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ABSTRACT: Stoichiometric Bi2Te3 and its derived alloy nanotube arrays such as n-type Bi2Te3-ySey and p-type Bi2-xSbxTe3 were
successfully electrodeposited into the nanochannel of anodic alumina oxide (AAO) by a potentiostatic or galvanostatic method at room
temperature. X-ray diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy, and energy dispersive spectroscopy were
employed to characterize the nanotube arrays. The outer diameter of the nanotubes ranges from 200 to 220 nm, and the wall thickness is
about from 40 to 70 nm. The possible formation mechanism of the nanotube arrays was discussed, and several significant factors, such as
the AAO nanochannel diameter, the thickness of Au layer, and the rate of reaction, were also studied.

Bi2Te3 and its alloys, which have a high thermoelectric figure
of merit ZT, are now considered the best thermoelectric materials
at room temperature.1,2 It is suggested3–5 that the thermoelectric
properties of nanostructures would be significantly enhanced
compared to their bulk counterparts. To improve the thermoelectric
properties further, many attempts have been made to prepare one-
dimensional (1D) nanomaterials including nanowires and nanotubes
of Bi2Te3 and its alloys. Since single nanowires or nanotubes may
not be suitable for thermoelectric applications, some groups reported
their work on the preparation of nanowire arrays of Bi2Te3 and its
alloys by electrodeposition using a porous anodic alumina oxide
(AAO) template,6–10 and this method is considerably simple,
inexpensive, and effective. The electrodeposition can be performed
at room temperature with low energy consumption and can be
controlled by adjusting the current or potential. As AAO has
nanosized channels from ∼10 nm to several hundred nanometers
in diameter with high pore density (up to 1010/cm2), controllable
channel lengths, and beneficial mechanical stability, it is possible
to fabricate 1D nanomaterials using the template. Since a thermo-
electric device should have two legs just like Bi2Te3-ySey and
Bi2-xSbxTe3 assembled in parallel, the two kinds of 1D material
arrays are very important. On the basis of the mode of phonon-
glass/electron-crystal (PGEC) suggested by Slack,14 Zhao pointed
out that the fullerene-related structures, such as nanotubes, would
greatly improve the thermoelectric properties of materials because
a nanotube possessed both holey and low-dimensional structure
features.15 Although Stacy’s group11–13 have prepared Bi2Te3,
Bi2Te3-ySey, and Bi2-xSbxTe3 nanowire arrays by electrodeposition,
the preparation of nanotube arrays of Bi2Te3, Bi2Te3-ySey (n-type),
and Bi2-xSbxTe3 (p-type) has not yet been reported. Here, ordered
Bi2Te3 and its derived alloys nanotube arrays with large scale and
high density have been successfully prepared with AAO templates
by electrodeposition at room temperature. The X-ray diffraction
(XRD), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS) and energy dispersive spectroscopy (EDS) were
employed to characterize these nanotube arrays.

Experimental Procedures. Electrodeposition was performed on
a CHI660a (ChenHua Shanghai, China) workstation. A three-
electrode system consisting of a saturated calomel electrode (SCE)

reference electrode, an alumina/Au composite working electrode,
and a Pt wire counter electrode was employed. The working
electrode was prepared as follows: a layer of Au was sputtered
(Gatan PECS 682) onto one side of AAO (Φ13, 0.2 µm pores, and
60 µm thickness, Whatman Corp.) to make the surface electrically
conductive, and a Cu wire was connected to the Au layer with Ag
paint. The Au side and edges of the alumina template were then
insulated with clear nail polish to ensure the electrodeposition could
only occur on the other side of the AAO. The process of
constructing the composite electrode is illustrated in Figure 1. Figure
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Figure 1. Schematic representation of the approach used to construct
the composite electrode for deposition.
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2 shows the preparation of Bi2Te3 and its derived alloys nanotube
arrays. A stock solution of Sb(III) was obtained by dissolving SbCl3
in 1.26 M tartaric acid to form a Sb-tartaric complex. Stock solutions
of HTeO2

+ and Bi3+ were acquired by dissolving Te (Acros
Organics, 99.8%) and Bi(NO3)3 ·5H2O in concentrated HNO3

(65-68%), respectively. The stock solutions were added with
different ratios into a volumetric flask of 100 mL, and then diluted
with water. The pH values were adjusted to 1.0 by HNO3. Solution
A contains 7.0 mM of Bi3+ and 10 mM of HTeO2

+, solution B
contains 7.5 mM of Bi3+, 5.0 mM of HTeO2

+, and 5.0 mM of
H2SeO3, and solution C contains 1.9 mM of Bi3+, 5.6 mM of SbO+,
and 10 mM of HTeO2

+. These three solutions were used as
electrolyte in the experiments. The nanotubes could be electro-
deposited either under a constant potential of -0.3 V or at a constant
current density of 1.0 mA/cm2. For control experiments, homemade
AAO template with 50-60 nm pores was used.

