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During template-assisted electrodeposition, single-crystalline metallic nanowires could be obtained only when
the overpotential is low. However, an unusual electrodeposition behavior on the PAA/Si substrate without a
conductive interlayer between the template and Si is described in the present study. Through the electrical
breakdown of the template, Ni nanodots, nanowires and nanotubes could be obtained by only changing the
electrodeposition voltage on the same substrate. The mechanisms leading to the formation of various
nanostructures are described in detail and compared with those for the conventional template-assisted
electrodeposition process. The electrodeposition first occurred on the pore wall instead of from the underlying
substrate, leading to the formation of some Ni nanotubes at a more negative voltage. Besides, single-crystalline
Ni nanowires could also be formed even when the electrodeposition voltage was as negative as-40 V,
indicating that the formation of single-crystalline metallic nanowires under a large overpotential is possible.

Introduction

Recently, template-mediated growth has become one of the
popular methods to fabricate nanostructures over a large area.1-3

Well-aligned and dimension-controlled nanostructures can be
obtained through the deposition of materials into the nanochan-
nels of a membrane. Among the membrane materials, porous
anodic alumina (PAA) is usually used for the template-mediated
growth due to its ease of production. By varying the anodization
conditions, the characteristics of PAA can be easily controlled.4,5

Because of its thermal stability and chemical inertness, the
fabrication of nanostructures using PAA as a template can be
conducted under many different conditions.

For the template-mediated growth, many processes are
adopted to fabricate nanostructures, such as the vapor-, solution-,
and electrochemistry-based methods, etc.6-8 For the vapor-based
methods, the deposition rate is usually too high so that the pore
mouths will be closed before the materials can be fully deposited
into the channels. For the solution-based methods, the low filling
efficiency is the main problem because the capillarity is the
only driving force to guide the transport of materials in the
channels. For the electrochemistry-based methods (especially
for the electrodeposition), the growth of the nanostructures is
field-assisted and usually selectively occurs at the conductive
area of the substrate, which makes it possible to avoid the
closure of the pore mouth and to increase the filling efficiency.
Besides, the cost of the sources and the equipments for
electrodeposition is relatively low, reducing the capital invest-
ment of the whole process. Therefore, the electrodeposition is
now considered as a powerful tool for template-mediated growth
of nanostructures.

For template-mediated electrodeposition, conventionally, a
conductive layer must be coated on one side of the membrane
as the electrode for electrodeposition. Without a conductive
layer, the filling efficiency of materials into the channels is quite
low. Moreover, for the fabrication of one-dimensional nano-

structures, single-crystalline nanowires of Cu, Ag, Au and some
low melting point metals (such as Pb and Bi) can be obtained
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Figure 1. Dependence of the current on electrodeposition time at
different voltages on 300 nm thick PAA/Si substrates.
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if a lower overpotential is used during electrodeposition.
However, for the high melting point metals such as Ni, Co and
Pt, the growth of single-crystalline nanowires via electrodepo-
sition is very difficult and has not been reported till now.9,10 In
this study, an unusual electrodeposition behavior of Ni is
presented, using the PAA on Si without a conductive layer as
a template. Ni nanostructures with different aspect ratio could
be obtained through this process. The filling efficiency still
exceeded 90% even though a conductive layer was not
introduced between the PAA and the substrate. Besides, some
single-crystalline Ni nanowires were obtained when the elec-
todeposition was conducted under a large overpotential. For this
reason, this process can be considered as a potential method to
fabricate single-crystalline nanowires of some materials that are
difficult to be obtained in the conventional template-mediated
electrodeposition.

