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ABSTRACT

Ordered anatase TiO, nanotubes (TiO, NTs) on Ti substrate were synthesized by electrochemical anodiza-
tion and subsequently vapor-thermal treatment. Ag nanoparticles were decorated on TiO, NTs by
successive ionic layer adsorption and reaction (SILAR) technique. Raman spectroscopy, X-ray absorp-
tion near edge spectroscopy (XANES), X-ray diffraction (XRD), UV-vis diffuse reflectance spectroscopy,
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used for the char-
acterization of surface morphology, phase composition, and microstructure of the original TiO, NTs, the
vapor-thermally treated TiO, NTs and the Ag nanoparticles decorated TiO, NTs. The results indicate that
vapor-thermal treatment favors to the transformation of amorphous TiO, into anatase phase. Increasing
the SILAR cycle times favors to increase the loaded amounts of Ag nanoparticles in TiO, NTs. Ag nanopar-
ticles are uniformly distributed in the TiO, NTs, and the SILAR process does not damage the ordered
tubular structure. A possible formation mechanism of Ag/TiO, NTs has also been proposed. The photo-
catalytic results showed that the Ag nanoparticle modified TiO, NTs largely enhanced the photocatalytic

degradation of methyl orange under ultraviolet light irradiation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, TiO, NTs are the most extensively studied mate-
rial due to their unique electronic and optical properties, which
can be applied in photocatalyst, biosensor, dye-sensitized solar
cells and other applications [1-5]. Many methods, such as anodiza-
tion [6-8], template technique [9], hydrothermal process [10-12],
and soft chemical process [13] have been used to prepare TiO;
NTs. The development of highly ordered TiO, NTs by a simple and
green electrochemical anodization has shown many advantages
in providing high surface area and efficient unidirectional charge
transport routes, thus generating extensive technological interest
[14,15].

TiO, NTs have been widely studied as a model system for arange
of photocatalytic processes [16-18]. However, the rapid recom-
bination of photoinduced electrons and holes greatly lowers the
effective applications of TiO, NTs. Recently, noble metals deco-
rated TiO, NTs have received increasing attention due to their
promotion of the separation of photogenerated electron-hole pairs
and thus enhancement of the photocatalytic activity of TiO, NTs
[1,19-22]. Silver (Ag) particles are often applied to act as electron
reservoirs to suppress the electron-hole pairs recombination, thus
more holes are available for the oxidation reactions, which cause a
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lot of attention in the modification of TiO, NTs [23]. In recent years,
Xie et al. adopted a pulse current deposition technique to construct
highly dispersed Ag nanoparticles on TiO, NTs [24]. Liang et al. suc-
cessfully fabricated Ag nanoparticles in self-organized TiO, NTs by
a simple wet reduction method [25]. Paramasivam et al. investi-
gated Ag nanoparticles loaded onto self-organized TiO, NTs under
continuous UV irradiation [26]. The above three methods are the
most familiar strategies to synthesize the Ag nanoparticles loaded
TiO, NTs. The successive ionic layer adsorption and reaction (SILAR)
technique is a more convenient and novel method, which is used
to construct the uniform distribution of metal sulfide nanoparticles
in the TiO, NTs. However, by the best of our knowledge, no litera-
ture reported the fabrication of noble metal nanoparticle decorated
TiO, NTs by the SILAR route.

In the paper, the SILAR method was used to homogeneously
decorate the TiO, NTs with Ag nanoparticles of about 9.2 nm. The
effects of different deposition cycles on the essential structures and
properties of the Ag/TiO, NTs were systematically investigated.
The photocatalytic activity of the synthesized Ag/TiO, NTs was
also tested by using the liquid-phase photocatalytic degradation
of methylene orange (MO) as a model reaction.

2. Experimental details
2.1. Preparation of self-organized TiO, NTs

Self-organized TiO, NTs were prepared by a two-step anodization of titanium
foil (0.25 mm thickness, 99.8% purity), following the typical procedure [27]. The
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first-step anodization was performed under 60V for 1 h in ethylene glycol solution
containing 0.5 wt.% NH4F and 3 vol.% H,O. After the first step, the as-formed TiO,
NTs were peeled off by intense ultrasonication in deionized water to expose the
Ti substrate. The second-step anodization was carried out in the same conditions
as mentioned above for 4 h. The TiO, NTs were then vapor-thermally treated at
different temperatures for 6 h [28].

