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a b s t r a c t

H1−xLaNb2−xMoxO7 was prepared by solid-state reaction followed by an ion-exchange reaction. Pt
was incorporated in the interlayer of H1−xLaNb2−xMoxO7 by the stepwise intercalation reaction. The
H1−xLaNb2−xMoxO7 showed hydrogen production activity and the activities were greatly enhanced by
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Pt co-incorporating. The x value in H1−xLaNb2−xMoxO7 had an important effect on the photocatalytic
activity of the catalyst. When the x = 0.05, the H1−xLaNb2−xMoxO7/Pt showed a photocatalytic activity
of 80 cm3 h−1 g−1 hydrogen evolution rate in 10 vol.% methanol solution under irradiation from a 100 W
mercury lamp at 333 K.

© 2008 Published by Elsevier B.V.
LaNb2O7

hotocatalytic properties

. Introduction

Hydrogen is considered as an ideal fuel for the future. However,
resently, renewable energy contributes only about 5% of the com-
ercial hydrogen production primarily via water electrolysis, while

ther 95% hydrogen is mainly derived from fossil fuels. Renewable
ydrogen production is not popular yet because the cost is still high.
hotovoltaic water electrolysis may become more competitive as
he cost continues to decrease with the technology advancement.
hotocatalytic water-splitting using semiconductor for hydrogen
roduction offers a promising way for clean, low-cost and environ-
entally friendly production of hydrogen by solar energy [1–5].

n a recent review, a series of layered perovskite-related niobates,
itanates, and titanoniobates has been prepared [6,7]. Their struc-
ures are very closely related to the Ruddlesden–Popper phase, and
heir general formulas are presented as M[An−1BnO3n+1], where M
s the interlayer cation, A is the cation surrounded by 12 oxygen
toms, and n describes the thickness of the perovskite slab. Rep-
esentative catalysts reported so far include K2Ti4O9 [8], K4Nb6O17
9], and K2La2Ti3O10 [10], which show potential activities for the
ecomposing of pure water. The relatively higher photocatalytic

ctivity of these materials than that of the bulk-type simple oxides
uch as TiO2 and ZnO has been ascribed to their peculiar structure
uch as layered or tunnel structures. One interesting feature of these
omplex mixed-oxides is that their catalytic activity can be highly

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

304-3894/$ – see front matter © 2008 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2008.11.040
improved by partial substitution on A- and/or B-sites, with only
small changes in the average structure [11,12]. Another characteris-
tic of these layered materials is that these photocatalysts use their
interlayer space as reactions sites, where the electron–hole recom-
bination process could be retarded by physical separation of the
electron and hole pairs generated by photo-absorption. The inter-
layer guests are ion-exchangeable with various foreign species. The
pillaring of layered compounds by inorganic compound is a promis-
ing method for fabricating function materials. Cationic species such
as Ni2+ and Pt4+ have been introduced into interlayer galleries as
precursors of photocatalytically active sites [13,14].

In our study, a new idea was released by replacing molybdenum
atom with niobium atom in HLaNb2O7 lattice site and modifying
with platinum. Since HLaNb2O7 is a perovskite and n-type semi-
conductor with high-photocatalytic activity [15], it is expected that
the photocatalytic activity of HLaNb2O7 would be enhanced further.

2. Experimental

2.1. Chemicals

Mo-doped layered HLaNb2O7 (designated as H1−xLaNb2−xMox

O7) was synthesized by the ion-exchange reaction of Mo-doped
KLaNb2O7 (designated as K1−xLaNb2−xMoxO7) in 1 mol dm−3
HCl at 333 K for 96 h with replacement of acid in each 24 h.
K1−xLaNb2−xMoxO7 were synthesized by calcining the mixture of
K2CO3, Nb2O5, MoO3 and La2O3 with the molar ratio of 1:2 − x:2x:1
at 1423 K in air for 24 h with one intermediate grinding after
calcining for 12 h [16]. [PtCl6]2− was incorporated in the inter-

