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bstract

This paper reviews a series of novel water-tolerant polyoxometalate-containing composite photocatalysts such as amine-functionalized meso-
orous silica/anatase titania impregnated with transition metal substituted polyoxometalates, bimodal porous polyoxotungstate–anatase TiO2

anocomposites, Fe–polytungstate–silica-structured fabrics, monovacant Keggin unit-silica/titania composite films, and highly ordered macrop-

rous monovacant Keggin unit-titania composite films, including their design, preparation, optical absorption property, surface physico-chemical
roperty, morphology, and heterogeneous photocatalytic behaviors. Emphases are addressed on the efficient photocatalytic activity of as-prepared
olid polyoxometalates in the near UV- and/or visible-light region and easier recovery of the catalyst from the reaction system.

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

Homogeneous and heterogeneous photocatalyses have
layed an important role in many photochemical conversion
rocesses, where a series of photoinduced electron transfer reac-
ions take place on absorbing suitable energy in the near-UV or
isible-light regions. Semiconductor materials including anatase
iO2, WO3, Ta2O5, ZnS, CdS, and In2O3 have been widely
tudied as the heterogeneous photocatalysts for the complete
xidation of toxic contaminants in liquid or gas phase [1–5]. On
he other hand, a more complex class of photocatalytically active

aterials is the polyoxometalate (or heteropoly compound,
bbreviated POM). POMs are well-defined early transition
etal–oxygen clusters with unique structural characteristics

nd multiple functions, which have been significantly impacting
he development of materials with catalytic, photochemical,

lectrochromic and magnetic properties [6]. So far thousands of
OMs with different chemical composition and structure have
een synthesized and characterized. In addition, the catalytic
ehaviors of POMs have been investigated extensively [7–11]. It
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hows that as the green catalysts, POMs are functioning in a vari-
ty of reaction fields, and they are also efficient multifunctional
atalysts when combined with other components [12,13]. How-
ver, studies on their photooxidative behavior have received less
ttention compared with the semiconductor photocatalysts. In
act, many of POMs share very similar photochemical character-
stics of the semiconductor photocatalysts, and POMs represent
he analogues of semiconductor metal oxides [14–18]. That is,
oth classes of materials are constituted by d0 transition metal
nd oxide ions and exhibit similar electronic attributes includ-
ng well-defined HOMO–LUMO gaps (semiconductor “band
aps”). The “gaps” inhibit the recombination of electrons and
oles that are generated by the irradiation of the surface of the
hotocatalysts with the light energy higher than or equal to their
and gap energy. These photogenerated electrons and holes thus
re capable of initiating the chemical reaction due to the strong
hotooxidative ability of the holes and photoreductive ability
f the electrons. The photocatalytic reactions catalyzed by the
OMs under mild reaction conditions (oxygen, atmospheric
ressure, room temperature) include the oxidation of alcohol to
ldehydes or ketones [19,20], the functionalization of alkanes
o form alkenes or ketones [21], dimerization of alkenes [22],
nd degradation of all kinds of aqueous organic pollutants for

dvanced oxidation processes [23–25]. Most studies on the pho-
ooxidative behaviors of POMs have been with homogeneous
ystems, however, for the purpose of application, it is desirable
o develop the photocatalytic materials in a more recoverable
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orm. Therefore, water-tolerant solid POMs were prepared by
ombining homogeneous POMs with photoactive and inactive
upporting materials (e.g., silica, mesoporous molecular sieve

CM-41 or MCM-48, NaY zeolite, activated carbons, layered
ouble hydroxide, TiO2 in amorphous or anatase phase, and
olymeric membranes) [26–32]. The specific surface areas of
he supported POMs are largely increased compared with the
arent POMs (BET specific surface areas of POMs are lower
han 10 m2/g [9]). This larger surface area may result in an
ncrease in the catalytic activity of POMs by providing large
ontact areas between the catalyst and substrate for the surface-
ediated electron-transfer reactions. Another series of solid
OMs are acidic Cs salts, CsxH3−xPW12O40 (x ≤ 3), which have
orous structures, relatively high surface areas (100–200 m2/g)
nd strong acid sites, therefore, they exhibit excellent thermal
atalytic activity and shape selectivity [12,33–36]. Cs3PW12O40
s also the first heterogeneous POM photocatalyst used for
hotooxidation of propan-2-ol to acetone in an aqueous solution
37].

Most recently, many new water-tolerant POM-containing
hotocatalytic materials in the form of powder or membrane
ave been prepared. Among these composite catalysts, the inor-
anic precursors selected were free acids of saturated Keggin or
ells-Dawson units, paratungstate A, decatungstate, mono- and

ivacant Keggin units, and transition metal substituted POM
TMSP) clusters, while the selected supporters mainly were
norganic or modified inorganic porous materials so that most
f the products exhibited porosities. The fascinating physical
nd chemical properties and unusual internal surface topology
f the porous materials played important roles to improve the
hotocatalytic activity of POMs. In our previous review, some
f these composite catalysts have been reported including
ilica-included microporous POMs, layered double hydroxide
illared by paratungstate A ion, surface modified mesoporous
ilica materials impregnated with TMSP, three-dimensionally
rdered macroporous (3DOM) hybrid silica/titania materials
ased on monovacant Keggin-type POMs [38]. These materials
ere prepared by soft chemical synthesis techniques including

ol–gel chemistry, intercalation chemistry, colloidal crystal
emplating, cluster chemistry, and hydrothermal process. And
he strong chemical (e.g., acid–basic, covalent or coordination
onding) but not physical interaction between the POM cluster
nd the support existed in the composites, ensuring little leakage
f the photoactive POM from the support during the photocat-
lytic process [39–47]. In this review, we further demonstrate
he design, preparation, optical absorption property, morphol-
gy, surface physico-chemical property and heterogeneous
hotocatalytic behaviors of other novel solid POMs (e.g.,
mine-functionalized mesoporous silica/anatase titania impreg-
ated with TMSP, bimodal porous polyoxotungstate–anatase
iO2 nanocomposites, Fe–polytungstate–silica-structured

abrics, monovacant Keggin unit-silica/titania composite films,
nd 3DOM monovacant Keggin unit-titania composite films).

mphases were addressed on the efficient photocatalytic
ctivity of as-prepared solid POMs in the UV- and visible-light
egion and easier recovery of the catalysts from the reaction
ystems.
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. Photocatalyst design and preparation

