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Abstract

Using electrochemical deposition onto porous anodic alumina membrane and subsequent ultrasonic treatment, we have obtained
individual alumina nanotubes wrapping metal (Cu and Fe) nanowires with nanocrystalline structure, which are a kind of conventional
nanocable prototype. Scanning electron microscope and transmission electron microscope observations and X-ray diffraction, energy
dispersive X-ray fluorescence, and selected area electron diffraction analyses clearly show the formation of a composite nanotube
structure. Its formation mechanism is discussed on the basis of microstructural characterization. Our experiments provide a useful way
for fabricating low-cost and large-scale metal nanocables, which will be of important applications in nanodevices.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Porous anodic alumina (PAA) membrane with ordered
nanopore array has attracted an increasing interest due to
its simple preparation technique and favorable applications
as a template in fabricating nanostructured materials [1-6].
Many kinds of materials have been filled into nanochannels
of PAA membranes to fabricate different nanostructures
such as Ni nanotubules [7], ZnO nanowire arrays [§], PPV
nanotubes (nanorods) [9], and Eu,03 nanotube arrays [10].
Of all the fabricated materials, their magnetic and
luminescent properties are the subjects of many investiga-
tions. So far, little has been done in obtaining alumina
nanotubes (ANTs). Recently, our research group reported
formation of the ANTs from Si-based PAA membrane
[5,11], which are flexible [11] and have important dielectric
properties [12]. However, unruly and fussy process of
fabricating Si-based PAA membrane makes it difficult to
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have reproducibility in obtaining the ANTs. Furthermore,
short lengths of the obtained ANTSs also limit their
applications in requiring high aspect ratio of the nano-
tubes. To improve the fabrication method, we consider
obtaining the ANTs from Al-based PAA membrane and
expect to fabricate metal-nanowire-embedded ANTs with
long lengths, which are a kind of conventional nanocable
prototypes. In this letter, we firstly describe the fabrication
of the ANTs from Al-based PAA membrane and then
report the formation and growth mechanism of the ANTs
wrapping metal (Fe and Cu) nanowires based on micro-
structural observations and spectral analyses. Our experi-
ment results provide a promising way of fabricating
conventional nanocables, which could be expected to have
applications in modern nanoelectronics.

2. Experimental details

High-purity Al foils (99.99%) were used to fabricate the
PAA membranes. The Al foil was firstly electropolished in
a mixed solution of perchloric acid and ethanol (1:5 in
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volume) under a constant DC voltage of 18V for 3 min.
Anodization was conducted in 0.5M oxalic acid under a
DC voltage of 40 V. The electrolyte was maintained at 5°C
and mechanically stirred. Two-step anodic process was
adopted to obtain high qualitative PAA membrane [13], in
which anodic times were set for 3 and 2.5h, respectively.
The obtained PAA membrane was dipped into a solution
of 6wt% H3PO,4 to enlarge the nanopores and thin the
barrier layer at the bottoms of nanopores. Since Fe and Cu
have large difference in electrodeposition, we explored a
series of experimental conditions and then selected Fe
electrodeposition to be performed in an acidic solution of
0.5M FeSO,; and 0.5M H3BO; under a constant DC
voltage of 20V and Cu electrodeposition in a solution of
0.9M CuSO,4 and 0.45M H,SO,4 under 18V. We found
that the use of proper DC voltage is crucial in metal
electrodeposition, which ensures that metal nanowires can
be deposited into nanochannels rather than onto the
surface of the PAA membrane. Since partial voltage drops
across the barrier layer, the applied voltage is higher in our
experiments than that in common eletrodeposition [14].
After electrochemical deposition, surplus Al substrate was
removed using a saturated CuCl, aqueous solution. The
freestanding membrane was then immersed into 0.1 M
NaOH solution to dissolve partial alumina. The resulting
membrane was subjected to ultrasonic vibration in de-
ionized water for 20s and the separated fragments were
finally fished out with Cu grid to carry out transmission
electron microscope (TEM) observations. The microstruc-
ture and chemical compositions of the sample were
characterized using a DI nanoscope IIla Atomic force
microscope (AFM), a LEO 1530VP scanning electron
microscope (SEM) equipped with an EDAX PV7715/89
ME energy dispersive X-ray fluorescence (EDXF) spectro-
metry, and a JEOL JEM-200CX TEM. X-ray diffraction
(XRD) patterns were obtained on an X-ray rotating-anode
diffractometer (D/max-rA, Rigaku) with Cu Ka radiation.
All the measurements were carried out at room tempera-
ture.

