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Abstract

Recent progress of photocatalysts for H2O decomposition into H2 and O2 was brie¯y reviewed with the emphasis on the

results concerning the use of several ion-exchangeable layered materials. Very recent results concerned with the ®rst

successful example of overall water splitting induced by visible light irradiation was also presented. # 1998 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Various kinds of photon energy conversion systems

have been extensively studied from the viewpoint of

solar energy utilization. Photocatalytic decomposition

of H2O into H2 and O2 is one of such systems in which

clean and high energy-containing H2 is directly

obtained.

Since the report of Fujishima and Honda [1] using a

TiO2 photoelectrode in 1972, a lot of studies have been

made in the ®eld of photoelectrochemistry as well as

photocatalysis. At the initial stage of the studies of

photocatalytic decomposition of H2O, simultaneous

evolution of H2 and O2 using homogeneous or hetero-

geneous systems had not been well demonstrated

mainly due to the dif®culty of O2 formation and to

rapid reverse reaction between products. However, for

the past decade, several heterogeneous photocatalytic

systems have been remarkably developed to decom-

pose H2O into H2 and O2 steadily under ultraviolet

light irradiation [2±6], and a lot of useful knowledge

on such an up-hill reaction have been accumulated.

These heterogeneous photocatalysts typically consist

of oxide powders mainly based on titanates and nio-

bates with loading of certain metal or metal oxide such

as NiOx, RuO2, RhOx or Pt [2±8]. In this short review,

recent developments accomplished by the authors and

some other groups are introduced.

2. Photocatalyst with a tunnel structure

Inoue et al. [4] have reported an ef®cient overall

water splitting on RuO2-loaded BaTi4O9 catalyst [4].

The main feature in the structure of BaTi4O9 is the

pentagonal-prism tunnel structure. It is suggested that

the distorted TiO6 octahedra in pentagonal-prism tun-

nel structure is essential for an ef®cient H2O decom-

position. The distorted TiO6 octahedron generates

dipole moments, which ef®ciently work for the

separation of photogenerated charges. Furthermore,
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the tunnel structure serves the uniform distribution

of RuO2 particles. The pentagonal-prism tunnel

space provides the form of a `nest', i.e., a concave

site with a ridge in which a small RuO2 particle ®rmly

accommodates as depicted in Fig. 1. The strong inter-

action between the small RuO2 particle and the sur-

rounding TiO6 octahedra facilitates the transfer of

photoexcited electrons and holes to the adsorbed

species.

3. Effect of carbonate anion on overall water
splitting

An interesting and useful effect on overall water

splitting concerning the reaction solution has been

reported by Sayama and Arakawa [5,9±11]. It is well

known that Pt±TiO2, a typical photocatalyst, cannot

decompose water in an aqueous solution because of

the rapid reverse reaction on the loaded Pt. However,

Sayama and Arakawa found that in a concentrated

Na2CO3 solution, H2 and O2 evolve ef®ciently. This

suggests that the reverse reaction is suppressed in the

solution. They further proposed that adsorbed CO2ÿ
3

ions on to the catalyst enhanced the O2 evolution

through the formation of peroxycarbonates in addition

to the prevention of reverse reaction on Pt. The sig-

ni®cance of this ®nding is the wide applicability to

various photocatalytic systems. Table 1 summarizes

some of those examples. They also demonstrated the

H2 and O2 evolutions on NiOx±TiO2 in Na2CO3

aqueous solution under solar light irradiation.

4. An ion-exchangeable layered niobate,
A4Nb6O17 (A�K, Rb), for overall water
splitting

We have reported that the application of some ion-

exchangeable layered oxides to overall water splitting

is advantageous in several respects as compared with

the so-called `̀ bulk type'' photocatalysts represented

by TiO2. One of the advantages of using layered

materials as photocatalysts is the availability of inter-

layer space as reaction sites [6,12±15]. In practice, Ni-

modi®ed A4Nb6O17 (A�K, Rb) catalysts exhibit

steady evolution of H2 and O2 at high quantum

ef®ciencies under ultraviolet light irradiation [6,13].

