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Abstract

This review deals with the preparation of highly reactive titanium oxide photocatalysts and the clarification of the active sites a
the detection of the reaction intermediates at the molecular level. Furthermore, we discuss the advancement of photofunctional s
processes that can utilize visible and/or solar light. The photocatalytic reactivity of semiconducting TiO2 powder was found to be dramatical
enhanced by the loading of small amounts of Pt, which work to enhance the charge separation of the electrons and holes genera
irradiation. Highly dispersed titanium oxide species prepared within zeolite frameworks or silica matrices showed unique photo
performance much higher than that of conventional semiconducting TiO2 photocatalysts. The potential for the effective utilization a
conversion of solar energy makes research into the modification of the electronic properties of TiO2 photocatalysts by such methods
advanced metal ion implantation to produce photocatalysts which are able to absorb and operate efficiently even under visible light
one of the most important fields in photocatalysis research. This modification process can be applied not only to semiconduc2
photocatalysts but also to TiO2 thin film photocatalysts, as well as titanium oxide photocatalysts highly dispersed within zeolite frame
Significantly, a new alternative method for directly preparing such visible-light-responsive TiO2 thin film photocatalysts has been successfu
developed by applying a RF magnetron sputtering deposition method.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Since the discovery of the effect of photosensitization
the TiO2 electrode on the electrolysis of water into H2 and
O2 by Honda and Fujishima in 1972 [1], photocatalysis
TiO2 semiconductors has received much attention and b
widely studied, with the final aim of efficiently convertin
solar light energy into useful chemical energy [2–14]. T
effective utilization of clean, safe, and abundant solar ene
will lead to promising solutions not only for energy issu
due to the exhaustion of natural energy sources but als
the many problems caused by environmental pollution. F
TiO2 semiconductor nanoparticles are ideal photocatal
due to their chemical stability, nontoxicity, and high pho
catalytic reactivity in the elimination of pollutants in air an
water. TiO2 semiconductor photocatalysts have the pot
tial to oxidize a wide range of organic compounds, includ
chlorinated organic compounds, such as dioxins, into ha

* Corresponding author.
E-mail address:anpo@ok.chem.osakafu-u.ac.jp (M. Anpo).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00104-5
less compounds such as CO2 and H2O by irradiation with
UV light [15–25]. UV light excites the electrons from the v
lence band to the conduction band of the TiO2, leaving holes
in the valence band. These electrons and holes can the
tiate redox reactions with molecular species adsorbed o
surfaces of the catalysts.

A thorough and meticulous understanding of the pho
catalytic processes will be necessary for the developm
and design of highly reactive photocatalysts, especially s
such systems are to be applied to dilute concentration
toxic reactants in the atmosphere and water on a huge g
scale. The preparation of well-defined photocatalysts is
essary in order to identify and clarify the chemical featu
of the photoformed electrons and holes, to detect the r
tion intermediate species and their dynamics, and to e
date the reaction mechanisms at the molecular level, w
in turn would necessitate a detailed and comprehensiv
vestigation of the photogenerated active sites and the
structures [26–41].

We have conducted detailed studies of the characte
tion of various photocatalysts using a number of mole
eserved.

http://www.elsevier.com/locate/jcat
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lar spectroscopies in order to realize two main objectiv
(i) the improvement of the photocatalytic reactivity [42–8
and (ii) the design and development of photocatalysts w
are able to absorb and work under visible light irradiat
[82–103].

Photocatalytic reactions on semiconducting TiO2 pho-
tocatalysts were shown to be remarkably enhanced by
addition of small amounts of noble metals such as
Such an enhancement in the photocatalytic reactivity
been explained in terms of a photoelectrochemical m
anism in which the electrons generated by UV irradiat
of the TiO2 semiconductor quickly transfer to the Pt p
ticles loaded on the TiO2 surface. These Pt particles wo
to effectively enhance the charge separation of the elec
and holes, resulting in marked improvement in photo
alytic performance. Recent time-resolved spectroscopi
vestigations clearly indicate the important role of Pt pa
cles in the dynamics of such photoformed charge car
[69,74–76].

Studies have also been carried out on extremely s
TiO2 powders as well as on various binary oxides [42,
47–56]. In particular, we have found that nanosized se
conducting TiO2 particles of less than 10 nm show sign
icant enhancement in photocatalytic reactivity, which
be attributed to the quantum size effect [44,49–53]. T
phenomenon is due to electronic modification of the p
tocatalysts as well as the close existence of the ph
formed electron and hole pairs and their efficient contr
tion to the reaction, resulting in a performance much
hanced over that of semiconducting TiO2 powders. These
findings have provided us with new insights into pho
catalysts such as highly dispersed titanium oxide. Sig
cantly, the application of an anchoring method makes po
ble the preparation of molecular and/or cluster-sized ph
catalysts on various supports. Along these lines, highly
persed titanium oxide species incorporated within the c
ties or frameworks of zeolites are of great interest due to t
unique local structure, such as their four-fold coordinate
tanium oxide species, and photocatalytic properties sig
icantly more efficient than those of semiconducting Ti2
powders.

