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[ Abstract] With an attempt to investigate the effect of gold impurity and tungsten oxide on the recombination and sepa-
ration of electromr hole pairs, and disclose the effect of surface state on the photo catalytic activity of TiO,, an innovative
phote catalyst 3% W03/ 0. 5% Au** / TiO, was prepared by means of sot gel method. The photooxidation efficiency of
photocatalyst was evaluated by conducting a set of experiments to photo- degrade methylene blue (MB) in aqueous solu-
tion. The surface state properties were examined by means of surface photovoltage spectra ( SPS) and electronfield in-
duced SPS (EFISPS). The experiments demonstrate that the strongest peak is attributed to electron excited from valence
band to conduction band and the second strongest peak is attributed to electron excited from valence band to oxygen molec
ular for all samples. Electron is trapped by Oy absorbed on the surface of Ti0>. And the surface state of O3> forms. For
(1%, 3%) Au** / TiO, sample, two new peaks that significantly present at 414 nm and 400 nm respectively should be at-
tributable to gold impurity energy level. And for tungsten oxides doping samples, 4 peaks that significantly present in the
region of 500~ 800 nm should be attributable to tungsten impurity energy level. The intensity of EFISPS decreases with
increasing the content of gold ion or tungsten oxide when its content is no more than their optimal dosage. However,
when the content of gold ion or tungsten oxide is more than their optimal dosage, impurity energy level becomes recombr
nation center from separation center and the intensity of all peaks increases for them.
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1 INTRODUCTION

Ti02 photo-catalysis has been the focus of nu-
merous investigations in recent years, particularly
owing to its application for the complete mineraliza-

tion of undesirable organic contaminants to CO2, H,0

and inorganic constituent' ',

However, photo-oxida
tion was almost not industrially applied to treat waste
water due to its low reaction rate'”'. The higher re-
combination rate of electron/ hole pairs limits the rate
of photo-oxidation of organic compounds on the sur
face of a catalyst'”!. Numerous investigation have re-
ported that the additions of group Vlmetals and tran-
sition metal ions to TiO;-based photo-catalytic sys-
tems are two effective ways to enhance the photo-

[3 4 Choi and coworkers'”!

catalytic reaction rate
presented the results of a systematic study of the ef-
fects of 21 different metal ion ( not including gold
ion) dopants on the photochemical reactivity of quan-
tum-sized T1i0, with respect to both chloroform oxida-

tion and carbon tetrachloride reduction. Enhanced

photoactivity was found for Fe'*, Mo, Ru*,
Re’* ., V* , and Rh*" substitution for Ti** at 0. 5%
molar level in the Ti0; matrix. There are a number of
studies related to the photocatalytic activity of metal
oxideTi0, catalysts for the purpose of improving

TiO, photocatalytic activity, including Fe;04 %,

Shy05' ", W05 * 1 Si0,!M ) and Y505 .

At meantime, a number of literatures were relat-
ed to the interaction between the impurity and the
support, and explored the mechanism of the enhance-
ment of photo-activity of metal oxide-TiO> or metal
iomrTi02. UPS, XPS and AES techniques have pro-
vided evidence for electron transfer from the support

19131~ Zhang et al'™ pro-

to the metal or metal ion
posed the existence of impurity energy level in the lat-
tice of metal ion-Ti0O2 by powder conductivity tech-
nique. Substitutional impurities such as V, Cr, Mn
and Fe were doped in single crystalline rutile TiO;
and the impurity levels of them were investigated by
photocurrent measurement and theoretical calcula-

[15, 16

tions I Several of papers dealt with the relation-
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ship betw een the recombination of electron/ hole pairs
and photo-degradation efficiency by means of photolu-
minescence spectroscopy. Fujihara et al''” reported
that the intensity of PL emission decreased and the
increase of the quantum efficiency of 2-propanol pho-
to-degradation due to the addition of Fe** ions in the
system of Ti0, aqueous solution. Recently, our group
has investigated the effect of gold ion doping and
WOs3 composite on the photo-catalytic activity of

Ti02[9, 13, 18].
catalyst, WO3/Au’ /TiO, was prepared and photo-

In our investigation, an innovative

voltage spectra will be applied to investigate the effect
of gold impurity and tungsten oxide on the recombi
nation and separation of electromrhole pairs, and to
disclose the effect of surface state on the photo-
catalytic activity of Ti0,.