K4Nb6O17 consists of NbO6 octahedron units which

form a two-dimensional layered structure via oxygen

atoms. These layers have negative charges, and posi-

tively charged K� ions exist between layers in order to

keep a balance with the negative charges of the layers.

The most peculiar feature in the structures of

K4Nb6O17 is alternately appearing two types of inter-

layer space, i.e., interlayer I and II. The two types of

interlayer space exhibit different ion-exchange prop-

erties from each other. K� ions at the interlayer space I

are able to be replaced by Li�, Na� and some multi-

valent cations while those at the interlayer space II are

replaced only by monovalent cations such as Li� and

Na�. The other characteristic to be noted in the

structure of K4Nb6O17 is the spontaneous hydration

of the interlayer space. This material is easily hydrated

in a highly humid air as well as in an aqueous solution.

This indicates that the reactant, H2O molecules, are

easily intercalated into the interlayer space during the

photocatalytic reaction.

K4Nb6O17 alone in distilled water evolved H2 and

O2 under the band gap (ca. 3.3 eV) irradiation

although the amount of O2 evolved was considerably

less than the stoichiometry. Marked enhancement in

activity of H2O decomposition was observed when the

catalyst was modi®ed by Ni. The modi®cations of the

catalyst by other metals or metal oxides did not affect

the increase in photocatalytic activity. The Ni-loading

led to decomposition of H2O into H2 and O2 steadily

Fig. 1. Schematic illustration of the model of a `nest' effect of a

pentagonal-prism tunnel in the RuO2±BaTi4O19 photocatalyst.
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and ef®ciently after the pretreatment of H2 reduction

at 773 K for 2 h followed by reoxidation in O2 at

473 K for 1 h (referred to as R773±O473). The highest

activity was obtained over Ni(0.1 wt%)±K4Nb6O17

with R773±O473 treatment when the reaction was

carried out in distilled water, and the time course

of H2 and O2 evolution under the irradiation with a

high pressure Hg lamp is shown in Fig. 2. A similar

result was obtained for Rb4Nb6O17, in which higher

quantum ef®ciency (ca. 10% at 330 nm) than that of

K4Nb6O17 (ca. 5% at 330 nm) was obtained.

From the structural studies by means of XPS, TEM

and EXAFS, the structure of active Ni(0.1 wt%)±

K4Nb6O17 catalyst was elucidated. Most of the loaded

nickel was located in the interlayer I as metallic

ultra®ne particles (ca. 5 AÊ ) after the R773±O473

treatment. On the bases of the structure of active

Ni±K4Nb6O17 catalyst, reaction mechanism of H2O

decomposition was suggested as follows. The active

sites for H2 evolution are on the Ni metal ultra®ne

particles at the interlayer space I, and the active sites

for O2 evolution are in the interlayer space II.

Table 1

Photocatalytic decomposition of water over various catalysts in both aqueous Na2CO3 solution and distilled water

Catalyst Loaded materials Rate of gas evolution (mmol hÿ1)