Photocatalytic systems in which various photosens
ing dyes are adsorbed and/or supported on semicon
ing photocatalysts have also been widely investigated [1
119]. In these systems, the dyes absorb visible ligh
form electronically excited states and from these exc
states, electrons are injected into the conduction ba
of semiconductors, producing photosensitized photoc
lysts which are able to work under visible light irrad
tion. However, these photosensitizing dyes are not t
mally stable. Although numerous investigations have b
carried out into visible-light-responsive photocatalysts
adding small amounts of such components as cations
metal oxides, no significant results could be obtained
these initial trials were found to have many limitatio
[120–124].
-

2. Design of highly efficient TiO2 semiconductor
photocatalysts

2.1. Pt loading on semiconducting TiO2 photocatalysts

The photocatalytic reactivity of semiconducting TiO2 is
remarkably enhanced by the addition of small amount
noble metals such as Pt or Rh; this is explained by the q
transfer of photogenerated electrons in TiO2 semiconductors
to the loaded metal particles, resulting in a decreas
electron–hole recombination, as well as in efficient cha
separation. Although many studies have been carried
there have been few direct investigations clarifying
effects of metal loading on the primary processes invol
in photocatalytic reactions in solid–gas systems.

We have found that UV light irradiation of TiO2 photo-
catalysts in the presence of sufficient amounts of wate
form a monolayer on the surface (wet TiO2 surface) in the
presence of unsaturated hydrocarbons such as alkene
alkynes led to the formation of alkanes by a hydrogena
reaction, accompanied by the fission of the carbon–ca
bond of the reactant molecules (hereafter referred to as
tohydrogenolysis). Alkanes formed without the fission
such a carbon–carbon bond (hereafter referred to as p
hydrogenation)were observed as minor products. In add
to the formation of these saturated hydrocarbons, the
mation of oxygen-containing compounds such as CH3CHO,
CO, and CO2 could also be detected [42,43,49].

Changes in the product yields depended on the amou
water remaining on the TiO2 surface and also on the wat
pressure. We also observed D-atom-containing produc
the photocatalytic hydrogenation reaction of unsatura
hydrocarbonswith D2O instead of H2O. Therefore, we could
conclude that the nondissociated water molecules adso
on the TiO2 surface, not the surface hydroxyl groups, play
important role in this photocatalytic hydrogenolysis [43,4
The Pt-loaded TiO2 photocatalyst was found to main
catalyze hydrogenation to form C3H8 without carbon–
carbon bond fission, while unloaded TiO2 photocatalyst wa
found to mainly catalyze hydrogenolysis and lead to
formation of C2H6 and CH4.

Fig. 1 shows the growth of ESR signals attributed
Ti3+ which were generated on Pt-loaded TiO2 and unloaded
TiO2 photocatalysts under UV light irradiation. The sign
intensity of Ti3+ of the unloaded TiO2 was found to increas
linearly with the UV light irradiation time, while on the oth
hand, few changes in the signal intensity could be obse
with Pt-loaded TiO2. The Ti3+ site is expected to aris
from the Ti4+ site at which the photogenerated electrons
trapped. These results clearly indicate that photogene
electrons in the Pt-loaded TiO2 quickly transfer from TiO2 to
Pt particles, so that few Ti3+ sites could be observed. The
trapped electrons on the Pt particles enhance the redu
of protons to form atomic hydrogen (H+ + e− → H), which
catalyzes the photocatalytic hydrogenation caused by
effect of Pt loading.
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Fig. 1. Growth of the ESR signal intensity of the photoformed Ti3+ active
site on Pt-loaded and unloaded on TiO2 catalysts (recorded at 77 K).

From these findings, we have proposed the follow
mechanisms behind the observed photocatalytic reaction
unloaded TiO2 and Pt-loaded TiO2 catalysts:

(i) In the case of unloaded TiO2 photocatalysts, UV ligh
irradiation of the TiO2 catalysts generates electron–h
pairs, which can be represented as localized electrons (T3+)
and holes (O− (lattice) and/or·OH radicals). Some of thes
electron–hole pairs disappeared by recombination on
TiO2, while other electrons and holes diffused to the surf
of the TiO2 catalysts to react with various hydrocarbo
which led to photocatalytic reactions such as hydrogeno
and the formation of oxygen-containing organic compou
[42,43,46,49,56,60].

(ii) In the case of Pt-loaded TiO2 photocatalysts, the pho
togenerated electrons quickly transfer from TiO2 to Pt par-
ticles and the holes remain on the TiO2, resulting in charge
separation of the photoformed electron–hole pairs with g
efficiency. As a result, the reduction by photoformed el
trons occurred on the Pt particles and the oxidation by ph
formed holes on TiO2, leading to photoelectrochemical r
actions such as hydrogenation and oxidation. We have fo
that in TiO2 photocatalysts having rather large particle siz
these photoelectrochemical reactions are predominant
accompanied by a decrease in the contribution of the p
tocatalytic reactions.

Time-resolved spectroscopic experiments with photo
alytic systems provide more direct and detailed inform
tion on the dynamics of the photoformed charge carri
charge separation and/or recombination, and charge tra
processes with high time resolution. For examples, Figs
and 2B show the transient absorption spectra of the T3+
species generated by electron trapping, giving an absor
band at around 500–650 nm and the temporal profile o
absorption of TiO2 (P-25) excited by a femtosecond las
pulse (390 nm) in a vacuum, respectively [69,74–76].
r

Fig. 2. Transient absorption spectra (A) and temporal profile of the tran
absorption (B) of P-25 (Degussa) in a vacuum excited by a femtose
laser pulse (390 nm).

