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ABSTRACT

In this paper, a practical and mild sol-gel self-assembly method was successfully developed for the syn-
thesis of plain and gold-nanoparticle-modified silica nanowires (AuSiNWs). In this new method, the
3-mercaptopropyltrimethoxysilane (MPTMOS) was used as the key linker through disulfide bonds and
mediated the reorganization of the particles into elongated clusters. The high surface strain energy of
the silica nanoparticles, as a driving force, deformated the interconnected nanoparticles into nanowire.
All the procedures were performed in solution and under mild conditions (below 100 °C at atmosphere
pressure), and no special apparatus was needed. This promising method made it possible to synthesize
the SiNWs in large scale. Transmission electron microscopy (TEM), energy dispersive X-ray (EDX) spec-
troscopy and scanning electron microscopy (SEM) were used to characterize the obtained nanostructures.
The microscopy was used to investigate the products at each stage in the synthetic process and the for-
mation mechanism of the new method was discussed. The investigated AuSiNWs displayed an intensive
absorption at 528 nm, characteristic of gold nanoparticles, and a strong luminescence peak at 440 nm.

Large-scale preparation

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1-D) nanomaterials have attracted sustained
interest in nanotechnology over recent decades due to their
remarkable properties [1-3], fascinating geometries [4,5] and great
potential applications in nanoscale electronics and optoelectron-
ics [6-8], chemical and biological sensing [9,10], drug delivery
[11,12], etc. Alarge number of these materials have been fabricated,
such as nanowires [13], nanotubes [14], and helical nanospring
[15,16]. Among them, people have paid special attention on silica
nanowires (SiNWs) because they were hydrophilic and easy to form
colloidal suspensions and had the good accessibility for surface
functionalization. Recently, the SiNWs modified with biomolecule
have shown potential applications in nanoscale sensors [17,18]. In
addition, SiNWs are also promising dielectric materials to apply
on nanoelectronics due to their relatively low dielectric constant.
Furthermore, SINWSs are important photoluminescence and waveg-
uide materials [19].
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Thanks to their unique properties and potential applications,
SiNWs are in demand in bulk quantities for the scientific study
and industrial use. However, all the existing synthetic method for
SiNWs including Vapor-Liquid-Solid (VLS) method [20], laser abla-
tion [21], metal catalyst growths [22] and other methods were
performed under relatively harsh conditions requiring high tem-
perature (above 300°C), high pressure or vacuum, and special
instruments. And it is very difficult to synthesize SiINWs in large
scale by these known methods. It is well known that most of
chemical synthesis in solution is practical and can be enlarged for
large-scale preparation. Therefore, it will be promising if a method
to synthesize SiNWs in solution is developed.

Previous studies showed that gold-nanolayer-encapsulated
SiO,@Au core-shell nonoparticles were successfully prepared
in solution at low temperature and atmosphere pressure
[23,24]. In the procedures, the small gold particles (1-2nm)
were adsorbed on the silica nanoparticles modified with 3-
aminopropyltriethoxysilane (APTEOS); and a subsequent reduction
of chloroauric acid resulted in the formation of gold-nanolayer-
encapsulated SiO,@Au core-shell particles. It is well known the
organic compounds with sulfhydryl group can form disulfide bonds
to dimerize. Inspired by these facts, we expected that replac-
ing APTEOS by 3-mercaptopropyltrimethoxysilane (MPTMOS) in
the synthetic process would cause the silica nanoparticles reorga-
nize and form ordered nanostructures through the disulfide bonds
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between MPTMOS molecules; and the SiINWs might be prepared
by the same procedure. Therefore, we conducted the research and
successfully obtained SiNWs in solution, below 100 °C and at atmo-
sphere pressure. The new method processed through the following
sequential steps: (1) the modification of silica nanoparticles with
MPTMOS; (2) the disulfide bonds formation between MPTMOS
molecules reorganized the nanoparicles and made elongated clus-
ters; (3) adsorption of the small gold particles on the elongated
clusters, and the elongated clusters were deformated into SiNWs
with gold nanoparticles attachments by the driving force, the high
surface strain energy of the colloidal particles. Also, gold-silica
core-shell nanoparticles were used to produce gold-nanoparticle-
embedded SiNWs in the same method. In order to understand
the mechanism of SiNW formation and prove our thought, the
microscopy was used to investigate the products at each stage in
the synthetic process. Importantly, in the new method all exper-
iments were performed in solution and under mild conditions
(below 100 °C at atmosphere pressure), and special apparatus was
avoided. Therefore, the new synthetic method was very practical
and efficient, and could open a new route for the synthesis of novel
SiNWs in large scale.

