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Highly uniform Bi2Te3 nanowires with a length of tens of micrometres and a diameter of 15–17 nm can

be synthesized through a simple and fast solution process by using ultrathin Te nanowires as sacrificial

templates. Different from previous template-directed hydrothermal synthesis, here we used heating

mantle as the reactor for preparing Bi2Te3 nanowires, which not only makes the reaction perform more

efficiently and be finished within one hour, but also can achieve more uniform nanowires. As-

synthesized Bi2Te3 nanowires have a hexagonal-phase single crystalline structure. It was found that

using triethylene glycol (TEG) as solvent and precise controlling reaction temperature and time were

crucial to obtain high-quality single crystal Bi2Te3 nanowires. The formation process of Bi2Te3
nanowires was believed to include both Kirkendall effect and Ostwald ripening, according to the

experimental observations. Compared with other Bi2Te3 nanostructures and bulk Bi2Te3 materials, the

thermal conductivity of Bi2Te3 nanowire pellet decreased evidently, verifying that one-dimensional

thermoelectric nanomaterials indeed exhibit lower thermal conductivity.
Introduction

During the past few decades, with the rapid development of

human society, the consumption of traditional energy has

increased exponentially. Therefore, more and more researchers

come to pay close attention to new energy sources. Thermo-

electric (TE) device emerges as a new kind of hot material that

can directly achieve the conversion between heat and electricity,

which can maximize the use of waste heat and electricity in daily

life. The efficiency of the thermoelectric device is related to the

figure of merit ZT ¼ (S2s/k)T, where S is the Seebeck coefficient,

s is the electrical conductivity, k is the thermal conductivity, and

T is the absolute temperature.1 The higher the ZT is, the higher

the conversion efficiency.

Bi2Te3, as a hot TE material that can show a high ZT around

the room temperature, has been acknowledged and researched

extensively.2 Recently, a bulk p-type Bi2Te3 which was synthe-

sized through a ball-milling process followed directly hot

pressing with the highest value ZT z 1.4 have been reported by

Poudel et al.3 Whereas, the numerical value related to the effi-

ciency was not high enough for large-scale production and

utilization. After much of research on the thermoelectric mate-

rials, Dresselhaus et al. proposed that the figure of merit ZT of
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TE materials in one-dimensional (1D) nanostructures could be

improved noticeably by reducing the thermal conductivity,4,5

which has been testified by both experimental studies and theo-

retical calculations.3,6–14 So far, many Bi2Te3 nanostructures with

various morphologies have been synthesized through different

strategies, such as nanoparticle,15,16 nanoplates,17,18 nano-

capsules19 and hollow nanospheres.20 And for synthesis of 1D

Bi2Te3 nanostructures, the most commonly used methods were

the traditional electrodeposition and template-directed electro-

deposition methods.21–25 Besides that, Bi2Te3 nanowires,26,27

nanotubes,28 and nanorods29,30 have been prepared through

hydrothermal and solvothermal routes. In addition, ordered

Bi2Te3 nanowire arrays have also been fabricated via physical

vapor deposition process.31 Unfortunately, the Bi2Te3 nanowires

synthesized by electrodeposition usually had relatively thicker

diameter, while that were prepared by solution chemistry process

were constantly inferior in quality.

Template-directed synthesis has been widely used for fabri-

cation of 1D nanostructures during the past two decades.32–34

Now, many 1D telluride nanostructures have been synthesized

by using Te nanowire and nanorod as the template.28,34,35

Recently, the ultrathin Te nanowires with a diameter of only

several nanometres have been synthesized and used as an effec-

tive template to fabricated CdTe and PbTe nanowires by our

group.35,36 Different from the hydrothermal process for synthesis

of CdTe and PbTe nanowires in our previous studies, herein we

adopt the heating mantle as the reactor that was more facile and

effective for synthesis of high-quality uniform Bi2Te3 nanowires.

