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a b s t r a c t

HLaTax/3Nb2−x/3O7 were synthesized by successive reactions of conventional solid-state reaction fol-
lowed by ion exchange reaction. They were characterized by power X-ray diffraction, UV–vis diffusive
reflectance and scan electron microscope. The effect of substitution of Ta for Nb in HLaNb2O7 has been
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studied on the photocatalytic decomposition of water under UV light irradiation with methanol as elec-
tron donor and Pt as promoter catalyst. The x value in HLaTax/3Nb2−x/3O7 had an important effect on the
photocatalytic activity of the catalyst. When x = 2, HLaTa2/3Nb4/3O7/Pt shows a photocatalytic activity of
136 cm3 g−1 h−1 hydrogen evolution in rate 10 vol.% methanol aqueous solution under irradiation with
wavelength more than 290 nm from a 100-W mercury lamp.
ayered compound
erovskites

. Introduction

Photocatalytic reactions of semiconductors, such as splitting of
ater and reduction of carbon dioxide, have received special atten-

ion because of their possible application for the conversion of solar
nergy into chemical energy. Since the first photocatalyst titanium
ioxide suitable for hydrogen evolution from water splitting was
eported several decades ago [1], considerable efforts have been
evoted to develop a semiconductor photocatalyst for practical
pplication [2–5].

Ion-exchangeable layered perovskites are composed of alterna-
ive stacking of a two-dimensional perovskite slab with different
umbers of layers and monovalent cations. There are two differ-
nt typical structures, the Dion–Jacobson series (A′[An−1BnO3n+1])
nd the Ruddlesden–Popper series (A′

2[An−2BnO3n+1]) [6,7]. A wide
ariety of compounds in these structural families include titanates,
iobates, and tantalates with the d0 electronic configuration, which
ave been used as photocatalysts [8–13]. Representative cata-

ysts reported so far include K2Ti4O9 [14], K4Nb6O17 [15], and
2La2Ti3O10 [16], which show potential activities for water split-

ing. The relatively higher photocatalytic activity of these materials

han that of the bulk-type simple oxides such as TiO2 and ZnO has
een ascribed to their peculiar structure such as layered or tunnel
tructures. One interesting feature of these complex mixed-oxides
s that their catalytic activity can be highly improved by partial

∗ Corresponding author. Tel.: +86 595 22693899; fax: +86 595 22693999.
E-mail address: jhwu@hqu.edu.cn (J. Wu).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.055
© 2009 Elsevier B.V. All rights reserved.

substitution on A- and/or B-sites, with only small changes in the
average structure [17–19]. Another characteristic of these layered
perovskite is that these layered materials comprised semiconduct-
ing host layers and interlayer alkali cations. Charge separation takes
place in the host layers upon ultraviolet irradiation. The generated
electrons and holes show high reductive and oxidative reactiv-
ity, which is the origin of photocatalytic properties. The interlayer
guests are ion-exchangeable with various foreign species. Cationic
species such as Ni2+ and Pt4+ have been introduced into interlayer
galleries as precursors of photocatalytically active sites [20–24].
The intercalated guest can promote the charge separation on the
oxide particle surface and lead to a great increase in the photocat-
alytic activity.

To further examine the photocatalytic activity of these com-
pounds, new layered oxides ALaTax/3Nb2−x/3O7 (A = K, H; x = 0, 2,
3, 4 and 6) were prepared. It was found that the novel compounds
show good photocatalytic activities for hydrogen evolution [25,26].
The new layered oxide structure upon photocatalytic activity was
discussed in this paper.

