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Abstract

The tetrahedrally coordinated metal oxide (titanium, vanadium,
chromium, and molybdenum oxides) moieties can be implanted
and isolated in the silica matrixes of microporous zeolite and
mesoporous silica materials and named as ‘‘single-site photoca-
talysts.’’ Under UV-light irradiation these single-site photocata-
lysts form the charge-transfer excited state, i.e., the excited elec-
tron–hole pair state which localizes quite near to each other as
compared to the electron and hole produced in semiconducting
materials, plays a significant role in various photocatalytic reac-
tions. Especially, the single-site titanium oxide photocatalyst
demonstrates the high reactivity and selectivity under UV-light
irradiation, while the single-site chromium oxide operates as a
visible-light sensitive photocatalyst. These single-site photocata-
lysts not only can promote photocatalytic reactions but also can
be utilized to synthesis of functional materials. The transparent
mesoporous thin film with single-site photocatalyst generates
the superhydrophilic surface. The nano-sized metal catalyst
can be photodeposited on the excited single-site photocatalyst
under UV-light irradiation.

� Introduction

The tetrahedrally coordinated metal oxide (titanium, vanadi-
um, chromium, and molybdenum oxides (Ti, V, Cr, and Mo ox-
ides)) moieties can be implanted and isolated in the silica matrix-
es of microporous zeolite and mesoporous silica materials1–20

and named as ‘‘single-site photocatalysts.’’ The single-site cata-
lysts can be implanted in silica matrixes (Si/Me > 30; Me = Ti,
V, Cr, etc.) by various anchoring techniques (hydrothermal
synthesis, sol–gel method, chemical vapor deposition, etc.) and
stable as far as the silica matrixes keep their porous structures.
Under UV-light irradiation these single-site photocatalysts form
the charge-transfer excited state, i.e., the excited electron–hole
pair state which localizes quite near to each other as compared
to the electron and hole produced in semiconducting materials,
plays a significant role in various photocatalytic reactions.
Especially, the single-site Ti oxide photocatalyst demonstrates
the high reactivity and selectivity under UV-light irradiation,
while the single-site Cr oxide operates as a visible-light sensitive
photocatalyst. These single-site photocatalysts not only can

promote photocatalytic reactions but also can be utilized to
synthesis of functional materials. The transparent mesoporous
thin film with single-site photocatalyst generates the super-
hydrophilic surface. The nano-sized metal catalyst can be
photodeposited on the excited single-site photocatalyst under
UV-light irradiation (Figure 1).

� Unique Reactivity on Single-site Pho-
tocatalyst

The Ti oxide moieties included within the framework of
zeolite materials have been revealed to have a unique local struc-
ture as well as a high selectivity in the oxidation of organics with
hydrogen peroxide.1–4 The Ti-containing zeolites (TS-1 and
Ti-�) and mesoporous silica (Ti-MCM and Ti-HMS) have been
synthesized5–9,12–26 and can be utilized as the efficient single-site
photocatalysts. In situ photoluminescence, ESR, UV–vis, and
XAFS investigations indicated that the Ti oxide moieties
implanted in zeolite materials exist as isolated moieties in a
tetrahedral coordination. The photocatalytic reduction of CO2

with H2O is of interest as a reaction system utilizing artificial
photosynthesis.5–9,17–20 It was found that the single-site Ti oxide
photocatalyst in zeolite materials exhibits a high and unique
reactivity as compared to bulk TiO2 powder.

5–9,17–20 UV-irradi-
ation of the TS-1 zeolite and the Ti-containing mesoporous silica
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Figure 1. The formation of charge-transfer excited state with
tetrahedrally coordinated metal oxide moieties under UV-light
irradiation and their applications to the photocatalytic reactions
and the synthesize of nanosized metal catalyst.
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in the presence of CO2 and H2O led to the formation of CH3OH
and CH4 as the main products.17–20 As shown in Figure 2,
Ti-MCM-48 (pore size > 2 nm, 3-D channel) exhibits much
higher reactivity than TS-1 (ca. 0.6 nm, 3-D), Ti-MCM-41 (pore
size > 2 nm, 1-D), and powdered TiO2. The higher reactivity
and higher selectivity for the formation of CH3OH observed
with the Ti-MCM-48 may be due to the combined contribution
of the high dispersion state of the Ti oxide moieties and the large
pore size with a 3-D channel structure. These results strongly
indicate that mesoporous silica with single-site Ti oxide photo-
catalyst is promising candidates as effective photocatalysts and
also indicates that the charge-transfer excited state of Ti oxide
moieties plays an important role in photocatalytic reduction
of CO2 with H2O to produce CH3OH. The unique selectivity
on the single-site Ti oxide photocatalyst implanted in zeolite
materials can also be observed in various reactions such as NO
decomposition and oxidation of hydrocarbon. For example,
UV-light irradiation of the powdered TiO2 and the Ti oxide
highly dispersed on zeolite cavity and framework in the presence
of NO were found to lead to the evolution of N2, O2, and N2O
with different selectivities.12–16 The tetrahedrally coordinated
single-site Ti oxide moieties implanted in zeolite materials
exhibited a high reactivity and a high selectivity for the forma-
tion of N2 while the formation of N2O was found to be the major
reaction on the bulk TiO2 as well as on the catalysts with aggre-
gated octahedrally coordinated Ti oxide. These results indicate
that the single-site Ti oxide photocatalyst in zeolite materials
can have high catalytic efficiency and selectivity.

