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We report a facile, economic, and generic way to mono- and multisegment metallic nanowires (MNWs)
of various pure metals (e.g., Au, Pt, Pd, Cu, Ni, and Co) and their alloys with both linear and branched
topologies, by merely infiltrating aqueous solutions of metal chloride salts into Au-coated native porous
anodic aluminum oxide template with Al foil on its outside edge. Redox reactions of two galvanic cells
where the Al foil acts as the anode are responsible for the formation of the MNWs. Redox reaction of
the top galvanic cells on the surrounding Al foil leads to the formation of metal atoms on the Al foil
surface, which subsequently diffuse away from the Al foil and into the nanochannels. Simultaneously,
redox reaction of the bottom galvanic cell where the Au layer serves as a cathode results in the formation
of metal atoms on the top surface of the bottom Au layer, followed by crystal nucleus formation and
growth upward the channels to form short MNWs. With the elongation of the infiltration duration, the
diffusing metal atoms coming from the top galvanic cells reach the tips of the growing MNWs, and
combine with those on the MNW tips coming from the bottom galvanic cell, resulting in longer MNWs
under the nanochannel geometrical confinement. The approach enables excellent control over the
composition, location, length, and diameter of the individual segments and the topology of the overall
NWs that are promising for many applications in nanotechnology.

Introduction

Metallic nanowires (MNWs) have been the focus of
intensive research because of their attractive electrical,
optical, magnetic, and thermal properties, with potential
applications in microelectronics, optoelectronics, magnetic
manipulation, biotechnology, catalysis, and sensors.1-10

Tremendous efforts have been devoted to the synthetic
approaches of the MNWs, mainly including porous-template-
assisted synthesis3,8-20 and capping-agent-controlled crystal

growth.5,21,22 Comparatively, porous-template-assisted electro-
deposition11-15 and electroless deposition16-20 are the most
popular techniques. However, for the porous-template-
assisted electrodeposition, electric power is required, whereas
for the conventional porous-template-assisted electroless
deposition, metallic ions are typically reduced in the presence
of organic surfactants,17,20 and pore walls of the template
are usually modified via a complex sensitization-preactivation
process.16-19 Here, neither electric power nor organic sur-
factants, nor modifying on the pore walls is required, by
simply infiltrating aqueous solutions of metal chloride salts
into native porous anodic aluminum oxide (AAO) template
with ring-shaped Al foil surrounded on its circumjacent
outside edge and an Au layer coated on the bottom surface
side (ab. Au-coated, Al-surrounded AAO template), we
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report a generic synthetic approach to mono- and multiseg-
ment MNWs of various pure metals (e.g., Au, Pt, Pd, Cu,
Ni, and Co) and their alloys with both linear and branched
morphologies. The formation of the MNWs is attributed to
redox reactions of two galvanic cells to form metal atoms
and subsequent nanochannel-confined growth. The obtained
MNWs with tunable composition and morphologies have
potentials in nanodevices and nanosystems.

Experimental Section

Preparation of the MNWs. The Al-surrounded AAO templates
were prepared via a two-step anodization process.23 The ring-shaped
surrounding Al foil was achieved by protecting a circumjacent part
of the Al foil from the electrolyte during the whole fabrication
process of the AAO template (see Figure S1 in the Supporting
Information). An Au layer (100 nm) was sputtered onto one planar
surface side of the Al-surrounded AAO template with two-end-
through pores. Aqueous solution of metal chloride salts (2 mL)
was infiltrated into the Au-coated, Al-surrounded AAO template
mounted in a simple polymethyl methacrylate (PMMA) holder
(Figure 1a). The whole infiltration was performed at 25 °C. After
infiltration, the template, together with the resultant products, was
taken out from the holder, rinsed with deionized water, and dried
at room temperature. The AAO template embedded with the
resultant products exhibits an intense dark color, being much
different from its initial golden color (see Figure S2 in the