2. Experimental

2.1. Sample preparation
KLaTax/3Nb2−x/3O7 layered compound was prepared by conven-
tional solid-state method as described by Sayama et al. [27]. The
stoichiometric mixture of carbonates (K2CO3) and metal oxides
(La2O3, Ta2O5, Nb2O5, 99.99%) was ground for 1 h. An excess
amount of carbonate K2CO3 (5 mol%) was added to compensate

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jhwu@hqu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.12.055
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Fig. 1. Schematic illustration of the reaction apparatus used for hydrogen evolution
under visible-light irradiation: (A) Pyrex reactor (500 cm3); (B) pyrex jacket; (C)
100 W high-pressure mercury lamp; (D) three-waycock; (E) magnetic stirrer; (F)
Y. Li et al. / Journal of Hazard

he loss due to the volatilization of alkali component during the
alcination. Then the mixture was calcined at 1150 ◦C for 24 h
n air with one intermediate regrinding in 12 h to obtain com-
ound KLaTax/3Nb2−x/3O7. HLaTax/3Nb2−x/3O7 was prepared by
roton exchange reaction of KLaTax/3Nb2−x/3O7 in 1 M HCl solu-
ion at 40 ◦C for 96 h with intermediate replacement of the acid
n each 24 h. After the reaction, the deposit product was washed

ith distilled water to remove the excess of the acid and then
ir-dried. [Pt(NH3)4]2+ was incorporated into the interlayer of
LaTax/3Nb2−x/3O7 by stirring HLaTax/3Nb2−x/3O7 (4 g) in 0.6 mM

Pt(NH3)4]Cl2 aqueous solution (1000 ml) at room temperature for
2 h. After being filtered and washed with water, the specimen was
ispersed in water and irradiated with UV light from a 450 W high-
ressure mercury lamp at room temperature for 5 h in order to
eposit Pt particles in the interlayer of HLaTax/3Nb2−x/3O7.

.2. Characterization

The crystal structure of sample was identified by powder X-ray
iffractometer (XRD, Bruker D8 Advance) with monochromated
u K� radiation (40 kV, 30 mA, � = 0.154 nm). Diffuse reflectance
pectra were recorded with a Shimadzu UV–VIS–NIR Recording
pectrophotometer UV-3100. The energy band gap was calculated
rom the onset of the absorption edge of sample in absorption
pectrum. The micromorphology of the sample was observed by
SEM (Hitachi S-3500N). The BET surface area was determined by
easuring N2 adsorption isotherm using a Quantachrome instru-
ents Nove4200E Surface area and pore size analyzer after drying

t 100 ◦C for 4 h. The element contents were determined by atomic
mission spectroscopy (Intretid xsp radil ict-aes). The chemical
ompositions of sample were analyzed by Oxford Inca EDX mea-
urements.

.3. Photocatalytic reaction

Photocatalytic reactions were carried out in a Pyrex reactor
f 500 ml capacity attached to an inner radiation type 100 W
igh-pressure mercury arc lamp. Fig. 1 shows the experimental
pparatus used for photocatalytic hydrogen evolution reaction. The
eaction system was deaerated by sparging nitrogen for 2 h prior
o irradiation. The temperature of the inner cell was controlled via
hermostated water flowing through a jacket between the mercury
amp and the reaction chamber. The inner cell was constructed of
yrex glass, which served to filter out the UV emissions of the mer-
ury arc with wavelengths less than 290 nm. The photocatalytic
ctivities of the samples were evaluated by measuring the volume
f the hydrogen gas evolved, using a gas burette, when 1.0 g cata-
yst sample was dispersed in 500 ml of 10 vol.% methanol solution
t 60 ◦C. Prior to the reaction, the mixture was deaerated by evacua-
ion and then flushed with N2 (20 kPa) repeatedly to remove O2 and
O2 dissolving in water. Before irradiation, it was confirmed that
o reaction occurred in the dark. The evolved gas was analyzed by
as chromatography (Shanghai, 102G, molecular sieve 5A column
nd Ar carrier).

. Results and discussion

.1. Morphology and structure

The micromorphology of the samples was observed by a scan-
ing electron microscopy, shown in Fig. 2. All KLaTax/3Nb2−x/3O7

x = 0, 2, 3, 4 and 6) samples show well-crystalline and plate-like
ayered structure, the size of the synthesized KLaTax/3Nb2−x/3O7
x = 0, 2, 3, 4 and 6) are about �m order of magnitude.