2.2. Quantum size effect on nanosized photocatalysts

Table 1 shows the results of the photocatalytic hyd
genation of methylacetylene (C3H4) with H2O on rutile-type
TiO2 catalysts having different particle sizes, together w
BET surface areas, wavelengths at the adsorption edge
tions, and the degree of blue shift of the band gap comp
with that of the bulk TiO2 catalyst. As shown in Table 1, w
found that for both rutile and anatase type TiO2 photocat-
alysts, the degree of blue shift in the absorption increa
as the particle size of the catalysts decreased. In partic
for TiO2 photocatalysts with a particle size less than 100
a large shift to shorter wavelength regions was observed
both catalysts, resulting in an increase in the quantum yie
though the BET surface area increased in a uniform ma
when the particle size of the catalysts decreased [49].

As already mentioned above, Pt-loaded TiO2 photocata-
lysts were found to mainly catalyze the photocatalytic
drogenation of C3H4 with H2O to form hydrogenation prod
ucts (i.e., C3H8) without carbon–carbon bond fission. On t
other hand, unloaded TiO2 photocatalysts catalyzed the h
drogenolysis reaction to mainly produce CH4, C2H6, and
oxygen-containing products. Improvements in the quan
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Table 1
Effect of Pt loading on the photocatalytic hydrogenation of methylacetylene (C3H4) by H2O on rutile-type TiO2 catalysts having various particle siz
(photocatalytic reaction was carried out at 300 K)

TiO2 particle Pt content BET surface Wavelength at Magnitude of Photohydrogenation produc
size (Å) (wt%) area (m2/g) band gap the shift at band (10−8 mol/g-cat h)

position (nm) gap (eV) CH4 C2H6 C3H8

55 0.0 533 398.0 0.0934 60.2 290.0 1.1
4.0 28.9 160.0 1540.1

120 0.0 120 401.5 0.067 9.1 42.2 0.1
4.0 0.62 5.4 135.0

400 0.0 26 406.2 0.01 6.82 28.9 0.0
4.0 trace 1.0 56.0

2000 0.0 4.0 410.4 0.000 1.9 10.2 0.0
4.0 trace 0.24 23.8
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yields of the photocatalytic reactions with decreased p
cle diameters were also observed in the case of Pt-lo
TiO2 photocatalysts. These results, obtained from both
loaded and Pt-loaded TiO2, were closely associated with th
size quantum effect rather than physical properties suc
surface areas, resulting in a significant modification of
energy level in the localized photoexcited state of the T2
photocatalysts. In other words, as the particle size of the
tocatalysts decreases, the ratio of the surface to the bu
creases. As a result, the photogenerated electron–hole
can easily and quickly diffuse to the surface of the catal
to form the active sites at which the photocatalytic (red
reactions are induced.

3. Design of highly dispersed titanium oxide
photocatalysts

3.1. Highly dispersed titanium oxide species anchored
on various supports

The results obtained from nanosized fine particle T2
photocatalysts gave us the idea of using well-defined
highly dispersed titanium oxide species supported or
chored on inert supports. It is of special interest to investi
the photocatalytic reactivities of highly dispersed titani
oxide species on such supports as porous glass, silica
zeolites, since highly dispersed metal oxides can und
dramatic modifications in electronic and reactive proper
resulting in an enhancement of their photocatalytic reacti
and selectivity.

We have found that titanium oxides anchored onto
ica glass by the chemical vapor deposition (CVD) met
exhibited an intense pre-edge peak in the XANES reg
The presence of such a sharp pre-edge peak clearly
cates that the titanium oxide species on the supports ha
unique local structure in tetrahedral coordination. ESR m
surements are also a powerful technique for investigating
local structure of titanium oxide species anchored on s
ports. After photoreduction of highly dispersed titanium o
ide catalysts with H2 at 77 K, an ESR signal attributed
-
s

d

-
a

the tetrahedrally coordinated Ti3+ ions could be observed, i
good agreement with the results obtained from XAFS m
surements [45,49].

Titanium oxide species anchored on silica glass also
hibited photoluminescence having a peak at around 480
when excited by UV light irradiation at around 260 nm. On
photocatalysts which exhibited a sharp pre-edge peak in
XANES spectra showed photoluminescence spectra at 7
From these results, the absorption and photoluminesc
spectra of the highly dispersed titanium oxide species w
attributed to the following charge transfer process and
reverse process of recombination of the correlated elect
hole pairs, respectively:

(1)
(
Ti4+−O2−) hυ

�
hυ ′

(
Ti3+−O−)∗

.

The addition of O2 or NO molecules led to efficient quenc
ing of the photoluminescence. The photoluminescence
well as its efficient quenching upon the addition of O2 or
N2O, clearly indicates that the emitting sites, as active s
are highly dispersed on the support surface due to effic
interaction with these quencher molecules.

UV light irradiation of anchored photocatalysts in t
presence of unsaturated hydrocarbons and water mainly
duced hydrogenolysis products. The yield of the photo
alytic hydrogenolysis of C3H4 with H2O was found to be in
good agreement with the intensity of the photoluminesce
spectra, indicating that the charge transfer excited state
(Ti3+–O−)∗, plays an important role in the photocataly
hydrogenolysis on such highly dispersed titanium oxide
alysts. The initial reaction rate over these anchored titan
oxide photocatalysts was determined to be about 2–3 o
of magnitude higher than that of the powdered TiO2 photo-
catalysts [45].

