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Highly donor-doped (110) layered perovskite materials loaded
with nickel are efficient photocatalysts for overall water splitting
with photonyields as high as 23% under UV irradiation. These novel
photocatalysts are a series of homologous structures with a generic
composition of AyBnOsmi2 (M=4, 5; A=Ca, Sr, La; B=Nb, Ti).
The high electron density of these donor-rich materials would create
a narrower charge depletion region of the semiconductor and an in-
creased band bending, which allow more efficient electron-hole sep-
aration and higher quantum yields than undoped materials. Effects
of catalyst preparation conditions are discussed on photocatalytic
activity in water splitting.  © 2000 Academic Press
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INTRODUCTION

Among various methods of solar energy conversion,
much attention has been paid to photocatalytic water split-
ting for its potential significance in obtaining directly clean
and high energy containing H, from abundant H,O. If suc-
cessfully developed with an economic viability, this could
be the ultimate technology that could solve both energy
and environmental problems altogether in the future. Since
TiO, electrode was first studied for water decomposition
under UV-light in 1972 (1), several efforts have been made
to improve the catalytic activity. TiO,-based photocata-
lysts such as Pt/TiO, and RuQO,/TiO;, were investigated
(2-4) and SrTiO3-based photocatalysts such as a reduced
SrTiO3 electrode with a platinum counterelectrode, pla-
tinized SrTiO3, SrTiO3; powder modified by rhodium oxide,
and nickel-loaded SrTiO3; were also studied for improve-
ment of their photocatalytic activities (5-8). However,
guantum yields (% of absorbed photons that have been ac-
tually used to generate a photoreaction product) for these
photocatalysts are very low (<1%). Recently, K4sNbgO;7
and AsTaxNbg_xO17 (A=K, Rb) with (100) layered struc-
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ture showed much improved quantum yields of 5-10%
(9-11). Quantum yields as high as 30% was obtained when
K;La,TizOy9 was prepared by the polymerized complex
method (12). These layered materials use their interlayer
space as reaction sites, where electron-hole recombination
process could be retarded by physical separation of electron
and hole pairs generated by photoabsorption. BaTiysOg pho-
tocatalyst combined with RuO, was also reported to have
a good activity for water decomposition due to their struc-
tural regularity of a tunnel structure, which could result in
a high dispersion of RuO; over BaTisOg (13). K3Ta3Si>O13
was also found to be active for water splitting due to its
pillared structure, under which energy transition could be
facilitated since the binding angle of O-M-O-M-O of tran-
sition metal oxide structure with octahedral unit is nearly
180° (14). Recently, the same authors reported that nickel-
doped NaTaOj3 showed a quantum yield of 28% under UV
irradiation (15). However, it is desirable to find photocat-
alytic materials with even higher quantum yields in order
for the water splitting to become a viable technology. Con-
sidering that materials with unique structures have good
photocatalytic activities for water splitting, search for new
photocatalysts with unique structural characteristics could
be rewarding.

As mentioned earlier, perovskite materials such as
SrTiO3 and CaTiOg3 has received much attention in pho-
tocatalytic water splitting because of their improved pho-
tocatalytic activity compared with TiO, photocatalyst. Our
novel photocatalysts (110) layered perovskite materials
(16) are a series of homologous structures with a generic
composition of AyBmOsmi2 (M=4,5;, A=Ca, Sr, La; B=
Nb, Ti). Unlike the (100) layered materials reported by the
Domen group (9-11), our materials have the perovskite
slabs parallel to (110) relative to the perovskite structure
and are highly donor-doped, because a five-valent element
substitutes for a four-valent element or a three-valent ele-
ment substitutes for a two-valent element in general per-
ovskite materials such as SrTiO; and CaTiO3 (17). The
structural and electronic characteristics are believed to be
responsible for the much improved quantum yields.
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This paper isadetailed account of our Short Communica-
tion (16) and discusses structural and electronic characteris-
tics of these novel photocatalysts together with their photo-
catalytic activities. Effects of catalyst preparation variables
are also investigated on their catalytic performance in over-
all water splitting.