Most of water-insoluble solid POMs reported in previous
orks showed a very low visible-light photocatalytic activity

owing to their high band gap energy) although the enhanced
V-light photocatalytic activity compared with pure POMs was
btained. Therefore, only less than 5% of the solar light can be
tilized, which is the most severe reason to restrict their tech-
ological applications on a large scale. Thus, development of
he efficient POM-containing photocatalytic materials that can
nitiate the photooxidation reactions under visible-light irradia-
ion is an appealing challenge. In order to design these efficient
olid POM photocatalysts, following factors should be consid-
red: (i) tuning the compositions of POMs, e.g., selecting POMs
ith low HOMO–LUMO gap energy as the inorganic precur-

ors; (ii) selecting suitable supports, e.g., photoactive supports
TiO2, ZrO2, or Ta2O5 with proper crystal phase structure) or
orous supports (e.g., M41S molecular sieves), therefore, the
hotocatalytic activity of POMs may be enhanced due to the
ynergistic effect occurred during the process of photoexcita-
ion; (iii) the chemical interaction between the POM unit and
he support should exist in the composite catalysts in order to
nhibit the leakage of POM from the support. According to these
esigning ideas, the new solid POM-containing composite pho-
ocatalysts were prepared (see below). Some of them exhibited
isible-light photocatalytic activity, while the others exhibited
uch higher UV-light photocatalytic activity than that of the

arent POMs.

.1. Polyoxometalate-containing composite photocatalyst
owder

.1.1. Bimodal porous polyoxotungstate–anatase TiO2

anocomposites (H3PW12O40/TiO2 and H6PW18O62/TiO2)
Method of preparation of the H3PW12O40/TiO2 and

6PW18O62/TiO2 was sol–gel following hydrothermal treat-
ent at a lower temperature and constant heating rate

2 ◦C/min). Keggin or Wells-Dawson unit, H3PW12O40 or
6PW18O62, was selected as the inorganic precursor, while

itanium tetraisopropoxide (TTIP) was selected as the titanium
ource [48,49]. The sol of H3PW12O40/Ti(OTi)x(OH)4−x or
6P2W18O62/Ti(OTi)x(OH)4−x was formed via hydrolysis of
TIP in the presence of H3PW12O40 or H6P2W18O62, and

hen following hydrothermal treatment at 200 ◦C with a con-
tant heating rate (2 ◦C/min). Interestingly, the products thus
btained exhibited uniform anatase but not amorphous phase
tructure at this low temperature (XRD results in Refs. [48,49]),
hich is very important for polyoxotungstate-containing com-
osite photocatalysts. However, the products were amorphous
f they were prepared by the same sol–gel method following
ydrothermal treatment at 200 ◦C without controlling the heat-
ng rate. This result suggested that the key step obtaining the
olyoxotungstate–TiO2 composites with anatase structure at a

ower temperature (200 ◦C) is to control a constant heating rate
uring the process of hydrothermal treatment. At this relatively
ow temperature, thermal decomposition of polyoxotungstates
as avoided totally. The loading weight of the Keggin or Dawson
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ig. 1. Raman scattering spectra of H3PW12O40, TiO2, and H3PW12O40/TiO2.

nit in the composite could reach 19.61 or 21.52%, respectively.
t this high loading weight, XRD experiment did not detect

he diffraction peaks corresponding to Keggin or Dawson unit,
mplying their homogeneous dispersion in the anatase crystals.

Raman scattering spectroscopy rather than IR spectroscopy
s an effective method to evidence the structural integrity of the
olyoxotungstates after formation of the polyoxotungstate/TiO2
omposites. The reason is that the intense and broad IR vibration
eaks originated from the Ti–O–Ti bonds in the TiO2 frame-
ork severely covered the bands corresponding to P–O, W O,
r W–O–W bond vibrations from the polyoxotungstates at the
id-IR region, whereas Raman scattering signals correspond-

ng to the polyoxotungstates can be observed in the composites.
ig. 1 shows the Raman scattering spectra of the H3PW12O40,
iO2, and H3PW12O40/TiO2. The starting H3PW12O40-relating
aman peaks were assigned as follows: 1001.6 cm−1 (strong)

o symmetric P–O bond stretching vibrations of the PO4 sites;
77 cm−1 (weak) to W O bond stretching vibrations, and
26 cm−1 (weak), to W–O–W bond stretching vibrations [49].
fter impregnation of the H3PW12O40 into anatase TiO2 crys-

al lattice, the Raman peaks corresponding to the vibration of
he W O and P–O bonds were broadened, therefore, only one
ide peak in the range from 935.6 to 1088.2 cm−1 was observed.
t the same time, the peak intensity corresponding to W–O–W
ond vibration became much weaker. Similar results were found
n the parent H6P2W18O62 and H6P2W18O62/TiO2 composite
49].

According to the spectroscopy data and structural character-
stics of the H3PW12O40 (or H6P2W18O62) and TiO2 network,
nteraction between the inorganic precursor and the support,
.e., hydrogen bonding and acid–basic, were inferred reasonably.
hat is, W Ot· · ·HO–Ti, W–Oc· · ·HO–Ti, and W–Oe· · ·HO–Ti
ydrogen bonds were formed between the oxygen atoms of
he Keggin or Dawson anion and the surface hydroxyl groups
Ti–OH) of the anatase TiO2, where Ot and Oc or Oe referred
o the terminal oxygen atoms and the bridge oxygen atoms,
espectively, in the POM units. In addition, chemically active
urface Ti–OH groups were protonated in an acidic medium to

orm the Ti–OH2

+ groups. The Ti–OH2
+ group should act as a

ounter ion for the H3PW12O40 or H6P2W18O62 unit and yielded
Ti–OH2

+)(H2PW12O40
−) or (Ti–OH2

+)(H5P2W18O62
−) by

cid–base reaction [48,49].

w
(
o
c

cheme 1. Pathway of preparation of the [Co(Ni)PW11O39(H2O)]5−-APS-
iO2. [Co(Ni)(H2O)PW11O39]5− was abbreviated PW11Co(Ni).

