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Abstract

The physicochemical properties and photo catalytic activity of transition metal-loaded TiO, catalysts were studied. The transition metal
was deposited on TiO, via post-hydrothermal synthesis and photo-assisted reduction/impregnation. The structure of TiO, is preserved upon
adding Pd, Cr, and Ag into it. Nevertheless, the structure of TiO, was destroyed when reacted with silicotungstic acid (Si-W). As a
consequence, under the irradiation of visible light, the Pd and Cr loaded TiO, showed higher photo catalytic activity compared to pristine TiO,
and Si-W loaded TiO, has no catalytic activity, although the threshold absorptions of all metal loaded TiO, is similar to that of pure TiO,.
Transition metal was homogeneously coated on the TiO, particles and there is no phase separation between metal salts and TiO, as revealed
with scanning electron micrographs (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD) data. X-ray photoelectron
spectroscopy (XPS) spectra showed that all metals in metal loaded TiO, presented as an ionic state with slightly reduction compared to the
metal in metal salt used in the reaction, probably due to the interaction with TiO,. These results suggested that the crystallinity was important
for the photo catalytic activity of TiO, based catalysts and the function of transition metal is to increase the electron-hole recombination time,

therefore increase the catalytic activity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

TiO, is a low cost, radiation stable, non-toxic white
pigment with broad applications in optical devices [1,2]. It
is also a well-known, high band-gap semiconducting
photosensitive material for photo anodes [3] and photo
catalysts [4]. In fact, TiO, is famous with its high photo
catalytic activity for the degradation of pollutant chemicals
since reported by Frank in 1977 [5]. Nevertheless, TiO,
uses only a very small fraction of the solar energy, due to its
band-gap energy. A great effort was made to increase the
activity of TiO, and reduce the band-gap energy to the
visible light range. Furthermore, it was believed that the
mechanism of photo activated catalytic reaction was via the
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formation of electron-hole pair, which reacted with the
H,O around to form OH radicals. The OH radical then
degraded the organic wastes to smaller molecules or even
CO, and H,0. Therefore the photo catalytic activity of
TiO, based catalysts can be improved by separation of the
electron-hole pair to avoid the rapid recombination of
electron and hole. It was know that doping with suitable
transition metal ions allows extending the light absorption
of large band-gap semiconductors to the visible region [6].
Furthermore, the transition metals or metal oxides (espe-
cial metals belonging to group VIII) were also proved to be
an electron trapper, and therefore, avoiding the recombina-
tion of the electron-hole pairs of TiO, based catalysts [7—
11]. In this article, the transition metal salts were added into
the TiO, particles to increase the lifetime of the electron-
hole pairs (besides to extend the light absorption to the
visible region) and consequently, increase the photo cat-
alytic activity.
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2. Experimental section
2.1. Chemicals

Ti(O-PI')4, HCl(aq), CH3COOH(aq), HzSO4(aq), H202(aq)7
HNO3,q), PACl,, Cr(NO3)3, AgNO3, FeCls, phosphomolyb-
dic acid and silicotungstic acid hydrate were purchased from
commercial resources and used without further treatment.

2.2. Preparation of TiO; particles

Two types of the TiO, particles TiO, sol and TiO, nano-
crystallite were prepared via sol-gel and crystallization
methods, respectively. Ti(O-Pr), was used as Ti sources
for both types of TiO, particles.

2.3. Sol-gel method for preparation of small (<20 nm)
multi-crystalline TiO, sol

0.95 g of Ti(O-Pr), was mixed well with 20 ml iso-
proponal, chilled in ice bath, then a chilled 180 ml,
0.03 M HNO3(,q) was added slowly into it with vigorous
stirring. The mixture was stirred at ice bath for 4 h, kept in
refrigerator for storage. Other reaction conditions were also
used to synthesize TiO, sol and the reaction condition listed
above can give the reproducible result with the TiO, particle
less than 20 nm.

