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a b s t r a c t

Bi2Te3 crystals with plate-like morphology have been successfully synthesized via a microwave-assisted
heating approach in room temperature ionic liquid (RTIL) of 1-butyl-3-methylimidazolium bromide
(C8H15BrN2). Scanning electronic microscopy (SEM) observation of as-synthesized Bi2Te3 confirmed their
morphology of the hexagonal plates. It was observed that the edge and thickness values of as-synthesized
Bi2Te3 were in the size of 0.5–2 �m and less than 100 nm, respectively. High-resolution transmission
eywords:
i2Te3

oom temperature ionic liquid (RTIL)
-Butyl-3-methylimidazolium bromide
icrowave heating

electronic microscopy (HR-TEM) and selected area electron diffraction (SAED) results revealed that the
Bi2Te3 plates are of single-crystal in nature with the growth direction of 〈1 1 2̄ 0〉. In addition, as increasing
the amount of ionic liquid, SEM results showed a novel evolution process of Bi2Te3 morphologies from
mixture of Bi2Te3 nanorods and nanoplates to regular hexagonal plates, and then nanoplates with many
small flecks. Furthermore, a possible mechanism regarding the formation of Bi2Te3 plates was proposed

e exp
ic pro
as well on the basis of th
evaluate its thermoelectr

. Introduction

Bi2Te3 and its alloys, which possess the high thermoelectric
gure of merit (ZT) of 1 near room temperature, are used commer-
ially in low-power cooling and thermoelectric power generators,
uch as beverage coolers, laser diode coolers, and power generators
n space missions [1]. A value of ZT ∼ 3 is theoretically necessary for
hermoelectric devices to compete with traditional refrigeration
r air-conditions. Many efforts have been contributed on improv-
ng the ZT value of bulk Bi2Te3 materials in the past decades [2,3].
oth theoretical predictions and experimental exploration suggest
hat large improvements in ZT could be achieved in nanostruc-
ured systems due to the presence of strong quantum confinement
nd thermal conductivity reduction effects [4]. Therefore, the syn-
hesis of nanostructural bismuth telluride and its alloys has been
he focus of the recent research. Various morphologies of nanos-
ructural bismuth telluride such as nanoparticle [5], nanowire [6],
anofilm [7], nanosheet [8], nanocapsule [9], and nanotube [10]
ave been prepared till now.
Many synthetic approaches have been selected to prepare
i2Te3 with different nanostructures, suck like ball milling [11],
everse micelle [12], chemical deposition [13], template [14],
olvothermal [15], and so forth. For these methods, however, long

∗ Corresponding author. Tel.: +86 25 86621120; fax: +86 25 86621120.
E-mail address: yshi@nju.edu.cn (Y. Shi).

925-8388/$ – see front matter © 2011 Published by Elsevier B.V.
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erimental results. The power factor of Bi2Te3 nanoplates is examined to
perty.

© 2011 Published by Elsevier B.V.

time, high temperature, high pressure or complicated set up for
preparation were normally required, which was difficult to achieve
large-scaled productions. Compared to the conventional meth-
ods mentioned above, microwave irradiation, as a heating method
widely applied in the synthesis of nanomaterials, is becoming a
fast growing research area owing to its advantages such as rapid
volumetric heating, higher reaction rate, selectivity, and shorter
reaction time [16].

Microwaves produced by magnetrons are electromagnetic
waves containing electric and magnetic field components. It can
be absorbed by materials directly that makes the electromagnetic
energy convert to thermal energy. Heat generated from inside
of materials accelerates reaction rate, reduces reaction time and
energy cost, and makes new material synthesis possible, which con-
ventional heating methods cannot achieve [17]. On the other hand,
room temperature ionic liquid (RTIL) is a kind of polar molecules
which can absorb microwaves strongly thus lead to a higher reac-
tion rate and shorter reaction time [18]. Meanwhile, RTIL can also be
used as surfactants which dramatically affect the process of crystal
growth.

To date, studies regarding the preparation of Bi2Te3 nanomate-
rials by microwave heating method are not extensively reported.

