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bstract

A composite photocatalyst, Pd–TiO2−xNx–WO3, was synthesized by the template method and characterized by energy dispersive X-ray micro-
nalysis (EDX), X-ray diffraction (XRD), UV–vis spectrometer, and scanning electron microscope (SEM). The results of EDX analysis reveals

hat the molecular formula of the composite photocatalyst can be expressed as Pd–TiO1.72N0.28–WO3. The UV–vis absorption spectrum indicates
hat the absorption edge of the catalyst red-shifts to around 600 nm. Under the irradiation with ultraviolet and visible light, the catalyst showed
ood performance for photocatalytic hydrogen production with a Na2S/Na2SO3 system as the sacrificial agent.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since photoinduced decomposition of water on TiO2 elec-
rode was discovered, semiconductor photocatalysts have
ttracted much interest. However, to date, most photocatalysts
re capable of absorbing only ultraviolet light, which accounts
or only about 4% of incoming solar energy. Therefore, recent
esearch has been focused on developing photocatalysts that
re capable of utilizing the less energetic visible light, which
ccounts for about 43% of incoming solar energy.

In recent years, the search for visible-light photocatalysts
as made considerable progress. Asahi et al. [1] developed a
ew photocatalyst TiO2−xNx by doping TiO2 with nitrogen.
hey demonstrated that the new photocatalyst had an improve-
ent over TiO2 both in optical absorption and photocatalytic

ctivity under visible light. Heyduk and Nocera [2] reported
he use of a two-electron mixed-valance dirhodium compound
o photocatalyze the reduction of hydrohalic acid to hydro-
en under visible light. Zou et al. [3] developed a series of
hotocatalysts of indium–tantalum-oxide doped with nickel,

n1−xNixTaO4 (x = 0–0.2), which could induce direct splitting
f water into stoichiometric amounts of oxygen and hydro-
en under visible-light irradiation. Shahed et al. [4] synthe-
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ized a carbon-doped n-type TiO2 photocatalyst, n-TiO2−xCx,
hich could absorb light at wavelengths below 535 nm and

plit water to hydrogen under illumination with visible light.
essekhouad et al. [5] showed that CuMnO2 had the ability for
hotocatalytic hydrogen production from water under visible-
ight illumination. Recently, Kudo et al. [6–8] developed a series
f band-structure-controlled photocatalysts, (AgIn)xZn2(1−x)S2,
CuIn)xZn2(1−x)S2, and ZnS–CuInS2–AgInS2, which all had
omparatively high activity to produce hydrogen from water
nder visible irradiation.

It is well known that two of the key issues in photocatalyst
esearch are to make semiconductors absorb visible light and
o hinder photogenerated electrons-hole recombinations. Using

narrow band-gap semiconductor to combine with TiO2 can
roaden its photoresponsive range under visible light, such as
iO2–WO3 [9], CdS–TiO2 [10], etc. Furthermore, loading noble
etals onto the photocatalyst mainbody can separate photogen-

rated electrons and holes more effectively and thus improve
he hydrogen evolution efficiency, such as Pt–TiO2 [11,12] or
u–TiO2 [12].
In this work, a novel semiconductor composite photocata-

yst, Pd–TiO2−xNx–WO3, was designed. The catalyst was pre-

ared by the sol–gel method with an inorganic palladium salt,
d(NH3)2Cl2, as the structure-directing agent [13]. Its perfor-
ance in photocatalytic hydrogen production from water under

ltraviolet and visible light was studied.
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TiO2 and TiO2−xNx, indicating that the crystal structure of
TiO1.72N0.28 in the composite catalyst is principally anatase
[18]. In plot 3, the peak at 2θ = 23.6◦ is the characteristic peak
of WO3 monoclinic phase [19], which confirms the existence
Y. Liu et al. / Journal of Powe

. Experimental

.1. Preparation and characterization of photocatalyst

All chemical reagents were commercially purchased and used
ithout further treatments.
2 × 10−4 mol Pd(NH3)2Cl2 (Shanghai Chem. Co. I, >99%)

as dispersed in 25 mL deionized water using an ultrasonic
scillator, and then 250 mL ethanol (Xi’an Chem. Co., >99.5%)
as added to the blend. After the above mixture was cooled

o −70 ◦C by liquid nitrogen while stirring [13], 17 mL tetra-
utylorthotitanate (Beijing Zhonglian Chem. Co., >98.5%) was
dded to the mixture drop by drop. Then, 0.4 mol L−1 ammonia
olution was dropwise added into the mixture until the pH value
eached 7.0. After 12 h when about all the titanate species had
ydrolyzed into TiO2 colloids, the liquid nitrogen was removed
nd the temperature of the mixture was allowed to slowly
ncrease to room temperature. Then the obtained product was fil-
ered to obtain a gel, which was re-dispersed in deionized water
sing an ultrasonic oscillator. After adding 200 mL 0.1 mol L−1