EXPERIMENTAL

For the preparation of photocatalysts a mixture of com-
mercial metal oxides and carbonates in stoichiometric ratio
was ground and pressed in the form of a pellet. Pellets were
calcined at 1123-1173 K for 6 h and sintered at 1173-1623 K
for 5h in an electric furnace. For example, Sr,Nb,O7 pow-
der was prepared by heat treatment of the ground mixture
of Nb,05(99.9%, Aldrich) and SrC03(99.9%, Shinyo Pure
Chem.) in amole ratio of 1 to 2 at 1373 K for 5h in air. The
same method was applied for the other samples at follow-
ing temperatures; La,Ti,O; at 1323 K from La,03(99.9%,
Aldrich) and TiO2(99.9%, Aldrich), Ca;Nb,O7 at 1173 K
from CaC03(99.9%, Shinyo Pure Chem.) and Nb,Os, and
LasCaTisOq7at 1273 K from La,0O3, CaCO3zand TiO,. Metal
(Ni, Pt, Cs, Bi, Fe, Pb, Ce)-loaded catalysts were prepared
by an impregnation method: perovskite material was added
in aqueous or nitric acid solution containing a required
amount (0.01-5.0wt% of powder) of a metal precursor
(metal nitrate or chloride) and then was dried in an oven at
373 K and calcined at 573 K in air for 1 h. The metal-loaded
catalysts were then pretreated in a closed gas circulation
system; the sample was reduced by H, (22 umol/s) at 673—
1073 K for 2 h and then oxidized by air (22 umol/s) at 473 K
for 1 h.

The crystal structure of the sintered powder was de-
termined by X-ray diffraction (XRD, Mac Science Co.,
M18XHF) and the band gap energy was measured by UV-
Vis diffuse reflectance spectroscopy (Shimadzu, UV 525).
The BET surface area was evaluated by N, adsorption
in a constant volume adsorption apparatus (Micrometrics,
ASAP 2012) and the morphology was determined by scan-
ning electron microscopy (SEM, Hitachi, S-2460N). Trans-
mission electron microscopy (TEM, Philips, CM 200) was
used to observe the dispersion of the metal on the oxide
powders. Temperature programmed reduction (TPR) ex-
periment was performed to characterize the reducibility
of metal-loaded catalysts; after purging a quartz catalyst
bed containing 20 mg of sample with pure He at 373K for
1h, pure hydrogen was passed at a flow rate of 30 cc/min
from 373 to 1273 K with a ramping rate of 10 K/min and
the amount of H,O evolved was measured by mass spec-
troscopy (HP 589011GC/5972MS detector).

Photocatalytic reaction was carried out at room tem-
perature in a closed gas circulation system using a high-
pressure Hg lamp (Ace Glass Inc., 450W) placed in an inner
irradiation-type quartz reaction cell. The catalyst (1.0 g) was

suspended in distilled water (500 ml) by magnetic stirring.
The rates of H, and O, evolution were analyzed by gas
chromatography (TCD, molecular sieve 5-A column and
Ar carrier).

The quantum yield of various photocatalysts was calcu-
lated by the chemical actinometer of potassium ferriox-
alate (K3(Fe(C204)3) - 3H20) (18). For the preparation of
KgFe(CZO4)3 -3H,0, 1.5 M K,C,0,4 and 1.5 M F€C|3 were
mixed with stirring. The green precipitate was recrystallized
three times in hot water and dried at 318 K. For the mea-
surement of photon flux, 500 ml of 0.006 M K3Fe(C204)3 -
3H,0 was illuminated for 60s and then the absorbance at
510 nm of the mixture of the illuminated solution and 1,10-
phenanthroline indicator was measured in a cell of 1cm
length.