2.4. Crystallization method for preparation of single
nanocrystals of TiO,

9.25 ml of Ti(O?-Pr), was mixed well with 2.5 ml of iso-
proponal, then added slowly into chilled acetic acid aqueous
solution (v/v = 1:3). The mixture was stirred well and then
loaded in an autoclave, heat at 80 °C for 8 h, then raises the
temperature to 230 °C, heat for another 12 h. The titanium
oxide-hydroxide gel obtained was dried at 50 °C to remove
the water and side products. The solid was ground into a fine
particle with an agate mortar and pestle. The nano-crystal-
lites of TiO, were identified with X-ray powder diffraction
and transmission electron microscopy (TEM) studies.

2.5. Preparation of metal-loaded TiO, sol and
nano-crystallite

Two methods post-hydrothermal synthesis and photo-
assisted reduction/impregnation, were use to synthesize
metal-loaded TiO, sol and nano-crystallite.

2.6. Post-hydrothermal synthesis

A certain amount of transition metal salt was dissolved in
water (or acidic solution), and then was mixed well with the
TiO, sol (or TiO; nano-crystallites) suspended in water. The
mole ratio of metal salt to Ti is 0.2, 0.1 or 0.05. The mixture
was heated hydrothermally at 105 °C for 48 h. The solid was

isolated by centrifugation, washing with water, and then
drying in the oven. The presence of metal ion on the TiO,
was confirmed with the ESCA spectra and the structure of
the metal-loaded TiO, was identified with X-ray powder
diffraction (XRD).

2.7. Photo-assisted reduction/impregnation [12—14]

A certain amount of transition metal salt was dissolved in
water (or acidic solution), and then was mixed well with the
TiO, sol (or TiO, nano-crystallites). The mole ratio of Ti to
metal is 0.2, 0.1 or 0.05. The mixtures were irradiated with
an UV light of wavelength ~365 nm for 48 h. After photo
irradiation, the mixture solution was dried at 105 °C. The
oxidation state of the metal and the structure of the metal-
loaded TiO, were identified with ESCA spectra and X-ray
powder diffraction pattern.

2.8. Photo catalytic activity of TiO»-based catalysts

The catalytic activities of TiO, and its metal-loaded
derivatives were investigated using the photo degrading of
salicylic acid in water as test reactions. The experiments
were carried out by mixing powder of TiO,-based catalyst
and salicylic acid aqueous solution in a glass container with
a quartz lid, and irradiating with a 30 W high-pressure
ultraviolet (A ~ 350 nm) or 30 W mercury arc (wavelength
> 300 nm) light in air. The decreasing of the concentration
of the salicylic acid after reacting for 24 h was used to
calculate the catalytic activities of TiO,. The concentration
of salicylic acid was monitored via its absorption intensity at
297 nm. Blank reactions (salicylic acid solution without
TiO, catalyst and catalyst in pure water) were run in parallel
to determine the background decomposition of salicylic acid
by light and the absorption of the catalyst. The photo
catalytic activity of the TiO, was evaluated as the amount
of salicylic acid decomposed for 24 h irradiation at room
temperature per gram of catalyst used.

2.9. Physicochemical measurements

UV-vis/NIR spectra were obtained using a Varian Cary
SE spectrophotometer in the laboratory atmosphere at room
temperature. X-ray photoelectron spectroscopy studies were
carried out on a Perkin-Elmer PHI-590AM ESCA/XPS
spectrometer system with a cylindrical mirror electron
(CMA) energy analyzer. The X-ray sources were Al Ka
at 600 W. and Mg Ka at 400 W. X-ray diffraction studies
were performed with a Shimadzu XRD-6000 X-ray diffract-
ometer using Cu Ka radiation at 30 kV and 30 mA. Scanning
electron micrographs (SEM) were recorded with a Hitachi
S-800 at 15kV. The samples for SEM imaging were
mounted on metal stubs with a piece of conducting tape
then coated with a thin layer of gold film to avoid charging.
Transmission electron microscopy (TEM) was performed
with a JEOL Jem-2000, FXII microscope at 120kV.
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Dynamic light scattering measurements of the TiO, particles
were carried out with a Malvern Zetasizer 3000 laser light
scattering spectrometer equipped with a He-Ne laser oper-
ated at A equal to 633 nm.

