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ABSTRACT Au-TiO2 snowman-like heterodimer nanoparticles were prepared by a surface sol-gel process based on gold Janus
nanoparticles whose surface-protecting monolayers consisted of a hemisphere of hydrophobic 1-hexanethiolates and the other of
hydrophilic 2-(2-mercaptoethoxy)ethanol. Transmission electron microscopic measurements showed that the resulting TiO2 nano-
particles (diameter 6 nm) exhibited well-defined lattice fringes that were consistent with the (101) diffraction planes of anatase TiO2.
The heterodimer nanoparticles displayed apparent photoluminescence that was ascribed to electronic transitions involving trap states
of TiO2 particles, and the photocatalytic activity was manifested by the oxidative conversion of methanol into formaldehyde, which
was detected quantitatively by the Nash method. The enhanced photocatalytic performance, as compared to that of the TiO2

nanoparticles alone, was ascribed to the charge separation of photogenerated electrons and holes at the Au-TiO2 interface that was
facilitated by the close proximity of the gold nanoparticles. These results suggested that (i) there were at least two possible pathways
for photogenerated electrons at the TiO2 conduction band, decay to the trap states and transfer to the gold nanoparticles, and (ii)
energy/electron transfer from the trap states to gold nanoparticles was less efficient. In essence, this study showed that the snowman-
like heterodimers might be exploited as a homogeneous photocatalytic system for the preparation of functional molecules and
materials.
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INTRODUCTION

Nanosized metal oxide particles have been used
extensively as active components in photocatalysis,
photovoltaics, and electrochromic devices, as well

as chemical and biological sensors, largely because of their
large band-gap energy, corrosion resistance, mechanical
durability, and abundant availability (and, hence, low costs)
(1-6). Of these, titanium dioxide (TiO2) has attracted par-
ticular attention. TiO2 exhibits a band-gap energy of ca. 3
eV and has been known to exist in at least three different
crystalline phases, anatase, rutile, and brookite, of which the
anatase phase has been found to be the most active in
photocatalysis (7-9). The photocatalytic activity of TiO2 was
first illustrated by Fujishima and Honda in 1972 when they
demonstrated that water hydrolysis might be initiated by
TiO2 under photoirradiation (10). This was accounted for by
the formation of electron-hole pairs upon photoexcitation
by photons with energy larger than the material band gap,
where the separation of the charges was exploited for the
reduction and oxidation of water. This fundamental principle
of photogenerated electrons and holes has now been ex-
tended to a wide array of applications, such as solar energy

conversion (photovoltaics), degradation of organic pollut-
ants, transformative production of organic functional com-
pounds, fuel cell electrochemistry, and antibacterial protec-
tion (11-14).

However, the photocatalytic efficiency by TiO2 alone is
generally rather poor. One effective strategy to enhance the
catalytic performance is to couple the oxide materials with
metal nanoparticles. This is primarily motivated by the
enhanced efficiency of interfacial charge separation because
metal nanoparticles are, in general, good electron sinks as
a consequence of the significantly larger Helmhotz double-
layer capacitance than the space charge capacity of the oxide
particles even under accumulation. This accumulation of
photogenerated electrons helps impede the recombination
dynamics (15).

Toward this end, a variety of synthetic routes have been
reported in the literature. For instance, a composite with gold
nanorods trapped within a TiO2 hollow shell has been
prepared and found to serve as effective catalysts in the
reduction of Fe(CN)6

3- by NaBH4 (16). Yang and co-workers
used a surface sol-gel method to prepare ultrathin TiO2

films that served as the supporting matrix for gold nanopar-
ticles (17). The resulting nanocomposites were found to be
active in low-temperature CO oxidation. In another study
(18), an amorphous TiO2 shell was grown onto gold nano-
particle surfaces by a sol-gel method, leading to the forma-
tion of core-shell Au@TiO2 nanocomposites. Core-shell
Au@TiO2 nanocomposites were also prepared by a hydro-
thermal technique (19), where the (101) planes of TiO2 were
found to grow preferentially on the surface of gold nanopar-
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ticles and stabilize the heterointerfaces. The photocatalytic
activity was demonstrated by the oxidation of acetaldehyde.
Armelao et al. (20) deposited nanosized gold particles onto
a TiO2 sol-gel surface by radio-frequency sputtering and
evaluated the photocatalytic activity with the photodecom-
position of an azo dye (plasmocorinth B). The deposition of
metal nanoparticles (silver and gold) onto TiO2 particle
surfaces has also been achieved by the photoreduction of
metal salt precursors (21). In some other studies, the
metal-TiO2 nanocomposites have been prepared by the
direct incorporation of metal nanoparticles into the oxide
matrixes. For instance, gold nanoparticles may be dispersed
into a titanium sol-gel precursor, where gelation leads to
the embedment of the gold nanoparticles into a titania
dielectric matrix (22, 23). In another study, Au-TiO2 nano-
composites were formed by sol-gel reactions of titanium
tetraisopropoxide with HAuCl4 in a triblock copolymer tem-
plate, where calcination at elevated temperatures led to the
formation of gold nanoparticles embedded in the TiO2

network (24). The photocatalytic activity was manifested in
methanol oxidation. Additionally, a nanocomposite based
on silver nanoparticles stabilized by anatase TiO2 nanorods
has been used in the photocatalysis of reductive bleaching
of a model dye (Uniblue A) (15).

