in the
aqueous solution containing both NaIO3 (2.5mM) and NaI
(0.1M). These results indicate that the rate-determining step in
the combination system is the H2 and IO3

¹ productions over
Pt­TiO2-A1 photocatalyst. Therefore the overall efficiency will
be improved by applying H2 evolution photocatalyst with
higher activity.

2.6 Effect of pH and NaI Concentration on Water
Splitting Using a Combination of Pt­TiO2-Anatase and
TiO2-Rutile. Figure 15a shows the rates of gas evolution over
the mixture of Pt(0.5wt%)­TiO2-A1 and bare TiO2-R2
suspended in 0.1M of NaI aqueous solutions with different
pH values. The rates significantly increased with increasing pH
from 3 to 9 and then decreased above 11. The O2 evolution was
negligible at pH 3 because the main oxidative product over
Pt­anatase TiO2 photocatalysts was I3¹, which cannot work as
an efficient electron acceptor for O2 evolution over rutile TiO2

photocatalysts, as described in a previous Section 2.1. At pH 5
to 7, O2 evolution was observed after some induction period.
The amounts of O2 in these cases, however, were less than the
stoichiometric ratio to the H2 evolved, certainly due to the
accumulation of I3¹ in the solution. The induction period
suggests that some IO3

¹ anions were produced via the dis-
proportional reaction from I3¹ (eq 9) in the aqueous solutions
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during the photocatalytic reaction. The accumulation of I3¹ also
causes a light loss owing to the strong light absorption of I3¹

anion at around 350 nm, resulting in a lowered efficiency of the
photocatalysis on TiO2 particles. In basic solutions of pH ²9,
the simultaneous evolution of H2 and O2 with a stoichiometric
ratio was observed from the initial period of photoirradiation. It
can be therefore concluded that basic conditions of above pH 9
result in high efficiencies for overall water splitting under
UV light over a combination of Pt­anatase TiO2 and rutile TiO2

in the presence of a IO3
¹/I¹ shuttle redox mediator, due to

the efficient redox cycle between IO3
¹ and I¹ under basic

conditions without forming other unfavorable intermediates
such as I3¹.

As shown in Figure 15b, the rate of water splitting greatly
increased with increasing NaI concentration up to 40mM, and
gradually decreased above 40mM. The presence of I¹ anions,
even at such low concentrations as 10mM, resulted in the
overall water splitting in a stoichiometric ratio. When the
Pt(0.5wt%)­TiO2-A1 was used alone, the rate of H2 evolution
increased with increasing concentration of NaI up to 40mM,
and then almost saturated at higher concentrations, as seen in
Figure 15b. As suggested by the quantum efficiency, the H2

evolution over the Pt­anatase TiO2 photocatalyst appeared to be
the rate-determining step in the overall reaction. Therefore, it
seems quite reasonable that the rate of overall water splitting
increases with the increased rate of H2 evolution over the Pt­
anatase TiO2. However, the higher concentration of I¹ results
in the decrease in the rate of O2 evolution over rutile TiO2

photocatalyst due to the increased rate of the competitive
oxidation of I¹, as indicated by the results in Figures 8 and 10.
Thus the efficiency of overall water splitting gradually decreas-
ed with the increasing NaI concentration above 40mM. In the
two-step water-splitting system based on the electron transfer
between the two different photocatalysts via redox cycle of
mediator, the concentration of the redox mediator significantly
affects the overall efficiency mainly due to the occurrence of
backward reactions on each photocatalysts.

2.7 Suppression of Backward Water Formation by Iodide
Coating on Pt Cocatalyst. Most semiconductor photo-
catalysts that have been developed to date need to be loaded
with suitable cocatalyst particles to promote H2 production.
Noble metals such as Pt are effective cocatalysts that enhance
water reduction to generate H2 in the presence of a sacrificial
electron donor such as methanol. However, noble metals such
as Pt cannot be used as cocatalyst for overall water splitting
because they are efficient catalysts for the backward reaction
from H2 and O2 to H2O. It was confirmed that Pt-loaded
photocatalysts such as Pt­TiO2 could not split water into
H2 and O2 in a simple aqueous suspension system, because the
H2 and O2 produced over the photocatalyst rapidly react back to
H2O on Pt surface before they escape from the suspension to
gas phase.8,9,175 The Z-scheme water-splitting system based
on IO3

¹/I¹ redox couple, however, can generate H2 and O2

simultaneously even in the presence of Pt cocatalyst on the
anatase TiO2 photocatalyst. It was found that the iodide (I¹)
anion was adsorbed preferentially onto Pt cocatalyst and
spontaneously formed an iodine layer, which effectively
suppressed the backward reaction of water formation.172

Figure 16c shows the I 3d and Pt 4f XPS spectra of 3wt%
Pt-loaded TiO2-A1 after 20 h of photoreaction in an aqueous
solution of NaI (1mM). Strong peaks were observed at
618.5 and 630 eV. These peaks were also observed over a
Pt­TiO2-A1 photocatalyst stirred in NaI(aq) for 12 h in the dark
(Figure 16b), but not over bare TiO2-A1, as shown in
Figure 16d. Soriaga et al. have reported that I¹ anions in
aqueous solution were spontaneously and oxidatively chem-
isorbed as zero-valent I atoms on a Pt polycrystalline electrode
and formed a stable monolayer on the Pt surface.176 The
binding energies of I 3d5/2 and I 3d3/2 observed over the
Pt­TiO2 were in fair agreement with those over the Pt
polycrystalline electrode. As shown in Figure 17, the pressure
of a gas mixture of H2 and O2 rapidly decreased in the case of
the fresh Pt­TiO2 due to the water formation from H2 and O2 on
naked Pt surface. On the other hand, the pressure of the mixture
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decreased much more slowly in the case of I-adsorbed Pt­TiO2

photocatalyst: it took about 2 h until the gas pressure reached
30Torr. This indicates that the Pt metal surface modified by I¹

effectively suppresses the backward reaction from H2 and O2.
Soriaga et al. reported that electron transfer could occur
through the iodine layer formed on the Pt surface, while the
conductivity of the I-adsorbed surface was slightly lower than
that for bare Pt surface. They also reported that the iodine could
be reductively eliminated from the surface either by exposure
to electrogenerated H2 or by application of sufficiently negative
potentials.176 Therefore, the following two mechanisms can be
suggested for the H2 production over I-adsorbed Pt surface:

(1) photogenerated electrons migrate from bulk Pt to the
surface of the iodine layer and reduce H+ to H2; and (2) a part
of the iodine layer is reductively eliminated by photogenerated
electrons, and the reduction of H+ to H2 takes place on the bare
Pt surface.

These results strongly suggested that the iodide anions serve
not only as an electron mediator between two photocatalyst
systems but also as inhibitor of backward water formation
reaction on Pt cocatalyst, thus resulting in sustained water
splitting under UV light. Kudo et al. also reported that the
Fe3+/Fe2+ redox couple functioned not only as electron
mediator but also as inhibitor of backward reaction on Pt in
their Z-scheme water-splitting systems.151,152

2.8 Summary. A new photocatalytic system that splits
water into H2 and O2 was designed using a two-step photo-
excitation system composed of an IO3

¹/I¹ redox mediator and
two different TiO2 photocatalysts: Pt-loaded anatase for H2

evolution and rutile for O2 evolution, respectively. Photo-
catalytic O2 evolution proceeded at a steady rate over rutile
TiO2 photocatalysts, continuing until almost all IO3

¹ ions in
the solution were reduced to I¹. The characteristic property of
this reaction is that the oxidation of water to O2, which is
thermodynamically less favorable than the oxidation of I¹,
proceeds efficiently even at considerably high I¹ concentra-
tions. It was found that IO3

¹ anions readily adsorbed onto
the surface of rutile TiO2 particles, while I¹ anions barely
adsorbed. These results strongly suggested that the photo-
excited electrons could react efficiently with the IO3

¹ adsorbed
on the rutile surface, whereas the photogenerated holes could
react with water molecules selectively due to the negligibly low
adsorptivity of I¹ on rutile. On the other hand, both IO3

¹ and I¹

anions adsorbed on anatase TiO2 particles. This could well
explain the results observed for Pt-loaded anatase TiO2, which
indicated that H2 evolution proceeded efficiently on Pt­anatase
TiO2 accompanied by I¹ oxidation during the initial period but
was significantly inhibited by the accumulation of IO3

¹ in the
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solution. The combination of two different TiO2 photocatalysts
results in a stoichiometric evolution of H2 and O2 via the redox
cycle of IO3

¹ and I¹. The first step involves reduction of water
to H2 and oxidation of I¹ to IO3

¹ over a Pt­anatase TiO2

photocatalyst, while the second step involves reduction of
IO3

¹ to I¹ and oxidation of water to O2 over a rutile TiO2

photocatalyst. This reaction mechanism is new and signifi-
cantly different from conventional water-splitting systems.
Although this system operates only under UV light (­ <
400 nm) due to the large band gap of the TiO2 photocatalysts, it
has opened a path to achieve water splitting under visible light,
which will be reviewed in the next section.

