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ABSTRACT :

Highly ordered and perforated anodic aluminum oxide membranes were prepared by anodic oxi-

dation and subsequent removal of the barrier layer. By using these homemade anodic aluminum

oxide membranes as templates, metal selenide nanowires and nanotubes were synthesized. The

structure and composition of these one-dimensional nanomaterials were studied by field emission

scanning electron microscopy as well as transmission electron microscopy and energy dispersive X-

ray spectroscopy. The growth process of metal selenide inside anodic aluminum oxide channel was

traced by investigating the series of samples using scanning electron microscopy after reacting for

different times. Straight and dense copper selenide and silver selenide nanowires with a uniform

diameter were successfully prepared. In case of nickel selenide, nanotubes were preferentially

formed. Phase and crystallinity of the nanostructured materials were also investigated.
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1. Introduction

Over the past 20 years, the synthesis of nanostruc-

tured materials has been intensively pursued, not only

for their fundamental scientific interest, but also for

their technological applications in diverse areas.1-5)

Among many approaches to synthesize nanostructured

materials, template synthetic method using highly

ordered anodic aluminum oxide (AAO) membranes

has attracted much research interest.6-10) AAO mem-

brane is prepared from aluminum metal by electro-

chemical anodization in an electrolytic cell. While the

technology of AAO and its application has a long his-

tory,11 basic research on self-organization of nano-

structures via AAO templates began much more

recently, with self-organizing and prepattern guided

anodization techniques.12-23) Since the production of

highly ordered AAO nanohole arrays was reported by

Masuda and Fukuda in 1995,12) extensive research has

been devoted to the preparation of nanostructured

materials using ordered AAO template.24-41) The AAO

membranes show remarkable hardness, high pore den-

sity, potentially low cost, uniform pore size, and rela-

tive ease of preparation.

Recently, there has been considerable interest in the

study of copper selenides due to their composition’s

complexity,42 wide applications as solar cell materials

and superionic conductors.43-45) Works were mainly

concentrated on the chemical deposition and phase

transformation of copper selenide thin films.46-48) Dur-

ing the past few years, a number of methods for the

preparation of copper selenide nanocrystals have been

reported.49-56) Silver selenide has been extensively

studied due to its interesting properties.57) It is reported

to be a very good ionic conductor at room temperature
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and behaves as a magneto-resistive material upon

alternation of stoichiometry between respective ele-

ments.58) In addition, silver selenide has a wide range

of applications in nonlinear optical devices,59) photo

chargeable secondary batteries,60) ion-selective

electrodes61) and in various other areas such as infra-

red sensors and photolithographic layers.62) Several

different methods have been reported as routes for the

synthesis of nano-sized silver selenide.63-69) Nickel

selenide has attracted research attention due to its

interesting electronic and magnetic properties and

promising applications.70-74) Many methods have been

employed for the preparation of nickel selenide nano-

structures.75-77)

In our previous work, we developed a general strat-

egy, called paired-cell method,78) for preparing nanow-

ires and nanotubes using AAO templates. This method

has been used to prepare many types of nanostructured

materials, including metal, inorganic salts, and metal

oxides.79-86) Nanostructured materials prepared from

this method promise to have a broad range of impor-

tant applications.

In this work, I further studied the preparation of

metal selenide one-dimensional (1-D) nanostructures

using the paired-cell method. The growing processes

of nanostructured materials in the AAO channel were

studied by investigating the samples using field emis-

sion scanning electron microscopy (FE-SEM) after

reacting for various times. Straight and dense copper

selenide and silver selenide nanowires with a uniform

diameter were successfully prepared. In case of nickel

selenide, nanotubes were preferentially formed. Phase

and crystallinity of the nanostructured materials were

investigated. The diameters of these inorganic nanow-

ires could be controlled easily by varying the prepara-

tion conditions of alumina membrane. Since the

procedure is not material-specific, a wide range of

nano-sized inorganic materials could be prepared by

this method. 

