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Abstract: The growth of well-aligned Au/TiO, nanorods arrays was performed by magnetron sputtering. The feasibility of preparing

Au/TiO; nanorods was demonstrated via dc reactive magnetron sputtering at room temperature and heat-treatment at 500 °C in air

for 2 h. The results show that the heat treatment leads to the formation of Au/TiO, nanorods with Au nanoparticles embedded in the

TiO; nanorods of anatase phase. These Au/TiO, nanorods show lower photoluminescence emission intensity and higher absorption

and intensive response to the visible light, compared with traditional TiO, nanofilms fabricated by the traditional method. The Au

nanoparticles in the TiO, nanorods suppress the charge recombination.
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Titanium dioxide (TiO,) and TiO,-based materials have
been extensively studied, which have important applications
in many fields such as heterogeneous catalysis, energy storage,
sensor design, electric device design, wastewater purifi-
cation'"?!. Recently, much interest has been devoted to the use
of TiO,-based photocatalysts for the degradation of dyes in
aqueous solutions”™™. It is used not only in solar cells as a
photo-catalyst for the production of hydrogen and electric
energy but also for photo-assisted degradation of organic
mot cules.

There is growing interest in developing new advanced
materials and designing novel devices with control features on

P19 Nanostructured TiO,-based materials

[12,13]

nanometer scales

(e.g. nanoparticles!', nanotubes, nanofibers and
nanoporous  structures''*) have been receiving significant
attention. Nanorod and nanowire have attracted much
attention since oriented nanorod or nanowire arrays provide a
direct path for electron diffusion, leading to increased electron
diffusion rate and higher solar cell performance. Commonly
used methods for the synthesis of nanomaterials include
sol gel, hydrothermal synthesis, vapor phase transport,

electrochemical synthesis, arc discharge, laser ablation and
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cvpts Currently, TiO, nanorod arrays have been synthe-

sized by oxidizing titanium with acetone!'

, using a hydro-
thermal method on fluorine-doped tin oxide (FTO) glass!'**"
and by a dc reactive magnetron sputtering technique®'.
However, there is seldom report of Au/TiO, nanowires or
nanorods synthesized by the sputtering technique, even though
the sputtering process has
nano-structures and nanowires of various materials so far.

In the present paper, the synthesis of well-aligned Au/TiO,

nanorods arrays by magnetron sputtering process is described.

been used to synthesize

Au/TiO, nanorods were grown on ITO (indium tin oxide)
details of the
experimental procedure, characterization of the samples, and
discussion of the results will be presented.

substrates. In the following sections,

1 Experiment

Au nanofilms on ITO substrates (1 cm X 1 cm) were
prepared at room temperature (25 °C) by magnetron sputtering
in a multifunctional magnetron sputtering instrument
(JGP560B) under the condition of high vacuum, using an Au
target (99.9%). Prior to deposition, the ITO substrates were

ultrasonically cleaned with acetone, ethyl alcohol, and
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de-ionized (DI) water for 20 min, and dried at room
temperature before being placed into the sputtering chamber.
Argon gas was flowed into the sputtering chamber after the
pressure of the sputtering chamber reached 8x10™* Pa.
Pre-sputtering of 3 min was performed to remove surface
residuals. The flow rate of argon gas was 30 cm’/min and the
chamber pressure was 6 Pa during the deposition. The distance
between the ITO substrate and the target was 60 mm, and the
thickness of Au nanofilms was ~30 nm, which was controlled
by the sputtering time.

After the deposition of Au nanofilms, a TiO, target was
used to deposit TiO, films with ~270 nm thickness on the Au
films, using a similar approach and similar conditions. The
prepared Au-TiO, bilayer nanofilms were heat-treated at 500
°C for 2 h at a ramping rate of 2 °C-min”' in a furnace in air.

The surface topology of the prepared Au/TiO, nanorods was
examined, using a field emission scanning electron
microscopy (FESEM) (Tescan MIRA 3 LMH) at 10 kV; a
transmission electron microscopy (TEM, JEM2100, JEOL).
Before TEM measurement, the Au/TiO, nanorods arrays were
carefully scraped from the substrate and dispersed in ethanol
soli tion. After ultrasonic dispersion for 5 min, the solution
was dipped on a copper screen for TEM observation. The
composition of the Au/TiO, nanorods was determined using
energy dispersive spectroscopy (EDS) (OXFORD X-Max 20).
The crystal structures of the Au/TiO, nanorods were analyzed
with the Cu Ka line on a Rigaku D/max 2500 X-ray
diffraction (XRD) with patterns recorded in a range of
20°~80°. Optical absorptions of the Au/TiO, nanorods in the
wavelength range of 300~800 nm was measured using a
UV-vis spectrophotometer (Perkin-Elmer, Lambda 750). The
banding energy was determined by X-ray photoelectron
spectroscopy (XPS) (Escalab 250).

