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a b s t r a c t

Bi0.5Sb1.5Te3 hexagonal nanoplates have been successfully obtained by a simple solvothermal method
assisted by the surfactant CTAB. The result shows that the obtained nanoplates are single crystal and the
perpendicular direction to nanoplate is along c-axis of lattice structure. The product morphologies can be
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tuned by changing the added content of surfactant CTAB and water/ethanol volume ratio. The surfactant
oriented growth mechanism for hexagonal nanoplates of ternary (Bi,Sb)2Te3 is proposed.

© 2010 Elsevier B.V. All rights reserved.
urfactant
olvothermal

. Introduction

Bi2Te3-based alloy is known as the best thermoelectric mate-
ials currently available for application near room temperature.
ecently, significant thermoelectric properties improvement in
he bulk materials has been achieved by creating nanograins and
onostructures in the grains by a combination of nanopowder
reparation and sintering technique [1–8]. The nanoparticles are
roduced by many methods, such as hydro/solvothermal methods
3,4], spin melting [1], ball milling [2,5,8]. The sintering technique
n the materials mainly involves the hot pressing [2–4] and spark
lasma sintering [5,7,8]. The resultant properties of the bulk mate-
ials are related to the size and morphology of nanograins and
onostructures in the grains [9]. Therefore, the regulation of size
nd morphology for ternary Bi2Te3-based nanocrystal is of great
mportance for the development of higher efficiency devices of
hermoelectric application. Moreover, compared with the large
uantities reports about regulating the morphology of binary
2

VB3
VI compounds, the study about the controlling growth of the

ernary (Bi,Sb)2Te3 or Bi2(Te,Se)3 nanocrystals is limited.
Among current methods for the synthesis of nanostructure

hermoelectric materials, the chemical routes have the advan-

ages of low synthesis temperature, flexible controllability and
ne grain sizes in comparison with those traditional metallurgical
rocesses. The binary Bi2Te3 nanostructure with various morpholo-
ies such as nanoparticles [10–12], nanosheets [13], nanowires
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[14,15], hollow nanospheres [16], nanotubes [17] and nanoplates
[18,19] has been prepared by solvo/hydrothermal method, wet
chemical reactions. Bi2(Te,Se)3 nanoparticle [20], Bi2Te2.7Se0.3 and
Bi0.5Sb1.5Te3 nanocrystals [21], Bi2Te2Se and BiSbTe3 hexagonal
nanoplatelets are also synthesized by the chemical ways [22]. In this
work, the morphology of ternary (Bi,Sb)2Te3 nanocrystal is tried to
regulate and control by the solvothermal route. Large scales of two-
dimensional hexagonal Bi0.5Sb1.5Te3 nanoplates are fabricated. The
product morphologies are controlled by changing the added quan-
tities of surfactant CTAB and water/ethanol volume ratio. Finally,
the surfactant oriented growth mechanism for the hexagonally
nanoplates of ternary (Bi,Sb)2Te3 is proposed.

2. Experimental details

All the regents were bought from commercial channels and used without fur-
ther purification. The typical synthesis procedure is as follows: different quantities
of hexadecyltrimethylammonium bromide (CTAB) were dissolved into a 40 mL mix-
ture solution of water and ethanol volume ratio (1:1, 1:2, 1:4, 1:6), followed by the
addition of BiCl3 (0.5 mol/l), SbCl3 (1.5 mol/l) and Te (3 mol/l) and NaOH (0.27 g)
and NaBH4 (8 mol/l). The resulting precursor suspension was stirred vigorously for
0.5 h and then sealed into a Teflon-lined autoclave of 50 mL capacity. The autoclave
was heated and maintained at 210 ◦C for 8 h. The products were filtered off, washed
several times with distilled water and absolute ethanol, and then finally dried in a
vacuum at 60 ◦C for 4 h.

The phase structures of the nanocrystal were investigated by X-ray diffrac-

tion (XRD) with a Rigaku D/MAX-2550P diffractometer using Cu K� radiation
(� = 0.154056 nm). The morphologies and nanostructure of the obtained products
were characterized by the scanning electron microscopy (SEM), transmission elec-
tron microscope (TEM), high-resolution transmission electron microscope (HRTEM),
selected area electron diffraction (SAED) and the composition analysis was per-
formed at a SEM with an attached energy dispersed X-ray spectrometer (EDS).