3. Results and discussion

Fig. 1(a) shows the AFM image of the as-anodized PAA
membrane with a thickness of >4 pum. A perfectly ordered
nanopore array can clearly be observed. The array shows a
density-packed hexagonal structure with an average
nanopore diameter of ~50nm and interpore distance of
~110nm. A circular protrusion occurs at each corner of
the hexagonal cell. The thicknesses of the pore walls are
inhomogeneous and the thinnest locations are at the
centers between two neighboring protrusions. This is a
key condition for the formation of individual ANTs. With
subsequent ultrasonic vibration, thin boundaries (the
thinnest locations) of some cells will be broken. If six
neighboring pore walls connected with a cell are broken, an
individual ANT will be formed (see the circle in Fig. 1(a)).
This cleavage fashion can easily be seen during our TEM
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Fig. 1. (a) AFM image of the obtained PAA membrane. The circle
demonstrates a cell possibly forming an individual ANT. (b) TEM image
of a row of incompletely detached ANTSs from Al-based PAA membrane.
The arrow shows the broken tube wall. (c) TEM image of a perfect ANT
with some resident tube walls. Its inset presents the SAED pattern of the
ANT.

observation. Furthermore, we found that excessive ultra-
sonic vibration will cause large ruin of the ANTs. On the
contrary, insufficient ultrasonic vibration will lead to
incomplete detachment of the ANTs, as shown in Fig.
1(b), which displays a row of incompletely detached ANTSs
with some broken tube walls (by the arrow). Thus,
adequate ultrasonic vibration is the most crucial condition
for fabricating individual ANTs. In our current experi-
ments, an ultrasonic vibration of 20s was found to be the
best parameter for the ANT fabrication because it always
leads to the formation of numerous individual ANTs from
run to run. However, for different PAA membranes, the
ultrasonic vibration duration is different. For example, for
the PAA membrane with a thickness of >1.5um and a
pore diameter of 80 nm, the ultrasonic vibration duration
should be taken less than 10s so as to obtain the perfect
ANTs [15]. Otherwise large ruin of the ANTs will take
place. For the PAA membrane with a thickness of
<0.5um, even an ultrasonic vibration is not necessary
for obtaining the ANTSs [16]. Here we should stress that our
deduction to the formation mechanism of the ANTs is also
based on the observation of some alumina nanowires
(ANWs) and broken ANTs (see Figs. 2(a) and (b), which
are produced by breaking three neighboring pore walls
connected to a central protrusion. A perfect ANT with
inner diameter of ~80 nm and length of >4 um is shown in
Fig. 1(c). Its tube-like morphology does not change with
tilting the sample holder during our TEM observations.
Some residual tube walls can also be observed clearly (by
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Fig. 2. (a) TEM image of some broken ANTs and ANWs. (b) TEM image
of a bundle of individual ANWs.

the arrow). The inset of Fig. 1(c) presents the correspond-
ing selected area electron diffraction (SAED) pattern. A
broad halo spot reflects amorphous structure of the ANT.
This is consistent with previous XRD result [17]. The
>4 pum length of the obtained ANT is far longer than
several-hundred nanometer length of the ANT from Si-
based PAA membrane. Due to chemical etching in dilute
H5;PO, and NaOH solutions, the inner diameter of the
ANT is larger than that of nanopore in the as-anodized
PAA membrane. Generally, we may infer from the
formation mechanism that intact ANTs and ANWSs should
occupy only a small proportion relative to total products
(intact ANTs, ANWs, broken ANTs, and remaining PAA
segments) from our TEM observations. The amounts are
estimated to be ~10% for the ANTs and ~30% for the
ANWSs. However, high nanopore density of the PAA
membrane will make total throughput of perfect ANT still
very large under adequate ultrasonic treatment. Therefore,
numerous intact ANTSs, similar to those shown in Fig. 1(b),
can be obtained. This indicates that the current fabrication
method is effective in obtaining large-scale ANTs from Al-
based PAA membrane.

