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ABSTRACT: We describe a synthesis of Au wavy
nanowires in an aqueous solution in the presence of
cetyltrimethylammonium bromide (CTAB). The resultant
Au nanowires automatically separated from the solution
and floated at the air/water interface. We investigated the
formation mechanism by characterizing the samples
obtained at different stages of the synthesis. Both particle
attachment and cold welding were found to be involved in
the formation of such nanowires. Based on X-ray
photoelectron spectroscopy and thermogravimetric anal-
ysis, the CTAB molecules adsorbed on the surface of a Au
nanostructure went through a change in structure from a
bilayer to a monolayer, converting the Au surface from
hydrophilic to hydrophobic. As a result, the Au wavy
nanowires were driven to the air/water interface during the
synthesis. This growth mechanism is potentially extend-
able to many other systems involving small surfactant
molecules.

One-dimensional (1D) metal nanostructures in the form of
wires, rods, and tubes have received great interest in recent

years owing to their unique properties related to the transport of
electrons, photons, and surface plasmons.1 In particular, the
chemical stability of Au has made its nanowires attractive
building blocks for the fabrication of nanoscale photonic,
electronic, and sensing devices; notable examples include
plasmonic antennae, transparent electrodes, and biosensors.2

As such, considerable efforts have been devoted to the synthesis
of Au nanowires, and the reported protocols are typically based
upon physical deposition on a patterned substrate,3 assembly of
particles,4 seed-5 and surfactant-mediated growth,6 and template-
assisted synthesis.7

One of the most successful protocols involves the formation of
Au nanowires (and nanorods) in the presence of small surfactant
molecules, such as cetyltrimethylammonium bromide (CTAB),
oleic acid, or oleylamine.8 These amphiphilic molecules play a
central role in the synthesis by serving as a capping agent for the

surface and as soft templates to confine and direct the growth or
attachment of Au atoms or nanoparticles to form nanowires.
Here, the dispersion of the Au nanowires in a solution strongly
depends on the surface property, which can be controlled by
manipulating the assembly of the amphiphilic molecules on their
surfaces. Most of the reported syntheses involved the formation
of Au nanowires in the bulk of an aqueous solution, where the
surfactant molecules adsorbed onto the Au surface to form a
hydrophilic bilayer. There are only a few reports on the synthesis
of Au nanowires with hydrophobic surfaces in an aqueous
solution so the nanowires would be naturally enriched at the air/
water interface. Gao et al. reported the growth of Au nanowires at
the interface of air and an aqueous solution by employing a Au-
coated Pt tip to initiate the growth.8f Despite their success with
respect to the growth of Au nanowires with well-defined
morphology at the air/water interface, they did not discuss why
the Au nanowires were formed at the air/water interface.
Moreover, the growth was initiated with a micrometer-sized
template, which will become unfavorable for the production of
Au nanowires on a large scale.
Herein, we present a facile method for generating Au wavy

nanowires at room temperature. The synthesis involved the
reduction of HAuCl4 by ascorbic acid (AA) in the presence of
CTAB, an amphiphilic molecule that could serve as both a
coordination ligand for the Au ions and a capping agent for the
resultant Au nanostructures. The nanowires were formed as a
result of particle attachment of the initially formed Au
nanoparticles, followed by cold welding, surface diffusion, and
additional growth. To our surprise, the Au wavy nanowires were
concentrated at the air/water interface during a synthesis. By
analyzing the surface properties of the resultant Au nanostruc-
tures, we discovered that the CTAB molecules adsorbed on the
surfaces of Au nanostructures went through a structural change
from a hydrophilic bilayer to a hydrophobic monolayer, driving
the Au wavy nanowires to the air/water interface.
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Different from the conventional seed-mediated growth of Au
nanorods with controlled aspect ratios, the Au wavy nanowires
were synthesized using a one-step procedure, during which the
precursor underwent a much slower reduction. In a typical
synthesis, an aqueous AA solution was injected into an aqueous
solution of HAuCl4 and CTAB with a pipet, followed by adding
an aqueous NaOH solution (details in Supporting Information,
SI). The introduction of AA immediately turned the solution
from orange to colorless due to the reduction of AuIII to AuI,
thereby generating a new precursor at the +1 oxidation state.9

