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� Akadémiai Kiadó, Budapest, Hungary 2012

Abstract Bi2Te3 nanoparticles (NPs) have been synthe-

sized at 50 �C by a low-cost wet chemical route. The

structural properties of product sample were characterized

by powder X-ray diffraction (XRD), transmission electron

microscopy (TEM), and scanning electron microscopy.

Thermal properties of product sample were investigated by

differential scanning calorimetry (DSC), thermogravimet-

ric (TG), and transient plane source techniques. The XRD

and selected area electron diffraction of Bi2Te3 NPs result

showed the polycrystalline nature with a rhombohedral

(R3m) structure of the nanocrystallites. The average grain

size of Bi2Te3 NPs was found to be about 30 nm by XRD

and TEM measurements. DSC result shows one endother-

mic peak and one exothermic peak. TG result shows that

only 48 % mass loss has occurred in Bi2Te3 sample. The

obtained lower thermal conductivity of Bi2Te3 NPs is about

0.3 W m-1 K-1 at room temperature, which is caused by

considering the crystalline nature of this material.
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Introduction

During the last few decades, with the rapid improvement of

human society, the consumption of traditional energy has

increased exponentially. Thermoelectric (TE) devices

emerge as a new type of hot substance that can directly

achieve the conversion between heat and electricity, which

can maximize the use of waste heat and electricity for

present and future. Bismuth telluride and its alloys are

recently known as the best TE materials for solid-state

cooling devices at room temperature. The energy conver-

sion efficiency mainly depends on the material’s dimen-

sionless thermoelectric figure-of-merit (ZT) = rS2T/j,

where r is the electrical conductivity, S is the Seebeck

coefficient; T is the operating temperature, and j is the

thermal conductivity. The quantity S2r is commonly con-

sidered as ‘‘power factor.’’ Increment in power factor and

decrement in thermal conductivity are essential require-

ments for the enhancement of ZT value. Reducing the

dimensionality and size of the building blocks of TE

materials is an efficient and promising way to improve ZT.

For example, 1-D quantum rods or 2-D quantum wells of

Bi2Te3 with a diameter or well width of 5 A may attain the

ZT = 14 or 5 by theoretical calculations, and Bi2Te3/

Sb2Te3 nanolayer superlattice films at room temperature,

Bi2Te3/Sb2Te3 bulk nanocomposites at 450 K, and nano-

structured bismuth antimony telluride bulk alloys at 373 K

have been attained the ZT values = 2.4, 1.47, and 1.4

respectively [1–10]. However, solvothermal or hydrother-

mal reaction process usually requires high pressure and

electrodepositing method requires expensive template with

special construction on which the product structure

strongly depends. Microwave-assisted route is expensive

and handled carefully. Thus, for a special purpose to

develop a more convenient and rapid way for synthesizing

Bi2Te3 nanoparticles (NPs) is required. Therefore, low-cost

and less hazardous wet-chemical route has been used to

synthesize some nanostructures (films, nanorods, nano-

wires, and nanobelts) of oxides, metals, semimetal, alloys,

and other compounds [11–13]. Bi2Te3 NPs were success-

fully synthesized via a wet chemical route in this work.
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In our recent research work, synthesis of Bi2Te3 NPs

with diameter about 30 nm has been reported by a facile,

one-step, low-cost, and less hazardous wet chemical route

at 50 �C. Thermal analysis techniques such as thermo-

gravimetric (TG) and differential scanning calorimetry

(DSC) were used for the obtaining process data from the

NPs thermal degradation. Transient plane source (TPS)

technique is also used to measure the thermal conductivity

of as synthesized Bi2Te3 NPs.

Materials and methods

In the typical synthesis of Bi2Te3 NPs, highly pure tellu-

rium (99.999 %) and Bismuth chloride (BiCl3) purchased

from Alfa were used without further purification. Ethylene

glycol and hydrazine hydrate (analytical grade) purchased

from Merck, Germany, were used as received. In the syn-

thesis, (12 g) bismuth chloride and (6 g) tellurium (in

powder form) were taken with deionized water, ethylene

glycol, and hydrazine hydrate in a volume ratio of 7:3:1,

respectively, in a 200-mL capacity conical flask. Then, the

solution was refluxed under vigorous stirring at 50 �C for

5 h. Finally, the black precipitates were collected and

washed with anhydrous ethanol and hot distilled water

several times and then dried in vacuum at 50 �C for 4 h.

