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ABSTRACT

In this paper, Fe* ions doped anatase TiO, nanotube
arrays (Fe/TiOz NTs) were successfully synthesized by the
electrochemical anodic oxidation of pure titanium in an
NH4F electrolyte solution containing iron ions. Then Ag
nanoparticles (Ag NPs) were assembled in Fe/TiO;
nanotube arrays by microwave-assisted chemical reduction
(Ag-Fe/TiO2 NTs). The results indicated that Ag NPs were
well dispersed on the surface of Fe/TiO, NTs, which can
enhance the visible absorption of TiO, NTs based on the
local surface plasmon romance effect (LSPR) of Ag NPs.
The photocatalytic activity of Ag-Fe/TiO, NTs was
evaluated through the experiment of water splitting. At last,
the mechanism of H; production by water splitting under
visible light irradiation was also proposed.
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1 INTRODUCTION
Titanium dioxide (TiO,) has been regarded as the most

suitable catalyst for widespread environmental applications
because of its biological and chemical properties, and cost-

effectiveness [1-4]. However, TiO belongs to a wide band
gap n-type semiconductor material (anatase for Eg= 3.2 eV)
which can only harvest UV light. What’s more, the high
recombination rate of electron-hole pairs can also lead to its
low photocatalytic efficiency.

Generally, noble metals, such as Pt, Au, and Ag are
often applied to modify TiO, NTs for enhancing its H-
production activity [5-7]. It is also proved to be an effective
way to restrain the recombination of photo-generated
electron-hole pairs. Furthermore, it should be noticed that
doping with suitable transitional metals can also extend its
light absorption to the visible spectrum and improve the
separation efficiency of photo-induced electrons and holes
[8-10].

In this work, Fe/TiO2 NTs were successfully prepared
by the electrochemical anodic oxidation of pure titanium in
an NH4F electrolyte solution containing iron ions. Then
Noble metal Ag is employed to modify the Fe/TiO2 NTs in
this study. In addition, TiO, photocatalyst were applied to
generate H, by water splitting to evaluate their
photoactivity.

2 EXPERIMENTAL

2.1 Preparation of the photocatalysts

Synthesis of Fe/TiOz2 NTs: Titanium sheets(>99%
purity, 2015 mm) were cleaned by sonication in acetone
and deionized water. Then the cleaned Ti sheets were
chemically etched in a mixture solution (HF-HNOs-H,0=
1:4:5 in v/v) for 5 min, followed by rinsing with deionized
water and drying in air. A two-electrode system was applied
with Ti foils as the working electrode and graphite as the
counter electrode. The distance between the anode and
cathode was 3 cm. Anodization was performed at 40 V for
6 h in 100 ml glycerol solution containing 0.3 wt% NH4F
and Fe(NOs); (0.1, 0.2 and 0.3 mM). The obtained TiO;
nanotube arrays were annealed at 450 °C for 2 h with a
heating rate of 5 °C/min.

Synthesis of Ag-Fe/TiO2 NTs:Ag NPs were assembled
in TiO, nanotube arrays by microwave-assisted chemical
reduction. Microwave can support rapid, volumetric, and
uniform heating, leading to enhanced structure and
morphological properities for the nanomaterials. TiO, NTs
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was immersed in 30 ml solution containing of AgNO3 (0.1,
0.2 and 0.3 mM) and sodium citrate. Then the system was
exposed to microwave irradiation for 5 min at 100 °C, and
cooled to room temperature naturally. The microwave
power was set at 300 W. Fe-Ag/TiO, NTs is obtained after
cleaned and dried the resulting samples. The samples were
donated as TiO; NTs, x mM Ag/ TiO, NTs, x mM Fe/TiO;
NTs and x mM Fe-x mM Ag/TiO; NTs, respectively.

2.2 Characterization

The crystalline phase of samples was identified by Xray
diffractometer (Shimadzu, XRD-6000, Cu Ko radiation).
The morphology was observed using a scanning electron
microscope (SEM, JSM-6390A). The absorption property
of samples was recorded using UV-vis spectrophotometer
(Shimadzu, UV-3600). Raman spectra were collected on a
Raman spectrometer (Renishaw inVia Reflex).

3 RESULTS AND DISCUSSION

Fig. 1 show SEM images of the samples. The TiO, NTs
are orderly alined on the Ti substrate after anodization, with
a diameter of approximately 120 nm, a well thickness of 30
nm. Ag NPs on the surface of Fe/TiO, NTs are obtained by
microwave-assited reduction of AgNOs. The presence of
Ag NPs does not damage the morphology of Fe/TiO2 NTs.
Most of Ag NPs are distributed on the exterior mouth of
Fe/TiO2 NTs. In top view, we can just observe the less
amount of Ag NPs loaded on nanotubes.