3. First Demonstration of Overall Water Splitting under
Visible Light Using a Combination of Two Different
Visible-Light-Responsive Oxide Photocatalysts75­77

As described above, Z-scheme water splitting under UV
light has been achieved for the first time by using Pt-loaded
anatase TiO2 as the H2 photocatalyst together with rutile TiO2

for O2 evolution in the presence of IO3
¹/I¹ redox mediator.

Based on these findings, we started to seek visible-light-
responsive photocatalysts that posses high selectivity toward
O2 evolution even in the presence of IO3

¹ and I¹, similar to
rutile TiO2 photocatalysts. We found that the selective
oxidation of water also proceeded over a tungsten trioxide
(WO3) loaded with Pt. SrTiO3 codoped with Cr and Ta was
then found to be active for both H2 and IO3

¹ production from
an aqueous NaI solution under visible light irradiation, after
loading of Pt cocatalyst. Using a combination of these
photocatalysts resulted in simultaneous H2 and O2 evolution
in a stoichiometric ratio from NaI aqueous solution under
visible light. This was the first demonstration of water splitting
into H2 and O2 under visible light irradiation. In this section,
the first demonstration of visible light driven water splitting
will be reviewed.

3.1 Selective Water Oxidation over Pt-Loaded WO3

Photocatalysts Using IO3
¹ as Electron Acceptor under

Visible Light Irradiation. As shown in Table 2, WO3 and
BiVO4 photocatalysts were found to show activity for water

oxidation to O2 in the presence of the IO3
¹ electron acceptor

under visible light irradiation (­ > 410 nm), while the loading
of cocatalyst such as Pt was indispensable for the efficient O2

evolution. Figure 18 shows the time course of O2 evolution
over the Pt-loaded WO3 sample, which was prepared by
impregnation with calcination at 823K in air, in an aqueous
solution (250mL) containing both NaIO3 (2mM) and NaI
(5mM) at different pH values. Under weakly acidic (pH 5.3)
and neutral (pH 7.1) conditions, O2 evolution proceeded at an
almost steady rate and continued until the total amount of O2

reached 750¯mol, which is the expected value from the
amount of IO3

¹ (500¯mol). Although the rate of O2 evolution
over Pt­WO3 photocatalyst was lowered by the increasing
concentration of NaI added into the solution (Figure 19a), the
O2 evolution was found to proceed at a steady rate until it
reached the expected value, similar to the case of rutile TiO2

photocatalyst. On the other hand, the addition of excess I¹

into the solution completely suppressed O2 evolution over
Pt­BiVO4 photocatalyst, as shown in Figure 19a. This strongly
suggested that the undesirable backward reaction, oxidation of
I¹ to IO3

¹ (or I3¹), preferentially proceeded over the Pt­BiVO4

photocatalyst instead of the oxidation of H2O to O2. The same
trend was observed in reactions under UV light irradiation, as
shown in Figure 19b.

The different reactivity between WO3 and BiVO4 can be
explained by the distinctly different adsorption between IO3

¹

and I¹ anions on the surface of these photocatalyst powders,
analogous to the case of TiO2 (Section 2.3). As seen in
Figure 20a, IO3

¹ anions are readily adsorbed on the surface of
WO3 particles, whereas I¹ anions show no adsorptivity in the
range of NaI concentration up to 20mM. Therefore, it appears
that IO3

¹ anions, even in quite low concentrations, can adsorb
on the surface ofWO3 and react with the photoexcited electrons

Table 2. Rates of O2 Evolution over WO3 and BiVO4

Photocatalysts Suspended in NaIO3 or AgNO3 Aqueous
Solution under Visible Lighta)

Photocatalyst
Rate of O2 evolution

/¯mol h¹1

WO3 (IO3
¹ acceptor)b) tr.

Pt(0.5wt%)­WO3 75
RuO2(0.5wt%)­WO3 22
IrO2(0.5wt%)­WO3 15
BiVO4 2
Pt(0.5wt%)­BiVO4 22
RuO2(0.5wt%)­BiVO4 10
IrO2(0.5wt%)­BiVO4 20

WO3 (Ag+ acceptor)c) 126
BiVO4 240

a) Catalyst: 0.25 g, water 250mL, Pyrex reactor of outer
irradiation type, Xe lamp (400W) with a cut-off filter (Hoya,
L-42). b) NaIO3: 1mmol. c) AgNO3: 2.5mmol.
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Figure 18. Photocatalytic O2 evolution over the Pt(0.5
wt%-Imp-823)­WO3 photocatalyst (0.3 g) using iodate
(IO3

¹) as an electron acceptor at different pH values under
visible light. The reaction was carried out in an aqueous
solution (250mL) containing both NaIO3 (2mM) and NaI
(5mM). The broken line shows the upper limit of O2

evolution (750¯mol) expected from the amount of IO3
¹

(500¯mol) added to the solution.
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efficiently. Meanwhile, photogenerated holes can preferentially
react with water molecules to produce O2 because the I¹

oxidation rate, which competes with water oxidation, is low
due to the negligible adsorptivity of I¹ ions on the surface of
WO3 (Figure 12a). On the other hand, both IO3

¹ and I¹

adsorbed on the surface of BiVO4, as shown in Figure 20b,
similar to the behavior in anatase TiO2. The appreciable
adsorption of I¹ anions on BiVO4 particles is undoubtedly
responsible for the efficient oxidation of I¹ to IO3

¹ (or I3¹),
which is thermodynamically more favorable than water
oxidation, by photogenerated holes on BiVO4 and for com-
pletely suppressing oxidation of water to O2 (Figure 12b).

The rate of O2 evolution over Pt­WO3 gradually de-
creased and became almost zero after 30 h of photoirradiation
(Figure 18) under basic conditions, accompanied by a slight
color change in the solution from transparent to cloudy pale
yellow. It is known that WO3 is chemically unstable under

alkaline conditions. The deactivation of the Pt­WO3 photo-
catalyst under basic conditions is undoubtedly due to the
chemical dissolution of the WO3 surface during the reaction.
As can be seen in the inset of Figure 18, the initial rate of O2

evolution slightly increased with increasing pH of the solution.
Although the highest O2 evolution rate was obtained under
basic conditions (pH 8.6), the O2 evolution rate decreased with
prolonged time, as described above.

We then used these photocatalysts (Pt­WO3 and Pt­BiVO4)
as an O2 evolution photocatalyst instead of rutile TiO2, in the
combination with Pt­anatase TiO2 photocatalyst, in a neutral
aqueous solution of NaI (40mM, pH 6.5 without adjustment)
under UV light irradiation. As shown in Table 1, the com-
bination of Pt­TiO2-A1 and Pt­WO3 resulted in simultaneous
evolution of H2 and O2 under UV light irradiation. Meanwhile,
steady gas evolution was not observed by using the Pt­BiVO4

as an O2 evolution photocatalyst, combined with Pt­anatase

Concentration of NaI / mM

R
at

es
 o

f O
2

ev
ol

ut
io

n 
/ μ

m
ol

 h
−

1

70

60

50

40

30

20

10

0
50403020100

Pt-WO3

Pt-BiVO4   

(a) Vis. 