Na2CO3 solution Distilled water

H2 O2 H2 O2

TiO2 None Trace 0 Trace 0

Pt (0.3 wt%) 78 38 2 0

RuO2 (1 wt%) 34 17 Trace 0

NiOx (1 wt%) 64 32 1 0

Ta2O5 None Trace 0 Trace 0

Pt (0.1 wt%) 1 0 1 0

RuO2 (1 wt%) 68 34 32 17

NiOx (1 wt%) 153 79 190 99

ZrO2 None 142 75 72 36

Pt (0.1 wt%) 53 23 Trace 0

RuO2 (1 wt%) 12 6 11 5

NiOx (1 wt%) 43 22 129 70

SrTiO3 None Trace 0 Trace 0

Pt (1 wt%) 10 4 9 2

Rh (0.1 wt%) 48 14 20 4

NiOx (1 wt%) 41 20 9 4

K4Nb6O17 Pt (0.3 wt%)a 451 217 Trace 0

NiOx (1 wt%) 60 28 403 197

RuO2 (1 wt%) 41 20 211 100

Na2Ti6O13 Pt (1 wt%) 15 5 Trace 0

RuO2 (1 wt%) 55 25 5 2

K2Ti6O13 Pt (0.1 wt%) 63 17 Trace 0

RuO2 (1 wt%) 49 24 11 1

BaTi4O9 Pt (0.1 wt%) 2 Trace Trace 0

RuO2 (1 wt%) 36 18 30 13

Catalyst, 1.0 g; solution, 350 ml; inner irradiation-type quartz reaction cell; high pressure Hg lamp (400 W); Na2CO3, 80 g.
aPrecursor of Pt, [Pt(NH3)4]Cl2, without aqua regia treatment.
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A4Nb6O17 (A�K, Rb) absorbs photons only in the

ultraviolet region. Several attempts to extend the

absorption edge into visible region were carried out,

but none of them were successful so far. We, therefore,

surveyed several other types of layered materials for

H2O decomposition. As a result, it has been revealed

that layered perovskites are the promising materials

for H2O decomposition, which is presented in the next

section.

5. Application of ion-exchangeable layered
perovskites as photocatalysts to water splitting

Here, we describe the photocatalytic behaviors of a

series of layered perovskite type niobates with a

general formula of A[Mnÿ1NbnO3n�1] (A�K, Rb,

Cs; M�Ca, Sr, Na, Pb, etc.; n�2±4) [14]. These

materials consist of interlayer alkaline metal cations

and negatively charged mixed oxide sheets with a

perovskite structure stacking along the c-axis as illu-

strated in Fig. 3. ALaNb2O7 and KCa2Nb3O10 are the

members of n�2 and 3, respectively. Band gaps

estimated from UV±vis diffuse re¯ectance spectra

are 3.2±3.5 eV for all catalysts. These layered per-

ovskites are not hydrated in the original forms. How-

ever, they become hydrated by substituting the

interlayer alkaline metal cations by protons. Since

simultaneous evolution of H2 and O2 was not attained

even with several modi®ed catalysts, the photocata-

lytic activities of these catalysts were evaluated from

the following two reactions containing sacri®cial

reagents; photocatalytic H2 evolution from aqueous

methanol solution and O2 evolution from aqueous

silver nitrate solution.

Rates of photocatalytic evolution of H2 or O2 are

summarized in Table 2 for all the layered perovskites

as well as their H�-exchanged derivatives under the

irradiation with a high pressure Hg lamp. The original

forms of all layered perovskites evolve H2 without any

modi®cation, and the rates of H2 evolution are

enhanced by several times with Pt-loading in each

case. Furthermore, marked enhancement of the rate of

H2 evolution by about two or three orders of magni-

tude is attained by the substitution of protons for

interlayer alkaline metal cations. As is mentioned

above, these layered perovskites become hydrated

by the H�-replacement, and accordingly, migration

of reactants also become possible for H�-exchanged

derivatives. Therefore, it is inferred that the marked

enhancement of H2 evolution which was brought

about by the H�-replacement is attributed to the

availability of the interlayer space as reaction sites.

To con®rm the above speculation, the relationship

between migration of reactants and the rate of H2

evolution was examined. In Table 3, the rates of H2

Fig. 2. Time course of H2 and O2 evolution over Ni(0.1 wt%)±

K4Nb6O17 catalyst from distilled water. Open circle, H2; closed

circle, O2; catalyst, 1.0 g; H2O, 350 ml; high pressure Hg lamp

(450 W); inner irradiation-type pyrex reaction cell.