3.2. Photocatalytic reactivity of titanium oxide species
incorporated within zeolite frameworks[125–140]

As mentioned above, the highly dispersed titanium ox
species having four-fold coordination anchored onto
supports showed unique photocatalytic performance m
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Fig. 3. Ti K-edge XANES (a–d) and Fourier transforms of EXAFS (A–
spectra of the titanium oxide species incorporated within the various ze
frameworks. (a, A) Ti-beta(OH), (b, B) Ti-beta(F), (c, C) Ti/HMS, (d, D)
Ti/MCM-41.

higher than that of the powdered TiO2 catalysts. Such highly
dispersed titanium oxide species can be prepared w
zeolite frameworks having tetrahedral coordination.

These highly dispersed molecular-sized titanium
ide species incorporated within zeolite frameworks show
unique photocatalytic performance, especially for the
composition of NO into N2 and O2 [125–128] and the reduc
tion of CO2 with H2O to form CH3OH and CH4 [129–140].
UV light irradiation of these catalysts in the presence of
at 275 K was found to lead to the effective decomposit
of NO to produce N2 and O2 with high selectivity, while
the powdered bulk TiO2 photocatalysts were found to d
compose NO to produce mainly N2O. It was found that the
highly dispersed molecular-sized titanium oxide species
pared within the zeolite frameworks showed remarkable
hancement in selectivity for N2 formation in the decompos
tion of NO, as well as reactivities much higher than those
semiconducting TiO2 or the titanium oxide photocatalys
prepared by an impregnation method on silica and ze
surfaces [61–65,128,133–140].

As shown in Fig. 3, the TiK-edge XANES (left) and the
Fourier transforms of EXAFS (right) of titanium oxides pr
pared within zeolite frameworks exhibit an intense pree
peak in the XANES region. The curve-fitting analysis of E
AFS oscillation clearly indicates that these catalysts c
sisted of four-fold coordinated Ti ions and involved only
well-defined and isolated tetrahedral titanium oxide spe
Fig. 4. The photoluminescence spectrum of the TS-2 catalyst at 77 K
and the effect of the addition of NO on it (b–d). NO pressure in Torr: (a
(b) 0.05, (c) 0.1, (d) 0.3, (e) evacuation at 295 K after (d).

having a Ti–O bond distance of about 1.83 Å. On the ot
hand, catalysts prepared by an impregnation method w
found to contain an aggregated octahedral TiO2 species.

As shown in Fig. 4, these highly dispersed tetrahedral
nium oxide species incorporated within zeolite framewo
exhibit efficient photoluminescence at around 490 nm on
citation at around 250 nm. These results clearly show
presence of highly dispersed tetrahedrally coordinated
nium oxide species. Such a photoluminescence spectru
tributed to the four-fold coordinated titanium oxide spec
could be smoothly quenched by the addition of NO mo
cules, its extent depending on the amount of NO add
These findings indicate that the tetrahedrally coordinate
tanium oxide species work as active sites accessible to
added NO and, furthermore, the added NO easily inter
with the charge transfer excited state, i.e., the (Ti3+–O−)∗
electron–hole pairs of the tetrahedral titanium oxide spec
We have also proposed the reaction mechanism in Sche
for the photocatalytic decomposition of NO over the hig
dispersed titanium oxide species: electron transfer from
Ti3+ site, at which the photoformed electrons are trapp
into the anti-π∗-bonding orbital of NO, and simultaneou
electron transfer from theπ -bonding orbital of NO into the
O− site, at which the photoformed holes are trapped, occ
Such simultaneous electron transfer leads to the direc
composition of NO into N2 and O2 over the tetrahedrally
coordinated titanium oxide photocatalyst.

3.3. Photocatalytic reactivity of titanium-oxide-based
binary catalysts

Titanium-oxide-based binary catalysts combined w
Al2O3 or SiO2 can be easily prepared by the sol–gel meth
or a precipitation method [42–56]. The X-ray diffractio
patterns of these binary-type oxides decreased in inte
and also broadened in peak width when the Ti con
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Scheme 1.

was decreased. These results indicate that the cryst
size of the titanium oxide particles in such binary ox
catalysts becomes smaller as the Ti content decreases. X
measurements of Ti/Si binary oxides having different T
content revealed that binary oxides with lower Ti cont
(<10 wt%) mainly contain a tetrahedral TiO4 unit with a Ti–
O bond distance of about 1.83 Å within the SiO2 matrices,
while binary oxides having higher Ti content (>50 wt%)
mainly consist of aggregated fine TiO2 nanoparticles.

With Ti/Si binary oxide catalysts, a characteristic ph
toluminescence was observed at 490 nm upon excita
by UV light of around 260 nm. As mentioned above, t
absorption and photoluminescence can be attributed to
charge transfer process and its reverse radiative deactiv
from the excited state of the titanium oxide species, res
tively. The peak positions of the photoluminescence w
also observed to shift slightly toward shorter wavelength
gions as the Ti content of the catalysts decreased. Thes
sults were in good agreement with the blue shifts in the
sorption spectra.