Because the heating mantle was connected to a digital tempera-

ture controller, it can heat up the solution at a preset heating rate.
J. Mater. Chem., 2011, 21, 15057–15062 | 15057
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The formation mechanism of the Bi2Te3 nanowires was also

discussed. In addition, the thermoelectric transportation

performance of the obtained Bi2Te3 nanowires has been

investigated.
Experimental

Materials

All chemical reagents were analytical grade that can be

commercially available from Shanghai Chemical Reagent Co.

Ltd, and were used without further purification in this study.
Synthesis of ultrathin Te nanowires

The high-quality uniform ultrathin Te nanowires with a diameter

of only several nanometres were prepared according to the

previous method deveolped by our group.36 In a typical

synthesis, 1.000 g polyvinylpyrrolidone (PVP) and 0.092 g

Na2TeO3 (0.42 mmol) were dissolved in 35 mL of double distilled

water under vigorous magnetic stirring to form a homogeneous

solution at room temperature. After that, 1.65 mL of hydrazine

hydrate (85%, w/w%) and 3.35 mL of aqueous ammonia solution

(25–28%, w/w%) were added into the mixed solution respectively.

The final solution was transferred into a Teflon vessel with a total

volume of 50 mL. Then, the container was closed and maintained

at 180 �C for 3 h and cooled down to room temperature natu-

rally. The product was precipitated by adding 110 mL of acetone

into the Te nanowires solution.
Synthesis of Bi2Te3 nanowires

In a typical synthesis, 0.600 g polyvinylpyrrolidone (PVP) was

first dissolved in 30 mL triethylene glycol (TEG) under vigorous

magnetic stirring. After that, Te nanowires (�0.42 mmol) from

the previous experiment were dispersed in the solution by stirring

dramatically before 0.245 mmol Bi(NO3)3$5H2O and 1 mL

hydrazine hydrate were added as Bi source and reductant

respectively. Finally, adequate NaOH was used to adjust the pH

to 13. Then, the reaction was performed in a 50 ml three-neck

flask equipped with a thermometer, glass tube and condenser.

The mixture solution was then heated from room temperature to

200 �C at a rate of 10 �C per minute and kept at 200 �C for 20 min

under magnetic stirring and nitrogen protection. After natural

cooling to room temperature, the final product was centrifuged

and washed several times with absolute alcohol and double

distilled water, and then dried in vacuum at 60 �C.
Fig. 1 XRD pattern of the obtained Bi2Te3 nanowires prepared in TEG

at 200 �C for 20 min.
Sample characterization

The obtained sample was characterized by an (Philips X’Pert Pro

Super) X-ray powder diffractometer with Cu Ka radiation (l ¼
1.541874 �A). Scanning electron microscopy (SEM) was per-

formed with a field emission scanning electron microanalyzer

(Zeiss Supra 40). Transmission electron microscopy (TEM) was

performed on H-7650 (Hitachi, Japan) operated at an accelera-

tion voltage of 100 kV. High-resolution transmission electron

microscope (HRTEM) was operated on JEOL-2010 at an

acceleration voltage of 200 kV. The energy dispersive X-ray

spectroscopy (EDS) analysis was also done with a JEOL-2010
15058 | J. Mater. Chem., 2011, 21, 15057–15062
TEM with an Oxford windowless Si (Li) detector equipped with

a 4-pulse processor.
Thermoelectric properties

To keep the nanowire structure of the sample, we just pressed the

as-prepared powder into a pellet with dimensions of 10 mm �
4 mm � 1.5 mm at room temperature under a pressure of 40