Fig. 3. Schematic structure of A[Mnÿ1NbnO3n�1] (n�3).

20 T. Takata et al. / Catalysis Today 44 (1998) 17±26



evolution from various alcohol solutions over H�-

exchanged KCa2Nb3O10 catalyst are compared. With

the increase of the length of carbon chain of alcohols

from methyl to butyl, the rate of H2 evolution

decreased by more than two orders of magnitude,

which is in distinct contrast to the cases of original

KCa2Nb3O10 and Pt±TiO2 catalysts shown for com-

parison. This result supports that the migration of

reactants into the interlayer space determines the

reaction rate.

In aqueous silver nitrate solution, O2 evolution was

observed for each catalyst as shown in Table 2. It is,

therefore, suggested that these layered perovskites

have a potential for overall water splitting as in the

case of A4Nb6O17 if any proper modi®cations are

made. It is further noted that this type of layered

perovskites have many relatives, and that some of

them show photoresponse in visible light region;

RbPb2Nb3O10 is one of such materials [15]. This

material is also not hydrated in the original form while

it is hydrated by the substitution of protons for inter-

layer Rb� ions. The absorption edge of RbPb2Nb3O10

extends to about 500 nm.

The rates of photocatalytic evolution of H2 on

several RbPb2Nb3O10-based catalysts from aqueous

methanol solution under the irradiation with a Xe-

lamp through a cut-off ®lter (>420 nm) are summar-

ized in Table 4. RbPb2Nb3O10 alone or Pt-loaded

RbPb2Nb3O10 showed almost negligible activities of

H2 evolution. However, marked increase of H2 evolu-

tion was observed for their H�-exchanged forms

(referred to as HPb2Nb3O10). As is suggested above,

the migration of reactants are possible for H�-

exchanged form.

Further enhancement of activity was obtained by an

improvement of Pt-loading method. Pt was loaded by

in situ photodeposition method in H2PtCl6 aqueous

solution in the cases of the reaction shown in Table 4.

Since this Pt precursor is an anion of PtCl2ÿ
6 and

cannot be intercalated into the interlayer space of

HPb2Nb3O10, a cation exchanger, Pt should be depos-

Table 2

Photocatalytic activities of layered perovskite compounds A[Mnÿ1NbnO3nÿ1]

Catalyst n Rate of gas evolution (mmol hÿ1)

H2
a O2

b

Original H�-exchangedc

Alone Pt-loadedd Alone Pt-loadedd

KLaNb2O7 2 28 54 760 3800 46

RbLaNb2O7 2 60 90 740 2600 2

CsLaNb2O7 2 12 28 300 2200 3

Ksa2Nb3O10 3 14 100 5900 19 000 8

RbCa2Nb3O10 3 3 26 3100 1700 16

CsCa2Nb3O10 3 2 10 970 8300 10

KSr2Nb3O10 3 10 110 8900 43 000 30

KCa2NaNb4O13 4 5 280 790 18 000 39

Catalyst 1.0 g, high pressure Hg lamp (450 W).
aMeOH 50 ml�H2O 300 ml.
b0.01 M AgNO3 aq. 350 ml.
cH�-exchange degree >95%.
dPt was loaded from H2PtCl6 aq. by photodeposition method. The amounts of loading were 0.1 wt%.

Table 3

Rate of H2 evolution from various alcohol solutions (mmol hÿ1)