These titanium-oxide-based binary catalysts were fo
to show efficient photocatalytic reactivity and selectivity
various photocatalytic reactions such as the hydrogeno
reaction of unsaturated hydrocarbons with water, the dec
position of NO into N2 and O2, and the reduction of CO2
with H2O, as well as the oxidation of organic compounds
water. When the Ti content of these binary oxide catal
decreased, the selectivity for N2 formation in the photocat
alytic decomposition of NO increased. We observed a g
relationship between the intensity of photoluminescence
the yield of the photocatalytic reaction. Thus, the highly d
persed 4-coordinated titanium oxide species, showing
cient photoluminescence, play an important role in the p
tocatalytic decomposition of NO into N2 and O2 with high
reactivity and selectivity.
S

n

-

3.4. Photocatalytic reduction of CO2 by H2O using
titanium oxide incorporated within zeolites (Ti/zeolites)
[129–140]

The development of efficient photocatalytic syste
which are able to reduce CO2 with H2O into chemically
valuable compounds such as CH3OH or CH4 is a chal-
lenging goal in research on environmentally friendly ca
lysts. We have found that highly dispersed tetrahedrally
ordinated titanium oxide species within zeolite framewo
when compared with bulk semiconducting TiO2 catalysts,
exhibit high and unique photocatalytic reactivity for the
duction of CO2 with H2O.

As mentioned above, titanium oxides incorporated wit
various zeolite frameworks contain isolated four-fold co
dinated titanium oxide species having a Ti–O bond dista
of about 1.83 Å. These Ti-containing zeolite catalysts ex
ited a photoluminescence spectrum at around 480–490
by excitation at around 220–260 nm. The addition of H2O
or CO2 molecules onto the Ti/zeolite catalysts led to effi
cient quenching of the photoluminescence as well as s
ening of the lifetime of the charge transfer excited state
extent depending on the amount of those gases added.
efficient quenching of the photoluminescence with H2O or
CO2 molecules suggests not only that four-fold coordina
titanium oxide species locate at positions accessible to t
small molecules but also that they interact with these
nium oxides in both their ground and excited states. In f
UV irradiation of the Ti/zeolite catalysts in the presence
a mixture of CO2 and H2O led to the photocatalytic redu
tion of CO2 to form CH3OH and CH4 as major products a
well as CO, O2, C2H4, and C2H6 as minor products in th
gas phase at 323 K, while the yields of these photofor
products increased with good linearity against the UV i
diation time. These results clearly indicate that highly d
persed tetrahedrally coordinated titanium oxide species
hibit high selectivity as well as efficiency for CH3OH for-
mation in the photocatalytic reduction of CO2 with H2O, as
compared with bulk TiO2 having an octahedral coordinatio

Fig. 5 shows the relationship between the coordina
number of the titanium oxide species of Ti/zeolite catalysts
obtained from XAFS analyses and the selectivity for the
mation of CH3OH in the photocatalytic reduction of CO2

with H2O on various Ti/zeolite catalysts. The clear depe
dence of the selectivity for the formation of CH3OH in the
photocatalytic reduction of CO2 with H2O on the coordina
tion numbers of the titanium oxide species of the catal
can be observed; i.e., the lower the coordination numbe
the titanium oxide species, the higher the selectivity for
CH3OH formation. Bulk TiO2 semiconducting photocata
lysts did not show any reactivity for the formation of CH3OH
from CO2 and H2O. From these results, it can be propos
that the highly efficient and selective photocatalytic red
tion of CO2 into CH3OH by H2O can be achieved usin
Ti/zeolite catalysts involving highly dispersed four-fold c
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Fig. 5. The relationship between the selectivity of CH3OH formation in the
photocatalytic reduction of CO2 with H2O and the coordination number o
titanium oxide species determined by the XAFS investigation.

ordinated titanium oxides in their frameworks as the ac
species.

4. Design and development of “second-generation TiO2
photocatalysts” which can operate under visible light

4.1. Modification of the electronic state of TiO2 by applying
an advanced metal ion implantation method[82–103]

There are no limits to the possibilities and applicatio
of photocatalytic systems for the purification of polluted
and water as well as safe conversion of solar light ene
into chemical energy. However, TiO2 semiconductors hav
a relatively large band gap of 3.2 eV, corresponding
wavelengths shorter than 388 nm. In other words, TiO2 in
itself can make use of only 3–4% of the solar energy
reaches the earth, necessitating a UV light source for its
as a photocatalyst. From this viewpoint, TiO2 photocatalysts
which can operate efficiently under both UV and visible lig
irradiation would be the ideal for practical and widespre
use.

The metal-ion-implantation method was applied to m
ify the electronic properties of bulk TiO2 photocatalysts
by bombarding them with high-energy metal ions, and
was discovered that metal-ion implantation with vario
transition-metal ions such as V, Cr, Mn, Fe, and Ni acc
erated by high voltage makes possible a large shift in
absorption band of the titanium oxide catalysts toward
visible light region, with differing levels of effectivenes
However, Ar-, Mg-, or Ti-ion-implanted TiO2 exhibited no
shift in the absorption spectra, showing that the shift is
caused by the high-energy implantation process itself, bu
some interaction of the transition metal ions with the Ti2
catalyst. As can be seen in Figs. 6b–6d, the absorption
of the Cr-ion-implanted TiO2 shifts smoothly towards th
Fig. 6. The UV–vis absorption spectra of TiO2(a) and Cr ion-implanted
TiO2 photocatalysts (b–d). The amount of implanted Cr ions (µmol/g); (a)
0, (b) 0.22, (c) 0.66, (d) 1.3.

