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HNbWO/(Pt,Cdg sZn, »S) nanocomposites have been fabricated by successive intercalation reactions of
HNbWOg¢ with [Pt(NH3)4]Cl, aqueous solution, with n-C3H;NH,/n-heptane mixed solution, and the
Cd(MeCO,),—Zn(MeCO,), mixture in aqueous solution, followed by the reaction between Cd*"—Zn>" and H,S
in the interlayer of HNbWOQy. The gallery height of HNbWO/CdS*, HNbWO4/Cd sZng »,S*, HNbWO4/CdS,
HNbWO4/Cd gZng ,S, HNbWOg/(Pt, CdS) and HNbWOg/(Pt,Cdj gZng 5S) is less than 0.5 nm in each case.
HNbWO/(Pt,Cdg gZny »S) series nanocomposites show a broad reflectance over ca. 380-580 nm and are
capable of efficient hydrogen evolution under the irradiation of visible light in the presence of Na,S as a
sacrificial donor. The photocatalytic activities of HNbWOQO4/CdS and HNbWO/Cdg 3Zng »,S nanocomposites

are superior to those of unsupported CdS and CdjgZn,,S and are enhanced by the the co-incorporation

of Pt.

1 Introduction

Photoelectrochemical processes at the semiconductor colloid—
electrolyte interface, such as the splitting of water and the
reduction of carbon dioxide, have received special attention
because of their application in the conversion of solar energy
into chemical energy. A semiconductor with high solar energy
conversion efficiency should have a band gap energy of less
than 3 eV, which both covers the main part of the solar
spectrum and is distributed within the visible light region. In
general, however, photoactivities of semiconductors with a
small band gap energy are modest. It is to be expected that the
photoactivity of a semiconductor increases with a decrease in
its particle size, since in such a system the distance the
photoinduced holes and electrons must diffuse before reaching
the interface decreases, and the holes and electrons can be
effectively captured by the electrolyte in the solution.! On the
other hand, the coupling of two semiconductor particles with
different energy levels is useful to achieve effective charge
separation. For example, in a colloidal CdS-TiO, system, a
photogenerated electron can transfer from a CdS to a TiO,
particle while the holes remain in the CdS particle.> The
enhancement of hydrogen gas production from H,S solution®
and acceleration of methylviologen reduction* have been
observed for the CdS-TiO, system. Incorporation of two
semiconductors with different energy levels in the interlayer
region of a lamellar compound is a promising method for the
fabrication of a nanocomposite consisting of host layers with
ultrafine particles in the interlayers. Enea and Bard,’
Yoneyama and coworkers,®® and Sato and coworkers® '
have reported the incorporation of extremely small particles of
Fe,03, TiO,, CdS and a CdS-ZnS mixture, of less than 1 nm in
thickness, into the interlayers of layered compounds such as
montmorillonite, layered double hydroxides, layered niobate
and layered titanate. As expected, the photocatalytic activities
of the incorporated semiconductors were much higher than
those of unsupported semiconductors. In previous papers, '
we have reported preparation and photoactivities of HNbWOg/
TiO, and HTaWOg/TiO,. In continuation of our studies, new
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layered nanocomposites, HNbWO¢/Cdy sZn,,S, have been
synthesized and their photocatalytic activities evaluated.

2 Experimental
2.1 Chemical

HNbWOg¢ was prepared by the proton exchange reaction of
LiNbWOg in 2 M HNOj solution at room temperature for 48 h
with one intermediate replacement of the acid in 24 h.
LiNbWOg was obtained by calcining a stoichiometric mixture
of Li,CO3;, WO3 and Nb,Os at 800°C in air for 24 h with
grinding after 12 h of the calicnation.!> CdS was prepared by
the reaction between 0.5 M Cd(MeCO,), solution and 0.5 M
Na,S solution at room temperature; Cdg sZng »S was prepared
by the reaction between the 0.4M Cd(MeCO,),-0.1 M
Zn(MeCO,), mixed solution and 0.5M Na,S solution at
room temperature.