.1.2. Amine-functionalized mesoporous silica/anatase
itania impregnated with TMSP ([M(H2O)PW11O39]5−
APS-TiO2, M Co/Ni)

For catalytic applications, the organic–inorganic hybrid
olids, aminopropyl-functionalized silica materials, have been
idely studied [41,49]. By using 3-aminopropyltriethoxy silane

(EtO)3SiCH2CH2CH2NH2, abbreviated APS]-functionalized
CM-48 or anatase TiO2 as the supports [M(H2O)PW11

39]5− (M = Co/Ni) as the inorganic precursors, the hybrid
hotocatalysts [M(H2O)PW11O39]5−-APS-MCM-48 and
M(H2O)PW11O39]5−-APS-TiO2, were prepared [51,52]. This
esign was based on the structure characteristic of the TMSP,
hat is, TMSPs are considered to be inorganic porphyrins
53,54], large inert ligands, which leave accessible coordina-
ion sites on the transition metal center. In these “inorganic
orphyrins”, the lacunary POM coordinates the transition
etal with five O2− ligands, while the last coordination site

n the metal is occupied by a water molecule. The water
olecule of most TMSPs can be displaced in aqueous media

y ligands such as pyridines or ammonia. Therefore, TMSP
as attached onto the surface of APS-silica via coordination of

ransition metal center in the cluster with the nitrogen atom in
he surface amine groups in silica supports. Pathway of prepa-
ation of the [M(H2O)PW11O39]5−-APS-TiO2 is presented
n Scheme 1 [50]. Formation of the M–N coordination bond
as confirmed by the FT-IR spectroscopy. That is, compared
ith the IR spectrum of the starting PW11Co, a new peak
weak but sharp) appearing at 699 cm−1 in the IR spectrum
f the [Co(H2O)PW11O39]5−-APS-MCM-48 was detected,
orresponding to the vibration of Co–N coordination bond
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41,52]. In addition, the peak appearing at 3445 cm−1 was due
o the vibration of hydroxyl groups in coordination water of
he TMSP or surface hydroxyl groups of the silica support.
bsorption peak appearing at 3430–3440 cm−1 were mainly

ttributed to the vibrations of N–H bonds, and the surface
ydroxyl groups on the silica supporters are also responsible for
his kind of vibration by formation of N–H· · ·O–H hydrogen
onds. In these composites, propylamine groups linked to the
ilica surface through one or two Si–O–Si linkage, correspond-
ng to stretching vibration in the range of 1080–1106 cm−1.
bsorptions ranged from 1000 to 700 cm−1 were due to the

tretching vibrations of P–O, W–O–W, and W O bonds of
he PW11Co cluster. The chemical interaction (i.e., M–N
oordination bonding) existing between the surface of the
upporter and the inorganic precursor can effectively controlled
he drop of the PW11M cluster from the supporter (see below).

.1.3. H5FeW12O40·10H2O/silica structured fabrics
H5FeW12O40·10H2O/silica structured fabrics was firstly pre-

ared by fixing tungstoferrate(III) acid, H5FeW12O40·10H2O,
n a silica fabric structured matrix [55]. The silica fabric
s not photoactive itself, but the photocatalytic activity of
he H5FeW12O40 was strongly enhanced by formation of the

5FeW12O40·10H2O/silica structured fabrics. The deposition
f the H5FeW12O40 on the silica fabric was obtained via
ydrolysis of tetraethylorthosilicate (TEOS) in the presence of
5FeW12O40, and then the product was formed by immersing

he silica fabric in the H5FeW12O40/silica sol three times.

.2. Polyoxometalate-containing composite photocatalyst
lms

Preparation of POM-containing films is a new way of immo-
ilization of soluble POMs [56,57]. From the standpoint of
ractical application, formation of the POM-containing com-
osite film is a very effective method to recover the catalyst from
he reaction systems. Techniques of preparation of the compos-
te films mainly included (i) layer-by-layer (LBL) self-assembly
58,59]; (ii) Langmuir–Blodgett (LB) deposition [60]; (iii) elec-
rochemistry [61]; (iv) sol–gel technique [61]; (v) sputtering
62]; (vi) vacuum evaporation [63]. Among all the techniques
entioned above, sol–gel method via spin coating has obvious

easibility and easy control properties. In this way, monovacant
OM–silica/titania composite films were prepared by selecting
EOS or Ti(OC4H9)4 as the silicon or titanium source [64–66].

.2.1. Monovacant Keggin unit-silica/titania composite
lms ([Xn+W11O39](12−n)−/SiO2(TiO2), X = Si, Ge or P)

The [Xn+W11O39](12−n)−/SiO2(TiO2) film was prepared
ccording to the following three steps [64,65]. First, prepa-
ation of [Xn+W11O39](12−n)−/SiO2(TiO2) sol via hydrolysis

f Si(OC2H5)4 or Ti(OC4H9)4 at pH 1.5 in the presence of
Xn+W11O39](12−n)−; second, coating of the sol on a quartz slide
y high-speed spinning; finally, calcination of the slide at dif-
erent temperatures.

m

c
M

sis A: Chemical 262 (2007) 136–148 139

Formation of the [Xn+W11O39](12−n)−/SiO2(TiO2) hybrid
aterials is based on the following two facts. First, 1:11 series

f polyoxotungstates [Xn+W11O39](12−n)− (X = P, Si, Ge), are
he monovacant derivatives of the saturated Keggin anion,
Xn+W12O40](8−n)−. As removal of tungsten–oxygen octahedral
rom a saturated Keggin anion framework leads to increase and
ocalization of the anionic charge, the resulting lacunary anion
ecomes highly nucleophilic and reacts easily with electrophilic
roups. Second, hydrolysis of Si(OC2H5)4 or Ti(OC4H9)4
nder acidic condition yields the sol of Si(OSi)x(OH)4−x or
i(OTi)x(OH)4−x (x = 0−4). These products construct the sil-

ca (titania) network via dehydration, and the network has
he electrophilic surface silicon or titanium atoms in the sur-
ace hydroxyl groups of the anatase TiO2 or SiO2 network,
hich demonstrate chemical reactivity toward lacunary Keggin
nits. Therefore, the [Xn+W11O39](12−n)−/SiO2(TiO2) hybrid
ilica (titania) materials formed via W–O–Si(Ti) bridges. That
s [Xn+W11O39](12−n)− in the [Xn+W11O39](12−n)−/SiO2(TiO2)
omposites presented one vacant site, which allowed to connect
wo SiO4(TiO4) units in the silica (titania) network to make
p one tungsten–oxygen octahedral lacuna, and the terminal
ucleophilic oxygen atom in pure [Xn+W11O39](12−n)− became
bridge atom due to connecting the electrophilic silicon or tita-
ium atom in hydroxyl groups, therefore, W–O–Si(Ti) bridges
ere formed. Appearing new and strong IR adsorption peak

t ca. 970 cm−1 evidenced that the W–O–Ti covalent bond was
ormed in as-prepared composite films [43]. In addition, changes
ere observed in their UV absorption spectra due to the struc-

ures of the Keggin anions in the films tending to saturation
fter chemical bonding with the SiO4 units in the silica network.
hat is, the oxygen-to-tungsten charge-transfer (OMCT) band at
–O–W bond of [Xn+W11O39](12−n)− changed from relatively

lat to steep [64]. It must be emphasized that this saturation does
ot mean the transformation from 1:11 to 1:12.