3. Results and discussion
3.1. Preparation of TiO,

The Ti source used in the experiments is Ti(O-Pr), and
commercial Degussa P-25 (P-25) is used as a standard. The
particle size of TiO, sol obtained from the sol-gel process
depends on the experimental conditions. In general, big TiO,
particles were obtained at lower acid concentration, higher
water content and temperature. TiO, with particle sizes in the
range of 10-2000 nm was prepared from different reaction
conditions. However, a homogeneous clear sol solution exists
only when the particle size is smaller than 200 nm and a
white precipitate was formed when the average particle size is
greater than 200 nm. X-ray powder diffraction pattern of
TiO, sol showed predominantly the anatase phase (Fig. 1a).
The crystalline domain size is much smaller than that of the
size measured with a dynamic light scattering spectrometer,
indicating that TiO, sol prepared from sol—gel process is not a
well-defined single crystal. In fact, under TEM (Fig. 2a), the
TiO, sol is a gel-like morphology composing a large amount
of very small (<5 nm) TiO, crystallites. On the other hand,
TiO, prepared from hydrothermal method is a single crystal
with well-defined morphology (Fig. 2b). It is a pure anatase
phase (Fig. 1b) and the crystal domain size calculated from
the line broadening of X-ray diffraction pattern is similar to
that obtained from TEM micrographs and dynamic light
scattering measurements.

3.2. Synthesis of transition metal loaded TiO,

Several transition metal salts, such as PdCl,, Cr(NOs)s,
AgNO3, and HySi04-12WO3-xH,O were used as the metal
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Fig. 1. The X-ray powder diffraction pattern of (a) TiO, sol, (b) TiO, nano-
crystallite, (c) Degussa p-25.

sources. Two preparation methods: post-hydrothermal
synthesis and photo-assisted reduction/impregnation were
used to incorporate transition metal in TiO,. The purpose of
post-hydrothermal synthesis was to incorporate metal ions in
TiO, framework during the dissolving and re-crystallization
process. On the other hand, the photo-assisted reduction/
impregnation method was used to in situ reduction and
deposition of metal ions on the surface of TiO,.

3.3. Post-hydrothermal synthesis of metal-loaded TiO,

Under TEM (Fig. 3), the morphology of metal-loaded
TiO, sol is similar to that of pristine TiO, sol after post-
hydrothermal treatment. Nevertheless, the SEM micro-
graphs (Fig. 4) showed that after post-hydrothermal treat-
ment, TiO, sol as well as Pd (or Ag)-loaded TiO, sol
aggregated to bigger particles. The aggregation of Cr—
TiO, is less serious and there is no aggregation of Si—W-
loaded TiO, was observed, the surface morphology of Si—-W-
loaded TiO, film is much smoother than the others. Powder
X-ray diffraction patterns (Fig. 5) of TiO, sol and metal-
loaded TiO, sol showed that they are all only anatase phase

TiO; nano-crystallite

Fig. 2. TEM micrographs of (a) TiO, sol, (b) TiO, nano-crystallite.
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Fig. 3. TEM micrographs of metal-loaded TiO, sol.

with the crystalline domain size in the order of Ag-TiO, >
hydrothermal treated TiO; sol ~ Cr-TiO, > Pd-TiO, > Si—
W-TiO,. Nevertheless, TEM, SEM micrographs and XRD
data all revealed that there is no phase separation in metal-
loaded TiO,, suggesting that the metal salt was dispersed
homogeneously on TiO, surface. On the other hand, the
SEM graph and XRD pattern showed that the structure and
morphology of TiO, nano-crystallite are preserved when the
transition metal was added via post-hydrothermal synthesis,
except Si-W-TiO, which the diffraction peaks of
H4Si0,4-12WO05-xH,O was detected.

