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Au-supported TiO2 nanospheres catalyst was prepared by a simple in-situ solution reduction method using
amino acid (lysine) as the capping agent. The catalyst was characterized by means of X-ray diffraction (XRD),
scanning electron microscope (SEM), transmission electron microscope (TEM), N2 adsorption–desorption, and
X-ray photoelectron spectroscopy (XPS). Preliminary CO oxidation tests demonstrate that the Au-supported
TiO2 nanospheres showed high activity for CO conversion even at room temperature (conversion 78% at 20 °C)
in comparison to pristine TiO2. The enhanced catalyst performance is ascribed to the synergic interaction
between the porous TiO2 nanospheres and Au nanoparticles. The facile procedure reported in this work
may provide potential for preparing other noble metal-supported catalyst.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

As one of the most important semiconductor metal oxides, titanium
dioxide (TiO2) has received extensive interests for various applications
[1–6] including photocatalyst, pigment, solar cells, chemical gas sensor,
and especially for low temperature CO oxidation due to its unique
ability to supply oxygen species [7–9] and strongmetal–oxide interface
interaction when used as a support for noble metals [10–14]. Recently
porous anatase TiO2 nanospheres [15] with an open crystalline frame-
work, high surface area and high porosity have attracted particular at-
tention for applications such as environmental water treatment [16]
and photocatalyst [17], lithium batteries [18,19] and dye-sensitized
solar cells [20] due to their large surface area, highly porous framework
and small crystallite size. Such anatase TiO2 nanospheres may be also
promising for low temperature CO oxidation due to their unique struc-
tural features, especially when used as a platform to load catalytic noble
metals, which has been rarely reported.

On the other hand, Au-based catalysts have been proven to show
exceptional catalytic activity for low temperature CO oxidation [21–24].
It is therefore very appealing to combine the high surface area of po-
rous materials and the unique catalytic properties of noble metals to
achieve an advanced hybrid catalyst, which should provide enhanced
properties for many applications [25–29]. A number of approaches,
including cooperative assembly [11], deposition method [28,30,31],
in-situ reduction [32], using linker reagents such as silane [33,34] and
rights reserved.
SnCl2 [35], and amino acid-capped Au colloidal method [36,37], have
been established for the synthesis of Au-based catalyst. Despite the
success of these methods, the complex synthesis and the use of toxic
chemicals may hinder their further applications. Thus a simple one-
step approach without using any toxic agents is of great significance
for the synthesis and application of nanocomposite catalyst.

In this work, a novel catalyst of Au nanoparticles-supported porous
anatase TiO2 nanospheres was synthesized using a one-pot in-situ re-
duction method. Au nanoparticles are formed on reduction by NaBH4

in the presence of lysine as the capping agent and simultaneously
supported on TiO2 nanospheres (see Fig. 1 for detailed procedure).
The approach presented here is convenient, time-saving and user-
friendly because no toxic organic agent is used and no pretreatment of
the TiO2 support is needed, hence simplifying the synthetic procedure.
Low temperature CO oxidation tests demonstrate that the Au-loaded
TiO2 porous nanospheres show high activity for CO conversion even at
room temperature (conversion 78% at 20 °C).

2. Experimental

2.1. Materials

Chemicals including tetrabutoxytitanium (TBT), ethylene glycol
(EG), acetone, ethanol, lysine, and NaBH4 were of analytical grade
and purchased fromGuangfu Fine Chemical Research Institute (Tianjin,
China). HAuCl4·4H2Owas obtained fromYingdaxigui Chemical Reagent
Company (Tianjin, China). Distilled water was used throughout the
experiments.
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Fig. 1. Schematic preparation of the Au-supported TiO2 nanospheres.
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2.2. Synthesis

Anatase TiO2 nanospheres were prepared according to the litera-
ture method [15,17,19]. In a typical synthesis, 2 mL TBT was added
to 50 mL EG under magnetic stirring for 10 h, then the mixture was
transferred into a solution containing 2.7 mL water and 170 mL ace-
tone. After further stirring for an hour, the white precipitate (titania
glycolate precursor) was centrifuged and washed with water and eth-
anol several times and dried at 80 °C. The as-obtained titania glyco-
late precursor was amorphous [15]. To obtain crystalline anatase
Fig. 2. (a) SEM image, (b) XRD pattern and (c, d) TEM images of t
TiO2, 0.5 g of the amorphous precursor was dispersed into a mixture
of 20 mL ethanol and 20 mL water. The suspension was sealed in a
50 mL Teflon-lined autoclave and heated at 170 °C for 12 h. After re-
action, the white product (crystalline TiO2 spheres) was collected by
centrifugation and washed with water and ethanol several times,
then dried at 80 °C.