� Single-site Photocatalyst with Con-
trolled Hydrophobic–Hydrophilic Sur-
face

The H2O affinity of Ti-containing zeolites changes signifi-
cantly depending on the preparation methods, and their hydro-

phobic–hydrophilic properties can modify the photocatalytic
properties.19,20,24–26 Using the F� media the hydrophobic zeolite
and mesoporous silica can be synthesized. The interaction of Ti
oxide moieties with H2O molecules has been investigated by in
situ XAFS measurement, because the change in the coordination
geometry of Ti atom reflects very sensitively on the intensity and
position of preedge peak in Ti K-edge XANES region.1,8 As
shown in Figure 3, the addition of H2O molecules onto the
Ti-� zeolites leads to the efficient decrease in the intensity of
preedge peak and the shift to the higher energy in the peak posi-
tion, indicating that the coordination number of Ti oxide moie-
ties increases from its original four-coordination to five-coordi-
nation and finally to six-coordination. The changes in the peak
intensity and position with the H2O addition are more remarka-
ble on the Ti-� (OH) prepared in OH� media than Ti-� (F) pre-
pared in the F� media. The interaction between the added H2O
molecules and Ti oxide moieties in the zeolite framework is the
higher in the pore of hydrophilic Ti-� (OH) than the hydropho-
bic Ti-� (F). The hydrophobic–hydrophilic properties of zeolite
affect on the accessibility and the interaction between photoca-
talytic active sites (tetrahedrally coordinated Ti oxide moieties)
and H2O molecules and finally become the important factor to
determine the photocatalytic reactivity and the selectivity. For
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Figure 2. The product distribution of the photocatalytic reduc-
tion of CO2 with H2O on various Ti oxide photocatalysts.

Figure 3. Plots of normalized height vs energy of the Ti
preedge feature showing the values observed with Ti-� (OH)
(A–D) and Ti-� (F) (a–d) zeolites in the absence and presence
of added H2O. The amount of the added H2O; (A, a) 0, (B, b)
1.4, (C, c) 3.0, (D, d) 4.6mmol/g�cat. The inset shows the effect
of the addition of H2O on the intensity and position of the
preedge peak observed in the Ti K-edge XANES spectra of
Ti-� (OH) (i) and Ti-� (F) (ii) zeolites. The amount of the added
H2O; 0, 1.4, 3.0, 4.6mmol/g�cat (from top to bottom).
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example, in the photocatalytic reduction of CO2 with H2O to
produce CH4 and CH3OH, the higher reactivity for the formation
of CH4 was observed with hydrophilic Ti-� (OH) and the higher
selectivity for the formation of CH3OH was observed with the
hydrophobic Ti-� (F).19,20 Furthermore, these hydrophobic
zeolite materials exhibit the high ability for the adsorption of
organic compounds diluted in water. The hydrophobic Ti-�
(F) exhibited higher efficiency than the hydrophilic Ti-� (OH)
for the photocatalytic degradation of organics (alcohols and
organic halides) diluted water. The Ti oxide in the hydrophobic
mesoporous silica HMS (F) doped with F� ions also exhibited
the efficient photocatalytic degradation.24–26 The efficient photo-
catalytic degradation of organics diluted in water on these cata-
lysts can be attributed to the larger affinity for the adsorption of
organics on the Ti oxide moieties depending on the hydrophobic
surface properties of the F� ion-doped zeolite materials.

� Visible-light Sensitive Single-site Pho-
tocatalyst

The single-site Mo or Cr oxide photocatalyst can exhibit
high activities for various reactions such as the photooxidation
of hydrocarbons or the photoinduced metathesis of alkanes.8