2. Experimental

High-purity plain aluminum foil (thickness 250 µm,

purity > 99.99%, Sigma-Aldrich) was used as a start-

ing material. Oxalic acid was also purchased from

Sigma-Aldrich and used without further purification.

All other reagents used in this study were purchased at

the highest grade possible. Water was purified with a

Nano Pure System (Barnsted).

A Sorensen DCS 300-3.5E DC power supply was

employed as the anodizing unit. A Teflon holder was

used to fix the aluminum foil tightly and define the

exposed area for anodizing. FE-SEM images were

recorded with a JSM 6700F microscope (Jeol). All

transmission electron microscopic (TEM), high-reso-

lution TEM (HRTEM) photographs and elemental dis-

tributions were obtained using a JEM-3000F

microscope (Jeol) at an accelerating voltage of

250 kV. The samples for TEM studies were prepared

by drying a drop of the aqueous suspension of the

nanostructured materials on a piece of carbon-coated

copper grid under ambient conditions. The X-ray dif-

fraction (XRD) pattern was taken by a Rigaku Dmax

2500 diffractometer system. 

The initial holes arrangement of alumina depends

on the surface condition, and there is a tendency to

align into ordered structures when the holes grow in a

vertical direction during an extended period of anod-

ization. In order to obtain a smooth surface, the

annealed aluminum sample was firstly electropol-

ished at 21 V for 2 min in a 61% perchloric acid/95%

ethanol (19/81 by volume) mixture at 2oC before

anodization. After the electropolishing, the surface of

the aluminum foil is shiny and mirrorlike. Highly

ordered AAO templates were prepared by two-step

anodization technique as described previously.13) The

detail procedure is as follow: First-step anodization of

aluminum was performed in 0.3 M oxalic acid with

the applied voltage of 40 V at a temperature around

1oC for 3 h to obtain an ordered porous alumina layer.

After removal of the alumina layer in a mixture solu-

tion of 6 wt% phosphoric acid and 1.8 wt% chromic

acid at 60oC for 6 hr, aluminum with an ordered tex-

tured surface was produced. Then, second-step anodic

oxidation was performed in 0.3 M oxalic acid at 40 V

at a temperature around 1oC for 24 hr. The thickness of

the as-prepared porous aluminum membrane was

about 40 µm.

A saturated HgCl2 solution was used to dissolve the

residual aluminum metal. The perforated AAO mem-

brane was prepared by removing the bottom part (bar-

rier layer) of the membrane by the method described

previously.87) Chemical treatment of the membrane

was made in 5 wt% H3PO4 at 35oC for a given time to

widening the pores.

Paired-cell was constructed using two Teflon half

cells (Fig. 1(c)) and was separated by the homemade

perforated nanoporous AAO membrane.79) Sche-
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matic representation of the paired-cell was inserted in

Fig. 1(c). Physical dimension of the membrane was

1.5 cm2. Solutions of A and B of the same volume and

proper concentration were poured into each half cell.

The cell was then left for a certain time at room tem-

perature. During this stage, A and B would enter and

meet in the AAO nanopore to form AmBn nanowires or

nanotubes. Thus, each pore of AAO membrane served

as a reaction vessel. 

After the nanostructured materials were formed,

they were liberated by dissolving the AAO template in

NaOH aqueous solution. The solution containing

nanostructured materials was cleaned by several

cycles of centrifugation to neutral pH.

3. Results and Discussion

FE-SEM images of the homemade porous alumina

membrane are shown in Fig. 1(a) and Fig. 1(b). The

porous alumina membrane showed well-ordered hex-

agonal arrays of cylindrical pores with a pore density

of about 1 × 1010 cm−2 (Fig. 1(a)). It was seen in the

typical side-view micrograph (Fig. 1(b)) that the pores

of the as-prepared alumina membrane were well-

defined, straight, with smooth inner surfaces. The bar-

rier layer of the AAO membrane was selectively

etched away to prepare perforated AAO template. The

perforated nanostructure was confirmed by FE-SEM

observation.

