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Preparation and Characterization of Ag Nanowires with Gradient Sizes
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Abstract: A new one-dimensional gradient material with graded sizes was prepared. A two-step anodic oxidation

of high purity aluminum was used to fabricate porous alumina templates with graded pore sizes. Based on the

templates, metal silver graded nanowires were obtained by electrochemical deposition. SEM and TEM results

show that the resulted metal silver nanowires have obvious graded diameters with gradient ranging from about 12

to 31 nm along the nanowire direction, and are single-crystalline with a preferential growth along <100 >

direction.
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Since the concept of functionally graded materials
(FGM) is proposed!?, much attention has been paid to
FGM studies. Generally, FGMs were designed with the
gradient distribution of composition and structure, and
the graded structure of FGM is achieved by a
composition gradient from one side of materials to the
other, resulting in gradient properties. It is well-known
that properties of nanometer-sized materials strongly
depend on their sizes. Such size effect offers a new
concept for the design of FGM by size gradient. For
example, as the diameter becomes smaller, some metal

nanoparticles have a gradual increase in resistance ",
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while nanosemiconductors have a size-controlled band-
gap ¥, and thus possibly present some novel tunable
electronic and optical properties. Furthermore, if one-
dimensional nanomaterial (i.e. nanowire, nanotube)
has a graded diameter in one-dimensional direction,
its properties may also present graded change along
the direction because of the size effect. Therefore, the
one-dimensional graded nanowires may be a new
promising FGM.

Recently, there has been an increasing interest in

nanoscaled tips and conical nanostructures, which are

similar to the above-mentioned graded nanowires, due
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to their potential applications in areas such as scanning
probesP, field emitters'®, as well as nanodrills and na-
noidenters”. Several techniques, e.g. optical lithograp-
hy B~ electron-beam or focused-ion-beam lithograp-
hy!"", plasma etching*"*", chemical vapor deposition"*,
laser ablation™, have been employed to fabricate these
nanoscaled tips and conical nanostructures,. However,
the established techniques seem to have technologic
and economic limits in the case of fabricating one-
dimensional graded materials. Until now, there has
been considerable interest in a so-called template-
of one-dimensional structures

synthesis including

[16~18] [19] 120]

nanowires"*"® nanotubes!"”, nanorods™, and nanopill-
ars® based on anodic aluminum oxide (AAO) templa-
te. The AAO template prepared by an anodic oxidation
of aluminum under appropriate electrolyte solutions
and anodizing voltages is with typical self-ordered
nanoporous structures including straight, Y-shaped,
dendriform and torous pores. These pores have been
applied to fabricating Y-shaped, dendriform and
torous nanowires or nanotubes™?!. Here, we report the
fabrication of graded metal nanowires by a simple
method based on the AAO templates with graded pore

diameter prepared by an improved anodic oxidation.
1 Experimental

The preparation of the metal Ag graded

nanowires mainly involves two steps: fabricating the
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ulllllllll
// ; .
i I |

graded nanochannel, which is the key step, and
depositing graded Ag nanowires in the nanochannel.
The procedure is illustrated in Fig.1. Briefly, a high-
(99.999%) was first anodized

in 0.3 mol - L™ sulfuric acid for 30 min to form porous

purity aluminum sheet

alumina membrane on aluminum sheet™”. Then the
membrane was removed in a mixture of phosphoric
acid (6wt%) and chromic acid (1.8wt%) at 40 °C, and
the Al sheet was anodized again in 0.3 mol -L ™'
sulfuric acid under a starting voltage of 10 V for 1 min,
and followed by gradually increasing the voltage to 25 V
in 20 min. During the second-step anodization, the
AAO template with graded pore diameter was formed
because its pore diameter is proportional to the voltage.
Subsequently, Ag was electrochemically deposited into
the graded pores in a mixture solution of silver nitrate
and sulfuric acid with a graphite as electrode under
10 V(AC) for 5 minutes. During this process, the tran-
sparent color of alumina was slowly turned into
golden. Finally, the free-standing graded Ag nanowires
were obtained by removing the AAO template in 10wt%
NaOH solution. The obtained graded nanowires were
characterized by scanning electron microscopy (SEM;
JEM-6700F) and transmission electron microscopy
(TEM; Tecnai F20). XRD measurement was performed
using a D/MAX-2000PC X-ray diffractometer with

Cu Ka incident radiation.

