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Abstract
The ordered silver nanowires (Ag NWs) were assembled by three-phase interface method and the ordered
Ag@Au hybrid nanotubes were successfully prepared by the galvanic replacement reaction between
HAuCl4 solution and the ordered Ag NWs. Field emission scanning electron microscope (FESEM) and
transmission electron microscope (TEM) were employed to analyze the morphology of the ordered Ag
NWs and Ag@Au nanotubes, and the influence of reaction time in displacement reaction. Fluorescence
and laser-Raman properties of conjugated polymerpoly(3-hexylthiophene) (P3HT) were analyzed on
various ordered Ag@Au nanotubes on the fluorescence. The results showed that the Au particle grew on
ordered Ag@Au hybrid nanotubes with the reaction time going. The fluorescence properties of P3HT films
are improved on various ordered Ag@Au hybrid nanotubes compared with those on bare silicon substrate,
but the fluorescence intensity of P3HT films on the ordered hybrid nanowires decreases as the galvanic
displacement process.

Introduction
Over the past 30 years, fluorescence has become the dominant detection/sensing technology in medical
diagnostics and biotechnology. Although fluorescence is a highly sensitive technique, there is still a
driving force for reduced detection limits further. Metal-enhanced fluorescence (MEF) is an increase in the
fluorescence of a fluorophore when it is in close to a metallic nanostructure, which can enhance the local
field of the fluorophore. Due to the electromagnetic coupling between the fluorophore and the metal
nanoparticles, the excitation rate increases, the fluorescence quantum yield increase, the lifetime reduce
and the photostability of fluorescent groups improve. MEF effects greatly depend on the structure of the
substrates. The periodic metal nanostructures arrays could greatly improve electric field and the
enhancement factor, and improve the fluorescence intensity and photostability of fluorescent groups. The
future of MEF in biotechnology and life science will depend on the extensive development of advanced
micro/nano technology and electromagnetic modeling.
At present, various metal nanoarrays have been used as MEF substrates, such as nanowires, nanorods,
nanopores, nano triangular prisms, etc. Silver nanowires (Ag NWs) are an ideal candidate for large
surface areas and high crystallinity for metal fluorescence enhancement [1, 2]. However, surface plasmon
resonance peaks are fixed at about 350 to 377 nm. Surface plasmon resonance wavelength of Ag NWs is
far away from most emission wavelength of fluorophore, thus limiting their application as reproducible
and ultrasensitive sensing platforms. Ag NWs with a broad range of surface plasmon resonance are
highly desirable. Introducing a second metal into Ag NWs and adjusting the content can change the
substrate plasmon resonance characteristics. However, there are few reports about bicomponent ordered
metal nanowire arrays as fluorescence enhancement substrates and the effect of the interaction between
the two components on the fluorescence properties. Gold nanopaticles (Au NPs) have characteristic
surface plasmon resonance peaks in the wavelength range λ = 530-545 nm, matching with emission
wavelength of fluorophore dyes, thus Ag@Au hybrid nanotubes is designed and synthetized.
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Preparation methods of metal nanotubes usually include the synthesis of metal nanoparticles from salt
precursors on surface of nanowire templates [3,4], and subsequent etching [5]. Silicon nanowire, anodic
alumina (AAO), and organic tubular is commonly used as templates [6, 7]. Using the template methods, the
shape and structure are easy to control, and various complex structures such as core-shell hybrid
materials can be synthesized. After etching, the order of the template is usually destroyed. The sacrificial
template method is another method to prepare of metal nanotube structure, in which the solid template is
replaced by other materials during galvanic displacement reaction. In the reaction, the metal template
with lower reduction potential is used as sacrificial template, and then template shape-like metal structure
with higher reduction potential or bimetallic nano structure can be obtained. Silver nanostructures have
been used as sacrificial templates to prepare other porous metals and metal oxide structures. Xia et al.
have reported a lot of work on shape or shape controlled nanostructures, such as cubes, spheres and
other porous structures [8-13].
Recently, we have expanded the traditional displacement reaction method to prepare ordered Ag@Au
hybrid nanotubes arrays. Although many studies have reported the synthesis of various porous
structures, there are few studies on the ordered Ag@Au hybrid nanotubes arrays. In this paper, the
synthesis and reaction rate of gold nanotubes using sacrificial Ag NWs as template were studied. The
reaction process can be controlled by controlling the reactant concentration and reaction time. In
addition, the conjugated polymer poly (3-hexylthiophene) (P3HT) was used as fluorescent probe to
investigate the different MEF effect on ordered Ag@Au hybrid nanotubes arrays.

