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bstract

PbSb2O6 powder was synthesized by a solid-state reaction method. The specimen was characterized by X-ray diffraction and UV–vis diffuse

eflectance spectra. PbSb2O6 has an intrinsic indirect band gap of 3.54 eV. Generally, the photocatalytic activity for degrading methylene blue
ver PbSb2O6 is higher than that over rutile-type TiO2 under UV light illumination. The catalytic performance was discussed in close conjunction
ith the calculated band structure and crystal structure. The mechanisms of the pH-dependent photodegradation were proposed. The effects of
hotocatalyst concentration and Pt loading in suspending aqueous solution were also presented.

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

Very recently, p-block metal oxides are gaining interest of
esearchers because of their capacities to photochemically split
ater. A series of such novel compounds as ZnGa2O4 [1],
n2GeO4 [2], AInO2 (A = Li, Na) [3], MIn2O4 (M = Ca, Sr,
a) [4–6], Sr2SnO4 [6], NaSbO3 [6,7], M2Sb2O7 (M = Ca, Sr)

7], CaSb2O6 [7], CaBi2O4 [8] and ZnBi12O20 [9] have been
eported. It is commonly accepted that photocatalytic activity
s in close conjunction with structural features. Many efforts
ave been made to try to establish a correlation between local
tructures and photocatalytic activities [10–12]. It is generally
evealed that local electric fields caused by the dipole moments
n distorted metal–oxygen polyhedra favor efficient photoexic-
tation, delocalization and migration of charges. For example,
he presence of the dipole moments in heavily distorted TiO6
ctahedra for A2Ti6O13 (A = Na, K, Rb) and BaTi4O9 with tun-
el structures contributes to high catalytic performance [13–15].
he RuO2 or Pt dispersion on the powder surface achieved by a
et chemistry method causes a sharp increase in photocatalytic
ctivity for H2 production from water because of a uniform dis-
ribution of the fine particles on a ‘nest’ formed by the specific
unnel structure [16,17].
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For another type of interesting photocatalysts with layered
tructures such as A2TinO2n+1 (n = 2–4, A means alkali metal)
18] and A4Nb6O7 [19], besides contributions of distorted local
tructures, the formation of static electric fields between neg-
tively charged layer sheets constructed with corner- and/or
dge-shared TiO6 (NbO6) octahedra and A+ in the interlayer
lso prompts the delocalization of photoinduced charge carri-
rs. Moreover, the photocatalytic activity can be substantially
nhanced by modifying the layered structures by the construc-
ion of pillars of a semiconductor and/or a noble metal through
n ion exchange reaction method [20].

In a study concerning the comparison of Sr2Ta2O7 and
r2Nb2O7 layered perovskite photocatalysts [21], the struc-

ural parameter of the bond angle of M–O–M (M = Ta, Nb)
as found to be closely related to photocatalytic performance,
hich reveals that the closer the bond angle is to the ideal 180◦,

he more easily electron–hole pairs can be delocalized. Similar
esults were obtained in the comparison between InNbO4 and
nTaO4 [22].

The common principles on structure–property relationship
tated above are concluded based on d-block oxide photocata-
ysts. For the p-block photocatalysts, they are also proved to be
vailable [1–7]. Additionally, high photocatalytic activity may

e partially ascribed to the high mobility of the photogenerated
arrier in the hybridized energy bands [8,9].

In the present paper, we report another novel p-block metal
xide, PbSb2O6, for the photocatalytic degradation of methylene

mailto:huangfq@mail.sic.ac.cn
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Fig. 1. XRD pattern of PbSb2O6.

T
o

3.2. Band structure

Fig. 3 shows the calculated band structure of PbSb2O6. The
valence band maximum (VBM) lies around in the middle of
86 K.-L. Zhang et al. / Journal of Molecula

lue. Effects of powder concentration in suspending aqueous
olution, pH value and Pt loading on photocatalytic properties
ere investigated. The photocatalytic activity was discussed in

onnection with band structure and crystal structure. The mech-
nisms of pH-dependent photodegradation were proposed.

. Experimental

PbSb2O6 powder was synthesized by a solid-state reac-
ion method. PbO and Sb2O3 with the purity of 99.99% were
sed as raw materials. Both the reagents were purchased from
inopharm Chemical Reagent Co. (Shanghai, China) and used
ithout further purification. Mixed powders with the stoichio-
etric proportion were calcined at 873 K for 48 h in an alu-
ina crucible in air. After grinding, powders were allowed to

eact at 1023 K for 12 h. The formation of the metal oxides
as confirmed by X-ray diffraction pattern. The band gap was

stimated by UV–vis diffuse reflectance spectrum. Band calcula-
ion was conducted utilizing a self-consistent, scalar relativistic
inearized muffin-tin orbital program (TB-LMTO) [23–25]. In
rder to increase the photocatalytic efficiency, platinum metal
as loaded on the surface of PbSb2O6 by a wet chemical reduc-

ion method [16] under UV irradiation for 10 h, utilizing H2PtCl6
s a Pt source, followed by 10 h drying at 393 K in air.

