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Abstract

Na,Tiz;O7 nanotube films were prepared by hydrothermal treatment of Ti foils in NaOH solution. Pt and In,S; were effectively deposited on the
surface of the Na,Ti;O; nanotube films by photochemical reduction and precipitation reaction, respectively. The prepared samples were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and UV-vis diffuse
reflectance spectroscopy (DRS). The results of XRD, XPS and SEM indicate that In,S3 is coupled on the surface of Na,Ti;O; nanotube films.
Compared with Na,Ti;O5 nanotube film, the absorption edges of In,S;—Na,Tiz;O; nanotube films are extended to the visible region, which lead to
the visible light photocatalytic hydrogen production activities of In,S;—Na,Tiz;O; nanotube films. The experiment results show that the ternary
hybrid In,S;-Pt—Na,Ti;0; nanotube thin films possess much higher photocatalytic activities than In,S;—Na,Ti;0; nanotube thin films. Moreover,
the mechanism of photocatalysis over In,S;—Pt—Na,Ti;0; nanotubes under visible light was discussed.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction area and controllable morphology [11-15]. However, most of
) ) ] ) them only respond to UV light irradiation because of their wide

The rapid depletion of fossil fuels and the pollution problems 4,4 oap. In recent years, considerable effort has been made to
associated with their use urgently require the development of  y(end their absorption into visible light. Coupling with narrow
alternative, sustainable and environmentally friendly energy band gap semiconductors, such as CdS [16-18], Bi,S; [19,20],

sources. Hydrogen has been identified as an ideal energy carrier In,S; [21,22] and Cu,O [23,24], is an effective method to
due to its clean, storable and renewable properties. Photocatalytic

- ) ; X improve the photocatalytic efficiency and extend the optical
splitting of water into hydrogen over semiconductors is regarded

) spectral response of a wide band gap semiconductor. Recently,
as one of the most attractive way to produce hydrogen. Hence, ternary hybrid photocatalysts such as Pt-CdS—TiO, [25] and

the nanostructured semiconductor photocatalysts were widely CdS-TiOy—Au [26] have received much attention due to the
developed and researched, such as titanate nanotubes [1-4],

TiO, nanowires [5,6], TiO, nanofibers [7,8] and nanosized
NaTaOj; [9,10] have been widely developed due to their unique
structures and attractive potential applications. Especially, nano-
tube photocatalysts exhibit desirable properties for their applica-
tions in solar energy conversion due to their high specific surface

further reduction of electron—hole pair recombination with the
introduction of noble metal.

In the present study, In,S;—Na,Tiz;O; nanotube thin films
were successfully prepared. These films exhibit good photo-
catalytic activities for hydrogen production from Na,S/Na,SO3
aqueous solution. The effects of InCl; concentration on
—— . photocatalytic activities of In,S;—Na,Ti3O; nanotube films
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2. Experiments
2.1. Sample preparation

In a typical fabrication process, Ti foils, 2.0 x 3.0 cm?, were
ultrasonically cleaned in acetone and ethanol for 30 min. Then,
the Ti foils were put into 30 ml Teflon-lined hydrothermal
vessels with 20 ml of 10 M NaOH aqueous solution and heated
at 140 °C for 12 h to form Na,TizO nanotube films. In order
to enhance the photocatalytic activities of the as-prepared
Na,Ti30; nanotube films, the noble metal Pt was loaded on the
Na,Ti3;0; nanotubes by the photochemical reduction method.
Na,Tiz;O; nanotube films were vacuumized at 60 °C for
10 min after 0.02 mL of 4 mM H,PtClg was spread on it.
Then, the samples were irradiated with ultraviolet light in
40 mL methanol for 1 h to reduce Pt ions.

In,S3 nanoparticles were deposited by using the successive
ionic layer adsorption and reaction (SILAR) method. Na,Tiz;O;
nanotube films or Pt loaded Na,Ti;O; nanotube films were
immersed in InCl; solution for 10 min under vacuum condi-
tions, and kept for 20 min after exhausting to get adsorbed In**
ions, followed by drying in air. Then, the films were immersed
in Na,S solution for 10 min under vacuum condition, and kept
for 20 min after exhausting to make S~ ions react with In**
ions. This SILAR cycles were repeated three times to obtain
desired In,S;—Na,Ti;0; nanotube films or In,S;—Pt—Na,Ti;0,
nanotube films.

