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a b s t r a c t

The photocatalytic activities of the isostructural photocatalysts MWO4 (M = Ca, Sr, Ba) for decomposing
methyl orange, which were synthesized by a solid state reaction, were investigated. In the experiments, the
photocatalytic activity is in the increasing order of CaWO4 < SrWO4 < BaWO4 under both neutral and acidic
conditions. The factors, which influence the photocatalytic processes and the final activity, were ana-
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lyzed the difference of their photocatalytic behaviors. The further investigation indicates that the higher
structural openness degree, corresponding to a lower packing factor, leads to the better photocatalytic
activity.

© 2008 Elsevier B.V. All rights reserved.
WO4 (M = Ca, Sr, Ba)
ethyl orange

. Introduction

Photocatalytic decomposition of pollutants in air and water
elongs to one of the most promising methods for environment-
rganic-pollutant decontamination. In the past three decades,
he semiconductor photocatalysts have attracted much attention,
ecause their advantages such as unlimited resources, low cost,
nd environmental friendliness. Therefore, in order to search an
ffective photocatalyst a tremendous amount of research has been
evoted to study and discover the influencing factors of the photo-
atalytic activity.

Irradiation of a semiconductor with light of energy equal to
r larger than the band gap energy leads to the generation of
lectron–hole pairs, which can subsequently induce redox reactions
n the semiconductor surface. An ideal photocatalyst should pos-
ess a high mobility for photostimulated electron–hole separation
nd transportation in crystal lattices and suitable energy levels of
and potentials. This is one of the most significant considerations
s a semiconductor is chosen for the photocatalytic application.

It is thought that the photocatalytic performance or the

lectron–hole separation ability of a semiconductor is closely
elated to the crystal structure. So, many studies [1–10] have been
eported on the relationship between crystal structure and the pho-
ocatalytic properties. The proposed principles are that the local

∗ Corresponding authors. Tel.: +86 21 52411620; fax: +86 21 52413903.
E-mail addresses: hmding@chem.ecnu.edu.cn (H. Ding), huangfq@mail.sic.ac.cn

F. Huang).

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2008.11.030
electric fields or polarized fields in the distorted metal-oxygen poly-
hedra are positive for the efficient photoexcitation, delocalization
and migration of charges [1–10]. For example, the presence of the
dipole moments in heavily distorted [MO6] (M = In, Ga, Fe, Ta) octa-
hedra in the photocatalysts Bi2MTaO7 (M = In, Ga, Fe) [4]. Besides
that, the polarized fields are also found in heavily distorted [TiO6]
octahedra in the typical tunneled structure compounds, A2Ti6O13
(A = Na, K, Rb) and BaTi4O9, to contribute to high catalytic perfor-
mances [5–7].

The interior electric fields in some layered structure materi-
als also favor charge separation, and contribute to enhance the
photocatalytic activity. For example, in the Bi3O4Cl semiconductor,
the [Bi3O4] and [Cl] slices are one-by-one orderly stacked to form
the unique layered structure. The permanent static electric fields
between [Bi3O4] and [Cl] layers can work as accelerators for the
separations of electron–hole pairs upon photoexcitation to favor a
high photocatalytic efficiency of Bi3O4Cl [8]. Thus, layered struc-
ture compounds are also expected to be important materials for
photocatalysis. On the basic of this model a series compounds with
layered structure, e.g. Bi2W2O9 [9] and BiOCl [10], have been stud-
ied as high-performance photocatalysts. Moreover, as we all know
that many other important effects, such as particle size, band gap,
band structure, phase purity, surface area, and morphology, etc.,
have been also systematically studied.
Besides, in our previous work [11,12], crystal packing factor (PF)
as a criterion was introduced to analyze the photocatalytic differ-
ence of materials with similar band structure (similar crystal struc-
ture or chemistry). The PF effects of photocatalysts on MO decom-
position could be discussed based on the lifetime and mobility

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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f electrons and holes. It is conceivable that a structure with a lower
F is more polarizable, therefore its exciton radius is larger and
he lifetimes of electrons and holes are longer. Meanwhile, a struc-
ure with lower PF is more deformable, which lowers the activation
arrier for polarons and thus their mobility are increased.