2.2 Preparation of HNbWO4/Cd, sZny .S and HNbWOQO4/CdS
nanocomposites

HNbWOg¢ was converted into HNbWOg/n-CsH,NH, by
stirring HNbWOg (1 g) in 50 ml of 20 vol% n-C;H;NH,/
n-heptane organic solution under reflux at 50°C for 72 h.
CdpgZng,S and CdS particles were incorporated into the
interlayer of HNbWOg by bubbling H,S gas into the
suspension of the Cd**-Zn>*- and Cd**-exchanged com-
pounds with stirring at room temperature for 2 h. The Cd**—
Zn*"- and Cd>*-exchanged compounds were obtained by ion
exchange reactions of HNbWOg¢/n-C;H,NH, (4 g) with 0.4 M
Cd(MeCO,),-0.1 M Zn(MeCO,), mixed solution (100 ml) and
with 0.5 M Cd(MeCO,), solution (100 ml), each under reflux at
50°C for 72h, respectively. The samples obtained were
designated as HNbWO4/CdjsZng,S and HNbWO4/CdS.
Preparation of the nanocomposites without expanding the
interlayer of HNbWOg by n-C;H;NH, was also carried out.
The samples thus obtained were designated as HNbWO/
Cd04an042S* and HNbWO6/CdS*
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2.3 Incorporation of Pt in the interlayer of HNbWOyg together
with Cdo.gzno_zs

[Pt(NH;)4*" was incorporated in the interlayer of HNbWOg
by stirring HNbWOg (4 g) in 0.6 mM [Pt(NH3)4]Cl, aqueous
solution (1000 ml) at room temperature for 72 h. After being
filtered and washed with water, the specimen was dispersed in
water and irradiated with UV light from a 450 W high-pressure
mercury lamp at room temperature for 5 h in order to deposit
Pt particles in the interlayer of HNbWOg. After that
CdygZng,S particles were incorporated in the interlayer of
HNbWO4/Pt by successive intercalating reactions with
HNbWO¢/Pt and 20vol% n-C3H;NH,/n-heptane organic
solution, and with 0.4 M Cd(MeCO,),—0.1 M Zn(MeCO,),
mixed solution, followed by bubbling H,S gas through the
suspension in a similar manner as that for preparing HNbWO,/
Cdy gZng 5S; the sample obtained was designated as HNbWOy/
(Pt, Cdy gZny »S). By using a similar method, the HNbWO/(Pt,
CdS) was also obtained.

2.4 Analysis

The crystalline phases of the products were identified by X-ray
diffraction (Rigaku Denki Geiger-flex 2013) using graphite
monochromated Cu-Ka radiation. The chemical compositions
of the samples were determined by TG-DTA analysis (Rigaku
Denki TAS 200 TG-DTA) and by inductively coupled plasma
(ICP) atomic emission spectroscopy (Seiko SPS-1200A) by
dissolving the samples in water after adding 0.1 g samples to a
HCI-HNOs; (3:1) solution (100 ml) and boiling for 2 h. The
band gap energies of the products were determined from the
onset of diffuse reflectance spectra of the samples measured
using a Shimadzu Model UV-2000 UV-VIS spectrophoto-
meter. Specific surface areas of the samples were determined
by the nitrogen gas adsorption method (Quantachrome
Autosorb-1).

2.5 Photocatalytic reactions

Photocatalytic reactions were carried out in a Pyrex reactor of
1250 ml capacity attached to an inner radiation type 450 W
high-pressure mercury arc lamp. The temperature of the inner
cell was controlled via thermostatted water flowing through a
jacket between the mercury lamp and the reaction chamber.
The inner cell was constructed from Pyrex glass, which served
to filter out UV emissions of the mercury arc with wavelengths
of <290 nm. In order to filter out wavelengths of <400 nm a
flowing 1 M thermostatted NaNO, solution was used between
the mercury lamp and the reaction chamber. The photo-
catalytic activities of the samples were determined by measur-
ing the volume of hydrogen gas evolved, using a gas burette,
when the sample suspension was irradiated.