MPa. The Seebeck coefficient and thermal conductivity were

measured by a two-terminal method, while the electrical resis-

tivity was measured via a four-probe resistance measurement. All

figures were detected from 50 K to 300 K via using Physical

Property Measurement System (PPMS) apparatus.
Results and discussion

The Te nanowires that were chosen as the template has a length

of tens of micrometres and a diameter of only several nanometres

(see ESI, Fig. S1†). Then the high quality Bi2Te3 nanowires were

prepared via a facile solution phase method using the ultrathin

Te nanowires as the template and triethylene glycol (TEG) as

solvent. Fig. 1 shows the X-rays diffraction (XRD) pattern of the

products obtained at 200 �C for 20 min in TEG. All the

diffraction peaks are in good agreement with the standard

literature of hexagonal-phase Bi2Te3 (JCPDS 72–2036). There

were no other peaks in existence, indicating that the sample was

pure Bi2Te3 crystalline phase without residual impurities. Scan-

ning electron microscopy (SEM) and transmission electron

microscopy (TEM) images in Fig. 2 confirmed the presence of

abundant wire-like 1D nanostructures, and the nanowires have

a length of tens of micrometres and a diameter of 15–17 nm. As

the Bi atoms entered into the Te nanowires template, so the

diameter of the Bi2Te3 nanowires was appreciably larger than

that of Te template. To the best of our knowledge, such uniform

and high-quality Bi2Te3 nanowires have never been synthesized

by non-templating method.

The energy-dispersive X-ray spectroscopy (EDS) was detected

on a random sample, testifying that the nanowires were

composed of stoichiometric Bi2Te3 (Fig. 3). Additionally, a high

resolution TEM (HRTEM) image taken from an individual

nanowire shown in Fig. 4a, in which the lattice spacing was

measured as 3.31 �A, corresponding to that for the (009) planes of

the hexagonal Bi2Te3. It also can indicate that the nanowires
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Different magnifications of SEM images (a,b) and TEM images

(c,d) of Bi2Te3 nanowires obtained in TEG at 200 �C for 20 min.

Fig. 3 EDS spectrum of the Bi2Te3 nanowires. The signals corre-

sponding to Cu and Cr were contributed by the TEM grid.

Fig. 4 (a) TEM image of an individual Bi2Te3 nanowire. (b) HRTEM

image of the selected area of the Bi2Te3 nanowire shown in (a), the inset

was the corresponding SAED pattern.

Fig. 5 XRD patterns of the samples obtained after solvothermal reac-

tion for 12 h at (a) 140 �C, (b) 160 �C, (c) 180 �C, and (d) 200 �C
respectively.

D
ow

nl
oa

de
d 

by
 C

he
ng

du
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
 o

n 
26

 J
un

e 
20

12
Pu

bl
is

he
d 

on
 2

5 
A

ug
us

t 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1J
M

12
38

4J

View Online
grow along the <119> direction. The corresponding selected area

electron diffraction (SAED) pattern (the inset in Fig. 4b) could

further confirm the above result. Both of the HRTEM image and

the SAED pattern demonstrated the nanowires possessed a well

single crystallinity. All the above results show that high-quality

Bi2Te3 nanowires with uniform diameter and high aspect ratio

have been prepared successfully through the template-assisted

solution route and the Te nanowires with high active reaction are
This journal is ª The Royal Society of Chemistry 2011
indeed perfect templates to synthesize 1D nanostructured

materials.

The choice of template, reaction parameters, and reaction

solvent played crucial roles for the synthesis of uniform Bi2Te3
nanowires that with high aspect radio and good quality. First,

the ultrathin Te nanowires with a diameter of only several

nanometres were chosen as templates due to their high reactivity

and excellent dispensability in water, EG, TEG and other

hydrophilic solvents, which can promote the formation of

homogeneous nanostructured coating on the template.35,36 Then,

TEG also plays an important role in this template-reaction. The

TEG as solvent has several obvious advantages, i.e., (i) it is

a nontoxic, pollution-free and environment-friendly solvent, and

will not produce any by-product during the reaction process; (ii)

it has a higher viscosity that can provide a stable reaction envi-

ronment; (iii) its high boiling point can made the reaction carry

out at a higher temperature, resulting in high crystallinity of the

samples. Compared with the typical Bi2Te3 nanowire sample

obtained in TEG, the nanowires that prepared in EG at 180 �C
had rough surface and were not uniform (see ESI, Fig. S2a†).

The XRD pattern indicated that the crystallinity of the product

was poor (see ESI, Fig. S2b†). If the reaction was carried out in

H2O at 100 �C for 20 min, we could not get the phase of Bi2Te3 at

all (see ESI, Fig. S3). The above results proved undoubtedly that

the high-quality Bi2Te3 nanowires could not be prepared at a low

temperature.

