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Highly ordered Ag nanorod arrays were successfully fabricated using a simple chemical deposition
method with the assistance of porous alumina membrane (PAM) template. The products were char-
acterized by scanning electron microscopy (SEM), X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Ag* ions in the PAM nanochannels were reduced by acetaldehyde reagent and result-

ing in the formation of rod array structures. It is found that the diameter of the Ag nanorods is determined
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by the PAM template, and the length of the Ag nanorods is depended on the reaction temperature. The
growth mechanism of the Ag nanorod arrays is investigated in the study.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional nanostructures have attracted extensive
attention because of their unique physical and chemical properties
[1,2] and the potential applications in nanoscale electronic, optical
and mechanical devices [3-6]. Controllable growth of nanostruc-
tures is of great importance for the application of nanostructures
[7,8]. Template assisted synthesis has proved to be a simple
and versatile approach for preparing ordered nanowire, nanorod,
nanoparticle and nanodot arrays in a wide range of materials
[9-12]. Various nanostructured materials have been prepared by
utilizing hard templates such as track-etched polycarbonate mem-
branes [13], PAM templates [14-16] and soft templates such as
polymers [17-18] and surfactants [19,20]. It has been found that
the PAM is a relatively ideal template in producing controllable
nanostructures because it has many desirable characteristics, such
as hexagonal arranged pore arrays, uniform and parallel nanochan-
nels, outstanding mechanical strength and highly thermal stability.
In addition, the PAM thickness, pore diameter, inter-pore distance
and porosity could be easily adjusted by controlling the experimen-
tal parameters, such as anodizing potential, oxidization duration
and electrolyte concentration [21].

Ag exhibits high electrical and thermal conductivity. Recently,
Ag is widely used as catalysts in the fabrication of nanoscale mate-
rials and act as electrocatalytical active surface in the fuel cells
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[22,23]. Nanoscaled Ag structures with well-controlled dimensions
are always preferred for these applications. Several papers reported
that the arranged Ag nanowires or nanorods could be synthesized
by ultraviolet irradiation photoreduction method [24] or cyclic
voltammetry electrodeposition process [25]. However, these meth-
ods need help of light or electrical source and make the experiment
a little more complicated. In order to simplify the synthesizing
process and achieve well-aligned Ag nanostructure, a chemical
deposition method based on PAM template is developed. Wang
et al. reported that evenly deposited Ag nanoparticles could be
easily obtained with the assistance of PAM template via a typical
silver mirror reaction process [26], large amount of Ag nanoparti-
cles were reduced simultaneously and distribute randomly inside
of PAM channels. However, we found that no string-like or rod-
like Ag nanostructures could be synthesized by simply imitating
the experimental parameters. Li et al. reported that the ordered Ag
nanorods could be fabricated by a solvothermal and after-annealing
approach [27]. The after-annealing process was applied to make the
Ag particles coalesced into nanorods, but the additive heat treat-
ment makes the nanorod surface rough, the nanorod discontinuous
and the preparation more complicated. In this paper, we demon-
strate a facile chemical deposition approach to fabricate large-scale
Ag nanorod arrays. During the chemical deposition process, silver
ammonia solution was firstly filled inside of PAM nanochannels.
With the addition of reductant acetaldehyde, Ag* ions were reduced
into nuclei, small Ag particles will slowly grow up in the channels
and finally resulting in the formation of nanorod structures. Obvi-
ously, the diameter of the nanorods depends on the diameter of
PAM channels, and the length of the Ag nanorods can be adjusted by
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Fig. 1. FE-SEM images of ordered PAM templates fabricated after 5 min pore-widening process: (a) top view morphology and (b) cross-sectional view morphology, the inset

in image (b) shows a magnified morphology of cross-sectional structure of PAMs.

controlling the reaction temperature in the experiment. The effect
of temperature on the aspect ratio and morphology of nanorods
was deeply studied.