3.4. Photo-assisted reduction/impregnation of metal on
TiO,

The TEM and SEM micrographs of TiO, sol after photo-
assisted reduction/impregnation of metal were very similar
to those prepared via post-hydrothermal synthesis, except
Si—-W-loaded TiO,. The morphology and crystallinity of
TiO, changed when TiO, was mixed with HySiOy4-
12W0O3-xH,O even at room temperature under stirring.
X-ray diffraction pattern showed that the structure of
TiO, was almost destroyed and a new peak belongs to
the crystalline HySi04-12WO3-xH,O appeared at low 20
angle in Si—-W-loaded TiO,. TEM micrographs of TiO,
nano-crystallites after photo-assisted reduction/impregna-
tion of metals were shown in Fig. 6. It seems that the
TiO, nano-crystallites grow bigger and more dispersed after
the metal salts were added. Similar conclusion can be made
from the SEM studies (Fig. 7) with the exception of Si—W-
loaded TiO,. SEM of Si—W-loaded showed that the TiO,
grains were buried inside the H;Si04-12WO5-xH,0O matrix.
XRD pattern (Fig. 8) revealed that the crystallinity of TiO,
nano-crystallites was intact when the metal was added,
except Si—W-loaded TiO, which the structure of TiO, is
also almost totally destroyed. EDS analysis showed the
presence of both transition metal and Ti in metal loaded

TiO, and there is no phase separation was observed from the
SEM, TEM and X-ray diffraction data.

3.5. Photo catalytic activities of TiO, based catalysts

A simple comparison among the results obtained from the
different preparation and modification methods (or reported
in the literature) for metal-loaded TiO, is almost impossible.
It is due to that catalysts prepared under different experi-
mental conditions are usually different. For example, it is
well known that bare crystalline anatase and rutile TiO,
show very different photo catalytic activity, depending on
their electronic and surface properties [15]. Therefore, the
activity of TiO, based catalysts cannot be straightforwardly
related to only a few properties because it depends on all of
them. We compare the activity of TiO, based catalysts using
the same batch of TiO, as starting materials. The mechanism
of photo catalytic degrading of organic compounds is
believed to involve absorption of an UV photo by TiO, to
produce an electron-hole pair. Both hole and electron can
react with water to yield hydroxyl and superoxide radicals
which oxidize the organic molecules. The ultimate products
of these reactions are CO, and water [16—18]. The photo-
decomposed products of salicylic acid are also CO, and
H,O0; therefore, the amount of salicylic acid decomposed can
be monitored by the decreasing of the absorption intensity of
salicylic acid at 297 nm.

The photo catalytic activities of metal-loaded TiO, sol
obtained from post-hydrothermal synthesis of TiO, sol
under the illumination of UV and Hg arc light are listed
in Table 1. It was founded that the photo catalytic activity of
all metal-loaded TiO, under the illumination of UV light is
worse than that of hydrothermal treated TiO,, except Ag—
TiO,. It is probably due to that some active sites were
hindered by the transition metal therefore decreased the
activity and the higher activity of Ag-TiO, is due to its good
crystallinity and good electron trapping effect of Ag ions and
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Fig. 4. SEM micrographs of TiO, sol and metal-loaded TiO, sol prepared from post-hydrothermal synthesis (magnification: 50,000 ).

Table 1
The color, absorption threshold wavelength and catalytic activity of metal-loaded TiO, prepared from TiO, sol using post-hydrothermal method
Catalyst* Color Absorption Catalytic activity Catalytic activity
threshold under UV under Hg arc
(nm) light (mmole)® light (mmol)
TiO, White 363 4.06 0.24
Pd-TiO, Brown 367 2.19 0.9
Cr-TiO, Green 386 2.86 0.57
Ag-TiO, Gray 354 4.64 0.39
Si-W-TiO, Pale yellow 378 1.29 0.20
Degussa p-25 White 343 5.36 ~0

