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Nanostructured thermoelectric bismuth telluride (Bi;Tes) powders with various morphologies, such as
nanoplates, nanorods, and nanotubes, were prepared by a hydrothermal method based on the reaction between
BiCls, Te, and sodium ethylenediaminetetraacetate (Na,-EDTA) at 150, 180, and 210 °C. The products were
characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and selected area electron diffraction (SAED). The effect of
reaction temperature on the morphology of the Bi>Te; particles was investigated, and the possible mechanism

of morphology control was proposed.
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Introduction

Thermoelectric materials capable of the conversion of
thermal into electrical energy have received considerable
attention due to the potential application in various fields."
Materials with a large thermoelectric figure of merit, ZT, are
needed to develop efficient solid-state thermoelectric devices.
Recent studies have reported that low-dimensional thermo-
electric materials, such as superlattices’ and nanowires,’
have a higher ZT due to the quantum confinement effects of
charge carriers, as well as the increase of phonon scattering
at the nano-scale interfaces.* Especially, the synthesis of
nanostrucutred Bi,Te; and its alloys has drawn attention due
to their potential application in eco-friendly thermoelectric
refrigeration near room temperature.’ Various methods have
been developed for preparing special morphologies of bismuth
telluride (BiyTes), such as nanowires using pulsed electro-
depostion process,® nanotubes using galvanic displacement
process,’ nanosheets using microwave heating process,® hexa-
gonal nanoplates using solvothermal approach,’ rod-like or
flower-like nanostructures using hydrothermal method,'® and
hierarchical nanostructures using electrochemical deposition
route."! However, it is still a challenge to develop simple and
efficient synthetic methods to control the morphology of the
Bi2T63.

In this paper, we synthesized Bi,Tes with controlled morpho-
logies by a hydrothermal method using Na,-EDTA as a struc-
ture directing agent. The morphologies and microstructures
of nanostructured Bi,Te; were studied by X-ray diffraction
(XRD), transmission electron microscopy (TEM), high resolu-
tion (HR)-TEM, and selected area electron diffraction (SAED).

Experimental

Tellurium powder (6 mmol; 5 N purity), 4 mmol BiCls,

and 1 g Na,-EDTA were mixed with 60 mL water in a teflon-
lined autoclave with a capacity of 100 mL. After ultrasonic
agitation for 30 min, 0.8 g NaOH and 0.8 g NaBH4 were
added to the solution. The autoclave was then sealed, and
maintained at 150, 180 and 210 °C for 24 h. During the
reaction the solution was stirred by a stainless steel stirrer
with a rotational speed of 200 rpm. After the reaction, the
autoclave was cooled to room temperature. The black-colored
product was collected by filtration, washed with deionized
water and ethanol and acetone several times, and then dried
at 60 °C for 12 h in a vacuum. The powder XRD patterns
were collected on a Rigaku D/MAX X-ray (40 kV and 30 A)
diffractometer with Cu Ko radiation (A = 1.54056 A). The
sample morphologies, fine structures, and SAED patterns
were obtained by HR-TEM using a JEOL 2100F microscope.
Samples for the cross section TEM images were prepared
using a Powertome ultramicrotome (RMC Products).

Results and Discussion

Figures 1(a)-1(c) depict the XRD patterns of the Bi,Te;
nanopowders prepared by hydrothermal synthesis at various
temperatures. All the diffraction peaks in the patterns corre-
sponded to the peaks of rhombohedral Bi,Te; (JCPDS15-
0863) with space group R3m(166). The cell parameters
calculated from the XRD pattern (a = 4.381 A, ¢ =30.46 A)
were consistent with previously reported data.'?

Figures 2-4 show the TEM images of Bi,Te; samples with
various morphologies prepared by the hydrothermal method
using different reaction conditions. When the reaction
temperature was 150 °C, Bi,Te; powder with nanoplate-like
morphology was formed. Figure 2(a) shows representative
Bi,Te; thin nanoplates with average edge lengths of 200-800
nm. The SAED pattern of a single nanoplate is shown in
Figure 2(b). The hexagonal arrays of spots in the SAED
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Figure 1. XRD patterns of powder products synthesized by hydro-
thermal method: (a) synthesized at 150 °C for 24 h, (b) synthesized
at 180 °C for 24 h, and (c) synthesized at 210 °C for 24 h.

Figure 2. (a) TEM images of Bi,Te; nanoplates synthesized at
150 °C for 24 h. (b) SAED pattern of nanoplates.

pattern indicate the single crystalline phase, and can be
indexed based on a rhombohedral cell with lattice para-
meters a =4.379 A and ¢ = 30.46 A. The plane of the plate
was perpendicular to the c-axis direction and parallel to the
ab-planes in the Bi,Tes crystal structure.

Figure 3(a) shows the TEM images of the product synthe-
sized at 180 °C for 24 h. The morphology of the samples
was nanorod-like with the diameter of 20-80 nm and over 2
pm in length. Figure 3(b) shows a representative HRTEM
image and SAED pattern of the dashed square portion in
Figure 3(a). From the HRTEM image of the nanorod, the
distance between two neighboring faces were estimated to
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sized at 180 °C for 24 h. (a) TEM image of nanorod. (b) HRTEM
image of the nanorod and SAED pattern (insert at upper right).

be about 2.03 A, which was exactly same to the interplanar
distance between the (0 0 15) lattice planes. Also, the SAED
patterns were characteristic of single crystalline Bi,Tes; and
indicated that the nanorods exhibited a [0 0 15] growth
direction. The data was consistent with the growth of the
Bi,Te; nanorods along the c-axis of the crystal structure.