RESULTS

Characterization of Sr,Nb,O7

Figure 1 shows the XRD pattern of Sr,Nb,Oy fabricated
by sintering the ground mixture of SrCO3; and Nb,Os
at 1373K for 5h in air and the schematic structure of
SroNb,O7. Below 1373 K there were many impurity phases
and thus Sr,Nb,O; was synthesized by heat treatment at
1373 K. While the slabs in K4NbgO17, a member of (100)-
layered materials, are obtained by cutting the perovskite
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FIG.1. (A) An XRD pattern of SroNb,O7 sintered in air at 1373 K
for 5 h and (B) schematic structure of Sr,Nb,O7: Perovskite-type slabs are
idealized and the slabs in thick lines are shifted with respect to the others
by a/z.
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FIG.2. The UV-DRS of Sr;Nb,Oy.

structure parallel to (100) planes (19, 20), those in
SryNb,O7, a member of (110) layered perovskite, are ob-
tained by cutting the perovskite structure parallel to (110)
planes (21, 22). The slabs in thick lines are shifted with
respect to the others by a/z. Replacing Ti** with Nb°* in
the common perovskite oxide SrTiO3 forms this structure.
The extra electron from niobium could serve as a donor.
Thus, this material is in the donor-rich state, which results
in distorted, cation-deficient, and oxygen-rich interlayer.
Its lattice parameter was estimated to be a=3.955A,
b=26.78 A, and c=5.7 A.

From UV-Vis DRS spectrum of Sr,Nb,O; shown in
Fig. 2, the band gap energy was estimated to be ca. 4.1eV
(<300 nm), which was larger than the energy required for

FIG. 4. The TEM image of Ni(1.0 wt%)/Sr,Nb,O-. Catalyst was pre-
treated by reduction at 973K for 2 h followed by oxidation at 473 K for
1h.

water to be decomposed (>2.43eV). BET surface area was
small (5 m%g) due to the high temperature heat treatment
(1373K for 5 h). The average particle size after grind-
ing the sintered material was estimated to be 5um from
SEM photograph shown in Fig. 3. In Fig. 4, TEM image
of 1wt% nickel-loaded Sr,Nb,O; shows nickel particles
well dispersed on Sr,Nb,O7 with an average particle size
of ca. 30 nm. This indicates that nickel is mostly deposited
on outer surface of Sr,Nb,O5.

FIG.3. The SEM image of Sr,Nb,O; sintered in air at 1373 K for 5 h.



PHOTOCATALYTIC WATER SPLITTING 43

o
7000 d O
6000 o

20004 - - - Tl

Amount of gases evolved /umol

1000 - - o

0 200 400 600 800 1000 1200

reaction time /min

FIG.5. A typical time courses of H, and O; evolution over
Ni(1.0 wt%)/Sr,Nb,O-. Catalyst was pretreated by reduction at 973 K for
2 h followed by oxidation at 473 K for 1 h. Reaction conditions: catalyst 1 g;
distilled water 500 ml; light source: 450 W high-pressure Hg lamp placed
in inner irradiation reaction cell.

Photocatalytic Water Decomposition over SraNb,O7
and Metal-Doped Catalysts

Figure 5 shows a typical time course of H, and O, gas evo-
lution for the photocatalytic decomposition of water over
Ni/Sr,Nb,O7. The catalyst produces H, (402 wmol/h) and
0O, (198 umol/h) inastoichiometric ratio (H,: O, =2:1).In
early studies of water splitting, the simultaneous evolution
of O, and H; (overall water splitting) had been a challenge
due to the difficulty of O, formation and the rapid reverse
reaction between the two products (23, 24). Furthermore,
the reaction proceeds at a steady rate with no indication
of catalyst deactivation for 20 h during which moles of H,
produced (8087 wmol) are greater than moles of the cata-
lyst by factors of ca. 50 for Ni (170 xmol) and ca. 2 for Nb
(4534 pmol) contained in the whole catalyst (1 g). Since
two electrons are needed to produce a molecule of H, from
water, the latter corresponds to the turnover number of
4 if all Nb atoms have participated in the water splitting.
This demonstrates that overall water splitting on this ma-
terial proceeds catalytically. Table 1 summarizes the rate
of H, evolution measured for 5h over various catalysts.
After the lamp reached its steady state, H, concentration
increased linearly with time under UV irradiation over var-
ious metal-loaded catalysts and Sr,Nb,O7 alone (10 pmol
H,/h). Of several metals, nickel showed the highest activity
(288 pwmol Hy/h) followed by Cs (94 wmol Hy/h). Platinum
was known to be the best metal promoter for TiO, (3, 25),
but it was ineffective for Sr,Nb,O7.