Concentration of NaI / mM

R
at

es
 o

f O
2

ev
ol

ut
io

n 
/ μ

m
ol

 h
−

1 (b) UV 
600

500

400

300

200

100

0
100806040200

Pt-WO3

Pt-BiVO4   
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TiO2. These results have shown that selective O2 evolution in
the presence of I¹ anions is indispensable for the photocatalyst
used as an O2 evolution photocatalyst in the present water-
splitting system.

3.2 Effect of Pt Loading on WO3 upon O2 Evolution in
the Presence of the Electron Acceptor IO3

¹. The loading of
cocatalyst, such as Pt or RuO2, is indispensable for efficient O2

evolution over the WO3 photocatalyst using the IO3
¹ anion as

an electron acceptor, as described in a previous Section 3.1.
Given the fact that even bare WO3 photocatalysts exhibit a
relatively high activity for O2 generation from water in the
presence of other electron acceptors such as Ag+ or Fe3+,79­81

it appears that the Pt cocatalyst mainly serves to provide
reduction sites that enable the multielectron reduction of IO3

¹

to I¹ (eq 3). Figure 21 shows the dependence of the rate of
O2 evolution over the Pt(0.5wt%)­WO3 photocatalyst upon
calcination temperature after impregnation of H2[PtCl6]. The
rate of O2 evolution increased significantly with increasing
calcination temperature from 723 to 823K, and then decreased
sharply above 873K. It was confirmed that the calcination of a
bare WO3 in air up to 973K had a negligible effect on the rate
of O2 evolution from water in the presence of the electron
acceptor Ag+ (not shown). The rate of O2 evolution over the
photodeposited Pt­WO3 (ca. 5¯mol h¹1) was much lower than
that over impregnated Pt­WO3 samples. The significant effect
of Pt loading was indicative of the different physicochemical
properties of the Pt on WO3. The electronic state of the loaded
Pt species on WO3 was thus investigated by XPS. Figure 22
shows XPS spectra for Pt 4f in 0.5wt% Pt-loaded samples
prepared by photodeposition (PD) and impregnation at
different temperatures. The photodeposited sample exhibited
a main peak with a binding energy of ca. 71.0 eV, which
was assignable to 4f7/2 electrons of metallic Pt (Pt0). The
impregnated sample prepared at low temperature (723­823K)
exhibited a main peak with a binding energy of ca. 73.0 eV,
which was assignable to the Pt(II) species. The samples

prepared at higher temperatures (>873K) were found to
contain metallic Pt species, as well as Pt(II) species. Figure 23
shows STEM images of Pt-loaded WO3 samples prepared by
impregnation of H2[PtCl6] followed by calcination in air at
different temperatures. Highly dispersed fine particles (2­5 nm)
were observed on the Pt­WO3 sample prepared at 773K. The
XPS results strongly suggested that these were platinum oxide
(PtO) particles that contained Pt(II) species. The fine particles
gradually coarsened at higher calcination temperatures of up to
873K, and then aggregated to form noticeably larger particles
(μ20 nm) at 973K. The increase in the O2 evolution rate with
temperature from 723 to 823K is certainly due to the improved
interface between WO3 and PtO particles, which enables
efficient electron transport from WO3 to PtO. Calcination at
973K resulted in relatively large particles of metallic Pt, as
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confirmed by STEM and XPS, and negligibly low O2 evolution
rates. These results suggested that the decrease in O2 evolution
rate above 873K is due to both the aggregation of cocatalyst
particles and the change in the chemical state of cocatalyst
particles from platinum oxide (PtO) to platinum metal (Pt).
Considering the fact that the photodeposited Pt­WO3 samples,
which were loaded with highly dispersed Pt metal particles,
showed a much lower activity for O2 evolution (ca.
5¯mol h¹1), it appears that the chemical composition of Pt
species affected the efficiency of O2 evolution to a greater
extent in the presence of the electron acceptor IO3

¹. These
results strongly suggested that PtO is a more favorable
cocatalyst for IO3

¹ reduction than Pt metal. It is well known
that Pt nanoparticles act as highly efficient catalyst for O2

reduction. We have recently demonstrated that photodeposited
Pt­WO3 photocatalysts showed a highly efficient activity for
oxidative decomposition of various organic compounds
through the multielectron reduction of O2 molecules on Pt
nanoparticles.177,178 Therefore, one possible reason for the low
activity of WO3 samples loaded with a Pt metal cocatalyst is
competitive reduction of O2 molecules on the Pt metal surface
alongside the reduction of IO3

¹.
3.3 Simultaneous Evolution of H2 and O2 under Visible

Light Irradiation Using a Combination of SrTiO3:Cr/Ta
and WO3 Photocatalysts. A visible-light-driven water-
splitting system was then constructed by employing the same
strategy as in the TiO2 system. SrTiO3 codoped with Cr and Ta
(SrTiO3:Cr/Ta) was found to be active photocatalyst for both
H2 and IO3

¹ production from an aqueous NaI solution under
visible light irradiation (­ > 410 nm).75­77 This photocatalyst
was originally developed by Kudo et al. and has a reasonably
high activity for H2 evolution from water under visible light
irradiation in the presence of methanol as a sacrificial electron
donor.118 The diffuse reflectance spectra of WO3, pristine
SrTiO3, and SrTiO3:Cr/Ta are presented in Figure 24. The
codoping of Cr and Ta into SrTiO3 created broad absorption in
the visible region up to ca. 700 nm. The Pt-loaded SrTiO3:
Cr/Ta showed an appreciable H2 evolution under the light

irradiation with wavelength shorter than ca. 550 nm, while the
absorption longer than 550 nm, which is derived from Cr6+

species, rarely contributes to photocatalytic H2 evolution.118,119

Although the rate of H2 evolution over only the Pt­SrTiO3:
Cr/Ta photocatalyst decreased remarkably with irradiation
time due to the backward reaction (re-reduction of IO3

¹ to I¹

by photoexcited electrons), using both Pt­SrTiO3:Cr/Ta and
Pt­WO3 photocatalysts resulted in simultaneous evolution of
H2 and O2 (initial H2 rate: 16¯mol h¹1, initial O2 rate:
8¯mol h¹1) from an aqueous NaI solution under visible light
irradiation (­ > 410 nm), as shown in Figure 25. The reaction
proceeded with no noticeable deactivation, even for long
irradiation times. The total amount of H2 gas evolved reached
ca. 1.9mmol, exceeding the stoichiometric amounts of the
photocatalysts (SrTiO3:Cr/Ta: 1.1mmol, WO3: 1.4mmol) and
I¹ (1.25mmol) in the solution. The reaction mechanism is
undoubtedly the same as that of the Pt­anatase TiO2/rutile
TiO2 combined system. That is, H2 and IO3

¹ production
proceeded over the Pt­SrTiO3:Cr/Ta photocatalyst. At the
same time, re-reduction of IO3

¹ to I¹ and oxidation of water to
O2 occurred over the Pt­WO3 photocatalyst under visible light
irradiation. This was the first demonstration of water splitting
into H2 and O2 under visible light irradiation. It represents one
of the most important technical breakthroughs in the field of
photocatalytic water splitting.

Figure 26 shows the dependence of gas evolution rates over
the combination of Pt­SrTiO3:Cr/Ta and Pt­WO3 photocata-
lysts upon the amount of dopants into SrTiO3 material. In all
cases, the equal molar amount of Ta5+ to Cr3+ was codoped
into SrTiO3 in place of Ti4+ cations, in order to compensate the
charge balance among Ti4+, Cr3+, and Ta5+.118 The rates of gas
evolution increased with the increasing amount of dopants up
to 4mol%, while further doping lowered the efficiency. Kudo
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Figure 24. Diffused reflectance spectra of SrTiO3:Cr/Ta
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and co-workers reported a similar trend for H2 evolution over
Pt­SrTiO3:Cr/Ta photocatalyst in the presence of sacrificial
electron donor methanol.118 The increase in the doping amount
of Cr3+ enhances visible light absorption, however, it also
works as a recombination center between photogenerated
electrons and holes. Consequently, volcano-type dependence
on doping amount was obtained.

