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bstract

A novel and highly efficient photocatalyst, Eosin Y-sensitized Pt-loaded nanotube Na2Ti2O4(OH)2 (NTS), was found to be very active for
ydrogen generation in triethanolamine (TEA) solution under visible-light irradiation (λ ≥ 420 nm). The catalyst was prepared by impregnation
hoto-deposition method, and characterized by transmission electron microscope (TEM), powder X-ray diffraction (XRD), and solid-state diffusion
eflectance UV–vis spectra (UV–vis DRS) techniques. The catalyst showed a long-term stability for photocatalytic H2 generation over 100 h after

onsecutive 10 runs, up to 14.97% of quantum yield was achieved under visible-light irradiation. The effect of loading amounts of platinum, pH
alue, the mass ratio of Eosin Y to NTS (E/N), the wavelength of incident light on photocatalytic activity for hydrogen generation, and the reaction
echanism were investigated in detail.
2006 Elsevier B.V. All rights reserved.

gen g

i
s
a
m
l
s
d

d
s
(
a
o
r
s

eywords: Nanotube Na2Ti2O4(OH)2; Eosin Y-sensitized; Visible light; Hydro

. Introduction

Photocatalytic splitting water into H2 has attracted extensive
ttention due to its potential to obtain clean and highly efficient
ydrogen energy from abundant H2O. Since the discovery of
hotocatalytic water splitting on TiO2 single crystal electrodes
y Fujishima and Honda [1], a lot of work has been reported
hat some semiconductor catalysts show reasonable activities
or water splitting into hydrogen under UV light irradiation,
uch as TiO2 [2], ZrO2 [3], SrTiO3 [4], Ta2O5 [5], Sr2M2O7
M = Nb, Ta) [6,7], ATaO3 (A = Li, Na and K) [8], and so on.

hile ultraviolet light occupies only 5% among the solar light,
n order to utilize the full spectrum of solar light, modifica-
ions must be applied to develop a catalyst that will work under
isible light. A series of noble metals-loaded perovskite photo-

atalysts [9,10] and a new kind of solid solution catalysts [11,12]
as synthesized and successfully used for H2 generation under
isible-light irradiation. Dye-sensitized solar cell is also a good
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dea to harvest visible light, where the Grätzel cell is the most
uccessful [13,14]. And dye-sensitized semiconductor catalysts
re also developed for hydrogen production [15]. Although
any researchers have explored extensive studies, the cata-

ysts with satisfied properties of sensitizing to visible light, high
olar conversion efficiency and good stability are still seldom
evised.

Nanotube Na2Ti2O4(OH)2 (NTS) is a kind of one-
imensional material, which belongs to the orthorhombic
ystem structure and has a large Brunauer–Emmett–Teller
BET) surface [16,17]. This new material is often used as

catalyst or support in the catalytic reactions. To the best
f our knowledge, there is no report applying this mate-
ial to photocatalytic hydrogen generation. In the current
tudy, a novel and highly efficient catalyst, Eosin Y-sensitized
t-loaded nanotube Na2Ti2O4(OH)2 is prepared using the

mpregnation photo-deposition method, which can reduce H2O
nto H2 in the presence of TEA solution as an electron

onor under visible-light irradiation (λ ≥ 420 nm). This cata-
yst shows a good stability for photacatalytic H2 production
ver 100 h after 10 runs, up to 14.97% of quantum yield is
chieved.

mailto:gxlu@lzb.ac.cn
dx.doi.org/10.1016/j.molcata.2006.10.047
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the figure, the onset absorption band of NTS is about 390 nm,
that is to say, the band energy of NTS is 3.18 eV, which indi-
cated that NTS can only be excited by ultraviolet light. After
the surface sensitization with Eosin Y dye, a new band edge at
6 Q. Li, G. Lu / Journal of Molecular

. Experimental

.1. Chemical reagents

Eosin Y dye (bisodium salt), namely, 2′,4′,5′,7′-tetra-
romofluorescein, was used as the photosensitizer of the cata-
ysts. The chemicals used in our experiments were of analytical
rade and used without any further purification.

.2. Preparation of Eosin Y-sensitized Pt-loaded NTS
atalyst

Nanotube Na2Ti2O4(OH)2 was prepared using the hydrother-
al synthesis method, which was a typical procedure described

n literature previously [18]. Eosin Y-sensitized NTS was pre-
ared by the impregnation method with water as a solvent. In
rder to improve the photocatalytic activity of H2 generation, Pt
anoparticles were deposited by in situ photo-deposition method
ith an aqueous solution of H2PtCl6.