Effects of Pretreatments and Nickel Loading

A proper pretreatment of metal-loaded catalyst was im-
portant to achieve the high activity especially for nickel-

TABLE 1
H, Evolution Rate of SroNb,O; and Metal-Loaded
Sr,Nb,0; Catalysts?
Rate of H,
Catalyst Evolution/umol h™?
Serb207 10
Pb(1.0 wt%)/Sr,Nb,O; 10
Fe(lO Wt%)/serbzo7 12
Pt(1.0 Wt%)/Sr,Nb,O; 14
Ce(1.0 wt%)/Sr,Nb,0O; 20
Cs(1.0 wt%)/Sr,Nb,O; 94
Ni(1.0 wt%)/Sr,Nb,O7 288

2 All catalysts were reduced by H; at 773K for 2h and
oxidized by air at 473 K for 1 h: catalyst 1 g; distilled water
500 ml; light source: 450 W high-pressure Hg lamp placed
in inner irradiation reaction cell.

loaded catalysts as shown in Fig. 6. This marked dependence
of photocatalytic activity on pretreatment conditions was
not observed for other metal promoters. The oxidized form
of Ni/Sr,Nb,O- treated in air at 773K for 1h, was more
active than the reduced form treated in H, at 773K for 2h
(180 umol/h vs 90 umol/h). The best result was obtained
when the catalyst was first reduced at 773 K for 2 h and then
oxidized at473 Kfor 1 h (288 umol/h). To examine the effect
of pretreatments for nickel-loaded Sr,Nb,O7, temperature
programmed reduction (TPR) was carried out in H; flows
(Fig. 7). A typical peak of nickel oxide around 723 K was
observed for the oxidized catalyst (Fig. 7B) but no peak for
the reduced catalyst (Fig. 7C). From this, it could be con-
cluded that the oxidized form of nickel on SroNb,O; was
completely reduced after the reduction in H, at 773K for
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FIG.6. Dependence of photocatalytic activity of Ni(1.0 wt%o)/

Sr,Nb,O7 on pretreatment conditions. Reaction conditions: catalyst 1g;
distilled water 500 ml; light source: 450 W high-pressure Hg lamp placed
in inner irradiation reaction cell.
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FIG.7. The TPR profile of Ni(1.0 wt%)/Sr,Nb,O5. (A) after reduc-
tion and oxidation, (B) after oxidation, and (C) after reduction.

2 h. The catalyst subject to the reduction-oxidation treat-
ment had a new peak around 573K and its area covered
only about 40% of the peak of the oxidized catalyst. Thus,
the reduced surface of nickel was only partially oxidized
and this partial oxidization of nickel surface might be im-
portant to activate the photocatalyst Sr,Nb,O.

Figure 8 shows that activity of nickel-loaded Sr,Nb,O7
pretreated by reduction at 773 K for 2h and then oxidiza-
tion at 473 K for 1 h depends on the amount of nickel load-
ing. Rates of H; evolution over Ni/Sr,Nb,O7 increased with
the amount of nickel loading up to 1.0 wt% of Sr,Nb,O; and
then decreased at loading higher than 1 wt%. Thus, it was
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FIG. 8. Dependence of the photocatalytic activity of Ni/Sr,Nb,O; on

nickel loadings. Catalyst was pretreated by reduction at 773 K for 2 h fol-
lowed by oxidation at 473 K for 1 h. Reaction conditions: catalyst 1 g; dis-
tilled water 500 ml; light source: 450 W high-pressure Hg lamp placed in
inner irradiation reaction cell.
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FIG.9. Dependence of the activity of Ni(1.0 wt%)/Sr,Nb,O; on the
reduction temperature. Reoxidation temperature was kept at 473K for
1 h. Reaction conditions: catalyst 1g; distilled water 500 ml; light source:
450 W high-pressure Hg lamp placed in inner irradiation reaction cell.

necessary to have an optimum level of nickel loading on
SroNb,Oy for efficient water splitting.

