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bstract

A nitrogen-doped TiO2 (N-TiO2) photocatalyst was prepared by the calcination of the hydrolysis product of Ti(SO4)2 with aqueous ammonia.
t was loaded on N-TiO2 by photodeposition method. A dye-sensitization photocatalyst was prepared by impregnation method with Eosin Y and

he platinized N-TiO2. The prepared samples were characterized by XRD, UV–vis diffuse reflectance spectra (DRS), BET and FT-IR. The visible
ight activity of the sensitization photocatalysts was evaluated by photocatalytic hydrogen evolution (λ > 420 nm) in the presence of electron donor
riethanolamine (TEOA). The N-TiO2 has smaller crystalline size and larger specific surface area to enhance the adsorption amount of Eosin Y
han TiO2 prepared by NaOH. Surface oxygen defects produced by nitrogen doping would improve the adsorption of Eosin Y and excited electron

o transfer to the conduction band of N-TiO2. Therefore the visible light activity of the sensitized nitrogen-doped platinized TiO2 is much higher
han that of the sensitized platinized TiO2. The sensitized nitrogen-doped platinized TiO2 calcined at 300 ◦C has the highest visible light activity
mong the catalysts calcined at various temperatures, whose activity is increased by a factor of 3 compared to that of the sensitized platinized TiO2

alcined at the same temperature.
2007 Elsevier B.V. All rights reserved.

izatio

m
t
f
m
s
m
l
h
R
s
e

eywords: Photocatalysis; Visible light; Nitrogen-doped TiO2; Eosin Y; Sensit

. Introduction

Hydrogen is considered to be an ideal energy carrier for future
1]. If we can convert even a tiny fraction of the solar energy
eaching the earth into storable chemicals, such as hydrogen,
e will solve many of our problems not only in energy, but

lso the global environmental and political [2]. TiO2 has been
tudied extensively for photocatalytic water splitting to produce
ydrogen [3]. The difficulty with this semiconductor is its large
andgap energy of 3.2 eV that can only be excited by ultravio-
et light with a wavelength of no longer than 387.5 nm, which
ccounts for only 4% of the incoming solar energy [4]. In order
o achieve efficient water splitting by solar light, considerable

fforts [5–10] have been invested in developing photocatalysts
apable of using the less energetic but more abundant visible
ight.

∗ Corresponding author. Tel.: +86 791 3969983.
E-mail address: liyx@ncu.edu.cn (Y. Li).
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The sensitization of TiO2 has been identified as an effective
eans for dye-sensitized solar cells [11] and hydrogen evolu-

ion. Some dyes have been proved to be efficient sensitizers
or hydrogen evolution over Pt/TiO2, such as Eosin Y [12],
erocyanine [13], Ru(bpy)3

2+ [14] and coumarin [15]. In these
ensitization reactions, it was important that the sensitizing dye
olecule is adsorbed on the TiO2 particles. The influences of

oading various noble metal and CuO on visible light induced
ydrogen generation over the dye-sensitized M/TiO2 (M = Pt,
u, Rh and CuO) photocatalysts were investigated [16,17]. The

trong adsorption of Eosin Y on the loading metal and CuO
nhances the efficiency of hydrogen generation.

Except for TiO2, SnO2 [18], H4Nb6O17 [15], silica gel
19], nanotube Na2Ti2O4(OH)2 [20] and Ti-MCM-41 [21] were
sed as dye-sensitized matrixes for hydrogen production. These
atrixes were found to be active for hydrogen evolution under
isible light irradiation, despite their function being not com-
letely the same.

Asahi et al. [22] found that nitrogen-doped TiO2 possesses
isible light activity. The nitrogen-doped TiO2 was prepared

mailto:liyx@ncu.edu.cn
dx.doi.org/10.1016/j.molcata.2007.12.005
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Fig. 1. Molecular structure of Eosin Y.

nder the atmosphere of NH3 gas using commercial TiO2.
itrogen-doped TiO2 was prepared directly in the calcination
rocess of TiO2 using the method of neutralization hydrolyza-
ion [23]. It has been reported that nitrogen-doped TiO2 is visible
ight active for photocatalytic hydrogen evolution [24], but its
ctivity is very low.