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.2008.11.040
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La2O3 and Nb2O5 as the starting material. It is noticeable that
no diffraction peaks corresponding to MoO3 or containing Mo
phase appeared. Ionic radii of 6-coordinated Mo6+ (0.62 nm) and
Nb5+ (0.69 nm) ions are almost the same as each other, and the
6-coordinated Mo6+ ions substituted for Nb5+ ions in KLaNb2O7
04 Y. Huang et al. / Journal of Haza

ayer of H1−xLaNb2−xMoxO7 by stirring H1−xLaNb2−xMoxO7 (3 g) in
.6 mmol dm−3 (NH4)2PtCl6 aqueous solution (500 cm3) at room
emperature for 72 h, followed by UV light irradiation from a
00 W high-pressure mercury lamp at room temperature for 6 h
o deposit Pt particles in its interlayer. Then the products were
ashed and dried at 283 K. The sample obtained was designated

s H1−xLaNb2−xMoxO7/Pt.

.2. Analysis

The crystalline phases of the products were identified by X-ray
iffraction (Bruker D8 ADVANCE) using graphite monochromatized
u K� (� = 0.154 nm) radiation. The XRD data for indexing and
ell-parameter calculation were collected in a scan mode with a
canning speed of 2◦/min in the 2� range between 2◦ and 60◦. The
and gap energies of the products were determined from the onset
f diffuse reflectance spectra of the powders measured by using
Shimadzu Model UV-3100 ultraviolet–visible spectrophotometer.
he specific surface areas of samples were measured by nitrogen gas
dsorption (Quantachrome NOVA 4200 Model). The element con-
ents were determined by atomic emission spectroscopy (Intretid
sp radil ict-aes).

.3. Photochemical reaction

Photochemical reaction was carried out in a Pyrex reactor with
capacity of 500 cm3, attached to an inner radiation-type 100 W
igh-pressure mercury lamp. The inner cell had thermostated
ater flowing through a jacket between the mercury lamp and

eaction chamber and it was constructed of Pyrex glass, which
ut the UV emission of the mercury below 290 nm. The photocat-
lytic activities of the catalyst were determined by measuring the
mount of hydrogen gas evolved with a gas burette when the dis-
ersed catalysts were irradiated. Prior to the reaction, the mixture
as deaerated by evacuation and then flushed with N2 (20 kPa)

epeatedly to remove O2 and CO2 dissolving in water. Before irra-
iation, it was confirmed that no reaction occurred in the dark. The
volved gas was analyzed by gas chromatography (Shanghai, 102G,
olecular sieve 5A column and Ar carrier).

. Results and discussion

Fig. 1(a) shows the crystal structures for KLaNb2O7. The struc-
ure of the KLaNb2O7 compound can be described as double layered
erovskite type structure made up of NbO6 sheets with La ions fill-

ng in the interstice of the octahedron of NbO6 and the K+ ion in the
nterlayer [17]. The crystal structure of KLaNb2O7 has orthorhom-
ic symmetry of space group C222 (a = 3.9060 nm, b = 21.6030 nm,
= 3.8879, Z = 2). When K+ ions were proton exchanged, HLaNb2O7
ith a layered perovskite-type structure was obtained and its struc-

ure was shown in Fig. 1(b). The crystal structure of HLaNb2O7
as tetragonal symmetry of space group P4/m (a = 3.8886 nm,
= 10.5483, Z = 1). According to the X-ray diffraction date and calcu-

ation, the NbO6 sheet is arranged in double layers and the height of
he unit layer is 0.75 nm. The protons are arranged in the interlayer
erpendicular to the c-axis, which allows a ready incorporation of
uest molecules and the expansion of the c-parameter on interca-
ation.