.2.2. Lacunary Keggin-type polyoxometalate-based highly
rdered macroporous composite films
[Xn+W11O39](12−n)−-MO2, X = P, Si, Ge; M = Si, Ti)

In the past few years, a great deal of attention has been paid
o the fabrication of highly ordered porous materials due to
heir potential for wide practical applications in separation pro-
esses, large-molecule catalysis, host–guest systems, thermal
r electrical insulators and semiconductor oxides with tunable
and gaps [67,68]. Especially, films with interconnected highly
rdered pores have also been extensively studied because of their
ide applications in separations, catalysis, optical information
rocessing, and microwave shielding [69,70]. Methods devel-
ped to fabricate porous films include CVD, electrochemical
eposition, hydrodynamic infiltration of nanoparticles, selective
tching, self-assembly of block copolymers, and replica mold-
ng against templates [71,72]. Among these methods, colloids
re first crystallized as a template and then porous structures are
ormed via a replication process, which is an easy and efficient

ethod [73].
We have reported a kind of highly ordered macroporous

omposite film with the composition of [Xn+W11O39](12−n)−-
O2 (X = P, Si, Ge; M = Si, Ti) [66]. Method of the fabri-
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cheme 2. The sketch map of the reaction progress of preparation of mac
Xn+W11O39](12−n)− was abbreviated XW11.

ation of this film was simple and easily handled, including
olystyrene (PS) templating sol–gel as well as spin coating
Scheme 2). At first, monodispersed colloidal PS particles were
rst assembled on quartz slides by utilizing capillary force.
fterwards [Xn+W11O39](12−n)−-MO2 sol was infiltrated into

he voids between these template PS spheres on the slides
y a spin-coating technique. After the composite films were
ried at room temperature, PS spheres were removed by extrac-
ion with tetrahydrofuran/acetone in ultrasonic generator, result-
ng in highly ordered macroporous [Xn+W11O39](12−n)−-MO2
omposite films. The reason of selecting lacunary Keggin-type
OMs as the precursors was that the covalent bond between the
OM unit and MO2 matrix can also be formed. The adsorp-

ion peak of the film at ca. 970 cm−1 (stretching vibration of
–O–Ti bond) was also detected and the detected 31P MAS
MR resonance signal for the PW11-SiO2 and PW11-TiO2 film
as −13.5 and −14.2 ppm, respectively [66], further confirm-

ng the incorporation of the Keggin unit into the SiO2 or TiO2
atrix, and the structure of the monovacant Keggin unit in the

omposite film tended to becoming saturated due to grafting
ilanol groups or hydroxyl groups of titania from the matrix
etwork into its vacant sites (31P MAS NMR resonance signal
or [PW12O40]3− and [PW11O39]7− was −14.9 and −10.4 ppm,
espectively [74]).

. Properties

.1. Optical absorption property

The optical absorption property of the photocatalytic mate-
ials is one of the most important factors to affect their pho-
ocatalytic activity. In metal oxide particulates, atomic orbitals
oalesce to form energy bands. Incident light (λ) higher than the
and gap energy of the semiconductor (Eg) leads to separation
f the electron and hole and then initiates the chemical reaction.
imilarly, excitation of the OMCT band of the polyoxotungstate
luster in the near UV-light region results in the charge transfer
rom an O2− ion to a W6+ ion occurred at W–O–W bonds, lead-
ng to the formation of a pair of hole center (O−) and trapped
lectron center (W5+). The process is described in Eq. (1):
W6+–O2−–W6+]
hv−→[W5+–O−–W6+] (1)

he band gap energy refers to the energy difference between
he valence band and conduction band for semiconductor, as for

v
b
i
[

ous [Xn+W11O39](12−n)−-MO2 composite films (X = P, Si, Ge; M = Si, Ti).

he polyoxotungstate, it refers to the energy difference between
he HOMO and LUMO. The band gap energy can be calculated
rom the absorption spectrum of the materials. The higher the
and gap energy, the higher excitation energy is needed to excite
he electron from the valence band (HOMO) to conduction band
LUMO).

For the silica supported POM powder or film, their peak
osition of the OMCT band was in agreement with that of the
tarting POM, and the band was not interfered with the sil-
ca matrix (Fig. 2a and c). Absorption at ca. 200 and 250 nm
s attributed to charge-transfer from an O2− ion to a W6+ ion
n the Keggin unit at W O and W–O–W bonds, respectively.
n the case of [M(H2O)PW11O39]5−, another wide absorption
eak ranged from 500 to 650 nm is due to d–d transition typi-
al for octahedral M2+ with six oxygen bond ligands. However,
s for the titania supported POMs, their absorption band is
ifferent from that of the starting POM or the titania matrix,
.e., the OMCT band (charge transfer from O 2p to W 5d for
OM and O 2p to Ti 3d for titania, respectively) originated
rom the starting Keggin (or Dawson) unit or titania matrix
isappeared, whereas a new broad peak appeared with red-
hift absorption band and the absorption threshold onset that
ontinuously extended to the visible region (Fig. 2b, d and e).
his new absorption band corresponded to relatively low band
ap energy. Silica is photoinactive, and its electronic attributes
s very different from that of the polyoxotungstate, therefore,
t do not interfere with the optical absorption property of the
olyoxotungstate after formation of the polyoxotungstate–silica
omposite. In the case of the polyoxotungstate–anatase TiO2
omposite, the TiO2 support has the similar electronic attributes
ith those of the polyoxotungstate, therefore, the presence of

he Keggin or Dawson unit has an influence on the electronic
roperties of anatase TiO2. Similar energy levels of Ti 3d
nd W 5d would suggest that the POM incorporation into an
natase framework only produced moderate widening of elec-
ronic absorption band (similar crystal field splitting for both
ations, just slightly differing in the d orbital average size). Red-
hift of the OMCT band indicates that there is a doping energy
evel between the conduction bands and valence bands of TiO2,
nd the electronic properties of the composites resulted from
he following two transition forms, i.e., the transition from the

alence band to the conduction band (corresponding to wide
and gap), and the transition from the valence band to the dop-
ng energy level (corresponding to narrow band gap energy)
49].
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Fig. 2. UV diffuse reflectance spectra (UV/DRS) of the solid POMs: (a) starting XW11 and their corresponding XW11/SiO2 composite films. X = Si, Ge, P
[Xn+W11O39](12−n)− was abbreviated XW11; (b) starting PW11, pure TiO2, and corresponding PW11/TiO2 films prepared at different calcination temperature (350,
4 MCM
P 2, and