In the present study, we used nitrogen-doped TiO2 as a
atrix to prepare a high active dye-sensitization (Eosin Y)

hotocatalyst. To the best of our knowledge, studies on cou-
ling dye sensitization with nitrogen doping for TiO2 have not
een reported. The activity of Eosin Y-sensitized nitrogen-doped
iO2 for hydrogen evolution increases notably compared to that
f the sensitized TiO2. The effects of the nitrogen doping for the
repared sensitization catalysts were investigated.

. Experimental

.1. Preparation of photocatalyst samples

In this work, an Eosin Y dye supplied by the Sinopharm
roup Chemical Reagent Limited Company (China) was used

s a photosensitizer of the catalysts. Except that Ti(SO4)2 was of
chemical reagent grade, the other chemicals were of analytic

eagent grade and used without further purification.
Nitrogen-doped TiO2 was prepared as described in the lit-

rature [23]. Twenty-four grams of Ti(SO4)2 was dissolved in
00 ml distilled water under strong stirring. The pH value of
he Ti(SO4)2 solution was adjusted to 7.2 with aqueous ammo-
ia (25 wt%). After filtrated and washed to remove SO4

2− with
istilled water (determined with 0.1 mol l−1 BaCl2 solution),
he sample was dried at 105 ◦C and milled in a mortar. Then
he samples were calcined at 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C,
espectively for 2 h to prepare nitrogen-doped TiO2 (denoted
s N-TiO2). Pure TiO2 was prepared by the same method for
-TiO2, except that 1 mol l−1 NaOH solution was used as a
recipitator instead of aqueous ammonia.

Pt was loaded on photocatalysts by a photodeposi-

ion method. 0.753 g TiO2, 1 ml anhydrous ethanol, 10 ml
.93 × 10−3 mol l−1 H2PtCl6 solution and 89 ml distilled water
ere added into a 190 ml Pyrex cell with a flat window. Other

onditions are the same as those in the photocatalytic reaction

N

c

is A: Chemical 282 (2008) 117–123

see following section). The mixture was irradiated by a 400 W
igh pressure Hg lamp for 2 h. After filtrated and washed with
istilled water, the powders (denoted as Pt-TiO2, Pt-deposited
mount: 0.5 wt%) were dried at 100 ◦C and milled in a mortar. Pt
as deposited on N-TiO2 (denoted as Pt-N-TiO2) by the same
ethod.
0.500 g Pt-TiO2 was added into 20 ml 5.00 × 10−3 mol l−1

nhydrous ethanol solution of Eosin Y. The mixture was stirred
or 12 h at room temperature in the dark, filtrated and then dried
t 100 ◦C. The obtained sample was denoted as Eosin Y-Pt-TiO2.
he Pt-N-TiO2 sample was treated by the same method. The
btained sample was denoted as Eosin Y-Pt-N-TiO2.

.2. Characterization of photocatalysts

XRD patterns of the prepared photocatalysts were measured
n a Britain Bede D1 System multifunction X-ray diffractome-
er, employing Cu K� radiation λ = 0.15406 nm. UV–vis DRS
ere obtained on the spectrophotometer of HITACHI U-3310

quipped with an integrating sphere accessory (BaSO4 was used
s a reference). Infrared absorption spectra were measured on
Nicolet 380 FT-IR spectrometer by the transmission method

sing the KBr pellet technique. The specific surface areas were
easured on a ST-08 surface analyzer by the volumetric BET
ethod using nitrogen as adsorbent.
Adsorption amounts of Eosin Y on TiO2 and N-TiO2 were

easured as follows. 0.300 g catalyst was added into 12 ml
.00 × 10−3 mol l−1 anhydrous ethanol solution of Eosin Y. The
ixture was stirred for 12 h at room temperature in the dark.
fter filtration, the concentration of Eosin Y in the filtrate was
easured at 524 nm on a spectrophotometer. The adsorption

mount of Eosin Y onto catalyst was calculated based on the
oncentration difference (�C) before and after the mixing.