2. Experimental
2.1. Preparation of template

The ordered hexagonal porous alumina templates were pre-
pared via a two-step anodization process as described elsewhere
[28]. High purity (99.999%) aluminum foils were annealed at 500 °C
in a nitrogen atmosphere for 3h to remove the inner mechan-
ical stress and obtain the homogeneous condition for the later
pore growth. Before anodization, the annealed aluminum foils
were degreased in acetone and ethanol with the assistance of
ultrasonic vibration. To obtain the smooth surface, the treated alu-
minum foils were then chemical polished in a mixture solution of
H3P0O4:H;S04:HNO3 =5:4:1 (volume ratio) for 2 min. First anodiza-
tion was carried out under a constant voltage of 40V in 0.3 M oxalic
acid solution at room temperature. After anodization for 30 min, the
obtained oxide layer was stripped away by immersing in a mix-
ture solution of H3PO4 acid (8 wt.%) and H,CrO4 acid (1.6 wt.%) at
45°C for 30 min. The dissolution of the formed alumina leads to

the patterned aluminum substrates, the regular hexagonal texture
on the top of aluminum acts as a mask for the second anodiza-
tion. Afterwards, the aluminum foil was re-anodized for 1 h under
the same condition as the first step. The remaining aluminum was
removed by dipping in a HCl (9 wt.%) and saturated CuSO4 mixed
solution for 2 min. Then the separated PAM was transferred to a
Si substrate in the aqueous solution. Finally, the whole specimens
were immersed in H3PO4 acid solution (8 wt.%) for 5min at the
temperature of 45 °C to remove the alumina barrier lay and achieve
homogeneous nanochannels, this final chemical etching procedure
was also defined as pore-widening process in the PAM fabrication.

2.2. Fabrication of Ag nanorod arrays

Ag nanorods were synthesized by a chemical deposition
method. Firstly, the reaction beaker (10 ml) was degreased by
washing with dilute NaOH solution (0.4 wt.%) for several times,
this process also provides hydroxyls in the experiment to make
the reaction solutions showing a weak alkaline property. Then
NHj3-H, O solution (4 wt.%) was gradually dropped into AgNO3 solu-
tion (3 wt.%) until the mixture become suspending status, gently
stirring the solution to make the composites uniformly distributed,
the pH value of the mixed solution was measured by a pH water-
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Fig. 2. FE-SEM images of the Ag nanostring/nanorod arrays synthesized under different temperatures: (a) 90°C, (b) 40 °C, top view of Ag nanostring arrays, (c) 40 °C, cross-
sectional view of Ag nanostring structure, (d) 0°C, top view morphology of Ag nanorod arrays, (e) 0°C, cross-sectional view morphology of Ag nanorods structure and (f) EDX

compositional profile of the frame in image (e).
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Fig. 3. TEM images of Ag nanorods: (a) a single Ag nanorod, (b) a bundle of Ag nanorods and (c) a HR-TEM image shows the interface between two Ag crystal grains.

proof meter (EXTECH, Exstik pH100), and it shows that the pH value
of the silver ammonia solution was 8.5. Afterwards, the as-prepared
PAM template was immersed into the mixed silver ammonia solu-
tion for 1 h, make sure the solution was fully dispersed in the PAM
nanochannels, the immersing time should be carefully selected,
since a short immersing time would affect the infiltration between
solution and PAM template, while too long immersing time would
result in the formation of AgzN in the solution. Finally, put the
solution and PAM into a water bath vessel, which could adjust the
solution temperature conveniently. At an appropriate temperature,
add the reductant acetaldehyde (40 wt.%) into the solution slowly,
Ag" ions and acetaldehyde will react fiercely in the PAM nanochan-
nels and resulting in a large amount of nucleation centers, Ag nuclei
would firstly form the small crystal particles and then grow up into
Ag nanorods under the confinement of PAM nanochannels. Five
temperatures (90°C, 70°C,40°C,20°C,0°C)were chosen to control
the reaction rate of the reduction process.

2.3. Characterization

The morphologies of the products were observed by a field
emission scanning electron microscope (FE-SEM) Hitach-S4800.
Transmission electron microscope (TEM) observation was taken on
JEM-2100F, with an accelerating voltage of 200 kV. X-ray diffraction
(XRD) characterization was performed by a PANalytical/XPert-
PRO-MPD diffractometer with Cu Ko radiation (wavelength
1.54056 A). All the SEM images were further analysed by an
Image-Proplus 5.0 software, which could get precise characteris-
tic information directly from the electronic images. For the SEM
and TEM observations, specimens were partially or completely
immersed in 1M NaOH solution to remove the residual PAM tem-
plate.