visible light region, the extent of the red shift depending
the amount and type of metal ions implanted, with the
sorption maximum and minimum values always remain
constant. The order of the effectiveness in the red shift
found to be V> Cr > Mn > Fe> Ni. Such a shift allows
the metal-ion-implanted titanium oxide to use solar irrad
tion more effectively, with efficiencies in the range 20–30

Furthermore, such red shifts in the absorption band of
metal-ion-implanted TiO2 catalysts were observed for an
kind of titanium oxide except amorphous types, the exten
the shift changing from sample to sample. It was also fo
that such shifts in the absorption band were observed onl
ter the calcination of the metal-ion-implanted TiO2 samples
in O2 at around 723–823 K. Therefore, the calcination un
O2 in combination with metal-ion implantation was foun
to be instrumental in the red shift of the absorption spect
toward the visible light region. These results clearly sh
that shifts in the absorption band of the TiO2 catalysts by
metal-ion implantation are a general phenomenon and n
special feature of certain kinds of bulk TiO2 catalysts.

Fig. 7 shows the absorption spectra of the TiO2 cata-
lysts impregnated or chemically doped with Cr ions in la
amounts as compared with those for Cr-ion-implanted s
ples. The Cr-ion-doped catalysts show no shift in the abs
tion edge of TiO2; however, a new absorption band appe
at around 420 nm as a shoulder peak due to the forma
of an impurity energy level within the band gap, its inte
sity increasing with the number of Cr ions chemically dop
These results indicate that the method of doping cause
electronic properties of the TiO2 catalyst to be modified in
completely different ways, thus confirming that only met
ion-implanted TiO2 catalysts show such shifts in the abso
tion band toward the visible light region, even with mu
lower amounts of the ions, as compared with those for
chemically doped systems.
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Fig. 7. The UV–vis absorption spectra of TiO2 (a) and Cr ion-doped TiO2
(b′–d′) photocatalysts prepared by an impregnation method. The amou
doped Cr ions (wt%): (a) 0, (b′) 0.01, (c′) 0.1, (d′) 0.5, (e′) 1. (0.1 wt%
equals 4.9 µmol/g-TiO2.)

With unimplanted original or chemically doped TiO2 cat-
alysts, the photocatalytic reaction does not proceed u
visible light irradiation (λ > 450 nm). However, we hav
found that visible light irradiation of metal-ion-implante
TiO2 catalysts can initiate various significant photocatal
reactions. Visible light irradiation (λ > 450 nm) of the Cr-
ion-implanted TiO2 catalysts in the presence of NO at 275
led to the decomposition of NO into N2, O2, and N2O with
good linearity against the light irradiation time. Under t
same conditions of visible light irradiation, the unimplan
original pure TiO2 catalyst did not exhibit any photoca
alytic reactivity. The action spectrum for this reaction
the metal-ion-implanted TiO2 catalysts was in good agre
ment with the absorption spectrum of the catalyst show
Fig. 6, indicating that only metal-ion-implanted TiO2 cat-
alysts were effective for the photocatalytic decomposi
reaction of NO under visible light irradiation. Thus, met
ion-implanted TiO2 catalysts were found to enable the a
sorption of visible light up to a wavelength of 400–600 n
and were also able to operate effectively as photocatal
hence their name, “second-generation TiO2 photocatalysts.”

It is important to emphasize that the photocatalytic re
tivity of the metal-ion-implanted TiO2 catalysts under UV
light (λ < 380 nm) retained the same photocatalytic
ficiency as the unimplanted original TiO2 catalyst. When
metal ions were chemically doped into the TiO2 catalyst,
the photocatalytic efficiency decreased dramatically un
UV irradiation due to the quick recombination of the pho
formed electrons and holes through the impurity energy
els formed by the doped metal ions within the band ga
the catalyst (in the case of Fig. 7). These results clearly
gest that physically implanted metal ions do not work
electron–hole recombination centers but only work to m
ify the electronic properties of the catalyst.
r

;

We have conducted various fieldwork experiments to
the photocatalytic reactivity of the newly developed Ti2
catalysts under solar beam irradiation [102]. Under outd
solar light irradiation at ordinary temperatures, the Cr-
V-ion-implanted TiO2 catalysts showed several times high
photocatalytic reactivity for the decomposition of NO. It w
also found that under solar light irradiation at ordinary te
peratures, the V-ion-implanted TiO2 catalysts showed sev
eral times higher photocatalytic reactivity for the hydroge
tion of C3H4 with H2O than the unimplanted original TiO2
catalysts. These results, together with the results show
Fig. 6, clearly show that by using second-generation titan
oxide photocatalysts developed by applying the metal-
implantation method, we are able to utilize visible and so
light energy more efficiently.

The relationship between the depth profiles of the m
ions implanted within TiO2 catalysts having the same num
bers of metal ions, such as V or Cr ions, and their ph
catalytic efficiency under visible light irradiation was inve
tigated. It was found that when the same numbers of m
ions were implanted into the deep bulk of the TiO2 catalyst
by applying high acceleration energies, the catalyst ex
ited high photocatalytic efficiency under visible light irr
diation. On the other hand, when a low acceleration en
was applied, the catalyst exhibited low photocatalytic e
ciency under the same conditions of visible light irradiati

It was also found that increasing the number of metal i
implanted into the deep bulk of the TiO2 catalyst cause
the photocatalytic efficiency of these catalysts to incre
under visible light irradiation, passing through a maxim
at around 6× 1016 ions/cm2, and then decreasing with
further increase in the number of metal ions implanted.
presence of ions at the near surfaces could be observe
ESCA measurement only on samples with a large num
of metal ions implanted. Thus, these results clearly sug
that there are optimal conditions in the depth and num
of metal ions implanted to achieve high photocataly
reactivity under visible light irradiation.