Methods
1.1 Reagents
Ag NWs (10 mg/mL) aqueous solution was purchased from Sino-Platinum Metals Co. Ltd., China.
Gold(III) chloride trihydrate(AuCl3•HCl•4H2O) was purchased from Tianjin meisco Chemical Co., Ltd,
China. P3HT (Mw = 30 kg/mol) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd,
China. All chemicals except for special instructions were analytical grade and used without further
purification. Milli-Q deionnized water (resistivity >18.0M cm-1) was used for all preparations.
1.2 Fabrication of ordered Ag nanowire arrays
Five milliliters of AgNWs aqueous suspension was added to the liquid surface of 25 mL chloroform in a
glass vessel. An interface was formed among two immiscible liquids. One milliliter of acetone was added
cautiously and dropwise to the mixture. Minutes later, a sparkling mirror-like surface emerged. The
ordered Ag nanowire films were then transferred onto silicon chips and dried at room temperature. The
sample was labeled as S0.
1.3 Preparation of ordered Ag@Au hybrid nanotube arrays
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As shown in Scheme, Ag nanowire arrays was immersed in 1 mM HAuCl4 solution for a certain time (2.5,
5, 10, 30 min) to obtain Ag @ Au hybrid nanotube arrays. Then, the as-fabricated substrates with ordered
Ag @ Au hybrid nanotubes were washed with water several times to remove the residual HAuCl4. Finally,
these films were dried at room temperature. The sample was labeled as S1, S2, S3, S4.
1.4 Spin coating P3HT film
Thirty microliters of P3HT/chlorobenzene solution with the concentration of 5 mg/mL was added to the
nanowire or nanotube arrays, and then spin-coated at 2000 rpm for 60 s. To further remove the residual
solvents, the samples were kept in a dark environment for at least 12 h after spin-coating. All the above
procedures were carried out at room temperature.
1.5 Characterization
The synthesized Ag NWs and gold nanotubes were investigated using field emission scanning electron
microscopy (JSM- 7001F, JEOL) and transmission electron microscopy( HT7700, HITACHI). UV-Vis
absorption spectra were obtained (UV-2600, Shimadzu) before and after the replacement reaction. PL
spectra were measured on a fluorescence spectrometer (FP-8300 JASCO fluorescence spectrometer). For
the steady-state measurements, the samples were excited by a Xe lamp at 557 nm. The Raman
spectroscopy was performed on a HORIBA LabRAM HR800 micro-Raman spectrometer equipped with an
Ar ion laser as the excitation source (633 nm), and the spectra were obtained within 5 s of exposure.