This intermediate solution containing the AuI complex could be
stored at room temperature for a few hours. When aqueous
NaOH at a relatively low concentration was introduced, the
reducing power of AA would be enhanced to accelerate the
reduction of the AuI precursor.10 The reaction was allowed to
proceed at room temperature without disturbance for 24 h and
brown materials were observed to gradually appear at the air/
solution interface. Figure 1 shows a digital photograph of the
reaction solution at t = 24 h and electron microscopy images of
the products. It can be seen that the resultant Au nanostructures
mainly floated at the air/water interface whereas the bulk of the
solution was transparent and essentially colorless (Figure 1A).
The SEM and TEM images in Figure 1B clearly show a wire-like
morphology for the products, which were mainly composed of
wavy nanowires with aspect ratios larger than 103 (Figure S1
shows the aspect ratios of the resultant Au nanowires could also
be varied by altering the experimental conditions). The average
diameter of the wavy nanowires was 15 nm, while their lengths
were up to 100 μm. These nanowires tended to further assemble
into bundles at the air/water interface. By resolving their atomic
structures with high-resolution TEM (Figure 1C,D), multiple
crystal domains and twin boundaries could be observed in the
wavy nanowires, including both the kink and straight regions
(Figures 1D and S2). In a sense, the wavy nanowire should be
considered a polycrystalline rather than a single-crystal structure.
To decipher the mechanism responsible for the formation of

such wavy nanowires, we collected samples at different time
points for TEM characterization. Figure 2 shows a set of
representative images to summarize our observations. In the
initial stage of the synthesis, only spherical particles with
diameters in the sub-10 nm regime were found in the solution

(Figure 2A), indicating the reduction of the AuI precursor into
Au0 and subsequent formation of nanoparticles. After the
reaction had proceeded for 15 min, larger nanoparticles with
sizes on the scale of 35 nm were found in the solution (Figure
2B), which were likely formed through continuous growth of the
small nanoparticles and their aggregation in an effort to reduce
the surface energy. The large nanoparticles then evolved into
short rods and necklace-like nanostructures when the reaction
time was prolonged to 25 and 35 min (Figure 2C,D),
respectively. Interestingly, the nanorods were aligned more or
less along the long axis of a nanowire (Figure 2D), suggesting the
possible involvement of a templating effect provided by the
CTAB molecules (Figure S3). These intermediate nanostruc-
tures further grew in length (Figure 2E), and brown, cotton-like
materials obviously appear at the air/water interface after the
reaction had proceeded for 55 min, indicating the formation of
Au wavy nanowires. When the reaction time reached 90 min,
wavy nanowires with high aspect ratios were obtained (Figure
2F). At this point, a large number of convex/concave regions and
kinks could still be seen on the Au nanowires. Driven by the
difference in chemical potential between the convex and the
concave regions,8c the Au atoms could diffuse along individual
nanowires to generate smooth surfaces for the final nanowires
shown in Figures 1 and S4. However, the kinks still remained,
giving the nanowires a “wavy” appearance.
The observations by TEM imaging indicate that particle

attachment as assisted by CTAB templates11 played a role in the
formation of the wavy nanowires. This mechanism was
supported by the fact that the diameter of the intermediate,
necklace-like Au nanostructures, was essentially the same as that
of the large Au nanoparticles formed in the early stage of a
synthesis. In this case, the attachment of two Au nanoparticles
with the same orientation was most favored in terms of energy
reduction.8c In addition, twin boundaries were also observed in
the resultant Au nanowires, presumably due to the participation
of Au nanoparticles with different orientations as well as the
involvement of twinned nanoparticles in the attachment (Figure
S5). Besides particle attachment, cold welding12 might also be
involved in the formation of the Au wavy nanowires. This could
occur wherever two adjacent Au nanostructures were overlapped
or in physical contact with each other. The spontaneous welding
of two adjacent Au nanostructures could be attributed to surface
diffusion of the Au atoms. Thanks to the relatively low energy
barrier, the Au atoms were able to diffuse rapidly on the surface of
a Au nanostructure even at room temperature, leading to

Figure 1. (A) Au wavy nanowires floating at the air/aqueous solution
interface. (B) SEM image of the Au wavy nanowires and their
corresponding TEM image (inset; scale bar is 500 nm). (C,D) High-
resolution TEM images from different regions of the nanowires as
marked by arrows in the insets; scale bars are 50 nm.