Supporting Information). For MNWs of elemental Au, Pt, Pd, Cu,
Ni, and Co, aqueous solutions of their corresponding water-soluble
salts of HAuCl4 ·4H2O, H2PtCl6 ·6H2O, (NH4)2PdCl4, CuCl2 ·2H2O,
NiCl2 ·6H2O, and CoCl2 ·6H2O were used, respectively. Compound
NWs of metal alloy AuPt were obtained by using a mixed aqueous
solution of HAuCl4 ·4H2O and H2PtCl6 ·6H2O. Two-segment NWs
of Au and Ni were achieved by sequentially infiltrating aqueous
solutions of HAuCl4 ·4H2O and NiCl2 ·6H2O into the same piece
of Au-coated, Al-surrounded AAO template. Three-segment NWs
of Au-Ni-Au were synthesized via sequential infiltration with
aqueous solutions of HAuCl4 ·4H2O, NiCl2 ·6H2O, and HAuCl4 ·
4H2O. It should be noted that before infiltrating the metal chloride
aqueous solutions, insulating adhesive tapes were stuck on most
surface of the Al foil and only leave a very narrow ring-shaped
part exposed.

Characterization of the MNWs. The morphology and structure
of the MNWs were characterized by using X-ray diffraction (XRD,
X’ Pert Pro MPD), scanning electron microscopy (SEM, SIRION
200), transmission electron microscopy (TEM), high-resolution
TEM, and selected area electron diffraction (HRTEM/SAED, JEM-
2010). For SEM and TEM observations, the MNWs were released
by dissolving the AAO templates in a 3 M NaOH aqueous solution,
and then washed repeatedly with deionized water.

Results and Discussion

As chloride ions can break down the surface alumina layer
on pure Al foil,24 and pure Al has a lower redox potential
[Al3+/Al, -1.67 V vs SHE (standard hydrogen electrode)]25

than that of a large variety of metallic ions, here we have
developed a simple, economic, and generic method for
fabricating MNWs by infiltrating aqueous solutions of metal
chloride salts into the Au-coated, Al-surrounded AAO
template, based on redox reactions of two galvanic cells to
form metal atoms and subsequent nanochannel-confined
growth. Figure 1 schematically shows the formation of the
MNWs inside the nanochannels of the Au-coated, Al-
surrounded AAO template. When metal chloride aqueous
solution is filled in the simple setup and reaches the
surrounding Al foil on the outside region, chloride ions in
the solution will etch away the dull alumina layer on the
pure Al foil and pure Al is exposed. Redox reactions of two
galvanic cells in which the exposed Al foil serves as an anode
lead to simultaneous formation of zero-valence metal atoms
(M0) on both top surface of the surrounding Al foil and the
bottom Au layer at the initial stage of the infiltration process
as follows: (i) The lower redox potential of Al (Al3+/Al)
than that of a large variety of metallic ions (Mn+/M) enables
the spontaneous electron transfer from the Al foil (oxidation)
to the metallic ions, leading to the reduction of the metallic
ions into metal atoms on the top surface of the Al foil. In
these galvanic cells, some locations on the Al foil surface
serve as anodes, where Al is oxidized into Al3+ that
subsequently enters into the solution

The electrons then transfer to the cathodes (some other
locations on the Al foil surface) across the Al foil itself,
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Figure 1. Schematic for the formation of the MNWs inside the vertically
aligned nanochannels of the Au-coated, Al-surrounded AAO template. (a)
The simple setup for the formation of the MNWs. (b) The detailed formation
process of the MNWs, with three different representative stages: stage 1,
metal atom formation on both the Al foil top surface and the bottom Au
layer; stage 2, crystal nucleus formation and NW growth from metal atoms
coming from the bottom galvanic cell; and stage 3, NW growth from metal
atoms coming from both the top and bottom galvanic cells.

