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Highlights 

�A new, scalable and reproducible synthesis of Bi2Te3 nanotubes was developed  

�200-500 nm long Bi2Te3 nanotubes were prepared with the assistance of 1-dodecanthiol  

� Bi2Te3 tubes length is tuned with the use of a secondary shape-directing agent (SDBS). 

 

For graphical abstract only 

Abstract 

This article reports a novel synthetic methodology for preparing Bi2Te3 nanotubes as well as tailoring 

their size and aspect ratio, which provides a strong potential interest in the field of thermoelectrics. 

Bi2Te3 nanotubes were synthesized via a 1-dodecanethiol (DDT) assisted aqueous two-steps synthesis. 

One of its main advantages is to be easily scalable because it is carried under mild experimental 

conditions. The complexation of the capping ligand DDT to the bismuth yields to layered structural 
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complexes Bi(DDT)3, which may act as a soft templates promoting the growth of Bi2Te3 nanotubes. 

The products were characterized by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), 

Energy Dispersive X-ray analysis (EDX), Transmission Electron Microscopy (TEM) and High-

Resolution Transmission Electron Microscopy (HRTEM). Microstructure investigations of powders 

show that the Bi2Te3 nanotubes are 200-500 nm long with an average diameter of 50-100 nm. The HR-

TEM and selected area electron diffraction (SAED) results reveal the presence of 20-30 nanometers 

crystallized nanodomains and support the growth of the nanotubes via a rolling up mechanism of (ab) 

planes. Using sodium dodecylbenzene-sulfonate (SDBS), as an additional structuring agent, lowers the 

yield of Bi2Te3 tubes synthesis and increases the heterogeneity of their size distribution. However, 

with an increased amount of SDBS very long Bi2Te3 (up to 20 μm) tubes have been obtained. As a 

conclusion, using the capping ligand DDT allows obtaining Bi2Te3 nanotubes in mild conditions 

according to an easily scalable procedure. Moreover, for the first time the addition of another shape 

directing agent such as the surfactant SDBS in presence of DDT is shown to be a promising way to 

tune the dimensions and aspect ratio of these Bi2Te3 nanotubes, and as a consequence tailor their 

electronic properties, since the longest hollow Bi2Te3 tubes ever synthesized have been obtained. 

Keywords: Bi2Te3, nanotubes, capping ligand, structuring agent, X-ray diffraction, scanning 
electron microscopy (SEM) 

 

1-Introduction 

As of today, the bismuth telluride Bi2Te3 [1] and some of its alloys [2,3] are still the most efficient 

thermoelectric materials [4] for applications running near ambient temperatures and up to 100°C. As a 

matter of fact, it is the only material used in widespread and well-tried, commercially available 

converters [5] with the thermoelectric figure of merit (ZT) values comprised between 1 and 2 for both 

the n and p-type materials [6]. However, a great deal of effort is still devoted to the enhancement of 

the material efficiency with different strategies. For instance, increasing the texture of polycrystalline 

materials via multiple pressing or hot forging, making composites by incorporating phonon scatters 

(carbon nanotubes, refractory metal oxides) or metal doping, have produced promising results [7-9]. 

Other studies have focused their attention on preparing both highly anisotropic nanosized materials 
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such as nanoplates, [10-13] nanorods, [14,15] nanowires, [16,17] nanotubes [18-26] or other 

nanoparticles [27] and phonons scattering materials [12,28]. In this aim, a large number of synthetic 

techniques like for usual nanoparticles [29,30] have been reported such as hydrothermal [16,19,25], 

solvothermal [13,31-33] sonochemical [34], micro-wave [10,15,35] synthesis, electrodeposition 

[20,36] or galvanic displacement [37,38]. Of particular interest is the surfactant-assisted synthesis that 

uses structuring molecular agents such as hexadecyltrimethylammonium bromine (CTAB) [13,39] 

sodium dodecylsulfate (SDS) [39], sodium dodecylbenzene-sulfonate (SDBS) [14,16] and TOPO 

(trioctylphosphine oxide) [40] composed of a hydrophilic head and hydrophobic tail, that favor the 

growth of particles in a preferential direction thus generating Bi2Te3 nanoplates [39], nanorods [14], 

nanowires [16]. The type of surfactant and its concentration have a strong impact on the growth step. 