.3. Photocatalytic activity under visible light irradiation

Photocatalytic reactions were conducted in a 190 ml Pyrex
ell with a flat window for illumination. A 400 W high pres-
ure Hg lamp was used as the light source. The light source
as equipped with a cutoff filter (λ > 420 nm) to remove radia-

ion below 420 nm and to ensure illumination of visible light
nly. Typically, 0.100 g of catalyst was suspended in 80 ml
.79 mol l−1 triethanolamine solution (pH 7.0, adjusted by 1:1
Cl). Prior to irradiation, the suspension of the catalyst was
ispersed in an ultrasonic bath for 5 min and N2 was bubbled
hrough the reaction mixture for 30 min to completely remove
xygen. The photocatalytic activity was determined by measur-
ng the amount of hydrogen produced for 2 h irradiation on a gas
hromatography (TCD, 13× molecular sieve column, N2 as gas
arrier).

. Results and discussion

.1. Crystallinity and specific surface of both TiO and

-TiO2 samples

Fig. 2 shows the XRD patterns of various N-TiO2 samples cal-
ined at different temperatures. N-TiO2-300 ◦C, N-TiO2-400 ◦C
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ig. 2. XRD patterns of N-TiO2 samples calcined at different temperatures: (a)
-TiO2-200 ◦C; (b) N-TiO2-300 ◦C; (c) N-TiO2-400 ◦C; (d) N-TiO2-500 ◦C.

nd N-TiO2-500 ◦C are only consisted of anatase, whereas
-TiO2-200 ◦C exists mainly in amorphism. With calcination

emperature increasing, the diffraction peaks of N-TiO2 become
harper, and thus their crystallinity increases. There is no diffrac-
ion peak of Ti–N compound, which can be attributed to that the
mount of the doped nitrogen is very small.

The inset of Fig. 2 shows the XRD patterns of TiO2-
00 ◦C and N-TiO2-300 ◦C. No remarkable difference between
oth samples was observed except diffraction intensity. The
iffraction peaks of TiO2-300 ◦C are sharper than that of N-
iO2-300 ◦C, indicating that the crystallinity of the former is
igher than that of the latter.

The crystalline size, D, was calculated by following Scher-
er’s formula:

= 0.9λ

β1/2 cos θ

here λ is the wavelength (nm) of characteristic X-ray applied,
1/2 is the half-value width of anatase (1 0 1) peak obtained by
RD and θ is 25.3/2.
The as-calculated particle size of samples b, c, d and TiO2-

00 ◦C are 14.7 nm, 18.0 nm, 24.6 nm and 21.1 nm, respectively.
hus it can be concluded that the particle size of TiO2 prepared
y using aqueous ammonia as a precipitator is smaller than that
y using NaOH solution.
Table 1 shows the specific surface area of TiO2 and N-TiO2
owders calcined at different temperatures. With calcination
emperature increasing, the specific surface areas of both TiO2
nd N-TiO2 decrease, but the specific surface area of TiO2

able 1
pecific surface area of TiO2 and N-TiO2 calcined at different temperatures

ample Specific surface area (m2 g−1)

200 ◦C 300 ◦C 400 ◦C 500 ◦C

iO2 78.06 70.47 53.85 22.97
-TiO2 99.53 92.60 81.32 59.27

v
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T
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(
a
t
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t
v
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ig. 3. FT-IR spectra of nitrogen-doped TiO2 and TiO2 calcined at 200 ◦C and
00 ◦C: (a) TiO2-200 ◦C; (b) N-TiO2-200 ◦C; (c) N-TiO2-300 ◦C; (d) TiO2-
00 ◦C.

ecreases faster than that of N-TiO2 and the effect is more
otable at higher temperature. This can be attributed to that
mmonia species adsorbed on TiO2 plays an important role
o restrain the growth of the crystal particle in process of the
alcination. Thus the specific surface area of N-TiO2 increases
ompared to that of TiO2, which is consistent with the result
rom the XRD analysis. At higher calcined temperature (such
s at 500 ◦C), release of the doped nitrogen by oxidation under
ir atmosphere [25] would also restrain growth of the crystal
article to increase the specific surface area.

