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By using titanate nanotubes and HAuCl4 as precursor, gold-loaded TiO2 nanofibers (Au/TiO2NFs) are obtained after

deposition-photodecomposition process, and the tubular supports are broken after the fabrication process. Catalytic performance

of the obtained Au/TiO2NFs is evaluated for low-temperature CO oxidation and photodegradation of methyl orange under UV

illumination, and the relationship between the catalytic activity and calcination treatment is investigated. After the Au/TiO2NFs

are calcined, their catalytic activity for CO oxidation is enhanced, while the photocatalytic activity decreases.
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1. Introduction

Gold has been generally regarded as an inert metal
until its surprisingly high activity for low-temperature
CO oxidation is reported by Haruta and co-workers [1].
Following this work, highly-dispersed gold nanoparti-
cles has been explored to be active in several reactions,
including CO oxidation, propylene epoxidation, meth-
anol synthesis, water gas shift reaction, preferential
oxidation of CO in the presence of excess hydrogen,
environmental catalysis (NOx reduction), hydrogenation
reactions, etc. [2]. For supported gold catalysts, different
supports have been intensively researched, and their
cooperative effects with gold particles are also investi-
gated [3–5]. Among them, TiO2 is a prominent one
owing to its low-cost, innocuity, and stability [6]. Recent
investigations on gold–TiO2 nanocomposite also show
that gold-doping enhances the photocatalytic activity
and extends the response of the TiO2 catalyst into visible
region [7]. It has been well established that the catalytic
properties of Au–TiO2 system depends not only on the
size of the Au clusters, the preparation method, but also
the support [8]. TiO2 nanotube, which has large surface
area, should be a better support than common TiO2

powder. In 1998, Kasuga developed a hydrothermal
method to turn TiO2 powders into tubular structure in
10 M NaOH solution [9]. In our earlier work, gold
particles are loaded on this kind of nanotubes by
deposition-precipitation method [10], and CuO-modified
ones are prepared by impregnation method [11]. All of
the prepared catalysts exhibit high catalytic activity for
low-temperature CO oxidation after a calcinations
process [10,11], which indicates the application potential

of TiO2 nanotubes in the catalyst field. In this letter,
gold particles are loaded on titanate nanotubes by
deposition-photodecomposition method. Their catalytic
activity for CO oxidation and photodegradation of
methyl orange is evaluated.

2. Experimental

2.1. Preparation of samples

Pure anatase TiO2 powder is dispersed in an aqueous
solution ofNaOH (10 M) and charged into aTeflon-lined
autoclave. The autoclave is heated in an oil bath at 150 �C
for 12 h. Prepared sample is washed with 0.1 M HCl
solution and water, respectively. White titanate nanotu-
bes (denoted as Sample a) are obtained after they are dried
at 80 �C in air. The nanotubes are first dispersed in water
(1 g TiO2 nanotubes/100 mL H2O) and then appropriate
HAuCl4 solution (0.21 mg/mL) is added. The solution is
adjusted to pH = 7withNH3 ÆH2O.Then the suspension
is irradiated for 6 h by using a 300 W High-pressure
Mercury Lamp at a distance of 10 cm under stirring at
ambient temperature. Obtained purple Au/TiO2NFs
(denoted as Sample b) are washed with water to remove
Cl) ions and dried at 80 �C in air. Sample c is obtained
after Sample b is calcined at 300 �C for 3 h.The calculated
gold content is 1 wt.%.

2.2. Sample characterization

The powder X-ray diffraction (XRD) experiments are
carried out at room temperature using a Rigaku D/
Max-2500 X-ray diffractometer (CuKa k = 0.154 nm)
to identify crystal phase of the products. Diffraction
peaks of crystalline phases are compared with those
reported in the JCPDS Data File. TEM images are
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obtained with a Philips T20ST transmission electron
microscopy working at 200 kV.

2.3. Catalytic activity

Catalytic performance of the samples for low-tem-
perature CO oxidation is tested using a fixed bed flow
microreactor (7 mm i.d.) under atmospheric pressure
using 100 mg catalyst powder. Reaction gas mixture
consisting of 1% CO balanced with air is passed through
the catalyst bed at a total flow rate of 33.6 mL/min. The
composition of reactant and product is analyzed on-line
with a GC-508A gas chromatograph equipped with a
thermal conductivity detector (TCD) T50% is the tem-
perature for 50% CO conversion on catalyst.

