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Tubular nanostructures have stimulated extensive research
efforts in recent years because of their technological impor-
tance in advanced electronic or magnetic devices and
prospective applications in catalysis,”! sensors,®l and biolog-
ical separation and transport.! To date, various methods®
including reductive sulfidization, thermal decomposition of
precursors,[” atomic layer deposition (ALD),®! hydrothermal
pyrolysis,”! galvanic replacement reactions,'” and surfactant-
or template-based growth!"!! have been developed for the
fabrication of such tubular nanostructures. Among them,
template-based synthesis using anodic aluminum oxide
(AAO) or track-etched polymer membranes has attracted
much attention, because it provides several distinct advan-
tages over other approaches. It offers a convenient way for
producing structurally uniform nanostructures periodically
aligned in template matrices. A wide range of materials
including metals, semiconductors, and polymers have been
prepared in the form of nanotubes.'” However, few examples
have been reported on the fabrication of metal nanotubes
despite their technological importance. The development of a
generalized method for the fabrication of aligned metal-
nanotube arrays remains a challenge. Precise control of the
nanotube growth process and formation of well-aligned
arrays will greatly assist investigations of their physical
properties and their potential use in nanoscale fluidics,
chemical and biological separations, sensors, and catalysts.
Herein, we report a novel approach for the preparation of
metallic nanotubes based on the preferential electrodeposi-
tion of a metal along the pore walls of an AAO membrane in
the presence of metallic nanoparticles on the wall surfaces
(Figure 1). Several reports on the immobilization of metallic
nanoparticles on the pore walls of AAO have been published
previously. Schmid and co-workers showed that Au nano-
particles can be self-assembled on AAO channels modified
with organosilane molecules, which function as molecular
anchors binding the nanoparticles.'¥l More recently, Rubin-
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Figure 1. Procedure for the preparation of metal nanotubes and the
proposed mechanism of metal nanotube growth (see text).

stein and co-workers demonstrated the preparation of Au
nanoparticle nanotubes (NPNTs) by introducing a colloid
solution of Au nanoparticles into the pores of an organo-
silane-modified AAO, followed by spontaneous coalescence
of the surface-bound Au nanoparticles." In an alternative
approach, Johansson et al. deposited Pd nanoparticles on the
pore walls of AAO by using a sequential electroless deposi-
tion technique, in which a palladium complex ([Pd(NH,),]*")
was thermally reduced to metallic Pd.[! In the present study,
metallic nanoparticles (for example, Ag) were immobilized
on the pore walls of an AAO membrane by the spontaneous
reduction of Ag' by Sn", which is a modification of the
previously established sensitization—preactivation process of
AAOM or polymer membranes!!” prior to the electroless
deposition of metals. To induce the selective reduction of
metal cations on the surfaces of oxide membranes, Sn" was
first deposited on the pore walls by immersing the membranes
in an aqueous solution of SnCl,. After a drying step, the
resulting membranes were soaked in an aqueous solution of
AgNO;. These two steps constitute one deposition cycle and
were repeated several times (typically six cycles). The
standard reduction potential of Sn"/Sn™ (0.151 V versus
standard hydrogen electrode, SHE) is lower than that of the
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Ag'/Ag" pair (0.80 V versus SHE). Therefore, the surface-
bound Sn!! . . cations would be spontaneously oxidized into
Sn", thus producing discrete metallic Ag nanoparticles on the
surface of the Sn"-treated AAO membrane upon immersion
in an aqueous solution of AgNO; [Eq. (1)].

2AZ4 + SN ce = 2 ALtuce T SN{ace 1)

surface

This process results in homogeneous deposition of metal
nanoparticles over the entire surface (pore walls and faces) of
AAO membranes (Figure 2a). The size and the number of

Figure 2. a) Cross-sectional SEM image of the Ag-nanoparticle-immo-
bilized anodic aluminum oxide (AAO) membrane. b) Cross-sectional
SEM image of the Au nanotube-AAO composite showing Au nano-
tubes embedded in the alumina matrix. ¢) and d) SEM images of Au
nanotubes after removal of alumina matrix with NaOH (1.0m); part d)
illustrates the open-end tips of Au nanotubes at the levels of different
length. e) Representative TEM image of Au nanotubes showing their
tubular structure.

metal nanoparticles depend on the number of deposition
cycles. The average particle size determined by TEM analyses
was 11+4nm (Supporting Information). Unlike the Au
NPNTs reported by Rubinstein and co-workers!"! which
showed good electrical conductivity with a specific resistivity
of 6 Qcm, our Ag-nanoparticle-modified AAO membranes
exhibited a typical insulating behavior even after 10 deposi-
tion cycles. This finding indicates that the Ag nanoparticles
immobilized on the surfaces of AAO membranes are isolated
from each other without the formation of a continuous
conduction path for current transport. Electrodeposition of
Au at current densities ranging from 2.2 to 2.5 mAcm™
resulted in the formation of Au nanotubes embedded in the
alumina matrix (Figure 2b). Subsequent removal of the oxide
matrix with NaOH (1.0Mm) led to the release of Au nanotubes
with surfaces decorated with Ag nanoparticles (Figure 2c¢,d).
The presence of Ag nanoparticles on the surface of the metal
nanotubes is inevitable, and results in mixed-metal nanotubes.
TEM investigations of Au nanotubes revealed that the
average outer diameter of the nanotubes is 330 nm (Fig-
ure 2¢). Further evidence for the tubular nanostructure was
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obtained directly from water permeation experiments
through the gold nanotube arrays embedded in the alumina
matrix: a drop of water placed on one side of the membrane
was transported to the other side.