? The mole ratio of the metal to TiO; is 0.1.
® The activity was represented as mmole of salicylic acid decomposed per gram of TiO, for 24 h reaction.
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Fig. 5. X-ray powder diffraction patterns of TiO, sol and metal-loaded TiO,
sol prepared from post-hydrothermal synthesis.
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may be also the low absorption threshold. Nevertheless,
under the illumination of the visible light, the catalytic
activity of all metal-loaded TiO, is better than that of
hydrothermal treated pure TiO, sol although all catalysts
showed lower activity compared to those under the irradia-
tion of UV light. This is probably due to that the absorption
threshold is still in the UV range.

Loading transition metal in TiO, has two possible effects:
extending the absorption spectra of the TiO, into the visible
region and avoiding the electron-hole recombination by
electron trapping. Both effects will increase the catalytic
activity when the reactions were carried out under the
irradiation of the visible light. However, when the reactions
were carried out under the irradiation of UV light, the former
effect will be negative. The data in Table 1 showed that the

Fig. 6. TEM micrographs of TiO, nano-crystallite and metal-loaded TiO, nano-crystallite prepared from photo-assisted reduction/impregnation (magnifica-

tion: 1,00,000x).
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Fig. 7. SEM micrographs of TiO, nano-crystallite and metal-loaded TiO, nano-crystallite prepared from photo-assisted reduction/impregnation (magnification:

1,00,00x).

enhanced catalytic activity for Cr-TiO, and Pd-TiO,, under
the irradiation of the visible light, is due to the extending of
the absorption spectra of metal-loaded TiO; into the visible
region. For Ag-TiO, which absorption threshold shifted to
low wavelength, the enhanced activity is due to the electron
trapping effect that can be proved from the activity data
when the reactions were carried out under the UV lighting.
Under the irradiation of UV light (the absorption threshold
of TiO,-based catalysts is not so important), Ag" acts as a
good electron trapper, therefore Ag-TiO, has a slowest
electron-hole recombination rate and highest catalytic activ-
ity amongst all metal-loaded TiO, catalysts with the same
metal to TiO, ratios.

One of the major proposes for the modification of TiO,
based photo catalysts was to increase their activity under the
irradiation of sun light. Therefore, the catalytic activities of
TiO,-based catalysts prepared from different source and
methods under the Hg arc (visible) light were studied and
the results are summarized in Table 2. In general, the activity
of Pd-TiO, has the highest catalytic activity under all
experiment conditions we had used. However, the photo
catalytic activity of Ag-TiO, varied with preparation con-
ditions. It was known [19] that adding Fe(III) to TiO, can
increase its activity on the photodecomposition of phenol in
water. Palmisano and coworkers [20]. prepared TiO, pow-
ders loaded with transition metal ions by using the incipient
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Table 2

The catalytic activity (under the illumination of Hg arc light) of metal loaded TiO, prepared with various methods

Catalyst" Preparation method
TiO, sol, post- TiO, sol, photo- TiO, nano-crystallite, TiO, nano-crystallite,
hydro-thermal assisted reduction post-hydro-thermal photo-assisted reduction
Activities”

TiO, 0.24 0.36 0.64 0.73

Pd-TiO, 0.9 1.1 0.87 0.98

Cr-TiO, 0.57 0.83 0.81 0.95

Ag-TiO, 0.39 0.75 0.41 0.36

Si-W-TiO, 0.20 ~0 0.10 ~0

% The mole ratio of metal to Ti is 0.1.

" The activity was represented as mmol of salicylic acid decomposed during 24 h per gram of TiO,.

wet impregnation method and found that the photo catalytic
activity of TiO, was reduced by the presence of transition
metal ions with the exception of W, which instead played a
beneficial role. Ag metal had been proved to be a good

i TiO,
'\ Ag-TIO,
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‘ “—Pd-TiO,
Si-W-TiO,

10 20 30 40 50 60
26 (degree)
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Fig. 8. X-ray powder diffraction patterns of TiO, nano-crystallite and
metal-loaded TiO, nano-crystallite prepared from photo-assisted reduc-
tion/impregnation.
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additive for the photodecomposition of urea [21] and 2-
propanol [22] when TiO, was used as a catalyst. Those
results are not totally consistent with what we had observed.
What are all these contradictions come from? What are the
factors, except the components, which determine the activity
of TiO,-based photo catalysts? The following few para-
graphs may provide some cues.

