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ABSTRACT: A rapid (≤2 min) and high-yield low-temper-
ature synthesis has been developed for the in situ growth of
gold nanoparticles (NPs) with controlled sizes in the interior
of halloysite nanotubes (HNTs). A combination of HAuCl4 in
ethanol/toluene, oleic acid, and oleylamine surfactants and
ascorbic acid reducing agent with mild heating (55 °C) readily
lead to the growth of targeted nanostructures. The sizes of Au
NPs are tuned mainly by adjusting nucleation and growth
rates. Further modification of the process, through an increase
in ascorbic acid, allows for the formation of nanorods (NRs)/
nanowires within the HNTs. This approach is not limited to
golda modified version of this synthetic strategy can also be
applied to the formation of Ag NPs and NRs within the clay
nanotubes. The ability to readily grow such core−shell nanosystems is important to their further development as nanoreactors
and active catalysts. NPs within the tube interior can further be manipulated by the electron beam. Growth of Au and Ag could
be achieved under a converged electron beam suggesting that both Au@HNT and Ag@HNT systems can be used for the
fundamental studies of NP growth/attachment.

■ INTRODUCTION

Halloysite nanotubes (HNTs), chemical formula of
Al2(OH)4Si2O5·nH2O, n = 1−2, possess unique properties
including bio- and environmental compatibility and abund-
ancy.1−4 These features are not found in other forms of tubular
structures such as carbon nanotubes. HNTs are naturally
formed by revolution of kaolin aluminosilicate sheets and exist
predominately in the form of hollow tubular structures.1,5 Their
average length and inner and outer diameters were found to be
in the range of 500−800, 12−15, and 50−60 nm, respectively,5

though these projected values may vary depending on different
types of available halloysites and their crystallization processes
as well as geological occurrences.6 The inner diameters of the
HNTs are further adjustable via acid etching.7 Inner and outer
surfaces of HNTs have different compositions with aluminol
(Al−OH) groups in the interior and silanol (Si−OH) groups
on the exterior; this different inside/outside chemistry of
halloysite is also unique among nanotubes.8 Natural availability
in thousands of tons, low price, as well as exclusive
compositional and morphological features of HNTs have,
therefore, attracted several research groups to investigate their
applications in myriads of fields including functional polymeric
composites doped with HNTs loaded with chemical inhibitors

(anticorrosion agents, antioxidants, and flame retardants),
nanoreactors, and drug loading and delivery systems as well
as in catalysts.1,5,9−15

The construction of HNT nanocomposites based on the
attachment/formation of noble metals/metal oxide nano-
particles (NPs) within the inner sites or on the outer surfaces
of HNTs may lead to the development of advanced
nanostructures and thus applications arising from the favorable
features of HNTs combined with complementary properties of
NPs.4,8,16,17 Wang et al. have reported the attachment of TiO2

NPs onto the surface of HNTs via a one day solvothermal
approach and demonstrated that these nanocomposites exhibit
superior pH sensitivity and photocatalytic activity for the
degradation of organic pollutants.18 Ru/HNT nanocomposites,
developed by Wang et al. through a wet impregnation method,
showed catalytic activity for the decomposition of ammonia.19

Pd NPs deposited on the salinized HNTs were also shown to
enhance catalytic performance.20 Recently, Fu et al. reported
Au/HNT nanocomposites produced via a deposition/precip-
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