Paired cell method, which was described in our pre-

vious works,78,79) was used to prepare metal selenide

1-D nanostructured materials. NaHSe was prepared

following the procedure described in ref. 88. With a

2:1 molar ratio of NaBH4 to Se powder in water, the

reaction proceeded according to Eq. (1) with hydrogen

evolution and the formation of NaHSe and Na2B4O7.

(1)

To prepare metal selenide 1-D nanostructures, aque-

ous NaHSe solution is used as one reactant on one side

of the AAO template while aqueous metal salt solu-

tion is used as another reactant on the opposite side of

the template. When preparing metal selenide 1-D

nanostructures, aqueous metal salt and NaHSe solu-

tions of the same volume and proper concentration

were added carefully at the same rate into each half-

cell using burets. The paired cell was then left for a

certain time at room temperature. During this stage,

aqueous metal salt and NaHSe would transport into

the nanochannels of the AAO template by converse

diffusion and meet inside the alumina nanopores to

form metal selenide. Thus, each pore of alumina mem-

brane served as a reaction vessel. Controlled reaction

inside the AAO nanochannel leds to the formation of

metal selenide 1-D nanostructures.

Aqueous CuCl2 and NaHSe solutions of the same

volume and the same concentration (0.010 M) were

very slowly added into each half cell. The cell was

then left at room temperature.

To study the growth process of CuSe inside the

AAO channel, a series of CuSe/AAO nanocomposite

samples after different reaction times were observed

4NaBH
4

2Se 7H
2
O+ +

2NaHSe Na
2
B
4
O
7

14H
2
↑+ +=

Fig. 1. Typical FE-SEM images of the top- (a) and side-

(b) views of the second-step prepared ordered AAO

template. (c) Photograph of the paired-cell used for the

preparation of metal selenide one-dimensional nanostructures.

Inset: Schematic representation of the paired-cell.
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used FE-SEM and the results are shown in Fig. 2. As

can be seen from Fig. 2(a), when the reaction time was

10 min, only small particles were grown in AAO

channel. When the reaction time was up to 60 min,

some short segments of CuSe were formed (Fig. 2(b)).

After reacted for 5 hr, the AAO channel was fulfilled

with CuSe as shown in Fig. 2(c). So, we choose 5 hr as

the reaction time for the preparation of CuSe 1-D

nanostructured materials in AAO channel. The AAO

templates used to prepare CuSe nanomaterials were

pretreated in 5 wt% H3PO4 at 35oC for 16 min to

widen the pores. The diameter of the pores was

approximately 80 nm.

After reacted for 5 hr at room temperature, the

resulting CuSe/Al2O3 composite was thoroughly

washed with deionized water. Then, tshe resulting

composite was immersed in 5 wt.% NaOH for 5 hr to

remove the membrane substrate completely. The

remaining CuSe nanowires were rinsed several times

in deionized water.

The representative low-magnification and higher-

magnification FE-SEM images of the final CuSe

nanowires from the side are shown in Fig. 3(a) and (b),

Fig. 2. FE-SEM images of side-views of CuSe/AAO at

different reaction time stage: (a) 10 min, (b) 60 min and (c)

5 hr.

Fig. 3. Typical (a) low-magnification and (b) higher-

magnification FE-SEM images of CuSe nanowires after

removing the AAO template. (c) EDX spectrum of CuSe

nanowires.
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respectively. It can be seen from the micrograph that

although some broken and defected morphologies are

indeed present, most products consist smooth surface

and uniform diameters. These nanowires were individ-

ually separated from one another. The composition of

the as-prepared CuSe nanowires was characterized by

energy dispersive X-ray spectroscopy (EDX). The

EDX spectroscopy indicated that only copper and

selenide were present in the nanowires and that the

ratio of copper to selenide atoms was 1:1 (Fig. 3(c)).