Fig. 2 depicts XRD patterns of K1−xLaNb2−xMoxO7 (x = 0–0.15).
ome new peaks appeared when MoO3 was doped in the sys-

em. This new peaks were probably attributed to K2LaNb5O15 and
aNbO4 according to the Joint Committee of Powder Diffraction
tandard (JCPDS) data. With the increase of the amount of (x)
oO3, the peak intensity of KLaNb2O7 decreased, whereas the peak

ntensity of K2LaNb5O15 and LaNbO4 all increased. Therefore, it is
Fig. 1. Crystal structure of (a) KLaNb2O7 and (b) HLaNb2O7.

suspected that the following reaction might take place during the
calcining:

2KLaNb2O7 + Nb2O5 → K2LaNb5O15 + LaNbO4 (1)

It suggested that the appearance of K2LaNb5O15 and LaNbO4
were attributed to the replacement of Nb5+ by Mo6+, the addition of
Mo6+ induced the excess of Nb5+ and produced new phases. Similar
phenomena were observed in Fig. 3. The new phases K2LaNb5O15
and LaNbO4 were also produced when excess amount of niobium
oxide (25 mol%) was added in the stoichiometric mixture of K2CO3,
Fig. 2. X-ray powder diffraction patterns of the samples produced with the molar
ratio for K2CO3, Nb2O5, MoO3, La2O3 at 1:2 − x:2x:1 (�, KLaNb2O7; �, LaNbO4; �,
K2LaNb5O15).
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ig. 3. X-ray powder diffraction patterns of: (a) KLaNb2O7, (b) K1−xLaNb2−xMoxO7

x = 0.15), (c) KLaNb2O7 (excess amount of niobium oxide 25 mol%): (�) KLaNb2O7;
�) LaNbO4; (�) K2LaNb5O15.

rystal lattice site. In contrast, an ionic radius of the 12-coordinated
a3+ ion (0.19 nm) is remarkably larger than that of the Mo6+ ion
0.69 nm). If La3+ ions which were at the position of A sites in
erovskite structures were replaced with Mo3+ ions, a large shift
hould be observed. As MoO3 content was increased (x = 0–0.15),
he normal KLaNb2O7 crystal lattice was deflected, and thus the
ew compound LaNbO4 and K2LaNb5O15 were formed. As we know,
hen Nb5+ was replaced by Mo6+, the extra electron slightly bound

y molybdenum atom could serve as a donor and it could jump to
he conduction band under visible light irradiation, thus resulting
n the products absorption in the visible light region over 400 nm.
n addition, because of the replacement of Nb5+ by Mo6+, the num-
er of alkaline metal cations held in the interlayer space decreased
n order to maintain the charge balance between the layers and the
nterlayers, which caused the absence of hydration of the products
18].

ig. 4. X-ray powder diffraction patterns of: (a) K1−xLaNb2−xMoxO7 (x = 0.05), (b)
1−xLaNb2−xMoxO7 (x = 0.05), (c) H1−xLaNb2−xMoxO7/Pt (x = 0.05).
Fig. 5. Diffuse reflectance spectra of H1−xLaNb2−xMoxO7 (x = 0.0, 0.02, 0.05, 0.10,
0.15).

Fig. 4 depicts the X-ray powder diffraction pattern of (a)
K1−xLaNb2−xMoxO7 (x = 0.05), (b) H1−xLaNb2−xMoxO7 (x = 0.05), (c)
H1−xLaNb2−xMoxO7/Pt (x = 0.05). The powder X-ray diffraction pat-
terns showed that protonated oxides H1−xLaNb2−xMoxO7 retained
the parent structure of K1−xLaNb2−xMoxO7 except for a slightly
decrease in the c-axis. Sample (c) showed no diffraction peak corre-
sponding to Pt, indicating that Pt was incorporated in the interlayer.
The diffraction peak positions corresponding to the (1 1 0) crys-
tal face of samples (a), (b) and (c) were almost the same, but
those corresponding to the (0 0 1) crystal face changed significantly
depending on the species in the interlayer. The results suggested
that layered structure of catalyst remained intact after intercala-
tion of Pt, although the interlayer distances changed. When Pt was
incorporated, the interlayer distance of H1−−xLaNb2−xMoxO7/Pt
(x = 0.05) became 1.08 nm, and the pillar height of Pt determined by
subtracting the LaNb2−xMoxO7

− unit layer was 0.33 nm. A gallery
height of Pt pillars of less than 0.5 nm indicated the formation of
an intercalated nanomaterial, which was favored for the coupling
of host and guest semiconductors and changed the enhancement
of the photocatalytic activity.