Au-supported anatase TiO2 nanospheres were synthesized using a
one-pot procedure [36–40], where Au nanoparticles were formed in
the presence of lysine and simultaneously supported on TiO2 spheres.
In a typical preparation, 0.3 g of as-prepared TiO2 spheres was dis-
persed into 40 mL water under stirring, followed by adding 5 mL
HAuCl4 (0.01 M) and 5 mL lysine (0.01 M) aqueous solution. After
sonication for 10 min, 5 mL fresh NaBH4 (0.1 M) solution was added
into the mixture. The reaction system was further sonicated for
10 min and stirred for another 10 min, followed by centrifugation
and washing with water and ethanol for several times. The product
with a purple color was obtained and dried at 80 °C.

2.3. Characterization

The products were characterized by means of powder X-ray dif-
fraction (XRD, Rigaku D/max-2500, Cu kα, λ=1.5418 Å), scanning
electron microscope (SEM, Shimadzu SS-550, 15 kV), transmission
electron microscope (TEM, Philips FEI Tecnai 20ST, 200 kV), X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD spectrome-
ter, Al-Kα X-ray monochromator) and N2 adsorption–desorption
he TiO2 nanospheres (inset is the magnified part in panel d).
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Fig. 3. N2 adsorption–desorption isotherm and the pore size distribution (inset) of the
porous TiO2 nanospheres.
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(Autosorb-1-C). The specific surface area and pore size distribution
of the TiO2 nanospheres were calculated by using the Brunauer–
Emmett–Teller (BET) equation and the Barrett–Joyner–Halenda (BJH)
method, respectively.
Fig. 4. (a) XRD pattern and (b–d) TEM imag
2.4. Catalytic activity for CO oxidation

Prior to test, the catalyst was annealed in air at 300 °C for 0.5 h to
remove lysine. The catalytic activity of the Au-supported TiO2 nano-
spheres was measured in a fixed-bed stainless-steel tubular reactor
using 50 mg catalyst powder. The reaction gas contains 10% CO
balanced with air at a total flow rate of 36.3 mL/min. The operation
temperature was controlled with a thermocouple placed in the cat-
alyst bed. After 30 min reaction, the effluent gases were analyzed
online by a GC-900A gas chromatography with a thermal conductivity
detector (TCD). The activity of catalyst was evaluated by the CO
conversion.

3. Results and discussion

Amino acids and peptides on account of their non-toxicity and
biocompatibility, which can serve as a promising substitute for con-
ventional harsh reagents (e.g., cetyltrimethylammonium bromide and
alkyl thiol) and organic solvents (e.g., toluene) [41], have been fre-
quently employed to prepare advanced nanomaterials [38–44]. Our
previous work has demonstrated that [39,40,45,46] lysine can be used
to assemble noble metals onto α-Fe2O3 particles, one-dimensional
and hierarchical ZnO structures to fabricate hybrid nanomaterials. The
lysine-capped Au nanoparticles have a small size of 3–8 nm [39,40].
es of Au-supported TiO2 nanospheres.
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Such lysine-capped Au nanoparticles could be useful for synthesizing
Au-based catalyst for CO oxidation [36,37].

Fig. 2a displays the SEM images of the hydrothermally produced
TiO2 nanospheres with a diameter of 200–400 nm. According to the
XRD analysis (Fig. 2b), these TiO2 nanospheres are highly crystalline.
The well-resolved diffraction peaks can be well indexed to the ana-
tase structure (JCPDS No. 21-1272), which is a highly active phase
for application in catalysis. Details of the anatase TiO2 nanospheres
have been examined by TEM (Fig. 2c and d). It is observed that these
spheres have a rough surface and loose structure being composed of
numerous nanocrystallites (inset of Fig. 2d). The interspaces between
the abundant nanocrystallites endow the spheres with a highly porous
structure, which should be very promising for catalyst application.
According to the N2 adsorption–desorption analysis (Fig. 3), the
TiO2 nanospheres have a large Brunauer–Emmett–Teller (BET) surface
area of 163.3 m2/g. The N2 adsorption–desorption isotherm confirms
that the TiO2 nanospheres have a mesoporous structure. The
Barrett–Joyner–Halenda (BJH) pore size distribution (inset of Fig. 3)
obtained from the isotherm indicates a pore size in the range of
4–30 nm.

The composition and phase of the Au-supported TiO2 spheres have
been identified by XRD (Fig. 4a). From the XRD pattern, only weak
diffraction peaks for Au (200) at 44.6o and (220) at 64.7o can be ob-
served, however, the peak for Au (111) at 38.3o is not visible due to
overlapping by TiO2 (004) peak at 37.9o. The TEM images of the Au-
supported TiO2 spheres are shown in Fig. 4(c–d). However, under
low magnifications (Fig. 4b and d), the Au nanoparticles cannot be
Fig. 5. Wide XPS spectrum (a) and high-resolution XPS spectra for Au 4f (b) and Ti 2p
clearly distinguished out against the TiO2 matrix; because the large
amount of TiO2 nanocrystals might mask the supported Au nanopar-
ticles. In Fig. 4d of high magnification (magnified area of the square in
Fig. 4c), Au nanoparticles with a round contour and size of 3–10 nm
are observed to be anchored on TiO2 nanocrystals.