Methods of analysis

The X-ray diffraction (XRD) pattern of the as-synthesized,

freshly dried Bi2Te3 was recorded using Rigaku Rotoflux

rotating anode diffractometer (operating at 40 kV,

100 mA) with Cu-Ka radiation (wavelength 1.54 Å). For

microstructural and structural characterization, scanning

electron microscopy (SEM) was used to investigate the size

and morphology, which was carried out on a scanning

electron micro-analyzer using a JEOL JSM6700 micro-

scope operating at 10 A and 20 kV. Transmission electron

microscopy (TEM) and high resolution transmission elec-

tron microscopy (HRTEM) investigations were carried out

using a Tecnai 20G2-TEM employing 200 kV typical

e-beam voltage using JEOL-JSM-5600. DSC measure-

ments were recorded using a Shimadzu DSC-60 model.

Five to ten milligrams (approximate) samples were taken

in standard aluminum (Al) pan and scanned over a tem-

perature range from ambient to 502 �C at 10 �C min-1

heating rate. TG measurements were analyzed using a

Netzsch instrument in nitrogen atmosphere. Samples were

heated from ambient to 700 �C at 10 �C min-1. Thermal

conductivity measurements were done by transient plane

source (TPS-2500) technique.

Results and discussion

Room temperature powder XRD pattern of Bi2Te3 sample

is shown in Fig. 1. It is believed that the large flexibility of

bismuth tellurides in terms of their chemical composition

leads to the broad XRD reflections. The XRD pattern in

Fig. 1 indicates that the as-synthesized powder has a single

phase rhombohedral lattice structure of Bi2Te3 (space

group of R�3m). The XRD pattern of Bi2Te3 sample with

characteristic features corresponding to (015), (018),

(1010), (0111), (110), (1013), (0114), (0210), (1115),

(0021), (1118)s and (2110) planes are in very good

agreement with rhombohedral (R3m) structure (Joint

Committee on Powder Diffraction Standards), JCPDS card

No. 08-0021 (a = 4.384 Å and c = 30.45 Å). The peaks

(015) and (1010) are ultra strong as compared to the other

peaks. These two diffraction peaks expected for isotropi-

cally distributed crystallites, indicate a highly preferential

orientation of the NPs along the (015) and (1010) direc-

tions, respectively. As expected, the XRD peaks of Bi2Te3

were considerably broadened compared to bulk material

due to the small size of the NPs. The size of the nano-

crystallites were estimated by the Debye–Scherrer formula

A ¼ 0:94k
bCosh

ð1Þ

where A is the coherence length, b is the full-widths-at-half

maximum (FWHM) of the diffraction peak, k (1.5418 Å) is

the wavelength of X-ray radiation, and h is the angle of

diffraction. From different h values, the calculated average

particle size is about 30 nm. Inherent stress inside nano-

crystals could contribute to broadening of XRD peaks. The

XRD pattern indicates the single phase of Bi2Te3 NPs.
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Fig. 1 Room temperature powder XRD pattern of synthesized

Bi2Te3 NPs
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The TEM image, shown in Fig. 2a, indicate the high-

yield growth feature of the sample synthesized by direct

wet chemical route. The HRTEM image of NPs is shown in

Fig. 2b, which confirms the crystallinity of the as-synthe-

sized Bi2Te3 NPs. On the basis of the TEM and HRTEM

images of the NPs, it is revealed that they are agglomerated

with the average size of about 30 nm, which is in very

good agreement with value obtained from XRD measure-

ment. The morphology of the as-synthesized sample was

investigated by SEM. SEM image of as synthesized Bi2Te3

NPs is shown in Fig. 2c, which shows that the particles are

well agglomerated. Selected area electron diffraction

(SAED) pattern of the as-prepared sample is shown in

Fig. 2d. This represents the SAED pattern of Bi2Te3 with

(015) and (1010) diffraction planes. ED pattern shows a set

of rings corresponding to the diffraction from different

atomic planes of the nanocrystallites.

