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We present a novel and facile fabrication of ultrathin gold
nanowires in the absence of organic reagent. Measurements
of surface-enhanced Raman scattering (SERS) demonstrated
that the obtained organic-free ultrathin Au nanowires can
serve as simple and effective SERS substrates.

One-dimensional (1D) metal nanostructures (i.e. nanorods, nanobelts,
nanotubes, nanowires) have attracted increasing attentions because
of their unique physical and chemical properties."> Among these 1D
nanomaterials, gold nanowires (Au NWs) with high aspect ratios, are
of particular interest owing to their excellent electrical, optical and
chemical properties.>® As a result, the applications of gold
nanowires cover many fields including but not limited to highly
sensitive biosensor,® gas sensors,’ highly active catalysts,®
mechanical energy storage and release,’ flexible electrodes with high
transparency and conductivity,'” surface-enhanced Raman scattering
(SERS),'™'? efc. Obviously, preparation of organic-free Au NWs is
one of the basic requirements for all these applications.

In the past decade, great efforts have been devoted to the
synthesis of Au NWs, especially the ultrathin Au NWs (diameter <2
nm). In 2007, Halder and Ravishankar demonstrated a multi-step
strategy of obtaining ultrathin Au NWs in toluene using a mixture of
oleic acid, oleylamine (OA) and ascorbic acid."® Since then, several
important progresses have been made by different groups for the
synthesis based on this wet-chemical method. For example, Xia et al.
improved this method by slowly reducing the polymeric strands of
OA-AuCl complexes which was described as a linear chain
composed of a Au':-Au' backbone.'* Yang et al. reported the
mesostructures consisting of HAuCl, and OA which served as
growth template during the synthesis."” In 2012, Zhang et al.'® and
Ravishankar et al.'’ extended this OA system to various substrates
such as graphene oxide, Cu grid, SiO,/Si and Si;N,. Besides OA,
some derived organics, e.g. poly(amidoamine)'® and long-chain
amidoamine,'*? could also acted as stabilizing agents for the
synthesis of ultrathin Au NWs. In general, OA is the most efficient
reducing agent and soft template to direct Au nanowire growth.'*
However, all above organic compounds with long chain aliphatic
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amine were hard to be removed, which overshadowed the further
investigates and application.** So far, the fabrication of ultrathin Au
NWs in the absence of organic reagent still remains a great challenge.

In this communication, we present a novel and organic-free route
for the synthesis of ultrathin Au NWs at room temperature within a
few hours. Only three inorganic materials (HAuCl,, Cu sheets and
carbon-coated Cu grid) were involved throughout the entire synthetic
procedure. Cu sheets acted as pre-reducing agent and carbon-coated
Cu grid as substrate for one-dimensional growth. The obtained
surface-clean Au nanowires on Cu grid could be directly used as an
active substrate for surface-enhanced Raman scattering (SERS)
application.

In a typical synthesis, as illustrated in Fig. 1, Cu sheet with
thickness of ~ 0.6 mm was cut into two pieces with rectangular
shape (0.5 cm x 3 cm). The copper sheets were firstly placed into 2
mL HAuCly aqueous solution (0.1 M). Meanwhile, the whole
reaction system was kept still under ultrasonic treatment for about 30
seconds. Then, the light green colloid suspension was collected after
removing large particles by low-speed centrifugation (2000 rpm, 5
min). Afterwards, a fresh carbon-coated Cu grid was positioned on
medium speed filter papers tilted 30° from the horizontal plane. A
few droplets of the seed solution were carefully dropped onto the
carbon-coated Cu grid. Finally, after being washed with water for
several times and natural drying process at room temperature,
ultrathin Au NWs with clean surfaces were obtained on Cu grid
substrate.

Cu grid AuNWs

Fig. 1 Illustration of synthetic process of ultrathin Au NWs. 8 is the oblique angle

between Cu grid and the horizontal plane.
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Fig. 2 (a-b) TEM image of ultrathin Au NWs obtained on Cu grid. Inset: diameter
distribution histogram of ultrathin Au NWs calculated from HRTEM images. (c)
High-resolution TEM image of a single Au NWs.

Transmission electron microscopy (TEM) images were directly
obtained on Cu grid substrate. The product mainly consists of
ultrathin Au nanowires with an average diameter of 1.8 = 0.4 nm and
length up to micrometers (see Fig. 2a-2b). These TEM images
suggested the good continuity of the ultrathin Au NWs. The
composition of the nanowires is also confirmed by EDX analysis
(see Fig. S1, ESIt). The spectrum shows exclusively Au peaks apart
from Cu signals. According to high-resolution TEM results, both
single-crystalline and polycrystalline wires with stacking faults were
formed after reaction (see Fig. 2c¢). The spacing of observed lattice
fringes is 0.23 nm, corresponding to the distance between {111}
crystal planes. By measuring the angle between {111} planes and
growth direction of nanowires, it was found that most of the single
crystalline wires were grown along <I111> direction, while the
remaining along <100> direction, which suggested by an angle of
~56° between {111} and {100} planes (see Fig. S2, ESI}). Fig. 2¢
demonstrate a typical polycrystalline wires grown along <111>
direction, the slight deviation of the {111} planes in each grain
indicated that the wire could be formed via an oriented attachment
process.” Similar phenomena have been reported by Liu ef al.'®