Asshownin Fig. 9, photocatalytic activity of Ni(1.0 wt%)/
SruNb, Oy varied with the reduction temperature of nickel-
loaded catalyst when reoxidization temperature was kept
at 473 K. An optimal reduction temperature of 973 K was
identified.

Effects of Solution pH and Sacrificial Agents

Modification of catalyst surface with hydroxyl group
(OH"™) or hydrogen ion (H™) could enhance its photocata-
lytic activity by changing the property of interface between
catalyst and electrolyte. The adjustment of solution pH by
adding H,SO,4 or KOH was performed to change the prop-
erty of the interface. The activity of Ni(1.0 wt%)/Sr,Nb,O~
depended markedly on pH as shown in Fig.10. First,
there was no pH change at pH 7 when 1 g of Ni(1.0 wt%o)/
Sr,Nb,O7 was added to 500 ml of distilled water, indicating
that the catalyst was stable in aqueous solution. The rate
of H, evolution increased with pH up to ca. 10 and then
decreased drastically at the higher pH region. Thus, at the
optimum solution pH of 10, H, was evolved about three
times as fast as at pH 7 (1100 pwmol/h vs 402 umol/h). This
phenomenon is often observed in water splitting over semi-
conductor photocatalysts and has been interpreted as the
requirement of a certain amount of hydroxyl group to facil-
itate the desorption of O, generated before it is consumed
in the reverse reaction (H,+1/20, — H,0) (5, 25). How-
ever, too much hydroxyl group (pH > 10) could retard H,
desorption.

In overall water splitting, oxidation of water by holes is
a slower process than reduction by electrons (23, 24). In
order to facilitate the oxidation, hole-scavengers are often
introduced. Thus 400 ml of distilled water and 100 ml of
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FIG. 10. Dependence of the activity of Ni(1.0 wt%)/Sr,Nb,O7 on the
solution pH. Catalyst was pretreated by reduction at 973 K for 2 h followed
by oxidation at 473K for 1 h. Reaction conditions: catalyst 1g; distilled
water 500 ml; light source: 450 W high-pressure Hg lamp placed in inner
irradiation reaction cell.

alcohol (methanol, ethanol, or 1-propanol) containing 1g
of the catalyst was illuminated under otherwise identical re-
action conditions and the results are shown in Fig. 11. When
the solution without alcohol was illuminated, the rate of
H; evolution was 288 pumol/h (E). When alcohol was in-
cluded but catalyst was omitted, H, was evolved at a rate
of 350 umol/h (D). The three different alcohols gave the
similar rates. Finally, when both alcohol and catalyst were
used, the rate of H; evolution for methanol was 7400 umol/h
(A) and carbon dioxide was the product of alcohol oxida-
tion, while oxygen was not evolved. Of three alcohols of
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FIG.11. Dependence of activity of Ni(1.0 wt%)/Sr,Nb,O; on the
type of hole scavenger: (A) methanol 100 ml + catalyst 1 g, (B) ethanol
100 ml + catalyst 1 g, (C) 1-propanol 100 ml 4 catalyst 1g, (D) methanol
100 ml without catalyst, and (E) catalyst 1 g without alcohol. Catalyst was
pretreated by reduction at 773K for 2h followed by oxidation at 473 K
for 1 h. Reaction conditions: catalyst 1g; distilled water 400 ml + alcohol
100 ml; light source: 450 W high-pressure Hg lamp placed in inner irradi-
ation reaction cell.