Fig. 3 shows the powder X-ray diffraction patterns of
LaTax/3Nb2−x/3O7 series.
temperature controller; (G) gas flow; (H) pump; and (I) cooling and filter solution
(1 M NaNO2) three-waycock. The reactor chamber was replaced by N2 gas before
light irradiation.

As an anhydrous compound, KLaNb2O7 is consisted of single
phase layered perovskite structure. The X-ray diffraction pat-
terns are indexed based on orthorhombic lattice with the Cmmm
space group by using the JCPDS PDF-2 database (PDF#81-1191)
[28–30]. The XRD patterns of the prepared KLaNb2O7 catalysts are
consistent with that of the corresponding compound KLaNb2O7
in the JCPDS PDF-2 database (PDF#81-1191). The XRD patterns
of KLaTax/3Nb2−x/3O7 (0 ≤ x ≤ 6) are similar to that of KLaNb2O7.
Therefore, it can be presumed that (0 < x < 6) has a same struc-
tural model shown in Fig. 4. It is constructed by alternate stacking
of triple corner-shared Ta(Nb)O6 octahedra (perovskite slab), La
atoms locate at the corner of the octahedra and monoatomic layers
of K along the c-axis. Each K ion is coordinated by eight oxygens
of Ta(Nb)O6 octahedra in the two adjacent perovskite slabs [31].
Structure refinement of the XRD patterns of KLaTax/3Nb2−x/3O7
(x = 2, 3, 4, and 6) were performed by assuming the same struc-
tural model as that of the niobium compound using the Rietveld
method [32].

XRD patterns of HLaTax/3Nb2−x/3O7 (x = 0, 2, 3, 4 and 6) are shown
in Fig. 5. As can be judged from the figure, the positions of diffraction
peaks for HLaTax/3Nb2−x/3O7 (0 ≤ x ≤ 6) are similar, indicating that
HLaTax/3Nb2−x/3O7 (0 ≤ x ≤ 6) have similar structures. The XRD pat-
terns of HLaTax/3Nb2−x/3O7 (0 ≤ x ≤ 6) prepared are consistent with
that of the corresponding compound HLaNb2O7 in the JCPDS PDF-2
database (PDF#81-1194), which are indexed based on a tetragonal
lattice with the P4/m space group known as Dion–Jacobson type
[30,31]. The XRD diffraction peaks for HLaTax/3Nb2−x/3O7 (0 ≤ x ≤ 6)
show a significant shift to higher angle with substitution of Ta for
Nb. Since the Ta and Nb have almost same the ionic radii, the c-axis
lengths change results from the different interlayer distance. The
values of interlayer distances are listed in Table 1. Similar phenom-
ena was also reported by Sayama [27].
Fig. 6 shows the powder X-ray diffraction patterns
of HLaTax/3Nb2−x/3O7/Pt series. The XRD patterns of
HLaTax/3Nb2−x/3O7/Pt are similar with the corresponding
compounds without Pt incorporation. The XRD patterns of
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Fig. 2. SEM photographs of KLaTax/3Nb2−x/3O7 (x = 0, 2, 3, 4 and 6).

Table 1
Characteristics of ALaTax/3Nb2−x/3O7/Pt.

x Sample Interlayer distance (Å) Content of Pt (wt%) Absorption edge (nm) Band gap (eV) Surface area (m2 g−1)