3.4 Summary. Overall water splitting under visible light
was demonstrated for the first time through two-step photo-
excitation between Pt­SrTiO3:Cr/Ta and Pt­WO3 in the
presence of an iodate­iodide (IO3

¹/I¹) shuttle redox mediator.
Photocatalytic O2 evolution proceeded at a steady rate over
Pt­WO3, continuing until almost all IO3

¹ anions in the solution
were reduced to I¹, certainly due to the distinctly different
adsorption properties between IO3

¹ and I¹ on WO3 surface.
This high selectivity of Pt­WO3 photocatalyst for the forward
reactions (IO3

¹ reduction and water oxidation) is perfectly
useful to construct an overall water-splitting system in
combination with another photocatalyst for H2 evolution, even
if it has low selectivity for the H2 evolution. For example, the
H2 evolution over the Pt­SrTiO3:Cr/Ta photocatalyst alone
readily terminated due to the significant backward reaction, re-
reduction of IO3

¹ on the Pt cocatalyst, even with a quite small
amount of IO3

¹ accumulated in the solution. The coexistence
of Pt­WO3 photocatalyst, which can efficiently consume IO3

¹,
maintains a very low concentration of IO3

¹ during the reaction,
effectively suppressing the undesirable backward reaction
(IO3

¹ reduction to I¹) over the Pt­SrTiO3:Cr/Ta photocatalyst,
and thus resulting in the sustained H2 evolution. Although WO3

material has one serious disadvantage, instability under basic
conditions, the excellent properties as an O2 evolution photo-
catalyst are quite useful to construct overall water splitting
through two-step photoexcitation via redox cycle between
IO3

¹/I¹. Therefore, the Pt­WO3 photocatalyst is mainly used
as an O2 evolution photocatalyst in combination with other H2

evolution photocatalysts such as oxynitrides or dye-sensitized
oxides, which will be discussed in later sections.

4. Application of Tantalum Oxynitride Photocatalysts to a
Z-Scheme with IO3

¹/I¹ Redox Mediator150,153­155,157­160

As described above, photocatalytic water splitting under
visible light has been achieved by using a doped oxide,
SrTiO3:Cr/Ta, as the H2 photocatalyst together with WO3.
However, few oxide semiconductors have both a high visible
light absorption and a sufficiently high potential for H2

evolution, because of the highly positive valence bands of
oxides, which are mainly formed by O 2p orbitals. Domen
et al. have reported that some oxynitride (e.g., TaON,133

BaTaO2N,136 and LaTiO2N132,134) or nitride (e.g., Ta3N5
92)

powder photocatalysts exhibit activity for H2 production from
water in the presence of a sacrificial electron donor such as
methanol under visible light irradiation. Because N 2p orbitals
have much more negative energy levels than O 2p orbitals, the
tops of the valence bands of oxynitrides and nitrides are more
negative than those of the corresponding oxide. For example,
the potential energies of the tops of the valence bands increase
in the order Ta2O5 (3.6V) < TaON (2.0V) < Ta3N5 (1.6V vs.
NHE).179 On the other hand, the bottoms of the conduction
bands of these (oxy)nitrides (TaON and Ta3N5) consist of
predominantly empty orbitals of tantalum, resulting in similar
energy levels to that of the corresponding metal oxide (Ta2O5)
in the range ¹0.3 to ¹0.5V (vs. NHE), which are suitable for
H2 production.179 As shown in Figure 27, these (oxy)nitrides
can absorb a wider wavelength range of visible light due to
their narrower band-gap energies than visible-light-responsive
oxides such as WO3. Consequently, these (oxy)nitride materials
are considered to be promising H2 photocatalysts for two-step
(Z-scheme) water-splitting systems. In this section, the appli-
cation of tantalum oxynitride (e.g., TaON, ATaO2N) photo-
catalysts to H2 evolution in a Z-scheme with IO3

¹/I¹ redox
mediator will be reviewed. Additionally, the application of
(oxy)nitrides to O2 evolution will be also reviewed in the later
part.

4.1 Application of Simple Tantalum Oxynitride (TaON)
to H2 Production. Photocatalytic H2 production was found
to proceed over the Pt-loaded TaON samples in an aqueous
solution containing I¹ anions as a reversible electron donor
under visible light (­ > 410 nm), as shown in Figure 28. The
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production of IO3
¹ anions in the solution was also confirmed.

Neither O2 nor N2 were evolved during the reaction. It has been
reported that some (oxy)nitride materials suffer from self-
oxidative decomposition,132,134 whereby nitrogen anions (N3¹)
are oxidized to N2 by photogenerated holes:

2N3� þ 6hþ ! N2 ð10Þ
Although such self-oxidative generation of N2 was observed
when TaON was used for O2 evolution from water in the
presence of Ag+ electron acceptor,133 no N2 gas was evolved
in the presence of I¹ anions. These results indicate that the
I¹ anions acted as effective electron donors for the TaON
photocatalyst, which consequently suppressed the self-oxida-
tive deactivation of the TaON surface. The rate of H2 evolution
gradually decreased and became almost zero after 3 h of
photoirradiation, due to the backward reaction (re-reduction
of IO3

¹). Both IO3
¹ and I¹ ions adsorbed on the surface of

the TaON photocatalyst powder, as seen in Figure 29, while
IO3

¹ showed a higher adsorptivity than I¹ at higher concen-
trations. The appreciable adsorption of the I¹ ions on TaON
clearly enabled the efficient oxidation of I¹ to IO3

¹ by the
photogenerated holes on the TaON photocatalyst and effec-
tively suppressed the self-oxidative deactivation of TaON.
However, the competitive adsorption of IO3

¹ anions on TaON
caused a significant backward reaction (reduction of IO3

¹ to I¹,
instead of H2 production) over the Pt­TaON photocatalyst in
the presence of both IO3

¹ and I¹ anions, lowering the rate of H2

evolution.
As can be seen in Figure 28, the Pt-loaded TaON sample

prepared by photodeposition (Pt(PD)­TaON) showed a much
lower activity than that prepared by impregnation (Pt(Imp)­
TaON) with H2 reduction at 473K. Because photodeposition
generally results in selective dispersion of metal nanoparticles
(e.g., Pt) on the reduction sites of the photocatalyst, highly
active photocatalysis is expected based on efficient electron

transfer from the semiconductor to the metal nanoparticles.
Although such photodeposition method is quite effective in
activating oxide semiconductors for water reduction and thus
has consequently been utilized in many oxide photocatalyst
systems, the photodeposition could not afford significant
improvement in the H2 evolution on TaON. Figure 30 shows
STEM images of Pt-loaded TaON samples. In the photo-
deposited sample, relatively large Pt particles (μ10 nm) were
poorly dispersed on the TaON particles (Figure 30c), with
some large aggregates in part (Figure 30d). On the other hand,
Pt nanoparticles smaller than 5 nm were highly dispersed on
the impregnated TaON samples (Figures 30a and 30b). The
impregnation method allows a higher dispersion of Pt nano-
particles on the surface of TaON particles, which in turn results
in a higher rate of H2 evolution.

Figure 31 shows the dependence of the initial rates of H2

evolution over the Pt(0.3wt%)­TaON photocatalyst prepared
by impregnation upon (a) the NaI concentration at pH 6.5, and
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(b) the pH value of a 10-mM aqueous NaI solution. The rate of
H2 evolution increased with NaI concentration up to 10mM,
and then almost saturated. The increase in the H2 evolution
rate was undoubtedly due to the enhancement in the reaction
between photogenerated holes and the I¹ electron donor.
The rate of H2 evolution over Pt­TaON was somewhat
pH-independent from 5 to 8, while the rate of H2 evolution
was slightly lowered by the addition of a phosphate buffer.