Recently, the porous and layered nanostructures have attracted attention to enhance the phonons 

scattering [12]. In this vein, the nanosized Bi2Te3 hollow tubes are gaining widespread interest due to 

their specific shape which combines two advantages: the anisotropic structure with the preferential 

growth of (a,b) plan favors a high electrical conductivity, whereas the nanosized grains and the porous 

architecture are suitable for the phonon scattering, helping to decrease the thermal conductivity. 

Several reports indicate significant improvement of the ZT of Bi2Te3 when processed from nanotubes 

rather than from conventional powders [37, 41-43]. Very recently, the work of S. Tadigadapa and al 

even reports measurements on individual nanotubes displaying 11 to 44% increase of Seebeck 

coefficient (S) (275 to 357 μV K−1 at T = 300 K), 64 % decrease of the thermal conductivity (κ) and a 

88 % increase in ZT (ZT=0.75) compared to bulk Bi2Te3 [44]. 

Several examples of Bi2Te3 nanotubes syntheses have already been reported and various approaches 

are employed to control the morphology of the particles [18-26,39] among which can be distinguished 

the hard-templating synthesis using sacrificial nanotubes, nanorods or nanowires with Bi2Te3 tubes 

formed from the template surface [38,44-52]. In contrast, the soft-templating approach uses structuring 

molecular agents [39,53]. This technique has drawn attention because it is easily scalable. However, 

only a few examples are reported. Bi2Te3 nanotubes were prepared from surfactant-assisted wet 

chemical route with hydrazine hydrate and ethylene glycol in reflux [54] and solvothermal synthesis 
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[22,23], however, hydrazine hydrate may present a risk for reaction scale up for carcinogenic hazard. 

On the other hand, hydrothermal syntheses using a capping (complexing) ligand like ethylenediamine-

tetra-acetic acid (EDTA) [18,19,24,25,55,56] were developed. For instance Z. Wang [18], Y. Deng 

[19] and X. B. Zhao [24,25] reported the syntheses of Bi2Te3 hollow channel tubes with good 

crystallinity. The role of EDTA as structuring molecular agent in the preparation of nanotubes was 

emphasized and explained by its bridging nature leading to multinuclear bismuth complexes. Their 

self-assembly by hydrogen bonding into the lamellar phase favors the nuclei sheets formation and 

promotes the growth along the (a,b) plane [39,54]. Besides, a second benefit of the capping ligands 

may be their capacity to slow down the reactivity of tellurium towards bismuth by its complexation to 

the metal, which promotes anisotropic nanostructures formation. However, these hydrothermal 

syntheses maybe not suitable for a larger scale because of the volume limitation and the required high 

temperature and pressure. Hence, the development of a scalable reaction using mild experimental 

condition appears more attractive for the preparation of thermoelectric materials. In this vein, X. B. 

Zhao reported a low-temperature wet chemical synthesis with EDTA yielding to Bi2Te3 nanotubes 

[24]. The use of other capping (complexing) agents should be interesting in developing alternative 

scalable syntheses of Bi2Te3 nanotubes. To the best of our knowledge, no other example of nanotubes 

wet synthesis with the assistance of another capping (complexing) agent was reported. The 1-

dodecanthiol (DDT) is interesting since its complexation to bismuth ions forms multinuclear 

complexes Bi(DTT)3 [57]. The resulting layered structure may act as a soft template promoting the 

growth of bismuth anisotropic nanostructures as demonstrated in the preparation of nanofilms [57] or 

nanodisks [58]. In addition, Wu and coworkers [58] highlighted that excessive DDT in Bi nanodisks 

preparation allows their growth into preferential directions by binding to specific faces of particles. 