3. Results and discussion

SEM images of PAM template prepared by two-step anodiza-
tion and pore-widening process are shown in Fig. 1. After chemical
etching in H3PO4 acid solution for 5min, the PAM demon-
strates perfectly hexagonal pore arrays. Fig. 1(a) indicates that
the pore diameter is about 70 nm and the inter-pore distance is
about 100 nm, so the pore density of the PAM sample is nearly
108 pores mm~2. The cross-sectional view morphology of the PAM
template shows that the nanochannels are highly ordered and
parallel to each other, the thickness of the PAM is about 10 pwm
(Fig. 1(b)). The inset in Fig. 1(b) is a magnified cross-sectional image
of the PAM, it further confirms that the nanochannels are perfectly
arranged, they have straight and smooth inner surface as well as
uniform diameters. Since the PAM morphology could be affected
by the anodizing voltage and time, all the PAM samples used here
were anodized under the same anodizing conditions.

Fig. 2 shows the FE-SEM images of Ag nanostructures under dif-
ferent preparing temperatures. All samples are partially immerged
in 1M NaOH solution to remove the PAM template. The product
fabricated at temperature of 90°C is shown in Fig. 2(a), it can be
observed that there is no Ag nanorods formed. The PAM channels
are filled with Ag nanoparticles, the particles adhere to each other
and coalesce into a formicarium-like structure. Fig. 2(b) and (c) are
the images of Ag nanostructures synthesized at 40°C. As shown
in Fig. 2(b), a large number of string-like Ag nanostructures are
synthesized at this temperature. Fig. 2(c) is a cross-sectional view
image of the Ag nanostring structures, the Ag nanostrings are par-
allel to each other, which is well consistent with the highly straight
PAM pore channels. Although the morphology of nanostrings is
much better than that fabricated at high temperatures (Fig. 2(a)),
the outer surface of Ag nanostrings is still not perfect. Fig. 2(d)
and (e) shows the top view and cross-sectional view of the rod-
shape Ag nanostructures synthesized at 0 °C. Obviously, large-scale
aligned Ag nanorod arrays can be found in Fig. 2(d). The Ag nanorods
here are about 2 wm length and parallel to each other. As shown in
Fig. 2(e), the morphology of Ag nanorods is greatly improved. The
EDX spectrum of the white rectangle area in Fig. 2(e) is shown in
Fig. 2(f). There are three peaks found, i.e., the strong Ag peak from
the Ag nanorods, and the weak Al, O peaks due to the residual PAM
fragments.

The individual Ag nanorod fabricated at 0°C is further char-
acterized by the TEM measurement after the PAM template was
completely dissolved. A single Ag nanorod TEM image presented in
Fig. 3(a) reveals that the diameter of the Ag nanorod is about 70 nm,
which is in good agreement with the diameter of PAM nanochan-
nels employed in the experiment (see e.g., Fig. 1(b)). A bundle of
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Fig. 4. XRD pattern of Ag nanorod arrays embedded in PAM template.
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Fig. 5. The dependence of the Ag nanorods’ length on the chemical reaction tem-
perature.

Ag nanorods displayed in Fig. 3(b) indicate that the nanorods are
well aligned even after totally removal of PAM template. A HR-
TEM image corresponding to the white rectangle area in Fig. 3(a)
is shown in Fig. 3(c). It can be seen that an apparent Ag grain
boundary and some lattice defects such as dislocation and stack-
ing faults displayed in the image (as the white arrow pointed out),
which indicates the polycrystal nature of Ag nanorods. Due to the
space restriction of PAM nanochannels, the outer surfaces of the
Ag nanorods become round and smooth. The inset in Fig. 3(c) gives
an enlarged image of the Ag particle, which reveals that the Ag
particles are highly crystalline in nature and the lattice fringes
are spaced 0.24 nm apart along the preferred growth orientation
of [111] direction. It further supports the argument that the Ag
nanorods are composed of Ag nanocrystals.