3.6. Catalytic activity related physicochemical properties
of the metal-loaded TiO,

X-ray diffraction patterns revealed that, besides Si—-W—
TiO, which the anatase phase of TiO, destroys totally, all
metal-loaded TiO, showed a pure anatase phase with various
crystalline domain sizes. The crystalline domain size versus
activity of TiO, and metal-loaded TiO, was shown in Fig. 9.
It was found that only crystalline TiO, has catalytic activity.
Amorphous TiO, may have different band structure and
density of states compared to crystalline TiO,, therefore,
showed no photo catalytic activity. Nevertheless, the activity
is not directly related to the crystalline domain size. Some

2Pd-TiO,

20 30 40

Domain size (nm)

Fig. 9. The catalytic activity vs. crystallinity of TiO, and metal-loaded TiO, prepared from various methods.
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Fig. 10. XPS spectra of Ag in Ag-TiO, nano-crystallite prepared from (a) post-hydrothermal synthesis, (b) photo-assisted reduction/impregnation.

other parameters, such as the oxidation state of metal, may
be also involved. The papers reported by Papp et al. [13],
Albert et al. [14], and Schiavello et al [23]. showed that the
transition metal in metal-loaded TiO, prepared from the
photo-assisted reduction/impregnation presents as an ele-
ment form for Pd and Ag and oxides for Cr. It will be useful
to know the oxidation state of the metal in metal-loaded
TiO, used in this study. The representative X-ray photo-
electron spectroscopy (XPS) spectra of metal-loaded TiO,
nano-crystallite prepared with our methods were shown in
Fig. 10 and the binding energy and full-width-half-max-
imum (FWHM) were summarized in Table 3. The binding
energy of Pd is 1-2 eV higher than that of Pd° and lower than
that in Pd2+C12 [24]. The result indicated that the Pd presents
as an ion form with partial reduction or interaction with the
oxygen in TiO,. The UV irradiation did not cause the
significant reduction of Pd ion, contrasting to what Papp
and Albert had observed. On the other hand, Pd in the post-
hydrothermal synthesized Pd-TiO, nano-crystallite has a
lower binding energy compared to that prepared from photo-
assisted reduction/impregnation method. This result sug-
gested that Pd in hydrothermally prepared Pd-TiO, has a
higher degree of reduction compared to that in Pd-TiO,
synthesized with photo-assisted reduction/impregnation
method. Similar phenomenon was also observed in Ag—
TiO, and Cr-TiO,. Combination the catalytic activity data
shown in Table 2, it seems that in Ag-TiO,, Ag with lower

Table 3
The binding energy and FWHM of metal-loaded TiO, nano-crystallite

Preparation method Element Binding energy (eV) FWHM (eV)
Post-hydrothermal Pd 336 3.18

Cr 576.5 3.64

Ag 367 2.25
Photo-assisted reduction Pd 337 2.29

Cr 577 3.71

Ag 367.5 2.15

oxidation state will have a higher activity but in Pd-TiO, and
Cr-TiO, the higher activity was found when the oxidation
state of Pd and Cr is higher. Furthermore, the FWHM of Pd
in Pd-TiO, prepared with post-hydrothermal method is
much wider than that obtained from photo-assisted reduc-
tion method, indicating Pd in Pd-TiO, prepared hydrother-
mally has more complicated chemical environment.
Nevertheless, the FWHM of Ag and Cr in metal-loaded

Table 4
The catalytic activity (under the illumination of Hg arc light) of metal-
loaded TiO,