3

c
b
w
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00 ◦C), PW11O39
7− was abbreviated PW11; (c) PW11Co and PW11Co-APS-

W11Co(Ni)-APS-TiO2; (e) anatase TiO2, starting H3PW12O40 or H6P2W18O6

.2. Surface textural property

Surface textural property of the above described POM-
ontaining composite photocatalyst powder was characterized
y the nitrogen adsorption–desorption analysis, and the results
ere summarized in Table 1, in addition, the representative
itrogen adsorption–desorption isotherm and pore-size dis-
ribution were showed in Fig. 3. Compared with the starting
OM, the BET surface area was improved after formation of the

omposite catalysts. In the case of [M(H2O)PW11O39]5−-APS-
CM-48 or [M(H2O)PW11O39]5−-APS-TiO2, the isotherms of

ype IV (IUPAC definition) were observed with steep hysteresis
oop at a relative pressure from 0.4 to 0.8 [52,75]. Compared

u
t
p
M

-48, [Co(H2O)PW11O39]5− was abbreviated PW11Co; (d) PW11Co(Ni) and
the corresponding anatase TiO2 supported Keggin or Dawson unit.

ith the mesoporous MCM-48 support, both of the BET surface
reas and the pore volume of the composites reduced greatly
fter formation of the [M(H2O)PW11O39]5−-APS-MCM-48
omposites. This may be due to the fact that introduction of
he organic groups and large Keggin unit blocked the pores of

CM-48. At the same time, the pore size of the composites
as enlarged, i.e., 5.4 nm for the PW11Co-APS-MCM-48 and
.8 nm for the PW11Ni-APS-MCM-48, respectively. The most
ikely reason for these changes is that grafting large Keggin

nit to the APS-functionalized MCM-48 support destroyed
he cubic structure of the MCM-48, resulting in changes of
ore sizes. XRD pattern showed that the cubic phase of the
CM-48 was totally destroyed after formation of PW11Co/Ni-
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Table 1
Surface textural property of the POM-containing composite photocatalyst
powders

Catalyst SAa (m2/g) PDb (nm) PVc (cm3/g)

H3PW12O40/TiO2 201.2 0.60/4.0 0.14
H6P2W18O62/TiO2 193.4 0.61/4.0 0.21
[Co(H2O)SiW11O39]6−-

APS-MCM-48
170.6 5.4 0.24

[Ni(H2O)SiW11O39]6−-APS-
MCM-48

158.3 5.8 0.29

[Ni(H2O)PW11O39]5−-APS-
TiO2

56.8 36.0 0.17

[Co(H2O)PW11O39]5−-APS-
TiO2

68.3 33.8 0.13

a BET surface area.
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b Average pore diameter.
c BJH average pore volume.

PS-MCM-48 composite, and the products were amorphous.
ormation of the mesopores of the [M(H2O)PW11O39]5−-APS-
CM-48(TiO2) is due to the aggregation among the particles

52].
Very interestingly, anatase TiO2 supported Keggin or

ells-Dawson unit, H3PW12O40/TiO2 or H6PW18O62/TiO2,
xhibited bimodal pore systems (micro-mesoporosity) with
ore size at ca. 0.6 and 4.0 nm, respectively (Fig. 3). The
urves showed two well-defined adsorption steps. At first, at
ery low relative pressure (p/p0 < 0.1), the amount of volume
dsorbed increased rapidly, indicating that the powders contain
icropores (Type I). In addition, the t-plot does not cross

hrough zero, further suggesting some micropores existed in
he composite. Second, at an intermediate relative pressure
p/p0 = 0.4–0.8), the curves exhibit a hysteresis loop, indicating
hat the powders contain mesopores (Type IV). According
o Kumar et al. [76] and Yu et al. [77], formation of this
imodal pore-size distribution is due to hard aggregates in
he powders. There are two types of pores in the bimodal
ore size distribution. One is the finer intraaggregated pore,
orresponding to micropores, and the other is the larger interag-
regated pore, corresponding to mesopores. These aggregatings
ccurred during the preparation process of the composite
atalyst.

.3. Morphology

The particles of titania or APS-silica supported POM pow-
ers described above were sphere-like and exhibited uniform
ize distribution with the average size of smaller than 10 nm,
nd aggregation among particles was also observed (Fig. 4A–C).
he rings recorded from the selected area electron diffraction

SAED) of the H3PW12O40/TiO2 were indexed to diffraction
rom the (1 0 1), (0 0 4), ( 2 0 0), (1 0 5), (2 0 4), (1 1 6), and (2 1 5)
lanes of anatase (Fig. 4A). As for the POM–silica (titania)

omposite film, the surface morphology of the films were uni-
orm with the thickness of ca. 300 nm for SiW11O39

8−/SiO2 and
00 nm for PW11O39

7−/TiO2, respectively, estimated from the
dge of the visible crack (Fig. 4D and E). In the case of macrop-

s
a
a
m

ig. 3. (A) Nitrogen adsorption–desorption isotherms, (B) and (C) BJH pore
ize distributions for micropores and mesopores. (a) H3PW12O40/TiO2 and (b)

6P2W18O62/TiO2.

rous PW11O39
7−/TiO2 film (Fig. 4F), the pores were observed

ith the average size of 350 nm.

. Heterogeneous photocatalysis applications

The above described POM-containing composites exhibited
ne or more advantages including nanometer sizes, lower band
ap energy than the starting POM or anatase TiO2 matrix,

ynergistic effect, unique surface physico-chemical properties,
nd easily handled for recycle applications, therefore, they
re the good candidates of the heterogeneous photocatalytic
aterials.