3 Results and discussion

3.1 Intercalation of CdS and CdygZn,,S into the interlayer of
HNbWOg

The thermogravimetric curve (shown in Fig. 1) of the Cd?™-
exchanged compound obtained by the reaction of HNbWOy/
C;H,;NH, with Cd(MeCO,), [Fig. 1(a)] shows a weight loss of
around 2.10% up to 1000°C. The result is in accord with
thecalculated value (2.05 wt%) according to the following
reaction:

Cd(NbWOg),-H,0+ 50, ->Nby054+2WO; +CdO + H,0

On the other hand, the interlayer distance of the Cd?-
exchanged compound determined by subtracting the thickness
of the NbWOg ~ layer, 0.76 nm,'>!* from its interlayer distance
with XRD (shown in Fig. 2) is 0.39 nm, which suggests that no
MeCO, and C3;H;NH, groups are incorporated into the
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Fig. 1 TG curves of (a) HNbWO/CdO or Cd(NbWOg),-H,O [pre-
pared by the reaction of HNbWO4/C3H;NH, with Cd(MeCO,),],
(b) HNbWO4-H,0, (¢) HNbWO4/CdS and (d) HNbWO4/C;H,;NH,.
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Fig. 2 Powder X-ray diffraction patterns of (a) HNbWOg, (b)
HNbWO4/C3H,NH,, (c) Cd*>*-exchanged compound prepared by
the reaction of HNbWO¢/C;H,;NH, with Cd(MeCO,),, and (d)
HNbWO4/CdS.

interlayer of HNbWO, except Cd*>* and H,O. Chemical
analysis confirmed this by finding no MeCO, and C;H,NH,
groups incorporated into the interlayer of HNbWOg. There-
fore the Cd>*-exchanged compound might be suggested as
Cd(NbWOg),-H,O.

From the content of Cd (12.1 wt%) measured by che-
mical composition analysis with ICP, the molar ratio of
CdS:HNbWOg is ca. 1:2 in the HNbWO4/CdS nanocom-
posite. On the other hand, the TG curve of the HNbWO4/CdS
nanocomposite [Fig. 1(c)] indicates a weight loss of ca. 5.0% up
to 1000 °C which is close to the calculated value (5.6 wt%)
according to the following reaction:

2HNbWOg+(CdS), ), + 100, ~Nb, 05 +2WO;3 +
2CdO+H,0+S05

Therefore, it is believed that the molar ratio of
CdS:HNbWOg is 1:2. Based on the above, the intercalation



process of CdS into HNbWOg might be written as follows:

HNbWO, + C3H,NH, —C3H;NH; -NbWO,
2C;H,NH; -NbWO; + CdMeCO, -
Cd(NbWO),-H,0+ C;H;NH;MeCO,
Cd(NbWOy),-H,0+ H,S»H,0 +
HNbWO4+(CdS), , = HNbWO, /CdS

Based on similar experiments, HNbWO4/CdS, HNbWOg/
CdgsZng S, HNDWO4/(Pt, CdS) and HNbWO/(Pt, Cdys-
Zn,»S) nanocomposites were also found to have a molar ratio
of incorporated semiconductor to host of 1:2. However, for
the HNbWO4/CdS™ and HNbWO4/CdsZn,,S" nanocom-
posites, the molar ratio of incorporated semiconductor to
host is less than 0.5 which indicates the ion exchange of Cd>™
and Zn*, and consequently the incorporation of CdS and
ZnS is promoted by the pre-expansion of the interlayer with
D-C3H7NH3+.