.3. Photocatalytic evaluation

Photocatalytic reactions were carried out in a Pyrex flask
f 140 ml with a flat window (an efficient irradiation area of
0 cm2). Typically, 40 mg Eosin Y-sensitized NTS and appro-
riate H2PtCl6 aqueous were suspended in TEA-H2O mixture
80 ml, 15 vol% aqueous solution), and the magnetic stirring was
lways conducted in the reaction process. A 300 W tungsten
alogen lamp, equipped with a 420 nm cut-off filter (Toshiba,
Y44.2), was used as the light source. Prior to irradiation, the
uspension of the catalysts was dispersed in an ultrasonic bath
or 1 min, and then Ar gas was bubbled through the reaction mix-
ure for 40 min to remove oxygen. The photocatalytic activity
as estimated by measuring the amount of hydrogen evolution
sing a gas chromatography (TCD, molecular sieve 13X col-
mn, Ar as gas carrier). pH values of the reaction solution were
djusted by addition of hydrochloric acid or sodium hydroxide
sing a Markson 6200 model pH meter.

.4. Characterization

Transmission electron microscopic (TEM) patterns were
aken on a JEM-2010 electron microscope. X-ray diffraction
XRD) patterns of the samples were recorded on a Rigaku
/Max-RB diffractometer with a nickel filtrated Cu K� radi-
tion. Solid-state diffusion reflectance UV–vis spectra (UV–vis
RS) of the samples were recorded with a U-3010 UV–vis spec-

rometer equipped with an integrating sphere diffuse reflectance
ccessory, using BaSO4 as a reference.

. Results and discussion

.1. Characterization of the catalysts
Four different loading content of Pt (0, 0.5, 1, 2%) were
elected to investigate the effect of loading amount on the pho-
ocatalytic activity for H2 generation (Fig. 1), the results showed

F
l

ig. 1. Dependence of photocatalytic activity for H2 generation on different Pt
oading content. Reaction conditions: E/N = 1/1, 80 ml TEA solution, pH 7. The
ymbol “0” means that there is no hydrogen generation when no Pt is added.

hat there was no hydrogen generation when no Pt was added,
nd the best activity was obtained when the loading content of
t was 0.5%. The surface morphology of Eosin Y-sensitized Pt
0.5 wt%)-loaded NTS was shown in Fig. 2. As can been seen
rom the figure, Pt nanoparticles are successfully deposited on
he surface of the NTS, whose size distribution is rather uniform,
he average size of Pt nanopartices is 5–6 nm. Pt nanoparticles
re generally believed as the active sites for hydrogen generation
nd have small overpotential of water reduction. So, Pt is often
sed as the loading metal on the photocatalysts to improve the
hotocatalytic activity for hydrogen production.

Nanotube Na2Ti2O4(OH)2 (NTS) is a semiconductor, which
an only be excited by ultraviolet light. In order to well utilize
he solar light, a modification must be applied. Dye sensitiza-
ion to NTS is a good method to expand its absorbance range.
he visible-light absorption ability increased remarkably after
eing sensitized by Eosin Y dye molecule, while the typical
rthorhombic structure of NTS was not changed (Fig. 3). The
olid-state diffusion reflectance UV–vis spectra (UV–vis DRS)
f the catalysts were shown in Fig. 4. As can been seen from
ig. 2. TEM and HRTEM (insert) images of Eosin Y-sensitized Pt (0.5 wt%)-
oaded NTS.
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Fig. 5. Dependence of photocatalytic activity for H2 generation on pH value.
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Fig. 3. XRD pattern of NTS (a) and Eosin Y-sensitized NTS (b).

70 nm emerges. The red shift of the UV–vis absorbance of NTS
s due to the surface-modification of the dye molecule, which
ill benefit the samples to absorb visible light.

.2. Effect of pH on the photocatalytic activity for hydrogen
eneration

In the dye-sensitized reaction system, the adsorption of dye
olecule to catalyst surface is required because the association

f the dye with catalyst serves as the path of the electrons from
he dye to the catalyst surface. According to the plane and three-
imensional structure of Eosin Y molecular, the dye molecule
an fix on the NTS surface by the interaction between carboxy-
ate groups, phenolate oxygen of Eosin Y and surface hydroxyl,
i species of NTS. The linkage mode between the Eosin Y dye
nd NTS are some like the form of LB films and can adsorb
ore dye molecule on NTS surface. The combination between

arboxylate groups of dye and surface hydroxyl of NTS is ester-
ike linkage in TEA solution. The similar case has been reported
n literature [19]. pH value has a large effect on the adsorption
bility of dye molecule to the surface of a catalyst, and then

nfluences the photocatalytic reaction activity. So it is essential
o study the effect of pH value on the photocatalytic activity for