TABLE 2

Physical Properties, H, Evolution Rates, and Quantum Efficiency
of Various Photocatalysts

BET Rate of H,
surface Band evolution/  Quantum Yield
Catalyst? area/m’g~! gap/eV  umolh! (%)

CayNb,0O7 4.2 4.3 101 7 (<288 nm)
Sr,Nb,O7 5.1 41 402 23 (<300 nm)
La,Ti,O7 5.2 3.2 441 12 (<360 nm)
La4CaTi5017 49 3.8 499 20 (<320 nm)
K4NbgO17 45 3.3 210 5 (<360 nm)
KBa,TazOqg 4.2 35 150 8 (<350 nm)
SrTiO3 4.0 3.2 30 0.81 (<360 nm)
CaTiOs 4.0 35 16 0.85 (<350 nm)
TiO, 50.0 3.1 0.3 «1 (<360 nm)

2(110) layered and perovskite materials were loaded with Ni(1.0 wt%)
and then pretreated by reduction at 973 K for 2 h followed by oxidation at
473K for 1h and (100) layered materials were loaded with Ni(0.1 wt%o)
and then pretreated by reduction at 773 K for 2 h followed by oxidation at
473 K for 1 h, while TiO, was loaded with Pt(1.0 wt%) and pretreated by
oxidation at 573 K for 2 h: catalyst 1 g; distilled water 500 ml; light source:
450 W high-pressure Hg lamp placed in inner irradiation reaction cell.

different chain sizes, methanol showed the highest hole-
scavenging effect followed by ethanol (3200 umol/h) (B)
and 1-propanol (2600 mol/h) (C).

Other (110) Perovskite Oxides

Table 2 summarizes the results of water decomposition
and catalyst characterization for a number of photocata-
lysts. Our (110) layered catalysts (Ca,Nb,O7, SraNb,O,
La,Ti,O7 and LayCaTisO17) are compared with previously
known (100) layered perovskite catalysts (K4NbgO;17 and
KBa,Taz010), bulk-type perovskite (SrTiOs, CaTiOs3), and
bulk-type TiO; catalyst (Degusa P-25), all under the same
reaction conditions. La4CaTisO17 is the second member of
AmBmOsmi2 with m=5. All catalysts except TiO, were
loaded with Ni, while Pt was loaded onto TiO; because Pt
is known to be the best modifier for TiO,. The BET surface
areas of all photocatalysts fabricated by sintering are 4-5 m?
g%, while that of TiO, P25 is 50 m?g~*. The band gap ener-
gies estimated from UV-VIS diffuse reflectance spectra of
all catalysts are in the 3.1-4.3eV UV energy range.

It is clear that (110) layered perovskite catalysts are, as
a group, much more active than previously reported per-
ovskite material, SrTiO3 and CaTiOg3, (100) layered mate-
rial, K4NbgO;7 and KBa,TazO10, and bulk-type TiO, for the
photocatalytic decomposition of water into H, and O, un-
der UV irradiation. The rate of H, evolution over Pt/TiO,
was a mere 0.3 umol/h. Dramatic improvement is observed
for Ni-doped perovskite material (30 umol/h for SrTiO3
and 16 umol/h for CaTiOj3) and further for (100) layered
material (K4NbgO17, KBayTazOy) and still further for
(110) layered perovskites. The quantum yield is the more
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meaningful parameter than the rate of H, evolution itself to
gauge the performance of a photocatalyst because the rate
is normalized against the absorbed photons. The photon
flux from the UV lamp varies depending on the wavelength
and, hence, the quantum yield is not necessarily propor-
tional to the rate of H, production when semiconductors
of different band gaps are used as catalysts. Yet, it is again
clear that (110) layered perovskite materials are superior
to previously known photocatalysts also in terms of the
guantum yield. Although the quantum yield of ca. 30% has
been already reported for NiO/K;La,TizO19 prepared by
the polymerized complex method, quantum yield for that
catalyst prepared by the conventional solid-state reaction
was only 17% (12). Therefore, the quantum yield of 23%
for Sr,Nb,O- by conventional solid-state reaction is much
higher than general perovskites and other layered photo-
catalysts such as K4NbgO17 and K,La, TizO4o for overall wa-
ter splitting. The quantum yield for 5% for K4NbgO7 is in
agreement with the previous reports for the same material
(20).