(b) Fe doped and Ag NPs loaded on TiO, NTs

The XRD patterns of TiO, NTs and 0.2mMAg-
0.3mMFe/TiO, NTs are showed in Fig. 2. The characteristic
diffraction peaks of anatase TiO, are observed in all the
samples, which are in good agreement with those in the
standard JCPSD cards NO.21-1272. The loaded Ag NPs
does not affect the crystal structure of TiO, NTs and the
diffraction peaks of Ag NPs were not observed in Fig. 2,
which may be related to the lower concentration of the
AgNO; during the experiment. Due to the different atomic
sizes of Fe** and Ti*, some extent of deformation is
introduced into the crystal lattice of TiO; [11]. Such a
substitution not only lowers the crystallization of TiO,
which is reflecter by a weaker diffraction intensity of XRD
pattren, but also slightly restrains the growth of TiO»
crystallite [12].
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Fig. 2 XRD patterns of the prepared TiO2 NTs

To investigate the optical properties of samples, the
UV-vis absorption spectra were measured. As is shown in
Fig. 3, all samples exhibit strong absorption in the range
below 387 nm, comparing with pure TiO, NTs. In this work,
the optimal value of Fe/Ti and Ag/Ti is 0.3 mM and 0.2
mM, respectively. Fe doped and Ag deposited TiO, samples
display good visible light absorption activity and a clear red
shift in the UV-visible light range. In all samples,
0.2mMAg-0.3mMFe/TiO, NTs shows the highest light
harvesting activity from Fig. 3. All the samples doped with
Fe3* can result in the red shift of the UV-vis absorption
spectra because of the d-d transition of Fe**(*Tyy— %Az,
2T,g) or the charge transfer transition between interacting
iron ions (Fe**+Fe®*—Fe**+Fe?*) [13-14].
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Fig. 3 UV-vis absorption spectra of the prepared TiO;
NTs

Fig. 4 exhibits the photoluminescence (PL) emission
spectrum of samples. PL emission spectrum is an important
tool study the efficiency of charge carrier trapping and
transfer. PL emission mainly results from the
recommbination of excited electron-hole paris, so it can be
uesd to study the electron transfer between TiO, and Ag
NPs [15]. The emission spectra of samples were recorded
under 250 nm excitation. It can be observed clearly from
Fig. 4 that their PL intensity of Ag—Fe/TiO, NTs is lower
than that of pure TiO,.Suitable value of Fe/Ti and Ag/Ti is
separately to be 0.3 mM and 0.2 mM, which are in good
accordance with Fig. 3. Furthermore, Fe doped and Ag
deposited TiO, can further remarkably reduce PL intensity
compared with those of single element modifying. The
above results indicate that the recommbination of photo-
generated electrons and holes is effectively suppressed by
this method [16].
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Fig. 4 Photoluminescence spectra of TiO, NTs under
the excitation of 250 nm

Photocatalytic water spltting to generate hydrogen was
used to evaluate the activity of catalyst using ethanol as a

sacrificial agent. In all cases, hydrogen evolves steadily
over extended periods of time. It can be found that Ag-
Fe/TiO2, NTs samples performed better photocatalytic
activity than pure TiO, NTs under UV light irradiation,
which is 1.35 and 1.27 pumol/(cm? h), both higher than that
of pure TiO, NTs under the same condition. This
improvement results from that the loaded Ag NPs and
doped Fe ions restrained the recombination of electron-hole
pairs [17].
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Fig. 5 H. production by water splitting over TiO, catalysts

4 CONCLUSIONS

Fe3* ions doped anatase TiO, nanotube arrays were
successfully synthesized by the electrochemical anodic
oxidation of pure titanium in an NH4F electrolyte solution
containing iron ions and then Ag nanoparticles (Ag NPs)
were assembled in Fe/TiO2 nanotube arrays by microwave-
assisted chemical reduction. The absorption of the samples
was enhanced in the visible light based on the surface
plasmon romance effect of Ag NPs. In addition, Ag NPs
could effectively restrain the recombination of photo-
generated electron-hole pairs and the electron from the
conduction band of TiO, to the metal surface. Fe%* not only
lowers the crystallization of TiO- but also slightly restrains
the growth of TiO, crystallite. The experiment indicated
that the hydrogen evolution rate of Ag-Fe/TiO, NTs
samples irradiated by UV and visible light improved in
various degrees compared with pure TiOx.
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