2 EXPERIMENTAL

2.1 Preparation of photo-catalysts

Gold ion doped TiO, samples were prepared by
sobgel method ™ "' A 17 mL tetra n-butyl titant-
um (Ti(O-Bu)4) dissolved in 80 mL absolute ethanol
was added drop-wise under vigorous stirring to 100
mL mixture solution containing 80 mL 95% ethanol,
S mL 0. 1 mol/L tetrachloroauric acid and 15 mL
acetic acid. The resulting transparent colloidal sus-
pension was stirred for 2 h and was aged for 2 days till
the formation of gel. The gel was dried at 353K un-
der vacuum and then ground. The powder was cal-
cined at 973 K for 2 h, and then gold-doped Ti0> was
obtained in a nominal atomic doping level of 1. 0%,
and abbreviated as 1. 0% Au’* /Ti0,. Other gold-
doped TiO, samples were prepared according to the
above procedure. They were 0. 5% Au’* /TiO, and
2. 0% Au’* / Ti0; respectively.

Sokgel process was used to prepare W03/ TiO»

samples'®!.

Firstly, 0. 05 mol TiO, transparent sol
was prepared, using Ti( O-Bu)4, 120 mL absolute
ethanol, 15 mL acetic acid, 5 mL double distilled wa-
ter, aged for 1 day. Secondly, 3. 0mL water solution
of ammonium tungstate ( NHs) 10 HoW 12 O42 ¢ 4H,0
was added drop-wise to the sol under vigorous stirring
for 2h. And WO3/TiO; gel formed. WO3/TiO, sam-
ple was obtained in a nominal atomic doping level of
1. 5% after aged, dried, ground, and sintered at 973
K for 2 h, and abbreviated as 1. 5% WO3/TiO,.
(3%, 5%) WO3/TiO, samples were prepared ac
cording to the above procedure.

Gold ion doped WO3/TiO; samples were pre
pared as follows. A 17 mL tetra n-butyl titanium
(Ti(O-Bu)4) dissolved in 80 mL absolute ethanol was
added drop-wise under vigorous stirring to 100 mL
mixture solution containing 80 mL 95% ethanol, 5
mL 0. 1 mol/ L tetrachloroauric acid and 15 mL acetic

acid. The resulting transparent colloidal suspension
was stirred for 2 h and aged for 12 days. Thereafter,
6.0ml water solution of ammonium tungstate
(NH4) 10H2W12042°4H,0 was added drop-wise to the
sol under vigorous stirring for 2 h. The gel was dried
at 353 K under vacuum and then ground. The powder
was calcined at 973 K for 2 h, and then 3% WO0O3/0. 5
Au*t /TiO, sample was obtained. All concentration
mentioned in this work were the nominal atomic con-
centration, which was based upon the assumption of
quantitative incorporation of WO3. All chemicals in
this work were of analytical grade, and double dis
tilled water was used for solution preparation.

2.2 Characterization of photo- catalysts

Surface photo-voltage spectra ( SPS) were ob-
tained with a solid junction photovoltaic cell by a light
source-monochromator-lock-in  detection technique.
Monochromatic light was obtained by passing light
from a 500 W xenon lamp through a double prism
monochromator. A lock-in amplifier, synchronized
with a light chopper, was used to amplify the photo-
voltage signal. T he photo-voltages were normalized so
that the intensities of monochromatic light incident on
the surface of the samples were constant. Electron

field-induced SPS ( EFISPS) were obtained by means
of 2.0V applied.

