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ABSTRACT
Metallic nanostructures with hollow interiors or tailored porosity represent a special class of attractive materials 
with intriguing chemicophysical properties. This paper presents the fabrication of a new type of metallic 
nanoporous nanotube structure based on a facile and effective combination of nanocrystal growth and surface 
modifi cation. By controlling the individual steps involved in this process, such as nanowire growth, surface 
modifi cation, thermal diffusion, and dealloying, one-dimensional (1-D) metallic nanostructures can be prepared 
with tailored structural features and pre-designed functionalities. These tubular and porous nanostructures show 
distinct optical properties, such as tunable absorption in the near-infrared region, and enhanced capability for 
electrochemiluminescence signal amplification, which make them particularly desirable as novel 1-D nano-
carriers for biomedical, drug delivery and sensing applications.

KEYWORDS
Nanoporous, nanotube, gold, optical properties, electrochemiluminescence 

Introduction

Metallic nanostructures with hollow interiors or 
tailored porosity, such as nanotubes [1, 2] and 
nanoporous membranes [3, 4], possess intriguing 
chemicophysical properties applicable in important 
fields including catalysis [5], biological labeling 
[6], surface enhanced Raman scattering (SERS) [7], 
thermal therapeutics [8, 9], and electrogenerated 
chemiluminescence (ECL) [10 12]. Therefore, great 
efforts have been devoted to the construction of 
such novel nanostructures with designed shape 
and geometry. Template-based synthesis is one of 

the most widely used methods for the fabrication 
of one-dimensional (1-D) nanostructures [13 15]. 
For example, gold nanotubes [1, 2] and nanoparticle 
nanotubes [16, 17] can be fabricated by templating 
porous alumina membranes using different surface 
modifi cation techniques. Recently, based on a simple 
galvanic replacement reaction, Xia and co-workers 
have successfully synthesized a series of metallic 
hollow nanostructures with interesting properties, 
including nanoboxes, nanocages, and nanotubes [18
20]. Herein, we report the fabrication of a new kind of 
metallic nanostructure called nanoporous nanotubes 
(NPNTs), in a process which allows fl exible control of 
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their individual structural parameters, such as tube 
dimension, pore/ligament size, and composition. 
Meanwhile, these novel nanostructures exhibit 
intense near-infrared (NIR) absorption and effective 
enhancement of ECL signal amplification, which 
suggest their great potential as novel 1-D nano-
carriers for biomedical, drug delivery, and sensing 
applications.

Scheme 1 presents a schematic illustration of the 
major steps involved in the fabrication of Au Ag 
alloy NPNTs. It includes a three-step nanocrystal 
growth and structure-tailoring process. The first 
step is to synthesize Ag nanowires via a modified 
polyol process [18 20]. The next step is to carefully 
deposit a very thin layer of Au on the surface of the 
Ag nanowires. Upon controlled alloying of the Au 
surface layers with the Ag substrate under specific 
conditions, Au/Ag surface alloys will form. While 
Au and Ag have distinct electrochemical properties, 
upon etching in nitric acid, Ag atoms from both 
the interior and the surface layer of the composite 
nanostructure can be controllably leached out, 
leaving behind metallic nanotubes with a well- 
defi ned porous wall structure.

1. Experimental

Materials. Silver nitrate (AgNO3, A. R.), ethylene glycol 
(EG, A. R.), chloroauric acid (HAuCl4·4H2O, A. R.), 
ascorbic acid (AA, A. R.), cetyltrimethylammonium 
bromide (CTAB, A. R.), and concentrated nitric 
acid (HNO3, 67%, A. R.) were purchased from 
Shanghai Sinopharm Chemical Reagent Co. Ltd. 
Polyvinylpyrrolidone (PVP, MW ≈ 55, 000) was 
purchased from Sigma-Aldrich. All chemicals were 
used as purchased without further purification. 
HAuCl4 aqueous solution (1 mmol/L) was prepared by 
dissolving HAuCl4·4H2O in ultrapure water (18.23 MΩ).