In crystallography, packing factor is the fraction of volume in a
rystal structure that is occupied by atoms. For practical purposes,
he PF of a crystal structure is determined by assuming that atoms
re rigid spheres. It is represented mathematically by

F = Z(aVA + bVB + cVC)
Vcell

, (1)

here Z is the number of formula units in the unit cell; VA, VB, VC
re ion volumes (VA = 4�rA

3/3) (rA is the A coordination-dependent
onic radium), and so are VB and VC; Vcell is the cell volume.

Herein, we took the isostructural MWO4 (M = Ca, Sr, Ba) photo-
atalyst system as an example to investigate these factors, which
nfluence the photocatalytic properties of the semiconductors.

. Experimental

In general, many exterior factors influence the photocatalytic
roperties of various semiconductors, such as phase purity, surface
rea, morphology, etc., which are sufficiently taken into account
nd controlled by all possible means during the sample preparation.
CO3 (Sinoreg., 99.5%) and WO3 (Sinoreg., 99.5%) were used as raw
aterials to synthesize MWO4. Mixed powders with the stoichio-
etric proportion were calcined at the different temperature for

0 h in an alumina crucible in air. The respective calcination temper-
tures were 950 ◦C for CaWO4, SrWO4, and BaWO4. After grinding,
he powders were retreated at same process. The formations of
he metal oxides were confirmed by X-ray diffraction (Bruker D8
dvance diffractometer using Cu K� radiation (� = 0.15406 nm))
nalysis. Optical band gaps of these three samples were estimated
y UV–vis (HITACHI U-3010 spectrophotometer) diffuse reflectance
pectra. Particle size and morphology were observed on a scanning
lectron microscope (Philip XL30 20 kV).

The UV light photocatalytic reactor consists of two parts, a quartz
ell with a circulating water jacket and a 500-W high-pressure
ercury lamp with a maximum emission at 365 nm placed inside

he quartz cell. The volume of the initial 10 mg/L MO solution is
00 mL. The powder concentration in the MO aqueous solution is
.20 g/100 mL. Diluted H2SO4 was used to adjust the pH value of the
uspending solution. The UV illumination was conducted after the
uspension was magnetically stirred in the dark for 60 min to reach
he adsorption–desorption equilibrium of MO on catalysts. Under

rradiation, about 3 mL suspension was continually taken from
he reaction cell at given time intervals for subsequent MO con-
entration analysis after centrifuging by measuring its maximum
bsorption (464 nm) with a UV–vis spectrophotometer (HITACHI
-3010 spectrophotometer).

able 1
rystal structural parameters.

ompounds Structure Structural parameters (standard date)

a, b, c (Å) ˛, ˇ, � (◦) Cell vol

aWO4 Tetragonal
a = 5.243 ˛ = 90.0

312.64b = 5.243 ˇ = 90.0
c = 11.374 � = 90.0

rWO4 Tetragonal
a = 5.417 ˛ = 90.0

350.66b = 5.417 ˇ = 90.0
c = 11.951 � = 90.0

aWO4 Tetragonal
a = 5.613 ˛ = 90.0

400.81b = 5.613 ˇ = 90.0
c = 12.720 � = 90.0
Fig. 1. XRD patterns of CaWO4, SrWO4 and BaWO4.

3. Results and discussion

3.1. Samples characterization

As shown in Fig. 1, the CaWO4, SrWO4 and BaWO4 samples
exhibited the XRD pattern of the tetragonal crystal structure as
indexed in JCPDS-ICDD 41-1431, 08-0490 and 43-0646, respec-
tively. The XRD patterns of the samples revealed sharp and
symmetric peaks, indicating the high crystallinity of the powders.
With increasing ionic radii of M (from Ca to Ba), the XRD peaks
shifted towards smaller angles. Correspondingly, the lattice param-
eters of the oxides increased in the same order from CaWO4 to
SrWO4 and BaWO4. Notice that compared to the standard data, the
shift of d space toward smaller values was very small, i.e. less than
0.01 Å (see Table 1).

The particle sizes and crystallite morphologies of the CaWO4,
SrWO4 and BaWO4 compounds were examined by using scanning
electron micrograph (SEM), as shown in Fig. 2. The average particle
sizes are in the order of BaWO4 > SrWO4 > CaWO4. Correspondingly,
as shown in Table 2 the BET surface areas are in the order of CaWO4
(0.33 m2/g) > SrWO4 (0.20 m2/g) > BaWO4 (0.13 m2/g).