4.2 Water Splitting into H2 and O2 under Visible Light
Irradiation Using a Combination of TaON and WO3

Photocatalysts. Overall water splitting under visible light
was also examined by combining the Pt­TaON photocatalyst
with the Pt­WO3 photocatalyst in the presence of an IO3

¹/I¹

shuttle redox mediator. The Pt(0.3wt%)­TaON sample was
prepared by impregnation of H2[PtCl6](aq) with H2 reduction at
473K, and used as the H2 evolution photocatalyst. As for the
WO3 photocatalyst, 0.5wt% of Pt was loaded with impregna-
tion of H2[PtCl6] followed by calcination in air at 823K,
whereby platinum oxide (PtO) cocatalyst particles were loaded
on the WO3. As shown in Figure 32a, the combination of the
Pt(0.3wt%)­TaON and Pt(0.5wt%)­WO3 photocatalysts re-

sulted in simultaneous H2 and O2 evolution from an aqueous
NaI solution (5mM, pH 6.5 without adjustment) under visible
light irradiation. No appreciable N2 gas evolution was detected
during the photoirradiation, and no gas evolution was observed
in darkness. These results demonstrate that overall water
splitting proceeds by a two-step photoexcitation mechanism
combined with a redox cycle between the anions IO3

¹ and I¹,
as shown in Figure 33. The quantum efficiency for overall
water splitting was determined to be ca. 0.5% at 420 nm under
the same conditions as for Figure 32a. Simultaneous H2 and O2

evolution also proceeded at a steady rate in a weakly acidic
solution (pH 5.3), as shown in Figure 32b. The reaction
proceeded without notable deactivation even after 60 h of
irradiation, and the total amount of H2 gas evolved reached ca.
0.98mmol, exceeding the stoichiometric amount of the photo-
catalysts (TaON, 0.95mmol; WO3, 0.86mmol). By contrast,
the rate of gas evolution gradually decreased with prolonged
irradiation time when the reaction was carried out in a weakly
basic solution, as shown in Figure 32c. This is definitely due to
the deactivation of the Pt­WO3 photocatalyst under basic
conditions, as seen in Figure 18. Figure 34a shows the de-
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Figure 31. Dependence of rates of H2 evolution over Pt(0.3wt%-Imp)­TaON photocatalyst upon (a) the NaI concentration at
pH 6.5, and (b) the pH value of a 10-mM aqueous NaI solution.

Figure 32. Time courses of gas evolution over a mixture of Pt(0.3wt%)­TaON and Pt(0.5wt%)­WO3 photocatalysts under visible
light irradiation from aqueous solution of NaI (5mM) with pH 6.5 (a), 5.3 (b), and 8.6 (c).
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pendence of the gas evolution rate (determined from total
amount of gasses evolved in 5 h) on the pH of reaction solution,
in which the rate of gas evolution increased with pH. As seen in
Figure 31b, the rate of H2 evolution over Pt­TaON alone was
barely affected by the pH. By contrast, the rate of O2 evolution
over the Pt­WO3 photocatalyst alone increased with pH
(Figure 18). Thus, it appears that the overall efficiency of this
combination was dominantly affected by the efficiency of the
O2 evolution system (Pt­WO3 photocatalyst) under the present
reaction conditions. The rate of water splitting over the
combination of Pt(0.3wt%)­TaON and Pt(0.5wt%)­WO3

was measured in aqueous solutions (pH μ6.5, without adjust-
ment) with different NaI concentrations. The rate of gas
evolution increased with I¹ concentration up to 5mM,
decreasing significantly with further increase in concentration,

as shown in Figure 34b. The enhancement of the gas evolution
rate is undoubtedly due to the promotion of H2 evolution on the
Pt­TaON photocatalyst by the addition of the I¹ electron donor.
However, the addition of excess NaI had a negative effect on
the overall water-splitting reaction. The decrease in the gas
evolution rate is due to the competitive oxidation of I¹ over
the Pt­WO3 photocatalyst, which decreases the rate of O2

evolution as indicated by the results in Figure 19. The
significant decrease in gas evolution rates for NaI concen-
trations above 10mM again suggested that the overall
efficiency in the present system was affected to a greater
extent by the efficiency of the O2 evolution system (Pt­WO3

photocatalyst). It should be noted that the ratio of the amount of
evolved O2 to H2 was not stoichiometric (O2/H2 = 0.5) at I¹

concentrations above 10mM, as shown in Figure 34b. The
accumulation of I3¹ anions was confirmed at the end of
reactions at high NaI concentrations of above 10mM. Such
accumulation of I3¹ was also observed for the O2 evolution
reaction over Pt­WO3 alone in the presence of the IO3

¹

electron acceptor under a high concentration of I¹ (reactions
shown in Figure 19). These results suggested that some of the
photogenerated holes in Pt­WO3 oxidized I¹ to I3¹ (eq 8),
alongside the oxidation of I¹ to IO3

¹ (eq 5). As described in
Section 2.1, I3¹ is not as efficient an electron acceptor as IO3

¹

for oxide semiconductors such rutile TiO2. It is therefore
speculated that photoexcited electrons on Pt­WO3 are unable to
reduce I3¹ effectively, resulting in suppressed O2 evolution and
an appreciable deviation in the O2/H2 ratio. The I3¹ ions are
thought to originate from the oxidation of I¹ by holes (eq 8)
over Pt­TaON, not only over Pt­WO3. Distinguishing between
these two sites for I¹ oxidation is difficult. Given the fact that
IO3

¹ was mainly produced over Pt­TaON even in the solution
with high NaI concentration, it appears that I3¹ production
mainly occurred over Pt­WO3. Although such accumulation of
I3¹ can be prevented by using an alkaline solution at a pH
above 9, given the spontaneous disproportionation of I3¹ into
IO3

¹ (eq 9), we could not apply alkaline conditions because
of the instability of the WO3 photocatalyst. Although the
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predominant factor leading to the selectivity in I¹ oxidation
over photocatalysts remains unclear and requires further
investigation, excessively high concentrations of I¹ clearly
decrease the efficiency for the overall water-splitting reaction.
These results indicated that the concentration of the redox is a
significant factor determining the efficiency of the overall
reaction in the two-step water-splitting system using a redox
couple. This significant influence of the redox concentration on
overall efficiency basically results from the occurrence of
backward reactions over both the H2 and O2 evolution
photocatalysts. Therefore, controlling the reaction selectivity
toward the forward reactions, H2 evolution and O2 evolution, is
indispensable for achieving highly efficient water splitting
based on two-step photoexcitation with redox mediators.

Although the (Pt­TaON)/(Pt­WO3) system for water split-
ting had an apparent quantum yield of only 0.4% at 420 nm,150

surface modification of TaON with ZrO2 significantly increased
the apparent quantum yield to 6.3% at 420 nm.158 This is
currently the highest reported apparent quantum yield for a
nonsacrificial visible-light-driven water-splitting system. This
high performance is at least partly due to suppression of
electron­hole recombination in ZrO2/TaON, which results
from moderation of the n-type semiconducting character of
TaON by the formation of a composite with ZrO2.158 Although
(oxy)nitrides have previously been thought to have relatively
low activities for H2 evolution for water splitting, these results
clearly demonstrate that they are very promising for water
splitting after appropriate surface modification and optimiza-
tion of the reaction conditions.