2. Materials and methods
2.1. Materials

3-Mercaptopropyltrimethoxysilane (MPTMOS) and tetram-
ethoxysilane (TMOS) were purchased from Sigma. HAuCly; was
obtained from Yunnan Haitai Chemicals Reagent Co., Ltd. Sodium
silicate, sodium citrate, 25-28% NH3-H,0, NaBH, potassium car-
bonate and absolute ethanol were purchased from Shanghai Shi Yi
Chemicals Reagent Co., Ltd. All chemicals were used as received.
Water used in all experiments was purified with a three-stage Mil-
lipore Milli-Q Plus 185 system and had a resistivity higher than
18.2MS2 cm.

2.2. Preparation of gold-silica core—shell nanoparticles

A colloidal dispersion (30mL 5x10~4M HAuCly) of gold
nanoparticles with about 17 nm diameter was firstly prepared
according to the standard sodium citrate reduction method [25].
At room temperature, the gold nanoparticles were modified with
organosilane molecules, MPTMOS, by adding its ethanol solution
(1mL 2 x 10~% (v/v)). After 15min, 1 mL of 0.02% sodium silicate
solution (pH~7.5) was added under vigorous magnetic stirring
and the resultant mixture was allowed to stand overnight. After
centrifugating (8000 rpm, 1 h) to remove excess silicate and redis-
persing in ethanol (30mL), extensive growth of the silica shell
was performed by addition of 1 mL of 25-28% ammonium hydrox-
ide and 30 L of TMOS during 12 h. After centrifuging (8000 rpm,
1h) and redispersing three times in ethanol, finally the prepared
core-shell nanoparticles were suspended in 30 mL ethanol.

2.3. Formation of gold-nanoparticle-modified SINWs

To the above prepared core-shell nanoparticles ethanol solution
was added 10 wL MPTMOS. After standing for 2 h at room temper-
ature, the mixture was boiled for 4 h, keeping the volume of the
solution constant by periodically adding additional ethanol. After
three cycles of centrifugation and redispersion in pure ethanol to
remove residual reactants, the products were redispersed in 10 mL
water. Under mild magnetic stirring, 5mL of the products were
then added to 40 mL of 3.5 & 0.7 nm gold nanoparticle solution pre-
pared according to the NaBH,4 reduction method [26]. After 1h, the
mixture was centrifuged (5000 rpm, 30 min) many times until the
solution was clear. The sediment was subsequently dispersed in

30mL water. Then, a one-day-old K-gold solution (25 mg potas-
sium carbonate in 5 mL of 0.3% gold chloride solution) and a freshly
prepared NaBH, solution (25 mg in 20 mL of water) were added.
The resultant mixture stood for 3 h under mild stirring. And the
gold-nanoparticle-modified SiNWs were obtained by centrifuga-
tion (5000 rpm, 30 min) many times until the solution became clear.

2.4. Characterization

The morphology of the products was observed using trans-
mission electron microscopy (TEM) (JEOL-1230) in conventional
transmission mode using 80keV, high-resolution TEM (FEI Tec-
nai G2 20ST) in conventional transmission mode using 200keV,
SEM (JSM-6360), and/or fluorescence microscope (Zeiss MC80DX).
The distribution of the chemical composition of the nanowires
was characterized by energy dispersive X-ray (EDX) spectrometer,
attached to the FEI Tecnai G2 20ST microscope. For SEM investi-
gations, the as-synthesized product was pasted on an Al substrate
by carbon conducting paste. For TEM investigations, the product
was ultrasonicated in deionized water for 20 min, and then a drop
of the suspension was placed on a holey copper grid with car-
bon film behind. The electronic absorbance spectra were measured
with SHIMADZU UV-2450 spectrophotometer in 1 cm path length
cuvettes. The photoluminescence (PL) spectrum was investigated
with a HITACH F-2500 fluorescence spectrophotometer at room
temperature.

3. Results and discussion

The shapes of products were observed by the high-resolution
transmission electron microscopy (HR-TEM). Fig. 1a and b shows
the TEM images of gold-particle-modified SiNWs with gold
nanoparticles embedded in and/or attached on the SiNWs. The
length and diameter of the nanowires were about 200-2000 nm
and about 20-30 nm, respectively. The distribution of the chemical
composition of the nanowires was characterized using EDX spec-
troscopy (Fig. 1¢). In Fig. 1¢, C(0.257 eV) and Cu (0.939eV, 8.058 eV,
and 8.931eV) peaks were contributed from the copper grid that
served as the sample support for transmission electron microscopy
(TEM) analysis. Other peaks were Si (1.730eV), 0 (0.530eV) and Au
(2.167eV,9.722 eV, and 11.496 eV). The response peaks of gold ele-
ment were very obvious. The EDX spectroscopy indicated that the
nanowires are composed of Si, O and Au.