Fig. 3(a) shows the cross-sectional SEM image of Fe-
deposited PAA membrane. Though some Fe nanowires in
nanochannels have been lost during sample preparation,

100 nm
-
(c)
= g
354 £ S
230 9% 5
8 251 AIK =
é 2.0 E
el FeL] =
>
Z 15 40 45 50 55 60
2 26 (deg)
E 1.04

Fe K

0.5 4 J

0.0 <
0 3

(b) Energy (keV)

Fig. 3. (a) Cross-sectional SEM image of Fe-deposited PAA membrane.
The arrows show Fe nanowires in the white. (b) EDXF spectrum of Fe-
deposited PAA membrane. Its inset illustrates the corresponding XRD
spectrum. (c) TEM image of an ANT wrapping Fe nanowire. Its inset
displays the corresponding SAED pattern.

some white nanowires marked by the arrows can still be
seen. The EDXF spectrum of this nanowire is presented in
Fig. 3(b). The existence of Fe L and K peaks clearly
indicates that Fe nanowires have been deposited into
nanochannels. Al and O peaks in the spectrum are from the
PAA membrane. The inset of Fig. 3(b) illustrates the XRD
spectrum of Fe-deposited PAA membrane. The (110)
diffraction peak with a lattice constant of ¢ = 0.2866 nm is
very strong and perfectly matches with bce structure of Fe.
Fig. 3(c) displays the TEM image of an ANT wrapping Fe
nanowire with a diameter of ~63 nm. The SAED pattern of
this composite nanotube structure clearly shows some
diffraction spots from Fe (1 10) plane (see the inset of Fig.
3(c). Fig. 4(a) shows the XRD spectrum of Cu-deposited
PAA membrane. The (111) and (331) diffraction peaks
are from Cu nanowires embedded in nanochannels. The
deposition of Cu inside the ANTs is confirmed by our
TEM observations (see Fig. 4(b), which shows a Cu
nanowire embedded in an ANT). The corresponding
SAED pattern clearly exhibits some diffraction spots from
Cu (111) planes (see the inset), indicating that the
deposited Cu nanowires are of crystalline structure. Here,
we should point out that the wall thicknesses of the ANTs
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Fig. 4. (a) XRD spectrum of Cu-deposited PAA membrane. (b) TEM
image of two ANTSs wrapping and unwrapping Cu nanowires, respec-
tively. Its inset exhibits the SAED pattern of the ANT wrapping Cu
nanowire. (c) TEM image of an ANT half-filled with Cu nanowire.

before and after wrapping metal nanowire are very
different (a hollow ANT is also shown in Fig. 4(b)). This
phenomenon may be attributed to the existence of metal
nanowires in nanochannels of the PAA membrane, which
protects the tube walls from lateral etching in NaOH
solution. This attribution can be verified in Fig. 4(c), which
clearly shows a difference between wrapping and unwrap-
ping parts of an ANT. The thickness of the tube wall
obviously changes with the filling status. Finally, we would
like to mention that in our experiments, we found that
more than a half of the obtained individual ANTs have
wrapped metal nanowires in electrochemically deposited
sample, which means that the current fabrication method is
effective in obtaining individual conventional nanocables.

4. Conclusion

We have obtained individual ANTs from Al-based PAA
membrane and the ANTs wrapping Fe/Cu nanowires with
crystalline structure using electrochemical deposition and
ultrasonic vibration. The fabrication condition and forma-
tion mechanism of the ANTs are discussed on the basis of
microstructural characterization. Our experiment results

provide an effective way for fabricating low cost and large-
scale conventional nanocables, which will be useful in
nanodevices. To benefit future practical applications, more
work is needed to further improve the fabrication condi-
tions.
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