Previously, Zhu et al. [19] prepared Bi2Te3 nanorods and nanoflakes
by a microwave-assisted polyol method using Te and Bi(NO3)3.
Jiang et al. [20] and Yao et al. [21] once synthesized Bi2Te3
hollow nanospheres and nanosheets/nanotubes by a microwave
(-assisted) method, respectively.

dx.doi.org/10.1016/j.jallcom.2011.02.142
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http://www.elsevier.com/locate/jallcom
mailto:yshi@nju.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.02.142


6 d Compounds 509 (2011) 6015–6020

B
1
t
e
n
a

2

t
p
b
e
t
d
e
A
c
a
p
(
a
s
J

3

A

10 20 30 40 50 60 70 80 90

0

2000

4000

6000

8000

10000

12000

(3
00

)
(2

1 
10

)

(0
1 

20
)

(1
25

)
(1

1 
15

)

(0
2 

10
)

(2
05

)

(0
0 

15
)

(1
10

)
(0

1 
11

)
(1

0 
10

)

(0
15

)

(1
01

)

(0
06

)

In
te

n
si

ty
 (

a.
u

.)
016 G. Ji et al. / Journal of Alloys an

Herein, we report a microwave-assisted method for preparing
i2Te3 plates with homogeneous hexagonal morphology in RTIL of
-butyl-3-methylimidazolium bromide (C8H15BrN2). In addition,
he important effect of the ionic liquid amount on the morphology
volution of the Bi2Te3 particles, and a possible formation mecha-
ism of the Bi2Te3 nanostructure were investigated and discussed
s well.

. Experimental

All reagents were commercially available and used without further purifica-
ion. In a typical procedure, bismuth nitrate (Bi(NO3)3·5H2O, 0.5 mmol), telluride
owder (Te, 0.75 mmol), potassium hydroxide (KOH, 0.3 g) and an ionic liquid 1-
utyl-3-methylimidazolium bromide (C8H15BrN2, 1 g) were dissolved in 15 mL of
thylene glycol. After vigorous magnetic stirring for 2 h, the solution was put into
he microwave oven and heated for 10 min. Microwave assisted reactions were con-
ucted in an 800 W microwave oven, with a 2.45 GHz working frequency. In all
xperiments, the microwave oven was cycled as follows: on for 40 s, off for 60 s.
t the end of the reaction, a great amount of black precipitate was obtained. After
ooling to room temperature, the precipitates were centrifuged, washed with water
nd absolute ethanol in sequence, and dried under vacuum at 60 ◦C for 12 h. The
hase structure characterization of the samples was examined by X-ray diffraction
XRD) in the 2� range 20–80◦ using Cu-K� X-ray source (� = 0.15418 nm) with volt-
ge and current of 40 kV and 100 mA, respectively. The morphology of as-prepared
amples was observed by a field emission scanning electron microscope (FE-SEM,
EOL S4800) and transmission electron microscope (TEM, JEOL JEM 2100).
. Results and discussion

The XRD pattern of the as-prepared powders is shown in Fig. 1.
ll the diffraction peaks can be indexed to a pure rhombohedral

Fig. 2. Representative SEM images (a, b) with different magnifica
2θ (deg.)

Fig. 1. The XRD pattern of as-synthesized Bi2Te3 plates.

phase (space group: R3̄m (166)) of Bi2Te3 with lattice constants
a = 0.438733 nm and c = 3.04728 nm (JCPDS no: 15-0863). The XRD
pattern indicates that Bi2Te3 products with high purity can be
obtained.

Fig. 2 shows the FESEM images of the as-prepared samples

in different magnifications. It was found that these hexago-
nal platelet-like Bi2Te3 crystals possess a edge in the length of
∼0.5–2 �m, and the thickness less than ∼100 nm. The chemical
composition of these plates is further determined by energy dis-

tions and EDS spectrum (c) of as-synthesized Bi2Te3 plates.
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Fig. 3. Representative TEM image of Bi2Te3 plates (a),

ersive X-ray spectroscopy (EDS) (see Fig. 2c). Quantification of the
elevant EDS peaks gave an atomic ratio of 0.4107:0.5893 for Bi:Te,
hich is consistent with the expected value.