Synthesis of Ag nanowires. A modified polyol 
process was used to synthesize Ag nanowires. In a 
typical synthesis process, 5 mL of ethylene glycol (EG) 
was first placed in a three-neck flask, and heated 
in an oil bath at 160 °C for 10 min under magnetic 
stirring. Then, 3 mL of an ethylene glycol solution of 
AgNO3 (0.25 mol/L) and 3 mL of an ethylene glycol 
solution of PVP (0.375 mol/L) were simultaneously 

added through a two-channel syringe pump at a 
rate of 0.375 mL/min to the solution under magnetic 
stirring. The solution was kept in the oil bath for 
another 30 min. The final products (Ag nanowires) 
were collected by centrifugation, and then thoroughly 
washed with ethanol and ultrapure water to remove 
EG and PVP, and finally re-dispersed in ultrapure 
water for further use.

Fabrication of Au Ag composite nanowires and 
NPNTs. In a typical synthesis, a fixed amount (0.02 
mol/L, 1 mL) of Ag nanowires was dispersed in 17 
mL of water containing 12 mmol/L of CTAB and 3 
mmol/L ascorbic acid in a 25 mL vial under magnetic 
stirring and then heated in a water bath at 40 °C for 
10 min. Then, 2 mL of 1 mmol/L HAuCl4 solution 
was added dropwise to the vial. The solution was 
heated for another 25 min until the solution color 
became stable. The samples were centrifuged and 
washed with ultrapure water to remove excess Cl , 
CTAB, and ascorbic acid. Dealloying was carried out 
by re-dispersing the samples in 5 mL of ultrapure 
water, which was then mixed with a specifi c amount 
of concentrated nitric acid. After dealloying for 15 
min, the samples were centrifuged and washed 
with ultrapure water and NH3·H2O to remove 
excess nitric acid and trace amounts of AgCl before 
characterization.

ECL characterization. An Au disk electrode 
(4 mm in diameter) was polished carefully with 
0.05-μm α-Al2O3 powder on fine abrasive paper 
and washed ultrasonically with ultrapure water. 

Scheme 1    Schematic illustration of the synthesis process of Au-Ag 
alloy NPNTs
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Before modification, the bare electrode was scanned 
in 0.5 mol/L H2SO4 between 0.65 and +1.1 V vs a 
mercury-mercurous sulfate electrode (MSE), until 
a reproducible cyclic voltammogram (CV) was 
obtained. After cleaning, the electrode was fi rst treated 
in a 0.02 mol/L aqueous solution of cysteamine for 
20 h in darkness at room temperature. For surface 
modification, the purified NPNTs were first added 
into an ethanol solution of 0.1 mol/L thioglycolic 
acid in darkness at room temperature and left for 20 
h, then centrifuged and re-dispersed in boric acid 
buffer solution (pH=7.4). The hybridization was 
performed by dipping the cleaned electrode into the 
as-prepared NPNTs solution at room temperature for 
5 h. After rinsing with ultrapure water, the modified 
electrode was immersed into 0.1 mol/L phosphate 
buffer solution (PBS) (pH=7.4) containing 0.1 mol/L 
KCl, 0.1 mol/L tripropylamine (TPA), and 10 μmol/L 
Ru(bpy)3

2+ and scanned in the potential range from 0.2 
to 1.25 V (vs Ag/AgCl) to record ECL signals. 

Instrumentation. Scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) 
samples were prepared by placing a drop of the fi nal 
products (dispersed in water) on a copper foil and 
carbon-coated copper grid, respectively, and dried 
under ambient conditions. SEM images were taken 
using a JEOL JSM-6700F field-emission scanning 
electron microscope operated at an accelerating 
voltage of 10 kV. TEM images and selected-area 
electron diffraction (SAED) were taken using a JEOL 
JEM-2100 high-resolution transmission electron 
microscopic (HRTEM) operated at an accelerating 
voltage of 200 kV. Composition measurements 
were conducted with an Oxford INCA X-sight 
Energy Dispersive X-ray Spectrometer (EDS) 
attached to the same microscope. The UV vis
NIR spectra were recorded using a Hitachi U-4100 
UV vis NIR spectrophotometer. A model MPI-E 
Electrochemiluminescence Analyzer Systems (Xi’an 
Remax Analytical Instrument Co. Ltd., Xi’an, China) 
was used to record the ECL signal. The voltage of the 
photomultiplier tube was set at 600 V.

