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A series of RuddlesderPopper-type hydrous layered perovskite§ABa,O; (A’ = H or K, A =
Lays or Sr), were presented as novel catalysts for photocatalytic water splitting ir@ndHQ under UV
irradiation. These hydrous perovskites showed higher activity than anhydrous perovskitess,(KTaO
Lay;sTals) for overall splitting of water. Results of photoluminescence spectroscopy amegdiution
from aqueous-butylamine solution support the hypothesis that the high activity of the hydrous perovskites
results from their hydrated layered structure, where the photogenerated electrons and holes can be
effectively transferred to the intercalated substrate®©(Eindn-butylamine). Addition of Ni cocatalyst
to HoLaysTaxO; via an ion-exchange reaction increased the activity, while Ni addition did not improve
the activity of HSrTa0;. Ni K-edge EXAFS/XANES, UV-vis spectroscopy, and TEM results for Ni-
loaded catalysts indicate that Niions and small NiO clusters are intercalated into the layers of
HoLaysTaO5, while relatively large NiO particles at the external surface of the perovskite are the main
Ni species in HSrTaO;. Thus, the highly dispersed Ni(ll) species at the interlayer space are shown to
act as effective sites for Hevolution in the photocatalytic water splitting.

Introduction It was proposed that these layered materials use their
interlayer space as reaction sites, where the electnofe
recombination process could be retarded by physical separa-
tion of the electron and hole pairs generated by photo-
absorption. On the other hand, bulk-type Ta-based oxides

Much attention has been paid to the photocatalytic
decomposition of water into Hand Q over semiconductor
materials, as it can potentially provide a clean and renewable

for h fuel in the f A i f
source for hydrogen fuel in the future variety o have been developed as a new class of photocafalyst.

photocatalysts, mainly T&,® Nb-#5 and Ta-based?!® )
oxides, have been reported to be effective for the photocata-Among these catalysts, La.— doped N|O/Na'|§;?1®eveloped
by Kudo et al., shows the highest quantum yields under UV

Iyt mposition of water. The gr f Domen an - I
ytic decomposition of wate e group of Domen and co irradiation?®

workers~ first demonstrated that hydrous layered oxides, )
KNbeOs17 and KoL a;TizO10, show much higher activity for RuddlesderPopper phases (RE), with the gen_eral formula
of AY[A,-1BnOsnia], are of great interest for their superior

water splitting than the “bulk-type” catalysts such as PtiTiO ) ' ) . i
physical properties, such as ion-exchange, intercalation, and
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if the Ni cocatalyst is intercalated into this type of layered

tantalate, as successfully demonstrated for the layered niobate A A \

systent:® In this paper, we report the first successful example - g
of highly active Ni-intercalated layered tantalate photo-
catalysts with hydrated interlayer space. The effect of the
hydrous interlayer on the photocatalytic efficiency is dis-
cussed on the basis of the results of photoluminescence
spectroscopy and the hydrogen evolution from an aqueous
solution ofn-butylamine. The Ni-loaded catalysts are char-
acterized by XRD, UV-vis spectroscopy, XAFS, and TEM

to discuss the influence of the state of the Ni on the activity.

Experimental Section

Catalyst Preparation and Characterization. K;LayzTaO7
powders were prepared by a conventional solid-state reaction
following the method by Crosnier-Lopez et 'élStoichiometric
amounts of LaO3; and TaOs with a 67% molar excess of KOs

were mixed together, pressed into pellets, and heated in air at 1073 10 20 30 40 50 60
K for 6 h and then at 1498 K for 15 h. fH* exchange of 20/degree
KalaysTa,07 (1.0 g) was performed using 200 mit ® M HNOs Figure 1. Powder X-ray diffraction patterns of (a) anhydroug ky/sTa07,

at room temperature (24 h), and the sample was washed with (b) KiLaysTaO7, (c) HalaysTa07 (d) NiO(2 wt %)—HolaysTa:07, (€)

deionized water and dried in vacuo at 298 K (20 h). Dehydration HzSrTaO;, (f) NiO(0.5 wt %)—H,SrTa07, and (g) La;sTals.