Catalyst Stability

For the batch reactor like ours, the pressure of reactor
increases with reaction time since the product H, and O,
from H,O are evolved continuously with reaction time. This
could be a barrier to efficient water decomposition because
of the meaningless reverse reaction of H, and O, to H,O. H;
evolution rate decreased a little with reaction time but the
initial activity was fully recovered after purging the reac-
tor with N.. Therefore, the reason for the small decrease of
H; evolution rate was not the deactivation of the catalyst,
but the increase in the reactor pressure by water decom-
position. It was already mentioned that there was no pH
change of the reaction solution during photocatalytic reac-
tions. Furthermore as shown in Fig. 12, the XRD pattern of
the catalyst before the reaction was identical to that after
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FIG.12. XRD patterns of Ni(1.0 wt%)/Sr,Nb,O; before and after
reaction. Catalyst was pretreated by reduction at 973K for 2 h followed
by oxidation at 473 K for 1 h and Reaction was proceeded for 20 h.

reaction of 10 h, indicating that these catalysts are stable
under UV-light and in the agueous medium.

DISCUSSION

Novel photocatalysts reported here; i.e., (110) layered
perovskite catalysts are much more active than previously
known some (100) layered materials or bulk-type per-
ovskite oxides for the photocatalytic decomposition of wa-
ter into H, and O, under UV irradiation. In addition to
these high activities, H, and O, are produced in a stoi-
chiometric ratio (H,:O,=2:1). There was no indication
of catalyst deactivation for 20 h during which the catalyst
has turned over many times making the process of overall
water splitting catalytic.

Examination of quantum yields listed in Table 2 reveals
that the superior performance of AnBmOsmi2 (M=4, 5)
is general and not limited to one specific composition. Al-
though these quantum yields are not the highest reported
to date, there was a dramatic improvement compared with
general perovskite materials such as SrTiO3; and CaTiOs.
Probably, their structure is important for photocatalytic ac-
tivity. If TiO, component of CaTiO3 or SrTiOz with the ideal
perovskite structure is completely replaced by Nb,Os, the
product is Ca;Nb,O7 or Sr,Nb,O;. The replacement of Ti**
by Nb°* results in excess electrons and slabs of a distorted
perovskite structure of m unit cells thick in order to accom-
modate excess oxygen (21). This also occurs when Ca?* or
Sr2+ isreplaced by La®* asin La,Ti,O7. This structural sub-
stitution gives highly donor-doped (110) layered perovskite
materials A4B4O14, commonly denoted as A;B,07. When
a part of oxygen is lost, the next structure in the series is
obtained as in La;sCaTisO17.

As mentioned, layered compound, K4sNbgO17 or tunnel-
structure compound, BaTiyOg have received attention re-
cently since they are much more active than bulk-type pho-
tocatalysts such as TiO, or SrTiOz with perovskite structure
for photocatalytic water splitting. The high activity of these
materials has been attributed to effective utilization of in-
terlayer space as reaction sites. We have discovered that the
(110) layered perovskites of AnBmOsmi2 (M=4,5; A=Ca,
Sr, La; B =Nb, Ti) are still more active with relatively high
guantum yields. These novel photocatalysts are of a layered
structure and hence one might expect the contribution of
the interlayer space as reaction sites as in other types of lay-
ered materials as reported by Domen et al. Yet, it is known
that the interlayer of these materials is not hydrated and
both H, and O, evolution has to proceed only at the surface
(26). Hence, we have to consider other factors to account
for the further high quantum yields.

In photocatalytic water splitting over a semiconductor,
excited electron-hole pairs are generated when the cata-
lyst is illuminated with light having energy equal to or
greater than the band gap. The principal challenge is how to
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suppress the energy-wasteful recombination of the formed
electron-hole pairs. Recombination is usually much more
facile than subsequent steps needed for water cleavage. In a
semiconductor-liquid interface, the electron-hole pairs are
separated by electric field present in the depletion layer. It
is expected that the highly donor-doped (110) perovskite
would create a narrower depletion layer than undoped per-
ovskite as is observed for metal-ion doped TiO, (27). Band
bending would then take place on a depletion layer with a
narrower width or become more drastic (28). Finally, the
increased band bending would allow more efficient charge
separation and enhance the overall quantum yield of water
splitting.

