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Noble metal nanomaterials with a controlled dimension
and shape have attracted much attention for their unique
physical and chemical properties such as tunable surface
plasmonics, surface enhanced Raman scattering (SERS),
high-efficiency electrochemical sensing, enhanced fluore-
scence, and quantum conductance for the last decade.'
Surface plasmon resonance characteristics are highly affected
by size, shape, and morphology of noble metal nanomaterials.’
In the case of silver (Ag) nanomaterials, plasmonic resonance
absorption is typically observed in the wide spectral range
from ultraviolet (for nanoparticles) to near-infrared (for high
aspect ratio nanowires).> Gold (Au) nanomaterials also have
tailorable plasmonic characteristics, and there are facile
accessible routes to synthesize well-featured nanomaterials.*
Recently, porous gold (p-Au) materials have been developed
in different morphology and pore size in order to use them as
good SERS substrates because nanopores act as SERS ‘hot
spot’.> Porous gold materials are rationally synthesized through
electrochemical gold-silver alloying and silver dealloying
route. If the alloying-dealloying route processes in a cylin-
drical nanopore (e.g., in anodic aluminum oxide membrane),
p-Au has a one-dimensional (1D) morphology (i.e., nanowire).®

Meanwhile, the composite form of gold-silver (AuAg)
alloy has also been synthesized in the different morphologies
of particle, wire, and cage in nanometer size.” An alloy
nanoparticle supported in a mesoporous matrix has been
used as a catalyst for carbon monoxide oxidation.® Unusual
electron dynamics is observed in alloy nanoparticles due to a
nonequilibrium electron distribution.” A recent notable report
is that AuAg alloy nanocage shows bright three-photon
luminescence which enables ultrasensitive and high contrast
imaging for biological samples (e.g., cells, tissues, etc.).!’
Even though AuAg alloy nanomaterials have unique charac-
teristics, there is still a limited study on molecular sensing
application using them."!

In this study, we prepared AuAg alloy nanowires (NWs)
through templating route using anodic aluminum oxide
(AAO) templates, and used them as SERS platforms. AuAg
alloy was electrochemically deposited in nanocylindrical
nanopores, and then the AAO hard template was completely
removed by a HF aqueous solution. The resulting alloy

nanowires are dispersed in a cresyl violet acetate (CV) solu-
tion (1 x 10° M) under sonication. Raman spectrum was

100 nm

Figure 1. SEM images and EDX spectra (insets) of the AuAg alloy
(a), p-Au (b), and s-Au (c) nanowires. The samples are dispersed
on silicon wafers for the measurements.
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Figure 2. Raman spectra for the CV probe molecules with the gold
nanomaterials; AuAg alloy, p-Au, and s-Au NWs. Inset is the
SERS intensity measured at 592 cm™' with an error range for a
better comparison.

measured on a home-built micro-Raman microscope using a
He-Ne laser (Aex = 633 nm).

The resulting template-free alloy, p-Au, and solid Au
without pores (s-Au) have 1D wire morphology with an
average diameter of ~55 nm (Fig. 1) which is well correlated
with the inner pore size of the AAO templates. The p-Au
NWs show a porous network having a pore size of ~10 nm
(Fig. 1(b)). Energy-dispersive X-ray (EDX) spectra reveal
that the AuAg alloy NWs have an average atomic com-
position of AuxAgzs, while the p-Au and the s-Au NWs
consist of pure gold atoms.

Figure 2 shows the representative Raman spectra of CV
probe solution including the gold nanomaterials. The
observed Raman signal intensity is dramatically enhanced
for the CV with the gold nanomaterials compared with that
of the bulk CV solution without gold. Enhancement factor
(EF), which is an intensity ratio (Isgrs/Irs) of an observed
SERS for molecules with a metal to a normal Raman
scattering without a metal, is estimated by comparing the
peak at 592 cm™'. This peak corresponds to the characteristic
C-N-C and C-C-C in-plane skeletal deformation modes of
the CV probe molecule. The estimated EF values are sum-
marized in Table 1. For all the gold nanomaterials examined,
the EF values are above ~10°. Furthermore, it is notable to
mention that Isgrs for the CV probe is stronger with the
AuAg alloy and the p-Au NWs than with the s-Au NWs.
The AuAg alloy NWs show a comparable SERS activity to
the p-Au NWs. It is previously reported that the strong
SERS activity with the p-Au NWs is attributed to nanopores,
which work as ‘hot spot’, as well as enlarged surface area.*