3.2 Properties of HNbWOg/(Pt, Cdy gZny,S) series
nanocomposites

The X-ray powder diffraction patterns of (a) HNbWOsy, (b)
CdS, (c) CdgsZng,S, (d) HNObWOG/CAS", (¢) HNbWO4/
Cdo‘gzno.zs*, (f) HNbWOG/CdS, (g) HNbWOG/Cd()anoQS,
(h) HNbWO/(Pt, CdS) and (i) HNbWOg/(Pt, Cdy sZn »S) are
shown in Fig. 3. The diffraction peak positions of samples (d)-
(i), corresponding to the (110) crystal face of HNbWOsq,
change, depending upon the species in the interlayer. These
results suggest that the layered structure of HNbWOg is kept
after intercalation of CdS, CdggZng,S and Pt, although the
interlayer distance changes. Samples (b) and (c) show a broad
diffraction range corresponding to a zinc-blende structure,
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Fig. 3 Powder X-ray diffraction patterns of (a) HNbWOg, (b) CdS,
(¢) CdgsZnyg,S, (d) HNbWOCAS®, (¢) HNbWOE/CdgsZng5S", (f)
HNbWO4/CdS, (g) HNbWO/CdysZn,,S, (h) HNbWO/(Pt, CdS)
and (1) HNbWO@/(Pt, Cdo_gzno_zs).

indicating the formation of a CdS and ZnS solid solution. Since
the gallery heights for HNbWO/CdS”, HNbWO/Cdy sZng,S",
HNbWO4/CdS, HNbWO/CdjsZn,,S, HNbWO/(Pt, CdS)
and HNbWOy/(Pt, CdgsZn,,S) were found to be in the
approximate range 0.38-0.39 nm, it is suggested that the
thickness of incorporated layer is <0.5 nm which indicates the
formation of nanocomposites. It is notable that HNbWOg/
CdS*, HNbWO/CdS and HNbWO4/(Pt, CdS) have the same
gallery height, 0.38 nm, although different preparation
methods were applied and different particles incorporated
into the interlayer of HNbWOg. This similarity might be
because the semiconductor incorporated into the above nano-
composites is CdS for all. On the other hand, owing to the same
reasons, HNbWO4/CdosZno»S", HNbWO/Cdo sZng,S and
HNbWO4/(Pt, CdgsZng»S) also have the same gallery height,
0.39 nm. The slightly higher interlayer distances for the
HNbWO4/Cd gZng »S nanocomposites seem to be attributable
to the bigger ion radius of Cd compared with Zn.

Fig. 4 presents the diffuse reflectance spectra of (a)
HNbWOq, (b) CdS, (c) CdysZny,S, (d) HNbWO/CAS®, (e)
HNbWO/Cdy sZn,,S", () HNbWOG/CdS, (2 HNbWO/
CdysZng,S, (h) HNbWOg/(Pt, CdS) and (i) HNbWO/(Pt,
Cdy.sZng »S). Samples (d)—(i) all show broad reflectance spectra
with two onsets corresponding to host HNbWO4 and
incorporated semiconductor CdS or CdggZn, S, respectively.
The blue shift phenomenon of band gap energies between
unsupported and incorporated semiconductors is observed in
all six kinds of HNbWOg/(Pt, CdS) series nanocomposites,
such as the band gap energies of 1.99 and 2.25 eV correspond-
ing to CdS in the unsupported compound and in HNbWOg/
CdS nanocomposites, respectively, which is consistent with the
results of the quantum size effect of nanocomposites.'> The
blue shift phenomenon also occurs in host HNbWOyg. For
instance, the band gap energy of the HNbWO¢ compound is
3.06 eV, but increases to 3.22¢V in the HNbWO4/CdS
nanocomposite. Slight and regular band gap energies different
among HNbWO/CdS®, HNbWO/CdS, HNbWO/(Pt, CdS)
and among HNbWO/Cdy sZng,S", HNbWO/Cd, Zn-S
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Fig. 4 Reflectance spectra of (a) HNbWOs, (b) CdS, (c) CdgsZng S,
(d) HNbWO/CdAS", (¢) HNbWO4/Cdy sZng»S", (f) HNbWO/CJS, (g)
HNbWO4/Cd 3Zny S, (h) HNbWOg/(Pt, CdS) and (i) HNbWOg/(Pt,
Cdy.sZny5S).
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Table 1 Gallery height, element content, band gap energy and surface area of the samples

Content (Wt%)