of HyLaysTaO;7 by heating at 1273 K fo6 h resulted in the

formation of a solid mostly composed of ,@a0; (JCPDS 42- catalyst powder (0.5 g) was dispersed in 200 mL of pure water by

0061) as described later,8rTa0;3 was prepared by the WH" a magnetic stirrer in an inner irradiation cell made of quartz. The

exchange of KSrTa0,,15 prepared by a solid-state reaction of light source was a 400 W high-pressure mercury lamp. Before the

SrCQ;, Ta0s, and KCO; at 1173 K. Ni-loaded catalyst was ~ reaction, the mixture was degassed completely, and then Ar (ca.

prepared by an impregnation of'texchanged sample (1.0 g) with 15 kPa) was introduced. The amounts of evolvedakd G were

an agueous solution (20 mL) of Ni(NR-6H,O (Wako Pure determined by gas chromatography (Hitachi, TCD, molecular sieve

Chemical; 98.0%). After stirring for 1 h, the water was evaporated 5A column and Ar carrier), the sampler (3 mL) of which was

on a water bath. The powder was dried at 353 K4d and then directly connected to the closed gas circulation system to avoid

calcined at 573 K fo1 h in air. any contamination from air. Gas evolution was observed only under
The crystal structure of the obtained material was confirmed by Pphotoirradiation.

X-ray diffraction (MAC Science; MX Labo) with Cu & radiation

(40 kv, 25 mA) at room temperature. Transmission electron Results and Discussions

microscopy (TEM) was carried out on a JEOL JEM-2010 operating

at 200 kV. Thermogravimetric (TGA) analysis coupled with ~ Characterization. The XRD pattern of KLay3Ta0; was

differential thermal analysis of the hydrated oxides was made using recorded immediately after calcination (Figure 1a); all the

an MTC1000 (MAC Science) operating with a heating rate of 10 observed lines could be indexed on a tetragonal cell

K min~L. Diffuse reflectance spectra were obtained with a- VvV (14/mmm a = 3.9608 A,c = 21.8126 A)!¢ indicating that

vis spectrometer (Jasco; V-550) and were analyzed by the Kubelka this compound consists of a single phase of layered perov-

Munk method. The optical band-gap energy was calculated from gyite anhydrous K aysTa0;. The structure of anhydrous

onsgt of absorption edges. Photoluminescence was measured at 7&2La2/3TaQO7 can be described as being formed from two

K using a closed quartz cell and a fluorometer (HITACHI F-4500). TaQs octahedra thick slabs of a perovskite lattice cut along

For K;SrTa0; in anhydrous form, XRD, UV-vis, and photolu- . S .
minescence measurements were carried out immediately aftertheCd'reCt'on' these alternate layers are shifted dyt)/2

calcination in order to avoid the hydration process. Ni K-edge xAFs (Pody centered), with the large La cations occupying two-
spectra were obtained at BL-7C (Photon Factory in High Energy thirds of the 12-coordination sites. As Crosnier-Lopez ét al.
Accelerator Research Organization, Tsukuba, Japan) with a Si(111)reported, KlLaysTa0- allowed spontaneous intercalation of
double-crystal monochromator. X-ray absorption spectra of the Ni- water; after exposing it to humid air for 1 h, the anhydrous
loaded photocatalysts were obtained in the fluorescent mode usingform of K,LaysTa0; completely disappeared, and hydrous
a Lytle detector, whereas those of the reference Ni samples wereK,La,sTa,0; (P4/mmm a = 3.9484 A, c = 12.8049 A)
obtained in a transmittance mode. The energy was defined by gppeared simultaneously. This structural change has been
assigning the first inflection point of the Cu foil spectrum to 8980.3 gttriputed to a shift of alternate layers; the adjacent layers
eV. The EXAFS data were analyzed by the EXAFS analysis 5.0 giacked immediately above each other in the same
Er)c()glr:asm Wilrzé( t;Sirs;cl)lr; ifté;zz 'I:: l:;'gi;;%lsggégfgﬁ?h;s(j arrangement leading to a halving of tb@xis length upon