Especially, the single-site Cr oxide moieties implanted in meso-
porous silica (Cr-HMS) show photocatalytic activities under not
only UV-light but also visible-light irradiation.27–38 As shown
in Figure 4, Cr-HMS catalysts exhibit photoluminescence at
around 550–750 nm upon excitation at around 520 nm. These
absorption and photoluminescence can be attributed to the
charge-transfer processes on the tetrahedrally coordinated Cr
oxide moieties. These results indicate that the Cr-HMS involves
Cr oxide moieties in tetrahedral coordination having terminal
Cr=O, being in good agreement with the results obtained by
the XAFS and UV–vis measurements. In the photoluminescence
of the Cr-HMS, the fine structures can be observed which due to
the vibration mode of Cr=O bonding. The energy separation be-
tween the bands for the vibronic transition in the Cr=O bond is
more clear with Cr-HMS, while on the CrS-1 this band separa-
tion is very vague (Figure 4). The open space of mesopore of
HMS is suitable to keep the isolated tetrahedrally coordinated
Cr oxide moieties without the perturbation due to the neighbor-
ing surface OH groups.27–31 The Cr-HMS showed photocatalytic
reactivity for NO decomposition to produce N2, N2O, and O2

even under visible-light irradiation (� > 450 nm), while no
reaction was observed on the microporous CrS-1 zeolite
(Figure 5). Visible-light irradiation (� > 450 nm) of the
Cr-HMS in the presence of propane and O2 also led to the photo-
catalytic oxidation of propane to produce acetone, acrolein,
CO2/CO, etc. The partial oxidation of propane with a high
selectivity for the production of oxygen-containing hydrocar-
bons proceeds under visible-light irradiation (� > 450 nm),
while further oxidation proceeds mainly under UV-light irradia-
tion (� > 270 nm) to produce CO2. In these photocatalytic reac-
tions, the selectivities under UV-light irradiation and visible-
light irradiation were different. The tetrahedrally coordinated
isolated Cr oxide moieties in HMS can exhibit the efficient
photocatalytic reactivity even under visible-light irradiation with
a high selectivity.

Recently, it was found that the binary metal oxide moieties,
such as Cr, Ti oxides and V, Ti oxides, can be implanted in
mesoporous silica using the photoassisted deposition and metal
ion-implantation methods and these binary photocatalysts can
demonstrate the high selectivity in the epoxidation of alkenes
and alkanes under visible-light irradiation.39,40

� Transparent Mesoporous Silica Thin
Film with Single-site Photocatalyst

The zeolite materials mentioned above are generally
obtained in the form of powder. On the other hand, the thin film
is an ideal morphology because of the combined properties of a
tailored pore system and the inherent features of thin films. TiO2

thin film is proven to exhibit superhydrophilic property under
UV-light irradiation and applied as self-cleaning and antifogging
materials.41 It is of great importance to add the advantages of
mesoporous structure and single-site photocatalyst to the thin
film. The single-site photocatalyst (Ti and Cr) containing meso-
porous silica thin films are strongly desired as the promising
photoinduced functionalized materials.42–44 The Ti-containing
mesoporous silica (TMS) thin film (Ti/Si < 0.1) embedded onto
the quarts plate can be prepared by the spin-coating sol–gel
method. The synthesized mesoporous silica (MS) thin film with-
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Figure 4. Photoluminescence spectra of Cr-HMS (a) and CrS-1
(b) and quenching by added propane.

Figure 5. Reaction time profiles of the photocatalytic NO
decomposition on Cr-HMS (a), (b) and CrS-1 (c), (d) under
UV-light irradiation (� > 270 nm) and visible-light irradiation
(� > 450 nm).
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out Ti atoms and TMS thin film are colorless and completely
transparent and well fixed on the substrate of quartz plate
(Figure 6).42–44 These samples exhibit a XRD diffraction peak
at around 2–3� indicating the presence of hexagonally packed
mesoporous structure. The results of XAFS and UV–vis absorp-
tion measurements indicate that the tetrahedrally coordinated Ti
oxide moieties exist in the TMS thin film. The contact angle of
the water droplet on these thin films was measured before and
after UV-light irradiation (Figure 7). The water contact angle
on TMS thin film before UV-light irradiation was 8�, which
was much smaller than 72� on TiO2 thin film and 22� on MS thin
film. The presence of mesoporous structures of the TMS and MS
thin films are found to responsible for the hydrophilic surface
properties even before UV-light irradiation. The mesoporous
structure can enhance the hydrophilicity owing to the capillary
phenomenon, high surface polarity and large number of surface
–OH group. Upon UV-light irradiation, the water contact angles
on TMS thin film and TiO2 thin film become extremely small

to perform the superhydrophilic property. The charge-transfer
excited state of the tetrahedrally coordinated Ti oxide moieties
formed under UV-light irradiation plays a significant role in
the photoinduced superhydrophilic property. The transparent
Cr-containing mesoporous silica (CMS) thin film can be also
synthesized by sol–gel/spin-coating method.43,44 The results of
the XRD, XAFS, and UV–vis absorption measurements indicat-
ed the formation of tetrahedrally coordinated Cr oxide moieties
in the CMS thin film. Interestingly, the CMS thin film with tet-
rahedrally coordinated Cr oxide moiety showed superhydrophil-
ic properties even under visible-light irradiation.43–46 Based on
the polymerization ability of single-site Cr oxide moieties, the
polyethylene can be synthesized on CMS surface with the aim
of modification of the surface from hydrophilic into hydropho-
bic. As expected, the water contact angle of the sample after
polymerization greatly increases up to 103�, which is much
larger than that on untreated one (Figure 8) indicating that the
surface of the CMS can be converted to be hydrophobic.