Hence, in this work, we report a promising scalable synthesis of Bi2Te3 nanotubes in aqueous solution 

and mild conditions with the assistance of the capping agent DDT. The nanotubes structure and 

morphology were characterized by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), 

Energy Dispersive X-ray analysis (EDX), Transmission Electron Microscopy (TEM), and High 

Resolution Transmission Electron Microscopy (HRTEM) with selected area electron diffraction 
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(SAED). The effect of the addition of a secondary shape-directing agent SDBS on the Bi2Te3 

nanotubes morphology has also been investigated in order to open the way to morphology tuning 

strategies which could help tailoring the electronic properties of those nanotubes. 

 

2-Material and methods 

2-1-Preparation of Bi2Te3 nanotubes 

Tellurium (Te, 99.99 %), bismuth (III) chloride (BiCl3, 99.99 %), sodium borohydride (NaBH4, 96 %), 

sodium hydroxide (NaOH, 98 %), Sodium dodecylbenzenesulfonate (SDBS, 96 %), 1-dodecanethiol 

(DDT) (C12H25-SH, 98 %) were purchased from Sigma Aldrich and used as received. De-ionized water 

and tetrahydrofuran (THF) HPLC grade were degassed by bubbling argon. All the reactions were 

carried out under argon atmosphere. 

The experiment has been carried out in 2L Jacketed stirred reactor vessel, Te(0) (99.99 % purity, 3.47 

g, 27.19 mmol, 1 eq.), NaOH (98 % purity, 9.68 g, 237.16 mmol, 8.72 eq.) and NaBH4 (96 % purity, 

4.18 g, 106.07 mmol, 3.90 eq.) were added successively into 1.3 L of water. The pH was at 13 and the 

mixture was heated at reflux for 24 h, during the process, the mixture had a pale purple color. In 

parallel, Bi(DDT)3 was prepared by adding 1-dodecanethiol (DDT) (98% purity, 72.2 mL, 61.00 g, 

295.84 mmol, 10.88 eq.) to a suspension of BiCl3 (99.99 % purity, 5.75 g, 18.23 mmol, 0.67 eq.) in 

THF (361 mL). After stirring for 24h, the mixture turns into a light yellow homogenous solution. At 

room temperature, this solution containing Bi(DDT)3 and the excess of DDT was added to the Te2- 

containing reaction mixture through a cannula. The mixture was stirred and heated at 70°C up to three 

days. The obtained black powder (sample A) was filtered and washed successively with water and 

ethanol, finally dried at 60°C for 6 h, yielding to 7.05g of Bi2Te3 (8.80 mmol, 97% yield). Samples B 

and C were prepared following the same procedure, except that SDBS (96 % purity) was added to the 

mixture just after the Bi(DDT)3 solution addition, in various amounts 0.475g (1.33 mmol, 0.05 eq.) for 

sample B and 0.950g (2.66 mmol, 0.10 eq.) for sample C, the products were obtained with the same 

yield than for compound A. 
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2-2-Characterizations 

X-ray powder diffraction measurements were carried out on a Panalytical X'Pert Pro diffractometer 

equipped with an Pixel detector using Cu Kα radiation (λKα1 = 1.5406 Å / λKα2 = 1.544Å). The data 

were collected over in 2 theta range 10°–70° and a step size of 0,0131°. The powder microstructure 

was investigated using a Zeiss Supra 55 Scanning Electron Microscope (SEM) and a JEOL 2010 FEG 

Transmission Electron Microscope (TEM) operated at 200 kV fitted with a double tilt sample holder 

for High Resolution observations. Chemical analysis of the sample was investigated by Energy 

Dispersive Spectroscopy (EDS) analyses performed with EDAX Si/Li detectors fitted on both 

microscopes. For TEM observations, samples were prepared by dispersing the powder samples in 

butanol. The flakes in suspension are deposited onto a holey carbon film, supported by a copper grid. 