! hydration!® As previously reporteét K,SrTg0; (P4/mmm

the curve fitting analysis (in thR range of 3.4-11.5 A) with Ni—-O - A c— I
and Ni—Ni shells, empirically derived phase shift and amplitude a = 3.9974 A,c = 12.133 A) also allowed spontaneous

functions extracted from Ni(OAg6H,O and NiO were used, intercalation of water, though its hydration rate is much lower

respectively. than that for KlLaysTaO;. Figure 2 shows an increase in
Photocatalytic Reaction.The photocatalytic decomposition of ~ the relative line intensity due to the hydrous phase as a

water was performed with a closed gas circulating system. The function of the time of exposure to humid air. The result
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Figure 2. Changes in the ratio of XRD lineso1-wet (loo1-wet + loo2-dry),

for (a) KoLagsTaO7 and (b) KSrTaO; after dehydration at 773 K for 2 h

as a function of the time of exposure to humid dj1-wet and looz-dry
denote the height of the XRD lines due to (001) for the hydrous phase and
(002) for the anhydrous phase, respectively. The XRD patterns were taken
at room temperature.

Table 1. Physical Properties and Photocatalytic Activities of Various
Perovskite-Type Tantalates

band gap SBET evolution rate (mmol ht) BUNH]"

catalyst nm* eV m?glc HY OFf HyBuNHy)® mmolg?
KolagsTaOr 2.1 4.0 3.7 146 66 918 0.38
HolLaysTa0; 1.0 4.0 7.8 158 77 2654 0.90
LaysTal; 0 4.0 3.3 35 7.9 424 0
H,SrTa0; 0.6 3.9 40 385 179 1490 0.94
KTaO; 0 3.6 15 25 3.3 270 0.01

aWater content expressed as a molar ratio (mol/mol) estimated from
TGA. b Estimated from the onset of absorpti6BET surface area estimated
from N, adsorptiond Rate of H or O, evolution from pure water (catalyst
amount= 0.5 g).®Rate of B evolution from an aqueous-butylamine
(0.25 M) solution (catalyst amount= 0.1 g).f Amount of adsorbed
n-butylamine per gram of the catalyst after stirring 200 mL of aqueous
n-butylamine solution (0.25 M) with 0.1 g of the catalyst for 24 h in the
dark. The amount of adsorbeebutylamine was estimated from the nitrogen
content in the adsorbent measured by elemental analysis.

clearly shows that spontaneous water intercalation to
K,LaysTaO; occurs more rapidly. Hence, it is reasonable
to assume that the interlayer electrostatic interaction of
K,LaysTaO; is weaker than that of $SrTa0;.

The XRD patterns showed that the structure gfddsTaO;
(P4/mmm a = 3.9484 A,c = 9.7742 A) is essentially the
same as that of the hydrous form ofll&,sTaO; as well as
that of HSrTa0; (P4/mmma = 3.9038 A,c = 9.7742 A).
The hydration number was estimated from a weight loss in
the TGA analysis below 743 K, which could be due to the
transformation of the hydrate to the anhydrous layered
material. The hydration numbers in the formula of
KolagsTaO7nH0 and HLagsTaO7-nHO were 2.1 and
1.0, respectively (Table 1).

Figure 1g shows an XRD pattern of the sample obtained
by complete dehydration of Ha,;3Ta,07 at 1273 K for 6 h.
The (kO) reflections of HLaysTaO; characteristic to the
layered perovskite structure are lost. Most of the lines
observed are assigned to the perovskitgsLaO; (JCPDS
42-0061) in which two-thirds of the A-cation sites are vacant.
This indicates that the condensation of terminal OH groups
to form Ta—O—Ta linkages between layers and motion of
La®" into the perovskite A-sites resulted in a transformation
of the two-dimensional layered structure into a three-
dimensional phase, as observed in similar Ruddlesden
Popper system¥.