Figure 2. TEM images of Au nanostructures obtained after the reaction
had proceeded for (A) 5, (B) 15, (C) 25, (D) 35, (E) 55, and (F) 90min,
respectively. Samples in (A−C) were obtained from the solution,
whereas those in (D−F) were collected from the air/water interface.
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successful welding. The slight reduction in diameter observed for
the resultant wavy nanowires with respect to the intermediate
nanostructures could also be attributed to surface diffusion and
an elongation process. Alternatively, it can be attributed to
additional deposition of the newly reduced Au atoms. When the
freshly formed Au atoms collided with the surface of a Au
nanostructure, the resultant Au adatoms could serve as “glues” to
promote welding. It should be pointed out that besides the “head
to head” geometry, the “head to side” and “side to side”
configurations could also occur during the synthesis (Figure S6),
resulting in the formation of some Au dendrites and nanosheets
in the final products (Figure S7). Such Au nanostructures
typically existed in small quantities and would precipitate to the
bottom during a synthesis due to their large masses.
Since Au has a much higher density than water does, it is quite

surprising and interesting that the Au wavy nanowires
spontaneously accumulated at the air/water interface during a
synthesis, which distinctly differs from the fabrication of straight,
ultrathin Au nanowires in a bulk solution in the presence of small
surfactant molecules.7c,8c,e,11b We conducted a control experi-
ment by following the standard protocol except that the new
reaction system contained an oil/water interface instead of an
air/water interface. The resultant nanowires were also enriched
at the oil/water interface (Figure S8), implying that the
accumulation of Au nanowires at the air/water interface was
likely caused by changes to their surface properties, rather than
by physical trapping. In this case, the formation of a hydrophobic
surface seems to be responsible for the separation of the wavy
nanowires from the bulk of an aqueous solution. As reported in
literature, CTAB molecules typically adsorb on the surface of a
Au nanostructure in the form of a bilayer to form a hydrophilic
outer layer so the nanostructure can be well dispersed in the bulk
of an aqueous solution.13 With regard to the formation of a
hydrophobic surface, we suspect that it was associated with a
structural change from a bilayer to a monolayer for the CTAB
molecules adsorbed on the Au nanowires. To verify our
hypothesis, we analyzed the nanowires by X-ray photoelectron
spectroscopy (XPS) with the conventional Au nanorods (see
Figure S9 for TEM image) serving as a reference. As shown by
the survey spectra in Figure 3A, there were peaks for Br 3d, Au 4f,

C 1s, and N 1s, indicating the existence of CTAB molecules on
the surfaces of both types of Au nanostructures. In addition, the
XPS spectrum of the Au nanorods contained the Ag 3d peaks due
to the involvement of Ag+ ions in the synthesis. Figure 3B shows
high-resolution XPS spectra of the Au 4f and Br 3d peaks. After
normalizing the intensity to the Au 4f7/2 peak, we found that the
intensity of the Br 3d peaks of the Au wavy nanowires was only
about half of the corresponding intensity for the Au nanorods

(see Figure 3B inset). In addition, relative to bulk CTAB (see
Figure S10), the Br 3d peaks blue-shifted after binding to the Au
surface. Taking the peak of Br 3d5/2 as an example, it was at 68.7
eV for the bulk CTAB, while it was shifted to 67.7 and 68.1 eV for
the Au wavy nanowires and nanorods, respectively. The larger
shifts of both the Br 3d peaks for the Au wavy nanowires imply
that the Au−Br interaction was stronger on the surface of Au
wavy nanowires than the nanorods. Considering that the CATB
molecules adsorbed on the surface of a Au nanorod in the form of
a bilayer,13 it is not unreasonable to conclude that the CTAB
molecules only assembled into a monolayer or even
submonolayer on the surface of a Au wavy nanowire.
We further used thermogravimetric analysis (TGA) to