3-Results and Discussion 

The preparation of Bi2Te3 nanoparticles was carried out in 2 L Jacketed stirred reactor vessel with 

precise temperature control which enables obtaining 7.00 g of pure Bi2Te3 for each reaction. The 

aqueous synthesis depicted on Scheme 1 was performed in two steps via an ionic reaction process [59] 

under argon atmosphere preventing oxidation risks. First, the reduction of tellurium into Te2- was 

performed with NaBH4 in distilled and degassed water at a pH of 13 under heating at 100°C, during 

the process, the mixture colored pale purple. For the second step, Bi(DDT)3 complex was freshly 

prepared from the reaction with bismuth (III) chloride (BiCl3) and DDT in tetrahydrofuran for 24 h. A 

large excess of DDT was used to prevent oxidation and favor the anisotropic growth of Bi2Te3 

particles. The layered structure of Bi(DDT)3 precursor was checked on the collected yellow powder 

isolated after evaporation of Bi(DDT)3 solution and filtration followed by washings with ethanol. The 

indexation of the diffraction peaks is in good agreement with literature data [57] (see Figure S1, ESI). 

Then, at room temperature, the solution composed of Bi(DDT)3 and an excess of DDT was directly 

added to the Te2- containing mixture before heating the reaction mixture at 70°C (Scheme 1). Finally, 

sample A was collected after 72h. The powder was isolated after filtration, washed successively with 

water and ethanol, and finally dried at 60°C for 6 h. Bi2Te3 powder was obtained with a yield of 97% 
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Samples B and C were prepared with the addition at room temperature of 1.33 and 2.66 mmol, of 

SDBS respectively (Scheme 1).  

 

Scheme 1. Schematic two-steps process for the preparation of the samples A, B, and C 

 

Figure 1 depicts the XRD patterns of samples A, B, and C. The indexation of the diffraction peaks is 

in agreement with the rhombohedral lattice structure of Bi2Te3 (space group R-3m, JCPDS no. 08-

0021). The broadening of diffraction peaks can be attributed to the nanometric size of the crystallites 

which has been confirmed by TEM observations. No diffraction peak from unreacted Te (0) or any 

impurities are observed. 

 

Figure 1. X-ray diffraction patterns with the peaks indexation of Bi2Te3 (space group R-3m, JCPDS 

no. 08-0021) of the samples A synthesized without SDBS, and the samples B and C with 1.33 and 

2.66 mmol of SDBS respectively.  
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The SEM pictures in Figure 2 show the typical morphology of the sample A particles. The powder is 

made of micron size particles (Fig 2a). As can be seen on the enlarged picture (Fig 2b) those particles 

are composed of nanotubes in a proportion of 30 % (Fig 2a, arrow B) packed into a nest-like structure 

and surrounded by aggregates of isotropic nanoparticles (Figure 2a, arrow A). The opening of the 

tubes is clearly evidenced (arrow B), characteristic of the hollow tubes similar to reported studies [26]. 

The length of the tubes varies from 200 to 500 nm. The EDX spectra recorded on the two types of 

Bi2Te3 particles and depicted in the inset of Figure 2b indicate that, in each case, the Bi/Te ratios are 

close to 40/60 in good agreement the expected formula. In addition, the key role played by DDT in the 

reactivity and in the formation of the nanotubes has been evidenced by preparing sample D in the same 

conditions (temperature, solvents …) without DDT. This powder contains mainly Te(0) rods and a few 

aggregates of Bi2Te3 isotropic particles (X-ray pattern (Figure S2), SEM images (Figures S3, S4 and 

S5). 

 

Figure 2. Typical SEM images of Bi2Te3 sample, within inset EDX spectra of the powder (a) blocks 

of matter are made of two type of Bi2Te3 crystals, and (b) enlargement evidencing small isotropic 

Bi2Te3 nanocrystals aggregated (white arrow A) and open Bi2Te3 nanotubes (pointed by white arrow 

B). 

TEM was used to investigate more precisely the morphology of these nanoparticles. The TEM picture 

in Figure 3a shows Bi2Te3 nanotubes (arrow A) with small nanoparticles aggregates (arrow B). The 

nanotubes diameter varies from one tube to another but an average value of 50-100 nm can be 
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estimated. EDX analysis in Figure 3c confirms at the very low scale that the atomic ratio is in 

agreement with the chemical formula of Bi2Te3.  