2. Results and discussion

Figure 1(a) shows an SEM image of the sacrifi cial Ag 

nanoparticle templates made by a modified polyol 
process [20], which are characterized by a highly 
monodisperse nanowire structure with diameter 
around 80 nm. Adding HAuCl4 into a mixture of 
ascorbic acid and Ag nanowires gives facile reduction 
and deposition of Au atoms onto Ag nanowire 
surfaces [21]. Since the deposited Au overlayers 
are very thin, we found that even at a reduction 
temperature of 40 °C, these surface Au atoms could 
spontaneously interdiffuse with the underlying Ag 
atoms to form Au/Ag surface alloys [22]. This was 
proved not only by surface compositional analysis 
with XPS, but also by the fact that dealloying this 
nanocomposite in nitric acid generated metallic 
nanotubes with very characteristic nanoporous gold 
(NPG)-like [3,4] tube-wall structures. Figures 1(b)
1(d) show typical SEM and TEM images of such an 
NPNT structure, which was made by depositing 2 
mL HAuCl4 (1 mmol/L) onto Ag nanowires followed 
by etching in conc. HNO3 (3 mL) for 15 min. While 
these nanotubes retained very well the original 
1-D structure and dimension of the Ag nanowire 
precursors, at higher magnification one can clearly 

Figure 1    SEM and TEM images of Ag nanowire precursors (a) and 
Au–Ag alloy NPNTs ((b)–(d)). The insets are the corresponding higher 
magnifi cation images, SAED pattern, and HRTEM image

(a) (b)

(c) (d)
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The remaining spots can be ascribed to the 
existence of structural defects such as twin 
boundaries. Considering that Ag nanowires 
obtained from the polyol process usually 
adopt a twinned structure, the well-defi ned 
diffraction symmetry provides further 
evidence for an epitaxial relationship 
between the deposited Au and Ag substrate. 
Composit ional  analysis  with energy 
dispersive spectroscopy (EDS, Fig. S-2 in 
the ESM) showed that this sample is in alloy 
form with a composition of Au65Ag35 (at%).

The formation and structure evolution of 
the alloy NPNTs can also be monitored by 
spectroscopic methods, because Au and Ag 
nanostructures have very intense surface 
plasmon resonance peaks, which depend 
strongly on the structural parameters of 
the material [23, 24]. Figure 2(a) shows a 
group of UV vis NIR absorption spectra 
of samples at different fabrication stages. 
W h i l e  t h e  A g  n a n o w i re s  s h o w e d  a 
characteristic absorption at 392 nm with 
a small shoulder peak at 385 nm due to 
their structural anisotropy [25], surface 

Figure 2    UV vis NIR absorption spectra (a) and TEM images ((b)–(e)) of samples 

Ⅰ–Ⅶ at different fabrication stages. Images ((b)–(e)) correspond to samples Ⅱ, Ⅴ, 

Ⅵ, and Ⅶ, respectively

(a) (b)

(c) (d) (e)

see that the tube walls are composed of interweaved 
ligaments and pores. Figure 1(d) shows an expanded 
view of two NPNTs, in which one can distinguish an 
80 nm inner diameter nanotube with a single layer 
porous wall structure. The average ligament and pore 
sizes were determined to be 8 and 16 nm, respectively. 
Similar to the porous gold structure made by 
dealloying bulk Au/Ag alloys [3, 4], these serpentine 
ligaments are not made of nanoparticles, but rather 
they adopt a locally single crystalline structure with 
continuous lattices spanning from one ligament to 
the other (Fig. S-1 in the Electronic Supplementary 
Material (ESM)). This feature was confirmed by 
electron diffraction and HRTEM. The clearly resolved 
lattice fringes with a period of 0.236 nm shown in the 
inset of Fig. 1(d) are typical for the {111} d-spacing 
of face centered cubic (fcc) structured Au (or Ag). 
The inset in Fig. 1(c) gives the electron diffraction 
pattern taken from an individual nanotube, which 
consists of at least two sets of diffraction spots with 
the major one corresponding to the [110] zone axis. 