2.2. Surface modification of TiO, NTs

The vapor-thermally treated TiO, NTs at 180°C were immersed in 0.3M
mercaptoacetic acid solution for 30 min. Afterwards, the TiO, NTs containing mer-
captoacetic acid were dried at 60°C for 10 h.

2.3. Synthesis of Ag-sensitized TiO, NTs

The mercaptoacetic acid modified TiO, NTs were sequentially sensitized with
Ag by using SILAR technique. First, TiO, NTs were dipped into 0.2 M AgNO3 solution
for 5 min, rinsed with deionized water, then dipped for another 5 min into 0.15M
NaBH, solution and again rinsed with deionized water. This whole procedure is
referred to as one full SILAR cycle. For comparison, this SILAR processes for 5, 10 and
15 times were denoted as Ag(5)/TiO, NTs, Ag(10)/TiO, NTs and Ag(15)/TiO, NTs,
respectively.

2.4. Characterization

The phase compositions of samples were determined by a Rigaku D/Max 2400
X-ray diffractometer (XRD) equipped with graphite monochromatized Cu Ka radi-
ation. Renishaw System 1000 Raman microscope was used to collect Raman data
of samples using 514.5 nm laser light from a He:Ne laser. Ti K-edge XANES spectra
were collected in transmission mode with aSi(1 1 1) double-crystal monochromator
at the 4WIB beam line of Shanghai Synchrotron Radiation Facility. The morphol-
ogy and element composition of samples were directly observed by a Quanta 200
FEG scanning electron microscope (SEM) equipped with energy dispersive spec-
troscope (EDS). Microstructure was characterized by a FEI Tecnai F30 transmission
electron microscope (TEM) operated at an accelerating voltage of 300 kV. UV-vis
diffuse reflectance spectra (DRS) were recorded on a UV-4100 UV-vis spectropho-
tometer with an integrating sphere attachment. BaSO4 was used as a reflectance
standard in the wavelength range of 200-800 nm.

2.5. Photocatalytic activity test

The photocatalytic activity of the prepared samples was evaluated by photocat-
alytic decomposition of 30 mL MO (5 x 10~ M) aqueous solution under 250 W UV
irradiation (A =254 nm). Before photodegradation, adsorption equilibrium of the dye
on the sample with area of 1.54 cm? was established by ultrasonication for 1 min
and then mechanical stirring for 30 min in the dark environment. The change in MO
concentration was monitored by determining the UV-visible adsorption of 3.0 mL
sample taken from the solution every 10 min at 464 nm. After measurement, the
sample was put back to the reaction solution to conduct the photo-degradation
experiments with the same procedure as mentioned above.

3. Results and discussion
The formation of anatase crystalline phase under vapor-thermal

treatment was confirmed by Raman spectra (Fig. 1a) and XANES
spectra (Fig. 1b). Sample NT-1 has a weak and broad Raman peak
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at 615cm!, indicating that the vapor-thermally treated TiO, NTs
at 100°C is mainly composed of amorphous TiO,. Samples NT-
2 and NT-3 have three obvious Raman peaks at 399, 516 and
639cm™!, corresponding quite well to the typical Raman signals
of anatase [3,29]. Raman peak intensity increases with increasing
vapor-thermal temperature, indicating that anatase crystallization
degree is improved. Ti K-edge XANES spectrum of the original
TiO, NTs has a big pre-edge peak with a small shoulder, which
reveals that the original TiO, NTs are amorphous. Three small
pre-edge peaks marked as A;, A, and A3 appear after vapor-
thermally treating the amorphous TiO, NTs at 180°C. The three
pre-edge peaks are consistent with that of the anatase reference,
which originate from the forbidden transitions from the core 1s
level to unoccupied 3d states of a Ti (IV) [30]. The results indi-
cate that the amorphous TiO, NTs can transform into anatase
phase after vapor-thermal treatment, which is consistent with the
previous result [28].