Fig. 3 shows the UV–vis diffuse reflectance spectra of the MWO4
powder samples. The main absorption edges are 310 nm for CaWO4,
318 nm for SrWO4, and 313 nm for BaWO4, respectively. The energy
band gap was determined to be 4.00 eV for CaWO4, 3.89 eV for
SrWO4 and 3.96 eV for BaWO4, respectively.
3.2. Photocatalytic activity

Fig. 4 shows the MO photodecomposition behaviors over the cat-
alysts as a function of UV irradiation time. Under neutral condition,

Structural parameters (experiment date)

ume (Å3) a, b, c (Å) ˛, ˇ,� (◦) Cell volume (Å3)

a = 5.236 ˛ = 90.0
311.39b = 5.236 ˇ = 90.0

c = 11.358 � = 90.0

a = 5.402 ˛ = 90.0
347.84b = 5.402 ˇ = 90.0

c = 11.920 � = 90.0

a = 5.603 ˛ = 90.0
398.20b = 5.603 ˇ = 90.0

c = 12.684 �=90.0
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Fig. 3. UV–vis diffuse reflectance spectra of CaWO4, SrWO4 and BaWO4.
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Fig. 2. Scanning electron microscopy images of CaWO4, SrWO4 and BaWO4.

he MO photodecomposition over BaWO4 after 110 min of UV light

llumination is 36%, which is higher than 29% over SrWO4 and 21%
ver CaWO4.

We further examined the pH-dependent photocatalytic activ-
ties of MWO4. The pH value shows the strong influence on the

able 2
acking factors (PF), optical band gaps and BET of as-synthesized MWO4 (M = Ca, Sr, Ba).

ompounds Structure Structural parameters

a, b, c (Å) ˛, ˇ, � (◦)

aWO4 Tetragonal
a = 5.236 ˛ = 90.0
b = 5.236 ˇ = 90.0
c = 11.358 � = 90.0

rWO4 Tetragonal
a = 5.402 ˛ = 90.0
b = 5.402 ˇ = 90.0
c = 11.920 � = 90.0

aWO4 Tetragonal
a = 5.603 ˛ = 90.0
b = 5.603 ˇ = 90.0
c = 12.684 � = 90.0
Fig. 4. MO photodegradation under UV light irradiation.

MO photodegradation efficacy. The photodegradation efficacy rises
with the decreasing pH value. As shown in Fig. 4, the MO photode-
colorization efficiency is greatly improved as the pH value decreases
from 6.9 to 3.1. These results show that the activity of the catalysts
are in the order of BaWO4 > SrWO4 > CaWO4 both under neutral and
acidic conditions.

The pH-dependent photodecomposition can be mainly
attributed to the variations of surface charge properties of
the photocatalyst. Consequently, this changes the absorption

behavior of a dye on the catalyst surface. Since MO has an anionic
configuration, its adsorption is favored in the acidic solution. It
increases the oxidative degradation rate of MO, in close contact
with the catalyst facilitates, by positive holes or hydroxyl radicals

PF (%) Eg (eV) BET (m2/g)

Cell volume (Å3)

311.39 67.75 4.00 0.33

347.84 63.51 3.89 0.20

398.20 57.50 3.96 0.13
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pon photoexcitation. On the other hand, MO becomes unstable in
cidic conditions, the �max of MO, which is commonly measured
y the energy required for decomposing dye molecular structure,
ncreases from 464 to 506 nm with the pH value decreasing from
.9 to 3.1. This also makes the decolorization easier.

.3. The influencing factors

There are many factors which influence the photocatalytic prop-
rty of a semiconductor, such as phase purity, crystallinity, surface
rea, morphology, band gap, band structure, crystal structure and
o forth. During the sample preparation in the present experiments,
he experiment related factors were sufficiently taken into account.
he pure phase MWO4 (M = Ca, Sr, Ba) powders synthesized by
solid state reaction are well crystallized (see Fig. 1). Therefore,

