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Abstract Tellurium nanotube-based bismuth telluride (Te/Bi2Te3) nanocomposite

powders have been synthesized by the polyol process using Bi (NO3)3, TeCl4 as the

metal precursors, dioctyl ether as the solvent, and 1,2-hexadecanediol as the

reducing agent. The synthesized nanocomposite powders showed the characteristic

microstructure where many single crystalline Bi2Te3 nanoparticles are bonded on

the tubular structure, which has a length of a few microns and a diameter of 200 nm.

EDX results showed the nanocomposite powders consist of tubular structure of Te

materials and nanoparticles of Bi with Te atoms. These results reveal that direct

synthetic process for heterostructured nanomaterials of tube/nanoparticles were

developed via the one-pot process without any templates or additional process. The

synthesized unique structure of Te/Bi2Te3 nanocomposite powders can be utilized in

thermoelectric applications due to controllable thermal and electric conductivity by

combination between porous structures and nanostructuring.
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Introduction

Thermoelectric (TE) materials have attracted much attention due to their high

efficiency of solid-state energy conversion for cooling and power-generation

application in electronic devices at ambient temperature over the past decades [1]. It

is well known that the performance of TE materials depends on the dimensionless

figure of merit, ZT = T(a2/qj), where T is the absolute temperature, a is the
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Seebeck coefficient, and q and j are the electrical resistivity and thermal

conductivity, respectively. On the basis of this relationship, a reasonable combi-

nation of thermal conductivity and electrical conductivity plays an important role as

critical factor in improving the ZT value. Therefore, current researches have been

focusing on making nanocrystalline bismuth telluride materials to get high

thermoelectric performances [2, 3]. Especially, as Hicks and Dresselhaus [4] have

reported, nanosized powders are effectively utilized as raw materials for

nanograined bulk samples because 1D or 2D nanostructured materials produce

well-controlled Seebeck coefficients and electrical conductivity due to their

characteristic quantum effects. Zhao et al. [5] showed enhanced TE performance

by making nanoporous and nanostructured bulk based on bismuth telluride

nanotubes, and Tang et al. [6] fabricated nanolayer-structured Bi2Te3 with

reasonably high TE properties by a rapid solidification process, followed by spark

plasma sintering. Representatively, it is very well known that Poudel et al. [7]

demonstrated the nanostructured Bi–Te based system which has high ZT of 1.1 at

300 K. So far, most of the previous studies using thermoelectric nanopowders have

focused on the fabrication of nanograined bismuth telluride bulk materials with high

thermoelectric properties. In fact, these results demonstrated that lattice thermal

conductivity reduction induced by the phonon-scattering effect will more efficiently

occur in heterostructures, which means nanocomposites materials of different sizes

or shapes. Unfortunately, unlike general approaches to make normal Bi–Te

nanoparticles, rods, and even nanotubes [8], there has been little research results on

such heterostructures, except for Deng et al.’s results [9], which produce a Bi2Te3

sheet on a Te rod. The solvothermal process they developed seems to be available to

synthesize heterostructure of Te rods and nucleation, growth of Bi2Te3 via solution

of Te, and followed by Bi2Te3 nucleation.

In this study, we develop a one-pot synthetic process to produce the bismuth

telluride heterostructure in nanocomposite powder form as raw materials that can be

used for a nanograined bulk. The process to synthesize Te nanotubes and Bi2Te3

particles is simply unified by using a polyol process via a chemical route. We

confirm that the unique nanocomposite structures consisting of Bi2Te3 nanoparticles

and Te nanotubes are simultaneously formed by the developed process, unlike Deng

et al.’s solvothermal approach. We expect that synthesized Te nanotubes and Bi2Te3

nanoparticles might reduce the lattice thermal conductivity by increasing phonon

scattering due to its low-dimensional and heterostructure natures.