Fig. 5 shows the UV–vis reflectance spectra of
H1−xLaNb2−xMoxO7. Compared with the white KLaNb2O7, both
H1−xLaNb2−xMoxO7 showed light purple to blue color with the
increase of Mo-doping ratio from x = 0.1 to x = 0.15. When Mo
was doped on HLaNb2O7, a new absorption was generated in the
visible light region while the band gap absorption of HLaNb2O7
with absorption edge of 400 nm (3.10 eV) was not affected. The
absorption edge of 560 nm was attributed to the charge transfer
transition between the Mo ion d electrons and HLaNb2O7 conduc-
tion or valence band [19]. The energy gap of Mo-doped HLaNb2O7
was 2.2 eV, which suggested that the energy level of Mo6+ was at
2.2 eV more negative than the conduction band of HLaNb2O7. It is
well known that light absorption by the material and the migration
of the light-induced electrons and holes are the most key factors
controlling a photocatalytic reaction, which is relevant to the
electronic structure characteristics of the material. The process for
photocatalysis of semiconductor is the direct absorption of photon
by band gap of the materials and generates electron–hole pairs
in the semiconductor particles [20]. The excitation of an electron

from the valence band to the conduction band is initiated by light
absorption with energy equal to or greater than the band gap of
the semiconductor. Upon excitation, the photogenerated electron
and hole can migrate to the surface of semiconductor. It is namely
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ig. 6. Diffuse reflectance spectra of H1−xLaNb2−xMoxO7/Pt (x = 0.0, 0.02, 0.05, 0.10,
.15).

hat the narrower band gap of the semiconductor can harvest
ore photons to excite the electron from the valence band to the

onduction band.
Fig. 6 shows the UV–vis reflectance spectra of H1−xLaNb2−x-

oxO7/Pt. Compared with H1−xLaNb2−xMoxO7, H1−xLaNb2−x-
oxO7/Pt showed yellow color and a broad reflection spec-

ra over 400–700 nm with two onsets corresponding to
ost H1−xLaNb2−xMoxO7 and Pt. One can be attributed to
1−xLaNb2−xMoxO7 which absorbs UV light, and the other was
ttributed to platinum which absorbs not only UV light but also
isible light. The visible light absorption region might be due to the
oupling effect of host and guest Pt and the quantum size effect of
ntercalated nanomaterial. Similar phenomena also were observed
n H2Ti4O9 and H4Nb6O17 systems [21,22]. The amount of added
latinum was that in a solution for ion-exchange procedure and not
fter aqua regia treatment. It was considered for those samples that
small amount of platinum remained on the external surface of

atalyst. If the Pt content was too high, H1−xLaNb2−xMoxO7 would
e covered with the excess Pt on the surface (deposition of the
etal on the photocatalyst). This could reduce the effective area

f H1−xLaNb2−xMoxO7 surface of for absorbance light. This would
esult in the decrease of absorbance for H1−xLaNb2−xMoxO7 photo-
atalyst. Therefore, H1−xLaNb2−xMoxO7/Pt (x = 0.05, Pt = 1.19 wt.%)
howed the maximum visible light absorption.