Y. Guo, C. Hu / Journal of Molecular Catalysis A: Chemical 262 (2007) 136–148 143

F and H5FeW12O40·10H2O/silica structured fabrics (C). SEM images of the composite
fi iO2 (F).
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ig. 4. TEM images of the H3PW12O40/TiO2 (A), PW11Co-APS-MCM-48 (B),
lms: SiW11O39

8−/SiO2 (D), PW11O39
7−/TiO2 (E), and 3DOM PW11O39

7−/T

.1. Visible-light photocatalytic activity of the bimodal
orous H3PW12O40/TiO2 and H6PW18O62/TiO2

Parathion-methyl, a kind of chemically stable organophos-
horus pesticide that is widely used in agriculture recently, and
yes with different structures including either azoic [congo red
CR), methyl orange (MO), ponceau G (PG), orange II (OII), and
riochrome blue black B (EB)], anthraquinonic [alizarin S (AS)],
eteropolyaromatic [methylene blue (MB)], fluorescent [neutral
ed (NR), rhodamine B (RB)], and sulfonic [fuchsin acid (FA)]
ere selected as the targets to study the visible-light photocat-

lytic activity of as-prepared bimodal porous H3PW12O40/TiO2
nd H6PW18O62/TiO2. The light source selected was a 400 W
e lamp, and the lamp was surrounded by an optical glass jacket,

herefore, the emission rays below 410 nm were almost filtered.
Direct photolysis of an aqueous parathion-methyl

50 mg L−1) under visible-light irradiation for 4 h did not cause
ny changes of its concentration. In addition, in the homo-
eneous system of an aqueous parathion-methyl/H3PW12O40
r H6P2W18O62, degradation of parathion-methyl was hardly
bserved after visible-light irradiation for 4 h. The photo-
atalytic activity of Degussa P-25 was low under the same
onditions, while as-prepared nanosize anatase TiO2 totally
dsorbed the reactant molecules during the adsorption process.
hereas, the concentration of the parathion-methyl in the

eaction system decreased rapidly by using H3PW12O40/TiO2
r H6P2W18O62/TiO2 as the visible light-driven-photocatalyst,
nd it only needed ca. 40 min to completely destruct it (Fig. 5a).

t the same time, some intermediates including acetic acid and

ormic acid were detected in this system, and total disappear-
nce of acetic acid and formic acid needed 120 and 160 min,
espectively, by using the H3PW12O40/TiO2 as a photocatalyst.

Fig. 5. (a) Photocatalytic degradation of an aqueous parathion-methyl
(c0 = 50 mg L−1; 120 mL) under visible-light excitation. Each photocatalyst used
was 0.2 g, and ct refers to the concentration of parathion-methyl in the reac-
tion system at t time; (b) Photocatalytic degradation of dyes (c0 = 50 mg L−1;
120 mL) by visible-light irradiation of the H3PW12O40/TiO2 (0.25 g).
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parathion-methyl needed 120, 60, and 30 min, respectively,
under near-UV light irradiation of the suspension including
an aqueous organic pollutant and the [M(H2O)PW11O39]5−-
APS-MCM-48. In addition, the photocatalytic activity of the
44 Y. Guo, C. Hu / Journal of Molecular C

he final products yielded during photodegradation of the
arathion-methyl should be NO3

−, SO4
2−, and PO4

3−, respec-
ively, but only NO3

− and SO4
2− ions were detected. This

ay be due to the fact that highly charged PO4
3− ion strongly

dsorbed on the surface of the nanoscale photocatalyst. This
dsorption also led to hardly determining the concentration
f NO3

− or SO4
2− ion quantitatively and accurately, and the

stimated yield for NO3
− and SO4

2− ion was ca. 88 and 71%
49], respectively. The overall photodecomposition reaction is
hown in Eq. (2)

Bimodal porous H3PW12O40/TiO2 also exhibited much
igher visible-light photocatalytic activity to degrade various
yes including extremely stable azoic dyes and heteropolyaro-
atic dyes (Fig. 5b). That is, the concentrations of CR, MB,
R, and RB decreased by ca. 50% after stirring the suspension
f an aqueous dye and the H3PW12O40/TiO2 in the dark for
0 min, suggesting that the strong adsorption of the reactant
olecule occurred on the surface of the catalyst and result-

ng in the higher conversion in the shorter reaction time. The
dsorption of other dyes (MO, PG, OII, EB, AS, and FA)
as weaker on the surface of the H3PW12O40/TiO2, and the

onversion was lower accordingly. During the process of the
ye adsorption on the surface of the catalyst in the dark, the
olors of the dyes changed, suggesting formation of preasso-
iated complex between the H3PW12O40/TiO2 and the dye,
hich is an important factor to ensure high photocatalytic

ctivity of the H3PW12O40/TiO2. In general, the higher the
onversion, the faster the initial reaction rate is. But the con-
ersion of CR is high, and its initial reaction rate is slow. It
as possible because the CR molecule has large and compli-

ate structure, and its degradation is difficult in this system
48].

.2. UV-light photocatalytic activity of amine-
unctionalized mesoporous silica/anatase titania
mpregnated with TMSP

.2.1. [M(H2O)PW11O39]5−-APS-TiO2

[M(H2O)PW11O39]5−-APS-TiO2 (M = Co/Ni) did not
xhibited visible-light photocatalytic activity to dye degra-
ation although the composites possessed anatase phase
tructure and relatively narrow band gap energy (Fig. 2d). And
egradation of dyes (CR, MO, AS and NR) or organochlorine
esticide (HCB) was performed under the near-UV light
rradiation [51]. The results showed that complete degradation
f a trace HCB (2 mg L−1) in aqueous solution was achieved
fter 40 min UV-light irradiation of the [M(H2O)PW11O39]5−-
PS-TiO2 (Fig. 6a). In addition, disappearance of CR, MO,
nd NR (50 mg L−1) was significantly fast, and they were
estructed totally after only ca. 40 min UV-light irradia-
ion of the suspension including an aqueous dye and the
M(H2O)PW11O39]5−-APS-TiO2 (Fig. 6b). Moreover, the pho-
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(2)

ocatalytic activity of the [Co(H2O)PW11O39]5−-APS-TiO2 was
ery similar to that of the [Ni(H2O)PW11O39]5−-APS-TiO2,
nd they all exhibited much higher UV-light photocatalytic
ctivity than that of as-prepared anatase TiO2.