Materials and methods

For Bi and Te source, Bi(III) nitrate pentahydrate (Bi(NO3)3�5H2O)and Te (IV)

chlorides (TeCl4) were used as precursors, respectively. The 99.0% purity of dioctyl

ether was used as a solvent because it has a high boiling point of about 286�C,

which is available in this experiment. We mixed 5 mmol Bi(III) nitrate pentahy-

drate, 7.5 mmol Te (IV) chloride, 10 mmol oleylamine as a surfactant, and

80 mmol 1,2-hexadecandiol into 100 ml of dioctyl ether. The above-mentioned
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chemicals used in this study were purchased from Sigma-Aldrich Co. In a three-

neck flask, the mixed solution was heated to the temperature of 280�C at a rate of

about 10 K/min under Ar gas atmosphere. After holding at a given temperature for

120 min, the mixture was air-cooled on the mantle to room temperature. During

heating, the Bi(NO3)3 and TeCl4 were reduced into Bi and Te by the added polyol

reducing agents. Based on the reduction potentials of Bi of Te ions in the solvents,

subsequent nucleation of the Te and Bi atoms were intended to reduce two materials

subsequently from Te to Bi atoms to form heterostructures by making Te seeds. The

formed bismuth telluride (Bi2Te3) powders were separated from the solution by a

centrifugation process and then dispersed in 2 ml of n-hexane. The surface

morphology and composition of the nanocomposite powders were characterized by

field emission scanning electron microscope (FE-SEM, MIRA II LMH, TESCAN)

and the diffraction pattern of the Te nanotubes and Bi2Te3 particles was collected

from field emission transmission electron microscope (FE-TEM, 200 kV, JEM

2100F, JEOL). Powder X-ray diffraction (XRD) data was obtained by the model no.

X’pert MPD 3040 with Cu Ka radiation.

Results and discussion

Formation of Te nanotube-based Bi2Te3 nanocomposite powders

Figure 1a, b and c shows the schematic formation procedures of Te nanotubes and

nucleation and growth of Bi2Te3 nanoparticles. Tellurium (Te), an important

semiconductor with a band gap of about 0.35 eV at room temperature, exhibits a

large quantity of useful properties, such as nonlinear optical response, photocon-

ductivity, and thermoelectric properties, which result in their potential applications

in electronic devices [10]. It is well known that the trigonal tellurium and selenium

nanowires or nanotubes could be directly nucleated and grown from their solution

processes such as hydrothermal, reflux, and solvothermal without the use of a

physical template due to their crystal structures consisting of extended and helical

chains [10]. In our Bi and Te system, during the heating process, dissolved Bi and

Te ions in dioctyl ether are formed into Te, Bi, and Bi2Te3 subsequently within the

solution by the electrons supplied from 1,2 hexadecanediol, which acts as a reducing

agent. The expected reaction and standard reduction potentials of ionized Bi and Te

[10] in solvent could be described as follows.

Bi3þ þ 3e! Bi0 DE0 ¼ 0:308 V; ð1Þ

Te4þ þ 4e! Te0 DE0 ¼ 0:568 V; ð2Þ
3TeðsÞ þ 2BiðsÞ ! Bi2Te3ðsÞ ð3Þ

Equations (1) and (2) give the information on the standard reduction potentials (E0)

determining the sequence of reduction of Bi and Te ions. E0 of Te is higher than that

of Bi, which means that Te should be reduced first, even though both elements are

dissolved in a certain solvent, simultaneously. Te atoms then have the opportunity to
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form nanorods or nanotubes, as shown in Fig. 1b and e. According to Zhang et al.’s

[11] results, the formation of a nanotube is dominant at the initial stage of chemical

reaction and the nanotube is changed into the nanorod by filling the pores as time

progresses until all of the Te atoms are exhausted in the solution. In our experiment,

however, there are Bi atoms to form Bi2Te3 in the solution. Hence, Bi atoms seem to

be subsequently formed and heterogeneously nucleated into Bi2Te3 nanoparticles on