Figures 3a and 3b reveal the specific morphology feature of a hollow tube showing respectively its 

extended shape along its main axis with spiral walls and the opening of a tube shown on the image 

taken in its axis. The thickness of the walls is estimated at 20-30 nm. These observations are in 

agreement with TEM characterizations reported in the literature [18,25,26].  

 

Figure 3.  (a) TEM pictures of Bi2Te3 nanotubes and aggregates, (b) zoom on a tube with spiral walls 

(white arrow), open ends of the tubes are clearly evidenced, and (c) superimposed EDS spectra 

respectively recorded on nanotubes (A) and aggregates (B)  

No differences in the chemical formula can be observed in the two types of Bi2Te3 shapes. In all cases 

the Bi/Te ratio deduced from these analyses is close to 2/3, in good agreement with the nominal 

composition of the samples. On the EDX spectra carbon and copper peaks are systematically 

observed. These C and Cu contributions are coming from the holey carbon film coated copper grid 

supporting the observed samples. 

In order to further investigate these nanotubes structure, HRTEM analyses have been performed. 

Figure 4a shows a TEM picture of a representative nanotube. The HRTEM picture in Figure 4b 

displays the atomic arrangements which evidence the good crystallinity of domains extending over 20-

30 nanometers. The contrasts are blurred due to the fact that these small domains are slightly 

disoriented one to each other, revealing the poly-crystallinity of the tubes. A lot of defects and 

stacking faults are also clearly evidenced. Although Bi2Te3 is often referenced with rhombohedral 
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settings, its description is easier using a hexagonal cell. Indeed, the hexagonal cell is made of layers of 

atoms stacked perpendicularly to the c-axis with the following stacking sequence –Te1–Bi–Te2–Bi–

Te1–. The superscript labeling refers and exemplifies the difference of bonding within the quintet, e.g., 

the Te2 layer is bonded to two Bi layers whereas the Te1 layer is bonded to Bi on one side and to 

another Te1 layer on the other. The Te1–Te1 bonding is of Van der Waals type whereas the interaction 

between Bi and Te is rather ionic-covalent. This 5 layer-sequence is called a quintet and there are 3 

quintets per unit cell. The cell parameters are a = 4.3835 Å and c = 30.360 Å at 77K [60]. It is, 

therefore, reasonable to estimate the thickness of a quintet around 10 Å. The measurement in Figure 

4b of a distance close to 10 Å along the c direction between two bright dots rows corresponds to the 

thickness of the quintet. The HRTEM observations correlate well with the structural features of Bi2Te3 

crystalline structure. The fast Fourier transform performed in white square area perpendicular to the 

plane of the wall indicates the average hexagonal orientation of ab plane of the crystals (inset in Figure 

4a). HRTEM of tube wall endows us to evaluate the c parameter close to 30.4 Å (Figure 4b). Figure 4c 

displays SAED pattern of the sample. The good indexation according to literature data and hkl planes 

identification evidenced the confirmed Bi2Te3 rhombohedral, R(-3)m crystalline structure features. 

Figure 4b also shows that the c-axis is not exactly perpendicular to the nanotube axis. This slight 

disorientation towards that direction is caused by the orientation of the Bi2Te3 (ab) planes from the 

nanotube wall plane probably caused by their formation via a rolling-up mechanism as previously 

proposed in the literature [18,56]. The observation of intermediate shapes particles in the powder like 

nanograin aggregates (Figure 4d) such as sheets (Figure 4d), sheets beginning to roll (Figure 4e) and 

nanotubes (Figure 4a and 4f) comforts the likeliness of this mechanism.  
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Figure 4.   (a) and (f) TEM picture of a Bi2Te3 nanotube with its spiral wall indicated by black arrows; 

in inset Fast Fourier Transform of the white square area perpendicular to the plane of the wall showing 

the average hexagonal orientation of the plane of the crystals, (b) HRTEM of a tube wall with white 

arrows indicating the c parameter close to 30.4 Å and the basic quintet of Bi2Te3 (close to 10 Å) in 

inset Fast Fourier Transform perpendicular to the wall where the C axis orientation is clearly 

evidenced in the wall of the tube , (c) typical SAED diffraction pattern of the Bi2Te3 aggregates 

indexed referring to ref [60] parameters. (d), (e) and (f) Bi2Te3 typical images of respectively 

nanograin aggregates (d,1), flat sheets (d,2) and sheets beginning to roll (e,3) to form a nanotube (f). 