Alcohol Catalyst

KCa2Nb3O10 Pt±H�/KCa2Nb3O10
a,b Pt±TiO2

b

Methanol 7 4670 4000

Ethanol 7 384 5170

1-Propanol 3 43 3480

1-Butanol 2 30 2790

Catalyst, 1.0 g solution, alcohol 50 ml�H2O 300 ml; Hg lamp

(450 W).
aH�-exchange degree >95%.
b0.1 wt% of Pt loading.
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ited on the external surface of the catalyst. Thus,

photoexcited electrons in the bulk of the catalyst

should migrate to the external Pt particles in order

to ef®ciently reduce protons and to evolve H2. During

the migration of electrons, some of them should be

consumed by the recombination with the simulta-

neously generated holes. For the purpose of decreas-

ing recombination of photogenerated electrons and

holes, Pt was dispersed into the catalyst by an ion-

exchange using [Pt(NH3)4]Cl2 as a precursor in which

Pt�NH3�2�4 cations exist in an aqueous solution. In

Fig. 4, the rates of H2 evolution were presented as a

function of the period of ion-exchange treatment of

HPb2Nb3O10 in an aqueous solution containing

Pt�NH3�2�4 . The rate of H2 evolution increased with

increasing ion-exchange time and reached maximum

after a week. On the other hand, no effect of the

treatment time on the H2 evolution rate was observed

for the catalyst loaded from H2PtCl6. The marked

increase in the rate of H2 evolution is attributed to

the existence of Pt particles adjacent to the excited

electrons.

It is another interesting question whether this cat-

alyst evolves O2 under visible light irradiation. Con-

stant rate of O2 evolution (1.1 mmol hÿ1) from

aqueous silver nitrate solution was observed for ori-

ginal RbPb2Nb3O10 while no O2 evolution was

observed for HPb2Nb3O10 as shown in Table 4. The

de®ciency of O2 evolution in the case of HPb2Nb3O10

may be due to the acidic property of the interlayer

space which suppresses the O2 formation.

As it turned out from the above results, a series of

layered perovskite type niobate, A[Mnÿ1NbnO3n�1]

(A�K, Rb, Cs; M�Ca, Sr, Pb, etc.; n�2±4) could be a

highly active photocatalyst. However, an alkaline

condition is usually preferred or indispensable for

the decomposition of H2O into H2 and O2 [16,17],

and the above-examined layered perovskites are not

hydrated in such an alkaline condition. The absence of

hydration in an alkaline condition would be one of the

reasons for the failure in an overall water splitting for

the niobates.

6. Spontaneously hydrated layered perovskites

Next, we describe the use of a series of ion-

exchangeable layered perovskites with a general for-

mula of A2ÿxLa2Ti3ÿxNbxO10 (A�K, Rb, Cs; x�0,

0.5, 1.0) as a successful example of ef®cient overall

water splitting [18,19].

The structure of A2La2Ti3O10 (A�K, Rb) is sche-

matically depicted in Fig. 5. A2ÿxLa2Ti3ÿxNbxO10

substances also consist of interlayer alkaline metal

cations and of negatively charged two-dimensional

sheets composed of mixed oxides with a perovskite

type structure. One of the characteristics in the struc-

Table 4

Photocatalytic activities of several modified RbPb2Nb3O10 cata-

lysts

Catalyst Rate of gas evolution (mmol hÿ1)

H2
a O2

b

Alone Pt-loadedc

Original 0 0.1 1.1

H�-exchanged 0.59 3.7 0

Catalyst 1.0 g; 500 W Xe lamp (>420 nm).
aH2O (25 ml)�methanol (50 ml).
b0.01 M AgNO3 aq. (250 ml).
cPt was loaded from H2PtCl6 aq. by photodeposition method. The

amounts of loading were 0.1 wt%.

Fig. 4. Rate of H2 evolution as a function of the treatment time of

RbPb2Nb3O10 in an aqueous solution containing a Pt precursor.

Open circle, [Pt(NH3)4]Cl2; open square, H2PtCl6; Pt(0.1 wt%)

fixed on the catalyst; Xe lamp 500 W (>420 nm); catalyst 1.0 g;

solution, methanol (50 ml)�H2O (250 ml).
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ture of A2La2Ti3O10 is spontaneous hydration of the

interlayer space, which is a clear difference from the

above-described layered perovskite niobates. Band

gaps estimated from UV±vis diffuse re¯ectance spec-

tra are 3.4±3.5 eV for all catalysts.