When the reaction was performed for an appropriate time (usually
2–6 h), the nanochannels were completely filled with Bi2Te3

deposits, and it could be found that the surface of AAO turned
black because overfilled products covered on the top surface of
the AAO. The AAO filled with Bi2Te3 nanotube arrays was then
rinsed with double-distilled water and absolute ethanol sequentially
and dried in air at room temperature.

The overfilling of the nanotubes on the AAO surface could be
removed by careful polishing before XRD measurements. The
experiments were performed on a Rigaku D/Max-RA X-ray

diffractometer in the range of 20° e 2θ e 60° with graphite
monochromatized Cu KR radiation (λ ) 1.5418 Å). SEM images
were obtained by a scanning electron microscope (Philips XL 30
Series ESEM, using an accelerating voltage of 20 kV) after etching
the AAO template using a 5 M NaOH solution for several minutes.
XPS analysis was carried out on a ESCALB MK-II X-ray
photoelectron spectrometer with a Mg KR radiation (1253.6 eV).
The binding energy was calibrated with reference to the C 1s level
of carbon (284.6 eV). The chemical composition of the nanotube
arrays was also determined by an energy dispersive spectroscope
attached to a FESEM (LEO-1530VP).

Results and Discussion. Figure 3 shows the XRD results of
samples a-c obtained through potentiostatic electrodeposition in
solutions A, B, and C, respectively. It can be seen in Figure 3 that
all the samples are crystalline and of single phase. Figure 3a is in
agreement with that reported in the literature (JCPDS 82-0358) and
indexed to be pure hexagonal phase. The [110] peak is stronger
than expected for a random polycrystalline sample, indicating that
the preferred direction of the Bi2Te3 nanotubes is the [110] direction.
This is the optimal orientation for the thermoelectric application
of Bi2Te3.11 Figure 3b is the XRD pattern of sample b; the peaks
are shifted to smaller d spacings compared to pure Bi2Te3 and fall
in the middle of those observed for Bi2Te3 (PDF 82-0358; a )
4.395 Å, c ) 30.44 Å) and Bi2Te2Se (PDF 29-0247; a ) 4.280 Å,
c ) 29.86 Å). Figure 3c is the XRD pattern of sample c; the peaks
are shifted to smaller d spacings compared to pure Bi2Te3 and fall
in the middle of those observed for Bi2Te3 (PDF 82-0358; a )
4.395 Å, c ) 30.44 Å) and Bi1Sb1Te3 (PDF 72-1835; a ) 4.330Å,
c ) 230.40Å). Because in Figure 3b,c there is only one set of peaks
for every plane, we can confirm that the formation is of a single
phase.

Galvanostatic electrodeposition was also used to obtain Bi2Te3

and its alloy nanotube arrays, and the XRD pattern of Bi2Te3

prepared by galvanostatic electrodeposition was exactly the same
as that of Bi2Te3 obtained through potentiostatic electrodeposition.
However, compared with potentiostatic electrodeposition, galvano-
static electrodeposition was not suitable to assemble Bi2Te3-ySey

and Bi2-xSbxTe3 nanotube arrays, because the deposition potential
was not stable enough; thus the chemical composition of Bi2Te3

Figure 2. Schematic representation of preparation of Bi2Te3 and its
derived alloy nanotube arrays.

Figure 3. XRD patterns of (a) Bi2Te3, (b) Bi2Te3-ySey, (c) Bi2-xSbxTe3 nanotube arrays by potentiostatic electrodeposition. The inset shows the
shift of the (110) peak.
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derived alloys with more than two elements was not stable. The
potentiostatic method was selected to fabricate all samples.

Figure 4a-c shows the SEM images of the Bi2Te3 after the
template was partially removed with 5 M NaOH solution for
different times. Figure 4, panels a and c, are the images that typically
present the top-view and indicate that the filling ratio is very high.