Figure 4 shows representative TEM and HRTEM images
of the nanotubes synthesized at 210 °C for 24 h. Figure 4(a)
shows the transparent BirTes; nanotubes, which typically
consisted of bundles of tubes with exceeding 1 pm in length
and under 10 nm in diameter. The upper right inset in Figure
4(a) shows the cross sectional TEM image of bundle type
Bi,Te; with an internal diameter of 3-5 nm and a wall thick-
ness of 1-3 nm. From the lattice image of the nanotube,
shown in Figure 4(b), the measured distance between the
two lines was approximately 5.07 A, and the SAED pattern
indexed the (0 0 6) plane, indicative of a growth direction of
the Bi>Te; nanotubes tilted 30° clockwise. To understand the
effect of Na;-EDTA on the growth mechanism of the nano-
structured Bi,Tes, the same experiments were conducted
under the same reaction condition but in the absence of Na,-
EDTA.

The BirTes; nanoparticles synthesized at 150 °C for 24 h
without Na,-EDTA presented a similar morphology to the
sample obtained at 150 °C for 24 h with Na,-EDTA (Fig.
5(a)). However, the BixTe; synthesized at 210 °C for 24 h
without Na,-EDTA displayed a different morphology from
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Figure 4. TEM and HRTEM images of the BiTes nanotube
synthesized at 210 °C. (a) TEM image of the Bi>Tes nanotubes; the
upper right inset is the cross-sectional image of Bi,Tes; nanotubes.
(b) HRTEM image of a Bi>Te; nanotubes; the upper right inset is
the SAED pattern.

the sample obtained at the same condition with Na,-EDTA
(Fig. 5(b)). For both cases without Na,-EDTA, only nano-
plates were obtained. The particle sizes were typically on the
order of a micron and the edges of the basal facets were not
well defined. This data indicated that the presence of Nas-
EDTA was useful in controlling particle morphology and
size. The possible mechanism for the formation of various
Bi,Te; nanostructures has been proposed.’>!” The Bi,Te;
hexagonal nanoplates form due to their anisotropic crystal
structural nature.”” The repeating unit of Bi,Tes structure
consists of quintuple layers, Te(1)-Bi—Te(2)-Bi-Te(1), stack-
ed perpendicular to the c-axis.'® Each layer has two crystallo-
graphically different types of Te atomic sites. Te atoms in
Te(2) atomic sites form covalent bondings with the six nearest
Bi atoms, while Te atoms in Te(1) atomic sites are bonded to
three Bi atoms by covalent bonding and three Te atoms by
van der Waals bonding.!” Te(1)-Te(1) van der Waals interac-
tion connect the quintuple layers to form the infinite Bi>Te;
structure. Generally, the Bi>Tes crystals grow predominantly
along the ab plane direction because the strong covalent
bonds between Bi-Te(2) can be easily extended along the
plane. According to the analysis above, the reaction temper-
ature and presence of Na,-EDTA are important factors in the
control of the morphology of Bi,Tes; nanostructures. The
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Figure 5. TEM images of the Bi,Te; nanostructure synthesized
without Na,-EDTA at (a) 150 °C and (b) 210 °C.
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Figure 6. The schematic diagrams of the formation of Bi,Te;
nanostructures: (a) nanoplate, (b) nanorod, and (c) nanotube.

formation of bismuth telluride using the hydrothermal method
can be explained as follows: Bi** ions in the solution are
stabilized by the Na-EDTA, while Te’™ ions are produced
from the reduction of Te by NaBHs. In the solution Bi,Tes
are easily formed by these Bi*" ions and Te’” ions. During
nucleation of Bi,Tes, the surfactant Na,-EDTA acts as a
structure directing agent, and also can induce the directional
growth of nucleation to form different morphologies. Figure
6 shows a schematic diagram of the proposed formation
mechanism of Bi,Te; nanostructures at different temperatures.
In case of low reaction temperature (about 150 °C) or reac-
tion without Na,-EDTA, BixTes crystals grow preferentially



3980  Bull. Korean Chem. Soc. 2012, Vol. 33, No. 12

along the ab plane direction with a hexagonal plate-like
morphology. We observed the growth of the nanorods and
nanotubes in the c-axis at high temperature (above 180 °C)
in the presence of Na,-EDTA. Na,-EDTA usually binds to
Bi** ions through its two amines and four carboxylates.'®
When the reaction temperature is increased to 180 °C, BiyTes
grows along the c-axis, instead of expending sideways along
the ab-plane, due to the directing effect of Na,-EDTA,
speculatively caused by the capping of Bi** ions. When the
reaction occurs at 210 °C, crystal growth apparently pro-
ceeded in spiral manner (Fig. 6(c)), indicating possible
involvement of defects. It is suggested that some defects,
such as dislocation and stacking faults, might be generated
during the van der Waals stacking of crystals along the c-
axis,'? thereby forming nanotubes instead of the nanorods.

Conclusions

Bi,Te; nanoplates, nanorods, and nanotubes are synthesized
through a hydrothermal method. The reaction conditions,
specifically the temperature and the stabilizing agent, plays
an important role for the control of the morphology of the
synthesized powders. The powder XRD measurements veri-
fied that Bi>Tes nanoplates, nanorods and nanotubes are the
same rhombohedral structure. The Bi,Tes; nanoplates grow in
the ab plane direction at low temperature. At a temperature
of 180 °C in the presence of Na,-EDTA, Bi>Te; nanorods
grow along the c-axis direction by repeated stacking planes.
At a temperature of 210 °C, the nanotubes form by stacking
along a 30° tilt from the normal c-axis due to the formation
of structural defects.
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