Results And Discussion
2.1 Morphology of ordered Ag nanowires and Ag@Au hybrid nanotubes
2.1.1 Scanning electron microscopy
Fig. 2-a show the ordered Ag NWs prepared by the three-phase interface method, and fig. 2-b is an
enlarged view. Through the three-phase interface method, the disordered Ag NWs can be self-assembled
to large-area ordered Ag NWs, with mooth surface, nanowires parallel and closely connected to each
other. The silver wire is the electron source and template for gold nanotube. Fig. 2c -l are scanning
electron microscope images of the Ag@Au hybrid nanotubes by galvanic replacement reaction. During
the replacement reaction, the gray silver nanowire substrare turns brown, indicating the formation of Au
nanoparticles. Fig. 2c-g shows the morphology of ordered Ag@Au nanotubes were prepared by ordered
Ag NWs reacting with 1 mM HAuCl4 solution for different times (2.5, 5, 10, 30min) respectively. As shown
in Fig. 2, Au NPs formed on the surfaces of Ag NWs by the galvanic displacement reaction between Ag
and AuCl4- for different times. With time going on, the layer of Au nanoparticles grow thicker. The
incorporation of Au NPs onto the surface of Ag NWs forms mesoporous and hollow tube-like structure.
The surface of the nanowires becomes rough, and a lot of nanoparticles are gradually formed. It was
observed that the size and density of Au nanopaticles increases with the extension of reaction time, SEM
showed that the gold layer on the surface of Ag NWs was synthesized, forming continuously and the
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porous gold nanotubes. The reason for the formation of gold nanoparticles was that the standard
reduction potential of the Ag+/Ag pair (0.80 V vs. standard hydrogen electrode, SHE) is lower than that of
the AuCl4-/Au pair (0.99 V vs. SHE).
2.1.2 Transmission electron microscopy of Ag NWs and Ag@Au hybrid nanotubes
Fig. 3 shows TEM images of Ag NWs reacting with 1 mM HAuCl4 solution for different times. It can be
seen that the surface of Ag NWs is smooth and uniform, the diameter is about 120 nm. After reacting
with 1 mM HAuCl4, the surface of Ag NWs is corroded with the extension of reaction time. Fig 3b clearly
shows that there are a few cavities on the surface of Ag NWs. With the increase of reaction time, particles
form on the edge of cavities. These small particles agglomerate together to form larger clusters, and
cavities are formed simultaneously. The porous hollow structure gradually formed, with the diameter
increased slightly, and the surface becomes rougher.
2.1.3 Process analysis and mechanism discussion of galvanic replacement reaction
Because the standard electrode potential of Ag+/Ag（0.80V） is lower than that of AuCl4-/Au (1.00V), when
Ag NWs were added into HAuCl4 solution, the displacement reaction between AuCl4- and Ag take place
spontaneously. The process can be regarded as the corrosion process of Ag NWs, in which Ag is oxidized
to Ag+ and AuCl4- is reduced to Au atoms. The chemical equation is as follows:
In the reaction, Ag NWs are electron sources and templates of gold nanotubes. Selective corrosion of the
surface of Ag NWs plays an important role in the synthesis of Ag@Au hybrid nanotubes. The assynthesized Ag NWs are coated by (100) longitudinally and (111) at the end. PVP covers the (100)
surface, passivating the surface, and hinders the deposition of silver atoms on the surface. In the
displacement reaction, the uncoated (111) crystal surface first reacts with AuCl4- ions because of its high
energy compared to (100). With the replacement reaction going on, the corroded surface of Ag NWs will
be converted into surfaces with higher energy, which makes AuCl4- ions more likely to react on these new
surfaces, resulting in more AuCl4- ions reducing to Au atoms at the sites where displacement reactions
have taken place. The aggregation of these Au atoms leads to the grow of the particle size of gold
nanoparticles. With the increase of reaction time, more surface silver atoms react with AuCl4- further, and
more Au atoms are formed to form new crystal nuclei. These nuclei grow up with the reaction to form
gold nanoparticles, which leads to the increase of the density of gold nanoparticles. At the same time,
due to the higher surface energy of the Ag NWs near the formed gold nanoparticles, more AuCl4- ions are
reduced to Au atoms near the original gold nanoparticles to form new crystal nuclei. With the further
reaction, these new crystal nuclei and the original gold nanoparticles will grow up, leading to the
aggregation of gold nanoparticles. From replacement reaction between Ag NWs and AuCl4-, only one Au
atom can be replaced by three Ag atoms. Therefore, with the progress of the reaction, the corrosion
degree of Ag NWs is far greater than that of gold nanoparticles, and the hollow structure is gradually
formed.
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3 UV spectra, fluorescence excitation and emission spectra
Silver and gold nanoparticles exhibit surface plasmon resonance with a specific wavelength in the
ultraviolet–visible region, and the plasma resonance wavelengths are different [14]. The surface plasmon
resonance of Ag@Au hybrid nanotubes is characterized by the UV-Vis spectrum. Fig.5 shows the UV Vis
spectra of the AgNWs substrate, and different Ag@Au hybrid nanotubes substrates. There are two
characteristic peaks at 320 nm and 327 nm of AgNWs, and they corresponded to the quadrupole
resonance and transverse plasmon resonance of nanowires, respectively. After the formation of Au
nanoparticles, the characteristic peaks of UV Vis spectra of silver particles weaken or even disappear, and
the broad peaks of gold nanoparticles appear at 520 nm, with the prolonging of reaction time, the UV-Vis
spectrum the absorbance peaks redshift and become wider due to the increase of the number and
volume of gold nanoparticles and the increase of the amount of gold of Ag@Au hybrid nanotubes.
One of the most important factors affecting the fluorescence enhancement effect is related to the
coincidence degree of the excitation/ emission spectra of photoluminescent materials. The higher the
coincidence degree is, the stronger the enhancement effect is. The ordered Ag@Au hybrid nanotubes have
scattering or absorption characteristics will form their own plasma resonance peaks. Fig.6 shows the
resonance spectra of ordered Ag@Au hybrid nanotubes, UV absorption spectrum, excitation spectrum and
emission spectra of P3HT. The excitation peaks appear at 557 nm and 596 nm of P3HT on the ordered
Ag@Au hybrid nanotubes. The maximum excitation wavelength of P3HT standard is 557nm; the
emission spectrum of P3HT standard has two characteristic peaks at 665 nm and 726 nm respectively.
The Ag@Au hybrid nanotubes have lager overlapped plasma resonance peaks than that of Ag nanowires
at 557 nm. Therefore, 557 nm is selected as the excitation source for P3HT steady-state fluorescence
experiment. The overlap part of plasma resonance peak at 520nm of the hybrid nanotubes with
excitation spectrum P3HT is much larger than that of plasmon resonance peak at 320 nm of the hybrid
nanotubes with emission spectrum P3HT, and the overlap part of plasmon resonance peak of the hybrid
nanotubes with P3HT standard emission spectrum curve is very small, which indicates that it is ordered
Ag@Au hybrid nanotubes. It is shown that the fluorescence enhancement effect of surface plasmon
resonance on P3HT is mainly excitation enhancement.
4 Fluorescence effect of P3HT on different ordered Ag@Au hybrid nanotubes arrays
Fig. 7 shows fluorescence spectra of P3HT on different ordered Ag@Au hybrid nanotubes arrays. It can
be seen that the fluorescence intensity of P3HT decreases with the increase of displacement reaction
time. However, the fluorescence intensity of P3HT film on the ordered Ag@Au hybrid nanotubes arrays is
still greater than that on the glass substrate, which indicates that the ordered Ag@Au hybrid nanotubes
arrays can enhance the fluorescence effect of P3HT. After Ag NWs was replaced by gold nanoparticles on
the surface of the ordered Ag@Au hybrid nanotubes arrays, the enhancement of the fluorescence of P3HT
on t hybrid nanotubes arrays was weakened. The fluorescence intensity is reduced because three Ag
atoms are consumed by the generation of one Au atom; the Ag atoms will be significantly lost. Moreover,
the order of the Ag NWs arrays is destroyed with the displacement reaction, resulting in the further
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decrease of the proportion of SPPs produced by the ordered Ag NWs. Moreover, with the displacement
reaction, the order decreases with the displacement reaction, and the size and density of gold
nanoparticles on the surface of Ag@Au hybrid nanotubes increase. The local plasmon resonance
magnetic field generated by the gold nanoparticles and the ordered Ag NWs in Ag@Au hybrid nanotubes
arrays is not matched, which leads to the poor coupling and propagation, and thus further reduced the
surface local electromagnetic field of the hybrid nanotubes.
5 Raman effect of P3HT on different ordered Ag@Au hybrid nanotubes arrays
The change of morphology or chemical structure of fluorescence molecular on the metal surface will
cause the change of Raman peak position. Fig. 8 shows the Raman spectra of P3HT on different ordered
Ag@Au hybrid nanotubes arrays. There is no obvious change in the position of the Raman peaks of the
P3HT on the hybrid nanotubes, which indicates that the existence of ordered Ag@Au hybrid nanotubes
arrays does not change the structure or chemistry properties of P3HT film. The two strong Raman peaks
at 1380 cm-1 and 1444 cm-1 are the stretching vibration of C-C skeleton and the stretching vibration of
thiophene ring C-C of P3HT, respectively. The results show that the local electromagnetic field has a great
influence on the Raman signal, the Raman signal of P3HT weakened, followed by the local
electromagnetic field. The intensity of Raman signal of P3HT film on different ordered Ag@Au hybrid
nanotubes arrays is obviously higher than that on the blank glass wafer, but the intensity of P3HT Raman
signal decreases with the increase of reaction time, which indicates that the surface local
electromagnetic field of the ordered Ag NWs is weakened after the displacement reaction, which is
consistent with the above steady-state fluorescence spectra experimental results.