The typical XRD patterns of the vapor-thermally treated TiO,
NTs and Ag-decorated TiO, NTs with different cycle times are
shown in Fig. 2. Pattern (a) indicates that the original TiO, trans-
formed into anatase after vapor-thermal treatment at 180°C. The
average size of the TiO, crystalline was calculated to be approxi-
mately 11 nm from the (10 1) peak by using the Scherrer equation.
Patterns (b),(c)and (d)indicate that new diffraction peaks appear at
38.2°,44.3°,64.6°, 77.5° and 81.6°, corresponding to (111),(200),
(220),(311)and (22 2)facets of Ag (JCPDS 04-0783), respectively.
The peak intensity of Ag increases with the increase of cycle times
due to an increasing amount of Ag nanoparticles. Additionally, fur-
ther observation indicates that the big diffraction peak at 38.2°
appears overlapping, which is from the three diffraction peaks of
TiO, (004)=37.8,Ag(111)=38.1° and TiO, (112)=38.6°.

The SEM image of the original TiO, NTs as shown in Fig. 3a indi-
cates that the TiO, NTs are vertically oriented with a diameter of
approximately 137 nm and a wall thickness of about 30 nm. A side-
view of the original TiO, NTs as shown in Fig. 3b indicates that all
walls are entirely smooth. Fig. 3c shows the bottom image of the
original TiO, NTs with an ordered hexagonal structure. Fig. 3e-g
gives SEM images of Ag(10)/TiO, NTs, indicating that Ag nanopar-
ticles are uniformly distributed in the TiO, NTs, and the deposition
process does not damage the ordered tubular structure. Specially,
TiO, crystal grains are obvious on the bottom of the Ag loaded TiO,
NTs because that vapor-thermal treatment can induce the nucle-
ation and growth of TiO, in the amorphous barrier lay. The EDS
spectra (Fig. 3d and h) indicate that the original TiO, NTs are com-
posed of Ti and O elements, and the Ag decorated TiO, NTs are
composed of elements Ti, O, S and 31 at.% Ag. The S element is from
the linker mercaptoacetic acid.
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Fig. 1. Raman spectra (a) and Ti K edge XANES spectra (b) of the original TiO, NTs and the vapor-thermally treated TiO, NTs.
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Fig. 2. XRD patterns of the vapor-thermally treated TiO, NTs (a), Ag(5)/TiO2 NTs (b), Ag(10)/TiO, NTs (c), and Ag(15)/TiO, NTs (d). The right are the enlarged XRD patterns
of the vapor-thermally treated TiO, NTs and Ag/TiO, NTs at 260 =37.5-39°.
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Fig. 3. SEM images and EDS spectra of the vapor-thermally treated TiO, NTs (a-d) and Ag(10)/TiO, NTs (e-h). (a, e): top views, (b, f): cross-section views, (c, g): bottom
views, and (d, h): EDS spectra.
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Fig.4. TEM images of Ag(10)/TiO, NTs: the panorama (a), front-side (b) and middle region (d). HRTEM image of Ag(10)/TiO, NTs (c) and size distribution of Ag nanoparticles
(e).
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Fig. 5. SEM images of Ag(5)/TiO, NTs (a, b), Ag(10)/TiO, NTs (c, d), and Ag(15)/TiO, NTs (e, f). Left: top views; right: cross-section views.

Ag(10)/TiO, NTs were further investigated by TEM as shown
in Fig. 4. It clearly displays that Ag nanoparticles with an average
diameter of 9.2 nm uniformly distributed on the whole inner walls.

Fig. 5 gives SEM images of Ag decorated TiO, NTs after 5,
10 and 15 cycles, respectively. As shown in Fig. 5a and b, only
a few Ag nanoparticles are deposited on the surface and inner
walls of Ag(5)/TiO, NTs. However, after 10 cycles, the nanotube
surface becomes extensively coated with relatively uniform Ag
nanoparticles. Further increase deposition to 15 cycles, obvious
agglomerations of Ag nanoparticles are observed on the top surface
of TiO; NTs.