As demonstrated in Fig. 3(a), TEM image shows the morphol-
gy of hexagonal Bi2Te3 plates. The ripple-like patterns are due to
he strain resulting from the bend of super-thin nanoplates [22].
he corresponding SAED pattern (Fig. 3b) can be identified as the
0 0 0 1] zone axis projection of the hexagonal Bi2Te3 reciprocal
attice. The top–bottom surfaces are {0 0 0 1} facets, whereas the
ix side surfaces are {1 1 2̄ 0} facets. The diffraction observation
ndicates that 〈112̄0〉 is the growth directions for developing the
exagonal crystals. The as-prepared Bi2Te3 nanoplates are single
rystal and dominated by {0 0 0 1} facets. Corresponding high res-
lution TEM images (shown in Fig. 3c) of selected areas of Bi2Te3
anoplatelets confirm that the nanoplates are single crystal and
efect-free, which <0 0 0 1> is the slowest growth direction [23].

The main reason may be due to their anisotropic structure,
hough the growth mechanism for the formation of the hexag-
nal Bi2Te3 nanoplates is still unclear. Bi2Te3 owns an intrinsic
nisotropic layered crystal structure. A period of Bi2Te3 crystal has
5 layers stacked along the c-axis and presents the combination

f three hexagonal layer stacks of composition in which each set
onsists of five atoms (Te1–Bi–Te2–Bi–Te1). Between two adjacent
e1 layers, there are van der Waals bonds, while all others, cova-
ent bonds [15]. This special bonding structure dominates the shape
f the primary Bi2Te3 particles and leads to the faster growth of
pattern (b) and HR-TEM image of single Bi2Te3 plate.

crystal along the top–bottom crystalline plane compared with that
along the c-axis as the crystalline facets tend to develop on the
low-index planes to minimize the surface energy when growing
[23]. In the process of the synthesis, it could be found that ionic
liquid played an important role in the formation of the nanoplates.
The Bi2Te3 nanocrystals prepared without adding ionic liquid are
mainly composed of irregular shapes with the wide size distribu-
tion. It was likely that the ionic liquid acted as a capping reagent
or a surfactant. The added ionic liquid capped on the surfaces of
Bi2Te3 nanocrystals might further enlarge the energetic difference
between the top and bottom facets and the side facets, resulting in
the anisotropic growth [24].

Fig. 4 shows the morphology of Bi2Te3 nanostructure prepared
with 0.6 g ionic liquid C8H15BrN2. It can be seen that the majority
are Bi2Te3 nanoplates (Fig. 4b) and the others are Bi2Te3 nanorods
(Fig. 4c). The Bi2Te3 nanorods may be induced from its interior lat-
tice structure and the absence of surfactant protection, which has
a trend to obtain the wire-like structures. This phenomenon was
similar with that of Zhao et al. [25].

Fig. 5 shows the FE-SEM images of the samples prepared with
different amount of C8H15BrN2. Fig. 5(a) shows the SEM image of

the Bi2Te3 nanoplates prepared with 0.6 g C8H15BrN2. Both Bi2Te3
nanoplates and nanorods can be formed. Fig. 5(b) shows the SEM
image of the Bi2Te3 nanoplates prepared with 0.8 g C8H15BrN2, it
can be seen the regular Bi2Te3 hexagonal nanoplates. The morphol-
ogy of Bi2Te3 in Fig. 5(b) is similar with that in Fig. 2(b). It is initially
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Fig. 4. Typical SEM images of Bi2Te3 n

oncluded that the 1 g C8H15BrN2 is the appropriate amount of ionic
iquid which Bi2Te3 nanoplates with high purity can be obtained.

ith increasing of the induced amount of ionic liquid, the mor-
hologies of Bi2Te3 nanoparticles change. Several new interesting
orphologies of Bi2Te3 hexagonal nanoplates with many small

ecks (Fig. 5c and d) can be observed.
It can be concluded from the above results that different amount

f ionic liquid plays an important role in the morphology control
f Bi2Te3 nanostructures. A possible mechanism for the formation
f Bi2Te3 nanostructures with ionic liquid was proposed. As we
nown, as new types of environmentally friendly reaction media,
onic liquids have many unique properties such as extremely low
olatility, wide temperature range in liquid state, good dissolv-
ng ability, high thermal stability, excellent microwave absorbing
bility, high ionic conductivity, wide electrochemical window,
nd non-flammability, etc. [18,26]. The ionic liquid C8H15BrN2
onsists of cation [C8H15N2]+ and anion Br−. The high ionic con-
uctivity and polarizability of [C8H15N2]+ make it an excellent
icrowave-absorbing agent, thus leading to a high heating rate and
significantly shortened reaction time.