Additionally, we also carried out the template-directed

synthesis through the solvothermal route by using a Teflon-lined

stainless steel autoclave. Fig. 5 showed the XRD patterns of the

samples that were obtained after 12 h solvothermal reaction at

140 �C, 160 �C, 180 �C, and 200 �C, respectively. It is obvious
that when the temperature was lower than 180 �C, there was

always Te phase residue in the final products (Fig. 5a–c). And

when the reaction processed at 200 �C, pure Bi2Te3 phase was

achieved though, the crystallinity was still not good (Fig. 5d).

Therefore we can conclude that in order to get high-quality

Bi2Te3 nanowires, heating mantle is better than Teflon-lined

stainless steel autoclave basing on the following two reasons: (i)

heating mantle has better heat transfer performance than auto-

clave, which can effectively improve the reaction rate and short

the reaction time; (ii) keeping the reaction proceed at reflux by
J. Mater. Chem., 2011, 21, 15057–15062 | 15059
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Fig. 7 TEM images of the samples obtained at different stages within

the whole reaction process: the samples obtained when the solution was

heated up to (a) 100 �C, (b) 160 �C, (c) reached 200 �C andmaintained for

20 min, the inset was the magnifying image of the selected area, and (d)

maintained at 200 �C for another 20 min.
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heating mantle can provide a stable atmospheric pressure envi-

ronment, while the higher pressure generated in enclosed auto-

clave at high temperature may destroy the ultrathin wire-like

nanostructure (see ESI, Fig. S4†).

Subsequently, the time-dependent experiments were per-

formed in order to understand the growth mechanism of the

Bi2Te3 nanowires. The samples obtained at different stages of the

template-assisted reaction between Te nanowires and Bi(NO3)3
in TEG were characterized by TEM and XRD. The XRD

patterns shown in Fig. 6a–d exhibited the temperature-depen-

dent gradual conversion process from Te templates to Bi2Te3
nanowires. When the solution was heated up to 100 �C, the
sample phase was transformed from the pure Te (Fig. 6a) to

a mixture of Te and Bi (Fig. 6b). After the reaction temperature

reached to 160 �C, both Te and Bi phases disappeared and a new

phase of Bi2Te3 emerged (Fig. 6c). As the reaction processing, the

crystallinity of the Bi2Te3 became better and better while the

reaction temperature reached to 200 �C and maintained for 20

min (Fig. 6d).

TEM images in Fig. 7a–d showed the morphology changes of

the products at the different reaction stages. The nanoparticles

attached to the Te nanowires shown in Fig. 7a could convey the

generation of Bi phase. When the reaction temperature increased

to 160 �C, the sample with a tube-like nanostructure could be

observed obviously in Fig. 7b and the diameter of the nanotubes

was a little larger than the Te nanowires template. Finally, after

reaction for 20 min at 200 �C, the tube-like nanostructure dis-

appeared and the uniform Bi2Te3 nanowires with smooth surface

and high aspect ratio were yielded (Fig. 7c). If the reaction time

was prolonged to more than 20 min, the nanowire structure

would be broken (Fig. 7d).

On the basis of the above results, it can be speculated that the

whole synthetic process of Bi2Te3 nanowires includes both Kir-

kendall effect and Ostwald ripening. In the first step, the Bi3+ ions

was reduced by hydrazine hydrate to Bi atoms attached to the

surface of Te nanowire templates under the action of PVP

(Fig. 7a, Scheme 1a and 1b).35 Then, the composite nanowires

were transformed to Bi2Te3 nanotubes through the nanoscale

Kirkendall effect.28 The diffusion rate of the Te atoms was larger

than that of Bi atoms, which resulted in a net outward flow and
Fig. 6 The XRD patterns of the samples obtained at different stages

within the whole reaction: (a) Te nanowire templates and the samples

obtained when the solution was heated up to 100 �C (b), 160 �C (c), and

reached to 200 �C and maintained for 20 min (d).