In order to investigate the morphology changes during the whole
procedure, drops of seed solution were controlled to give a
comparison. As shown in Fig. 3a, only small Au nanoparticles (Au
NPs) were observed after adding the first drop of the seed solution.
With two drops of seed solution (see Fig. 3b), Au nanorods (Au NRs)
or short Au NWs were formed besides small Au NPs. After adding
the third drop (see Fig. 3c), although few Au NPs could also been

Fig. 3 TEM images of Au nanostructures obtained at different stages of adding
the seed solution onto the Cu grid. (a) one, (b) two, (c) three and (d) four drops.
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Fig. 4 Possible mechanism for the growth of ultrathin Au NWs on Cu grid.

found, Au NWs with uniform morphology were formed with a
diameter of ~1.8 nm and length up to ~50 nm. More details can be
checked in Fig. S3, ESIf. Furthermore, upon adding the fourth drop
(see Fig. 3d), Au NWs rapidly grew up to ~ 500 nm on the substrate
while the amount of nanoparticles was significantly reduced.

The Au nanowires display long-term stability on the Cu grid
which exhibits no noticeable changes in TEM images after being
placed for a week (see Fig. S4, ESIt). However, during lengthy
TEM examinations we easily observed morphological changes upon
exposure to high-energy beams. The structure of ultrathin Au NWs
was quickly damaged by incident high-energy electron beam, and
prolonged exposure resulted in fractures and conversion into
particles from fragments (see Fig. S5, ESIT). This morphological
change could be triggered by two reasons, the high localized
temperature heated by electron beams and the surface diffusion of
Au atoms on clean and unprotected wire surface without
conventional surfactant.

On the basis of the above results, a growth mechanism for the
ultrathin Au NWs was proposed in Fig. 4. Firstly (at the first drop of
the seed solution), most of reduced Au nanoseeds (Au NSs) were
separated to each other after being located on the carbon membrane
(as shown in step 1). Then, as continual dropping colloidal solution
containing ultra-small Au NSs as well as Au” ions on Cu grid, some
fresh Au NPs moved and attached to the former nanoseeds either by
oriented attachment or by addition of Au atoms from reduction of
Au" ions under the flowing and diffusion effect (as shown in step 2).
Meanwhile, short Au nanorods were formed during this step. Due to
the clean surfaces of the gold, oriented attachment (induced by
direction of flow) could occur to form longer wires from short ones
and single Au seeds during the following step (see Fig. S6, ESIT).
Finally, under the constantly flow and diffuse of colloid solution,
long Au NWs were successfully produced on the carbon membrane
after been aged during the last step. In contrast, only short Au
nanorods and Au particles were found on the horizontally placed Cu
grid (see Fig. S7, ESIT). So the filter papers tilted 30° from the
horizontal plane certainly enhanced the directional diffusion of seed
solution, which may induce the formation of Au nanowires. These
results indicate that the directional flow of solution and subsequent
concentration/oriented attachment of nanoseeds on the tilted grid are
the key factors for the organic-free synthesis of ultrathin gold
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Fig. 5 (a) SERS spectra recorded for 10 pM (green line); 1 uM (blue line); 0.1 uM
(red line) R6G on Cu grid supported Au NWs; (b) SERS spectra recorded for same
R6G (1 uM) on different substrates, R6G on Cu grid supported Au NWs (green
line); R6G on Cu grid (blue line), blank Cu grid (red line).

nanowires. Based on this mechanism, the growth of ultrathin Au
NWs may be extended to some other substrates (e.g. glass, silicon
wafer). Extending the synthesis on other flat substrates is now on the
way.

This natural system of uniform Au NWs on carbon-coated Cu
grid is an ideal substrate for SERS enhancement. In this sense, we
compared its SERS abilities with blank substrates using Rhodamine
6G (R6G) which was widely used as probe molecule.?**” As shown
in Fig. 5, Raman peaks observed at 609, 770, 1180, 1309, 1358,
1507, 1572, and 1645 cm’™! were consistent with the reported Raman
signals of R6G calculated by Schatz et al*® The assignments of
vibrations are listed in Table S1. Using data of SERS experiments,
the detection limits could be as low as 1x107 M (see Fig. S8, ESI?).
The analytical enhancement factor (AEF) is calculated followed the
method used by Chiu,” which defined by the equation AEF =
(ISERS/CSERS)/(IRS/CRS)- Here, ISERS is the SERS intensity of R6G on
the Au NWs; Cgggs is the concentration of R6G; while Izg stands for
the Raman intensity of R6G on a non-SERS active glass substrate
(slide). Based on above experimental data, the AEF value of Au
NWs located on Cu grid is 4.9 x 10°. The details of calculations can
be seen in the Supporting Information.

In summary, ultrathin Au NWs with an average diameter of 1.8
nm were in situ synthesized through a simple and efficient method
on carbon-coated Cu grid. Ultrathin Au NWs were, for the first time,
fabricated without using any template or organic reagent during the
whole process. The flow of seed solution and subsequent
concentration/oriented attachment of nanoseeds on the tilted grid
may contribute to the formation of ultrathin Au NWs in absence of
organic reagent. Furthermore, the substrate of Cu grid supported Au
NWs was an ideal substrate for SERS measurement. The ultrathin
nanowires obtained in this work hold great potential for both
fundamental studies and more actual applications.
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