It should be noted that, in these earlier studies, TiO2

is typically prepared by the sol-gel route and, hence,
the size is generally at least a few tens of nanometers
(up to a few micrometers); additionally, the resulting
metal-TiO2 nanocomposites are mostly involved in het-
erogeneous catalytic reactions largely because the materi-
als are not dispersible in common solvent media. This
severely limits the contact area and, hence, the catalytic
performance.

Thus, in this study, we present a novel approach based
on gold Janus nanoparticles for the preparation of
Au-TiO2 nanocomposite particles. Specifically, amphiphilic
gold nanoparticles will first be prepared by interfacial
ligand-exchange reactions, where the hydroxyl functional
groups on the hydrophilic hemisphere are exploited as
anchoring sites for the growth of TiO2 nanoparticles,
leading to the formation of a snowman-like heterodimer
nanoparticle (Scheme 1). The unique advantages of this
preparative route, as compared to the previous ones, mainly
lie in two aspects: the exact pairing alignment between the
metal and TiO2 nanoparticles for efficient charge separation
and accumulation and the ready dispersion of the het-
erodimers in common solvent media, which provides a
chemical environment equivalent to that of homogeneous
reactions as well as ready spectrophotometric detections and

monitoring of the reaction processes. We will use methanol
photooxidation into formaldehyde as the illustrating ex-
ample, by using the Nash method (25) to examine the
reaction dynamics. Note that selective oxidation is important
in the synthesis of fine chemicals and intermediates. Of
these, the oxidation of primary alcohols to aldehydes is
a fundamentally important procedure in laboratory and
commercial research (26-28). The photocatalytic perfor-
mance of commercial TiO2 particles is also evaluated and
compared.

EXPERIMENTAL SECTION
Chemicals. Hydrogen tetrachloroauric acid (HAuCl4·xH2O)

was synthesized by dissolving ultrahigh-purity gold (99.999%,
Johnson Matthey) in freshly prepared aqua regia followed by
crystallization (29). Tetraoctylammonium bromide (Alfa Ae-
sar, 98%), 1-hexanethiol (C6SH; Acros, 96%), sodium boro-
hydride (NaBH4; Acros, 99%), titanium butoxide (Acros,
98+%), acetylacetone (acac; Pfaltz and Bauer, 98%), am-
monium acetate (NH4Ac; Fisher Chemicals), and titanium
dioxide nanoparticles (TiO2; average diameter 25 nm, Ald-
rich) were all used as received. 2-(2-Mercaptoethoxy)ethanol
(MEA; HSCH2CH2OCH2CH2OH) was synthesized and character-
ized according to a literature procedure (30). Other solvents
were purchased from typical commercial sources at their
highest purity and used without further treatment. Water
was supplied by a Barnstead Nanopure water system (18.3 MΩ
cm).

Gold Janus Nanoparticles. Gold Janus nanoparticles, with
one hemisphere passivated by hydrophobic hexanethiolates
and the other by hydrophilic MEA ligands, were prepared by
following a procedure detailed previously (31). Briefly, 1-hex-
anethiolate-protected gold (AuC6) particles were first syn-
thesized and purified by using the Brust protocol (32). The
particles then underwent fractionation by using a mixture of
toluene and ethanol (33, 34), and the fraction with an average
core diameter of 2.0 nm (corresponding approximately to a
particle composition (35) of Au314C691) was used for the
subsequent study.

A monolayer of the AuC6 nanoparticles was then formed on
the water surface of a Langmuir-Blodgett trough (NIMA Tech-
nology, model 611D). At a high surface pressure, the particle
monolayer was deposited by the Langmuir-Blodgett technique
onto a clean microscope glass slide, which was then immersed
into a water solution of 1 mM MEA that was kept in a water
circulation bath with the temperature set at 45 °C. The ex-
change reactions were found to occur only at the top face of
the particles, which was in direct contact with the water phase,
thereby producing Janus nanoparticles. At least four batches of
particle samples were prepared and collected under identical
conditions to provide a large sample size for further function-
alization. The resulting Janus particles were found to be soluble
in dichloromethane, chloroform, and tetrahydrofuran (THF). 1H
NMR measurements showed that the particle protecting layer
consisted of approximately 45% MEA and 55% hexanethiolate
ligands (31).

Au-TiO2 Heterodimer Nanostructures. The hydroxyl func-
tional groups on the gold Janus nanoparticle surface were then
exploited as the anchoring sites for the growth of TiO2 nano-
particles by a surface sol-gel process, leading to the formation
of Au-TiO2 snowman-like heterodimer nanostructures (Scheme
1). In a typical experiment, 1.5 mg of the gold Janus particle
was dissolved in a mixture of deaerated THF and methanol [1:1
(v/v); total volume 2 mL], which was designated as solution A.
Separately, 1.0 mL of titanium butoxide was mixed with 1.6
mL of acac. To this solution was added 1.2 mL of deaerated
methanol, and the reaction was allowed to run for 30 min under

Scheme 1. Schematic of the Formation of Au-TiO2
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