The XRD spectrum of the Ag nanorods embedded in the PAM
is shown in Fig. 4. It can be seen that there are five peaks in the

XRD spectra, which is corresponding to the (111), (200), (220),
(311)and (222) planes of face-centered-cubic Ag (JCPDS card No.
65-2871), respectively. Due to the amorphous nature of PAM tem-
plate, none Al,03 reflection peaks are observed. It confirms that
the regular and pure Ag nanorod arrays could be obtained by the
simple chemical reduction process.

By comparing the Ag nanostructures synthesized under dif-
ferent temperature, we find that the diameter of Ag nanorods
is determined by the parameters of as-prepared PAM templates,
but the length of Ag nanorods has the relationship with prepar-
ing temperature. To investigate the temperature effects on the
morphology of Ag nanorods, 5 different reaction temperatures
are adopted. The dependence of the Ag nanorods’ length on the
chemical reaction temperature is shown in Fig. 5. Apparently, the
nanorods’ length decreased sharply with the increasing reduction
temperature, i.e., the Ag nanorods have got a length nearly about
2 pm at 0°C, but they only have several tens of nm under the
temperature of 90°C, which means the aspect ratio of nanorods
could be adjusted from 28.3 to 1 in the experiment. The sharp
decrease in Ag nanorods’ length could be ascribed to the high
chemical potential at a relatively high temperature, which makes
silver nanoparticles grow faster. The chemical reactions may be
expressed as:

AgNO; + 3NH3-H,0 — Ag(NH3),0H + NH4NO; + 2H,0 (1)

CH3CHO + 2Ag(NH3),0H
— CH3;COONHy4 +2Ag | +3NH; + H,0 2)

When the Ag* ions are reduced into Ag by acetaldehyde, they
formalotof nuclei. At a high temperature environment, high kinetic
energy makes most of the Ag* ions in the solution are reduced
and form a large number of big Ag nanoparticles simultaneously.
These Ag particles discontinuously disperse in the channels and
form a tousy structure (see e.g., Fig. 2(a)). At low temperature, only
a part of Ag* ions are reduced into Ag nuclei at the beginning, latter

Fig. 6. Schematic diagrams of growth mechanism for the ordered Ag nanorod arrays: (a) Ag nuclei distribute evenly inside of PAM channels, (b) nuclei grow up into
nanoparticles, (c) deep channels were blocked by Ag particles and (d) Ag nanorods were formed near the end of channels.
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reduced Ag tend to absorb or grow on the surface of existing Ag
particles to reduce surface energy, when the particles are grown
up along the PAM channels, the straight and smooth Ag nanorods
are synthesized.

The growth mechanism of the Ag nanorods in the PAM tem-
plate channels is illustrated in Fig. 6. Firstly, the silver ammonia
solution distributes evenly in the channels. With the addition of
acetaldehyde, Ag* ions and reductant react with each other, result-
ing in the formation of a number of small Ag nuclei (Fig. 6(a)).
Small Ag particles are formed and evenly distributed in the PAM
channels (Fig. 6(b)), these Ag particles could provide low energy
sites for the further nucleation and growth. With the increas-
ing of chemical deposition time, more and more Ag particles
deposit near the end of channels because of the sufficient Ag
source is available at these places. This phenomenon will block
the channels and seriously affect the Ag deposition inside the
PAM channels (Fig. 6(c)). At last, regular Ag nanorods are formed
near the end of the channels, but the internal parts of the chan-
nels are filled by discontinuous Ag particles (Fig. 6(d)). From
above descriptions, it could be realized that the chemical reac-
tion rate will affect the Ag deposition inside the PAM channels.
By decreasing the reaction temperature, chemical reactants could
get enough time to diffuse deeply inside the channels before
these channels are blocked, it means the Ag nanorods will get
more Ag source to grow up, and the longer Ag nanorods could be
obtained.

4. Conclusions

In summary, a simple method of chemical deposition silver
into the nanochannels of PAM template is presented. Large-scale
ordered Ag nanostrings were successfully synthesized. The dimen-
sion and the morphology of Ag nanostrings depend on the PAM
template and deposition process. Ag nanorods with the uniform
diameter and controllable aspect ratio could be fabricated by opti-
mizing the reaction temperature. The growth of the Ag nanorods is
affected by the chemical deposition rate of Ag nanoparticles inside
the PAM channels.
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