In the process described herein, the growth of metal
nanotubes starts at the base-metal electrode at the bottom of
the pores (that is, a bottom-up deposition of metal) as a result
of the nonconducting nature of the nanochannels. It is
believed that Ag nanoparticles immobilized on the oxide
nanochannel surfaces play a key role in the growth of the
metallic nanotubes, and enable preferential electrodeposition
of metal along the nanochannel surfaces. Nanotube formation
in this electrodeposition process can be understood in terms
of the relative rates of deposition and the diffusion of metal
ions. It is believed that the deposition process takes place at
the tube tips, and therefore the deposition interfaces and the
diffusion layers of metal ions move dynamically with the
growth process of the tubes (Figure1l). Once a small
conducting path is created by electrodeposition between the
tube tip and an isolated Ag nanoparticle, the deposition
interface will move toward the recently created area, and a
majority of the metal ions will be deposited on the newly
connected nanoparticle until another isolated particle is
electrically connected. This electrodeposition effect estab-
lishes a depletion layer of metal ions, and thus the ion
concentration below the tube tips should be very low, and the
metal deposition on the inner tube wall should be negligible.
Our assumptions were proven by electrodeposition experi-
ments with different deposition rates. The electrodeposition
carried out at a low current density (< 0.4 mA cm™?), at which
the focusing effect at the tube tip could be neglected as a
result of the slow deposition rate, produced only arrays of
solid metal nanorods. In contrast, the electrodeposition
performed at a high current density (> 3.0 mA cm?) resulted
in mechanically unstable metal nanotubes with highly porous
wall surfaces (Supporting Information).

For cases in which the whole surface of the membrane is
electrically conductive, electrodeposition of metal should
occur evenly over the entire membrane surface at the same
time. In other words, radial growth of metal nanotubes occurs
inside the nanochannels, gradually decreasing the channel
diameter. The underpotential deposition (UPD) technique is
required’ for the fabrication of pore walls of uniform
thickness over the whole length of the membranes. The
deposition rate must be sufficiently lower than that of the
axial mass transfer of metal cations to guarantee a homoge-
neous ion concentration over the whole pore length.

By taking advantage of the preferential deposition of
metal along the wall surfaces of oxide nanochannels, we were
able to prepare multisegmented metallic nanotubes with a
bimetallic stacking configuration along the nanotube axes.
Figure 3 shows representative SEM images of multiseg-
mented metallic nanotubes with a stacking configuration of
Au-Ni-Au-Ni-Au, before (Figure 3a) and after (Figure 3b,c)
removal of the alumina matrix with a solution of NaOH
(1.0m). The average outer diameter of the nanotubes was
estimated to be 300 nm. Ni segments about 800 nm long with
a dark image contrast can be clearly observed between
adjacent Au nanotube sections (Figure 3¢; see also the color-
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Figure 3. SEM images of multisegmented metal nanotubes with a
stacking configuration of Au-Ni-Au-Ni-Au along the nanotube axis.
a) Cross-sectional SEM image of as-prepared metal nanotube-AAO
composite, which shows metal nanotubes embedded in an alumina
matrix. The signals from Au and Ni are shown in yellow and purple,
respectively. b) and c) SEM images of multisegmented metal nano-
tubes after removal of alumina matrix with NaOH (1.0 m); part c)
clearly shows the stacking configuration of multisegmented metal
nanotubes in which the segments with bright and dark image con-
trasts correspond to Au and Ni, respectively.

enhanced view of Au-Ni segments in Figure 3a). This
contrast in the SEM images results from differences in the
intensity of backscattered electrons from the two metals. In
this nanofabrication process, various metallic segments (Ag,
Au, Pt, Pd, Fe, Co, Ni, etc.) can be incorporated into the
nanotube structure, thus enabling the fabrication of barcode-
type nanotubes."” The length of each metal segment can be
tuned by controlling the amount of total integrated charges
involved in the electrochemical reaction. Such a unique
capacity for tailoring the nanotube structure could provide an
opportunity for engineering the physical properties of nano-
tube materials.