4.3 Water-Splitting System Using BaTaO2N Photocata-
lysts Responsive to Longer Wavelength up to 660 nm.
Three mixed tantalum oxynitrides, ATaO2N (A = Ca, Sr, and
Ba), prepared by heating amorphous A2Ta2O7 under NH3, were
also applied in a two-step photoexcitation water-splitting
system as a photocatalyst for H2 evolution. These oxynitride
photocatalysts enabled the Z-scheme to harvest visible light
over a wide wavelength range. As shown in Figure 27, these

tantalum oxynitrides with perovskite structure can absorb a
wider wavelength range of visible light than visible-light-
responsive oxides such as WO3. Interestingly, the absorption
edges of ATaO2N shift to longer wavelengths with increasing
ionic radius of A2+ (Ca2+: 1.34¡; Sr2+: 1.44¡; Ba2+:
1.61¡).136 All of the Pt-loaded ATaO2N samples were
confirmed to exhibit photocatalytic activity for H2 evolution
from water under visible light irradiation in the presence of
methanol as a sacrificial electron donor, without detectable N2

evolution due to self-oxidative decomposition. Although the
Pt-loaded CaTaO2N and BaTaO2N were also demonstrated to
be active for stable H2 evolution in the presence of I¹ as a
reversible electron donor, Pt-loaded SrTaO2N was unable to
produce H2 stably in the presence of I¹ due to the self-oxidative
decomposition accompanied by N2 release. The combination of
Pt­BaTaO2N and Pt­WO3 photocatalysts allowed simultaneous
H2 and O2 evolution from NaI aqueous solution under visible
light at a close to stoichiometric ratio (H2:O2 = 2:1), while a
small degree of N2 evolution was also observed as shown in
Figure 35a. The combination of Pt­CaTaO2N and Pt­WO3 also
achieved steady H2 and O2 evolution. On the other hand, the
use of Pt­SrTaO2N as H2 evolution photocatalyst failed to
split water stably (Figure 35b), undoubtedly due to the self-
oxidative decomposition of SrTaO2N photocatalyst as men-
tioned above. At present, the reason for the greater instability of
SrTaO2N compared to that of the other ATaO2N materials is
unclear. However, judging from the stable production of H2

over Pt­SrTaO2N from aqueous methanol solution without N2

evolution, self-oxidative decomposition is likely to be pro-
moted by the reaction of the SrTaO2N compositions with iodide
(I¹) or iodate (IO3

¹). Based on the absorption spectrum of
BaTaO2N (Figure 27), it is expected that H2 evolution over
Pt­BaTaO2N proceeds by the absorption of visible light at
wavelengths up to 660 nm. For confirmation of this behavior,
the dependence of H2 evolution over Pt­BaTaO2N on the
wavelength of irradiation in overall water-splitting reaction was
examined by using two xenon illuminators (A and B) with
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different emission characteristics. Illuminator A emitted light at
wavelengths longer than 420 nm (4.32 © 1022 photon h¹1 at
420 nm < ­ < 660 nm), whereas illuminator B was fitted with
a number of cutoff filters to produce only light with wavelength
longer than 500 nm (2.54 © 1022 photon h¹1 at 500 nm < ­ <
660 nm). The illuminator B was designed to excite BaTaO2N
but not WO3 (absorption edge, ca. 450 nm). Figure 36 plots the
ratio of the total evolution rate (rA+B) to that due to illuminator
A alone (rA) as a function of the cutoff wavelength of
illuminator B. Data for Pt­CaTaO2N (adsorption edge, 520 nm)
combined with Pt­WO3 is also shown for comparison. In the
case of BaTaO2N, a ratio of 1.36 was obtained with the 500 nm
cutoff wavelength for illuminator B, indicating that the H2

evolution rate over Pt­BaTaO2N was enhanced by increasing
the total flux of incident photons, leading to an increase in
the overall reaction rate. The degree of enhancement of H2

evolution (rA+B/rA) decreased with increasing cutoff wave-
length, eventually reaching unity, indicating no enhancement
under additional irradiation at wavelength longer than 660 nm.
For CaTaO2N, the enhancement of H2 evolution was observed
at wavelength shorter than 520 nm, consistent with the
absorption edge determined for CaTaO2N. These results
demonstrated that the absorption of BaTaO2N at wavelengths
up to 660 nm indeed contributed to H2 evolution in the overall
water-splitting reaction. It represents the first example of a
water-splitting system that effectively utilizes visible light at
wavelengths longer than 600 nm for H2 evolution.

Since these ATaO2N oxynitrides were prepared by heating
amorphous A2Ta2O7 under NH3, the heating temperature
significantly affected the activities of these photocatalysts.
Figure 37 shows dependence of gas evolution rate over
(Pt­BaTaO2N)/(Pt­WO3) on the preparation temperature of
the BaTaO2N sample. The rate increased markedly with
preparation temperature from 1123 to 1223K, and slightly
decreased at 1273K. Although all the BaTaO2N samples
prepared at above 1123K indicated an XRD pattern corre-

sponding to perovskite structure, the UV­vis diffused reflec-
tance spectra displayed substantial change with increasing
temperature. As shown in Figure 38, the BaTaO2N samples
prepared at low temperatures (1123 and 1173K) exhibited a
monotonically increasing absorption at wavelengths longer
than 700 nm. Such photoabsorption is known to be responsive
to the presence of anion vacancies or reduced metal cation
species in the semiconductor, where the available electron can
readily be excited to empty conduction band levels by
absorbing light at even low energies. Thus, the BaTaO2N
samples prepared at low temperature are likely host anion
vacancies or reduced metal species such as Ta4+. Such anion
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vacancies or reduced metal species are known to act as
recombination centers for photogenerated carriers (i.e., elec-
trons and holes). The presence of elevated densities of such
sites can therefore be expected to degrade the photocatalytic
activity of semiconductor materials. The increase in activity
with preparation temperature certainly reflects the decrease in
the density of such recombination centers in BaTaO2N as
the temperature increases from 1123 to 1223K. The rate of N2

evolution decreased with increasing preparation temperature,
suggesting self-oxidative decomposition is retarded by high
crystallinity. As shown above, the presence of anion vacancies
or reduced metal species significantly affects the photocatalytic
activity of oxynitride photocatalysts. Therefore, decreasing
such recombination centers will afford improved efficiency for
water splitting, as we have recently demonstrated in a ZrO2/
TaON system.158

4.4 Application of Tantalum (Oxy)nitride Photocatalysts
to O2 Evolution in a Z-Scheme with IO3

¹/I¹ Redox
Mediator. Surface-modified (oxy)nitrides such as RuO2­

TaON and Ir/TiO2­Ta3N5 can also be used as O2 photocatalysts
in a Z-scheme with an IO3

¹/I¹ redox mediator. Because I¹

anions react preferentially with photogenerated holes over
TaON, the O2 evolution over the bare TaON photocatalyst was
completely suppressed even with a small amount of I¹. Thus,
O2-evolving cocatalysts such as RuO2 and IrO2 were loaded on
the TaON surface to modify the selectivity of holes to oxidation
of water. The loading of the RuO2 cocatalyst on TaON was
found to enhance O2 evolution in the presence of the electron
donor I¹, which enabled the RuO2­TaON photocatalyst to be
used as an O2 photocatalyst in combination with Pt­TaON.153

Structural analyses and (photo)electrochemical measurements
revealed that the activity of RuO2­TaON photocatalyst is
strongly dependent on the generation of optimally dispersed
RuO2 nanoparticles, which simultaneously promote both the
reduction of IO3

¹ and oxidation of water.160 We have recently
demonstrated that the loading of IrO2 cocatalyst on TaON
electrode significantly improves both the photocurrent and the
stability during photoirradiation.180 The IrO2 loading most
likely resulted in efficient hole scavenging in the IrO2 particles,
preventing self-oxidation of the TaON surface. Modification of
Ta3N5 by Ir metal and rutile TiO2 particles also enhanced O2

evolution.157 The combinations (Pt­TaON)­(RuO2­TaON) and
(Pt­ZrO2/TaON)­(Ir­TiO2/Ta3N5) permitted water splitting
over a wider wavelength range of visible light (TaON:
500 nm, Ta3N5: 600 nm) than systems using WO3 (absorption
edge of 450 nm) as the O2 photocatalyst.153,157,160

4.5 Summary. A series of tantalum oxynitrides, TaON,
CaTaO2N, and BaTaO2N, were successfully applied to the
two-step overall splitting of water as a H2 evolution photo-
catalyst through combination with Pt­WO3 using IO3

¹/I¹ as a
shuttle redox mediator. The valence bands of these oxynitride
materials are populated by N 2p orbitals mixed with O 2p,
resulting in more negative valence band levels and smaller
band gaps than conventional oxide semiconductors, allowing
visible light-induced H2 production from water. Indeed,
Pt-loaded TaON, CaTaO2N, and BaTaO2N were demonstrated
to be active for H2 evolution in the presence of I¹ as an electron
donor, whereas SrTaO2N was unable to produce H2 stably due
to self-oxidative decomposition accompanied by N2 produc-

tion. Photoabsorption by BaTaO2N was confirmed to extend to
wavelengths as long as 660 nm, representing the first example
of overall water splitting activated by light at wavelengths
longer than 600 nm. Surface modification of (oxy)nitrides
by cocatalyst for water oxidation enable these photocatalyst to
be used as an O2 photocatalyst. The use of RuO2­TaON or
Ir­TiO2/Ta3N5 as O2 evolution photocatalyst permitted water
splitting over a wider wavelength range of visible light (TaON:
500 nm, Ta3N5: 600 nm) than systems using WO3 (absorption
edge of 450 nm). These results demonstrated the potential of a
two-step water-splitting system for utilizing a broader band of
the visible spectrum.