Catalyst® Preparation method Mole ratio of Activity®
metal to TiO,°
Cr-TiO, Photo-assisted reduction 0.2 0.80
0.1 0.95
0.05 0.60
Post-hydrothermal 0.2 1.10
0.1 0.81
0.05 0.52
Ag-TiO, Photo-assisted reduction 0.2 0.07
0.1 0.36
0.05 0.14
Post-hydrothermal 0.2 0.17
0.1 0.41
0.05 0.22
Pd-TiO, Photo-assisted reduction 0.1 0.98
Post-hydrothermal 0.1 0.87
TiO, TiO, nano-crystallite, 0 0.73

photo-assisted reduction

? TiO, nano-crystallite was used as a source.

® The mole ratio of metal to TiO, is the mole ratio of metal salt to TiO, in
the reaction media. Due to the different work-out procedure, the mole ratio
of metal to TiO, of the catalysts prepared from photo-assisted reduction
method is the same as that in the reaction media. Nevertheless, the mole
ratio of metal to TiO, in the catalysts prepared from post-hydrothermal
method may be different from that in the reaction media.

¢ The activity was represented as mmole of salicylic acid decomposed
during 24 h per g of TiO,.
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Table 5
The binding energy and FWHM of metal-loaded TiO, nano-crystallite
Preparation method  Element  Binding energy (eV)  FWHM (eV)
Post-hydrothermal Pd 336 3.18

Cr 576.5 3.64

Ag 367 2.25
Post-hydrothermal Pd 336 3.18

Cr 571 3.71

Ag 367.5 2.15

TiO, prepared with post-hydrothermal method is close to
that synthesized from photo-assisted reduction/impregna-
tion. This may imply that the interactions between Ag (or
Cr) and TiO, are very weak. The oxidation state of the
metals and the interactions between metal and TiO, in
metal-loaded TiO, will have a large impact on their catalytic
activity. Detailed studies on the synthesis of metal-loaded
TiO, with controllable metal oxidation states and their XPS
spectra are under way.

The metal concentration may also have an obviously
effect on the activity of the metal-loaded TiO, catalysts.
The activity of metal-loaded TiO, with various metal con-
tents was listed in Table 4. From the previous discussion, we
know that there are so many parameters that will affect the
photo catalytic activity of TiO, based catalysts, the data
shown in Table 4 had proved that the metal concentration is
one of them. To explore the effect of the metal concentration
on the catalytic activity of metal-loaded TiO, catalysts, other
parameters, such as particle size, crystallinity, preparation
method, homogeneity of metal dispersion, and so on should
be fixed. In this respect, metal-loaded TiO, prepared from
the photo-assisted reduction/impregnation of TiO, nano-
crystallite is a good system to study. The data in Table 4
showed that there is an optimal metal concentration to
achieve the highest activity. If the concentration of metal
is too low, the effect will not be significant. For high metal
content catalyst, the active sizes of TiO, will be blocked,
therefore the catalytic activity decreased. These results
suggested that the photo catalytic activity of transition metal
loaded TiO, was determined at least by two parameters: the
amount of metal and the active sites of the TiO,. The optimal
compositions depend on the types of metal and the prepara-
tion methods (Table 5).

4. Conclusion

Transition metals were deposited on TiO, via post-hydro-
thermal synthesis and photo-assisted reduction/impregna-
tion methods. X-ray photoelectron spectroscopy data
showed that the transition metal presents as an ion form
with some interactions with TiO,. The photo catalytic
activity of metal-loaded TiO; is better than pristine TiO,

sol under the irradiation of the visible light. It seems that the
crystallinity of TiO,, the absorption threshold, the interac-
tion between metal ions and TiO,, and the type, the oxida-
tion state, and the concentration of the metal as well as the
irradiation source have an impact on the catalytic activity of
metal-loaded TiO, photo catalysts. Under the irradiation of
the visible light, Pd-TiO, has the highest activity amongst
all the metal-loaded TiO, studied in the article. This may due
to that Pd ion has a strongest interaction with TiO,.
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