The structure of as-prepared CuSe nanowires was

also investigated by TEM. After completely dissolv-

ing porous alumina template in 5% NaOH and washed

several times with deionized water. The CuSe nanow-

ires were dispersed in methanol. A drop of the slurry

was placed on nickel grids and allowed to dry prior to

TEM analysis. Fig. 4(a) displays representative TEM

image of CuSe nanowires. The TEM image shows that

the diameter of the CuSe nanowires is about 80 nm.

The diameters approximately equal to those of the

channels of the porous alumina template. The surface

of the nanowires is smooth due to the smooth inner

surface of the porous alumina membrane. Fig. 4(b)

shows the electron diffraction pattern of CuSe nanow-

ires. The elemental distribution of the CuSe nanowires

was also investigated by elemental mapping with the

combined TEM-EDX. A TEM image in Fig. 4(c) and

the elemental mapping images of Cu in d and Se in e

for the same field of view are shown for comparison.

Elemental maps confirmed that the as-prepared CuSe

nanowires exhibit uniform elemental distributions.

The lattice spacing value of 0.338 nm in the high reso-

lution TEM (HRTEM) image (Fig. 4(f)) matched very

well with the (101) lattice plane of copper selenide.

Fig. 4(g) presents the power X-ray diffraction (XRD)

pattern of the as-prepared CuSe nanowires.

From the reaction of AgNO3 and NaHSe aqueous

solutions, we successfully prepared Ag2Se nanowires

by using the paired cell method.

0.020 M AgNO3 and 0.010 M NaHSe aqueous solu-

tions of the same volume were very slowly poured

into each half cell. The cell was then left for 5 h at

room temperature.

After completion of the reaction, the resulting

Ag2Se/Al2O3 composite was thoroughly washed with

deionized water. Then, the resulting composite was

immersed in 5 wt.% NaOH for 5 hr to remove the

membrane substrate completely. The remaining Ag2Se

nanowires were rinsed several times in deionized

water.

Relatively low-magnification and higher-magnifica-

tion FE-SEM images of the as-produced Ag2Se

nanowires are shown in Fig. 5(a) and Fig. 5(b), respec-

tively. Low-magnification FE-SEM image (Fig. 5(a))

shows the wire shaped nanomaterials with length up to

tens of µm. The higher-magnification FE-SEM image

(Fig. 5(b)) further confirms the morphology. Com-

pared with CuSe nanowires, Ag2Se nanowires have

more broken and defected morphologies. The compo-

Fig. 4. TEM image of (a) CuSe nanowires and (b) the

electron diffraction pattern. TEM image of (c) a CuSe

nanowire and element mapping of (d) Cu and (e) Se for the

same field of view. (f) HR-TEM image of CuSe nanowire.

(g) Powder X-ray diffraction (XRD) pattern of the CuSe

nanowires.
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sition of the as-prepared Ag2Se nanowires was also

characterized by EDX. The EDX data revealed that

there were only silver and selenide were present in the

nanowires and that the ratio of silver to selenide atoms

was 2:1 (Fig. 5(c)). The inset in Fig. 5(b) shows a typ-

ical TEM image of Ag2Se nanowires.

1-D NiSe nanostructed materials were prepared

from the reaction of NiCl2 and NaHSe aqueous solu-

tions. Fig. 6(a) shows the FE-SEM micrograph of the

as-prepared 1-D NiSe nanostructed materials. Unlike

the cases of CuSe and Ag2Se, where solid wires were

formed by this method, the tubular shape of NiSe was

obtained. FE-SEM image of the cross-sectional NiSe/

AAO nanocomposite clearly shows the coarse inner

wall of the NiSe nanotubes (Fig. 6(b)). The chemical

composition of released NiSe nanotubes was ana-

lyzed by EDX (Fig. 6(c)). Exclusively strong nickel

and selenium peaks were found in the spectrum. The

Ni/Se ratio of 1:1 deduced from the EDX spectrum is

in accordance with the NiSe composition.