he phase purity and crystallinity cannot explain the photocatalytic
ctivity difference. Surface area is widely accepted to be one of the
ey factors to determine the activity of a photocatalyst, because
he parameter to some extent combinatively covers the effects of
uch exterior factors as particle size, pore volume, particle morphol-
gy, etc. Normally, a larger surface area improves the photocatalytic
ctivity. In the present three compounds, the BET surface areas are
n the decreasing order of CaWO4 > SrWO4 > BaWO4 (see Table 2).
rom the viewpoint of surface area, the photocatalytic activities
hould have the same order. However, the result of experiment
CaWO4 < SrWO4 < BaWO4) is the opposite. Apparently, the surface
rea could not account for their photocatalytic activity difference.
lso, there seems to be no correlation between optical band gap

light absorption) and photocatalytic activity (see Table 2).
In the three compounds, M2+ ions are photocatalytically inac-

ive while W6+ is photocatalytically active. The conduction band
ainly consists of W 5d orbitals and the valence band is primarily

omposed of O 2p orbitals. Thus, the similar band structure it is con-
idered to result in the similar electric properties and the similar
nteractions between the W6+ based catalysts and the aqueous dye
MO) solutions. This is believed to be the main reason why efforts
ere made to compare various photocatalysts with the same active

enter and the similar band structure were chosen as examples to
e compared by some structure-dependent models [1–3,5–7].

The experiment-related or exterior factors mentioned above
ould not account for the photocatalytic activity difference of
WO4 (M = Ca, Sr, Ba). The photocatalytic activity discrepancy can

nly be ascribed to the mobility difference of electron–hole sepa-
ation in the three materials. It is believed that the mobility for the
lectron–hole separation and transportation of a semiconductor is
ntrinsically initiated by the detailed crystal structural properties,
s suggested in literatures [1–11]. Generally, our proposed model
ould be suitable to explain detailed properties. The same phase of
he tetragonal structure is available for CaWO4, SrWO4 and BaWO4,
ith space group I41/a, as shown in Fig. 5. Each W atom is coordi-
ated to four O anions to form a [WO4] tetrahedron with the W–O
ond length of 1.78 Å in CaWO4. The W atom also has some bonding
ontacts with another four O anions in four neighboring tetrahedra
O4, and the W· · ·O bonds are about 3.0 Å in CaWO4. Such contacts

re useful for charges to transfer or exchange via the tetrahedral
W–O]∞ network. The crystal structure suggests that the packing
actor of BaWO4 is 57.50%, lower than 63.51% of SrWO4 and 67.75% of
aWO4. Therefore the structure-openness degree is in the order of
aWO4 > SrWO4 > CaWO4 (see Table 2). As the structure-openness
egree increases, the vibratility or movability of atoms intensify,
nd the charge exchange or transfer via [W–O]∞ network become

ore spatially available. In other words, BaWO4 shows the best

hotocatalytic performance of the three compounds owing to its
ighest structure-openness degree.

The structure–property relationship model works well to
eveal a photocatalytic activity difference of the photocatalysts
Fig. 5. Tetragonal structure of MWO4 (M = Ca, Sr, Ba).

with similar band structure (similar crystal structure or
chemistry). Besides the present result of MWO4 (M = Ca,
Sr, Ba) photocatalyst system, other examples are SrSb2O7
(64.45%) > CaSb2O7 (65.41%), NaTi6O13 (61.65%) > KTi6O13
(63.84%) > RbTi6O13 (65.36%), LiTaO3 (68.99%) > NaTaO3
(80.46%) > KTaO3 (85.03%), BaTa2O6 (62.42%) > MgTa2O6
(65.35%), Pt/BaCrO4 (59.19%) > Pt/SrCrO4 (61.18%), SrIn0.5Nb0.5O3
(72.77%) > CaIn0.5Nb0.5O3 (73.76%) > BaIn0.5Nb0.5O3 (75.18%), and
so forth [11–25].

To sum up, this macro-structural parameter (PF) in the model
scales the structural openness of the semiconductor, and reflects
the capacity of the metal-oxygen polyhedral deformations, the spa-
tial amplitude of atomic vibrations in the crystal lattice, and the
consequent electron–hole separation and carrier transport.

4. Conclusion

MWO4 (M = Ca, Sr, Ba) were synthesized by a solid state reaction
method. The investigation results show that their catalytic proper-
ties are in the order of BaWO4 > SrWO4 > CaWO4 under both neutral
and acidic conditions. The difference of their catalytic properties
is in close connection with their micro-structural properties. The
structure-openness model works well to account for such a differ-
ence. The model for structure–property relationship may be a new
method to estimate the properties of photocatalysts.
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