5. Robust Dye-Sensitized Water-Splitting System Workable
under Visible Light with Two-Step Photoexcitation
between Coumarin Dyes and WO3 Photocatalysts113

As described above, water splitting under visible light has
been achieved using various pairs of photocatalysts in the
presence of an electron mediator IO3

¹/I¹. However, there are a
limited number of suitable photocatalysts, primarily due to the
difficulty in tuning the band levels of inorganic (particularly
oxide) semiconductor photocatalysts. On the other hand, it is
much easier to fine tune the energy levels (highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)) of organic dyes than oxides, as has been
demonstrated for dye-sensitized solar cells.181­183 Studies on
dye-sensitized solar cells have revealed that various organic
dyes, including Ru complexes, possess both a sufficiently
negative energy level (LUMO) for electron injection to the
conduction band of TiO2 and a sufficiently positive energy
level (HOMO) to oxidize I¹ to I3¹ in an organic solvent such as
acetonitrile. Thus, using dye-sensitized n-type semiconductors
(e.g., TiO2) as a H2 photocatalyst in the presence of an electron
donor of I¹ appears to a promising way to achieve efficient
water splitting by utilizing a wider wavelength range of visible
light. Figure 39 depicts the H2 production processes over a dye-
sensitized n-type semiconductor. An electron is excited from
HOMO to LUMO by light absorption, injected into the
conduction band of the semiconductor, and then consumed
for H2 production at a reduction site such as a Pt cocatalyst. The
oxidized state of the dye is regenerated to the ground state by
accepting an electron from an electron donor (Red). Although
numerous studies have investigated dye-sensitized H2 produc-
tion in the presence of a sacrificial electron donor (e.g., tris(2-
hydroxyethyl)amine),98­108 there are few reliable dye-sensitized
photocatalysts that are active for nonsacrificial H2 production
using a reversible electron donor such as I¹.109­113 The
instability of the oxidized state of a dye molecule in an
aqueous medium is considered to be the main reasons why it is
difficult to achieve steady H2 production over dye-sensitized
photocatalysts using I¹ electron donors. We have found the
stability of such organic dye molecules could be drastically
improved by introducing an oligothiophene moiety between the
donor and acceptor parts. Then we have demonstrated dye-
sensitized water splitting into H2 and O2 under visible light
irradiation for the first time using a simple organic dye
molecule as a photosensitizer for H2 evolution, a WO3

photocatalyst for O2 evolution, and an I3¹/I¹ redox couple as
a shuttle redox mediator.113
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5.1 Significant Effect of Oligothiophene Moiety on the
Stability of Dye Molecules in Water. We have been
attempting to apply various kinds of organic dyes to H2

production with I¹ electron donor, and found that a coumarin
dye (C-343) adsorbed onto Pt-loaded TiO2 can generate H2 from
water in the presence of I¹ electron donor.111,112 Although the
stability of coumarin C-343 was insufficient, it was revealed that
introducing an oligothiophene moiety into the dye structure
(between the donor and acceptor parts) significantly improved
the stability of the oxidized state of the coumarin dyes in water
and enabled the dye molecules to function as a robust sensitizer
for H2 production from water in the presence of an I¹ electron
donor. The structures of coumarin dyes used are shown in
Figure 40. Figure 41 shows the C­V profiles of coumarin dyes
in water and in a anhydrous AN solution containing 0.1M
LiClO4 as a supporting electrolyte, along with their molecular
structures. Since these dyes are barely soluble in an aqueous
solution with a neutral pH, the CV measurements were carried
out using nanoporous TiO2 electrodes with the dyes adsorbed on
them.184 In all cases, a current peak was observed when an
anodic potential of over +0.4V (vs. reference) was applied,
which indicates oxidation of the dye molecule (S) to an oxidized
state (S+). On the other hand, the reduction behavior strongly
depended on the structure of the dye molecule. For NKX-2311,
which does not have a thiophene ring, the reduction current peak

C-343 NKX-2311 NKX-2587

NKX-2677 NKX-2697

Figure 40. Molecular structures of coumarin dyes.
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was much lower than the oxidation peak even in AN and no
reduction peak was observed in water (Figure 41a). Although
reversible behavior was observed for NKX-2587 in AN, the
reduction current peak was much lower than the oxidation peak
in water (Figure 41b). These results indicate that the oxidized
state of these dyes (NKX-2311 and NKX-2587) reacted
with H2O irreversibly and formed inactive species. On the
other hand, a reversible current peak was clearly observed in
NKX-2677 during reverse cathodic scanning in both solvents
(Figure 41c), indicating that, even in water, the oxidized state
(S+) has a relatively long lifetime and can be reduced back to
its original state by accepting an electron during sweeping of
the cathode potential. Based on the molecular structures of
the coumarin dyes examined, it is concluded that thiophene
moieties, (especially oligothiophene, which has more than two
thiophene rings) play a significant role in stabilizing the
oxidized states of the dyes in water.

5.2 Steady H2 Evolution over Coumarin Dye with
Oligothiophene Moiety in the Presence of I¹ Electron
Donor. Figure 42 shows the time course of H2 evolution over
coumarin dye-adsorbed Pt­H4Nb6O17 (internally platinized
H4Nb6O17) photocatalysts suspended in aqueous potassium
iodide (KI) solution under visible light irradiation. Steady H2

evolution proceeded over the NKX-2677 and NKX-2697 dye-
adsorbed photocatalysts (Figure 42a), and nearly the same
amount of I3¹ anion as H2 gas was detected in the solutions
after the reaction in both cases (e.g., H2: 48¯mol; I3¹: 47¯mol
for NKX-2677). The molar amount of evolved H2 exceeded the
amount of the dye molecules contained in 50mg of photo-
catalyst powder (NKX-2677: ca. 0.55¯mol; NKX-2697: ca.
0.52¯mol). The diffuse reflectance spectra for the NKX-2677-
adsorbed photocatalysts after the reaction was found to be
almost the same as before the reaction, except for a slight shift
of the absorption edge to a shorter wavelength, as shown in
Figure 43. This shift is attributable to the change in alignment
of the dye molecules on the surface of the Pt­H4Nb6O17

semiconductor during the stirring in the aqueous solution
rather than to the decomposition of dye molecules, because a

similar shift was also observed when the photocatalysts were
stirred in an aqueous KI solution in the dark. The findings
indicate that the following reactions took place over the
NKX-2677 and NKX-2697 dye-adsorbed Pt/H4Nb6O17 photo-
catalysts under visible light irradiation:

Sþ h¯ð­ > 400 nmÞ ! S� ðexcitation of dyeÞ ð11Þ
S� ! Sþ þ e� ðelectron injection to H4Nb6O17Þ ð12Þ
e� þ Hþ ! 1=2 H2 ðH2 production on PtÞ ð13Þ
Sþ þ I� ! Sþ 1=2 I2 ð1=2 I3

�Þ ðregeneration of dyeÞ ð14Þ
On the other hand, the rate of H2 production gradually

decreased with irradiation time in the case of other coumarin
dyes (C-343, NKX-2311, and NKX-2587), as shown in
Figure 42b, while the rates of H2 production were relatively
high in initial period. The molar amount of liberated I3¹ was
smaller than the amount of H2 evolved in each case (e.g., H2:
32¯mol; I3¹: 25¯mol for NKX-2311). The diffuse reflectance
spectra of these dyes changed significantly by the reaction, as
shown in Figure 43. Such a significant change was not
observed when the photocatalysts were stirred in the dark,
indicating that the change in the spectra was caused by
photochemical processes and not by physical processes such as
desorption of dye molecules from the Pt­H4Nb6O17 surface. It
is likely that the oxidized state (S+) of these dyes reacted with
water before accepting an electron from the I¹ anions and then
became photo-inactive species.