The interlayer distance, content of Pt, band gap energy and spe-
ific surface area of the products were summarized in Table 1.
he interlayer distance of H1−xLaNb2−xMoxO7, in the range of

.02–1.23 nm, seemed to decrease with increasing Mo-doping con-
ent, which might stem from the decrease in the hydrated capacity
nd the distorted structure caused by the Mo6+ replacement. On
he other hand, after Pt was incorporated in the layer, the interlayer

able 1
he interlayer distance, content of Pt, band gap energy and surface area of the samples.

roduct Interlayer distance (nm) Content o

LaNb2O7 1.23 0
1−xLaNb2−xMoxO7 (x = 0.02) 1.21 0
1−xLaNb2−xMoxO7 (x = 0.05) 1.20 0
1−xLaNb2−xMoxO7 (x = 0.15) 1.02 0
LaNb2O7/Pt 1.05 1.34
1−−xLaNb2−xMoxO7/Pt (x = 0.02) 1.05 1.04
1−xLaNb2−xMoxO7/Pt (x = 0.05) 1.08 1.19
1−xLaNb2−xMoxO7/Pt (x = 0.15) 1.08 1.61
Fig. 7. Hydrogen production from 500 cm of 10 vol.% methanol solution containing
1.0 g of dispersed samples exposed to irradiation from a 100 W mercury lamp at
333 K for 3 h.

distance did not increase as expected until the Mo-doping content
exceeded x = 0.1. It may be due to the absence of hydration in its
layer as the samples were dried at 383 K. When the doping content
was higher than x = 0.1, H1−xLaNb2−xMoxO7 was hard to hydrate,
thus the interlayer distance increased owing to the incorporation
of Pt. The content of Pt appeared to increase with the increase of
Mo-doping content, indicating that the increase in the interlayer
distance was not necessarily helpful in increasing the amount of Pt
incorporated. The specific surface area increased by doping molyb-
denum, which may be ascribed to the formation of such soluble
phase as KLaMoO5. As a result, some holes and pores were created
when KLaMoO5 was dissolved, which lead to the increasing of the
specific surface area.

Fig. 7 shows the hydrogen gas evolution rates from 500 cm3 of
0.1 mol dm−3 methanol solution containing 1 g of dispersed cata-
lysts at 333 K under irradiation from a 100 W mercury lamp for 3 h.
A significant amount of hydrogen was observed in the presence
of host H1−xLaNb2−xMoxO7 alone. The photocatalytic activity was
increased with Mo content up to x = 0.05, but after this composi-
tion, it was decreased with Mo content. The highest activity was
obtained over H0.95LaNb1.95Mo0.05O7 photocatalyst, the hydrogen
produced amount was estimated to be 54 cm3, which was larger
than that of HLaNb2O7 (ca. 45 cm3).

It is accepted that photocatalyst particles absorb light of energy
greater than the band gap to generate electron/hole pairs (Eq. (1))
[23,24]. The electrons are photoinduced to the conduction band
(e−

CB) and the holes in the valence band (h+
VB). In the absence of oxy-

gen and presence of sacrificial species such as methanol, the holes
+ •
radicals (Eq. (2)), and subsequently the •OH radicals will oxidize
methanol to HCHO, etc., while electrons in the conduction band of
the particle will simultaneously reduce water or protons in the solu-
tion to form gaseous H2 as shown by Eqs. (2)–(5). These reactions

f Pt (wt.%) Band gap energy (eV) Specific surface area (m2 g−1)

3.1 4.18
3.1 4.54
3.1 11.50
3.1 7.84
3.1, 2.3 7.67
3.1, 2.3 7.50
3.1, 2.3 7.34
3.1, 2.3 9.76
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roceed competitively with the recombination of the photoinduced
lectrons 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)