The morphology of the as-prepared NiSe nano-

structured materials were further studied with TEM.

Fig. 7(a) clearly shows the detailled smooth outer wall

and coarse inner wall morphology of the as-produced

NiSe nanotubes. The thickness of the most part of the

tube walls is in the range of 10-20 nm. The grain struc-

ture of the tube walls is apparent in HR-TEM image

(Fig. 7(b)). The crystallites have diameters on the

order of 5-10 nm. 

According to the experimental results, the process

Fig. 5. Typical (a) low-magnification and (b) higher-

magnification FE-SEM images of Ag2Se nanowires after

removing the porous alumina template, and (c) EDX data

of Ag2Se nanowires. The inset in (b) shows the TEM image

Ag2Se nanowires.

Fig. 6. FE-SEM images of (a) NiSe nanotubes after

removing the AAO template and (b) cross-sectional NiSe/

AAO nanocomposite. (c) EDX data of NiSe nanotubes. 
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of growing metal selenide one-dimensional nanostruc-

tures in the perforated AAO channel is illustrated in

Fig. 8.

From FE-SEM and TEM images of CuSe and

Ag2Se nanowires showed above, these nanowires are

fulfilled and no nanotubes observed under present

experimental conditions. The surface of the as-pre-

pared nanowires is smooth. It is thought that the

nanowires are form through process (I) of Fig. 8:

Metal ions and selenide ions diffuse from each side of

the paired cell into the porous alumina membrane to

form AmBn clusters. The clusters are grown since the

metal ions and selenide ions are continuously diffused

into the channel from each side of the cell. After the

clusters are thoroughly grown, the alumina tunnels are

filled up and the reaction stopped. Besides chemical

reaction between metal ions and selenide ions, there is

also crystal transition during the growth of the nanow-

ires in the tunnel. 

Unlike the case of CuSe, the HRTEM image of

NiSe shows small grain structure. Through detailed

TEM observation, it is clear that although more than

90 % (by observing the morphology of 50 as-produced

NiSe 1-D nanomaterials) of the as-produced NiSe 1-D

nanomaterials are containing hollow tubular structure,

there are still small part of the materials having

blocked structure. The reaction time was longered to

study the morphology change. In long reaction times

(5-10 hr), no obvious different morphology was

observed. It is worth mentioning that, compared with the

larger-sized crystals in the CuSe nanowires (Fig. 4(f)),

the wall of NiSe nanotubes was constructed with small

crystal grains (Fig. 7(b)). Accordingly, the growth of

NiSe nanotubes in AAO channel is thought to follow

the process (II) of Fig. 8: Small NiSe crystal grains

were first grown on the AAO inner wall. These grains

were further grown and attached to form walls of nan-

otubes inside the AAO channel. Due to the blocking

up of some part of the channel, the reaction is stopped

before the clusters are thoroughly grown in the AAO

inner wall. 

4. Conclusions

In summary, CuSe and Ag2Se nanowires as well as

NiSe nanotubes were successfully prepared using per-

forated AAO nanochannel as reaction vessel. The

morphology and composition of these 1-D nanomate-

rials were revealed by FE-SEM, TEM and EDX,

respectively. The growing processes of nanostruc-

tured materials in the AAO channel are studied by

investigating the samples using FE-SEM after reacting

Fig. 7. (a) TEM and (b) HR-TEM images of NiSe nanotubes.

Fig. 8. Schematic illustration showing the process of

growing metal selenide one-dimensional nanostructures in

perforated AAO channel: (I) the process to form nanowires,

(II) the process to form nanotubes.
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for different times. The method is very simple yet

powerful and can be extended to a large variety of

nanostructured materials with different chemistries

and properties, e.g., rare-earth fluoride and metal

oxide nanomaterials.
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