Experimental Section

The Al film of high purity was deposited on the n-type silicon
substrate (Silicon Inc., (100), 1-10 Ω cm) by e-beam evapora-
tion under the pressure of 10-6 Torr. A two-step anodization
was conducted to improve the ordering of the channels in the
PAA template.11 To improve the filling efficiency, the barrier
layer at the PAA/substrate interface was removed by immersing
the anodized specimen into a 5 wt % H3PO4 solution at 30°C.
In our previous study, the pore bases became arched at the
alumina/Si interface when the Al film was consumed com-
pletely.12 The formation of the arched pore base is beneficial

to the removal of the barrier layer because the barrier layer is
partially destroyed. The barrier layer can thus be completely
removed after chemical etching at 30°C for 20 minutes. A
potentiostat (EG&G, model 263A) was also used to confirm
the complete removal of the barrier layer by monitoring the
current transient. The current density for the barrier layer-
removed alumina/Si substrate is about 10 times that of the as-
anodized one when the applied voltage is-3 V. The cathodic
dc electrodeposition of Ni was performed in an aqueous solution
composed of NiSO4 (330 g/L), NiCl2 (45 g/L) and H3BO3 (35
g/L). The working electrode, counter electrode and reference
were the PAA/Si substrate, a platinum sheet and silver/silver
chloride, respectively. The solution was not stirred during the
whole electrodeposition process. After electrodeposition, a Ni
layer containing nanostructures could be obtained by removing
the PAA template in a 5 wt %NaOH solution. For the sake of
comparison, the electrochemical deposition of Ni was conducted
on PAA with a conductive Au interlayer inserted between the
PAA and the Si substrate. Some blank Si substrates were also
used for electrodeposition to further understand the electrodepo-
sition behaviors of Ni on the PAA/Si substrates. The morphol-
ogies of the electrodeposited specimens were observed by a
scanning electron microscope (Hitachi S4100) and field emission
transmission electron microscope (Hitachi FE-2000).

Results and Discussion

Figure 1 shows the current variations recorded for the
electrodeposition of Ni for different substrate arrangement. For

Figure 2. Surface morphologies of the as-electrodeposited substrates [(a) and (b) for the blank Si substrates, (c) and (d) for the 300 nm thick
PAA/Si substrates, (e) and (f) for the 600 nm thick PAA/Si substrates). The applied voltage was-2 V for that in images (a), (c) and (e), and was
-3 V for that in images (b), (d) and (f).
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the electrodeposition on the PAA/Si substrate with a conductive
Au interlayer under the PAA template, the current variation
revealed the typical three stages of the growth of nanowires,13

as shown in Figure 1a. Stage I indicates the deposition of Ni
into the channels. Stage II shows the formation of caps at the
end of nanowires outside the channel and stage III shows the
formation of planar Ni layer on the PAA surface. Figure 1b
shows the current variation for the electrodeposition of Ni on
the 300 nm thick PAA/Si substrate without a conductive
interlayer. The current decreased in the beginning and reached
a steady state in the subsequent electrodeposition process for
all the applied voltages, quite different from that shown in Figure
1a. This indicates that the deposition mechanisms of Ni were
probably different for the different substrates. Besides, no
obvious fluctuation in current was observed for the electrodepo-
sition on the PAA/Si substrate without a conductive layer, even
when the applied voltage was as negative as-40 V. Only a
few bubbles were found on the electrode for all the electrodepo-
sition voltages, implying that the hydrolysis of water on the
PAA/Si substrate was quite low. It is not clear why the
hydrolysis reaction cannot readily occur on the PAA/Si substrate
without a conductive layer; however, the low degree of the
hydrolysis reaction reduces the possibility of obstructing the
electrodeposition at more negative voltages by gas bubbles.