2.2. Characterization

The morphologies of the prepared samples were obtained on
a HITACHI S-4800 field emission scanning electron micro-
scopy (FE-SEM). The crystalline phases were identified by
X-ray diffraction (XRD) using a Rigaku D/MAX-RB diffract-
ometer with Cu Ko radiation. The surface compositions and
chemical states of elements in samples were investigated by
X-ray photoelectron spectroscopy (XPS) on a PHI 5700 ESCA
System with an Al Ka X-ray source. UV-vis diffuse reflection
spectra (DRS) were recorded on a HITACHI U-4100 spectro-
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Fig. 2. XRD patterns of (a) Na,Ti;O; nanotube film and (b) In,S;-Na,Ti;0;
nanotube film obtained in the presence of 0.1 M InCl;.

Fig. 1. SEM images of Na,Ti30; nanotube film (a) and In,S;—Na,Ti;O; nanotube films obtained at different concentrations of InCl; (b) 0.05 M and (c) 0.1 M.
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photometer, and were converted to absorbance spectra through
the standard Kubelka—Munk method.

2.3. Photocatalytic activity

Photocatalytic hydrogen production measurements were
carried out in a column quartz reactor. The prepared film
was immersed in 50 mL mixed aqueous solution containing
0.3 M Na,S and 0.2 M Na,SOj3. The solution was irradiated by
a 500 W high-pressure Xe lamp for 1 h. The distance between
the light source and column reactor was 10 cm. Meanwhile,
the reaction solution was stirred with a magnetic stirrer. The
amount of generated hydrogen was measured by a gas
chromatograph (thermal conductivity detector, molecular sieve
5 A column, Ar carrier).

3. Results and discussion
3.1. Morphology measurement

SEM images of Na,Tiz;O; nanotubes and In,S;—Na,TizO,
nanotubes are shown in Fig. 1. From Fig. 1(a), it can be seen
that Na,Ti3O; nanotubes can be successfully obtained with
external diameters of ~10nm at 140 °C as reported in our
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Fig. 3. XPS spectra of In,S;—Na,Ti307 nanotube film: (a) In 3d and (b) S 2p.

previous work [27]. Fig. 1(b) and (c) shows the SEM images
of In,S;-Na,Tiz0;. From Fig. 1(b) and (c), it can be clearly
seen that Na,Tiz;O- nanotubes are decorated with In,S; without
suffering morphological transformation. The average size of
In,S; nanoparticles is about 20 nm as shown in Fig. 1(c).
Moreover, the amount of In,S; increases with the increase of
concentrations of InCls.

3.2. XRD patterns

Fig. 2(a) shows the XRD pattern of Na,Tiz;O7 nanotube film
on Ti substrate. The main characteristic peaks can be well
indexed to the cubic structure of perovskite Na,TizO; (JCPDS
Card no. 31-1329). It indicates that the cubic Na,TizO,
nanotubes have been successfully fabricated by hydrothermal
treatment of Ti foil. Ti peaks can be found in Fig. 2 due to the
low film thickness. The XRD pattern of In,S;—Na,Tiz;O;
nanotube film is shown in Fig. 2(b). Compared with Fig. 2
(a), it is found that the diffraction peaks of In,S; are not
obvious due to the very small content.

3.3. XPS analysis

To determine the chemical states of In,S; species in the
In,S3/Na,Ti30; nanotube films, the XPS measurement of
In,S3-Na,Tiz;O; nanotube film was carried out. High resolu-
tion core spectrum for In 3d and S 2p is displayed in Fig. 3(a)
and (b), respectively. The In 3d X-ray photoelectron spectrum
consists of two peaks at 445.2 and 452.8 eV attributed to In
3ds, and In 3dj.,, respectively. The difference between the
split orbit peaks is 7.6 eV. Only one component located at
161.9 eV for S 2p was detected for In,S;-Na,Tiz;O; nanotube
film. The values of In 3d and S 2p are in agreement with the
binding energy usually reported for In,S; [28-30]. These
results indicate that the chemical states of In and S in the
samples are In** and S*~ respectively.
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Fig. 4. Diffuse reflectance spectra of (a) Na,Tiz;O; nanotube film and (b) In,S;—
Na,Ti305 nanotube film obtained in 0.1 M InCls.
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3.4. DRS analysis

The UV-vis diffuse reflectance spectra of unmodified
Na,Ti30; and In,S;—Na,Tiz;O5 nanotube films are shown in
Fig. 4. It can be seen that the absorption edge of the Na,Ti;O;
nanotube film is located at 340 nm, whereas the absorption
edge of the In,S;—Na,TizO; nanotube film is shifted to
approximately 440 nm. The optical band gap energies calcu-
lated from the absorption edges are about 3.6 eV and 2.8 eV.
This result indicates that the addition of In,S5 leads to a red-
shift in composite photocatalysts, demonstrating that the
absorption spectrum of Na,Ti;O; nanotubes can be extended
into the visible light region by coupling with In,Ss.