Fig. 1 Schematic illustration of a dissolved Bi and Te ions in solvent, b formation of Te nanotubes and
Bi atoms nucleation, c Bi2Te3 nanoparticles attached Te nanotube, SEM morphologies of d precipitated
Bi/Te compounds in the solution at 280�C after a 1-min reaction, e formed Te nanotubes at 280�C for 10-
min reaction, f formed Te/Bi2Te3 nanocomposite powders as the final product at 280�C for 120-min
reaction
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the Te nanotube surfaces as depicted in Fig. 1b and c. The SEM images in Fig. 1e

show Te nanotubes formed at the initial stage of the chemical reaction without any

templates. The diameter and the length of the synthesized nanocomposite powders

are ranging from 100 to 200 nm and a few micrometers, respectively. Added

surfactant, oleylamine played a role as inhibitors to prevent agglomeration among

formed Bi/Te compounds. In general, the addition of surfactants or change of

process parameters such as reaction time affects the nucleation and growth process

of nanoparticles [12]. As shown in Fig. 1b, it is designed that Bi and Te atoms are

precipitated within surfactant-micelle or outside. According to reaction time, Bi

atoms were nucleated on the Te nanotubes acting as seeds and made the alloying of

Bi2Te3, which is a rombohedral-hexagonal crystal structure, as shown in Fig. 1f.

The X-ray diffraction (XRD) pattern in Fig. 2 indicates that the synthesized Te/

Bi2Te3 nanocomposite powders show representatively the rhombohedral-hexagonal

lattice structure of Bi2Te3 phase determined by JCPDS no. 15-0863.

Microstructures of Te/Bi2Te3 nanocomposite powders

The SEM image of Fig. 3a clearly shows the surface morphology where many nano-

sized particles are periodically attached on the nanotube. It is expected that the size

of nanoparticles has become large if the reaction time is enough to give the

opportunity growing Bi2Te3 nanoparticle exhausting all of Bi source in the solvent.

As results of EDX in Fig. 3a, the region of nanotube indicates only Te element

while the 100-nm-sized particle shows both Bi and Te element, which is alloyed

into Bi2Te3. Most of the powders above 90% have Te/Bi2Te3 heterostructures and

approximately 5% of Te nanotubes are observed in the final product (Fig. 1f ). It is

expected that all the Bi and Te materials will be changed into Bi2Te3 phases when

extremely long reaction times occur. From the high-resolution TEM images shown

in the inset of Fig. 3b, the nanotube region shows the hexagonal lattice structures of

Tellurium and it is confirmed that the diffraction pattern of nanosized particle is

Fig. 2 X-ray diffraction (XRD) result of Te/Bi2Te3 nanocomposite powders as shown in Fig. 1f
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corresponding to Bi2Te3 phases with (110) plane. The synthesized single Te/Bi2Te3

nanocomposite powder has diameters of a few micrometers and 100–200 nm,

respectively. As Zhao et al. confirm, Te nanotubes include the structure features of

both porous and low-dimensional materials, that is to say, the formation of hollow

tube channels leads to a strong phonon-scattering effect like the cages in a porous

compound, one-dimensional nanotubes, and two-dimensional nature. From these

Fig. 3 a Morphology of single Te/Bi2Te3 nanocomposite powder, EDX results for nanotube and
nanoparticle, respectively. b TEM image of single nanocomposite powder showing heterostructure of Bi/
Te nanomaterials: left-upper inset reveals hexagonal crystal structure of Te nanotube and inset diffraction
pattern of right-down indicates (110) of Bi2Te3 plane
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results, we speculate the synthesized nanocomposite powders can be effectively

utilized to enhance the thermoelectric performance due to nanostructuring effect.

These factors make Te nanotube-based Bi2Te3 nanocomposite powders very

promising TE materials. In the near future, the effect of heterostructure consisting of

Te nanotube and Bi2Te3 nanoparticles should be studied for the possibility to

achieve highly enhanced TE performance.

Conclusions

In summary, the simplified chemical process to synthesize Te/Bi2Te3 nanocom-

posite powders was developed by using a polyol reducing agent. The designed one-

pot process resulted in a valuable heterostructure from the formation of a Te

nanotube, nucleation, and growth of Bi2Te3 nanoparticle that was investigated with

the reaction time. The synthesized heterostructure showed the microstructures of

Bi2Te3 nanoparticles attached to the Te nanotube surface and the formation kinetics

of metal salt reduction could be explained by difference of standard reduction

potentials (E0) of the ionized Bi and Te salt in the solvent. We expect that these

heterostructured Te/Bi2Te3 nanomaterials are useful for unique thermoelectric

building blocks to obtain advanced TE materials with high thermoelectric figure-of-

merit.
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