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ABSTRACT: Gold nanostructured microtubes (AuNMTs)
are prepared using a tertiary amine group-functionalized
polyethylene (PE)-coated polypropylene (PP) nonwoven
fabric as a ligand, a reductant, and a template, which takes
advantage of the different radiation effects of PE and PP. The
Au(I1I) ions are absorbed and reduced only in the PE layer to
form the aggregation of gold nanoparticles; thus, AuNMTs are
obtained after the calcination.
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B INTRODUCTION

Noble metal nanostructures, especially gold nanostructures,
have a rich history in both synthesis and application" because of
their fascinating size-dependent properties and important
applications in catalysis,> surface-enhanced Raman scatterin%
(SERS),4 sensing,s’ separation,7’8 optoelectronics,g optics,1
and information storage.'’ For example, biomedical applica-
tions of gold nanoparticles (AuNPs) started in 1971 with the
use of an antibody—AuNP complex for cell surface antigen
localization.'> In the field of heterogeneous catalysis,
researchers reported an exciting discovery with the observation
that nanoparticles of gold on a large surface area support a high
activity for oxidation of CO with O, at room temperature.®
Initially, microscopic materials with solid structures of gold
particles or spheres attracted tremendous interest because of
the thermodynamically and kinetically favorable morphology of
particles or spheres. In the same era, to weaken the propensity
for isotropic growth and direct the growth of the nanoparticle
into an anisotropic dimension, trilateral nanoplates were
created and soon set off a new upsurge in nanogold.””> A few
years ago, single crystalline nanoboxes of gold with a hollow
polyhedron bounded by six (100) and eight (111) facets were
generated.'* Recently, another class of gold nanorods with an
anisotropic structure has received a great deal attention because
of their unique optical and electronic properties that are
dependent on their shape, size, and aspect ratio."’

Tubular nanostructure has become a hot research topic since
the first report of carbon nanotubes by Tijima in 1991,'¢ which
was followed by many reports on the nanotubes of metal,"”
metal oxide,'® and various composites."”*° Gold nanotubes
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(AuNTs) made from a template of silica,®* alumina,?* silicon,
and other metals®® were also developed. In the 1990s, Martin
and co-workers reported the synthesis of AuNTs by electro-
chemically depositing gold into the pores of microporous
alumina.”* AuNTs have also been prepared by deposition in the
pores of track-etched polycarbonate membranes that contain 10
um thick and 220 nm diameter pores.**>*® Goethite nanorods
have been used as templates to grow gold nanotubes with a
length of a few hundred nanometers and an aspect ratio
between 3 and 4.’ In general, the diameters of the obtained
AuNTs and AuNMTs in the literature range from tens to
hundreds of nanometers, and some of the AuNTSs could be
made as small as several nanometers.”®

Almost all procedures for the preparation of AuNTs and
AuNMTs involve a template, which is probably the most
familiar means of synthesis with good reliability and control.
There are variant classifications of templates either by the
physicochemical property or by the morphology of the
materials used. With respect to physicochemical properties
and the removal method, templates can be divided into two
types. Hard templates such as aluminum oxide and silver can be
removed by chemical etching;***° soft templates such as solid-
state polymers and liquid-state crystals or gels can be removed
by calcinations,®" plasma etching, or dissolution of the polymer
in an appropriate solvent.*> Without removal of the templates,
some composite nano-microstructured fibers were also
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Figure 1. Fabrication of AuNMTs: (a) PE/PP nonwoven fabric and its microscopy image, (b) tertiary amine group-functionalized PE/PP fabric and
its microscopy image, (c) gold absorbed and reduced fiber and its microscopy image, and (d) AuNMTs and their scanning electron microscopy

image.
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Figure 2. (a) FT-IR spectra of pristine PE/PP nonwoven fabric, PE/PP-g-PHB fabric, and tertiary amine group-functionalized PE/PP fabric. (b)
Microscopy image of the core—shell structure of the gold absorbed and reduced fiber. The inset shows the scanning electron microscopy image of
the cross section of the gold absorbed and reduced fiber. (c) XRD pattern of the absorbed and reduced gold nanoparticles on the fabric. The inset

shows the TEM image of gold nanoparticles loaded in the fiber.

obtained.”*** At the beginning of the AuNT study, researchers
came across one critical problem in large-scale production and
application, which is the difficulty in the preparation of the
template and the subsequent coating process. After a long
period, with the development of a new method and technology,
a great step forward in the fabrication of nanotubes was taken.
Electrospun fiber mats,>” electroless plating, and commercial
polymer fibers*>** were used, nanoscale metallization processes
that can easily be scaled. In this study, we report a novel avenue
for producing AuNMTs based on a multifunctional soft
template that also plays a role as a ligand and a reductant,
which is made from industrially available polyethylene-coated
polypropylene (PE/PP) nonwoven fabric (Figure S1 of the
Supporting Information). The multifunctional soft template
preparation takes advantage of the different radiation effects of
the shell PE layer and core PP layer of the fiber (Figure 1a),
where the monomer, 4-hydroxybutyl acrylate glycidylether
(HB), is only graft polymerized onto the shell PE layer and,
therefore, the tertiary amino groups exist only in the shell layer
that reacted with the epoxy groups on the graft chains (Figure
1b). Hence, the Au(IIl) ions are adsorbed by the tertiary amino
groups as the ligands and then in situ reduced, forming AuNPs
deposited in the shell layer (Figure 1c). Finally, the template is
removed by calcination and AuNMTs are obtained (Figure 1d).