2.3 Photoreactor and light source

A 125 W high-pressure mercury lamp ( Institute
of Electric Light Source, Beijing) was positioned in-
side a cylindrical Pyrex vessel surrounded by a circu-
lating water jacket ( Pyrex) to cool the lamp, as de
scribed in Ref. [ 13]. Aqueous suspensions were pre-
pared by adding 0.2 g photo-catalyst powder to a 165
mL of aqueous dye solution (A(MB)= 12mg/L, MB
is from The British Drug Houses LTD) . Prior to irra-
diation the suspensions were magnetically stirred in
the dark for 15 min to establish the adsorption/ des
orption equilibrium of dye. Aqueous suspensions con-
taining dye were irradiated under constant aerating.
At given irradiation time intervals, samples of the
suspension were taken and immediately centrifuged at
4200 r/ min for 20 min, then filtered to remove the
particles. The filtrates were analyzed. MB concentra-
tion was analyzed by the Spectronic Genesys2 U V-

visible spectroscopy at 664 nm' '

3 RESULTS AND DISCUSSIONS

3.1 Surface photo voltage spectra

The determination of the relationship between
the surface photo-voltage of a material and wave-
length can provide some information about the surface
state and photo-sensitization of the materials. The
photovoltage response arises from the generation of
electron/ hole pairs by photo-excitation. Light absorp-
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tion usually leads to a direct transition from the va-
lence band to the conduction band, with the produc
tion of electron/ hole pairs. However, the generation
of a photo-voltage response is a direct result of the
free carriers. Light absorption often causes exciton
rather than free carriers. The excitons must dissociate
into free carriers for the production of photo-volt-
age'®”! . However, the self-established field of samples
is weak, electricfield-induced surface photo-voltage
spectroscopy ( EFISPS) is applied to produce strong
photo-voltage response in our investigation.

Fig. 1 shows the SPS of TiO,, 1.5% W03/ TiO,
and 3% W03/ 0. SAu™ /Ti02. To illustrate the re
sults in this figure, the position of peaks is listed in
Table 1. The positive peaks at 336 nm for TiO; and
at 340 nm for 1. 5% W03/ Ti0; and at 343 nm for 3%
WO05/0.5Au> /TiO, are attributed to electron excit-
ed from valence band to conduction band. The re
sponse at 436 nm for 1. 5% W03/ TiO, may be at-
tributable to electron excited from valence band to
oxygen absorbed by this catalyst. The response for
TiO, present at 389 nm, 568 nm and 577 nm, and
small peaks at 555 nm, 595 nm, 650 nm and so on for
1. 5% W03/ TiO,, and 563 nm, 629 nm for 3% W O3/

0. 5Au’ /Ti02 may be attributable to impurity ener

gy level or defect energy level '™ 1% 21- 221,

Fig. 2 and Table 1 show the EFISPS of photo-
catalysts. When a positive electric field (+ 2. 0 V)
was applied, photo-induced electrons diffuse to the
surface and holes diffuse into the body'?" *!. The
peaks at 332 nm, 337 nm, 335 nm, 334 nm for
Ti0,, and 0.5%, 1.0%, 2. 0% Au’* /TiO, respec

tively are attributed to electron excited from valence
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Fig. 1 SPS of photo-catalysts in
range of 300~ 700 nm

band to conduction band. The peak at 435 nm, 437
nm for Ti0 and 0. 5% Au** / Ti0, respectively is at-
tributed to electron excited from valence band to oxy-
gen molecular. The position of this peak shifts to red
direction owing to gold ion doping in comparison with
that of TiO,. Electron is trapped by O, absorbed on
the surface of TiO,. And the surface state of O3
forms. These results have an agreement with that re-
ported by CAO et al'®" *?. Only for 1. 0% Au’* /
Ti0, and 2. 0% Au’* / Ti0,, a new peak significantly
presents at 414 nm and 400 nm respectively. These
peaks should be attributable to gold impurity energy
level.

EFISPS of WO3/TiO, samples are showed in
Fig. 3 and the peaks of EFISPS are listed in Table 1.
The strongest peak is attributed to electron excited
from valence band to conduction band, and the sec
ond strongest peak is attributed to electron excited

Table 1 Position of peaks of surface photo-voltage spectra (SPS) and

electron-field-induced surface photo-voltage spectra( EFISPS) (nm)

Spectrum Sample Peak 1 Peak 2 Peak 3 Peak 4 Peak Peak 6
Ti0, 336 389 — 568 577 —
SPS 1.5% W03/ TiO, 340 436 — 555 595 650
3% W03/ 0. 5% Au®* / Ti0» 443 = = 563 629
Ti0, 332 435 — — — —
1.5% W03/ TiO, 340 436 522 555 595 652
3% W03/ TiO, 332 437 523 557 597 653
5% W03/ TiO, 340 438 524 557 600 653