To further confirm the existence of Au on TiO2 spheres, XPS
analysis was performed. Fig. 5a exhibits the wide XPS spectrum of
Au-supported TiO2 catalyst, which clearly shows the signals for Au 4f
and Ti 2p. Fig. 5b and c displays the high-resolution spectra for Au 4f
and Ti 2p, respectively. The binding energies at 83.0 and 86.7 eV
are attributed to Au 4f7/2 and Au 4f5/2 of metallic gold. Interestingly,
it is noted that the binding energy of Au 4f7/2 shows a significant
negative shift (ca. 1 eV) compared to 84.0 eV of bulk Au. Such a
negative shift has been ascribed to the interaction between Au
and support, which is believed to play an important role in the cat-
alyst activity [10–14,36,47]. Considering the porous feature of TiO2

nanospheres, some Au nanoparticles may form in the interior of
the spheres on addition of reducing NaBH4, because HAuCl4 pre-
cursor could penetrate into the interspaces among the TiO2 nano-
crystallites. The Au nanoparticles formed therein could thus closely
contact the TiO2 matrix, which may result in the strong metal–support
interaction [12,36]. To further prove the hypothesis of the metal–
support interaction, we have also performed XPS analysis on pure
TiO2 nanospheres. Fig. 5d displays the XPS spectra of pure TiO2, re-
vealing two signals at 458.2 eV for Ti 2p3/2 and 463.8 eV for Ti 2p1/2.
In comparison to the XPS data of Au-supported TiO2 (Fig. 5c), the Ti
2p3/2 shows a positive shift after loading of Au nanoparticles, which
(c) of Au-supported TiO2 nanospheres, and Ti 2p (d) of pure TiO2 nanospheres.
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provides another proof for the metal–support interaction. According to
the XPS test, the mass content of Au nanoparticles in the catalyst is
5.11%.

Au-supported TiO2 catalyst has been extensively studied for photo-
catalysis and low temperature CO oxidation. In this work we have
preliminarily tested the catalytic activity of the prepared Au-supported
TiO2 nanospheres using CO oxidation as a probe reaction. The catalyst
performances for CO oxidation are shown in Fig. 6. It can be seen that
the Au-supported TiO2 (Fig. 6a) exhibits significantly enhanced catalytic
activity with a high CO conversion of 78% even at room temperature
(20 °C), whereas the pure TiO2 nanospheres only become active at a
temperature above 180 °C (Fig. 6c). The catalytic activity of the Au-
supported TiO2 nanospheres was also re-examined after the first-run
of test. The repeated test result is displayed in Fig. 6b, revealing a good
repeatability and stability of the Au-supported TiO2 nanospheres cata-
lyst. Note that the 100% CO conversion is reached at 110 °C for the
second-run of test, which is a bit lower than that (120 °C) in the first-
run.

It is apparent that the TiO2 nanospheres show a significantly im-
proved catalytic activity after loading Au nanoparticles. Consequently,
the enhanced catalytic performance might be ascribed to the follow-
ing reasons. First, as demonstrated by TEM and other works, the TiO2

nanospheres have a porous framework and consist of numerous TiO2

nanocrystals. The unique structural features should provide a large
active surface area andmake the inner interspaces in the nanospheres
accessible to CO molecules, thus improving the reaction efficiency. A
second reason should be the strong metal–support interaction, which
is confirmed by our XPS analysis. Many previous works have clearly
demonstrated that the metal–support interaction plays an important
role in enhancing the catalyst properties.

4. Conclusions

In summary, a one-pot straightforward procedure is developed to
immobilize Au nanoparticles onto porous TiO2 nanospheres to obtain
a unique Au-supported TiO2 nanospheres catalyst, where Au nano-
particles are formed in the presence of a green lysine capping agent
and simultaneously supported on TiO2 support. In the synthesis the
TiO2 nanospheres can be directly used as the support without any
pretreatment by linker reagents. The Au-supported TiO2 nanospheres
possess a strong metal–support interaction as proved by the XPS
data, which potentially provides the catalyst with a high activity for
Fig. 6. Catalytic activity test of (a) first-run and (b) second-run of the Au-supported
and (c) pure TiO2 catalyst for CO oxidation.
CO oxidation, with a CO conversion of 78% even at room temperature.
It is expected that this facile synthetic strategy can also be used to
produce other noble metal-supported nanomaterials for advanced
application.
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