Previously, plasmonic nanomaterials with characteristic
features, such as nanopore, roughened surface, and bimetallic
composition, typically showed intense SERS signals.®'*!?
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Table 1. EF values of the gold nanowires examined for SERS
experiments

Samples EF value EFsample/ EFs-Au
AuAg alloy NW ~1.1 x 109 ~8.5

p-AuNW ~1.2x10° ~9.2

s-AuNW ~1.3 x10° -

Here, the AuAg alloy NWs does not have any distinct
features of nanopore and roughened surface compared to the
s-Au NWs (Fig. 1). Meanwhile, it was previously reported
that uneven elemental distribution could be formed in bi-
metallic nanomaterials, for examples, solid solution, core-
shell, and multilayer structure.'>'* Notable SERS activity
was observed in such the bimetallic nanomaterials, which
could be explained by local electromagnetic fields caused by
plasmon coupling between constituent phases.'®

In this study, the fabricated AuAg alloy NW is a solid
solution consisting of gold and silver elements. According to
a previous report,'* electroplated bulk AuAg alloy has
homogeneous mixture of component elements. However, it
may not be real in the electrochemically grown alloy NWs
inside AAO nanocylinders since the hydrophilic alumina
surface seems to be more attractive to one of the constituent
elements. To prove plausible spatial disproportionation of
elements, supplementary SERS experiment is performed
using pyridine in this study, as a standard probe molecule,"'
and it is clearly proved that Ag atom is rich at the surface of
the alloy NWs (data not shown), which means that Ag atom
has higher affinity to the alumina template during electro-
plating. Hence, it is considered that the uneven distribution
of Au and Ag (surface rich) elements seems to be a reason
for the observed intense SERS signal when using the AuAg
alloy NW platform through plausible plasmon coupling, in
addition to minor chemical effects between the alloy and the
probe molecules.

In summary, we estimated SERS efficiency for the AuAg
alloy NWs which were prepared by electrochemical alloying
using AAO hard templates. The estimated SERS efficiency
for the alloy NWs is comparable to the p-Au NWs, and both
the NWs show definitely higher molecular sensing activity
than the s-Au NWs. This result means that 1D AuAg alloy
nanomaterials would be excellent SERS substrates.

Experimental Section

Preparation of AuAg Alloy Nanowires. Firstly AuAg
alloy was electrochemically deposited in the nanocylindrical
pores of the AAO membrane. The AAO membrane was Pt
back-plated using a sputter to use as a working electrode
prior to the alloy deposition. A two-electrode cell configu-
ration with a Pt counter electrode was used for the electro-
chemical deposition using a 20 mL aqueous solution con-
sisting of 0.05 M KAg(CN), and 0.25 M Na,CO; at 2.7 V
for 30 s for Ag buffer layer and in a 20 mL solution con-
sisting of 0.02 M KAu(CN),, 0.05 M KAg(CN), and 0.25 M
Na,COs at 2.7 V for 10 min for the AuAg alloy in constant
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potential mode. The AAO template was completely removed
by a 10 wt % HF aqueous solution, which resulted in AuAg
alloy nanowires. Silver atoms of the AuAg alloy were selec-
tively etched out within 20 min in concentrated nitric acid,
leaving porous Au nanowires. For the comparative SERS
study, smooth solid Au nanofibers were also synthesized
using the electrolyte including 0.02 M KAu(CN), and 0.25
M Na,COs; at 2.7 V for 10 min.

Instrumentations. Scanning electron microscope (SEM)
imaging was carried on a microscope (Hitachi, SU-70)
equipped with an EDX spectrometer. Raman spectra were
measured on a home-built micro-Raman setup with an
inverted microscope (Zeiss, Axiovert-40CFL). A He-Ne laser
(Aex = 633 nm, 5 mW) and a TE-cooled CCD (Princeton
Instruments, PIXIS: 100B) detector were used to collect the
Raman scattered light from the CV probe molecules after
removal of Rayleigh scattering. SERS spectra were obtained
at multiple locations for each solution sample including CV
probes (1 x 10° M) and the 1D gold and gold-silver nano-
materials with an integration time of 100 s for all measure-
ments. SERS experiment was also examined for pyridine
(1 x 107> M) solution without gold nanomaterials.
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