modification with a small amount of Au (2 mL 
HAuCl4) led to an obvious red shift of the peak to 
around 590 nm. Upon dealloying, the spectrum 
showed a further red shift to the NIR region. This 
shift was especially pronounced for the sample 
etched with 3 mL conc. HNO3, which had its main 
absorption peak well beyond 1200 nm. Their intense 
NIR absorption suggests that these NPNTs may be 
effective as photo-thermal converters in biomedical 
applications such as drug release and cancer therapy 
[8, 9]. Figures 2(b) 2(e) show typical TEM images 
for some of the samples. Sample II was decorated 
with approximately 2 nm Au. While core/shell 
structured composite Ag/Au nanowires may have 
been expected, we actually found that certain 
portions of the nanowires already showed some 
degree of hollowness (marked by arrows in Fig. 
2(b)). The reason can be ascribed to the local galvanic 
replacement between HAuCl4 and Ag nanowire 
templates, which has been demonstrated by Xia, 
albeit at higher temperature (~100 °C) [18 20].



Nano Research

390 Nano Res (2009) 2: 386 393

However, it should be emphasized that in our 
experiment, most of the Au atoms are deposited 
through the redox reaction between HAuCl4 and 
the added reducing agent, ascorbic acid (see ESM). 
Control experiments showed that when gold was 
solely produced via the galvanic replacement 
between HAuCl4 and Ag nanowires (i.e., in the 
absence of ascorbic acid), the system was unstable 
for the following two reasons: (i) signifi cant amounts 
of AgCl precipitate were formed, which influenced 
further reaction (Fig. S-3 in the ESM); and (ii) the 1-D 
nanostructures disintegrated into gold nanoparticles 
when the volume of HAuCl4 was increased to more 
than 4 mL (Fig. S-4 in the ESM). In contrast, in our 
system, even when the amount of HAuCl4 was 
increased to more than 16 mL, the shape of the Ag 
nanowire templates was still well-preserved, and 
accordingly, there was a sustainable increase in 
nanowire diameter (Fig. S-5). After etching with 1 mL 
conc. HNO3, almost all the particles showed nanotube 
morphology although the porous wall structure was 
not fully developed (Fig. 2(c)). The best structure 
was observed after etching with 3 mL HNO3 (Fig. 
2(d)). It is interesting to note that further increasing 
the amount of HNO3 led to a significant coarsening 
of the porous structure, and eventual collapse of the 
NPNTs to chains of irregular nanoparticles (Fig. 2(e), 
8 mL conc. HNO3). This structure change was also 
accompanied by a shift of its absorption back to the 
visible region around 520 nm (brown curve in Fig. 
2(a), Sample Ⅶ), characteristic of gold nanoparticles, 
although there was still some absorption in the NIR 
region.

The structure evolution from Ag NWs to Au Ag 
alloy NPNTs was further investigated by changing 
the amount of the deposited gold. Interestingly, even 
when the amount of HAuCl4 was reduced to 0.5 
mL (i.e., the nominal thickness of the deposited Au 
layer was about 1 nm, assuming 100% deposition 
efficiency), upon dealloying we still obtained Au
Ag alloy NPNTs with a continuous porous wall 

structure. Very surprisingly, however, we found 
that these alloy NPNTs exhibited rather different 
morphology. Figures 3(a) and 3(b) show typical TEM 
images of these NPNTs which have very thin tube 
walls. Compared with NPNTs with thicker walls 

(such as those shown in Fig. 2, deposited with 2 
mL HAuCl4), these NPNTs no longer possessed a 
robust and straight nanotube morphology. On the 
contrary, a highly curved rope-like nanostructure 
was observed, and in certain areas, they wound 
into a ring structure (indicated by an arrow in Fig. 
3(b)). A closer inspection of these nanoropes shows 
that the nanoporous tube structure was mostly 
preserved, although in certain areas the porous wall 
may have collapsed to form a deformed porous 
nanowire structure (Fig. 3(b)). Recently, there has 
been considerable research interest regarding the 
size-dependent mechanical properties of nanoporous 
metals [26]. Typically, very high yield strengths of 
nanoporous gold have been reported. The majority 
of these reports involve samples with ligament 
sizes of the order of several tens of nanometers in 
all three dimensions [26]. This is in marked contrast 
to our samples where the single layer porous wall 
structure has a ligament size typically less then 6 
nm. Apparently, these NPNTs with very thin porous 
walls exhibit ductile behavior and the electrostatic 
interaction between clean metal surfaces may result 

(a) (b)

(c) (d)

Figure 3    TEM micrographs of ((a), (b)) Au–Ag alloy NPNTs with 
very thin tube walls and ((c), (d)) Au–Ag alloy NPNTs with thick and 
gradient-structured porous walls
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in the aforementioned curved morphology. The 
actual mechanical properties of these NPNTs with 
their different wall structures are surely interesting 
topics that appear to warrant further investigations. 