.2.2. [M(H2O)PW11O39]5−-APS-MCM-48
RB, HCB, and parathion-methyl were chosen as the model

olecules to investigate the UV-light photocatalytic activity

f the [M(H2O)PW11O39]5−-APS-MCM-48 (M = Co/Ni). The
esults showed that the [M(H2O)PW11O39]5−-APS-MCM-
8 exhibited higher activity than that of the homogeneous
M(H2O)PW11O39]5− for degradation of the above three
odel molecules, and total disappearance of RB, HCB, and
ig. 6. (a) Concentration of HCB changes as a function of UV-light irradiation
ime (c0 = 2 mg L−1; 80 mL; weight of catalyst 0.1 g) and (b) concentration of

O changes as a function of UV-light irradiation time (c0 = 50 mg L−1; 80 mL;
eight of catalyst 0.1 g).
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Scheme 3. Proposed photocatalytic cycle of the supported POM composite.
(A) EO support is photoinactive. Path (a) represents the photooxidation of the
o
t
a

a
s

4

o
s
h
s
d

Y. Guo, C. Hu / Journal of Molecular C

Co(H2O)PW11O39]5−-APS-MCM-48 was very similar to that
f the [Ni(H2O)PW11O39]5−-APS-MCM-48 [52].

.3. UV-light photocatalytic activity of the
olyoxometalate-containing composite films

.3.1. [Xn+W11O39](12−n)−/SiO2 film
The model reaction selected was degradation of an aqueous

ormic acid into CO2 and H2O. Formic acid is an organic pollu-
ant existed in the industrial wastewater or a stable intermediate
ound in various photodegradation processes. Studies showed
he [Xn+W11O39](12−n)−/SiO2 films (X = Si, Ge, or P) exhibited
ctivity to formic acid (4 mmol L−1) degradation under UV-
ight irradiation, i.e., the conversion of formic acid into CO2
nd H2O was in the range of 50–60% after UV-light irradia-
ion of the different slides for 120 min, while the conversion of
ormic acid was only 6.5% under the same conditions except
hat as-prepared silica film was used [64]. The rate constant
or the three films was similar, suggesting that the reaction rate
f the [Xn+W11O39](12−n)−/SiO2 film-photocatalyzed formic
cid degradation was similar although the central atoms (Si,
e, or P) in the selected Keggin units are different. However,

t was difficult to compare the photocatalytic activity of three
s-prepared films precisely owing to the different preparation
xperiment conditions used. Compared with the powder het-
rogeneous POM-containing photocatalytic materials, the films
ave the advantage of more easily handling for recycling uses,
nd the leakage of the [Xn+W11O39](12−n)− from the silica
atrix was hardly observed during three catalytic runs, sug-

esting that the films had a high stability in an aqueous solution.

.3.2. PW11O39
7−/TiO2 film

The photocatalytic activity of the PW11O39
7−/SiO2 film was

ttempted to be improved by representing silica matrix for pho-
oactive titania support. For this purpose, the PW11O39

7−/TiO2
lm was prepared. Calcination of the PW11O39

7−/TiO2 film at
50 ◦C resulted in mainly anatase phase structure of TiO2, and
he film thus obtained exhibited higher photocatalytic activity
o CR (30 mg L−1) degradation than that of as-prepared pure

iO2 or [Xn+W11O39](12−n)−/SiO2 film [65]. At lower calcina-
ion temperature (<350 ◦C), only a little amount of anatase phase
n the film was formed, therefore, the photocatalysis originated
rom the anatase TiO2 did not well developed. At higher calcina-
ion temperature (e.g., 400 ◦C), lots of the PW11O39

7− cluster on
he films was destroyed and transformed to WO3 phase, mean-
hile, most of the anatase phase was transformed to rutile phase,

esulting in obvious decrease of the photocatalytic activity of the

lm. Evolution of some intermediates (acetic acid and formic
cid) and final products (NH4

+, SO4
2−, NO2

−, and NO3
−) were

etected, indicating that both degradation and mineralization
ccurred during the process of UV-light irradiation of the film

m
S
w
b

2

rganic compounds through OH radicals. Path (b) represents direct reaction of
he excited POM catalyst with the substrate. (B) The support is photoactive
natase TiO2.

nd CR solution. The overall photodecomposition reaction is
hown in Eq. (3)

(3)

.4. Mechanism studies

Generally, the solid POMs on excitation with near UV-
r visible-light served as photocatalysts follow a variety of
imilar processes with those of the metal oxide particles in
eterogeneous systems [17]. Prior to photoactivation, preas-
ociated complex or preassociation equilibrium was formed
uring the substrate adsorption process in the dark, for that

atter, a supramolecular species [i.e., POM/EO2-substrate in
cheme 3A(a)] between the photocatalyst and substrate yielded,
hich can be confirmed by the electronic spectroscopy (OMCT
and shifted), NMR data, X-ray data or kinetic evidence [17,31].
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n all studies, high affinity of the organic compounds for the
OM has been observed. Afterwards, the catalyst was activated
y incident light energy higher than the energy bands of POM,
hich led to the charge transfer from an O2− ion to a W6+ ion

t W–O–W bonds and formation of a strongly oxidizing excited
tate of POM [i.e. [POM/EO2-substrate]* in Scheme 3A(a), or
OM/EO2-substrate (h+ + e−) in Scheme 3A(b)], with reduc-

ion potentials exceeding 2.5 V versus the NHE for many POMs
18,78], thus, a pair of the hole center (O−) and trapped electron
enter (W5+) formed. Photooxidation of the organic compounds
electron donors) was performed via the reaction through OH
adicals (path (a) in Scheme 3A) and direct reaction of the excited
OM catalysts with the substrate (path (b) in Scheme 3A). The
surface” bound OH radicals were produced by the reaction
f the excited catalyst with water (i.e., oxidative hole trap-
ing). The following observations substantiate the formation
f the OH radicals: (i) OH adducts (hydroxylation products)
ave been detected in the photolysis experiments with aromatic
ydrocarbons in the presence of POM [17,41,45]; (ii) ESR trap-
ing experiments had detected OH radicals upon photolysis the
rganics in the presence of POM [79]; (iii) the generation of
H radicals is also suggested by the fact that the excited state
otentials of most POM are more positive than that given in Eq.
4) [17].

H + H+ + e− → H2O, E = 1.90 V versus NHE

(4)

inally, reoxidation of the POM catalyst (i.e. [POM/EO2-
ubstrate]red) to its original oxidation state was easily performed
y an electron acceptor such as dioxygen dissolved in the sus-
ension. The rate-determining step in the photocatalytic cycle
as been reported to be the reoxidation of the catalyst [17]. Hav-
ng undergone the above steps, a net photocatalytic cycle was
ompleted. The reoxidized form of POM was then capable of
ngaging in another series of electron transfers that may con-
inue until the reactant finished.