() (d)

(a) high-purity aluminum; (b) the AAO membrane with graded pore diameter produced after two-step anodization;

(¢) nanopores filled with metal after electrochemical deposition; (d) the dispersed graded nanowires obtained after

removing the AAO membrane in NaOH solution

Fig. A schematic diagram for fabricating grade metal nanowires

2 Results and discussion

shows SEM
obtained by gradually

Fig.2

template

of typical AAO

increasing  the

images

anodization voltage from 10 to 25 V in sulfuric acid.

The AAO template exhibits a hexagonal close-packed
pore arrangement. From cross-section observation (see
Fig.2b), it can be seen that pore diameter of the AAO
template has an obvious graded change along pore

depth direction.
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(a) top view; (b) cross-section view
Fig.2 SEM images of the AAO template with
sraded pore sizes
Fig.3 gives XRD pattern of the graded Ag
nanowires obtained by electrochemically depositing
Ag into the above-described AAO template. XRD
results show that the graded Ag nanowires are a face-
centered cubic crystal structure. In the XRD pattern,
the

peak of Ag powders, become very weak, while the

(111) peak, which is the most intense diffraction

(200) diffraction peak become the most intense,
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Fig.3 XRD pattern of graded Ag nanowires in the
AAO template

indicating that the graded Ag nanowires have a
preferential growth along <100> direction.

Fig.4 gives SEM and TEM images of typical Ag
nanowires obtained by the above-described procedure.
It can be seen from the figure that the Ag nanowires
have a gradient diameter along the nanowire direction,

and two terminal diameters are about 12 and 31 nm,

100 nm

Fig.4 (a) SEM image of a bundle of graded Ag nanowires

and (b) the corresponding high-magnification
image; (c) TEM image of single graded Ag
nanowire and the corresponding high-resolution

TEM (inset)
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respectively. According to the previous literatures® ",

the pore diameter of AAO template is proportional to
the anodizing voltage with proportionality constant of
1.29 nm -V~ Tt is reasonable to conclude that the
pore diameter should have a graded change from 13 to
32 nm with increasing the anodization voltage from 10
to 25 V. This shows that the graded Ag nanowires
perfectly copy the graded pores of the AAO template.
From the high-resolution TEM image shown in the
inset of Fig.4c, the deposited metal nanowire is a
single-crystal structure with interplanar spacing of
0.204 nm, which corresponds to the <100> plane of
the face-centered cubic system of Ag, indicating <100>
as the growth direction for the graded Ag nanowires,
which is in agreement with the XRD results.

The electrodeposition based on the AAO template
is promising approach for the preparation of one-
dimensional nanomaterials. A wide variety of metal
and some semiconductor nanowires can be readily
electrochemically produced within the pores "' And
these nanowires faithfully reproduce the shape of the
pores P4, Thus, in principle, many metal and some
semiconductor graded wires can be accomplished by
the template-electrodeposition based on the template
with graded pore diameter. In fact, we have applied
this method to prepare other graded metal nanowires
(e.g. Fe and Bi). Furthermore, many functionally
graded nanowires (e.g. metal oxides, nitrides, sulfides,
achieved by chemical

and phosphide) can be

conversion of the corresponding graded metal
nanowires. This offers a simple but useful approach
for fabricating one-dimensional graded materials.

In summary, we have demonstrated a template-
electrodeposition method for fabricating the graded
metal Ag nanowires based on the AAO template with
the graded pore diameter. Such Ag nanowires may
have a gradual increase in resistance, and even have a
from usual metallicity to

continuous transition

semiconductivity or nonconductivity along one-

dimensional direction.
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