The catalytic reaction for the degradation of 10 mg/L MB
queous solution was carried out in a quartz cell with a cycled
ater system. The volume of initial MB solution is 300 mL. A
00 W high-pressure mercury lamp with a maximum emission
t 365 nm was used for irradiation. The powder concentration
n the MB aqueous solution ranges from 0.1 to 0.4 g/100 mL.
iluted NH3 aqueous was used to adjust pH value of the sus-
ending solution. UV illumination was conducted after the sus-
ension was magnetically stirred in the dark for 50 min to reach
dsorption–desorption equilibrium. During irradiation, about
mL suspension was continually taken from the reaction cell
t given time intervals. The MB concentration in suspension
as measured on a Hitachi UV-3010 spectrophotometer after

entrifuging.

. Results and discussion

.1. Characterization of as-prepared powder

The mean particle size of the synthesized powder is about
.8 �m. Its phase is confirmed by XRD pattern as shown
n Figs. 1 and 2 is the UV–vis diffuse reflectance spectrum.
he absorption edge is approximately 350 nm, corresponding

o the intrinsic band gap of 3.54 eV. The conduction band
CB) edge position at the point of zero charge is estimated
t 0.14 eV by utilizing the empirical formula expressed by
CB = X − Ee − 0.5Eg [26,27] where ECB means the CB edge
otential, X is the geometric mean of the Mulliken’s electroneg-
tivities of constituent atoms, Ee is the energy of free electrons

n the hydrogen scale (≈4.5 eV) and Eg is the band gap. Cor-
espondingly, the valence band (VB) potential is calculated at
bout 3.68 eV. The value is more active than oxidative poten-
ials of H2O2 and O3, which are 1.77 and 2.07 eV, respectively.
Fig. 2. UV–vis diffuse reflectance spectrum of PbSb2O6.

hus, PbSb2O6 is believed to possess a much stronger ability of
xidation.
Fig. 3. Calculated band structure of PbSb2O6.
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persed on PbSb2O6 surface, which facilitates photostimulated
electron–hole separation and effectively inhibits their recombi-
nation.
Fig. 4. Calculated total density of states and partial density of states.

M line while the conduction band minimum (CBM) is located
t A point. This means that PbSb2O6 is an indirect-gap mate-
ial. A minimum forbidden gap between VBM and CBM is ca.
.96 eV, which is lower than the experimental result of 3.54 eV.
he reason for the difference may be that the discontinuity in

he exchange-correlation potential is not taken into account in
heoretical calculation, underestimating the energy gap between
noccupied and occupied orbitals.

Fig. 4 presents the calculated total density of states (TDOS)
nd partial density of states (PDOS). The valence band in the
ange of −5.0 to 0 eV is mainly composed of O 2p orbitals,
ybridized by Sb 4d and Pb 6s orbitals to some extent. The
ybrid conduction band at about 3.0–7.5 eV primarily consists
f Sb 5s and Pb 6p orbitals. The hybrid states in valence and
onduction bands may imply a fair mobility of photogener-
ted charges, favoring photocatalysis. The calculated results
lso show that Sb5+ and Pb2+ ions are active sites for photo-
atalysis, and hence, the structural features of both SbO6 and
bO6 polyhedra may have an important influence on photo-
atalytic performance which will be discussed in the following
ection.

.3. Photocatalytic activity

.3.1. Effect of powder concentration in suspension
Fig. 5 shows the influence of powder concentration in sus-

ension on MB decomposition. In general, the percentage of
ecomposition higher than 95% over the photocatalyst with four
ifferent concentrations can be achieved as the irradiation time
omes to 40 min. It can be also seen from the figure that the
ncreasing powder concentration from 0.1 to 0.4 g/100 mL in
he solution leads to enhanced degradation efficiency, but the
ise in decomposition degree is small for the concentration rising
rom 0.3 to 0.4 g/100 mL owing to the stronger light reflection
n the photocatalyst powder. In the present experiment, rutile

iO2 with the average particle size of 1.5 �m was adopted as a
ontrol for the photocatalytic degradation of MB. As shown in
ig. 6, after 20 min UV irradiation, the MB removal on PbSb2O6
rrives at 76.2% for the powder concentration of 0.2 g/100 mL,

F
p

ig. 5. Dependence of MB degradation on photocatalyst concentration in neutral
pH 6.86) suspension.

igher than 52.3% for rutile TiO2 photocatalyst under the same
xperimental conditions.