It should be noted that according to the previous 
literature, the galvanic replacement between 
HAuCl4 and sacrificial Ag nanoparticle templates 
can sometimes generate hollow nanostructures 
with holes of varying sizes in their shells [19]. The 
distinction of our approach is that the pores in the 
tube walls are generated via a highly controlled 
dealloying process. Not only the dimension of the Ag 
nanowire templates, but also the amount of surface 
Au deposited, and the alloying and dealloying 
conditions can be independently tailored; this 
allows a fine control of the structural parameters of 
the resulting NPNTs, including tube diameter, wall 
thickness, pore and ligament sizes, and composition. 
For example, Fig. 3(c) shows another kind of NPNT 
structure, which is characterized by a gradient-
structured porous wall. With an inner diameter of 
~250 nm, one can clearly see there are no apparent 
pores on the exterior surfaces of the nanotubes, while 
on the interior surfaces, we can see clear nanoporous 
structures just like NPG (marked by arrows). Briefl y 
speaking, this is a tubular structure with roughened 
inner surfaces. In addition, by tailoring the thickness 
of the deposited Au surface layer and the alloying 
conditions between Ag and Au, we can also generate 
NPNTs with truly three-dimensional porous wall 
structures as shown in Fig. 3(d). 

ECL has  become an  important  detec t ion 
technique in bio-analytical chemistry in recent 
years [27]. ECL of luminol, lucigenin, tris(2,2’-
bipyridyl)ruthenium(II) (Ru(bpy)3

2+), and their 
analogues on various electrode materials, such as 
glassy carbon (GC), gold, and platinum, has been 
well documented [10 12, 28]. Since Bard et al. opened 
the door to the exploration of ECL properties of 
various nanomaterials in 2002 [29], the preparation 
and applications of novel electrode materials have 
attracted considerable attention. Considering our 
NPNTs are rich in Au with very high surface area 
available for probe molecules, we were motivated 
to study their capability for the amplifi cation of ECL 
signals for Ru(bpy)3

2+. The inset in Fig. 4 shows an 

Figure 4    Electrochemiluminescence properties based on Au–Ag alloy 
NPNTs and a bare Au disk electrode. Inset is an SEM image of a Au 
disk electrode with NPNTs tethered by covalent bonding

SEM image of the NPNTs tethered on the surface of 
an Au disk electrode, prepared by covalent bonding 
through cysteamine and thioglycolic acid. Although 
the coverage is quite low (less than 5%), the modifi ed 
electrode displays remarkably high ECL signals. 
Compared with a bare Au disk electrode, the NPNTs-
modified electrode generated ECL intensity at least 
one order of magnitude larger at the oxidation 
potential of Ru(bpy)3

2+ (1.2 V vs Ag/AgCl). Compared 
with a cysteamine-covered Au disk electrode, the 
amplification value associated with the NPNTs 
represented an even more impressive increase of 
nearly 100-fold. These preliminary investigations 
clearly demonstrate the effectiveness of NPNTs 
as highly efficient electrode materials for use in 
biosensing applications.

3. Conclusions

Novel metallic NPNTs have been fabricated based on 
an effective combination of nanocrystal growth and 
surface modification. By controlling the individual 
steps involved in this process, such as nanowire 
growth, surface modification, thermal diffusion, 
and dealloying process, a new class of 1-D metallic 
nanostructures can be prepared with tailored 
structural features and pre-designed functionalities. 
With porous surfaces and hollow interiors, these 
tubular nanostructures show very high surface areas 
as well as distinct optical properties, which make 
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them particularly attractive for biomedical and 
sensing applications. Meanwhile, considering the 
wide variety of potential templating structures and 
modification materials, many new materials and 
structures can be fabricated in this way and should 
have novel functions, properties, and applications.
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