UV —vis spectra of the catalysts are shown in Figure 3.
All the samples show an absorption band in the ultraviolet

Chem. Mater., Vol. 17, No. 20, 200563
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Figure 3. Diffuse reflectance UV-vis spectra of (a) KlLayzTa0O7, (b)
HolLaysTaeOy, (¢) LaysTals, and (d) NiO(2 wt %)-HolazzTaOr.
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Figure 4. (A) Excitation and (B) emission spectra of (a) anhydrous
KalLaysTaOy, (b) KalaysTaOr, and (c) HlLaysTaO; measured at 77 K.
Excitation for emission spectra, 290 nm; monitoring emission for excitation
spectra, 490 nm.
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region and show a clear absorption edge at around-310
320 nm. From the absorption edge, the band gap of
KsoLaysTaO7, HoLaysTa04, and LasTal; is 4.0 eV, and
that of HSITg0; is 3.9 eV. Figure 4 shows emission and
excitation spectra of the layered tantalates.

In the emission spectra with an excitation wavelength of
290 nm, the anhydrous XKayzTaO; showed an intense
luminescence peak with a maximum around 440 nm.
Although the luminescence properties of this compound were
not reported, the positions of the excitation and emission
peaks are very close to those of other anhydrous perovskite
tantalates, such as KTg@nd SpTa,0;.1%"2! The excitation
and emission transitions are known to be due to charge-
transfer transitions within the octahedral tantalate grd@ps.
The hydrous KlaysTaO; and HlLaysTa0O; showed a
weaker band with a maximum around 420 and 500 nm,
respectively. These results can be interpreted that the
photoluminescence intensity of the layered tantalates are
decreased when the interlayer water is present. The onsets
of the excitation spectra (31820 nm) coincide with the
onsets of the UV-vis spectra, indicating that photogenerated
electrons and holes play a role in the emission. It is
reasonable to assume that in the hydrated layered tantalates
photogenerated electrons and holes can be readily transferred
to the interlayer water. Hence, we consider that the low
luminescence efficiency of the hydrous forms is mainly due
to the electron and/or hole transfer to the interlayer water
rather than the nonradiative transition. Among the hydrates,

(19) Srivastava, A. M.; Ackerman, J. F.; Beers, W. WSolid State Chem.
1997 134, 187.

Weigel, M. J.; Emond, M. H.; Stobbe, E. R.; BlasseJ@hys. Chem
Solids1994 55, 773.

(21) Blasse, G.; Brixner, L. HMater. Res. Bull1989 24, 363.

(20)
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1 1 Table 2. Physical Properties and Photocatalytic Activities of Various
= T = T b Perovskite-Type Tantalates
g 08 a g 08 evolution rate
g2 T 2 I mmol ht
2 0.6 2 0.6} sgeT _(mmolir)
g E catalyst state of NP m2gic Hye Of
[=9 [=9 B
S 04 S 0.4 NiO(2 wt %)—HalLaysTaO; Ni2t, NiO cluster  16.7 940 459
E | g | . NiO(0.5 wt %)-H,SrTa0O;  NiO particle 47 240 59
=] =]
E 02 E 02| a Amount of NiO loaded is in parenthesé<tstimated from XAFS and

r UV —vis results ¢ BET surface ared Rate of H or O, evolution from pure
L é . b ; water (catalyst amount 0.5 g).

4 4
Time/h Time/h
Figure 5. H (open symbols) and £(closed symbols) evolutions from
distilled water with (a) KLag3Ta0y7, (b) HoLazsTaOy, and (c) La;sTals
under UV light (400 W high-pressure Hg lamp). The catalyst amount is
0.54g.

-1

Rate/mmol h

Amount of Hy/mmol

NiO loading/wt%

Figure 7. Effect of NiO loading on H (open symbols) and £(closed
symbols) evolution rates over Ni€H,Lay3Ta0O7 or NiO—H,SrTa0y. The
catalyst amount is 0.5 g.

Time/h
Figure 6. H, evolution from an aqueousbutylamine (0.25 M) solution (HoLagsTaO7 > KiolaysTaOy) is markedly different from

over (a) BlLayaTa0y7, (b) KoLazsTaeOy, (c) LayzTals, and (d) HSrTa0;.