Photoelectrochemical analysis of the prepared Au/TiO,
nanorods was conducted in a three-electrode cell, in which the
prepared Au/TiO, nanorods, a Pt foil, and SCE (saturated
calomel electrode) were used as working, counter, and
reference electrodes, respectively. The electrolyte was 0.1
mol/L Na,S aqueous solution purged with N, gas for 30 min.
A 500 W Xenon lamp (TrustTech, Beijing, China) with a
cutoff filter (A>420 nm) was used as the light source. The
photocurrent was recorded by a CHI660D electrochemical
workstation.

The photocatalytic activity of the prepared Au/TiO,
nanorods was evaluated by measuring the degradation
behavior of the MB organic compound in an aqueous solution
under the irradiation of visible light. The MB aqueous solution
(5 mg-L") of 50 mL was placed in a shallow, round glass
vessel with a diameter of 4.5 cm and stirred in the dark at
room temperature for 30 min. Three rectangular glass slides of
10 mmx10 mm with the Au/TiO, nanorods were placed in the
vessel, which was adequate under the experimental conditions
without disturbing the visible light entering the glass vessel.

The glass vessel was placed in an ice bath to maintain a
constant temperature during the characterization of the
photocatalytic activity. A 300 W tungsten lamp (Philips
Halogen) with a cutoff filter (2>420 nm) at a distance of 20
cm above the solution was used to irradiate the aqueous MB
solutions. The adsorption of MB on the surface of the Au/TiO,
nanorods led to the decrease of the MB concentration in the
aqueous solution and the change of the absorbance of the MB
aqueous solutions under the irradiation of visible light. To
eliminate the effect of background, the photo-induced
reactions were performed after mixing the Au/TiO, nanorods
with the MB solution in the dark for half an hour to reach a
steady state. All the samples for the experiment of
photocatalytic activity were calcined at 500 °C.

The photo-induced MB degradation was thus determined
from the absorbance of the MB peak at a wavelength of 664
nm, using a UV/vis spectrophotometer (Perkin-Elmer,
Lambda 750), from which the MB concentration, ¢, was
estimated as,

c=Ay/A )
where A4, is the absorbance of MB at the beginning of the
irradiation of visible light, and A4 is the absorbance of MB at
time 7. The rate constant, £, is calculated as,

In(co/c)=In(4/Ao)=kt 2
where ¢, is the concentration of the MB solution without
visible light irradiation.

2 Results and Discussion

2.1 SEM and EDS analysis of Au/TiO, nanorods

Fig.1a and 1b show top-view SEM micrographs of the
prepared Au/TiO, nanorods over a large area. The surface is
rough, and there are irregular tips (islands) on top of the
Au/TiO, nanorods. The SEM image of the cross-section of the
Au/TiO, nanorods (Fig.1c) shows a cleavage surface. There is
no bilayer structure left after the heat treatment. The bilayer
structure grew into a single layer structure due to the
migration of Au atoms into the TiO, film during the
calcination®. Fig.1d shows the EDS spectrum of the Au/TiO,
nanorods, confirming the presence of Au, Ti, and O.

From the SEM image, the thickness of the layer consisting
of the Au/TiO, nanorods is found to be ~320 nm, which is
slightly larger than 300 nm (30 nm+270 nm) of the summation
of the thicknesses of gold film and TiO, film. The change in
the resultant thickness of the film is likely due to the
formation of gold nanoparticles in TiO, nanorods, which
introduces local expansion. It is expected that the rough top
surface of the aligned Au/TiO, nanorods will provide a large
surface area for dye loading, and the Au/TiO, nanorods on the
ITO substrates can reduce the loss of electrons during the
transfer of photo-generated electrons along the nanorods'™.
2.2 TEM, HETEM and SAED analysis of Au/TiO, nanorods

The TEM observation was performed on the Au/TiO,
nanorod arrays, which were carefully scraped from an ITO
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Fig.1

substrate and dispersed in an ethanol solution. Fig.2a and 2b
are the low-resolution TEM images of aligned Au/TiO,
nanorods. It is evident that Au/TiO, nanorods with average
diameter of about 100 nm are formed. To further illuminate
the detailed microstructures, the corresponding HRTEM
image of Fig.2b is shown in Fig.2c. There are well-resolved
{001} lattice fringes (d¢=0.35 nm) of anatase TiO,, and {111}
lattice fringes (d=0.24 nm) of Au. The lattice fringes observed
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SEM images (a~c) and EDS spectrum (d) of the prepared Au/TiO, nanorod arrays

suggest that the resultant Au/TiO, nanorods have good
crystallinity. The selected area electron diffraction (SAED)
pattern (Fig.2d), which was taken in the fringe of Fig.2b,
confirms the crystallinity of the Au/TiO, nanorods. All of these
results suggest that the heat-treatment of the bilayer Au/TiO,
structure on ITO substrate at 500 °C in air for 2 h leads to the
formation of Au/TiO, nanorods with good crystallinity and the
embedment of Au nanoparticles in the TiO, nanorods.