B EXPERIMENTAL SECTION

Materials. Polyethylene-coated polypropylene (PE/PP) nonwoven
fabric was obtained from Kurashiki MFG Co. 4-Hydroxybutyl acrylate
glycidylether (HB) was purchased from Tokyo Kasei Kogyo Co. Ltd.
and used without further purification. Diethylamine (DEA), surfactant
sorbitan monolaurate (Span-20), and isopropyl alcohol (IPA) were
purchased from Kanto Chemical Co. Ltd. Analytical-grade HAuCl,:
4H,0 was used to prepare Au(IIl) solutions.
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Preparation. PE/PP nonwoven fabric samples were irradiated with
an absorbed dose of 30 kGy by electron beam (EB). The irradiated
samples were put into a glass ampule, and the ampule was evacuated.
Then an emulsion containing 5% HB and 0.5% surfactant Span-20 was
drawn into the glass ampule via suction. The graft polymerization was
conducted at 40 °C for 2 h, and then the grafted samples were taken
out and washed with methanol to remove any residue homopolymers
and then dried in vacuum. The degree of grafting (DG) of the
obtained PE/PP-g-PHB was 150%, which was determined by
calculating the weight increment ratio. The grafted materials were
immerged in a 50% DEA/water solution at 30 °C for S h, removed,
washed with distilled water, and finally dried in vacuum. As a result,
the tertiary amine group-functionalized PE/PP nonwoven fabrics were
obtained.

The functionalized PE/PP fabrics were soaked in a chloroauric acid
solution with a specific Au(III) concentration varying from 1 to 100
ppm. After reacting for 2 h, the samples were taken out and washed.
The AuNMTSs were obtained by calcination, which was conducted in
an electric muffle furnace in the presence of O, to 800 °C at a heating
rate of 10 °C/min.

Characterization. The morphology of the nonwoven fabric under
low magnification was observed with a microscope (Olympus BXS3).
The surface and cross section of the nonwoven fabric were observed
with a scanning electron microscope (Hitachi SEM-EDX Type-N),
after the adsorbent had been dried under reduced pressure and gold
coating for 120 s. The distribution of metal ion across the adsorbent
was determined by means of an electron probe X-ray microanalyzer
(XMA). The surface and cross section of AuNMTs were observed
with a scanning electron microscope (Hitachi S-4800). The
morphology of gold particles was observed by transmission electron
microscopy (TEM) (FEI TECNAI G2) and X-ray diffraction (XRD).

B RESULTS AND DISCUSSION

PE and PP are very similar in chemical structure; however, the
radicals generated in PE are relatively stable, which can induce
graft polymerization or cross-linking, while the radicals
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generated in PP always result in chain scission.® The graft
polymerization of vinyl monomers initiated by the radicals in
the fabrics is a mature procedure that has been used for several
decades.**® Success in the graft polymerization of HB and the
following amination can be confirmed by a Fourier transform
infrared (FT-IR) spectroscopy study (Figure 2a). Compared
with the spectrum of the trunk PE/PP, the spectrum of the
grafted materials (denoted as PE/PP-g-PHB) shows strong
absorption bands at 1726 cm™, which is attributed to C=0
stretching, and 1251 cm™!, which is attributed to C—O-—
stretching, together with 910 and 842 cm™ bands representing
the characteristic vibrations of epoxy groups. The diameters of
the fibers are changed by graft polymerization that is almost
doubled to 20 pm at a DG of 150% (Figure S2 of the
Supporting Information). After the reaction of the epoxy
groups with DEA, in the spectrum of the aminated PE/PP, the
absorption bands attributed to characteristic vibrations of epoxy
groups at 910 and 842 cm™" disappeared and a broad band at
~3400 cm™' attributed to —OH stretching appeared. The
characteristic peak at 1200 cm ™" represents the C—N stretching
vibration. The tertiary amine groups covalently bonded to the
fabric are designed as the adsorbent for metal ions.* The fabric
is dark violet after the adsorption of the Au(IIl) ion, which
makes it easy to determine the core—shell structure (Figure
2b). The PP core layer is inert, while the PE shell layer is filled
with gold; thus, a cylindric “gold layer” with a wall thickness of
around 5 um is formed and confirmed by SEM-EDX
observation (inset of Figure 2b).

It is well-known that AuCl,” is a powerful oxidizing agent in
aqueous solutions with standard reduction potentials (E°) of
1.0 V.* It was reported that polymers with an amino group
served as the reduction agent and stabilizer.***" Therefore, the
absorbed Au(Ill) ions are reduced in situ by means of the
following equations.