0 KLaNb2O7 10.94 0 359 3.45 10.46
2 KLaTa2/3Nb4/3O7 10.71 0 343 3.61 11.28
3 KLaTaNbO7 10.91 0 328 3.78 11.17
4 KLaTa4/3Nb2/3O7 10.84 0 321 3.86 10.55
6 KLaTa2O7 12.82 0 293 4.22 11.82
0 HLaNb2O7 12.05 0 359 3.45 10.22
2 HLaTa2/3Nb4/3O7 11.95 0 342 3.62 10.63
3 HLaTaNbO7 10.69 0 328 3.78 11.56
4 HLaTa4/3Nb2/3O7 10.56 0 320 3.87 12.42
6 HLaTa2O7 9.67 0 291 4.25 13.35
0 HLaNb2O7/Pt 10.77 1.42 362 3.42 10.84
2 HLaTa2/3Nb4/3O7/Pt 10.55 1.03 344 3.60 11.40
3 HLaTaNbO7/Pt 10.56 1.12 333 3.72 11.13
4 HLaTa4/3Nb2/3O7/Pt 10.53 1.18 325 3.81 11.28
6 HLaTa2O7/Pt 9.79 1.35 316 3.92 12.01
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Fig. 3. Powder XRD patterns of KLaTax/3Nb2−x/3O7 (x = 0, 2, 3, 4 and 6).

LaTax/3Nb2−x/3O7/Pt (0 ≤ x ≤ 6) are wondrously consistent with
hat of the corresponding HLaNb2O7 compound in the JCPDS
DF-2 database (PDF#81-1194), indicating that ion exchange and
t incorporation did not cause structure change. No Pt diffraction
eaks are found in the HLaTax/3Nb2−x/3O7/Pt XRD patterns, indicat-

ng that Pt is incorporated in the interlayer of HLaTax/3Nb2−x/3O7.
he diffraction peak positions corresponding to the (1 1 0) crystal
ace of samples are almost the same, but the (0 0 1) crystal face
hange significantly depending on the species in the interlayer. The
esults suggest that layered structure of the catalyst still remained

fter ion exchange and Pt intercalation, although the interlayer
istance changes.

Fig. 4. Structural models of KLaTax/3Nb2−x/3O7 (x = 0, 2, 3, 4 and 6).
Fig. 5. Powder XRD patterns of HLaTax/3Nb2−x/3O7 (x = 0, 2, 3, 4 and 6).

3.2. Band gap energy and properties

The compositions of ALaTax/3Nb2−x/3O7/Pt are examined by EDX
measurements, respectively, and the results are closely consistent
with the anticipation. The Pt contents are determined by atomic
emission spectroscopy (Intretid xsp radil ict-aes) and the special
surface area of the samples is measured, respectively. The results
are listed in Table 1.

Diffuse reflectance spectra of ALaTax/3Nb2−x/3O7 (A = K, H; x = 0,
2, 3, 4 and 6) are shown in Fig. 7. The absorption edges of
KLaTax/3Nb2−x/3O7 shift to longer wavelength with decreasing the
amount of Ta substituted for Nb. The band gaps of tantalum
compounds are usually larger than that of niobium compounds,
probably because the conduction bands of Ta and Nb compounds
originate from 5d orbital of Ta and 4d orbital of Nb, respectively.
Moreover, the potential energy of 5d orbital is higher than that of
4d orbital [27]. So that the band gap of the heteropolylanthantan-
talniobate compounds decreases with decreasing the amount of
Ta substituted for Nb in the case of KLaTax/3Nb2−x/3O7. A shift of

absorption edge to longer wavelength is favorable for hydrogen
evolution by photocatalytic activity.

The diffuse reflectance spectra of HLaTax/3Nb2−x/3O7 (Fig. 7b) are
almost the same of KLaTax/3Nb2−x/3O7, which implies that the ion

Fig. 6. XRD patterns of HLaTax/3Nb2−x/3O7/Pt (x = 0, 2, 3, 4 and 6).
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(e−
CB) and the holes in the valence band (h+

VB). In the absence of
oxygen and presence of sacrificial species such as methanol, the
holes generated by the light are trapped by H2O to yield H+ and
•OH radicals (Eq. (2)), and subsequently the •OH radicals will oxi-
Fig. 7. DRS of ALaTax/3Nb2−x

xchange reaction did not change the photoabsorption properties
f KLaTax/3Nb2−x/3O7.