The optical properties of the as-prepared gold-nanoparticle-
modified SiNWs were investigated at room temperature by
absorption and fluorescent spectroscopy. Fig. 2 illustrates the
UV-vis absorption spectrum of the synthesized nanowires (solid
line and dash dot line), core-shell nanoparticles (dot line) and gold
nanoparticles (dash line) in water. Compared with the plain sil-
ica nanowires [27], a pronounced SPR absorption peak at 528 nm
appeared in the absorption spectrum of gold-particle-modified
nanowires, which indicated that the gold nanoparticles were
embedded in and/or attached on SiNWs [28]. According to previ-
ous reports [29,30], this strong surface-plasmon-resonance (SPR)
absorption peak of gold nanoparticles could be potentially used for
biosensing applications. In the absorption spectrum of SiNW with
gold nanoparticles on its surface, it had hardly induced a red-shift
of absorption peak wavelength compared with the gold colloid,
whereas there were SPR absorption peak red-shift (from 520 nm
to 528 nm) in the spectra of the core-shell nanoparticles and the
gold-particle-embedded nanowires because of the increase of the
local refractive index around the gold nanoparticles [31]. Because
the inter-particle separation distances of gold nanoparticles in the
nanowires were within a large range, the absorption spectrum
of the nanowires was broad. And the AuSiNWs displayed a new
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Fig. 1. TEM images and EDX spectrum. (a and b) TEM images of the as-prepared gold-nanoparticle-modified silicon oxide nanowires; (c) an EDX spectrum of a nanowire.

absorption band at longer wavelength due to coupling of surface
plasmons between closely spaced particles [32].

In our experiments, AuSiNWs showed strong photolumines-
cence while silica nanoparticles were not photoluminescent. The
emission and excitation PL spectra of AuSiNWs in solid state are
shown in Fig. 3. The striking emission spectrum revealed that
the synthesized AuSiNWs had a strong blue luminescence cen-
tered at 440nm (2.83eV) and a weak emission peak at 340 nm
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Fig. 2. The ultraviolet-visible absorption spectra of the as-synthesized gold-
nanoparticle-embedded silicon oxide nanowires (solid line), gold-silica core-shell
nanoparticles (dot line), gold nanoparticles (dash line), silicon oxide nanowire with
gold particles on its surface (dash dot line) in water.

(3.66 eV), which was consisted with the previous report [33]. Fig. 4
is the fluorescence micrograph of AuSiNWs. According to the pre-
vious reports [34,35], the 340 nm (3.66 eV) luminescence band was
ascribed to the neutral oxygen vacancies (=Si-Si=). The 440 nm
(2.83eV) band was caused by some intrinsic diamagnetic defect
centers, such as the twofold coordinated silicon lone pair centers
(0-Si-0). The attached and embedded gold nanoparticles caused
the large amount of defects in AuSiNWs and greatly enhanced the
absorption at 440 nm (2.83 eV). Compare with amorphous SiNWs
[36], two weak peaks at 420 nm (3.0 eV) and 465 nm (2.7 eV) disap-
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Fig. 3. The PL spectrum at room temperature under excitation at 240 nm (solid line)
and the excitation spectrum (dotted line) of the as-synthesized gold-nanoparticle-
modified silicon oxide nanowires.
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Fig. 4. The fluorescence micrograph of as-prepared gold-particle-modified silica
nanowires.

peared in the emission spectrum of AuSiNWs due to overlapping of
the strong absorption band centered at 440 nm (2.83 eV).