The ESR spectra of the V-ion-implanted TiO2 catalysts
were measured before and after the calcination of the s
ples in O2 at around 723–823 K. Distinct and characte
tic reticular V4+ ions were detected only after calcinati
at around 723–823 K. It was found that when a shift in
absorption band toward the visible light region by V-ion i
plantation was observed, the presence of the reticular4+
ions in those catalysts could be detected by ESR mea
ment. No such V ions having the same local structure
shifts in the absorption band have been observed with T2
catalysts chemically doped with V ions.

The XANES and Fourier transforms of EXAFS oscil
tion of the TiO2 catalysts chemically doped with Cr ion
and also physically implanted with Cr ions were measu
in order to clarify the local structures of these Cr ions. R
sults obtained from the analyses of XAFS spectra sho
that in the TiO2 catalysts chemically doped with Cr ions
an impregnation or sol–gel method, the ions were prese
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aggregated Cr oxides having octahedral coordination s
lar to that of Cr2O3 and tetrahedral coordination similar
that of CrO3, respectively. On the other hand, in the cataly
physically implanted with Cr ions, the ions were found to
present in a highly dispersed and isolated state in octah
coordination, clearly suggesting that the Cr ions are inco
rated into the lattice positions of the TiO2 catalyst in place
of the Ti ions.

These findings clearly show that modification of t
electronic state of TiO2 catalysts by metal-ion implantatio
is closely associated with the strong and long-dista
interaction which arises between the TiO2 and the metal ions
implanted, and not with the formation of impurity ener
levels within the band gap of the catalysts resulting fr
the formation of aggregated metal oxide clusters, which
often observed in the chemical doping of metal ions an
oxides, as shown in Fig. 7.

Thus, the advanced metal-ion-implantation method
been successfully applied to modify the electronic prop
of the TiO2 catalyst, enabling the absorption of visible lig
even longer than 550 nm and initiating various photoc
alytic reactions effectively not only under UV but also und
visible light irradiation. These results obtained in the pho
catalytic reactions and various spectroscopic measurem
of the catalysts clearly indicate that the implanted metal i
are highly dispersed within the deep bulk of the TiO2 cata-
lysts and work to modify the electronic nature of the ca
lysts without any changes in the chemical properties of
surfaces. These modifications were found to be closely a
ciated with an improvement in the reactivity and sensitiv
of the TiO2 photocatalyst, enabling the TiO2 catalyst to ab-
sorb and operate effectively not only under UV but also
der visible light irradiation. As a result, under outdoor so
light irradiation at ordinary temperatures, transition-me
ion-implanted TiO2 catalysts showed several times high
photocatalytic efficiency than the unimplanted original Ti2
catalysts.

4.2. Visible-light-responsive Ti oxide/zeolite

As mentioned previously, the XANES spectra of Ti/zeo-
lite at the Ti K-edge clearly showed an intense pre-ed
peak, which is related to the local structures surrounding
titanium oxide species in a tetrahedral symmetry [125–1
The Fourier transforms of EXAFS spectra of the Ti/zeolite
catalysts exhibited a strong peak at around 1.83 Å, wh
could be assigned to the neighboring oxygen atoms (a
O bond), indicating the presence of an isolated titan
oxide species in these catalysts. By the curve-fitting ana
of the Fourier transforms of EXAFS spectra, it was fou
that titanium oxide species incorporated within the zeo
frameworks exist in tetrahedral coordination with a T
O bond distance of about 1.83 Å for various Ti/zeolite
catalysts.

Fig. 8 shows the diffuse reflectance UV–vis absorpt
spectra of the V-ion-implanted Ti/HMS and Ti/MCM-41
l

s

-

Fig. 8. The diffuse reflectance UV–vis absorption spectra of V-i
implanted Ti/HMS (A) and Ti/MCM-41 (B). The amount of implanted
V ions (µmol/g-cat): (a) 0, (b) 0.66, (c) 1.3, (d) 2.0.

catalysts. As mentioned above, the absorption spectr
these catalysts at around 200–260 nm can be attribute
the charge transfer absorption process, involving an elec
transfer from the O2− to the Ti4+ ion of the highly dispersed
tetrahedrally coordinated TiO4 unit of these catalysts. Thes
absorption spectra shift smoothly toward the visible li
region; the extent of the shift strongly depends on the am
of V ions implanted. These results clearly suggest that
interaction of implanted V ions with TiO4 units leads to
the modification of the electronic properties of the titani
oxide species within the zeolite frameworks.