To further investigate the electrodeposition behavior of Ni
on the PAA/Si substrate without a conductive interlayer, the
electrodeposition was also conducted on the blank Si substrate.
Figure 2a shows the surface morphologies of a Si substrate after
the electrodeposition of Ni at-2 V for 10 min. Some Ni
particles were formed, but with a very low density of about
1.45 × 104 cm-2. Even for a more negative applied voltage
(-3 V), the density of Ni particles only slight increases (3.15
× 104 cm-2), accompanying the formation of Ni particles of
larger size (Figure 2b). The dominant carriers of n-type Si are
electrons. When a negative voltage was applied on the n-type
Si (forward bias),14 the electrons should easily be driven to the
Si/solution interface and reduce the metal ions to form the
deposit. Nevertheless, the results of Figure 2a,b indicate that
the deposit does not prefer to nucleate on the Si substrate. The
low nucleation density of metal on the semiconductor can be
attributed to the low interaction energy between the absorbed
metal atom and the substrate, as well as the required larger
critical nucleus size compared with that on the metallic
substrate.15

Part c and d of Figure 2 show the surface morphologies of
300 nm thick PAA/Si substrates after electrodeposition. The
densities of Ni particles were about 2.5× 106 and 4× 106

cm-2 when the electrodeposition was conducted at-2 and-3
V, respectively. When a 600 nm thick PAA/Si substrate was
used for electrodeposition, the densities of Ni particles were
7.7 × 105 and 1.18× 106 cm-2 for voltage at-2 and-3 V,
respectively (Figure 2e,f). These results indicate that the density
of Ni particles decreased with the increase of the PAA thickness.
In our previous study, it was found that no deposit was observed
on the pore wall and the underlying Si when the electrodepo-
sition voltage was more positive than-2 V.11 As the applied
voltage was more negative than-2 V, Ni began to deposit at
the outer surface of PAA instead of the underlying Si. It was
suggested that the unusual electrodeposition behavior was caused
by the electrical breakdown of PAA that would lead to the
formation of negatively charged pore wall. It is well-known that
the pore wall is composed of the pure oxide at the inner part
and the anion-contaminated oxide at the outer part. The
conductivity of the anion-contaminated oxide is higher than the

pure oxide.16 Owing to the limited thickness of the template,
electron avalanches due to the electrical breakdown of the anion-
contaminated oxide might occur under the applied electrodepo-
sition voltage in the present study, even though the calculated
field strength was only about 105 V cm-1 for the electrodepo-
sition voltage of-3 V. The surface of the template could be
considered as the cathode for electrodeposition. The electric field
across PAA would decrease as the thickness of PAA was
increased, leading to a reduced nucleation density of Ni because
the nucleation density is dependent on the magnitude of
overpotential.17

Another interesting phenomenon is that the density of Ni
particles is higher on the PAA/Si substrate than that on the blank
Si substrate under the same electrodeposition conditions. In
addition to the factor of interaction energy mentioned above,
other factors may also affect the electrodeposition of metal on
the different substrates used. Because the pore wall of PAA is
composed of pure oxide at the inner part and anion-contaminated
oxide at the outer part,16 the existence of defects on the anion-
contaminated oxide will provide more nucleation sites during
electrodeposition. It may be one possible reason the density of
Ni particle is higher on the PAA/Si substrate than that on the
blank Si substrate.

Figure 3 shows a high-magnification image of a 300 nm thick
PAA surface in the initial period of electrodeposition at-2.0
V. In the beginning, the deposition occurred in local area (the
white area) on the PAA surface, like those shown in Figure 3a.
The subsequent electrodeposition of Ni prefers to occur at the

Figure 3. High-magnification image of 300 nm thick PAA surface in
the initial period of electrodeposition at-2.0 V for (a) 30 s, (b) 90 s,
and (c) 150 s.
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deposited regions, leading to the growth of Ni particles, as
shown in Figure 3b,c. Two important issues were revealed from
the results in Figures 2 and 3. First, the electrical breakdown
occurs randomly at local regions of PAA. The density of the
breakdown regions increases with the applied voltage. Nucle-
ation will first occur at these breakdown sites, unlike the
homogeneous nucleation of deposit on a conductive substrate.
Second, in the prolonged electrodeposition, a continuous planar
Ni layer will be observed on the PAA surface, implying that
the formation of the Ni layer is contributed by the continuous
nucleation and lateral growth of the as-grown Ni particles.