Fig.2 TEM images (a, b), HRTEM image (c) and SAED pattern (d) of the prepared Au/TiO, nanorod arrays
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2.3 XRS analysis of Au/ TiO, nanorods

As shown in Fig.3a, for the traditional TiO, nanofilms, all
the diffraction peaks can be indexed as the typical anatase
phase of TiO, in agreement with the values in the standard
card. The diffraction peaks at 26 values of 25.3°, 37.9°, and
48.2° are attributed to (101), (004) and (200) planes of
crystalline anatase TiO, (JCPDS 77-0443), respectively. The
XRD patterns of Au/TiO, nanorods loading Au show that the
peak at 26=38.2° and 77.5° can be indexed to the (111) and
(311) face of the cubic phase of Au™, respectively,
demonstrating the existence of Au. From the XPS analysis in
Fig.3b, Au and Ti are presented in the Au/TiO, nanorods by
magnetron sputtering. Fig.3c shows the Au 4f fine XPS
spectra of the Au/TiO, nanorods. The binding energies for Au
4f,,and Au 4fs, are found to be ca. 83.11 and 86.81 eV. This
result indicates that Au is present at zero-valence state (Au”) and
there is no gold oxide!™*. Fig.3d compares the two samples
in Ti 2p. The two peaks at ca. 458.5 and 464.2 eV correspond to
the binding energies of Ti 2ps, and Ti 2p,,, levels, respectively,
which reveals the presence of the Ti (IV) state.
2.4 UV-vis diffuse reflection spectra

From UV-vis diffuse reflection spectra shown in Fig.4a, it is
obvious that the Au/TiO, nanorods show enhanced absorption
in both the UV and visible light regions compared with
traditional TiO, nanofilms prepared by magnetron sputtering.
The absorption edge of aligned TiO, nanorods undergoes an
obvious red shift, yielding a band gap (£,) of 3.08 eV (the E,
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for traditional TiO, nanofilms is 3.26 eV), suggesting the
reduction of the band gap due to the presence of localized
energy levels and the increase of the conversion efficiency of
solar energy. The enhanced visible regions can be attributed to
the transfer of photo-generated electrons from Au to TiO,,
extending the light absorption of the Au/TiO, nanorods to
larger wavelength due to the LSPR effect™”. With the aim
of determining the separation efficiency of photo-generated
electrons and holes with two photoanodes, the on-off switches
in the time slot of 0~180 s were measured by alternately
illuminating and darkening, the devices at an interval of 30 s
and 0 V, as shown in Fig.4b. In contrast to the traditional TiO,
nanofilms, a sharp increase and no delay in photocurrent
density suggest a fast start of cell operation at irradiation. No
obvious reduction in photocurrent density in each “on” state
indicates no apparent electron recombination kinetics. In
addition, the values of the photocurrent reach plateau for the
irradiation time more than 140 s. This result suggests that the
Au in the Au/TiO, nanorods reduces the band-gap, improves
the separation efficiency of photo-generated electrons and
holes, and significantly increases the production of photo-
current. The suppression of charge recombination in Au/TiO,
nanorods was confirmed by photoluminescence (PL) emission
spectra. As known, the PL emission intensity can be used to
evaluate the efficiency of the trapping, migration, and transfer
of charge carriers in order to understand the fate of electron-
hole pairs in semiconductor particles®™*". Fig.4c shows the PL
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Fig.3 XRD patterns of the Au/TiO nanorods (a) and XPS spectra of the Au/TiO, nanorods (b), Au 4f (c), and Ti 2p (d)
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Fig4 UV-vis diffuse reflection spectra (a), temporal evolution of photocurrent response (b), photoluminescence emission spectra (c), and

temporal evolution of the concentration (d) of the MB organic compound in aqueous solution under the irradiation of visible light

intensity of both traditional TiO, nanofilms and Au/TiO,
nanorods by magnetron sputtering. The emission intensity of
Au/TiO, is much smaller than that of TiO, nanofilms in spite
of the similar emissionpeaks. The lower PL intensity of
Au/TiO, sample indicates a delay in recombination rate and,
thus, higher photocatalytic activity. Fig.4d shows the temporal
evolution of the normalized concentration of the MB organic
compound in the aqueous solutions under the irradiation of
visible light. For comparison, Au/TiO, nanorods have
apparently improved the photo-degradation of the MB organic
compound in the aqueous solution under the irradiation of
visible light, which further demonstrates the formation by
magnetron sputtering of Au/TiO, enhances the efficiency of

photodegradation of MB.
3 Conclusions

1) Well-aligned Au/TiO, nanorods can be realized by a dc
reactive magnetron sputtering catalysts
applications. Compared with traditional TiO, nanofilms
fabricated by the similar method, the Au/TiO, nanorods show
high absorptiomnd intensive response to the visible light.

2) The virtues of fast on-off and multiple start stability
motivate the potential applications of such aligned Au/TiO,
nanorods in the degradation of MB.

3) The Au nanoparticles are embedded in the TiO, nanorods
of anatase phase. The Au/TiO, nanorods exhibit lower PL

strategy  for

emission intensity than the pure TiO, nanofilms prepared by
similar approach, suggesting that Au nanoparticles reduces the
recombination rate of photo-induced electrons and enhances
the photocatalytic activity of the TiO, nanorods.
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