.2. Behavior of nitrogen doping

Fig. 3 shows the infrared absorption spectra of TiO2 and
-TiO2 calcined at 200 ◦C and 300 ◦C. There are mainly

hree absorption bands in the region of 520–580 cm−1,
630–1640 cm−1, 3420–3450 cm−1 for the four samples.
he absorption bands in the region of 3420–3450 cm−1,
630–1640 cm−1 are assigned to the stretching vibration and
ending vibration of the hydroxyl on surface of TiO2 catalyst,
espectively. The absorption band in the region of 520–580 cm−1

s assigned to the stretching vibration of Ti–O [26].
Compared with TiO2-200 ◦C (sample a), two new absorp-

ion peaks of N-TiO2-200 ◦C (sample b) at 3189 cm−1 and
400 cm−1 appear, which can be assigned to the N–H stretching
ibration and the N–H bending vibration of NH4

+, respectively
25]. The N–H stretching vibration and the N–H bending vibra-
ion of NH3 are 3458 cm−1 and 1646 cm−1, respectively [27].
his indicates that ammonia species is absorbed on N-TiO2-
00 ◦C in form of NH4

+ instead of NH3. For N-TiO2-300 ◦C
sample c), the absorption peaks of NH4

+ disappear almost and
new absorption peak at 1060 cm−1 appears, which indicates

hat some nitrogen atoms have replaced the oxygen atoms of

iO2 crystal lattice to form yellow nitrogen-doped TiO2, and

he absorption peak can be assigned to the N–Ti–O stretching
ibration [26]. Thus we are sure that nitrogen doping does not
ake place at 200 ◦C, but very effectively at 300 ◦C.
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Table 2
Adsorption amount of Eosin Y on TiO2 and N-TiO2 calcined at different
temperatures

Sample Adsorption amount of Eosin Y (�mol g−1)

200 ◦C 300 ◦C 400 ◦C 500 ◦C
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the adsorption of Eosin Y should be small [16], thus we would
assume that Eosin Y was mainly adsorbed at N-TiO2 (TiO2).

We measured UV–vis diffuse reflectance absorption spectra
of the aged Eosin Y-TiO2-300 ◦C and Eosin Y-N-TiO2-300 ◦C
ig. 4. UV–vis DRS of TiO2-300 ◦C and N-TiO2 samples calcined at different
emperature: (a) TiO2-300 ◦C; (b) N-TiO2-200 ◦C; (c) N-TiO2-500 ◦C; (d) N-
iO2-400 ◦C; (e) N-TiO2-300 ◦C.

Compared N-TiO2-300 ◦C (sample c) with TiO2-300 ◦C
sample d), the stretching vibration peak at 3458 cm−1 shifts to
ow wavenumber (at 3443 cm−1), whereas the stretching vibra-
ion peak at 569 cm−1 shifts to low wavenumber (at 538 cm−1).

ith nitrogen doping, oxygen vacancies are easily created in
rain boundaries [23]. The shifts of the two peaks would be
ttributed to forming the N–Ti–O and oxygen vacancies.

.3. Photoabsorption property of both TiO2 and N-TiO2

Fig. 4 shows the UV–vis diffuse reflectance absorption
pectra of samples TiO2-300 ◦C, N-TiO2-200 ◦C, N-TiO2-
00 ◦C, N-TiO2-400 ◦C and N-TiO2-500 ◦C. It can be seen
hat the absorption of TiO2-300 ◦C is limited only to
ltraviolet light region, whereas the absorption thresh-
ld value of N-TiO2-300 ◦C is extended from 380 nm to
70 nm and the absorption edge of it shifts toward low
avenumber 10 nm. The absorption intensity in the region
f 400–600 nm of N-TiO2 samples gradually decreases
n the order of N-TiO2-300 ◦C > N-TiO2-400 ◦C > N-TiO2-
00 ◦C > N-TiO2-200 ◦C (without doped nitrogen).