After the electrodeposition, the PAA template was removed
by immersing the specimen in a 0.5 wt % NaOH solution and
the Ni layer containing nanostructures was observed from the
side facing the PAA/Si interface, as shown in the schematic
diagram of Figure 4. Figure 4a-d shows the Ni nanostructures
obtained under various voltages on the 300 nm thick PAA/Si
substrates. At a less negative voltage (-2.0 V), only Ni nanodots
could be observed on the backside of the Ni deposit, implying
that the filling of ions into pores was terminated soon after the
beginning of the electrodeposition. When the applied voltage
became more negative (-8 V), some Ni nanowires were formed
in addition to nanodots, like those indicated by arrows in Figure
4b. The fraction of nanowires in the deposits increased when
the applied voltage became more negative, as shown in Figure
4c,d. Similar deposition behaviors were also observed if a 600
nm thick PAA/Si substrate replaced the 300 nm thick one. Figure
4e shows the Ni nanowires obtained on the 600 nm thick PAA/
Si substrate (the electrodeposition voltage was-40 V). The

diameter and the length of the nanowires are 60 and 600 nm,
respectively, coinciding with the characteristics of the PAA
template. These results indicate that most of the channels of
PAA can be completely filled as the electrodeposition voltage
is negative enough, though there is no conductive layer
introduced between PAA and Si substrate.

As mentioned above, the electrodeposition of Ni on the PAA
substrate without a conductive interlayer is contributed by the
electrical breakdown of the PAA template. The electron
avalanches caused by the electrical breakdown transformed the
PAA substrates to be negatively charged, which in turn could
be the cathode for the electrodeposition of Ni. Owing to the
geometry factor, the electric field at the pore mouth would be
higher than that at the pore walls, implying that the deposition
rate of Ni would be higher at the pore mouth. Moreover, at a
less negative voltage, the migration of ions into channels driven
by the electric field is low. Therefore, the deposition of Ni into
channels would be self-terminated at the electrical breakdown
regions and keep on growing laterally till the metal spread over
the whole electrode area, leading to the formation of Ni nanodots
by the partial filling of the pores near the top surfaces.

At a more negative voltage (-8 V), the pore walls of some
channels would suffer severe electron avalanches and be highly
negatively charged, enhancing the migration of ions into these
channels. Some channels were completely filled during elec-
trodeposition and formed nanowires, like those shown in Figure
4b. As the voltage became much more negative (20-40 V),
the fraction of pores with highly negatively charged pore wall
would increase and more pores could be completely filled during

Figure 4. SEM images of the Ni layer containing nanostructures obtained at different voltages: (a)-2.0 V, (b)-8.0 V, (c)-20 V, (d)-40 V and
(e) -40 V. The thickness of PAA used for images of (a)-(d) is 300 nm, and the thickness of PAA used for (e) is 600 nm.
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electrodeposition. In fact, the density of Ni nanowires also
increased with the increase of the applied voltage, as shown in
Figure 4c,d.

Except the nanowires, some nanotubes were also formed as
the electrodeposition was conducted at-40 V, as shown in
Figure 5. The inset in Figure 5 shows the TEM image of the
nanotube, indicating that the one-dimensional structure is
hollow. Because the electrodeposition was contributed by the
electrical breakdown of the template, the pore walls were highly
negatively charged at a more negative voltage. The electrodepo-
sition could first occur on the whole surface of the pore walls,
followed by the growth of Ni toward the center of the channel.
Some pore mouths may be closed before the channels were
completely filled, leading to the formation of the nanotubes.
As the pore mouths were closed after the channels were
completely filled, the nanowires were formed. Figure 5 can
further confirm that the deposition began on the pore wall
instead of from the bottom of the channel if the electrodeposition
was conducted at a more negative voltage. The results in Figures
4 and 5 revealed that the electrodeposition behaviors on the
PAA/Si substrate without a conductive interlayer are mainly
voltage-dependent, but not time-dependent.