Al f Al3+ + 3e-
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where the metallic ions in the solution gain electrons and
are reduced into metal atoms

(ii) The formation of metal atoms on the bottom Au layer is
accomplished via the redox reaction of a galvanic cell similar
to that reported previously,26 in which the Al foil acts as an
anode where Al dissolution takes place, whereas the Au layer
(in good electrical contact with the Al foil) serves as a
cathode, where metal atom deposition occurs. The redox
reactions on the electrodes are the same as those described
in the previous part (i).

The detailed formation process of the MNWs in the
nanochannels is illustrated in Figure 1b. At the initial stage
of the infiltration process, metal atoms are formed simulta-
neously on both the Al foil via redox reactions of the top
galvanic cells on the surrounding Al foil and the bottom Au
layer via redox reaction of the bottom galvanic cell where
the Al foil acts as an anode and the Au layer serves as a
cathode (stage 1). When metal atoms on the Al foil surface
start to diffuse away from the Al foil and some will diffuse
into the nanochannels because of the concentration gradient,
those formed on the bottom Au layer nucleate and grow
upward the channels from metal atoms continuously formed
via redox reaction of the galvanic cell where the formed
MNWs (together with bottom Au layer) serves as cathodes.
In this galvanic cell, the electrons on the Al foil top surface
transfer (through ring-shaped Al foil) down to the bottom,
and then through the Au layer to the MNWs. Subsequently,
metallic ions in the solution gain electrons on the tips of the
MNWs and metal atoms are formed (stage 2). With the
elongation of the infiltration duration, the diffusing metal
atoms coming from the top galvanic cells will reach the tips
of the MNWs, and combine with those on the MNW tips
coming from the bottom galvanic cell, resulting in longer
MNWs under the nanochannel geometrical confinement
(stage 3). Theoretically, MNWs of any metals could be
achieved if their corresponding water-soluble chloride salts
are employed and their metallic ions have a higher redox
potential than that of Al. Herein, we shall describe Au
nanowires (NWs) achieved via simply infiltrating the Au-
coated, Al-surrounded AAO template with aqueous solution
of HAuCl4 ·4H2O (AuCl4

-/Au, +1.002 V vs SHE);25 one can
easily extend this approach to MNWs of other metals (e.g.,
Pt, Pd, Cu, Ni, and Co).

After the template is infiltrated with HAuCl4 aqueous
solution and dried, XRD measurement (Figure 2a) confirms
that the resultant products embedded in the AAO template
are crystalline gold with face-centered cubic (fcc) lattice
structure (JPCDS 04-0784). SEM observations (images b
and c in Figure 2) show that large quantities of Au NWs,
with all the wires having the same diameters and each wire
having uniform diameter along its axis, have been achieved.
It should be mentioned that the diameters of the Au NWs
are about 55-60 nm, in agreement with the diameter of the
nanochannels inside the template (prepared in C2H2O4

electrolyte). Figure 2d is a TEM image of a typical single

Au NW. SAED pattern taken from this NW (Figure 2e) can
be ascribed to fcc single-crystal gold viewed along the [011]
orientation, revealing that the Au NWs are single crystalline,
which is further confirmed by lattice-resolved image (Figure
2f). We then carefully examined the lengths of the Au NWs
located in three areas with different distances from the
boundary of surrounding Al and AAO template (see Figure
S3 in the Supporting Information). The results show that
the closer the nanochannels are to the Al-AAO boundary,
the longer the NWs formed in the corresponding channels
would be. This could be ascribed to the shorter diffusion
distance of the Au atoms coming from the surrounding Al
foil, and local temperature increase of the solution near the
Al foil, which is caused by redox reactions of the top galvanic
cells, leading to faster diffusion of Au atoms into the
nanochannels near the Al-AAO boundary.