Photocatalytic activity depended strongly not only on the
electronic structure characterized by high donor concen-
tration as discussed above but also on the loaded metal
and pretreatment conditions. Thus, (110) perovskite ma-
terials themselves could not decompose water efficiently
(quantum yields <1%) because substantial electron-hole
recombination process could still occur. Of several metals
loaded on (110) perovskite materials, nickel was found to be
the most effective for water decomposition and this might
also be due to the role of nickel in charge separation. This
trend of nickel being the best modifier of our materials is
consistent with that of NiO/K4NbgO17. Furthermore, these
photocatalysts were further activated by pretreatments of
reduction followed by oxidation in the same manner as with
NiO/K4NbgO17 and NiO/SrTiOs. However, the difference
between NiO/K4NbgO17 and NiO/(110) layered perovskite
materials is the position of nickel particle. Thus, nickel par-
ticles could not be intercalated into the interlayer space in
our material unlike in K4NbgO17. Instead, nickel particles
in our materials are deposited only on the external surface
of these materials like in NiO/SrTiOz and NiO/K;La;TizO19
as shown in TEM image of nickel-loaded materials (Fig. 4).
In our materials, nickel particles are on the external sur-
face, while in NiO/K4NbgO7, nickel particles are interca-
lated into the interlayer space by the ion exchange of nickel
precursor with potassium ion. Therefore, the mechanism of
water splitting on our materials is expected to be similar
to that for NiO/SrTiO3 or NiO/KsLa,TizO1g, where nickel
particles are deposited on the external surface of these
materials.

This significant variation in photocatalytic activity for
water splitting with loaded metal might be ascribed to the
role of nickel in p—n junction between nickel and layered
perovskite material as reported by Domen and Nozik (8,
29). Platinum was also reported to form ohmic junction with
TiO; (30), but it was ineffective for our layered perovskites
because platinum might not construct p—n junction with lay-
ered perovskite materials. Although this p—n junction was
made possible by reduction at 773 K for 2 h followed by ox-
idation at 473 K for 1 h, further increase of photocatalytic
activity was made possible when nickel-loaded catalyst was

reduced at 973 K for 2 h and then oxidized at 473 K for 1 h.
Thus, it could be concluded that the best p—n junction was
formed by this pretreatments. Reduction at temperatures
higher than 973 K could make the p—n junction collapse by
segregation of nickel metal from (110) perovskite materials
and photocatalytic activity decreases.

The photocatalytic activity increased with the amount of
external dopant (nickel loading) up to 1 wt%o but the further
increase of nickel loading was detrimental to photocatalytic
water splitting. As mentioned earlier, both nickel oxide,
a p-type semiconductor, and the perovskite material, an
n-type semiconductor, should absorb the sufficient photons
needed for its band gap excitation so that the p—n junction
can be operated properly. When this ratio was not optimized
(nickel loading <1 wt% or >1 wt%o), photocatalytic activity
of catalyst was reduced.

Based on our understanding of nickel-loaded (110) per-
ovskite materials, the sequence of water decomposition
over Ni/NiO/(110) perovskite could be described as follows.

(1) photons are absorbed both in the slabs of (110) per-
ovskite oxide and in nickel oxide; (2) a more efficient
electron-hole separation takes place than in the undoped
perovskite oxides (internal doping effect); (3) electron gen-
erated in the slabs of (110) perovskite istransferred to the p—
n junction and hole generated in nickel oxide is transferred
to the p-n junction (external doping effect); (4) reduction
of H,0O takes place in Ni/NiO by electron and oxidation of
H,0 takes place on the surface of (110) perovskite by hole.

CONCLUSION

Nickel-loaded (110) perovskite materials were found to
be good photocatalysts as a group with high quantum yields
and stoichometric evolution of H, and O, from H,O was ob-
served for all these materials. These high activities resulted
from their layered structure and the high concentration of
donor level compared with bulk type perovskite photocat-
alysts. When nickel was combined with these materials, and
upon a proper pretreatment, a significant increase of pho-
tocatalytic activity was observed, which might be due to
formation of a p—n junction between nickel oxide and per-
ovskite materials. The reduction of water appeared to occur
on the external surface of nickel oxide, while the oxidation
of water on the surface of (110) perovskite.
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