15060 | J. Mater. Chem., 2011, 21, 15057–15062
leads to the formation of hollow tube-like nanostructure (Fig.7b,

Scheme 1c). This reaction step can also be proved by the

HRTEM images that showed in Fig. 8. Fig. 8a indicated that

a bit of Bi2Te3 phase began to appear at the edge of Te nanowires

when the solution temperature reached 100 �C. Finally, the

Bi2Te3 nanotubes gradually evolved into uniform Bi2Te3 nano-

wires by the Ostwald ripening process (Fig.7c, Scheme 1d).37,38

The HRTEM image of the sample obtained after the reaction for

5 min at 200 �C could confirm the transformation from the

hollow tube-like Bi2Te3 nanostructure to nanowires (Fig. 8b).

The whole template reaction under the present conditions could

be illustrated as follows:

4Bi3+ + 3N2H4 + 12OH� / 4Bi + 3N2 + 12H2O (1)

2Bi + 3Te / Bi2Te3 (2)

In order to examine whether the obtained uniform Bi2Te3
nanowires can enhance the thermoelectric properties effectively,

we investigated the electrical and thermal transport properties of
Scheme 1 Schematic illustration of the formation mechanism of the

Bi2Te3 nanowires via a template-assisted solution phase process.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 HRTEM images of the samples obtained (a) when the solution

was heated up to 100 �C and (b) maintained at 200 �C for 5 min.
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the pellet made up of as-synthesized Bi2Te3 nanowires powder.

The measured temperature dependence of thermal conductivity,

Seebeck coefficient, electrical resistivity and the calculated figure

of ZT of the bulk material were showed in Fig. 9a–d. It could be

seen obviously that the thermal conductivity (k) was only

0.42 Wm�1K�1 at room temperature of 300 K (Fig. 9b), which is

strikingly lower than that of other nanostructures of Bi2Te3.
3,16 It

also proved that one-dimensional nanostructure of thermoelec-

tric materials can indeed decrease the thermal conductivity

through enhancing the phonon scattering effect.4 The Seebeck

coefficient (S) of the Bi2Te3 nanowires pellet had a value of

�74 mVK�1 at 300 K (Fig. 9a), which illustrated that the sample

was a typical n-type semiconductor. However, the electrical

resistivity (r) was only 7.5 � 10�4 Um (Fig. 9c), which was lower

than that of bulk Bi2Te3 materials. The lower electrical resistivity

Bi2Te3 nanowires were probably resulted from the pressing

method where a lower pressure and temperature were applied.

Therefore, the density of the obtained nanowires pellet here is

still not comparable with the corresponding bulk materials. The

SEM image showed in Fig. S5† also indicated that there were still

many pores in the pellet, confirming the Bi2Te3 nanowires in

pellet were just simply compacted into a more dense structure.

Another possible factor is the presence of the residual organics in

the sample that will also reduce the resistivity. So the figure of the

ZT in this work was only 0.005 at 300 K (Fig. 9d). The emphasis

of the future work will focus on how to convert the nanowires
Fig. 9 Transport properties of Bi2Te3 nanowires. (a) Seebeck coefficient

(mV K�1), (b) Conductivity (W K�1-m), (c) Resistivity (Ohm-m), and (d)

Figure of Merit ZT.

This journal is ª The Royal Society of Chemistry 2011
into bulk materials effectively, such as using other pressing

methods like spark plasma sintering (SPS) or trying to eliminate

the organics on the surface of nanowires.

Conclusions

In summary, uniform Bi2Te3 nanowires with high aspect ratio

have been synthesized by a template-assisted solution process

using ultrathin Te nanowires as template. It has been demon-

strated that template-directed synthesis was indeed a convenient

and effective way to produce high-quality 1D telluride nano-

structures. Based on the temperature dependence of thermal

conductivity, Seebeck coefficient and electrical resistivity of the

as-pressed pellet, it can be concluded that the thermal conduc-

tivity of the 1D Bi2Te3 nanowires was indeed decreased, but the

electrical resistivity is lower and the figure of ZT was not

improved. More work is still needed in the future to further

improve the thermoelectric performance of the Bi2Te3
nanowires.
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