Photocatalytic activity experiments for the degrada-
tion of methyl orange in water are performed in a UV-
light reactor. 50 mg photocatalyst is dispersed in
100 mL methyl orange solution (13 mg/L). The reactor
is illuminated with a 300 W high-pressure mercury lamp
at a distance of 10 cm under ambient condition. The
concentration of methyl orange solution is monitored by
measuring the absorption at 463.5 nm using a TU-1901
spectrometer. The results are corrected for the decom-
position of the dye in the absence of catalysts and
adsorption of dye on the catalyst.

3. Results and discussion

3.1. Microstructural characterization of the samples

To determine the crystal structure of the products,
powder XRD is carried out. The patterns of all the
samples are shown in figure 1. It can be observed that
crystal phase of the nanotube support changes obviously
after the deposition-photodecomposition process. From
curve a, it can be found that TiO2 nanotubes are

composed of titanate H2Ti2O5 Æ H2O (JCPDS 47-0124)
instead of anatase TiO2, which is confirmed by the peaks
at 2h = 9.2� and 24�. The two peaks correspond well to
(2 0 0) and (1 1 0) reflections of H2Ti2O5ÆH2O, respec-
tively. Diffractions that are attributable to anatase phase
of TiO2 crystal (JCPDS 21-1272) are clearly detectable
in Sample b and c. The peaks of titanate do not present
in Sample b and c, and the peak intensity increases. That
indicates that the nanotubes� crystal phase changes, and
the titanate turns into anatase TiO2 during the illumi-
nation process. It has been reported that the nanotube
structure is influence by the crystal phase [12]. So the
structure of nanotubes in Sample b should have been
damaged. Compared with Sample a, new peaks at
2h = 44� and 64� emerge in curves b and c, which
correspond well to (2 0 0) and (2 2 0) diffractions of gold
(JCPDS 4-0784), respectively. It proves that gold parti-
cles are deposited on the support. No diffraction peaks
of HAuCl4 are observed in Sample b, which indicates
that gold compounds adhered to the TiO2 support
should have decomposed completely after the illumina-
tion process. After Sample b is calcined, no obvious
phase transformation is observed. However, the dif-
fraction intensity of TiO2 and gold in Sample c is higher
than that of Sample b, which suggests that the calcina-
tion process lead to the agglomeration of TiO2 support
and gold particles.

A deep insight into the nanostructure of samples can
be obtained by TEM observations. Figure 2 shows the
TEM images of Sample a and Sample c. The typical
morphology of the as-prepared titanate nanotubes is
displayed in figure 2A and B. Figure 2A indicates that
the nanotubes are open-ended, their diameters are
nearly uniform and their length is more than 100s of
nanometer, similar to the results reported by Kasuga
et al. [9]. At higher magnification (figure 2B), it can be
observed that their diameter is about 10 nm. Wall
number of the same nanotube is not identical, which
implies that the nanotubes are constructed through
scrolling mechanism [13]. Figure 2C and D shows TEM
and high-resolution TEM (HRTEM) picture of Sample
c, respectively. Lamellar particles with size of about
10 nm are well distributed on the linear bundles, and no
obvious nanotube is observed in the images. It seems
that TiO2 nanotubes are broken during the illumination
process, which similar to the formation process of Pt-
loaded TiO2 nanofibers and Pd-loaded TiO2 nanofibers
[14]. No obvious gold particles are observed in the
images. It should be attributed to the high-dispersion of
the gold particles. Fringes periodicity of the particles
and fibers is 0.353 nm, consistent well with the lattice
spacing between {101} planes of anatase TiO2 crystal. It
indicates that the support of Au/TiO2NFs consists of
anatase TiO2 rather than titanate, which corresponds
with the results of XRD. Due to the phase transition of
TiO2 nanotubes, the structure of TiO2 support is
changed from nanotube to fiber and supported particle.
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Figure 1. XRD patterns of Samples a, b, and c.
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So nanofiber instead of nanotube is used as denotation
of the catalyst support.