The catalyst amount is 0.1 g. that observed in the Hevolution from pure water (H.ays

TaO; ~ KsLaysTa0y). Itis well-known that H-exchanged

HoL a5 Ta,0; showed lower photoluminescence intensity than !ayered QX|des can mter(zillate organic bases such as amines
KLazsTa:0y. This may be caused by the lower crystallinity into the interlayer spacé:?? Table 2 includes the amount of

of the former sample as shown by the XRD result in Figure n-butylamine adsorbed on the samples when the sample was
1. stirred in the dark for 24 h under the same condition as the

catalytic reaction. The amount ofbutylamine adsorbed on
HoLagsTaO7 is 0.90 mmol g (0.51 mol/mol) and is larger
than that on KLay3Ta0O; (0.38 mmol g, 0.21 mol/mol).
Therefore, the higher activity of daysTa,0; for the
n-butylamine/HO system can be caused by the effective
consumption of the hole present at the surface of the
perovskite sheet via its reduction with intercalated

' butylamine. This supports the above proposal that the
photocatalytic reaction proceeds at the interlayer of the
hydrated layered tantalates.

Photocatalytic Activity of Ni-Loaded H,ATa,07 (A =
Lays Sr). The rates of H and Q evolutions over
HoLaysTaxO7 were significantly increased by the addition
of Ni as a cocatalyst (Figure 7). The activity increased steeply

Effect of the Hydrous Interlayer on the Photocatalytic
Activity. A time course of gas evolution for the photocata-
Iytic decomposition of water overKay;;TaOy, HoLaysT a0y,
and La;TaOs is shown in Figure 5. The rates of gas
evolution on various Ta-based catalysts are listed in Table
1, together with the activity of pBrTa0,'® and KTaQ
reported in our previous study. Novel photocatalysts
KoLaysTaO7 and HlaysTaOr, produce H and Q in a
stoichiometric ratio (HO, = 2/1), and the reaction pro-
ceeded at a steady rate. It is clear that hydrous layered
tantalates show higher rates of nd Q formation than
anhydrous perovskites, KTa@nd La;;Ta0s. Considering
the photoluminescence result (Figure 4) suggesting electron

s et i 05 ut0f IO, e i at  conter. o
y Y y P 2 wt %, and decreased slightly with a larger amount of NiO.

as follows. The photogenerated electrons and holes can beI : ; . . -
effectively transferred to the interlayer water, resulting in n contrast, Ni loading resulted in a degrease in the _act|V|ty
' of H,SrTa05. Consequently, the Hormation rates of NiG-

the effective photocatalytic water splitting. HLapsTa,0; samples are higher than those of NiBy-

In overall water splitting, oxidation of water by holes is a SrTa0;. A similar result was also obtained for K-exchanged
slower process than reduction by electrons. To facilitate the catalysts: the biformation rate of NiO(0.5 wt %Y KoLays

oxidation, hole-scavengers are often introduced. In this study, 5,0, (262 umol h™1) was higher than that of NiO(0.5 wt
n-butylamine was used as a sacrificial agent. Figure 6 showse)—H,5T50, (67 umol h~1). NiO—H,LaysTa0; (NiO =
the time course of kevolution from an agueous solution of 5 \t 95) produced stoichiometric mixtures of Bind G with

n-butylamine (0.25 M). For all the catalysts tested, the initial steady-state rates, and the rates gfHd Q formation were
rate of H formation (Table 1) was higher than that in the

absencg _oﬁ-butylamine. The results in Table 2 show that (22) Ebina, Y.; Tanaka, A.: Kondo, J. N.: Domen, ®hem. Mater1996
the activity sequence for the-butylamine/HO system 8, 2534.
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Figure 8. H; (open circles) and £closed circles) evolutions from distilled
water over NiO(1 wt %) HslLay3Ta0;. The catalyst amount is 0.5 g.

Normarized absorption

940 and 45%mol h™%, respectively. These values are 6 times
higher than those of unmodified,Hay3Ta05. With the use

of the NiO—HjLay3Ta0; (NiO = 1 wt %), the reaction was
performed for a long period (Figure 8). After the first run,
the system was evacuated, and the reaction was repeated
using the same reaction mixture. In the second and third runs,
the overall splitting of water occurred with almost the same
rate as that of the first run, which demonstrates a high
durability of the catalyst. The total amount o ldvolved ) ) )

during these runs reached 30 mol (Mol cajndicating  oure 5 () N, Kcedge XANES specus and (8) Fourer ransforne o
that overall water splitting on this material proceeds catalyti- (b) NiO, (c) Ni(OAc)-6H,0, (d) NiO(2 wt %)-HalLazsTa07, (€) NiO(2

caIIy. wt %)—H,Lay3Ta0; after photocatalytic water splitting for 5 h, and (f)
NiO(0.5 wt %)—H,SrTa07.