mmonium tungstate (Shanghai Chem. Co. II, >99%) aqueous
olution, the dispersed mixture was dried at 70 ◦C. The solid
ixture was calcined for 2 h at 600 ◦C and a yellowish powder
as obtained.
In addition, the pure TiO2 used as the reference photocata-

yst was synthesized from tetrabutylorthotitanate as the titanium
ource, using the same process as described above. TiO2−xNx

as prepared by mixing 2.0 g TiO2 gel obtained above with
.68 g (NH4)2CO3 (Xi’an Chem. Co., >99%) and calcining the
olid mixture for 4 h at 400 ◦C under N2 atmosphere. During
his process, (NH4)2CO3 was decomposed into NH3, CO2 and

2O. At the same time, the nitrogen atoms in NH3 substituted
ome oxygen atoms in TiO2, forming TiO2−xNx [14,15].

Element analysis was carried out on EDAX DX-4 (Philips
o.), and SEM images were obtained from a Hitachi-530 scan-
ing electron microscope. The crystal structure of the sample
as identified by XRD (Type Shimadzu Rax-10) with graphite
onochromized Cu K� radiation (45 kV, 15 mA). UV–vis spec-

rum was obtained with HITACHI340 UV–vis spectrometer.

.2. Photocatalytic reaction

The photocatalytic reaction was carried out in an inner-
rradiation type reactor. The photocatalyst powder (50 mg) was
ispersed by a magnetic stirrer in 150 mL aqueous solution con-
aining 0.1 mol L−1 Na2S and 0.04 mol L−1 Na2SO3 as the sacri-
cial agents. A 300 W high-pressure mercury lamp (Changzhou
uyu Co., UV-300) was used as the light source. Before the irra-
iation, the reactor was purged with nitrogen for about 30 min
o remove air. The gas evolved was gathered by drainage and
t was analyzed by GC–MS using a C18 column and nitrogen
s the carrier gas. During the entire experiment, the reaction
emperature was kept at 25 ± 0.2 ◦C.
In the experiment under visible light, 1 mol L−1 NaNO2 solu-
ion was introduced as the internal circulation condensate agent
o remove light with wavelengths shorter than 400 nm. The
V–vis spectrum of the NaNO2 solution showed that it could
rces 159 (2006) 1300–1304 1301

ffectively absorb light with wavelengths below 400 nm and thus
ct as a cutoff filter.

The light intensity of the high-pressure mercury lamp was
easured using KFe(C2O4)2 as the chemical actinometer [16].
he number of incident photons during the photocatalytic reac-

ion was determined with the following equation:

Number of incident photons

= light intensity × irradiated area × reaction time (1)

he apparent quantum efficiency was determined with the fol-
owing equation [6]:

QE(%) = number of reacted electrons

number of incident photons
× 100%

= number of evolved H2 molecules × 2

number of incident photons
× 100%

(2)

n addition, the apparent energy conversion efficiency was deter-
ined with the following equation [17]:

ECE(%) = combustion enthalpy of evolved H2

energy of incident photons
×100% (3)

. Results and discussion

.1. Characterization

Element analysis of the catalyst indicates that the content of
alladium is 1.45 wt.% and that of tungsten is 43.59 wt.%. The
olecular ratio of Ti to N is 1:0.28, and thus the composite

atalyst can be expressed as Pd–TiO1.72N0.28–WO3.
Fig. 1 shows the XRD pattern of Pd–TiO1.72N0.28–WO3.

rom this figure we can see that, the highest peak of the com-
osite catalyst is at 2θ = 25.2◦, almost the same as that of pure
Fig. 1. XRD pattern of Pd–TiO1.72N0.28–WO3.
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greater than 2232 and 1775 �mol, the respective amounts of
hydrogen production on pure TiO2 and TiO2−xNx. In addi-
tion, the rate of hydrogen evolution on Pd–TiO1.72N0.28–WO3
is steady, indicating that the catalyst has good and stable photo-
Fig. 2. UV–vis spectrum of Pd–TiO1.72N0.28–WO3.

f WO3 crystals and its crystal structure. The average parti-
le sizes of Pd–TiO1.72N0.28–WO3, pure TiO2 and TiO2−xNx

re determined to be 10.73, 10.96 and 10.60 nm, respectively,
y the Scherrer formula. In addition, the surface areas of these
hree photocatalysts are found to be 68.8, 64.0, and 69.1 m2 g−1,
espectively, using the Brunauer–Emmett–Teller (BET) method.