The formation mechanism of the MNWs has been con-
firmed in the following. As for the Al reduction of metallic
ions into metal atoms, we immersed a piece of Au-coated
native AAO template without surrounding Al foil into
HAuCl4 aqueous solution for 1 h, there was no change in
color (see Figure S4a in the Supporting Information),
indicating that no Au products formed. However, when we
immersed the same piece of Au-coated native AAO template
into the same HAuCl4 solution and then dropped a very small
piece of Al foil in the solution, as expected, the Au-coated
native AAO template became dark from golden (see Figure
S4b in the Supporting Information), implying that Au
products (atoms or NWs) were formed inside the nanochan-
nels of the template. Therefore, the surrounding Al foil plays
a key role in the reduction of AuCl4

- ions to Au atoms.
To further confirm the formation mechanism of the

MNWs, we have carried out a similar infiltration process by
using an Al-surrounded AAO template without bottom Au
layer. After the template was infiltrated with HAuCl4 aqueous
solution, we found a small amount of Au NWs deposited in
the nanochannels near the Al foil (see a and b in Figure S5(26) Qu, L. T.; Dai, L. M. J. Am. Chem. Soc. 2005, 127, 10806–10807.

Mn+ + ne- f M0

Figure 2. Au NWs achieved in a 10 mM HAuCl4 aqueous solution with
infiltration duration of 3 h. (a) XRD pattern taken from the NWs embedded
in AAO template. (b) Low-magnification SEM image of the Au NWs (top-
view) after template removal. (c) High-magnification SEM image of a bundle
of the Au NWs (side-view). (d) TEM image of a single NW. (e) SAED
pattern taken from the Au NW shown in (d). (f) HRTEM image of the
same NW.
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of the Supporting Information). Without the bottom Au layer,
it is obvious that the only source for the Au atoms is from
redox reactions of the top galvanic cells on the Al foil
surface. These results provide a convincing evidence for the
diffusion of the Au atoms into the nanochannels to form Au
NWs. The diffusion of Au atoms in the solution can be
ascribed to the atom concentration gradient. For pure
diffusion in the solution, the flux of Au atoms is described
with Fick’s first law as follows

Where J is the flux of Au atoms, D is the diffusion coefficient
of Au atoms, and dC/dx is the concentration gradient of Au
atoms. After the infiltration of HAuCl4 aqueous solution into
either Au-coated, Al-surrounded AAO template or Al-
surrounded AAO template without bottom Au layer, we can
observe some golden products floating on the solution and
some black products staying on the exposed Al foil when
the area of the Al foil exposed in the solution is too large.
These products were confirmed to be Au clusters by SEM
and energy-dispersive spectroscopy (EDS) (see c and d in
Figure S5 of the Supporting Information). This is attributed
to the formation of large amount of Au atoms on the Al foil
in a short time because of the large area of Al exposed to
the solution. It should be mentioned that macroscopic clusters
on the Al foil surface would prevent subsequent redox
reactions. The solution to this problem is to leave only a
very narrow ring-shaped part of the Al foil surface exposed
in the solution. Under this condition, no macroscopic clusters
are formed even if the diffusion of Au atoms is slow, because
the occurrence of concentration polarization on the cathode
will make the reduction of the metallic ions into metal atoms
slow, resulting in a balance for total amount of Au atoms
on the Al foil.

To investigate the detailed formation process of the
MNWs, we purposely prepared one sample with very short
infiltration duration. SEM observation reveals that very short
Au nanorods (or even nanodots) are formed on the bottom
Au layer (see Figure S6 in the Supporting Information),
indicating that the formation of the NWs initiates at the
bottom Au layer. This result provides evidence that some
Au atoms are formed via redox reaction of the bottom
galvanic cell, where the Au layer serves as a cathode. We
then deliberately synthesized another three samples with the
same HAuCl4 concentration with longer infiltration durations.
SEM observations of these Au NWs (from the three samples)
at locations with similar distances from the Al-AAO
boundary show that longer infiltration duration results in
longer Au NWs (see Figure S7 in the Supporting Informa-
tion), indicating that with the elongation of the infiltration
duration, the NWs grow longer and longer under the
nanochannel confinement.