Our strategy to fabricate the Ag/TiO,NTs can be schemat-
ically shown in Fig. 6. The vapor-thermally treated TiO, NTs
were first treated with bi-functional mercaptoacetic acid linkers
(HOOC-R-S). The -OH group on the surface of TiO, NT provides a
strong affinity with the carboxylate group in the linker molecules.
The thiol functional group in the linker molecules facilitates the
binding with Ag from AgNOs3 solution. After Ag* ions were reduced

by NaBHy4, Ag nanoparticles formed by nucleation and growth. The
corresponding chemical reaction is as follows:

4Ag"™ +BH4~ +3H,0 — 4Ag | +B(OH)3 +2H,1 +3H"

Fig. 7 gives the UV-vis absorption spectra of the vapor-thermally
treated TiO, NTs and Ag nanoparticles sensitized TiO, NTs for dif-
ferent deposition cycles. Fig. 7a shows that the vapor-thermally
treated TiO, NTs primarily absorb ultraviolet light below 387 nm
due to its intrinsic band gap of 3.2 eV. Ag nanoparticle decorated
TiO, NTsdisplay a broad absorption peak centered at 470 nm, which
originates from surface plasmon resonance (SPR) of Ag nanopar-
ticles [31]. SPR intensity increases with increasing the SILAR cycle
times due to the increase of the loaded amounts of Ag nanoparticles
in TiOy NTs.

To evaluate the photocatalytic degradation capability of Ag/TiO,
NTs, we examined the decomposition of MO in water under UV light
irradiation (Fig. 8a). For comparison purposes, photodegradation
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Fig. 7. UV-vis spectra of the vapor-thermally treated TiO, NTs (a), Ag(5)/TiO; NTs
(b), Ag(10)/TiO2 NTs (c), and Ag(15)/TiO, NTs (d).

of the dye without any photocatalyst was researched, and its
final photodegradation rate was less than 13%. After 70 min of
UV irradiation, 91% of MO was decomposed by Ag(10)/TiO, NTs,
only 78%, 71% and 71% of MO was decomposed by Ag(5)/TiO,
NTs, Ag(15)/TiO, NTs and the vapor-thermally treated TiO, NTs,
respectively. It indicates that Ag(10)/TiO, NTs exhibit the high-
est photocatalytic capability in degrading MO dye under the UV
irradiation. The principle of Ag/TiO, NTs photocatalytic decompo-
sition of MO is illustrated in Fig. 8b. Because the Fermi level of Ag
nanoparticles is lower than the conduction band of anatase TiO,,
photoexcited electrons can transfer from the conduction band of
the TiO, towards Ag nanoparticles and accumulate there to form a
Schottky barrier between the TiO, NTs and the Ag nanoparticles
[1]. The photogenerated electrons accumulated on Ag nanopar-
ticles surface have a good fluidity and could easily transfer to
the absorbed oxygen on Ag surface forming O, active groups,
which favors the photocatalytic process. Holes accumulate in the
valence band of the TiO,, which are available for the oxidation reac-
tions. This progress greatly reduces the possibility of electron-hole
recombination, resulting in efficient separation and higher pho-
tocatalytic activity [32]. However, excessive Ag particles loaded
TiO, NTs result in a lower efficiency, which could be attributed
two reasons. One is that excess Ag deposits on the surface of
TiO, NTs energetically capable of trapping photoelectrons decrease
charge carrier space distance and thereby increase recombination
[33]. The other is that the excess loading of Ag nanoparticles may
cover active sites on the TiO, surface thereby reducing photodegra-
dation efficiency [34]. This result testifies that Ag(10)/TiO, NTs
achieve the highest efficiency of photocatalysis, which is attributed
to plasmon-exciton coupling between anchored Ag nanoparticles
co-catalysts and the host TiO5.

4. Conclusions

In summary, we have successfully decorated TiO, NTs with Ag
nanoparticles by a strategy combining the electrochemical anodic
process and the ionic layer adsorption and reaction route. The
vapor-thermal treatment favors to the transformation of amor-
phous TiO, into anatase phase. Increasing the SILAR cycle times
favors to increase the loaded amounts of Ag nanoparticles in TiO,
NTs. Ag nanoparticles with an average diameter of 9.2 nm are uni-
formly distributed in the TiO, NTs with an average diameter of
about 137 nm, and the SILAR process does not damage the ordered
tubular structure. The Ag nanoparticle modified TiO, NTs largely
enhanced the photocatalytic degradation of methyl orange under
ultraviolet light irradiation.
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Fig. 8. (a) Photocatalytic degradation curves of MO on Ag/TiO,NTs and (b) schematic diagram of the interface charge-carrier transfer of photocatalysis for Ag/TiO,NTs.
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