In Table 5, the numbers of hydration and the opti-

mum activities as well as their conditions (amount of

loaded nickel and pH value of the solution) for all the

catalysts are summarized. Rb2La2Ti3O10 with

4.0 wt% of Ni-loading in aqueous RbOH solution

(0.1 M, pH�12.8) showed the highest activity of all

the catalysts examined. Typical time courses of H2 and

O2 evolution on Ni-modi®ed K2La2Ti3O10 and

Rb2La2Ti3O10 catalysts under the irradiation with a

high pressure Hg lamp are shown in Fig. 6. Constant

rates of H2 and O2 evolution at almost stoichiometric

ratio were observed for both catalysts. The pretreat-

ment of R773±O473 was also indispensable to evolve

H2 and O2 steadily and ef®ciently.

The interlayer space was not hydrated when

one-third of Ti4� was replaced by Nb5� although

Fig. 5. Schematic structure of A2La2Ti3O10 (A�K, Rb).

Table 5

Photocatalytic activities of various layered perovskites and hydration numbers

Catalyst Rate of gas evolution (mmol hÿ1)a Optimum condition Hydration

number (n)c

H2 O2 Ni-loading (wt%)b pH

K2La2Ti3O10 444 221 3.0 12.8 1.0

Rb2La2Ti3O10 869 430 4.0 12.8 1.1

Rb1.5La2Ti2.5Nb0.5O10 725 358 5.0 12.6 0.9

RbLa2Ti2NbO10 79 30 0.3 12.8 0

CsLa2Ti2NbO10 115 50 0.3 8.5 0

aCatalyst, 1.0 g; H2O, 330 ml; high pressure Hg lamp (450 W); an inner irradiation-type quartz reaction cell.
bAmount of loaded Ni.
cThe number of hydration in the formula of A2ÿxLa2Ti3ÿxNbxO10�nH2O.

Fig. 6. Typical time courses of H2 and O2 evolution over nickel-

loaded layered perovskites. Open circle, H2; filled circle, O2,

Ni(4.0 wt%)±Rb2La2Ti3O10 (1.0 g) in aqueous RbOH solution

(0.1 M); open square, H2; filled square, O2, Ni(3.0 wt%)±

K2La2Ti3O10 (1.0 g) in aqueous KOH solution (0.1 M); catalyst,

1.0 g; solution, 330 ml; high pressure Hg lamp (450 W); inner

irradiation-type quartz reaction cell.
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hydration took place for A2La2Ti3O10 and

A1.5La2Ti2.5Nb0.5O10 as seen from Table 4. The

activity of ALa2Ti2NbO10 catalyst was lower by about

an order of magnitude than the others while there is

no evident difference in activity between A2La2Ti3O10

and A1.5La2Ti2.5Nb0.5O10 catalysts. It is inferred

that the lower activity of ALa2Ti2NbO10 catalyst is

due the absence of hydration. The absence of hydra-

tion in the case of ALa2Ti2NbO10 is attributed to the

structural transformation caused by the Nb5� replace-

ment. By increasing the amount of Nb in the layers,

the number of alkaline metal cations held in the

interlayer space decreases in order to maintain the

charge balance between the layers and interlayers.

ALa2Ti2NbO10 is isostructural with a series of

layered perovskite, A[Mnÿ1NbnO3n�1], which was

described above, and A[Mnÿ1NbnO3n�1] series are

not hydrated without exception. It seems that layered

perovskites which hold larger amount of alkaline

metal cations at the interlayer space are easily

hydrated. The increase of the negative charge density

enables to increase the amount of alkaline metal

cations at the interlayer space. This indicates a useful

guiding principle to develop photocatalysts for an

ef®cient water splitting with a hydrated layered

perovskite type structure.