quantitatively measure the amount of CTABmolecules adsorbed
on the surface of the Au wavy nanowires. As shown in Figure S11,
the 0.82% weight loss between 100 and 750 °C could be ascribed
to the decomposition and desorption of the CTAB molecules
from the Au surface. Based on the area (0.64 nm2) occupied by
the headgroup of an individual CTAB molecule,13c the average
diameter (15 nm), and length (75 μm) of the Au wavy
nanowires, the weight percentage of a perfect monolayer of
CTAB molecules adsorbed on the surface of a Au nanowire was
estimated to be 1.29% (see SI for details). This result further
confirmed that the CTAB molecules only assembled into a
monolayer or even a submonolayer on the surface of a Au wavy
nanowire, generating a hydrophobic surface. As a result, the Au
wavy nanowires spontaneously separated from the bulk of the
aqueous solution in the late stage of a synthesis.
Figure 4 schematically illustrates how the Au wavy nanowires

were formed due to changes to their surface properties. Since the
concentration of CTAB molecules in the reaction system was
much higher than the critical micelle concentration, the CTAB
molecules should assemble into micelles in the solution, with the
hydrophilic heads oriented toward water.14 The CTAB bilayer
adsorbed on the Au surface could also be considered as an
“admicelle”,15 which was composed of a monolayer of inner
CTAB inverse micelle binding to the Au surface, covered by
another monolayer of outer CTAB micelle to help stabilize the
Au nanostructures in an aqueous solution. At the early stage of a
synthesis, the relatively small Au nanoparticles and their
aggregates were capped by a bilayer of CTAB admicelles because
there were sufficient CTAB molecules in the solution (Figure
4A). Thanks to the flexibility of a micelle structure, the CTAB
bilayer could easily merge together in an effort to accommodate
the morphological change during particle attachment and
welding when two Au nanoparticles came into close proximity

Figure 3. (A) XPS survey spectra of the Au wavy nanowires and Au
nanorods showing the peaks for Au 4f, Br 3d, C 1s, N 1s, and O 1s. (B)
Normalized XPS spectra of the Au 4f and Br 3d region collected with a
resolution of 0.1 eV. Inset is the corresponding Br 3d region.

Figure 4. The surface of a Au nanostructure changes from a hydrophilic
bilayer to a hydrophobic monolayer during the synthesis.
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(Figure 4B). During this process, the CTAB admicelles might
even serve as templates to assist the formation of 1D Au
nanostructures. Although the small admicelle had a larger specific
surface area (or surface to volume ratio) than the wavy nanowire,
the nanowire had a much larger total surface area. When the total
surface area of the elongated Au nanostructure exceeded the
critical size allowed for the CTAB admicelles,14 it would be
difficult for the CTAB bilayer admicelle to maintain its structure
and still cover the entire surface of a Au nanostructure due to a
relatively weak binding between the outer and the inner layers of
CTABmolecules. As a result, the outer layer of CTAB molecules
would break into smaller micelles or even free CTAB molecules
and thus desorb from the surface of the Au nanostructure (Figure
4C). As driven by the hydrophobic surface, the Au wavy
nanowires or similar structures capped by CTAB monolayers (in
the form of inverse micelles) started to separate from the bulk of
the aqueous solution and migrate to the air/water interface. To
validate the proposed mechanism, we also conducted a similar
synthesis by replacing the CTAB in a standard procedure with
CTAC at the same concentration. In this case, although the
products were irregular nanoparticles rather than wavy nano-
wires, the nanoparticles also spontaneously seprated from the
bulk phase and floated at the air/water interface (Figure S12).
In summary, we demonstrate a simple approach to Au wavy

nanowires with extremely high aspect ratios that spontaneously
moved to the air/water interface during the synthesis. By
analyzing the samples obtained at different stages of a synthesis,
we found that both particle attachment and cold welding were
involved in the formation of such nanowires. We further analyzed
the Au nanowires by XPS and TGA, and the results indicate that
the CTAB molecules changed their structure from a bilayer to a
monolayer, converting the initially hydrophilic surface into a
hydrophobic surface. As a result, the Au nanowires sponta-
neously migrated to the air/water interface. This approach is
potentially extendable tomany other systems involving the use of
small surfactants as the capping agents.
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