x1/8
a

P PR R T | Y TR S |
8320 8340 8360 880 0 1 2 3 4 5 6

X-ray energy/eV R/A

Characterization of Ni-Loaded H,ATa,0; (A = Layys,
Sr). The structure of the Ni species in Ni-loaded samples
was well-characterized by a combination of XRD, TEM,
UV —vis spectroscopy, and Ni K-edge XANES/EXAFS.
XRD patterns of Ni-loaded samples show no lines due to
NiO or metallic Ni. Because of the cation-exchanging ability
of HjLaysTaO; the HTY/Ni?t cation exchange in the
impregnation process should result in an intercalation of
hydrated Nt ions at the cation-exchange site in the
interlayer. The UV~vis spectrum of uncalcined Rii—Hy-
LagysTaO7 (result not shown) exhibited-ed transition bands
of Ni%* ion (390 nm and 656750 nm), which confirms the
presence of Ni" at the cation-exchange site in the interlayer.
As shown in Figure 3, the-dd transition bands of Ri ion (A) 20m (B) 207mm
(430 nm and 756900 nm) were also observed in the BV Figure 10. TEM images of NiO(2 wt %) HjLagsTa0; taken from the
vis spectrum of NiG-H,LaysTa0s, indicating that the direction (A) parallel with and (B) perpendicular to the basal plane of
cationic state of the intercalated®Niremained after calcina- | 2-2T%0"
tion at 573 K. In the EXAFS spectrum of Ni€HLays peak of NiO-H,SrTa0; (8349.5 eV) is the same as that of
Ta,0O7, a small peak assignable to thei shell in the NiO.
oxide is observed (Figure 9B). The relative peak intensity  Figyre 10, parts A and B, shows TEM images of NiO
of the Ni—Ni shell against that of the NiO bond is much ;| 5,,Ta,0; (NIO = 2 wt %) taken from the direction
smaller than that of NiO. The Curve-fitting anaIySiS shows para||e| with and perpendic[ﬂar to the basal p|ane of
that the peaks due to the first and the second coordinationH,| a,;Ta,0;, respectively. NiO particles located at the outer
sphere of Ni can be assigned to 4.5-M0 bonds with a  surface of the perovskite are scarcely observed. The XRD
distance of 1.98 A and 0.9 NiNi shells with a distance of  result in Figure 1 shows no increase in the interlayer distance
3.07 A. These values are clearly different from those of NiO. of H,LaysTa0; after Ni loading. However, nitrogen adsorp-
As shown in Figure 9A, the XANES feature of NiH,- tion experiments showed that the surface area of Nz
LaysTaO; is different from those of NiO but rather close to  Lay3Ta,0; is 3 times higher than that ofHaysTa.0-, which
that of Ni(OAck-6H,O. The EXAFS analysis of Ni©H,- suggests the pillaring of small NiO clusters in Ni®l,Lay/z
SrTa0; shows that the coordination number for the second Ta,0;. The TEM photograph (Figures 10A) exhibits many
neighboring Ni atom (CN= 4.0) is larger than that for Ni© cleavages running along the layer. This may be a possible
HalLaysTa:07, and its Ni-Ni distance (2.97 A) is very close  reason for the increased surface area, whereas the surface
to that of NiO (2.95 A). The position of the intense XANES area of HSrTa0- did not increase after the introduction of




5166 Chem. Mater., Vol. 17, No. 20, 2005

Shimizu et al.

Table 3. Ni K-Edge EXAFS Analysis Hzlor’)()z
R 5 |
sample shell CN A Az /,0 o ©
NiO—H;Lay3Ta0r O 45 1.98  0.055 NiO cluster CHZ
Ni 09 307 0055 e G ‘
NiO—H;LaysTa0; (after reaction) O 5.0 201  0.068 ilon,_ [ \
Ni 1.0 3.07  0.082 M@ +H,0  HO™0,
NiO—H3SrTa0; O 4.0 2.01 0.044
Ni 4.0 2.97 0.088 ‘ ‘
NiO o (6p  (2.091 ! o . . -
Ni (12 (2.95% Figure 11. Schematic view of the reaction mechanism of water splitting

aData in parentheses are crystallographic data.

on NiO—HjLaysTa0s.