Figure 4d is the Bi2Te3-ySey nanotube arrays, and 4e is the
Bi2-xSbxTe3 nanotube arrays. These images obviously indicate
nanotube arrays of Bi2Te3 and its derived alloys.

In the images, it can be clearly observed that the wall thickness
of nanotubes is about from 40 to 70 nm, and the outer diameters
of nanotubes are uniformly distributed between 200 and 220 nm,
which matches the diameter of the nanochannels. The electrodepo-
sition may follow a bottom-up and out-in mechanism; namely, the
deposit nucleates at the bottom of the pores and grows along the
pores to the top. At the same time, the electrodeposition occurs
from the inside wall of the AAO nanochannel to the inner space.
This mechanism can be explained as the deposition only occurred
on the electric conduction place, first on the place covered with
Au and then on the deposit itself. Au is one of the key points of
this experiment. By controlling the thickness of the Au layer and
the position of sputtering, nanotube arrays can be obtained.16

The EDS result of sample b is presented in Figure 5, which
verifies that the nanotubes consist of Bi, Te, and Se. Taken together,
the EDS and XRD results confirmed the electrodeposition of a
single phase and indicated an approximate composition of
Bi2Te2.3Se0.7.

Figure 4. SEM images of nanotube arrays after the AAO is partially removed. (a) Top view of sample a (Bi2Te3 deposit) after 10 min of etching.
(b) Surface view after 15 min of etching of sample a. (c) Typical image of sample a after etching for just 2 min, which indicates the high filling
ratio. (d) Sample b (Bi2Te3-ySey) after 15 min of etching. (e) Sample c (Bi2-xSbxTe3) after 15 min of etching.

Figure 5. EDS of Bi2Te3-ySey nanotube arrays.

Communications Crystal Growth & Design, Vol. 8, No. 3, 2008 773



The composition of sample c is determined by XPS as shown in
Figure 6. The peaks located at 157.7 and 163 eV are assigned to
Bi(4f); the peaks at 572.45 and 582.85 eV correspond to Te(3d),
and the peaks at 528.5 eV, 537.85 eV are assigned to Sb(3d). The
quantification of the peaks gives a ratio of Bi/Sb/Te ) 1.1:0.9:3,
which verifies the analysis from XRD results.

The diameter of the AAO nanochannel and the thickness of the
Au layer sputtered on the AAO played important roles in preparing
large area, high-filling, and continuous Bi2Te3 nanotube arrays. It
can be seen in Figure 7 that Bi2Te3 nanowire arrays were obtained
instead of nanotube arrays when the diameter of AAO was changed

to 50-60 nm. The other reason why nanotube arrays, but not
nanowire arrays, were obtained can be ascribed to the thin Au layer
sputtered on the AAO. The Au layer did not cover the pores of
AAO completely,17 and the inside surface of the channel near the
bottom may also be sputtered with Au. The Bi2Te3 and its derived
alloys are preferentially nucleated and deposited on the Au layer
and then grow along the axis direction along the nanochannel to
form nanotube arrays (bottom-up and out-in mechanism). The rate
of electrodeposition is another important factor for the formation

Figure 6. XPS spectra of the Bi2-xSbxTe3 nanotube arrays assembled
in the nanochannels of AAO: (a) Bi 4f, (b) Te 3d, and (c) Sb 3d.

Figure 7. SEM image of Bi2Te3 nanowire arrays in 50-60 nm AAO
template.

Figure 8. SEM images of Bi2Te3 nanowire arrays at high current density
over 2.50 mA/cm2.
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of nanotubes. In the galvanostatic electrodeposition, nanotube arrays
can be obtained only at low current densities (0.1, 0.25, 0.50, 0.75,
1.00, 2.50 mA/cm2). If the current density is over 2.50 mA/cm2,
only nanowire arrays can be obtained (Figure 8).

Conclusion. High-filling, uniform, ordered, stoichiometric
Bi2Te3 and Bi2Te3 derived alloys n-type Bi2Te3-ySey and p-type
Bi2-xSbxTe3 nanotube arrays have been successfully prepared by
both potentiostatic and galvanostatic electrodeposition into the
nanochannels of AAO at room temperature. The outer diameter of
the nanotubes is about 200-220 nm, and the wall thickness is about
40-70 nm.

We expect that this method can be extended to synthesize other
materials, and these products can be used in thermoelectric devices
in further research.
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