The optimum content of Mo doping at x = 0.05 may be due to
he fact that there exists an optimum doping content of Mo ions in
LaNb2O7 particles for the most efficient separation of photoin-
uced electron–hole pairs. Pleskov [25] reported that the value
f the space charge region potential for the efficient separation
f electron–hole pairs must be no lower than 0.2 V. As the con-
ent of dopant ions increases, the surface barrier becomes higher,
nd the space charge region becomes narrower, the electron–hole
airs within the region are efficiently separated by the large electric
eld before recombination. On the other hand, when the content
f doping is high, the space charge region becomes very nar-
ow and penetration depth of light into catalyst greatly exceeds
he space charge layer; therefore the recombination of the pho-
ogenerated electron–hole pairs in semiconductor become easier.
here is an optimum content of dopant ions to make the thickness
f space charge layer substantially equal to the light penetration
epth. Secondly, a partial substitution of Nb5+ by Mo6+ leads to the
ecrease in the negative charge density of the perovskite interlayer
nd thus to the decrease of the number of H+ cations located to
aintain the charge balance at the interlayer space. So the water
olecules are more easily intercalated into the interlayer space

f H1−xLaNb2−xMoxO7 which regard as a reaction site [26]. Con-
equently, the decrease of photocatalytic activity for higher Mo
ontents may be caused by the existence of an excess amount of
are earth oxide would increase the recombination centers and this
ncrease will be detrimental to photocatalytic reactions [27]. There-
ore, there exists an optimum Mo content that gives maximum
hotocatalytic activity.

The hydrogen gas evolution rate was greatly improved by con-
tructing Pt for all samples. Pt has thus been demonstrated to
e an excellent co-catalyst for H2 production from water due
o its low over-potential [13,20,28]. It is believed that the elec-
ric field at the H1−xLaNb2−xMoxO7/Pt Schottky barrier diverts
he photogenerated electrons to platinum leaving the holes in
1−xLaNb2−xMoxO7. Efficient charge separation and electrocatal-
sis of H2 evolution by platinum seems to be the cause of the
igh activity of H1−xLaNb2−xMoxO7/Pt. As shown in Fig. 8, if the

ncident light energy is equal to or greater than the bandgap of
he semiconductor, the electron (e−) in the valance band can be
xcited to the conduction band. This energy change will result
n the formation of positive holes (h+) in valance band and free
lectrons in conduction band. However, the positive holes and
lectrons are easily recombined in a very short time, which will
herefore lead to a very low activity of the photocatalyst. The
eposited platinum in/on H1−xLaNb2−xMoxO7 may play a very
mportant role in preventing the rapid recombination between
oles and electrons. Platinum can capture electrons generated

rom the surface of H1−xLaNb2−xMoxO7, and thereby decrease the
ver-potential of H+/H. The highest activity was obtained over
0.95LaNb1.95Mo0.05O10/Pt photocatalyst, the hydrogen produced

[

Fig. 8. Schematic structure of the H1−xLaNb2−xMoxO7/Pt photocatalyst and the reac-
tion mechanism of methanol solution decomposition into H2.

amount was estimated to be 241 cm3, which was 5.4 times larger
than that of HLaNb2O7 (ca. 45 cm3).

4. Conclusions

In summary, a series of novel photocatalysts based on n = 2 mem-
bers of Ruddlesden–Popper-type hydrous layered niobates with
Mo doping was synthesized by solid-state method. Pt was incor-
porated into the interlayer of H1−xLaNb2−xMoxO7 by successive
reaction of H1−xLaNb2−xMoxO7 with (NH4)2PtCl6 aqueous solu-
tion. The photocatalytic activity of H1−xLaNb2−xMoxO7 is increased
with Mo content up to x = 0.05, but after this composition, it is
decreased. H1−xLaNb2−xMoxO7/Pt shows a broad reflection over
400–700 nm. The photocatalytic activity of H1−xLaNb2−xMoxO7/Pt
intercalated material is superior to TiO2 (P25) and is enhanced by
the co-incorporation of Pt. With use of H0.95LaNb1.95Mo0.05O7/Pt as
a photocatalyst, the H2 evolution is estimated to be 241 cm3 for 3 h
in the presence of methanol as a sacrificial agent under irradiation
with � > 290 nm for a 100 W mercury lamp. It is expected that the
photocatalytic activity of HLaNb2O7 will be further improved by
other modification in the next study.
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