2 production and the results show in Fig. 5. As can be seen

ig. 4. UV–vis spectra of NTS (a), Eosin Y-sensitized NTS (b) and Eosin Y (c).
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eaction conditions: E/N = 1:1, 0.5% Pt loading, 80 ml TEA solution. The sym-
ol “0” means that there is no hydrogen generation when pH value of TEA
olution is 1 or 3.

rom the figure, the neutral and weak acidic or basic environ-
ent are favourable for H2 generation, and the photocatalytic

ctivity reaches the maximum at pH 7, while the strong basic
nd acidic environment is disadvantageous to H2 production. In
he strong basic solution, a part of hydroxyl groups on the sur-
ace of NTS first react with hydrogen ion, and then leave a basic
roup with negative charge. Because of the electrostatic repul-
ion force, carboxyl groups of Eosin Y are difficult to adsorb
n the surface of NTS, which prevents the excited electron of
he dye from transferring to the Ti active species of NTS, so the
hotocatalytic activity for H2 production is very low. While in
he strong acidic solution, the ester-like linkages are difficult to
orm because of protonation of hydroxyl groups of the Eosin Y
olecular. In addition, in the strong basic and acidic environ-
ent, the ester-like linkage between the Eosin Y dye and NTS is

asy to hydrolyse. Therefore, the better result of photocatalytic
ctivity for H2 generation obtained in closely neuter solution is
easonable.

.3. Effect of the mass ratio of Eosin Y to NTS (E/N) on the
hotocatalytic activity for H2 generation

In our reaction system, the Eosin Y dye molecule adsorbs on
he surface of NTS. Under visible-light irradiation, the Eosin Y
ye molecule absorbs visible light and the electrons of the dye
re excited from the HOMO to the LUMO state. The excited
lectrons are transferred to the conduction band of NTS, and then
o the surface of the Pt nanoparticles, or the excited electrons are
njected to the Pt nanoparticles directly, and then participates
n the photocatalytic hydrogen generation. The concentration
f Eosin Y plays a role in the number of the excited elec-
rons and is important to the photocatalytic activity. So, it is
ital to investigate the effect of E/N on the photocatalytic activ-
ty and the results are shown in Fig. 6. As can be seen from
he figure, there is no hydrogen generation when no Eosin Y

ye is added, which indicates the key role of dye to the reac-
ion system. The photocatalytic activity for hydrogen generation
ncreases with the increase of E/N, and reaches the maximum
t E/N = 1, and then decreases with the continuous increase of
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Fig. 8. Relationship between the rate of photocatalytic hydrogen generation
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ig. 6. Dependence of photocatalytic activity for H2 generation on E/N. Reac-
ion conditions: 0.5% Pt loading, 80 ml TEA solution, pH 7. The symbol “0”
eans that there is no hydrogen generation when no Eosin Y dye is added.

/N. As the increase of E/N, the adsorption amount of Eosin Y
ye on the surface of NTS increases, and then the number of
xcited electrons of dye molecule increases under visible-light
rradiation, so the photocatalytic activity increases. When the
dsorption amount approaches to saturation, the photocatalytic
ctivity reaches the maximum. If E/N increases continuously,
he activity will decrease, because the dissociative dye molecule
ill increase. However, the dissociative dye molecule cannot
articipate in electron transferring, while absorbs a part of inci-
ent light at the same time, resulting in the loss of part of the
ncident light, so the visible light in participating photocatalytic

2 production reduces, and therefore the photocatalytic activity
eclines accordingly.

.4. Stability of the Eosin Y-sensitized Pt-loaded NTS for
2 generation
Stability is one of the important properties of a catalyst.
he stability of photocatalytic activity for H2 generation over
osin Y-sensitized Pt-loaded NTS is listed in Fig. 7. In order

ig. 7. Dependence of photocatalytic activity for H2 generation on reaction time.
a) Eosin Y-sensitized Pt-loaded NTS; (b) Eosin Y-sensitized Pt-loaded TiO2;
c) Eosin Y-sensitized Pt deposition. Reaction conditions: E/N = 1:1, 0.5% Pt
oading, 80 ml TEA solution, pH 7.
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nd recycle time. (a) Eosin Y-sensitized Pt-loaded NTS; (b) Eosin Y-sensitized
t-loaded TiO2; (c) Eosin Y-sensitized Pt deposition. Reaction conditions:
/N = 1:1, 0.5% Pt loading, 80 ml TEA solution, pH 7.