Conclusion
The galvanic displacement reaction is used to prepare ordered Ag@Au hybrid nanotubes at the expense
of Ag NWs. The particle size and density of AuNP on the hybrid nanotubes can be adjusted by changing
the reaction time of Ag NWs with HAuCl4. Surface plasmon resonance property was measured by UV Vis
spectra. The fluorescence intensity of P3HT on ordered Ag@Au hybrid nanotubes decrease with the
degree of displacement reaction, which is due to the reduce of the local electromagnetic field after the
displacement reaction. Even if the local electromagnetic field on the surface is weakened, the fluorescent
intensity of P3HT on ordered Ag@Au hybrid nanotubes was also enhanced. The results show that the
Ag@Au hybrid nanotubes arrays can effectively adjust the enhancement effect of surface plasmon
resonance, and obtain the coupling effect differ from monometallic nanomaterials, which is expected to
realize the tunable enhancement of the spectral properties of conjugated polymers.
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Figure 1
Schematic illustration of the fabrication process for ordered Ag@Au hybrid nanotubes films.

Figure 2
Scanning electron microscopy of ordered Ag NWs, and Ag@Au hybrid nanotubes((a, b) SEM images and
magnified image of the ordered Ag NWs, (c-l) SEM images and magnified image of Ag@Au hybrid
nanotubes.)
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Figure 3
Transmission electron microscopy of Ag NWs, and different Ag@Au hybrid nanotubes(2.5, 5, 30min)

Figure 4
Process analysis and mechanism discussion of galvanic replacement reaction
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Figure 5
UV–vis extinction spectra of AgNWs substrate, and different Ag@Au hybrid nanotubes substrates

Figure 6
Extinction spectra of aligned AgNWs and P3HT films, and excitation and emission spectra P3HT film on
quartz glass
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Figure 7
Fluorescence spectrum of P3HT on ordered AgNW and different Ag@Au hybrid nanotubes substrates

Figure 8
Raman spectra of the P3HT films on ordered AgNW and different Ag@Au hybrid nanotubes substrates

Page 12/12