Fig. 2 shows the UV–vis spectrum of Pd–TiO1.72N0.28–WO3,
ndicating that the absorption edge of the catalyst in visible-light
egion extends to about 600 nm, which is greater than that of
iO2 (387.5 nm) [18], WO3 (481 nm) [19], TiO2−xNx (500 nm)
1] and TiO2−xCx(535 nm) [4]. The underling mechanism could
e multifactor coupling. Firstly, in TiO1.72N0.28, the N p states
an mix with O 2p states, and thus the dominant transitions at the
bsorption edge have been identified with those from N 2pπ to Ti
xy, instead of from O 2pπ as in TiO2 [1,20]. This change makes
he maximum absorption wavelength of TiO1.72N0.28 red-shift
1]. Secondly, because the Ti 3d and the W 5d levels have nearly
he same energy, Ti4+ and W6+ cations can strongly interact
nd mix with each other [9]. Thus, introducing WO3 into TiO2
esults in the absorbance of light with longer wavelength [18].
n summary, it is the interaction of these two factors that makes
he absorption wavelength of the synthesized catalyst red-shift
o around 600 nm.

Fig. 3 shows the SEM image of Pd–TiO1.72N0.28–WO3, from
hich we can see that the catalyst particles are spherical. When

ubic Pd(NH3)2Cl2 polycrystals are used as the templates, TiO2
olloids wrap around them and form the spherical shapes.

The formation mechanism of this composite catalyst could be
xplained as below. During the process of synthesis, the insolu-
le Pd(NH3)2Cl2 may serve as the template after being dispersed
n water. At a low temperature of −70 ◦C, tetrabutylorthotitanate
eacts very slowly. As a result, it can hydrolyze more thoroughly
nd produce smaller colloid particles. At the same time, the inter-
ediate titanate species can interact with the NH3 ligands of the

emplate molecules at the surface of the crystals via hydrogen

onds [13]. Then TiO2 colloids grow at the surface of the tem-
late crystals through condensation processes and enclose them.
fter adding the ammonium tungstate aqueous solution to the

F
P

Fig. 3. SEM image of Pd–TiO1.72N0.28–WO3.

olloids, the ammonium tungstate molecules diffuse into the
iO2 colloids as well as attach to their surfaces. In the process of
alcining the colloids mixture at 600 ◦C, the template molecules
ecompose into metallic palladium particles, which are wrapped
nside by TiO2 colloids; while the ammonium tungstate decom-
oses into WO3 particles, which attach to the outside of TiO2
olloids. At the same time, the nitrogen atoms in ammonium
ons are doped into TiO2, forming TiO2−xNx.

.2. Photocatalytic activity

Fig. 4 shows the hydrogen production performances
f Pd–TiO1.72N0.28–WO3, pure TiO2, and TiO2−xNx under
ltraviolet light. From this figure we can see that, after
80 min irradiation, the amount of hydrogen production on
d–TiO1.72N0.28–WO3 is 4045 �mol, which is significantly
ig. 4. Hydrogen production performances of TiO2, TiO2−xNx, and
d–TiO1.72N0.28–WO3 under ultraviolet light.
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Because the conduction band potential of WO3 is more pos-
itive than the potential of H+/H2, the accumulated electrons in
its conduction band cannot reduce H+ to H2, and thus do not
contribute to the photocatalytic efficiency. However, as Fig. 4
ig. 5. Hydrogen production performances of TiO2, TiO2−xNx, and
d–TiO1.72N0.28–WO3 under visible light.

atalytic activity under ultraviolet light irradiation. The apparent
uantum efficiencies of Pd–TiO1.72N0.28–WO3, pure TiO2, and
iO2−xNx under ultraviolet light are determined to be 3.40%,
.88% and 1.49%, respectively, from Eq. (2). Their apparent
nergy conversion efficiencies are found to be 1.44%, 0.79%
nd 0.63%, respectively, from Eq. (3).

Fig. 5 shows the hydrogen production performances of
d–TiO1.72N0.28–WO3, pure TiO2, and TiO2−xNx under visible-

ight irradiation. The amount of hydrogen production on
d–TiO1.72N0.28–WO3 is 201 �mol after 240 min irradia-

ion, while that on TiO2−xNx is 62 �mol, and that on
iO2 is negligible. The apparent quantum efficiencies of
d–TiO1.72N0.28–WO3 and TiO2−xNx under visible light are
etermined to be 0.45% and 0.14%, respectively, and their
pparent energy conversion efficiencies are 0.23% and 0.07%,
espectively.

Since it is impossible to determine the exact number of pho-
ons absorbed by the photocatalysts, the total incident light is
mployed in calculating the apparent quantum efficiencies and
nergy conversion efficiencies. In this case, the apparent effi-
iencies obtained from Eqs. (2) and (3) are lower than the actual
fficiencies.