The colours of the prepared nitrogen-doped TiO2 calcined
t 200 ◦C, 300 ◦C, 400 ◦C, and 500 ◦C were white, deep yel-
ow, yellow and pale yellow, respectively. With the temperature
ncreasing, release of the doped nitrogen would be accelerated by
xidative reaction under air atmosphere [25]. Thus, the amount
f the doped nitrogen is the highest at 300 ◦C, and decreases
rom 300 ◦C to 500 ◦C. When calcined temperature is 200 ◦C,
itrogen is not doped into TiO2 crystal lattice.

.4. Adsorption of Eosin Y

Table 2 shows the adsorption amount of Eosin Y on TiO2

nd N-TiO2 powders calcined at different temperatures. The
dsorption amounts of Eosin Y on TiO2 and N-TiO2 increase
ith calcination temperature decreasing, except the samples cal-

ined at 200 ◦C. Sample N-TiO2-200 ◦C having comparatively

F
t
5
N

iO2 86.67 82.22 74.44 56.67
-TiO2 160.00 172.22 146.67 124.44

maller adsorption amount would be attributed to that there was
large amount of NH4

+ on TiO2. The adsorption amount of
osin Y on N-TiO2 is about two times higher than that of TiO2
t the same calcination temperature.

Fig. 5 shows the UV–vis diffuse reflectance absorption
pectra of Eosin Y-TiO2-300 ◦C and various Eosin Y-N-TiO2
amples calcined at different temperatures. The sensitization of
osin Y extends the visible light response range of both TiO2
nd N-TiO2 compared to Fig. 4. Eosin Y makes TiO2 and N-
iO2 have a very strong absorption in region of 400–600 nm.
he absorption intensity of Eosin Y-N-TiO2-300 ◦C (sample e)

s much higher than that of Eosin Y-TiO2-300 ◦C (sample a).
he absorption intensity in the region of 400–600 nm of Eosin
-N-TiO2 samples decreases in the order of Eosin Y-N-TiO2-
00 ◦C (sample e) > Eosin Y-N-TiO2-200 ◦C (sample d) > Eosin
-N-TiO2-400 ◦C (sample c) > Eosin Y-N-TiO2-500 ◦C (sample
), which is consistent with the result from Table 2.

Fig. 6 shows the UV–vis diffuse reflectance absorption spec-
ra of various Eosin Y-Pt-N-TiO2 samples calcined at different
emperatures. Compared Fig. 5 with Fig. 6, the absorption spec-
ra of the Eosin Y-Pt-N-TiO2 samples are similar to these of
he Eosin Y-N-TiO2 samples, but the baselines of the former
re raised, which would be attributed to Pt loading. Pt load-
ng amount on Eosin Y-Pt-N-TiO2 samples is only 0.5 wt% and
ig. 5. UV–vis DRS of N-TiO2 samples calcined at different temperatures with
he sensitization of Eosin Y: (a) Eosin Y-TiO2-300 ◦C; (b) Eosin Y-N-TiO2-
00 ◦C; (c) Eosin Y-N-TiO2-400 ◦C; (d) Eosin Y-N-TiO2-200 ◦C; (e) Eosin Y-
-TiO2-300 ◦C.
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ig. 6. UV–vis DRS of Pt-N-TiO2 samples calcined at different temperatures
ith the sensitization of Eosin Y: (a) Eosin Y-Pt-N-TiO2-200 ◦C; (b) Eosin Y-Pt-
-TiO2-300 ◦C; (c) Eosin Y-Pt-N-TiO2-400 ◦C; (d) Eosin Y-Pt-N-TiO2-500 ◦C.

amples after 1 month in the dark. The UV spectra of the aged
amples kept unchanged compared to the fresh samples, indi-
ating that Eosin-Y was stable under our experiment condition.