To further understand the formation mechanism, we used plain
silica nanoparticles instead of Au@SiO, core-shell nanoparticles
to prepare silica nanowires in the same procedure. The plain sil-
ica nanoparticles with a diameter of about 400 nm were prepared
according to StOber’s procedure [37]. Silica nanowires with many
gold nanoparticles attachments were formed (shown in Fig. 5¢
and d) and did not show any absorption in near-infrared range
(dash dot line in Fig. 2), which indicated there was no core-shell
structural nanoparticles [38]. Through the microscopy investi-
gation in each step, we found nanowires were forming in the
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MPTMOS modification process. The formation of disulfide bonds
might provide bridges between the silica particles and mediate
the reorganization of the silica particles to form elongated clusters
(shown in Fig. 5b). Fig. 5b clearly shows that the interconnected
colloidal particles were deforming into wires while the lone col-
loidal particle did not change, which implied that the high surface
strain energy of colloidal particles could be minimized by defor-
mation of the interconnected colloidal particles into wires. The
free SH groups on the surface of resulting wires conjugated with
the added gold colloid. The subsequent reduction of chloroauric
acid caused more gold atoms to deposit on these colloid nucle-
ation sites and made the gold particles bigger on the surface of
wires. The observed nanowires (shown in Fig. 5¢ and d) were ulti-
mately formed in solution. Fig. 6 is the schematic representation of
our proposed formation process of SINWs with gold nanoparticles
attachments on its surface, and the formation of AuSiNWs followed
the same mechanism. Because gold particle had ably been encap-
sulated in silica particle before deformation of interconnected
silica particles into wire, there were many gold particles embed-
ded in silica wire. During the preparation of Au@SiO, core-shell
nanoparticles, gold-free silica particles were also formed at the
same time and could participate in the formation of AuSiNWs.
Therefore, the separation distance between nearest-neighbor Au
particles would have a large variability, as shown in Fig. 1, which
resulted in the broad absorption spectrum of AuSiNWs. If pure
Au@Si0, core-shell nanoparticles could be prepared, we believed
that the embedded Au nanoparticles would be consistently well
spaced and the absorption spectrum of AuSiNWs would be nar-
row.

To prove the hypothesis about the formation of SiNWs, we
did important experiments under N, protection to prevent the

(d)

gold

200 nm

Fig. 5. (a) SEM image of the silica nanoparticles made using TMS according to the StOber procedure; (b) TEM image showing the deformation of interconnecting colloidal
particles into wires; (c) and (d) TEM images of the as-synthesized nanowires made using silica colloidal particles.



382 Z.-F. Yao et al. / Chemical Engineering Journal 166 (2011) 378-383
0—Si PAVANT
= QO /
MPTMS
—_— T 0
1
P /O
Silica particle HS\ A\ boil for 4h
o—si NNsH
LO"/
o—s5"V" U
o/ /S
F—Q SN
0—si N \5
2l 07/ E
5 N\
O
g.b
HS\ A !
1 HAWCK/KC0s;,
NaBHy

HS SH Gold seeds
E— — SH ee
HS

v

Gold  particle
on wire surface

Fig. 6. The schematic representation of the formation process of silica nanowires with gold nanoparticles attachment by sol-gel self-assembly method.

-SH group from being oxidized to form disulfide bonds. Therefore,
MPTMOS would be in a reduced form and could not perform as
a linker to reorganize the nanoparticles. The result was what we
expected and no SiNW was formed under the N5 condition, which
clearly indicated the formation of disulfide bonds played a key role
on the formation of SiNWs and strongly supported our proposed
mechanism.

The exact reason for the preferential formation of the 1-D
structure was not entirely clear. But we believed that the steric
encumbrance played an important role. It is possible that more
than one disulfide bonds is required to adjoin two colloidal parti-
cles and the pearl necklace-like structure facilitates the formation
of a greater number of intermolecular disulfide bonds between two
adjacent colloidal particles. Because only one free sulfhydryl group
is presentin each MPTMOS molecule, the number of disulfide bonds
between colloidal particles would be reduced by the congested
particle arrangement associated with the 2- or 3-D structure. There-
fore, the 1-D structure comprising interconnected particles is more
stable than that of the 2- or 3-D structure, and formation of 1-D
nanowire is favorable.

Itisinteresting that the diameters of the nanowires were smaller
than that of the corresponding nanoparticles. But our experi-
ments showed that the bigger the particles the thicker the formed
nanowires. Therefore, it is expected to prepare different sizes of
SiNWs by controlling the experimental conditions in our new
method.

Future work is needed to improve this new method for the
large-scale synthesis of Au-nanoparticle-modified SiNWs such as
developing the efficient process to fabricate Au@SiO, core-shell
nanoparticlesinahigh yield and eliminating some steps or shorten-

ing the reaction time. For example, air or some appropriate oxidants
can be used to expedite the oxidation of the MPTMOS-modified
nanoparticles and form disulfide bonds faster and efficiently. Also,
ultrasonic irradiance may be applied to promote the deformation
of the interconnected colloidal particles into wires and improve the
yield.

4. Conclusions

In summary, we had successfully developed a novel method
to prepare SiNWs. In this new approach, the MPTMOS played
an important role in the formation of the nanowires. The
high surface strain energy of colloidal particles could be
minimized by deformation of the interconnected colloidal par-
ticles into wires. All experiment procedures were practical
and safe, and special apparatus was avoided. This method
allows for SiNW synthesis in solution without high tempera-
tures or vacuum, which is helpful for making large quantities
of SiNWs at low cost. Furthermore, the synthesized SiNWs
have gold nanoparticle attachments on their surface, where
they are potentially accessible to molecules for sensing applica-
tions.
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