.3. Mechanism of photocatalytic reaction

The energy band of TiO2 is composed of a low-energy
alence band full of electrons and a high-energy conduction
and with no electron. When the energy absorbed by an elec-
ron is greater than the band-gap energy, the excited electron

ay transfer to the conduction band, leaving a positive hole in
he valence band. Then, both the photogenerated electrons and
oles may migrate to the surfaces of the catalyst particles and
roceed with oxidation–reduction reactions, respectively, with
he locally absorbed species.
In general, there are two factors affecting the activity of a
hotocatalyst under visible light. The first one is its absorp-
ion performance in visible-light region, and the second one
s its separation efficiency of photogenerated electrons and

F
l
s
t

rces 159 (2006) 1300–1304 1303

oles. On one hand, as shown in Fig. 2, the light absorption of
d–TiO1.72N0.28–WO3 extends to around 600 nm, farther than

hat of pure TiO2 and WO3, indicating that the composite pho-
ocatalyst may utilize light more effectively.

On the other hand, the coexistence of Pd and WO3 with TiO2
ay lower the recombination probability between photogen-

rated electrons and holes in the composite catalyst, and thus
mprove the efficiency of photocatalysis. It is well known that
here are two forms of electron-hole recombination in TiO2, sur-
ace recombination and bulk recombination, and both can lower
he efficiency of photocatalysis. The Fermi energy level of Pd is
ower than that of TiO2, and since they are closer to each other,
he electrons on the surface of TiO2 can spontaneously transfer
o the surface of Pd until their Fermi energy levels become equal.
s a result, excessive negative charges accumulate on the surface
f Pd and excessive positive charges accumulate on the surface
f TiO2. Therefore, the energy band of TiO2 bends upwards,
orming the Schottky barrier as shown in Fig. 6. In this sense,
n the composite catalyst, Pd acts as an electron trap, which can
ffectively prevent the surface electron-hole recombination.

In addition, when irradiated by light with enough excitation
nergy, the band-to-band transition will occur simultaneously
oth in TiO2 and WO3. Because TiO2 and WO3 have differ-
nt conduction band and valence band energy levels, some of
he photogenerated electrons in the conduction band of TiO2
ay spontaneously transfer to the low-level conduction band of
O3, and some of the photogenerated holes may accumulate in

he high-level valence band of TiO2, as shown in Fig. 7. As a
esult, the separation efficiency of photogenerated electron-hole
ouples in TiO2–WO3 could be higher than those in pure TiO2
nd WO3.
ig. 6. Schottky barrier between a metal and a semiconductor. Efm: Fermi energy
evel of the metal; Efs: Fermi energy level of the semiconductor; E0: energy of
tatic electron in vacuum; Φm: work function of the metal; Φs: work function of
he semiconductor; Ex: electron affinity energy; Φb: height of Schottky barrier.
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ig. 7. Transference of charge carriers in TiO2–WO3 composite semiconductor.

hows, despite this disadvantage, the hydrogen evolution rate of
d–TiO1.72N0.28–WO3 is still higher than that of pure TiO2,

ndicating that introducing Pd and WO3 to TiO2 indeed has
ertain advantages. This work provides a direction for future
evelopment of visible-light photocatalysts. Seeking a narrow
and-gap semiconductor with conduction band potential more
egative than the H+/H2 electrode potential to replace WO3 in
he composite catalyst, may achieve higher activity of hydrogen
roduction.

Furthermore, another method for preventing photogenerated
lectrons from recombining with photogenerated holes is to
cavenge the holes with sacrificial electron donors. Therefore,
n electron donor system, Na2S/Na2SO3, was employed in our
ork to scavenge the holes generated in the valance band of the

omposite photocatalyst. The S2− could seize the holes effec-
ively and produce S2

2−, which was in turn renewed to S2− by
O3

2−, as shown in the equations below [21,22]:

S2− + 2h+ → S2
2− (4)

2
2− + SO3

2− → S2− + S2O3
2− (5)

. Conclusions

In order to improve both the absorption performance of
hotocatalysts in the visible-light region and the separation
fficiency of photogenerated electrons and holes, a compos-
te photocatalyst Pd–TiO2−xNx–WO3 was synthesized by the
emplate method using Pd, TiO2−xNx and WO3 as the three
omponents. The results of element analysis indicate that the
olecular formula of the composite catalyst can be expressed
s Pd–TiO1.72N0.28–WO3. The XRD pattern of the composite
atalyst confirms the existence of TiO1.72N0.28 and WO3, and
heir crystal structures (anatase and monoclinic phase, respec-
ively). UV–vis spectrum indicates that this catalyst is capable

[

[
[
[

rces 159 (2006) 1300–1304

f absorbing light with wavelengths up to 600 nm. During the
hotocatalytic reaction, the catalyst shows comparatively good
ctivities for hydrogen production under both ultraviolet light
nd visible light. In addition, a possible mechanising is pre-
ented to explain the improved photocatalytic activity of this
omposite catalyst.
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