7. Visible light induced photocatalytic overall
water splitting on CuFeO2 with delafossite
structure

As presented in the preceding sections, an ef®cient

overall water splitting has been accomplished on

properly modi®ed photocatalysts under ultraviolet

light irradiation. However, an overall water splitting

under visible light irradiation has not been attained on

such photocatalysts. The materials successfully used

for an overall water splitting have been dominated by

the oxides containing early transition metal cations

with d0 electronic con®guration such as Ti4�, Nb5�,

Ta5� and Zr4�. These materials generally have

wide band gaps (>3.0 eV) and do not work under

visible light irradiation. Although several attempts

have been made to use the oxides containing other

transition metal cations as photocatalyst for water

splitting, unsuccessful results have not attracted much

attention.

Some of Cu�-containing oxides such as Cu2O seem

to have suitable electronic band structures for water

decomposition under visible light irradiation [20]. The

major problem of these materials as photocatalysts is

the instability of oxides against irradiation in an

aqueous solution. However, we have found very

recently that some Cu�-containing delafossites evolve

H2 and O2 under visible light irradiation when they are

suspended in distilled water.

The schematic structure of the delafossite, CuFeO2,

is shown in Fig. 7 [21]. The basic formula is

Cu1�Fe3�O2, with Cu1� in a linear coordination

with oxygen, and Fe3� in an octahedral coordination.

The FeO6 octahedra share edges to form a triangular

plane analogous to what is observed in octahedrally

coordinated transition metal dichalchogenides such as

MoS2.

Typical time course of H2 and O2 evolution over

CuFeO2 catalyst (0.5 g) in distilled water (250 ml)

under the irradiation with a Xe lamp through a cut-off

®lter (>420 nm) is shown in Fig. 8. The reaction

continued for about 1800 h with evacuation at about

every 300 h (the full time course is not shown in

Fig. 8), and the total amounts of evolved H2 and O2

reached 1720 and 520 mmol, respectively. The amount

of the catalyst used was 3300 mmol of CuFeO2.

Fig. 7. Schematic structure of CuFeO2.
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Assuming that two electrons per H2 molecule evolved

are consumed, the number of electrons exceeded that

of Cu� or Fe3� in the used CuFeO2. The crystal

structure of the catalyst after the reaction for 1800 h

was essentially the same as that before the reaction so

far as observed by the X-ray diffraction patterns.

These results con®rmed the catalytic cycle of this

system. The shortage of O2 evolution less than the

stoichiometry seems to be due to the oxidation of Cu1�

to Cu2� which is probably the reason for the suppres-

sion of the activity as observed in the long reaction

time.

The delafossite type oxide, CuFeO2, has the linear

O±Cu�±O arrays, in which valence and conduction

bands are formed primarily by the Cu-2p and O-2p

wave functions [22]. If the linear O±Cu�±O array is

essential for the observed water splitting, other mate-

rials having similar structures are expected to show the

response for visible light irradiation. Those materials

are now under investigation in our group, and some of

them have actually been found to show similar photo-

catalytic behaviors.

8. Summary and prospect

An ef®cient overall water splitting under ultraviolet

light irradiation has already been accomplished on

various photocatalysts including ion-exchangeable

layered materials with proper modi®cations. Espe-

cially for the layered photocatalysts, it has also been

demonstrated that the use of interlayer space as reac-

tion sites is effective to obtain high activity of water

splitting. Furthermore, an overall water splitting under

visible light irradiation has, for the ®rst time, been

successfully accomplished using a novel catalyst,

CuFeO2, with delafossite structure although the quan-

tum ef®ciency has yet been low (0.05±0.1%). One of

the reasons for the low ef®ciency may be that H2O

molecules are decomposed only on the external sur-

face of the catalyst. If CuFeO2 or CuFeO2-based

catalysts are modi®ed to have large surface area

available for H2O decomposition as in the case of

hydrated layered materials, marked enhancement of

activity of H2O decomposition would be expected.

Main efforts of our study are now focused in this

direction.
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