Further experiments demonstrate that higher HAuCl4

concentration also leads to longer Au NWs (see Figure S8
in the Supporting Information) under the same infiltration
duration, which could be ascribed to more Au atoms
achievable from higher HAuCl4 concentration. In addition,

our experiments show that the diameters of the resultant Au
NWs are in agreement with those of the nanochannels inside
the templates used in the infiltration process (Figure 2c and
Figure S9 in the Supporting Information, Au NWs achieved
from the templates with different pore diameters prepared
in C2H2O4 and H2SO4 electrolyte, respectively), further
demonstrating the nanochannel-confined growth of the
MNWs. Therefore, Au NWs with desired length and diameter
can be achieved by simply tuning the HAuCl4 concentration,
infiltration duration, and pore diameter of the template used.

On the basis of what we have demonstrated for Au NWs,
other water-soluble metal chloride salts with their metallic
ions having a higher redox potential than that of Al (see Table
S1 in the Supporting Information) could also be used to
achieve their corresponding MNWs by using our approach.
For example, MNWs of element Pt, Pd, Cu, Ni, and Co have
been already achieved (Figures S10-S14 in the Supporting
Information). Moreover, compound NWs of metal alloys
consisting of the above-mentioned metals could also be
achieved if a mixed aqueous solution of the two desired metal
chloride salts is utilized in the infiltration process (see Figure
S15 in the Supporting Information, compound MNWs of
metal alloy AuPt). Furthermore, segmented MNWs consist-
ing of different metals or alloys with distinct properties could
also be achieved by sequentially infiltrating the corresponding
aqueous solutions of metal chloride salts into the same piece
of Au-coated, Al-surrounded AAO template. Figure 3 shows
two-segment MNWs consisting of nonmagnetic metal Au
NW as one segment and magnetic metal Ni NW as its
neighboring segment. SEM observation (Figure 3a) shows
that the two segments have different contrasts, and EDS
measurements reveal that the right compositions of the
materials have been deposited in sequence (see Figure S16
in the Supporting Information). Figure 3b is a TEM image
of the two-segment NW of Au and Ni, and SAED patterns

J ) -D
dC
dx

Figure 3. Two-segment MNWs consisting of nonmagnetic metal Au and
magnetic metal Ni. The Ni segments were achieved in a 5 M NiCl2 aqueous
solution with infiltration duration of 20 min, whereas the Au segments were
obtained by a subsequent infiltration in a 10 mM HAuCl4 aqueous solution
for 1 h. (a) Side-view SEM image, with a black dashed line showing the
interface of the two segments having different contrasts. (b) TEM image
near the junction area, along with the SAED patterns taken from (c) the
Au segment and (e) the Ni segment, respectively, and (d) lattice-resolved
image of the Au-Ni interface.
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(c and e in Figure 3) taken from the two segments reveal
that the dark contrast segment is single-crystalline Au NW,
whereas the light contrast segment is polycrystalline Ni NW.
Lattice-resolved image (Figure 3d), taken on the junction
interface of Au and Ni segments, reveals that Au (111) plane
is nearly parallel to Ni (111) plane. Similarly, multisegment
MNWs with individual segments having distinct properties
also could be achieved via multiple sequential infiltrations.
For example, three-segment MNWs consisting of nonmag-
netic metal Au NW, magnetic metal Ni NW, and nonmag-
netic metal Au NW in sequence, have been achieved (see
Figure S17 in the Supporting Information). Finally, our
approach could not only be used for linear MNWs (as all
those demonstrated above) but also be extended to produce
MNWs with branched morphology or even more complex
shapes (e.g., multiple generations of Y-branching and
multiple branchings from one stem), if AAO template with
the corresponding complex-shaped nanochannels is used.27

As an example, we have demonstrated MNWs with the
simplest branched morphology, i.e., Y-branched NWs of Au,
as shown in Figure 4.