.3.2. Effect of Pt loading
In order to enhance the catalytic performance, Pt metal was

oaded on the PbSb2O6 surface. The photocatalytic properties
ith different mass Pt dispersions are exhibited in Fig. 6. The
resence of Pt leads to an increase in catalytic activity. Among
he given loaded contents, the catalytic activity follows the
ecreasing order of 1% > 0.5% > 0%. The irradiation time for
he complete MB decomposition is as short as about 20 min for
wt.% Pt addition, while 40 min for the pure PbSb2O6 pow-
er. The MB decolorization rate in the reactor measured during
nitial 10 min UV light irradiation is ca. 0.216 mg/min for 1%
t loaded powder and 0.113 mg/min for the pure phase powder.
hat is, 1% Pt dispersion roughly doubles the initial rate of MB

emoval. Since Pt is characteristic of a high electron conduc-
ion ability, the photoinduced electrons in the conduction band
f PbSb O are believed to readily transfer to that of Pt dis-
ig. 6. Effect of Pt loading on MB photodegradation in neutral (pH 6.86) sus-
ension.
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ig. 7. Dependence of photocatalytic efficiency on pH value in suspending solu-
ion.

.3.3. Effect of pH value
Fig. 7 presents the effect of pH value in the suspension on

hotocatalytic efficiency after 20 min irradiation. The variation
f pH value shows its strong influence on the MB photodegrada-
ion. The photodegradation efficacies as a function of pH value
ecrease in the order of 11.9 > 10.6 > 9.8 > 6.9 > 8.6, where the
onversion of MB at pH 11.9 and 6.8 are about 48.9 and 19.5%,
espectively, higher than that at pH 8.6. It is generally accepted
hat the pH-dependent photodecomposition is mainly ascribed
o the variations of surface charge properties of a photocata-
yst. Consequently, this changes the adsorption behavior of a
ye on catalyst surface. Since MB has a cationic configuration,
ts adsorption is favored in alkaline solution as demonstrated in
ig. 8. The increasing pH value results in a higher adsorption
mount of MB on the PbSb2O6 surface. There is a sharp adsorp-
ion as pH ranges approximately from 8.5 to 10.5. This pH region

ay correspond to the point of zero charge for PbSb2O6. As MB
ecolorization takes place mainly on powder surface under the
V light irradiation, a suitable amount of MB in close contact

ith the catalyst may be effectively oxidized by positive holes
r hydroxyl radicals. As seen comparatively in Figs. 7 and 8, the
H-dependent adsorption and photodecomposition are in good

ig. 8. pH-dependent adsorption of MB on powder surface, D
%) = (C0 − Ce)/Ce × 100, where D is distribution ratio, C0 means ini-
ial concentration of MB, Ce denotes equilibrium concentration [28].
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greement when pH value is in the region from 8.6 to 11.9. At
H 6.9, however, the result seems to be controversial. The rea-
on may be the formation of HO2

− oxidant in the presence of
+ by the following reaction equation,

+ + O2 + 2e− → HO2
− (1)

hich facilitates the MB oxidation under weakly acidic or neu-
ral conditions [29].

There are three possible reaction mechanisms for the MB
egradation in our experiments. For the UV light photocatalytic
egradation over a catalyst, the initiation of this process could
e described by from Eqs. (2) to (4), as well as the above Eq. (1),
n which the generated •O2

−, •OH and HO2
− could effectively

xidize the pollutant.

atalyst → h+ + e− (2)

− + O2 → •O2
− (3)

+ + OH− → •OH (4)

or a photosensitization process with dye as a sensitizer, the
nitiation of this process could be depicted from Eqs. (5) to
8), in which the dye adsorbed on a catalyst was stimulated
y UV light illumination and then a photoinduced electron on
he dye transfers to the conduction band of the catalyst, subse-
uently reacts with molecular oxygen to form the •O2

− oxidant
30].

ye(ads) → dye(ads)
∗ (5)

ye(ads)
∗ + catalyst → catalyst(e) + dye(ads)

+ (6)

ye(ads)
∗ + catalyst → dye(ads) + h+ + e− (7)

atalyst(e) + O2 → catalyst + •O2
− (8)

he third mechanism for dye decomposition results from the
hotolysis process. Photocatalytic degradation of a dye is closely
elated to the structure stability of the dye, the adsorbability of
he dye on catalyst surface, as well as the absorbance of the
ye under light irradiation [31]. In other words, factors that can
educe dye stability, increase its adsorbability and intensify its
ight absorbance would effectively promote the photodegrada-
ion efficiency. Especially, the photocatalytic process and photol-
sis process are mainly associated with dye’s structure stability,
ommonly measured by the energy required for decomposing
ye molecular structure, i.e., the λmax of dye; the photosensiti-
ation processes is primarily related to dye’s adsorbability and
ight absorbance.