Sample Gallery height/nm Cd Zn Pt Band gap energy/eV Surface area/m* g~ !
HNbWOq 0.28 0 0 0 3.06 422

Cds 71.7 0 0 1.99

Cd()»gzn()_QS 70.9 9.0 0 2.11

HNbWO/CdS* 0.39 8.4 0 2.38, 3.16 6.05
HNbWO4/Cdy sZn, ,S* 0.38 6.8 1.0 0 2.38,3.20 8.02
HNbWO4/CdS 0.39 12.2 0 2.25,3.22 9.49
HNbWO4/Cdy sZn, »S 0.38 9.0 3.8 0 2.28, 3.28 9.93
HNbWO/(Pt, CdS) 0.39 12.1 0 22 2.19, 3.18 10.78
HNDbWO/(Pt, CdysZn »S) 0.38 8.8 3.6 1.4 2.17,3.22 11.97

and HNbWOg/(Pt, CdggZng,S) indicate the different char-
acteristics of CdS and Cdg gZn»S particles in these nanocom-
posites, although they have similar interlayer distances.

The interlayer distances, Cd, Zn and Pt contents, band gap
energies and specific surface areas of the products are
summarized in Table 1. The specific surface areas of HNbWOg/
CdS, HNbWOg/Cdy gZny »S, HNbWO/(Pt, CdS) and HNbWOg/
(Pt, Cdg gZny»S) are twice as large as that of HNbWOg which
further indicates the intercalation of CdS and Cd, gZn,»S and
the formation of the pillars. Smaller specific surface areas seen
in HNbWO4/CAS" and HNbWO4/CdysZng,S~ compared
with HNbWO4/CdS and HNbWO¢/Cd, 3Zn, »S are also due
to the ion intercalation of Cd** and Zn>T, followed by
the incorporation of CdS and ZnS, are promoted by the pre-
expansion of n-C;H,NH,.

3.3 Photocatalytic properties

Fig. 5 shows the amount of hydrogen gas produced from
1250 ml aliquots of 0.1 M Na,S solution containing 1g of
dispersed unsupported CdS, unsupported Cdg gZng »S, HNbWO,/
CdS’, HNbWO4/CdysZn-S", HNbWO/CAS, HNbWO/
Cd04an0.2S, HNbWOG/(Pt, CdS) and HNbWOG/(Pt, Cdo_g-
Zny »S) at 60°C for 5 h under irradiation with A>290 nm and
>400 nm from a 450 W mercury lamp. As expected from their
band gap energies (<3 eV), all samples show photocatalytic
activities sufficient for the evolution of hydrogen gas by band
gap irradiation in the presence of Na,S as a sacrificial hole
acceptor. The quantum yield is estimated at over 10% using the
intercalated compounds as catalysts, the sequence of hydrogen
production ability being the same under irradiation with
A>290 nm and >400 nm, where the photocatalytic activity

Sample

WO, 1PC S
v, |

HNBWO {(Cd-Zn)S

HNbWO,/CdS

HNbWO, /(Cd-Zn)S*

HNbBWO /CdS* .
I [ > 290 nm light
(Cd-Zn)S I = 400 nm light
cds
1 T T T T T T T
0 10 20 30 40 50 &0 70

- . 3
Gas evolution/cm

Fig. 5 Amount of hydrogen gas produced from 1250 ml samples of
0.1 M Na,S solution containing 1 g of dis;)ersed unsupported CdS*,
unsupported CdggZng,S, HNDWO/CAS, HNbWO/Cd sZny,S ,
HNbWO(/CdS, HNbWO¢/CdysZn,,S, HNbWOg/(Pt, CdS), HNbWO¢/
(Pt, CdogZng,S) at 60C for 5h under irradiation with 12>290 nm
and >400 nm from a 450 W mercury arc lamp.
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increased in the sequence

unsupported CdS < unsupported CdjgZng,»S <
HNbWO/CdS" < HNbWO/Cdg sZn S <
HNbWO4/CdS < HNbWO/Cd sZny S <
HNbWO/(Pt, CdS) < HNbWO/(Pt, CdgsZny»S)