5.3 Simultaneous Evolution of H2 and O2 under Visible
Light Irradiation Using a Combination of Coumarin-
Adsorbed H4Nb6O17 and WO3 Photocatalysts. As shown
in Figure 44, the combination of NKX-2677-adsorbed Pt­
H4Nb6O17 and IrO2/Pt­WO3 resulted in simultaneous evolu-
tion of H2 and O2 in an almost stoichiometric ratio. The
reaction proceeded without appreciable deactivation even after
photoirradiation for 48 h. The total amount of evolved H2 (ca.
116¯mol) exceeded the amount of dye molecules adsorbed on
Pt­H4Nb6O17 (ca. 0.55¯mol). On the other hand, the rate of
gas evolution using NKX-2587 (which has one thiophene
ring) decreased drastically with increasing irradiation time, as
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Figure 42. Time course of photocatalytic H2 evolution by coumarin dye-adsorbed Pt/H4Nb6O17 photocatalysts (50mg) suspended
in a 0.1M aqueous KI solution (100mL) under visible light (­ > 410 nm).
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Figure 44 shows. In the case of the NKX-2311 dye, which has
no thiophene ring, only a small amount of H2 was evolved
during the initial period. These results again indicate that the
oligothiophene moiety in coumarin dyes plays an essential
role in stabilizing dye molecules during photocatalytic water
splitting. Katoh et al. have examined the effect of light irradia-
tion on the dyes adsorbed on nanocrystalline TiO2 films under
ambient conditions and found that dyes (not just coumarin
dyes) containing an oligothiophene moiety are more stable than
those without an oligothiophene moiety.185 Transient absorp-
tion spectroscopy strongly implies that the positive charge in
such dyes is located on the oligothiophene moiety. Therefore,
the most likely explanation for the necessity of an oligothio-
phene moiety in the water-splitting reaction with I3¹/I¹ redox

is that the positive charge of the oxidized dye is delocalized
over the oligothiophene moiety reducing its reactivity toward
H2O, while it can accept an electron from an I¹ anion thereby
regenerating the original ground state of the dye.

“Nanostructured” reduction sites were successfully utilized
in the dye-sensitized H2 production system to control the
reaction selectivity of electrons. As shown in Figure 45, H2

evolution over NKX-2677-adsorbed Pt­TiO2 terminated rap-
idly due to a significant backward reaction (reduction of I3¹

to I¹) on the Pt particles. On the other hand, H2 evo-
lution proceeded at a steady rate on NKX-2677-adsorbed
Pt­H4Nb6O17. This is a result of the backward reaction being
suppressed by I3¹ anions being unable to access Pt particles
because of the electrostatic repulsion between I3¹ and
the negatively charged niobate layers (Figure 46).109,110,112

Mallouk et al. first suggested this concept and demonstrated
photocatalytic H2 production over Ru-complex-adsorbed
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Figure 43. Diffuse reflectance spectra of coumarin dye-adsorbed Pt/H4Nb6O17 photocatalysts before and after the reaction in
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Figure 44. Time courses of photocatalytic evolution of
H2 (closed) and O2 (open) using a mixture of coumarin
dye-sensitized (circles: NKX-2677, triangles: NKX-2587,
square: NKX-2311) Pt/H4Nb6O17 (50mg) and IrO2­Pt/
WO3 (100mg) suspended in a 5mM of KI aqueous
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Pt­H4Nb6O17 in the presence of iodide electron donor.109

Suppression of undesirable backward reactions with a redox
mediator is critical for improving the overall efficiency in Z-
scheme water-splitting systems. Although the affinity between
photocatalyst materials and redox mediators has dominated the
reaction selectivity in Z-scheme systems, introducing “nano-
structured” reaction sites will allow the reactivity of electrons
and holes to be controlled for the desired reactions, enabling
efficient water splitting to be achieved under visible light.

5.4 Summary. Dye-sensitized overall water splitting under
visible light irradiation was demonstrated for the first time
using a simple organic dye molecule as a photosensitizer for H2

evolution, WO3 photocatalyst for O2 evolution, and I3¹/I¹

redox couple as a shuttle redox mediator. The photocatalytic
activity and electrochemical measurements indicated that the
oxidized states of the coumarin dyes having oligothiophene
moiety in their structure are stable even in water. It was first
revealed that the unique stabilizing property of oligothiophene
enabled one to achieve overall water splitting under visible
light irradiation using such simple organic dye molecules as
H2-photocatalysts. This provides release from the difficulty in
tuning the band levels of inorganic (particularly oxide) semi-
conductor photocatalysts, extending the diversity of photo-
catalysts for this Z-scheme water-splitting reaction. Although,
the quantum efficiency of dye-sensitized H2 evolution is
currently low (e.g., <0.1% at 500 nm for the NKX-2677
system), the novel strategy of stabilizing positive charge
in oligothiophene moieties of dye molecules promises
efficient water splitting using structurally designed organic
dye molecules.

6. Conclusion

A novel photocatalytic system that splits water into H2 and
O2 was realized using a two-step photoexcitation system
composed of a shuttle redox couple and two different semi-
conductor photocatalysts. We have first demonstrated water
splitting based on the two-step photoexcitation process under
UV light by using Pt-loaded anatase TiO2 as the H2 photo-
catalyst together with rutile TiO2 for O2 evolution in the
presence of IO3

¹/I¹ redox mediator. Although this system
operates only under UV light (­ < 400 nm) due to the large
band gap of the TiO2 photocatalysts, it opened the way to
achieve water splitting under visible light. The key was
controlling the reactivity of electrons and holes with a redox
mediator (IO3

¹ and I¹ anions) and water molecules. We have
then achieved overall water splitting using various visible light
responsive photocatalysts, such as SrTiO3 doped with Cr,
tantalum oxynitrides (TaON or BaTaO2N), and organic dyes,
which work as H2 evolution photocatalysts, combined with
tungsten oxide (WO3) for O2 evolution in the presence of a
shuttle redox mediator such as iodate/iodide (IO3

¹/I¹) or
triiodide/iodide (I3¹/I¹). The use of BaTaO2N or coumarin
organic dye was demonstrating to be photoactive at wave-
lengths up to ca. 660 nm. These results demonstrate the
potential of a two-step water-splitting system for utilizing a
broader band of visible spectrum.

Just 10 years ago, photocatalytic water splitting using a
heterogeneous photocatalyst under visible light was considered
a “dream reaction.” However, water splitting under visible light
has indeed been demonstrated in several heterogeneous photo-
catalytic systems over the last decade. The target quantum yield
for splitting water into H2 and O2 is 30% at 600 nm, which
corresponds to a solar energy conversion efficiency of about
5%. Although the introduction of Z-scheme water-splitting
systems has significantly extended the available wavelengths
(μ660 nm for H2 evolution and μ600 nm for O2 evolution), the
quantum efficiency (μ6%) is still too low to achieve this target.
New strategies for achieving efficient separation of electrons
and holes in powdered semiconductor photocatalysts are highly
desirable. Another technical challenge is the construction of a
system that can generate H2 separately from O2 to minimize the
danger of explosions. The Z-scheme photocatalytic systems
have the potential to be used in such separated water-splitting
systems. Such an achievement will help solve global energy
and environmental problems toward the realization of a
sustainable society.
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