� Synthesis of Nano-sized Metal Using
Single-site Photocatalyst

Nano-sized metal catalysts such as Pd, Pt, Ag, and Au have
attracted a great deal of attention for their unique catalytic func-
tions.47–49 The development of convenient method to prepare
nano-sized metals loaded on supports with controlled particle
size is essential to design of the highly active metal catalysts.
The metal precursor species can be easily deposited on the excit-
ed state of single-site photocatalysts to form well-controlled
sized metal particles from the mixture of single-site photocata-
lysts in the aqueous solution with metal precursors. Under
UV-light irradiation of the slurry of TS-1 zeolite in an aqueous
PdCl2 solution, the Pd metal can be successfully deposited on
the TS-1 (Pd/Ti = 0.6).49 Similarly, Pt metal was deposited di-
rectly from an aqueous solution of H2PtCl6 on the photoexcited
tetrahedrally coordinated Ti oxide moieties of Ti-HMS mesopo-
rous silica (Pt/Ti = 0.5).48 These results indicate that the pres-
ence of photoexited state of Ti oxide moieties is indispensable
for the deposition of metal species. The Fourier transforms of
Pd K-edge EXAFS spectra of the Pd/TS-1 catalysts are shown
in Figure 9. The presence of the peak assigned to the Pd–Pd bond
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Figure 6. Sample photography of transparent thin films. (a)
Quartz plate, and plates coated with (b) MS thin film, (c) TMS
thin film (Ti/Si = 0.05), (d) CMS thin film (Cr/Si = 0.05),
and (e) CMS thin film (Cr/Si = 0.05) after polymerization.
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Figure 7. The images of water droplets observed before (a), (c),
(e) and after (b), (d), (f) UV-light irradiation on TiO2, mesopo-
rous silica (MS), and Ti-containing mesoporous silica (TMS)
thin films.
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Figure 8. The images of water droplets on Cr-containing
mesoporous silica (CMS) thin films (a) before and (b) after poly-
merization.
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of Pd metal indicates the formation of nano-sized Pd metal. The
intensity of the Pd–Pd peak of the photodeposited catalyst (PAD-
Pd/TS-1) is smaller than the Pd metal powder and the impreg-
nated catalyst (imp-Pd/TS-1). These results clearly suggest that
the smaller Pd metal particles are formed on the photodeposited
catalyst (PAD-Pd/TS-1) than the impregnated catalyst (imp-Pd/
TS-1). The TEM images show that the PAD-Pt/Ti-HMS has
nano-sized Pt metal with well-controlled size of about 4–5 nm
as shown in Figure 10, while the imp-Pt/Ti-HMS has Pt metal
particles with various sizes in 2–20 nm. Similar phenomena
were also observed in the case of the PAD-Pd/TS-1. The highly
dispersed deposition of metal precursors on the photoexcited
Ti oxide moieties may play an important role for the formation
of size-controlled metal particles.

The nano-sized metal catalysts can be applied to the catalyt-
ic reactions with high efficiency.48,49 With the flow of H2 and O2

into the aqueous slurry of the Pd/TS-1, H2O2 can be produced.
As shown in Figure 11, the PAD-Pd/TS-1 can exhibit the higher

reactivity than the imp-Pd/TS-1. The high dispersion of Pd
metal particle in the PAD-Pd/TS-1 is preferable for the forma-
tion of H2O2. Furthermore, using in situ produced H2O2 from
H2 and O2 as an oxidant, the oxidation of phenol can be cata-
lyzed by the tetrahedrally coordinated Ti-oxide moieties of the
PAD-Pd/TS-1, as shown in Figure 12. The PAD-Pd/TS-1 exhib-
ited the higher catalytic activity for the oxidation of phenol than
the imp-Pd/TS-1 catalyst. The catalytic activity of the PAD-Pd/
TS-1 using H2 and O2 exceeded that of the TS-1 in the presence
of the 30% aq H2O2 solution. The micropores and the tetrahe-
drally coordinated Ti oxide moieties of TS-1 zeolite are suitable
for the partial oxidation of phenol with H2O2 which are formed
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from H2 and O2 on the nano-sized Pd metal photodeposited on
TS-1. It was also found that the PAD-Pt/Ti-HMS exhibited
the higher reactivity than the imp-Pt/HMS for various catalytic
reactions such as decomposition of NO diluted in air and CO
oxidation.
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