.5. Comparison of photocatalytic activity

Fig. 7 shows the photocatalytic activities for hydrogen evo-
ution over various Eosin Y-Pt-TiO2 and Eosin Y-Pt-N-TiO2
amples. For the Eosin Y-Pt-TiO2, the activity decreases in
he order of 300 ◦C > 200 ◦C > 400 ◦C > 500 ◦C, whereas for
he Eosin Y-Pt-N-TiO2, 300 ◦C > 400 ◦C > 200 ◦C > 500 ◦C. The
ctivities of both Eosin Y-Pt-TiO2-300 ◦C and Eosin Y-Pt-N-
iO2-300 ◦C are the highest among the corresponding samples

alcined at various temperatures, and the activity of Eosin Y-Pt-
-TiO2-300 ◦C is increased by a factor of 3 compared to that of
osin Y-Pt-TiO2-300 ◦C.

ig. 7. Effect of prepared temperature of photocatalysts on photocatalytic hydro-
en evolution under visible light (λ > 420 nm) irradiation. Reaction conditions:
rradiation time, 2 h; 80 ml 0.79 mol l−1 TEOA solution, pH 7.0.
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Both Eosin Y in the TEOA solution under visible light
rradiation and EosinY-Pt-N-TiO2 in the dark did not produce
ydrogen, meaning that Eosin Y-Pt-N-TiO2 has a good activity.
he activity of N-TiO2 and Pt-N-TiO2 samples (without sen-
itization) is too low to be observed, indicating that activity of
osin Y-Pt-N-TiO2 originates only from the sensitization. Only
mall amounts of hydrogen (2–3 �mol for 1 h) were produced
ver samples Eosin Y-TiO2-300 ◦C and Eosin Y-N-TiO2-300 ◦C
nder our experiment condition, suggesting that Pt is very impor-
ant to hydrogen evolution.

.6. Discussion for the high activity of Y-Pt-N-TiO2

Photocatalytic reaction mechanism of hydrogen generation
ver Eosin Y-sensitized Pt-loaded TiO2 and N-TiO2, and effects
f nitrogen doping are speculated as follows. Under visible light
rradiation, the Eosin Y dye molecule absorbs visible light and
lectrons of the dye are excited from the HOMO to the LUMO
tate. The excited electrons transfer to the conduction band of
iO2 and N-TiO2, and then to the Pt nanoparticles. Because Pt
anoparticles are the hydrogen active sites, the electrons con-
entrated on Pt nanoparticles participate in photocatalytic water
eduction into hydrogen. Eosin Y can be adsorbed preferentially
t Pt [20], other than at the surface of TiO2. Thus the excited
osin Y can also transfer electron directly to the Pt particle to
roduce hydrogen, which would be the second way for hydrogen
volution. The dye molecule would regenerate in the electron
onor (TEOA) solution.

According to the structure of Eosin Y molecule (Fig. 1), there
re one carboxyl group and phenol hydroxyl group. Eosin Y
dsorbed on the TiO2 or N-TiO2 may be present in two forms: a
ydrogen-bonded physisorbed species and a chemisorbed alkox-
de species. The dye having carboxylic group could be fixed by
ster-like linkage at TiO2 (surface Ti) in organic solvent [12],
nd could also adsorbed at TiO2 water interface by docking of
he carboxylic group [28]. Phenol hydroxyl group can be fixed
o surface titanium atom by esterification [29]. Thus we would
ssume Eosin Y would be mainly adsorbed chemically on the
iO2 or N-TiO2 via carboxyl group and phenol hydroxyl group.
n general, there is a large amount of hydroxyl groups on TiO2
urface, for example, P 25 TiO2 with a specific surface area
f 55 m2 g−1 having a large surface hydroxyl group capacity
0.46 mmol g−1) [30]. Based on data from Table 2, it would be
ssumed that only a small part of hydroxyl groups on TiO2 or
-TiO2 surface would react with the carboxyl group and phenol
ydroxyl group of the dye to fix it.

Fig. 8 shows the infrared absorption spectra of TiO2-300 ◦C,
osin Y-TiO2-300 ◦C, N-TiO2-300 ◦C, Eosin Y-N-TiO2-300 ◦C
nd Eosin Y. Compared the spectrum of the sample a with that
f the sample b, it can be observed that the hydroxyl stretching
ibration peak of TiO2 at 3458 cm−1 shifts to low wavenumber
at 3444 cm−1) by the sensitization of Eosin Y, which would be
ttributed to that Eosin Y was chemically fixed at TiO2 via its

arboxyl group and phenol hydroxyl group.