After our paper was published online (ASAP), it was said
that a similar approach had already been used for the
fabrication of Cu NWs.28 We eagerly read the paper and
found that the formation mechanism of Cu NWs in the
reported paper is also based on redox reactions of the
galvanic cell. However, our approach differs from the
reported method and has some advantages as follows: (i) In
the reported method, the Al foil is separated from the AAO
templates and stuck on the Au layer by using a conductive
paste; in our approach, the Al-surrounded AAO templates
were achieved in our fabrication process of the AAO

template. This special structure facilitates good electrical
contact between the Al foil and Au layer and makes the
experimental manipulation much easier and convenient. For
our approach, we also found that metal atoms responsible
for the formation of MNWs were formed not only on the
Au layer but also on the surrounding Al foil surface. (ii) In
the reported method, the whole template was immersed in
the solution; in our approach, the solution was infiltrated into
the Al-surrounded AAO templates from their top surfaces.
This can avoid large-area contact between the Al foil and
the solution. (iii) In the reported method, the solution used
was mixed solution of copper sulfate and boric acid. Using
such mixed solution, Cu NWs can be obtained with long
reaction time (7 h to several days). Therefore, the reported
method is suitable for the fabrication of Cu NWs; in our
approach, the aqueous solution is merely containing metal
chloride salt suitable for preparing a large variety of MNWs
with short infiltration duration (tens of minutes to several
hours). Therefore, our method is a generic approach. It should
be mentioned further that because the chloride ions can break
down the surface alumina layer on the Al foil,24 the use of
metal chloride salts facilitates redox reactions of the galvanic
cells in our approach.

Conclusion

In summary, by merely infiltrating Au-coated, Al-
surrounded AAO template with aqueous solutions of metal
chloride salts, we have developed a facile, low-cost, and
generic way to large-scale arrays of various MNWs, based
on redox reactions of two galvanic cells to form metal
atoms and subsequent nanochannel-confined growth. By
simply selecting the desired water-soluble metal chloride
salts, tailoring their aqueous solution concentrations,
tuning the infiltration sequence and durations, and infil-
trating the solutions into the nanochannels of the AAO
template with desired channel diameter and morphology,
we can achieve both linear and branched mono- and
multisegment MNWs of various metals and their alloys,
with each and every segment having desired chemical
composition, location, length, and diameter. From the
point of view of methodology, our approach to MNWs is
generic (suitable for a large variety of metals). Compared
with the most popularly used porous-template-assisted
electrodeposition of MNWs,11-15 the present method is
energy saving (without using electric power); whereas
compared with the conventional porous-template-assisted
electroless deposition of MNWs,16-20 our approach is
facile (no modification with functional silanes, Ag, or Pd
particles on the pores) and green (without using organic
surfactants). Our simple, economic, and generic approach
paves the way for the future nanotechnology where large
quantities of predesigned MNWs are required.
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Figure 4. Y-branched Au NWs achieved in a 10 mM HAuCl4 aqueous
solution with infiltration duration of 2 h. (a) Low-magnification SEM image
of a bundle of the Y-branched Au NWs after template removal, with a
white arrow marked on the interface showing the locations where the
Y-branchings take place. (b) High-magnification SEM image of the NWs
near the Y-junction region with stems and branches about 80 and 50 nm in
diameter, respectively. One of the Y-junction is contoured in white lines
for clarity.
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Note Added after ASAP Publication. After this paper
was published ASAP on March 27, 2009, the authors were
made aware of details of a published paper dealing with a
similar topic. Reference 28 and the last paragraph of the
Results and Discussion were added, and the updated version
of this paper was published ASAP on May 14, 2009; minor
revisions were made on May 18, 2009. Also, the Supporting

Information file for the version of this paper published ASAP
March 27, 2009 contained errors; the corrected version
published ASAP March 31, 2009.
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