EFISPS

0. 5% Au™ / TiO, 337 437 = = = =
1. 0% Au™ / TiO, 335 414 — — — —
2. 0% Au™ / Ti0, 334 400 — — — —
3% W03/ 0. 5% Au®* / Ti0, 331 437 525 557 600 653
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Fig.3 EFISPS of W03/ TiO; in
range of 300~ 700 nm

from valence band to oxygen molecular for all sam-
ples. Electron is trapped by O, absorbed on the sur
face of TiO2. And the surface state of Oz forms.
These results have an agreement with that reported
by CAO et al'*" #2! Only for tungsten oxides doping
samples, 4 peaks significantly present in the region of
500~ 800 nm. The position of all peaks shifts to red
direction owing to tungsten oxides in comparison with
that of TiO2. The EFISPS peak attributable to elec
tron excited from valence band to conduction band for
WO3 should not present in this region because its
band gap is about 3. 2 eV. So these peaks should be
attributable to tungsten impurity energy level.
EFISPS of 3% W03/ 0. 5% Au® / Ti0, sample is very
similar to that of WO3/ TiO; samples, as described in
Fig. 4.

3.2 Photo catalytic activity

For the purpose of comparison of photo-activity
and the optimum dosage of gold ion and tungsten ox-
ide, the photo-degradation of MB dye was carried
out. The photo- catalytic activity was characterized by
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Fig. 4 EFISPS of photocatalysts in
range of 300~ 700 nm

using pseudo-first-order kinetics with respect to MB
concentration listed in Table 2. The observed photo-
activity is low in the presence of pure TiO, and in-
creased greatly with increasing the content of gold ion
up to 0. 5%, and decreased with increasing the con-
tent of gold ion. That implies there is an optimum
molar content of gold ion, which is 0. 5% . Similarly,
the observed photo-activity of WO3/ Ti0; is increased
greatly with increasing the content of WO3 up to 3%,
and decreased with increasing the content of WOs3.
This implies there is an optimum molar content of
WO3, which is 3% . And the photo-catalytic activity

of 3% W03/ 0. 5% Au’* / Ti0, is strongest among all

photo-catalysts. The results show that WO3 and gold
ion should enhance the photo-catalytic activity of

T1i0o.

Table 2 Pseudo-first-order kinetics constants
of MB (20 mg/ L) in presence of modified T1i0,

Kinetics constant Correlation
Photo catalysts

E/min~ ' coefficient, R?

Pure Ti0» 0.0955 0.996 1

1.5% W03/ TiO, 0.115 0.997 8
3.0% W03/ TiO, 0. 166 0.999 2
5.0% W03/ Ti0, 0.134 0.996 8
0.25% Au™ / TiO, 0.121 0.996 5

0. 5% Au™* /TiO, 0.194 4 0.973 6

1. 0% Au* / Ti0, 0.112 0.997 3
3.0% Au™ /TiO, 0.078 3 0.9959

3% W03/ 0. 5% Au™* / Ti0, 0.2136 0.998 6

3. 3 Relationship between EFISPS and photo
catalytic activity

The change of intensities of EFISPS can be ex-

plained from the conversion of excitons into separate

electron/ hole pairs. The electrons excited from the
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valence band of Ti0, will be trapped by surface oxy-
gen and impurity, or will transfer to the conduction
band. The electron/ hole pairs are efficiently separat-
ed. The conversion from electrons excited to free car-
rier will be hindered. So, the intensity of EFISPS is
decreased with increasing the content of gold ion or
tungsten oxide when its content was no more than
their optimal dosage. However, when the content of
gold ion or tungsten oxide is more than their optimal
dosage, impurity energy level becomes recombination
center from separation center and the intensity of all
peaks is increased for them. It deserves mentioning
that the order of EFISPS intensity from weak to
strong have a good agreement with that of PL intensi-
ty and that of photo-activity from strong to weak. So
in this paper, the change of EFISPS is caused by the
change of electron/ hole pair recombination rate, and
the photo-activity is greatly affected by the recombi-
nation rate.
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