DSC measurement of Bi2Te3 NPs was carried out at the

heating rate of 10 �C min-1 and in the temperature range

from ambient to 502 �C. DSC curve is shown in Fig. 3 This

curve shows one endothermic peak, one exothermic peak,

and a hump. An endothermic region between 127 �C and

177 �C may be due to the change of NPs from uniform to

clustering (collection of nanoparticles), an exothermic

region between 227 and 277 �C shows no sharp peak which

may be attributed to growth of nanocrystals of Bi2Te3, and

the hump between 352 and 427 �C may be due to the

oxidation of some of the degradation of products and above

427 �C, in the temperature at which our sample becomes

melt. DSC profiles show that complete thermal decompo-

sition, dispersion, formation and growth of nanocrystals,

and the degradation of the as-synthesized Bi2Te3 NPs

simultaneously. TG curve of the Bi2Te3 NPs was obtained

at heating rates of 10 �C min-1 as shown in the Fig. 4.

Table 1 listed the data on mass losses occurring in the

stages of degradation of the NPs in the temperature range

50–700 �C. It can be observed from Table 1 that the

thermal behavior and the mass loss of the NPs occurs in

three stages: the first, in the range of 50–135 �C (mass loss

18 %), which may be attributed to degradation of Bi2Te3

NPs; the second, in the range of 135–407 �C (mass loss

20 %), which may be generally attributed to the evapora-

tion of water and organic components; and third,

700–407 �C (mass loss 10 %), which is related to the

degradation of residues. Overall, TG results show a mass

loss of 48 % in the as-synthesized Bi2Te3 NPs up to

700 �C.

The measurement of thermal conductivity of Bi2Te3

NPs was carried out at room temperature by TPS tech-

nique. Bi2Te3 is a highly anisotropic material due to the

difference in strength between weak van der Waals bonds

among the adjacent Te atoms and strong covalent bonds

between Bi and Te atoms [14]. The thermal conductivity of

bulk Bi2Te3 is 1.5 W m-1 K-1 along the cleavage plane

(perpendicular to the van der Waals bonding direction),

while it reduces to values as low as 0.6 W m-1 K-1 in the

Fig. 2 a TEM micrograph,

b HRTEM micrograph, c SEM

micrograph and d SAED pattern

of as synthesized Bi2Te3 NPs
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direction perpendicular to the cleavage plane [15]. The low

thermal conductivity of Bi2Te3 NPs is comparable to that

of highly disordered materials. In Bi2Te3 NPs, heat con-

duction proceeds through two types of carriers, phonons,

and charge carriers. Goldsmid [16] has investigated

mechanisms of heat conduction in Bi2Te3 and found that

thermal conductivities of the samples with higher doping

concentrations were lower than those of samples with

reduced doping levels. This effect is attributed to the

transport of ionization energy by electron–hole pairs due to

the changing carrier concentration in the direction of

temperature gradient. Goodson and co-workers [17] have

reported that thermal conductivity normal to the Bi2Te3/

Sb2Te3 superlattice layers were found to be about 0.3 W

m-1 K-1, which is significantly lower than the bulk value

for Bi2Te3. The obtained thermal conductivity k of the as-

synthesized Bi2Te3 NPs is about 0.3 W m-1 K-1 at room

temperature. This is a remarkably low value considering

the crystalline nature of this material. We also credit this

unexpected reduction (as compared to bulk Bi2Te3) of the

thermal conductivity to the relative importance of low

frequency acoustic phonons with longer mean free paths

like superlattice layers [17]. It indicates that nanostructur-

ing leads to a remarkable decrease in the thermal con-

ductivity and may be a well-promising result for enhancing

the ZT value for its use as a good nanomaterials in a

thermoelectric device.

Conclusions

In this work, Bi2Te3 NPs have been successfully synthe-

sized by low-cost wet chemical route. The Bi2Te3 powder

obtained at 50 �C consists of agglomerate NPs of average

size about 30 nm. The SAED pattern depicted the poly-

crystalline nature of the as-synthesized nanocrystals, the

diffraction ring of which could be indexed to perfect multi-

crystal diffraction patterns of Bi2Te3 NPs. We also studied

the thermal effect on the Bi2Te3 NPs by DSC and TG

curves. TG result shows that only 48 % mass loss has

occurred in our product sample. The thermal conductivity

of our sample is found to about 0.3 W m-1 K-1 at room

temperature, which is a remarkably low value in revealing

the crystallinity nature of the as-synthesized Bi2Te3 NPs.
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