Theory calculation shows that N impurities are found to be
ore stable in the sub-surface layers [31]. Experimental evi-

ences prove that the nitrogen is located well below the surface
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[
[
[21] Q. Li, Z. Jin, Z. Peng, Y. Li, S. Li, G. Lu, J. Phys. Chem. C 111 (2007) 237.
ig. 8. FT-IR spectra of TiO2-300 ◦C and N-TiO2-300 ◦C samples with and
ithout the sensitization of Eosin Y: (a) TiO2-300 ◦C; (b) Eosin Y-TiO2-300 ◦C;

c) N-TiO2-300 ◦C; (d) Eosin Y-N-TiO2-300 ◦C; (e) Eosin Y.

f N-TiO2, when N doping is produced by oxidation of the
etal nitride [32]. On our experiment condition, samples were

alcined under air atmosphere. Thus we can conclude that the
oping nitrogen should be located mainly below the surface. The
oped nitrogen amount at TiO2 prepared by the method is very
mall [23]. Thus the surface nitrogen species and the adsorption
f Eosin Y via them on N-TiO2 should be negligible.

N doping is expected to introduce more oxygen vacancies at
he surface than commonly observed for the anatase surface [31].
t was reported that ethylene glycol molecules are preferentially
hemisorbed at the defect sites generated during the doping of
he N atoms [33]. The carboxyl group and phenol hydroxyl group
f Eosin Y should be adsorbed preferentially at the defect sites.

Compared the spectrum of the sample c with that of the sam-
le d, it can be observed that hydroxyl stretching vibration peak,
i–O–N stretching vibration peak and Ti–O stretching vibra-

ion of N-TiO2 shift to low wavenumber (from 3443 cm−1 to
430 cm−1, from 1060 cm−1 to 1054 cm−1 and from 538 cm−1

o 490 cm−1, respectively) due to the sensitization of Eosin Y,
hich would be attributed to strong interactions between the car-
oxyl group and phenol hydroxyl group of Eosin Y, and surface
i sites and the defect sites of N-TiO2.

As shown in Fig. 7 and Table 2, the activity of Eosin Y-
t-N-TiO2-300 ◦C is three times higher than that of Eosin
-Pt-TiO2-300 ◦C, whereas the adsorption of N-TiO2-300 ◦C is
bout two times higher than that of TiO2-300 ◦C and the specific
urface area of the former is only a little larger than that of the
atter. The results can be attributed to that the strong interaction
etween Eosin Y and the surface oxygen defects on N-TiO2
o largely increase adsorption and reaction properties [33]. It
ould take place more effectively that the photoinduced elec-

ron injection into the conduction band of N-TiO2 at the surface
xygen defects. Therefore the photocatalytic activity of Eosin

-Pt-N-TiO2 is much higher than that of Eosin Y-Pt-TiO2.

Because there is the largest amount of doped nitrogen for
-TiO2-300 ◦C among the N-TiO2 samples (200–500 ◦C), we

oncluded that there would be the largest amount of surface oxy-

[

[

is A: Chemical 282 (2008) 117–123

en defects generated by nitrogen doping for N-TiO2-300 ◦C.
hus Eosin Y-Pt-N-TiO2-300 ◦C having the highest activity
ould be attributed to its largest amount of surface oxygen
efects and higher specific surface area.

. Conclusion

The dye-sensitization photocatalyst Eosin Y-Pt-N-TiO2 with
igh visible activity was prepared. The sensitization of Eosin Y
xtends the visible light response range of N-TiO2 and TiO2. The
dsorption amount of Eosin Y at N-TiO2 increases compared
o that at TiO2 prepared by NaOH. In particular, the surface
xygen defects produced by nitrogen doping would improve
dsorption of Eosin Y and the excited electron to transfer to
he conduction band of N-TiO2. Therefore the photocatalytic
ctivity of Eosin Y-Pt-N-TiO2 is much higher than that of Eosin
-Pt-TiO2. On the optimum conditions, the activity of Eosin Y-
t-N-TiO2-300 ◦C is enhanced by a factor 3 compared to that of
osin Y-Pt-TiO2-300 ◦C.
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