However, as for the anatase TiO2-supported POM photocata-
ysts, the photoreaction mechanism is a little different from that
escribed above, and the synergistic effect occurred between
he POM unit and TiO2 support during the POM/TiO2 photo-
atalysis process. That is, anatase TiO2 is photoactive, while
OM has empty d orbits. POM can be used as a good elec-

ron acceptor that can store several electrons per molecule [80].
fter addition of homogeneous POM into the TiO2 photocat-

lytic systems, the fast charge-pair (h+ − e−) recombination on
he surface of TiO2 can be retarded effectively. This is due to
he fact that POM has the ability to enhance the transfer rate of
he electrons in conduction band (CB) by accepting e− (photo-
enerated electrons) to its empty d orbits, therefore, the trapped
oles (h+) have sufficient time to react with the surface water
olecule to produce OH radicals. Several research groups have

tudied this synergistic effect. Ozer and Ferry [31] had reported

hat significant rate enhancement for 1,2-dichlorobenzene pho-
ooxidation was obtained after addition of aqueous POM anions
uch as PW12O40

3−, SiW12O40
4−, or W10O32

4− into the TiO2
uspensions. Ryu and Choi [81] had reported that addition

[
o
a
o

sis A: Chemical 262 (2007) 136–148

f homogenous SiW12O40
4− into the naked TiO2 suspension

reatly increased the photocatalytic oxidation rate of As (III)
o As (V), and the latter is less toxic and less mobile in the
quatic environment. And they pointed out that the presence of
OM enhanced the opportunity of generation of superoxides,
hich are the main oxidant of As (III). Park and Choi [82] also
ad proved this synergistic effect through photoelectrochem-
cal investigation, and they concluded that POM successfully
ransferred CB electrons on TiO2 particles to an inert collector
lectrode with generating photocurrents under UV-light illumi-
ation. The magnitude of photocurrent was directly proportional
o the reduced POM concentration and markedly decreased in
he presence of dissolved O2 due to the rapid reoxidation of
he reduced POM by it. Combination of the above reports and
ur research results, the proposed photocatalytic cycle of the
OM/TiO2 composite (anatase phase) is shown in Scheme 3B.
t can be reasonably concluded that the role of the POM in TiO2
hotocatalysis is critical in enhancing the overall photoefficiency
y retarding the fast recombination of charge-pair (h+ − e−) on
iO2 and producing strong oxidant, O2

•−, a kind of main oxi-
ant of the substrate except OH• radicals [81].

Otherwise, similar energy levels of Ti 3d (for anatase TiO2)
nd W 5d (for POM) suggested that the POM cluster incor-
oration into the anatase framework only produced moderate
idening of electronic band, accordingly, the OMCT band of
iO2 was redshifted and its band gap energy was decreased [49].
herefore, the energy of the electron transition from the valence
and to the doping energy level or from the doping energy level
o the conduction band level was lower than that of the valence
and to the conduction band of TiO2, resulting in more photo-
enerated electrons and holes to participate in the photocatalytic
eactions. This is the most important factor to enhance the pho-
ocatalytic activity of TiO2 or POM, making it possible to utilize
isible-light-type excitation more efficiently than classic Ti-only
ased one (see results of Fig. 5 and Refs. [48,49,83]) or improv-
ng the photocatalytic activity obviously compared with that of
he homogeneous POM or as-prepared anatase TiO2 (see results
f Fig. 6 and Ref. [51]).

The porous structure of as-prepared composites also played
n important role to enhance their photocatalytic activity. The
ET specific surface area of the porous POM-containing com-
osites is largely increased. This greater surface area results in
n increase in the photocatalytic activity of POMs by providing
ore contact areas between the catalyst and the substrate for

he surface-mediated electron-transfer reactions to take place
31]. In addition, the porous catalysts show a strong adsorp-
ion to the substrates, which is also benefit to enhance the
ctivity of POM since the adsorption is the first step of the pho-
ocatalytic reaction. This adsorption was obviously observed
n the POM/TiO2 or [M(H2O)PW11O39]5−-APS-TiO2(SiO2)-
hotocatalyzed organic degradation reactions (Figs. 5 and 6).
he above discussion showed that the positions of the OMCT
and for the bimodal porous H3PW12O40/TiO2 and mesoporous
M(H O)PW O ]5−-APS-TiO were very close, however,
2 11 39 2
nly the H3PW12O40/TiO2 exhibited visible-light photocatalytic
ctivity to dyes and parathion-methyl degradation. In the case
f the [M(H2O)PW11O39]5−-APS-TiO2, it did not exhibit any
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isible-light photocatalytic activity to dye degradation although
ts UV-light photocatalytic activity was very high to dye degra-
ation. The reason for this may be due to lower BET specific
urface area of the [M(H2O)PW11O39]5−-APS-TiO2 than that
f the H3PW12O40/TiO2 (Table 1). Certainly, the composition
f the POM (substituted or saturated Keggin unit) also had an
ffect on the photocatalytic activity of the composites.

.5. Evaluation

From the standpoint of separation and recovery of the cata-
yst in a large-scale wastewater treatment, the POM-containing
lm catalysts are more predominant than that of the powder cat-
lysts since no separation process is needed for the films. As for
he stability of the polyanions on the supporters, selecting lacu-
ary or substituted POM as the inorganic precursors is better
han the saturated POM. Therefore, the strong chemical inter-
ctions between the lacunary or substituted POM unit and the
atrix (formation of the covalent or coordination bond) would

void effectively the leakage of the active component from the
atrix. However, the photocalytic activity of the saturated POM

s somewhat higher than that of the lacunary or substituted one.

. Future

Design and preparation of novel POM-containing composite
hotocatalysts with new composition, structure and fascinat-
ng physico-chemical properties as well as unusual morphology
s still interesting targets for the future, while development of
ew soft chemical preparation techniques is needed. From the
iewpoint of practical applications, preparation of the visible-
ight-driven POM-containing photocatalysts and control their
omposition and structure as well as improvement the stability
f polyanions on the supports are important subjects. In addi-
ion, understanding and reasonably explaining the mechanism
f the reaction performed under visible-light irradiation the solid
OM are another urgent topics.
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