AuCl,” + 3e” = Au(0) + 4CI" E° 4+ 1.0V (1)
2R—CH,—NR, + AuCl,~
— 2R—CH=N"R, + Au | +2H" + 4CI" )

The formation of metal gold after the reduction has been
confirmed by XRD analysis, where it is a face-centered cubic
(fcc) structure (JCPDS Card 04-0784) (Figure 2c), and the
shape of the gold is a spherical nanoparticle with a diameter of
approximately 5—20 nm (inset of Figure 2c).

Finally, the polymer was removed by calcination, and the
gold nanostructured microtubes were obtained. Scanning
electron microscopy (SEM) images of the AuNMTs are
presented in Figure 3a—d. Obviously, the wall thickness and the
outer diameter are determined by the concentration of
chloroauric acid used and are 1 order of magnitude lower
than the thickness of the functionalized PE shell layer, which is
~S pm, where the tertiary amino group density in the fabric is
fixed. The rough wall morphology of the AuNMTs indicates
that the AuNMTs are constructed from gold nanoparticles,
which can be confirmed from the TEM image recorded from
the edge of an individual tube (Figure S3 of the Supporting
Information). The image shows that the gold nanoparticles
exhibited an average diameter of 5—20 nm, which is almost
unchanged from that of the AuNMPs before calcination. The
high-resolution TEM image (Figure S4 of the Supporting
Information) shows (111) and (200) lattice fringes perpendic-
ular to the tube axis with interplane spacing of ~0.23 and ~0.20
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Figure 3. SEM images of AuNMTs prepared from the chloroauric acid
solution with initial Au(IIT) concentrations of (a) 1, (b) 5, (c) 20, and
(d) 60 ppm.

nm, respectively. The wall thickness of the AuNMTSs and the
diameter are determined by the Au(IIl) concentration and are
presented in Figure 4, where the wall thickness and diameter
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Figure 4. Dependence of the wall thickness and diameter of AuNMT's
on the initial Au(III) concentration.

increase quickly with an increased Au(IIl) concentration and
then leveled off. The shortest wall thickness and diameter
obtained were 280 nm and 2.3 pum, respectively, with an initial
Au(III) concentration of 1 ppm. The saturated values for wall
thickness and diameter were 1000 nm and 5.5 um, respectively,
when the initial Au(III) concentration was >7 ppm.

The length or slenderness ratio of the AuNMTs is an
important parameter that is usually determined by the template
used. Here, because we used a functionalized nonwoven fabric
as the template, the obtained AuNMTs are also in a network
form (Figure S). The image shows the length of the AuNMTs
between the junctions is ~200 um, which demonstrated the
advantage of using fiber or fabric as the template as compared
to using porous films or inorganic nanorods as templates. If a
long single fiber can be functionalized and used as the
multifunctional template for AuNMT preparation via the same
procedure that is used in this study, it is easy to obtain
AuNMTs with a length on the order of meters. Also, as an
interesting feature, there are many double tubes (Figure 6a)
and fork-siamesed tubes (Figure 6b) because of the random
arrangement of the neighboring fibers in the nonwoven fabric,

dx.doi.org/10.1021/am402574b | ACS Appl. Mater. Interfaces 2013, 5, 8761—-8765



ACS Applied Materials & Interfaces

Research Article

Figure 6. SEM images of the network structure of AuNMTs. SEM
images of AuNMTs in the form of (a) double tubes and (b) fork-
siamesed tubes.

which can be applied in a future design of an AuNMT network
structure.

B CONCLUSIONS

In conclusion, AuNMTSs were obtained using a tertiary amine
group-functionalized PE/PP nonwoven fabric as a ligand, a
reductant, and a template. The polymeric precursor was
prepared by radiation-induced graft polymerization of HB
onto a PE/PP nonwoven fabric and then reacted with DEA.
Because of the different radiation effects of PE and PP, graft
polymerization occurs only in the PE shell layer; therefore, the
Au(I1I) ions are absorbed and reduced only in the PE layer,
yielding aggregation of AuNPs. Thus, after the calcination,
AuNMTs were obtained, and the wall thickness and diameter
were determined by the initial Au(III) ion concentration. The
shortest wall thickness and diameter obtained were 280 nm and
2.3 um, respectively, with an initial Au(IIl) concentration of 1
ppm. The obtained AuNMTSs were in a network form, and the
length between the junctions is ~200 ym. Along the same lines
as this novel approach, it is easy to prepare AuNMTSs with a
controlled wall thickness and unlimited length using long
functionalized fibers, or a complex structure with a designed
pattern.
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SEM image of the pristine PE/PP nonwoven fabric and the PE/
PP-g-PHB fabric and TEM image and high-resolution TEM
image of the AuNPs on the edge of the AuNMTs after
calcination. This material is available free of charge via the
Internet at http://pubs.acs.org.
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