After incorporation of Pt into the interlayer, the diffuse
eflectance spectra of HLaTax/3Nb2−x/3O7/Pt (Fig. 7c) show an
bvious extension to longer wavelength of absorption band,
nd HLaTax/3Nb2−x/3O7/Pt have absorption band from about
00–800 nm. The addition of Pt could change the scattering prop-
rties of the samples and affect the diffuse reflectance spectra.

.3. Photocatalytic properties

Table 2 and Fig. 8 show the amount of hydrogen gas pro-
uced from 500 ml of 10 vol.% methanol solution containing 1 g
f dispersed HLaTax/3Nb2−x/3O7/Pt at 60 ◦C for 6 h under irradia-

ion with wavelength more than 290 nm from a 100 W mercury
amp. All samples show high photocatalytic activity. The rate of
as evolved increases in the sequence, TiO2(P-25) « HLaTa2O7/
t < HLaNb2O7/Pt < HLaTa4/3Nb2/3O7/Pt < HLaTaNbO7/Pt < TiO2(P-

able 2
2 gas evolved of HLaTax/3Nb2−x/3O7/Pt (x = 0, 2, 3, 4 and 6).

x Sample Rate of H2 gas evolution (cm3 g−1 h)

TiO2(P-25) 3
HLaNb2O7 15
HLaTa2/3Nb4/3O7 21
HLaTaNbO7 18
HLaTa4/3Nb2/3O7 17
HLaTa2O7 6
TiO2(P-25)/Pt 101

0 HLaNb2O7/Pt 34
2 HLaTa2/3Nb4/3O7/Pt 136
3 HLaTaNbO7/Pt 50
4 HLaTa4/3Nb2/3O7/Pt 40
6 HLaTa2O7/Pt 17
A = K, H; x = 0, 2, 3, 4 and 6).

25)/Pt < HLaTa2/3Nb4/3O7/Pt. Using HLaTa2/3Nb4/3O7/Pt as catalyst,
the photocatalytic H2 evolution rate reached 136 cm3 g−1 h−1 in
the presence of methanol as a sacrificial agent for 6 h, which is 45.3
times larger than that of TiO2(P-25) (ca, 3 cm3 g−1 h−1).

It is accepted that photocatalyst particles absorb light of energy
greater than the band gap to generate electron/hole pairs (Eq. (1))
[33,34]. The electrons are photoinduced to the conduction band
Fig. 8. Time course of H2 gas evolution from 500 ml of 10 vol.% methanol solution
containing 1 g of dispersed HLaTax/3Nb2−x/3O7/Pt (x = 0, 2, 3, 4 and 6) at 60 ◦C for 6 h
under irradiation at � > 290 nm from a 100 W mercury lamp.
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ize methanol to HCHO, etc., while electrons in the conduction
and of the particle will simultaneously reduce water or protons

n the solution to form gaseous H2 as shown by Eqs. (2)–(5). These
eactions proceed competitively with the recombination of the
hotoinduced electrons and holes.

On the basis of the above results, possible photoreactions on the
hotocatalysts were proposed as

at.�
hv−→Cat. (h+

VB + e−
CB) (1)

+
VB + H2O → ·OH + H+ (2)

H3OH + ·OH → ·CH2OH + H2O (3)

CH2OH → ·HCHO + H+ + e−
CB (4)

H2O + 2e−
CB → H2 + 2OH− (5)

The overall reaction is

H3OH
hv−→HCHO + H2 (6)

In the case of HLaTa2O7/Pt < HLaNb2O7/Pt, the difference
etween the activities of the tantalate and the niobate is likely due
o the differences in their band structures. As above discussion, the
nergy levels of the tops of valence bands of HLaNbO7 and HLaTaO7
re almost the same (2.9 V versus NHE) because their valence bands
re formed by p states of oxygen. Based on this understanding, it is
hought that tantalate have more negative conduction band energy
evels than that niobate does because the former has larger band
ap energies than those of the latter [35,36]. From the UV diffuse
eflectance spectrum shown in Fig. 7c, the absorption threshold
f HLaNb2O7 is lower than that of HLaTa2O7 and the band gap of
LaTa2O7/Pt is estimated to be about 3.92 eV which is larger than

hat of HLaNb2O7 (ca. 3.42 eV). Therefore the amount of photon
bsorbed by HLaTa2O7 is less than that by HLaNb2O7.