It is notable that the evolution of hydrogen gas in the
presence of HNbWO/CdS and HNbWO/Cdg sZng S is 4-5
times greater than that of unsupported CdS and CdggZng»S,
and is further enhanced by co-intercalation of Pt with them.
The above phenomenon may be explained according to the
following reaction mechanism:'®

CdS+8hv—8e™ +8P™
8¢~ +8H,O0—»4H,+80H™
8PT +8%" +4H,0-S0; +8H™
8H* +80H ™ —8H,0
The overall reaction is

S?7 +4H,0 +8hv—S0; ™ +4H,

The electrons and holes produced by light irradiation easily
recombine in unsupported CdS and CdjgZn,,S, but transfer
from CdS to the host layer HNbWOg4 in HNbWO4/CdS and
HNbWO4/Cdg 3Zng »S which results in their enhancement of
photocatalytic activity, especially when promoted by Pt.
Similar results have been reported in Fe,O3;—Pt-H4NbgO,;
and Fe,O3-Pt-H,Ti4O9 systems.g’lo

It is also found that the hydrogen evolution activities of
HNbWOé/Cdo.gzn()'zs*, HNbWOdCdO.an()'zS and HNbWOG/
(Pt, CdogZng,S) are higher than those of HNbWO/CAS",
HNbWO/CdS and HNbWOg/(Pt, CdS), respectively. The
improvement of photoactivity for Cdg gZny »S systems might be
due to the electrons photoinduced transferring from CdS to the
ZnS particle while the holes remain in the CdS particle,
resulting in the depression of recombination of electrons and
holes photoinduced and the enhancement of the photocatalytic
activity of the nanocomposite, just as was observed in colloidal
CdS-TiO, systemsp‘ and the H,Ti,O9/CdS-ZnS system.”’12

The effect of semiconductor intercalation on the photo-
activity of nanocomposites was investigated by loading CdS
and CdpgZng,S by two different methods, i.e. Cd** and
Cd>*-Zn?* were incorporated into the interlayer of HNbWO,
by the reactions of Cd>**—Zn>* with HNbWO, for HNbWO/
CdS" and HNbWO/CdysZng-S", and by the reactions
of HNbWOg/n-C;H;NH, with Cd*" and Cd**-Zn’>* for
HNbWO4/CdS and HNbWO4/CdgsZng,S. Hydrogen gas
production from HNbWO4/CdS and HNbWO4/CdgsZng»S
was larger than that from HNbWO4/CdS and HNbWO/
CdysZng,S", respectively. It is suggested that more effective
and larger amounts of CdS and CdygZng,S are incorporated
into the interlayer of HNbWOg by pre-expansion of C;H,;NH,
than are intercalated by general methods.



4 Conclusions

From the results of the tests described the following
conclusions may be drawn. (1) CdggZng,S together with Pt
could be incorporated into the interlayer of HNbWOg by
successive reaction of HNbWOjg with [Pt(NH3)4]Cl, in aqueous
solution, with n-C3;H;NH,/n-heptane in organic solution and
with the Cd(MeCO,),—-Zn(MeCO,), mixture in aqueous
solution, followed by the reaction between Cd>T-Zn>* and
H>S in the interlayer of HNbWOsg. (2) The intercalated layer
distances of HNbWOg/CdS, HNbWO¢/Cd, sZn, S, HNbWO/
CdS", HNbWO/CdysZng-S", HNbWO4/(Pt, CdS) and
HNbWO4/(Pt, CdggZng,S) nanocomposites are less than
0.5nm. (3) HNbWOg/(Pt, CdygZng,S) nanocomposite series
show hydrogen production activities under irradiation with
A>290nm and >400nm in the presence of Na,S as a
sacrificial hole acceptor. The photocatalytic activities of
HNbWO4/CdS and HNbWO4/CdjgZng,S nanocomposites
are superior to those of unsupported CdS and CdjgZng,S
and are enhanced by the co-incorporation of Pt.
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