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. The SEM images of the as-prepared ternary (Bi,Sb)2Te3 compounds in the v
TAB, respectively, in the mix solvent of water and ethanol (volume ratio is 1:6); (d

. Results and discussion

Fig. 1 shows the morphologies of the as-prepared ternary
Bi,Sb)2Te3 compounds in the various solvents and surfactant con-
entration. It can be clearly seen that the morphologies of the
btained product are gradually from nanoparticles to hexagonally
haped nanoplates with the CTAB concentration and the ethanol
olume ratio increasing.

The XRD pattern of (Bi,Sb)2Te3 nanocrystal synthesized in the
ater and ethanol volume ratio of 1:6 with 0.2 g CTAB (the same
eaction condition as in Fig. 1c) is shown in Fig. 2b. All peaks
n this pattern can be indexed according to JCPDS 49-1713 for
i0.5Sb1.5Te3. No remarkable diffractions of other phases such as
e, Bi or their compounds can be found, indicating that a pure

ig. 2. (a) The pattern of JCPDS 49-1713; (b) the XRD pattern of the Bi0.5Sb1.5Te3

anocrystal synthesized in the water and ethanol volume ratio of 1:6 with 0.2 g
TAB.
solvents and surfactant concentration. (a)–(c) Without CTAB, 0.1 g CTAB and 0.2 g
he solvent volume ratio of 1:1, 1:2 and 1:4, respectively, with 0.2 g CTAB.

Bi0.5Sb1.5Te3 phase has been obtained under the current synthetic
conditions. Due to the steric effect arising from the long alkyl chain
of CTAB and the low surface tension and dielectric constant of the
ethanol, the chemical reaction rate can be reduced with the CTAB
concentration and ethanol volume ratio increasing. So it can be
considered that the pure ternary (Bi,Sb)2Te3 nanocrystal can be
obtained under all the condition given above in Fig. 1.

Fig. 3 shows the high magnification SEM image and TEM images
of the as-prepared products in the water and ethanol volume ratio
of 1:6 with 0.2 g CTAB. Fig. 3a–c reveals that typical products consist
of large quantities of plate-like structures with about 100–450 nm
in edge length and 30–90 nm in thickness. The SAED pattern shown
in Fig. 3b′ exhibits a hexagonal symmetry diffraction spot pattern,
which indicates its single crystal nature. The chemical composi-
tion of the nanoplates is further determined by energy-dispersive
X-ray spectroscopy (EDS). The approximate element proportion of
Bi, Sb and Te is 9.89:29.03:61.08 (at.%), which is in agreement with
the nominal composition. The crystallinity and the growth direc-
tion of an individual nanoplate are analyzed by HRTEM. Fig. 3d–f
is the HRTEM images of the marked area in Fig. 3c, which shows
the nanoplates are high crystallized and free from dislocation and
stacking faults. The lattice plane spacing is 0.2134 nm correspond-
ing to the (1 1 0) planes of Bi0.5Sb1.5Te3 as in Fig. 3f, which indicates
the perpendicular direction to nanoplate is along c-axis of lattice
structure.

The ternary (Bi,Sb)2Te3 nanocrystal is synthesized by the fol-
lowing chemical reaction:

Bi3+(Sb3+) + BH4
− + OH− → Bi(Sb) + H2BO3

− + H2 (1)

Te + BH4
− → Te2− + H2BO3

− + H2 (2)

3+ 3+ 2−
Bi + Sb + Te → Bi0.5Sb1.5Te3 (3)

Bi + Sb + Te → Bi0.5Sb1.5Te3 (4)

The above results show that the regular hexagonal nanoplate
is gradually obtained with the surfactant CTAB concentration
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F esized in the water and ethanol volume ratio of 1:6 with 0.2 g CTAB: (a) high magnification
S ttern of Bi0.5Sb1.5Te3 nanoplates; (d), (e) and (f) HRTEM image of the marked area shown
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uct morphologies in this study. As we know, the ethanol solvent can
dramatically decrease the formation velocity of products owing to it
low surface tension and dielectric constant as shown in Table 1 [23].
The steric effect of surfactant also decreases the reaction velocity.