The V K-edge FT-EXAFS spectra of Ti/HMS catalyst
implanted with V ions indicated that the next neighbors
the V environment are not the same as vanadium-ox
based catalysts (for example, V2O5) and suggested th
formation of tetrahedral titanium oxides having a V–O–
bond instead of V–O–V linkages. These findings of V–O
bridge structures in the V-ion-implanted Ti/HMS and also
in Ti/MCM-41 catalysts do support the indication that
suggested by the red shift of absorption spectra of th
catalysts.
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We investigated the photocatalytic reactivity of the
V-ion-implanted Ti/HMS and Ti/MCM-41 catalysts (also
other Ti/zeolite catalysts such as Ti-beta zeolite) for the
composition of NO into N2 and O2 under visible light ir-
radiation (λ > 420 nm). As mentioned above, UV irrad
ation (λ < 300 nm) of Ti/HMS, Ti/MCM-41, and other
Ti/zeolite catalysts in the presence of NO led to effici
decomposition of NO into N2 and O2. However, as ex
pected from their absorption spectra, the unimplanted o
nal Ti/HMS, Ti/MCM-41 and other Ti/zeolites did not cat
alyze the photocatalytic decomposition of NO under vis
light irradiation, while visible light irradiation of the V-ion
implanted Ti/HMS, Ti/MCM-41, and other Ti/zeolites cat-
alysts led to the decomposition of NO into N2 and O2, and
the yield of the photoformed N2 increased linearly with th
irradiation time. These results clearly indicate that the p
tocatalytic decomposition of NO into N2 and O2proceeds
on the V-ion-implanted Ti/HMS, Ti/MCM-41, and other
Ti/zeolite catalysts even under visible light irradiation
was also confirmed that the NO decomposition does not
ceed at all under UV (λ < 300 nm) or visible light irradia
tion (λ > 420 nm) on the V-ion-implanted HMS, MCM-41
and other zeolites. These results clearly showed that th
tanium oxide species in Ti/zeolite, Ti/HMS, and Ti/MCM-
41 catalysts are present in tetrahedral coordination w
the zeolite frameworks and that implanted V ions and hig
dispersed Ti oxide species form the Ti–O–V linkage wh
leads to the modification of the electronic properties of te
hedral Ti oxide species, enabling the absorption of vis
light and operating as photocatalysts even under visible
irradiation (λ > 420 nm) with high photocatalytic efficienc
for the decomposition of NO into N2 and O2.

4.3. Application of a RF magnetron sputtering depositio
method to design TiO2 thin film photocatalysts which
operate under visible light irradiation

We have applied a RF magnetron (RF-MS) deposi
method to prepare TiO2 thin film photocatalysts using
TiO2 plate as the sputtering target and Ar as the s
tering gas and successfully developed an alternative
more practical preparation method to create transparent2
thin films which can initiate various significant photoc
alytic reactions effectively even under visible light irrad
tion [100,103]. Fig. 9 shows the UV–vis absorption (tra
mittance) spectra of TiO2 thin films prepared by a RF
MS deposition method at different substrate temperatu
The thin films prepared at relatively low temperatures (T <

473 K) exhibit high transparency and clear specific inter
ence fringes in the visible light region, indicating that hig
transparent and uniform thin films are formed on the s
strate. The TiO2 thin films prepared at relatively high tem
peratures (T > 773 K) exhibit efficient absorption in th
visible light region, having maximum absorption with t
thin film prepared at 873 K. These results clearly indic
that the TiO2 thin films which can absorb visible light hav
.

Fig. 9. The UV–vis absorption (transmittance) spectra of TiO2 thin films
prepared by a RF-MS deposition method. Preparation temperatures: (a
(b) 473, (c) 673, (d) 873, (e) 973.

been successfully developed by applying a RF-MS dep
tion method. In fact, these TiO2 thin films exhibited photo
catalytic reactivities for various reactions such as the dec
position of NO, as well as the oxidation of acetaldehyde w
O2, not only under UV but also under visible light irradi
tion. Interestingly, recently, we have successfully carried
the photocatalytic decomposition of H2O into H2 and O2 us-
ing newly developed visible-light responsive TiO2 thin-film
photocatalysts under visible light irradiation at waveleng
longer than 450 nm [141].

5. Conclusions

The preparations of nanosized TiO2 particles, highly dis-
persed titanium oxide species within the zeolite cavit
titanium-oxide-based binary catalysts, second-genera
TiO2 photocatalysts which can operate under visible li
irradiation by the advanced metal-ion implantation, a
visible-light-responsive TiO2 thin-film photocatalysts, a
well as various characterizations of these photocatalys
the molecular level, and also detailed investigations of
ious photocatalytic reactions on these photocatalysts
been summarized.

Special attention was focused on our research aim
achieving highly reactive photocatalysts, as well as rea
ing the efficient utilization of visible and/or solar light u
ing a photocatalytic system. The direct detection of the
termediate reaction species at the molecular level prov
important information to explain and clarify the reacti
mechanisms behind the observed photocatalytic reactio
well as the electronic properties of the photocatalyst surf
Furthermore, the advanced metal-ion-implantation met
and the RF-MS deposition method have opened the
to many innovative possibilities in the utilization of so
and/or visible light and the development of unique seco
generation TiO2 photocatalysts and visible-light-respons
molecular-sized titanium oxide species incorporated wi
the cavities and frameworks of zeolites and mesopo
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molecular sieves. Our findings showed that these visi
light-responsive titanium oxide catalysts can be conside
promising candidates for use of solar energy to carry
environmentally friendly, clean, and safe reaction syste
A combination of fascinating and unique zeolite science
advanced ion engineering techniques will provide new
proaches to the utilization of solar energy as an abundan
safe energy source, significantly addressing environme
pollution and hazards on a large global scale as well as
production of H2 in the photocatalytic splitting of H2O un-
der solar irradiation.
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