The effect on the nanotubes morphology of adding in the reactive mixture a surfactant (SDBS) to the 

capping ligand DDT as a second shape-directing agent has been investigated by comparing the 

structure and morphology of samples A, B and C. 
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Figure 5. SEM images of A, B and C samples respectively prepared with SDBS molar concentrations 

of 0, 0.80 and 1.60 mM respectively. 

The samples B and C were prepared with SDBS molar quantities of 1.33 (0.05 eq.) and 2.66 mmol 

(0.10 eq.) respectively, which correspond to molar concentrations of 0.80 and 1.60 mM. The powders 

were analyzed by XRD and the indexation of the diffraction peaks is in agreement with rhombohedral 

lattice structure Bi2Te3. No additional peaks were detected. Figure 5 displays the SEM pictures of the 

samples A, B, and C. As SDBS concentration increases the quantity of tubes synthesized decreases 

compared to the quantity of isotropic nanoparticles aggregates obtained. However, with higher molar 

concentration of SDBS in the preparation, much bigger tubes are obtained. Initially, without SDBS, 

homogenous size distribution nanotubes were observed with diameters around 50-100 nm and a length 

varying from 200 to 500 nm. The size distribution is more heterogeneous for samples B and C. This 

might be explained by the generation of smaller nuclei at high SDBS concentrations and a growth of 

particles accompanied by more structural defects [14]. 
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For sample B, ([SDBS] = 0.80 mM) the biggest nanotubes observed have a diameter of 200-500 nm 

(i.e. almost a fivefold increase) and a length of 5-10 μm (i.e. almost a twentyfold increase). For sample 

C ([SDBS] = 1.60 mM), the diameters are close to 1 μm and the length reaches 15-20 μm, i.e. almost a 

fortyfold increase. These are the biggest Bi2Te3 tubes reported in the literature, to the best of our 

knowledge. This evidences the huge impact that a co-structuring agent can have on the morphology 

modification of the Bi2Te3 nanotubes. The combination of the capping ligand and the surfactant may 

be a way to tune the dimensions of the tubes. However, further investigations are required to 

determine the optimal proportions between the surfactant and the capping ligand for preparing tubes 

with a homogenous size distribution.  

4-Conclusion 

Bi2Te3 nanotubes were synthesized through an aqueous two-step synthesis with the assistance of the 

capping ligand DDT. The mild experimental conditions and the easy synthetic process allow the scale-

up of the reaction. SEM pictures depicted some aggregates and nanotubes about 50-100 nm in 

diameter and 200-500 nm in length. XRD and EDX analyses confirm that the obtained nanotubes are 

composed of Bi2Te3. HRTEM pictures reveal the presence of 20-30 nanometers wide crystallized 

nanodomains in the nanotubes walls. The TEM study of the nanotubes is in good agreement with the 

structural Bi2Te3 crystalline structure features (rhombohedral, R(-3)m) and support the growth of the 

nanotubes via a rolling up mechanism favored by a crystalline growth along the (ab) plane. Finally, the 

effect of an additional structuring agent, the sodium dodecylbenzene-sulfonate on the morphology of 

the nanoparticles was examined. A reduction in the quantity of synthesized Bi2Te3 tubes was observed 

with an increase in their size distribution. In addition, raising the molar concentration of SDBS yields 

to an increase of the obtained Bi2Te3 tube dimensions up to 20 μm long, which was never previously 

reported in the literature. This study evidences the first time the role played by a secondary shape-

directing agent SDBS in presence of DDT on particle morphology and demonstrates that there are 

possibilities to tune the size and aspect ratio of Bi2Te3 nanotubes, which is a great deal to tailor their 

electronic properties. 
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