Table 1
ig. 3. The high magnification SEM and TEM images of Bi0.5Sb1.5Te3 nanoplates synth
EM image; (b) and (c) typical TEM images of Bi0.5Sb1.5Te3 nanoplates; (b′) SAED pa
n (c).

nd ethanol volume ratio increasing. Bi0.5Sb1.5Te3 possesses a
pecial anisotropic layer crystal structure arranged in the order
f Te(1)–Bi(Sb)–Te(2)–Bi(Sb)–Te(1) along the c-axis direction. Two
djacent Te layers are bonded in van der Waals force, while oth-
rs are covalent bonds. CTAB is a kind of cationic surfactant,
hich tends to selectively adsorb to a certain crystal plane of

his intrinsic anisotropic crystal compounds during the growth.
he selective adsorption of surfactants has also been reported in
he references [15,18,19]. Therefore, it is reasonably deduced that
TAB oriented growth plays an important role in the morphol-
gy of Bi0.5Sb1.5Te3 plate-like nanocrystals. The possible formation
rocedure for the hexagonally shaped Bi0.5Sb1.5Te3 nanoplates
ainly includes two steps: (i) the formation of small nascent crys-

al nuclei; (ii) the preferential growth of a certain crystal plane
o form faceted (hexagonal) nanoplates with the help of selec-
ive absorption of CTAB molecules under the suitable condition.
he sketch map of CTAB oriented growth is shown in Fig. 4.
hen the crystal nuclei are formed, the hydrophobic sides of

TAB are likely to selectively adsorb to a certain (1 1 0) crystal
lane, which are supported by the pattern of selected area elec-
ron diffraction (Fig. 3b′). This blocks the growth along the c-axis
nd the ions and atoms of reaction source assemble in the layer
dges of the crystal nuclei. The proposed procedure can be con-
rmed by the visual morphologies of time-dependent products

or Bi0.5Sb1.5Te3 nanostructures. Fig. 5 shows the SEM images of
i0.5Sb1.5Te3 nanoplates synthesized in the water and ethanol vol-
me ratio of 1:6 with 0.2 g CTAB at different reaction time. A large
mount of fine nanoparticles formed when the solvothermal reac-
ion was processed for 1 h (Fig. 5a), which is accordance with the
haracteristics of the initial nucleation. When the reaction lasted for

h, some distinct plate-like shapes began to appear in the products

Fig. 5b). Increasing the reaction time to 8 h, almost all the prod-
cts show the characteristics of hexagonal nanoplates, as shown in
ig. 1c.
Fig. 4. The sketch map of the (Bi,Sb)2Te3 oriented growth with the surfactant CTAB.

The above-proposed mechanism is further supported by the
effect of solvent volume ratio and CTAB concentration on the prod-
The physical properties of water and ethanol at 25 ◦C.

Solvent Surface tension (10−3 N/m) Dielectric constant

Water 71.81 78.3
Ethanol 22.1 24.5
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Fig. 5. The SEM images of Bi0.5Sb1.5Te3 nanoplates synthesized in the water and

hen the ethanol volume rate is relatively low, a large quantity of
rystal nuclei quickly form, which almost consumes all the reaction
ources. CTAB oriented growth mechanism cannot play a role in the
ubsequent development of crystal nuclei. So when the water and
olume ratio is 1:1 or 1:2, no plate-like structures can be found. The
anoplates only appear in the solvent volume ratio of 1:4 or 1:6.
ince the added CTAB dramatically decreases the reaction veloc-
ty and provides the more oriented molecule for crystal nuclei, the
atio of nanoplate in the products gradually increases with the CTAB
oncentration increasing.

Therefore, the surfactant CTAB oriented growth should be
esponsible for the obtained nanoplate morphology of ternary
i0.5Sb1.5Te3 compound.

. Conclusions

In summary, Bi0.5Sb1.5Te3 single-crystalline nanoplates have
een synthesized in large scale via a simple solvothermal method
ssisted by surfactant CTAB. The size of nanoplates is 100–450 nm
n edge length and 30–90 nm in thickness. TEM and SAED pat-
erns show that the as-prepared nanoplate is highly crystallized
nd free from dislocation and stacking faults. The product mor-
hologies can be controlled by changing the added content of CTAB
nd water/ethanol volume ratio. The surfactant oriented growth
echanism for Bi0.5Sb1.5Te3 nanoplates formation is proposed.
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