Finally, another unusual phenomenon different from those
obtained in the conventional template-mediated deposition

deserves to be mentioned here. Figure 6 shows the TEM images
of Ni nanowires formed at-40 V. Parts a and b of Figure 6
show the low-magnification image and high-resolution lattice
image of polycrystalline Ni nanowires, respectively. It is clear
that a single nanowire was composed of many grains. Several
rings can be observed in the electron diffraction pattern (the
inset of Figure 6b), indicating that the nanowire is polycrys-
talline. Expect for the polycrystalline ones, some single-
crystalline Ni nanowires were also formed at-40 V. Parts c
and d of Figure 6 show the low-magnification image and high-
resolution lattice image of single-crystalline Ni nanowires,
respectively. The diffraction patterns obtained at the different
points of a single nanowire are all the same, implying that the
nanowire is single-crystalline. For the preparation of metal
nanowires, the growth of single-crystalline nanowires is related
to the 2D nucleation.18 During electrodeposition, generally, new
grains will grow when the size of nucleus exceeds the critical
dimensionNc.19 A largerNc is favorable to the growth of a single
crystal. For the 2D-nucleation, the critical dimensionNc can be
expressed asNc ) bsε2/(Zeη)2 , whereb, s, ε, Z, andη are a
constant, the area occupied by one atom on the surface of the
nucleus, the edge energy, the effective electron number and the
overpotential,19 respectively. During electrodeposition, the only
parameter one can control directly is the overpotentialη. A low
η is favorable for the growth of the single-crystal becauseNc is
large. However, in our study, single-crystalline nanowires could
also be formed even under a very large overpotential. Therefore,
there must be some other factors that affect the formation of
the single-crystalline nanowires on the PAA/Si substrate. Except
for the nucleation conditions, the growth of the nanowire is also
time-dependent. A very large overpotential (for example,-40
V in the present study) may prefer the growth of new grains
during electrodeposition. However, for the electrodeposition on
the PAA/Si without a conductive layer, Ni ions would be
strongly driven into some channels with highly negatively
charged pore walls. These pores were completely filled rapidly
before the growth of a second grain, leading to the formation

Figure 5. Morphologies of Ni nanowires and nanotubes obtained at
-40 V on the 600 nm thick PAA/Si substrate.

Figure 6. TEM images of Ni nanowires obtained under the electrodeposition at-40 V: (a) bright field and dark field images of the polycrystalline
Ni nanowire, (b) high-resolution lattice image of the polycrystalline Ni nanowire, (c) bright field and dark field images of the single-crystallineNi
nanowire, and (d) high-resolution lattice image of the single-crystalline Ni nanowire. The insets in images (b) and (d) show the diffraction patterns
of polycrystalline and single-crystalline Ni nanowires, respectively.
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of the single-crystalline nanowires. Therefore, it is believed that
this process is beneficial to the preparation of single-crystalline
nanowires that are difficult to obtain by conventional template-
mediated techniques.

Conclusion

In the present study, an unusual electrodeposition behavior
on the PAA/Si without a conductive layer between the template
and Si was described. The current decreased continuously during
the whole electrodeposition process, unlike that obtained on the
PAA/Si substrate with a conductive layer between the template
and Si. No obvious hydrolysis of water on the substrate surface
was observed even when the applied voltage was as negative
as-40 V. The deposition occurred at the local regions of PAA
in the beginning, and a planar Ni layer was finally formed due
to the continuous nucleation and lateral growth of Ni particles.
At a less negative voltage (-2 V), a Ni layer containing only
nanodots was formed. As the electrodeposition voltage became
more negative, some nanowires would also be formed and the
density of nanowires increased with the increase of the applied
voltages. Besides the polycrystalline nanowires, some single-
crystalline nanowires were also formed when the electrodepo-
sition voltage was-40 V. The results in the present study show
that the electrodeposition behaviors on the PAA/Si substrate
without a conductive layer between the template and Si are
mainly voltage-dependent.
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