It is commonly accepted that photocurrent can gen-
erated and water can be decomposed on TiO2 electrode
[15]. When the TiO2 is photoexcited by light with energy
greater than the band gap of anantase TiO2, holes and
electrons are photogenerated [16]. Photocurrent flowed
from the metal counter electrode to the TiO2 electrode.
At the same time, oxidation reaction occurs at the TiO2

electrode and the reduction reaction at the metal elec-
trode. The scheme is as follows:

Hþ þ e� ! H� ðat themetal ecletrodeÞ

2H2O� 2e� ! O2 þ 4Hþðat the TiO2 electrodeÞ

During the photodecomposition process, TiO2 can be
photoexcited due to the high energy of UV light that are
generated by High-pressure Mercury Lamp. After gold
particles are obtained, small batteries can be formed and
H� can be generated. Because of the high surface energy
and activity of the nanotubes, some unsaturated O in
nanotubes can combine with H� under the excitation of
UV irradiation, which may result in the break of Ti–O
bonds. As a result, the structure of nanotube is
destroyed, and lamellar particles supported on nanofi-
bers form. When the precursor of Au/TiO2NFs is irra-
diated, gold particles are formed while TiO2 nanotubes
are broken. The broken support prevents the formed
gold particles from agglomerating at the same time.

Consequently, small gold particles form, and are diffi-
cult to be observed in TEM images.

3.2. Catalytic activity of the prepared catalysts

Au/TiO2NFs show high catalytic activity for CO
oxidation while pure nanotubes exhibit no activity under
the same condition. It indicates that gold particles are
active centers of the catalyst. Figure 3 shows the cata-
lytic performance of Sample b and c for CO oxidation.
The CO conversion increases with the raise of reaction
temperature for the two catalysts. T50% of Sample b and
c are 123 and 77 �C, respectively. It indicates that
Sample c has higher catalytic activity than Sample b,
and the effect of calcination is quite distinct. It has been
reported by Haruta that calcinations process is neces-
sary to form strong interaction between gold and the
support, and catalytic activity of supported gold is
influence by the interaction between gold and the sup-
port [17]. Though gold particles are obtained after illu-
mination process, interaction between gold and TiO2

support is rather weak and the activity of as-prepared
Au/TiO2NFs is relatively low. Stronger interaction
between gold and the support can be obtained after
calcination process. As a result, heated Au/TiO2NFs
show better catalytic performance.

Figure 4 shows the photocatalytic activities of Sam-
ple a, b and c, and catalytic performances of the samples
is revealed by the concentration of methyl orange solu-
tion and the percent of residual methyl orange at
different UV light irradiation time. After irradiation
for 3 h, the concentrations of methyl orange solution

Figure 2. TEM images of Sample a (A and B) and Sample c (C and D).
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become 4.3, 0.4, 3.1 mg/L in the presence of Sample a, b
and c, respectively, which implies that 82%, 97% and
76% of the methyl orange is degraded. It can be seen
that pure nanotubes exhibit good photocatalytic per-
formance. After gold is loaded, higher activity can be
obtained. In this photocatalytic system, TiO2 are active
centers, and gold particles act as electron acceptor which
promotes interfacial charge-transfer processes [18].
However, the photocatalytic activity of Au/TiO2NFs
decreases after the calcination process, which shows
distinct difference from the activity for CO oxidation.
That should be attributed to the different reaction
mechanism of Au–TiO2 system in the two reactions.
During the CO oxidation process, gold particles are
active centers, and the TiO2 act as support, which
absorb and provide oxygen. After calcination, the
stronger interaction between gold particles and support

comes into being, which result in high activity for CO
oxidation. However, the stronger interaction is in favor
of recombination of photogenerated holes and electrons
during the photocatalytic process. As discussed above,
calcinations also can induce the agglomeration of TiO2

support and the decrease of photoactive centers. Con-
sequently, the photocatalytic activity of Au/TiO2NFs
decreases after the calcination process.

In conclusion, Au/TiO2NFs can be prepared by
deposition-photodecomposition method and the tita-
nate nanotubes are broken during the fabrication pro-
cess. The catalytic activity of Au/TiO2NFs is influenced
by the interaction between gold and TiO2. After Au/
TiO2NFs is calcined, their catalytic activity for CO
oxidation is enhanced, while the photocatalytic activities
decrease. Different catalytic mechanism of Au–TiO2

system in the two reactions should be the main reason.
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Figure 3. Catalytic activity of Sample b and c for CO oxidation.
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Figure 4. Photocatalytic activities of Samples a, b, and c.
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