NiO (Table 3). Summarizing the above results, we conclude the higher photocatalytic efficiency of Ni€HLaysTa0;

that the Ni species in Ni©H,LaysTa0; are NFt cations

than that of NiG-H,SrTa0;. If the Ni site as a water

and NiO clusters present at the interlayer. The size of the reduction sité*0is present between hydrous tantalate sheets

intercalated NiO cluster should be below nanometer order with a nanometer order thickness, photogenerated electrons
and/or it is the minor Ni species, because the XRD and TEM in the tantalate sheets can be easily migrated to the Ni sites
results suggest no detectable increase in the interlayerio reduce intercalated water. Simultaneously, the oxidation

distance. On the other hand, the main Ni species in-NiO  of intercalated water by holes occurs at the surface of the

H.SrTa0; are larger NiO particles possibly located at the perovskite sheets (Ta®ites). Hence, as previously proposed

external surface of prTa0;. Generally, the higher NiO
loading results in the larger particle size of NiO. Our

for the NiQcintercalated niobate photocatal§she electron-
hole recombination process in the Ni®I,Lay3Ta0; cata-

characterization results show that NiO dispersion for NiO(2 lyst could be retarded by physical separation of the electron

wt %)—H;Lay3Ta0; is higher than that for NiO(0.5 wt %)
H,SrTa0y, although the NiO loading of the former sample

and hole pairs. As for NiOH,SrTa0-, the NiO site present
at the external surface of perovskite should not act as a H

is larger than the latter sample. Taking into account the fact formation site, because a long-distance diffusion of photo-

that water intercalation into Kay3Ta0O; proceeded more
rapidly than it did into KSrT&0O;, probably due to a weaker
interlayer electrostatic interaction of;KayzTa0-, the dif-

generated electrons is needed. In addition, the presence of
NiO at the external surface should decrease the activity of
H,SrTa0; because of photoabsorption by NiO inhibits the

ference in the structure of the two Ni-loaded catalysts can photoexcitation of the perovskite.

be explained as follows. During the calcination of Ni€l,-

In summary, we have presented a series of novel photo-

SrTa0y, a strong electrostatic force of attraction between catalysts based om= 2 members of RuddlesdefPopper-

perovskite layers make the neutral NiO species migrate to type hydrous layered tantalates,Aa,0; (A’ = H or K, A
the external surface. A weaker interlayer electrostatic interac-= |a,; or Sr) for the water splitting into Hand Q under

tion in NiO—H,Lay3T&0; should retard such a phenomenon.
The TEM image of NiG-H,Lay3Ta0O; does not essentially

UV irradiation. Intercalation of Ni(ll) species (Rli cations
and NiO clusters) into the perovskite layers ot s, Ta,0;

change after the reaction (not shown). The state of the Nijmproves the activity. The high activity of the NiH,Lay/s-

species in NiG-H,Lay3Ta,0; does not markedly change after

Tap0; catalyst could be due to a short-distance migration of

the reaction; the XANES feature and structural parameters photogenerated electrons and holes to the adjacent Ni(ll) and

from EXAFS analysis for NiG-H,LaysTa0; did not mark-

surface Ta@sites, respectively, and a resulting separation

edly change after the catalyst was photoirradiated under theof the electron and hole pairs. This is the first successful

standard photocatalytic water splitting condition for 5 h

example of highly active metal-intercalated layered tantalate

(Figure 9, Table 3) These indicate that the aggregation of photocata|yst5 with hydrated inter|ayer space.

Ni species or migration of Ni to the external surface of
H,Lay3Ta0O; does not occur during the reaction.

Taking into account the reaction results that Ni loading
on HlLaysTa0; significantly increased its photocatalytic
activity, while Ni loading did not improve the activity of
H.SrTa0;, the above structural results indicate that highly
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