For the case of photocatalytic activity: HLaTa2O7/
t < HLaTa4/3Nb2/3O7/Pt < HLaTaNbO7/Pt < HLaTa2/3Nb4/3O7/Pt.
t can be explained that the absorption edges of diffuse
eflectance spectra shift to longer wavelength with decreas-
ng the amount of Ta substituted for Nb and the absorbed
hoton amount by HLaTax/3Nb2−x/3O7/Pt increases. When x = 2,
he HLaTa2/3Nb4/3O7/Pt catalyst shows the best photocatalytic
ctivity.

Comparing with HLaNb2O7/Pt, the HLaTax/3Nb2−x/3O7/Pt cat-
lyst shows higher photocatalytic activity. For HLaNb2O7/Pt,
b is substituted by Ta in Gaussian distribution. A stable
LaTax/3Nb2−x/3O7/Pt is formed since the Ta and Nb have almost

ame radii and valence state. We suggest that with the introducing
f Ta substituted for Nb, HLaTax/3Nb2−x/3O7/Pt found a new stable
tructure type with similar crystal structure that Ta and Nb take the
ame position of the structure and Gaussian distribution. Because
f the large displacement of the Ta ions, it is reasonable to suspect
he corresponding changes in its electronic structure and “elec-
ronic related” properties of the HLaNb2O7. Ta doping of HLaNb2O7
eads to the appearance of the large photoconductivity at low tem-
eratures. HLaNb2O7 with freezing of Ta in Nb position enhances
hotoconductivity at low temperatures, which help the separation
f photoelectron and photohole, and improve the photocatalytic
ctivity of HLaTax/3Nb2−x/3O7/Pt. In this special structure, Nb and
a can be considered as partial substitution particles to A- and/or B-
ites, which can highly improve the catalytic activity of the complex

ixed-oxides. When x = 2, HLaTa2/3Nb4/3O7/Pt found a stable and

pecial structure which the layers formed by NbO6 and TaO6 was
ery suitable for the separation of photo-generated electron–hole
airs and decrease the chance of recombination. It was beneficial to
he harvest of light and enhancement of photocatalytic efficiency.

[

[

aterials 177 (2010) 458–464 463

4. Conclusions

From the results described above, the following conclusions can
be drawn:

(1) New layered perovskites, KLaTax/3Nb2−x/3O7 (x = 0, 2, 3, 4 and
6) were synthesized by a conventional solid-state reaction.
HLaTax/3Nb2−x/3O7 were synthesized by ion exchange reac-
tion from the parent potassium compounds, KLaTax/3Nb2−x/3O7.
HLaTax/3Nb2−x/3O7/Pt were synthesized by the deposition of
Pt particles in the interlayer of HLaTax/3Nb2−x/3O7. The crystal
structures were refined from powder X-ray diffraction (XRD)
patterns as new members of the Dion–Jacobson-type series.

(2) The band gap energies and photocatalytic activities of
HLaTax/3Nb2−x/3O7/Pt depend on the x value (the ratio of
Ta to Nb). The HLaTax/3Nb2−x/3O7/Pt shows excellent photo-
catalytic activity for H2 evolution in the presence of methanol
as a sacrificial agent under UV irradiation. The gas produc-
tion rate increases in the sequence TiO2(P-25) « HLaTa2O7/
Pt < HLaNb2O7/Pt < HLaTa4/3Nb2/3O7/Pt < HLaTaNbO7/
Pt < HLaTa2/3Nb4/3O7/Pt. Especially, HLaTa2/3Nb4/3O7/Pt shows
the best photocatalytic activity. The photocatalytic H2 evolu-
tion rate reaches 136 cm3 g−1 h−1, which is 45.3 times larger
than that of TiO2(P-25) (ca, 3 cm3 g−1 h−1).
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