Arrays of continuous Ni nanotubes and of multiseg-
mented nanotubes (Au-Ni-Au-Ni-Au stacking configuration,
Figure 3) were examined by a superconducting quantum
interference device (SQUID) magnetometer at 298 K for
comparison of their magnetic properties. The corresponding
hysteresis loops are presented in Figure 4. With the magnetic
field applied along the nanotube axis (]|), both samples
showed coercivities H in the range of 85 to 90 Am™" and
relatively low remanence values (4 and 17%). As the
saturation field Hy > H,, both samples exhibited reversible
magnetic behavior. The nanowire diameter was at least one
order of magnitude larger than the magnetic exchange length
for nickel Ay;=~ 13 nm, and we therefore assume that the Ni
nanotubes switched by a curling-like switching mode.?”! The
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Figure 4. Magnetic hysteresis loops for arrays of Au-Ni-Au-Ni-Au nano-
tubes shown in Figure 3 (-----) and ferromagnetic Ni nanotubes
(—), measured with the applied magnetic field a) parallel and b) per-
pendicular to the nanotube axis.

multisegmented nanotube arrays could be completely mag-
netized at lower saturation fields (H,;~750 Am™") than the
array of continuous Ni nanotubes (H, 2300 Am™'). The
positions of the Ni segments along the pore axis showed large
variations (Figure 3a). Although the tube diameter, spacing,
and wall thickness for both samples were similar, we assume
that the array of multisegmented nanotubes exhibited lower
dipolar interactions. The average distance between the
neighboring Ni segments was larger than the intertube
distance of the continuous nanotube array. In the perpendic-
ular field direction (L), both samples were completely
magnetized around H,, ~2000 Am™' and show highly similar
hysteresis loops with a reversible magnetic behavior (H,, >
H_ ). In comparison of the hysteresis loops for both magnet-
ization directions the array of continuous nanotubes showed a
nearly isotropic magnetic behavior, whereas the multiseg-
mented sample exhibited a preferential magnetic orientation
along the direction of the magnetic nanotubes as a conse-
quence of the low dipolar interactions and the magnetic
anisotropy resulting from the nanotube shape.

In summary, we have developed a simple electrochemical
method for the preparation of metal nanotubes. The process is
based on the preferential electrodeposition of a metal along
the pore walls of an anodic alumina membrane in the
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presence of Ag nanoparticles on the wall surfaces. We have
demonstrated for the first time the preparation of multi-
segmented metallic nanotubes with a bimetallic stacking
configuration along the nanotube axes. This nanofabrication
method can be readily extended to a wide range of metallic or
semiconducting materials. Furthermore, the unique capacity
for tailoring the nanotube structure, along with the function-
alization of the inner wall surface of metal nanotubes with
various molecules (for example, proteins and DNA), are
expected to be particularly useful in the field of catalysis,
advanced microfluidics, biological and magnetic sensors, and
molecule separation.

Experimental Section

Membrane preparation: Self-ordered nanoporous Al,O; membranes
were prepared by the two-step anodization®! of surface-finished
aluminum. In brief, Al sheets (typical diameter 4 cm) were anodized
under a regulated cell voltage of 195 V with H;PO, as electrolyte. The
first anodization was started under relatively mild electrochemical
conditions with H;PO, (0.5 wt. %, 0.6°C) to prevent the Al from
breakdown in the early stages of anodization. After 3 h, the
concentration of the H;PO, was increased to 1.0 wt. % by directly
injecting 85 wt.% H;PO, into the electrochemical cell, and the
temperature of the electrolyte was adjusted to 1.4°C. The anodization
proceeded for 15h under these conditions. Afterward, the porous
oxide layer was completely removed by immersion in an acid mixture
(1.8 wt. % chromic acid and 6 wt. % H;PO,) at 43°C for 12 h to obtain
a textured surface on the Al sheet. The second anodization was
conducted in H;PO, (1.0 wt. %, 1.4°C) for 16 h. Subsequently, free-
standing alumina membranes were obtained by a stepwise voltage
reduction technique. The membranes had nominal pore diameters of
300 nm and contained 4.6 x 10° pores per cm” of membrane surface
area.

Immobilization of metal nanoparticles: The immobilization of
metal nanoparticles on the surfaces (pore walls and faces) of an AAO
membrane was carried out as follows. First, Sn" was deposited on the
surfaces by immersing an AAO membrane in an aqueous mixture of
SnCl, (0.02m) and HCl (0.01m) for 2 min. The membrane was
thoroughly rinsed in distilled water several times, subsequently in
acetone, and finally dried at 70°C for 1 min. Second, the resulting
membrane was dipped into an aqueous solution of AgNO; (0.02m)
for 2 min to deposit Ag nanoparticles on the pore walls of the AAO,
followed by the same drying process used in the first step. These two
steps constituted one cycle for metal nanoparticle deposition on the
surfaces of a membrane. Typically, six deposition cycles were
employed.

Electrodeposition: A thin Au layer was deposited by sputtering
on the pore-mouth surface of a nanoparticle-modified AAO mem-
brane to make the surface electrically conductive. This Au layer
served as a working electrode in the subsequent electrodeposition of
the desired metal. A commercially available plating solution
(Auruna 5000) was used for Au nanotubes. Nickel was deposited
from a solution of NiCl,,6H,O (8.41 x 10*m), Ni(H,NSO;),-4 H,0
(1.59m), H;BO; (0.33M), and sodium acetate buffer (pH 3.4). The
typical current density was about 2.4 mA cm~2 The total membrane
area in contact with the electrolyte was 2.7 cm?; the total pore area
(actual deposition area) was estimated to be 33 % of this area.
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