Considering the special lattice structure of Bi2Te3, the ionic liq-

id holds the layered-like rhombohedral structure. The hexagonal
ell is formed by a set of layers perpendicular to the third-order axis
f symmetry (c-axis). In this complex structure, interlayer cleavage
ight appear easily along the c-axis, and the uniform morphologies
ere hard to be synthesized [27].
tes synthesized with 0.6 g C8H15BrN2.

Previously, it is widely believed that the ionic liquid could pre-
vent the aggregation of Bi2Te3 nucleus. In addition, because of the
possible controlling caused by their different adsorption energies
on various basal planes of such rhombohedral structure, C8H15BrN2
molecules might be able to modulate the growth kinetics of the
Bi2Te3 seeds thus modify the physical–chemical characteristics of
the surface [28]. The C8H15BrN2 molecules might be adsorbed on
these crystal planes due to layer-like structure and weak interfacial
interaction (such like van der Waals force) along c-axis, which could
possibly decrease the growth rate along c-axis significantly. There-
fore, it is reasonable to deduce that Bi2Te3 of hexagonal plates can
be obtained under condition of an optimal amount of C8H15BrN2
(1.0 g was considered as an optimal amount in this present study).

Namely, if the employed amount of C8H15BrN2 (amount of 0.6 g
was selected in the present study) was lower than the optimal
value, Bi2Te3 nanorods while others nanoplates would be formed
as parts of Bi2Te3 nucleus will not be affected by the C8H15BrN2 and
will grow along c-axis in a certain extent. On the contrary, Bi2Te3
nucleus could grow on the formed nanoplates with small flecks
(as displayed in Fig. 5d) when the used amount of C8H15BrN2 was
higher than the optimal one (amount of 1.8 g was selected in the

present study), because of the weak surface tension of the ionic liq-
uid which could amalgamate with many other inorganic matters
and raise their nucleation rates [29]. The detailed formation mech-
anism of these Bi2Te3 plates with small flecks in ionic liquid under
microwave heating needs to be further investigated.
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Fig. 5. Typical SEM images of Bi2Te3 obtained at different C8H15BrN2 conditions: 0.6 g (a), 0.8 g (b), 1.0 g (c), 1.8 g (d).
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Fig. 6. Seebeck coefficient (a), electrical conductivity (b) and power factor (c) dependence on temperature of Bi2Te3 nanoplate synthesized with 1.0 g C8H15BrN2 via a
microwave-assisted heating method.
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Fig. 6 shows the curve of Seebeck coefficient, electrical con-
uctivity, and power factor dependence on temperature of Bi2Te3
anoplates synthesized with 1.0 g C8H15BrN2 via a microwave-
ssisted heating method. From Fig. 6(a), it can be seen that the
eebeck coefficient of Bi2Te3 is negative which indicates that the
i2Te3 synthesized is n-type semiconductor. The Seebeck coeffi-
ient increases as the temperature in a low temperature range and
et a maximum of 152 uV/K at 473 K. In Fig. 6(b), it can be seen
hat the electrical conductivity of Bi2Te3 decreasing as the tempera-
ure increasing. The Seebeck coefficient and electrical conductivity
re similar with and higher than the results presented in recent
esearch previously [15]. As show in Fig. 6(c), the power factor
f Bi2Te3 nanoplates gets a maximum at about 450 K. It has been
nhanced to some extent but not significantly. As we know, numer-
us boundaries or interfaces in nanomaterials will make phonons
ighly scattered and reduce the thermal conductivity efficiently
hich can improve ZT significantly. The thermal conductivity and

T needs to be characterized and further investigated.

. Conclusions

In this study, Bi2Te3 plate-like crystals with homogeneous
exagonal morphology have been successfully synthesized by the
icrowave-assisted heating in the ionic liquid C8H15BrN. The

resent results show that C8H15BrN2 plays an important role in the
ormation of Bi2Te3 crystals with different morphologies. It was
bserved that both Bi2Te3 nanoplates and nanorods were obtained
n the presence of 0.6 g C8H15BrN2, and the morphology of Bi2Te3
rystal changes to nanoplates with small flecks on while increasing
he amount of C8H15BrN2.
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