In neutral conditions, MB adopted in our experiments shows
ts instability upon UV light irradiation. The MB degradation by
he pure photolysis in the blank experiment is about 17% after
0 min of light illumination. In a suspension with catalyst pow-
ers, however, it is impossible that there also exists such a large
mount of MB removed by the photolysis mechanism, owing to

he strong effects of the light diffraction and adsorption on pow-
er surfaces. Therefore, we believe that in neutral or weak acidic
onditions, the dye degradation is probably mainly controlled by
he first photocatalytic mechanism, coordinatively with certain
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hedra, and the hybrid states in valence and conduction band
as well as the deep oxidative potential are responsible for the
Fig. 9. Schematic representation of PbSb2O6 with

hotosensitization and photolysis mechanisms. In alkaline con-
itions, the adsorbabilities of MB on the catalyst surfaces are
ncreased. As a result, the dye removal rises from 63.7% at pH
.6 to 94.8% at pH 11.9, as shown in Fig. 7. Such an obvious
ncrease is mainly attributed to the photosensitization mecha-
ism, because chemical reactions in the photocatalytic process
annot be intensified owing to the fact that λmax of MB remains
nchangeable in alkaline conditions. Hence, it is suggested that
he initiation of decoloring MB in such an alkaline condition as
H 11.9, is most probably through the photosensitization mech-
nism, while the initiation of degrading MB in neutral or weak
cidic conditions is probably dominated by the photocatalytic
rocess.

.4. Structure–property relationship

As stated above, PbSb2O6 is more active in MB photomin-
ralization than rutile TiO2. The reason is partially due to the
xidative potential of 3.68 eV, higher than the value of 2.94 eV
or TiO2 [32]. On the other hand, the special structure of
bSb2O6 crystal (shown in Fig. 9) will play an important role in

he photocatalytic activity. PbSb2O6 has the hexagonal crystal
tructure, with the space group of P-31m (1 6 2) [33]. It exhibits
layered structure as viewed in the a- or b-axis, and a hexangular
rism tunnel structure along the c-axis. One SbO6 octahedron
s connected by surrounding four octahedra by sharing edges,
orming a layer sheet. The separated PbO6 octahedra are located
n interlayers, without any direct connections. The couplings
etween SbO6 and PbO6 octahedra are formed by sharing cor-
ers.

In the SbO6, Sb–O bonds are similar in length, but the selected

–Sb–O angle varies much, from 79.543 to 96.209 Å. In com-
arison, PbO6 is relatively regular in geometric configuration.
n spite of the fair irregularity in local structures especially in
bO6, it is calculated that the mass center of the O atoms in

h
w
p
m

d configuration and M–O (M = Sb, Pb) polyhedra.

bO6 or PbO6 is just sited at the metal position. That is, there
xists no total dipole moment in the polyhedra, which causes no
mprovement in the photocatalytic performance. On the other
and, however, the presence of the layered configuration will
nduce static electric field between layers owing to different
lectronegativitis of Sb and Pb, facilitating photoexcited charge
eparation. In addition, the open configuration in tunnel structure
bSb2O6 is favorable for capillary adsorption of the reactants
urrounding near the photocatalyst surface, enhancing catalytic
roperties.

It is believed that M–O–M angle has an important effect on
harge migration. The closer the angle is to the ideal 180◦,
he less scattering and higher mobility occurs for photoin-
uced charges [21,22]. For PbSb2O6, the selected Sb–O–Sb and
b–O–Pb angles are as high as 100.4◦ and 126.8◦, respectively.
his may also account for the catalytic activity of PbSb2O6.

. Conclusions

PbSb2O6 powder was synthesized by the solid-state reaction
ethod. It is an indirect-gap material with the intrinsic band

ap of 3.54 eV. The valence band is mainly composed of O 2p
rbitals, and the conduction band primarily consists of Sb 5s and
b 6p orbitals. The results of MB degradation under UV light

rradiation show that the photocatalytic activity of PbSb2O6 is
igher than that of rutile-type TiO2. The addition of 1 wt.% Pt
oubles the catalytic efficiency during initial UV illumination.
he specific layered and tunnel structures with irregular poly-
igh catalytic activity. The decolorization of MB in neutral or
eakly acidic conditions is primarily through a photocatalytic
rocess, while the MB photosensitization mechanism plays a
ore important role in alkaline conditions.
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