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Microwave-assisted synthesis of nanocrystalline Bi2Te3
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Abstract

Nanocrystalline Bi2Te3 was synthesised via a microwave-assisted polyol method. Elemental Te and bismuth nitrate were used as Te and
Bi source, respectively. The product was characterized by powder X-ray diffraction (XRD), selected area electron diffraction (SAED), X-
ray photoelectron spectra (XPS) and transmission electron micrographs (TEM) measurements. The as-prepared Bi2Te3 was found to be the
mixture of nanorods (20–50 nm in width and 200–400 nm in length) and hexagon nanoflakes (with edge length ranging from 90 to 150 nm).
The possible mechanisms were also discussed.
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. Introduction

Semiconductor chalcogenides of the V–VI groups (espe-
ially the V2VI3-type) find applications in television cameras
ith photoconducting targets, thermoelectric devices, elec-

ronic and optoelectronic devices and infrared spectroscopy
1,2]. Although the bismuth–telluride based alloys are known
s the best thermoelectric materials currently available for

hermoelectric application near room temperature[3,4], the
ctual efficiency of the devices based on these materials is still

oo low to be used as the preference selection[5,6]. However,
atter theoretic[7,8] and experimental results[9] have shown
hat the quantum confinement effects in nanostructured mate-
ials can improve the efficiency of thermoelectric materials
reatly, therefore, the synthesis of nanostructural Bi2Te3 and

ts alloys has been the focus of recent research.
Metal chalcogenides were conventionally synthesised

hrough the metallurgical melt processing by mixing the
ppropriate amounts of the pure elements at elevated tem-
erature (typically 500–600◦C) in the evacuated tubes

10,11]. Other synthetic routes are also hindered more or
ess by the difficulties of the involved complex, expensive

organometallic precursors[12–14]and/or toxic gaseous H2S,
H2Se and H2Te [15]. Recently, much easier methods, s
as the chemical[16] and mechanical alloying[17] meth-
ods, solvothermal-reduction synthetic technique[18–20]and
electrodeposition[21–23] were used to prepare nanostr
tured bismuth–telluride based alloys.

Here, we report a synthesis of Bi2Te3 nanocrystals throug
the microwave-assisted polyol method, where the polyol
as both the solvent and the reducing agent. To the be
our knowledge, there is no other report on the preparati
Bi2Te3 by the microwave-assisted polyol method. The ap
cation of microwaves in inorganic chemistry just began in
late 1980s[24]. Whittaker and Mingos have used microw
heating in the synthesis of metal chalcogenides via solid-
reactions and in some liquid-phase synthetic reactions in
ing metal powders[25]. Gedanken and co-workers[26–28]
have found that the microwave irradiation greatly facilita
the use of the polyol method for the preparation of bin
chalcogenides (including Bi2Se3 [28]).

2. Experimental
∗ Corresponding author. Fax: +86 25 83317761.
E-mail address: jjzhu@nju.edu.cn (J.-J. Zhu).

All reagents were commercially available and used with-
out further purification. The X-ray diffraction (XRD) pat-
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terns of the products were recorded with a Philip X’pert
X-ray diffractometer (using Cu K� irradiation,λ = 1.5418Å).
The X-ray photoelectron spectra (XPS) of the products was
recorded on ESCALAB MK II X-ray photoelectron spec-
trometer, using non-monochromatized Mg K� radiation as
the excitation source and choosing C 1s (284.6 eV) as the
reference line. The products were investigated by transmis-
sion electron micrographs (TEM) and selected area electron
diffraction (SAED) using a JEM-200CX (JEOL, 200 kV).
TEM samples were prepared by placing a drop of the products
suspension on a copper grid coated with the amorphous car-
bon film. The grid was then air-dried. The microwave-assisted
reaction was carried out in a microwave oven equipped with
a refluxing system (operate frequency, 2.45 GHz; power,
365 W).

In a typical procedure, bismuth nitrate (Bi(NO3)3·5H2O,
2 mmol) and potassium hydroxide (KOH, 0.5–4 g) were dis-
solved in 30 mL of solvent (ethylene glycol, glycerol, or
the mixture of glycerol and water) by gentle heating in the
microwave oven. Then stoichiometric quantities of elemental

Fig. 1. XRD pattern of as-prepared Bi2Te3.
Fig. 2. XPS spectrum of as-prepared Bi2Te3.
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Fig. 3. TEM and SAED (inset) images of as-prepared Bi2Te3.

telluride powder (Te, 3 mmol) were added into the mixture.
The reactions were conducted for 0.5–6 h. At the end of
the reaction, a great amount of black precipitate occurred.
After cooling to room temperature, the precipitates were cen-
trifuged, washed with water and absolute ethanol in sequence,
and dried under vacuum at room temperature.

3. Results and discussion

The typical XRD pattern shown inFig. 1 indicates the
final product is crystalline, and can be indexed to the hexag-
onal Bi2Te3 phase (PDF #15-0863). And we found that if
the reaction was conducted for long enough time, the differ-
ent reaction solvent (i.e. ethylene glycol, glycerol, or mixture
of glycerol and water) exerted no effect on the XRD results,
that is, Bi2Te3 of hexagonal phase can be obtained in all these
different reaction solvents.