3.5. Photocatalytic activity and mechanism

The photocatalytic activities of In,S3—Na,TizO; and In,S;—
Pt—Na,Ti30; nanotube films are evaluated by photocatalytic
H, production from Na,S/Na,SO; aqueous solution under
visible light irradiation. Moreover, the effects of InCl;
concentration on photocatalytic activities of In,S;—Na,Tiz;0;
nanotube films were investigated. Fig. 5 shows the hydrogen
production rates of In,S;—Na,Ti;O; and In,S;—Pt—-Na,Tiz;O;
nanotube films under visible light irradiation. The hydrogen
production rate increases significantly with the increase of
InCl; concentration from 0.05 to 0.1 M, and then decreases
with the further increase of InCl; concentration. This is due to
the sizes of In,S; nanoparticles that increase with the increase
of InCl; concentration. An optimum coverage of In,S;
nanoparticles decorating Na,Tiz;O; nanotubes will contribute
to an efficient electron—-hole pairs separation and the electrons
fast transport, and thus to enhance the photocatalytic activity.
But excessive coverage of In,S; nanoparticles on the surface of
Na,TizO; nanotubes would reduce photocatalytic active sites
for H, evolution and reduce the reaction probability of
electrons and water molecule at the Na,Ti;O; surface, result-
ing in the decreasing of photocatalytic activity. Therefore,
there is an optimum concentration of InCl; solution (0.1 M) for
achieving high photocatalytic hydrogen production activity. In
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Fig. 5. Hydrogen generation rate of In,S;—Na,Tiz;O; nanotube films obtained
in different concentrations of InCl; solution and In,S;—Pt—Na,Ti;O; nanotube
film obtained in 0.1 M InCl3.

addition, compared with In,S;—Na,Ti;0; nanotube films,
In,S;-Pt—Na,Tiz;O0; nanotube film shows an excellent photo-
catalytic performance. The enhancement of photocatalytic
activity is attributed to the efficient charge separation in
In,S;—Pt—Na,Ti3O; photocatalyst. The mechanism of charge
transfer and separation in the three-component (3C) system is
illustrated in Fig. 6.

For the In;S;—Na,Tiz;O; nanotube film 2C system, the
narrow band gap semiconductor In,S; absorbs visible light
and generates electrons and holes; the photoinduced electrons
are injected from In,S; into the conduction band of attached
Na,Ti3;O; nanotubes. Therefore, a better visible-light photo-
catalytic activity is obtained. However, the photocatalytic
activity of the 2C system is far lower than that of the In,S;—
Pt—-Na,;Ti307 nanotube film 3C system. For the In,S;—Pt-
Na,Ti;O; nanotube film 3C system, the photogenerated
electrons that migrated from In,S; to Na,Ti;O; nanotubes will
immediately transfer to Pt. Electrons that arrived at Pt will
react with H* to form H., resulting in an efficient separation of
photogenerated charge carriers. Therefore, the photocatalytic
activity of the In,S;—Pt—Na,Ti;0O; nanotube film 3C system is
improved by loading Pt compared with the In,S;—Na,Tiz05
nanotube film 2C system.

4. Conclusions

In,S;-Na,Ti30; and In,S;-Pt-Na,Ti;O; nanotube films
were successfully fabricated by combining the hydrothermal
method, photochemistry reduction and SILAR method. The
present results show that coupling of In,S; significantly
extends the photoresponse of the Na,Ti;O; nanotubes into
the visible region. The as-prepared In,S;—Na,Ti;0O; nanotube
films are active as a photocatalyst under visible light irradia-
tion. In,S;-Pt—Na,Ti;O; nanotube film has a much higher
photocatalytic activity than that of In,S;—Na,Tiz;O; nanotube
film, indicating that Pt loading plays an important role in
enhancing the photocatalytic activity of In,S;—Na,Tiz05
nanotube films.

H* H,

Visible light

S2,504>

Oxidation In,Ss

Na,Ti;O;

Fig. 6. Schematic representation of charge transfer of water photosplitting on
the In,S;-Pt—Na,Ti;0; nanotube film. CB and VB refer to the energy levels of
the conduction and valence bands, respectively.
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