o comparing, the results of Eosin Y-sensitized Pt-loaded TiO2
nd Eosin Y-sensitized Pt deposition under similar conditions
re also shown simultaneously. As can be seen, the photocat-
lytic activity for hydrogen generation of Eosin Y-sensitized
t-loaded NTS is much higher than that of Eosin Y-sensitized
t-loaded TiO2. The BET surface of NTS is about 400 m2 g−1,
hich is much larger than that of TiO2 (55 m2 g−1), so NTS

an provide more active sites for Pt deposition and dye adsorp-
ion. And the one-dimensional structure of NTS is favourable
or electrons transferring, which can reduce the recombination
f electron–hole pairs. Therefore, the activity for hydrogen gen-
ration of Eosin Y-sensitized Pt-loaded NTS is much higher
han that of other two catalysts. In order to observe clearly, the
elationship between the rates of photocatalytic hydrogen gener-
tion and recycle time was listed in Fig. 8. The rate of hydrogen
eneration is 75.45 �mol h−1 in the first run, and reaches the
aximum in the third run, and declines slightly in the consecu-

ive runs. Pt nanoparticles are loaded by in situ photo-deposition
ethod, so in the fore two runs Pt is possibly not reduced com-

letely, therefore, the rate is a little lower than that in the third
un. The slight decrease of the photocatalytic activity of Eosin
-sensitized Pt-loaded NTS in the consecutive runs is probably
aused by the consumption of electron donor (TEA) and the part
ecomposition of Eosin Y dye molecule. Catalyst c (Eosin Y-
ensitized Pt deposition) also has some degree of activity, which
ndicates that the excited electrons from Eosin Y molecular can
ransfer to Pt nanoparticle directly. According to the calcula-
ion method of quantum yield in literature [20], up to 14.97% of
uantum yield is achieved on Eosin Y-sensitized Pt-loaded NTS
atalyst under visible-light irradiation.

.5. Effect of the wavelength of incident light on the
hotocatalytic activity
The wavelength of incident light is important to a pho-
octalytic reaction. In the present paper, we conducted the
xperiments above using the cut-off filter with wavelength
onger than 420 nm. In addition, two other cut-off filters (460 and
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50 nm) are selected to investigate the effect of the wavelength of
ncident light on the photocatalytic activity. The quantum yield
sing the other two filters is 10.86 and 2.08%, respectively. The
haracter absorption peak of Eosin Y in TEA solution is 518 nm,
he transmission light can barely excite Eosin Y dye molecule
sing the 550 nm cut-off filter, so the apparent quantum yield is
uch lower than others.

.6. Photocatalytic reaction mechanism for H2 generation

Photocatalytic reaction mechanism of hydrogen generation
ver Eosin Y-sensitized Pt-loaded NTS is speculated as fol-
ows. Under visible-light irradiation, the Eosin Y dye molecule
bsorbs visible light and electrons of the dye are excited from
he HOMO to the LUMO state. The excited electrons transfer to
he conduction band of NTS, and then to the Pt nanoparticles,
r the excited electrons transfers to Pt nanoparticles directly. Pt
anoparticles are the hydrogen active sites, the electrons con-
entrated on Pt nanaparticles participate in photocatalytic water
eduction into hydrogen. The dye molecule would regenerate in
he electron donor solution.

. Conclusions

A novel photocatalyst, Eosin Y-sensitized Pt-loaded NTS
as found to be highly efficient for photocatalytic hydro-
en generation in TEA solution under visible-light irradiation
λ ≥ 420 nm). TEM and HRTEM results showed that Pt nanopar-
icles were successfully deposited on the surface of NTS and the
verage size of Pt was rather uniform (5–6 nm). UV–vis spectra
ndicated that the visible-light absorption ability of NTS was
emarkably increased after sensitized by Eosin Y dye, while the
ypical orthorhombic structure of NTS was not changed.
The photacatalytic activity of Eosin Y-sensited Pt-loaded
TS for hydrogen generation was largely influenced by pH
alue of reaction solution, and the best results were obtained
nder the near neuter environment. The mass ratio of E/N also

[

[
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ad a large effect on the photocatalytic activity and the best
atio was 1:1. Under the optimum conditions, where pH = 7,
/N = 1 and 0.5% Pt loadings, up to 14.97% of quantum yield
as achieved for photocatalytic hydrogen generation on this
ew catalyst under visible-light irradiation (� ≥ 420 nm), whose
tability were remained over 100 h after consecutive 10 runs.
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