Fig. 2 shows the XPS spectra of the as-prepared Bi2Te3.
The binding energies of Bi (4f) and Te (3d) were found to
be 158.7 and 575.55 eV, respectively. Quantification of the
relevant XPS peaks gave an atomic ratio of 2.000:2.976 for
Bi:Te, which is consistent with the expected value.

The TEM images of the final product shown inFig. 3indi-
cates that the obtained Bi2Te3 were rods with the aspect ratio
of about 10:1 (length/diameter: 200–400 nm/20–50 nm), and
h nm.
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4. Proposed mechanism

The preparation of Bi2Te3 in glycerol or ethylene glycol
was based on the polyol process[30,31], in which the polyol
acts as both the solvent and the reducing agent. The polyol
solvents, overheated due to microwave irradiation, has much
higher reducing ability and therefore, can easily reduce the
metal ion to the metal in the zero state. Then, further reac-
tion involving these metallic particles can be performed. In
our experiments, the reduced bismuth particles reacted with
tellurium to form Bi2Te3.

Bismuth nitrate is soluble in either ethylene glycol or glyc-
erol, and can be easily reduced to bismuth because of its low
reduction potential (Bi3+ + 3e− → Bi0 0.308 V). When the
reaction was conducted in the absence of Te, metallic Bi was
obtained as evidenced by the XRD measurement. While in
the presence of Te, much metallic Bi0 was also found at the
early stage of the reaction, and its quantity decreased during
reaction processing (Fig. 4). These result in the following
mechanism—Te reacts with Bi0 reduced by polyol to form

F min.
exagonal flakes with edge length ranging from 90 to 150
i2Te3 has a layered structure and, as Wang et al.[29] dis-
ussed, it is easier for it to form the hexagon flake-like cry
han to form the wire-like crystals during growing, just
ts isomorphs Sb2Te3 and Bi2Se3. However, some Bi2Te3
anocrystals obtained here are in rod-like morphology.
esult is somewhat similar with Gedanken’s work[28], in
hich rod-like (“cucumber-like”) and sheet-like Bi2Se3 were
btained. The SAED pattern of the Bi2Te3 rod (the inset o
ig. 3a) reveals that the formed Bi2Te3 should be single crys

alline.
 ig. 4. XRD patterns of products in glycerol after (a) 5 min and (b) 60
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Fig. 5. (A) XRD patterns of the products of the reaction (a) in pure glycerol and (b) in the mixed solvent of glycerol and water with volume ratio of 7:1, both
for 1 h; (B) XRD patterns of the products after 0.5 h in the mixed solvent (glycerol:water = 7:1, v/v) containing (a) 2 g KOH, and (b) 4 g KOH.

Bi2Te3, which can be represented by Eqs.(1) and(2).

Bi3+ + 3e− → Bi0 (1)

2Bi + 3Te → Bi2Te3 (2)

However, we found that when water was added into glyc-
erol, the mechanism may be changed. NoteFig. 5A, when the
reaction was conducted in the solvents containing 2 g KOH,
Bi0 was found in the pure glycerol but not in the mixed sol-
vent (other reaction conditions kept the same). We deduced
that both the reducing ability and the boiling point of glycerol
decreased when water was added to, so Bi0 was not produced
so fast to be found at the early reaction stage. We also found
that the basic medium could accelerate the reaction. By com-
paring the ratio of produced Bi2Te3 to unreacted Te, we can
conclude that the reaction speed increases due to the incre-
ment of the quantity of KOH (Fig. 5B). This suggests another
mechanism—Bi3+ reacts with Te2− produced from the dis-
proportionation reaction of Te in the basic medium to form
Bi2Te3, which can be represented by Eqs.(3) and(4).

3Te + 6OH− → 2Te2− + TeO3
2− + 3H2O (3)

2Bi3+ + 3Te2− → Bi2Te3 (4)

It is well known that decreasing of reaction temperature
s the
m reac-
t l was
u long
t ore
u se
w gular
s ned.
(
t

Compared with Se, Te has a higher reduction
potential (Te + 2e− = Te2−, E0 =−1.143 V; Se + 2e− = Se2−,
E0 =−0.924 V), so it is more difficult for Te to be reduced,
and much longer time is needed to produce Bi2Te3 (6 h in
ethylene glycol) than Bi2Se3 (0.5 h in ethylene glycol[28])
under similar conditions.

5. Conclusions

In summary, nanocrystalline Bi2Te3 was prepared
through microwave-assisted polyol method. The final
products were hexagonal flakes (with edge length of
90–150 nm) and rods with the aspect ratio of about 10:1
(length/width = 200–400 nm/20–50 nm). The polyol used
here acted as both the solvent and the reducing agent. How-
ever, we found that the disproportionation reaction of Te in
the basic medium also contributed to the formation of Bi2Te3.

Acknowledgements

We thank NNSFC (Grant Nos. 20325516 and 60206001)
and “863” Project (No. 2003AA302740) for financial sup-
port. Thanks are due to J.M. Hong for his efforts in TEM
o

R

988)

I-
hould slow down the reaction. When ethylene glycol or
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sed, therefore, the reaction was conducted slowly for a

ime, and results in the formation of the smaller and m
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