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Thermoelectric (TE) materials are evolving as a renewable, green source of energy to generate 
electricity by recycling waste heat from sources such as human body, computer chips, automobile 
exhaust and industrial utilities. The “figure of merit” of TE materials is defined as ZT=s2σT/Κ, where σ 
is the electrical conductivity, s is the Seebeck coefficient, Κ is the thermal conductivity, and T is the 
temperature. Optimal TE performance thus requires high σ and s along with low K. In bulk TE materials, 
electrical conductivity is directly linked to the thermal conductivity and indirectly to the Seebeck 
coefficient. The strong correlation between the TE properties in a bulk material makes it difficult to 
maximize the ZT by optimizing them independently. For good bulk TE materials ZT is ~ 1, however, ZT 
can be much greater than 1 can be realized for nanomaterials because K can be reduced by designing 
nanostructures where phonon (heat) transport is suppressed without compromising the electrical 
conductivity. Our objective is to improve TE materials by controlling the morphology and composition 
of nanostructures for more effective energy harvesting.  A low dimensional system of multiphasic TE 
materials is a viable route for achieving significantly improved ZT via maximizing the power factor 
(s2σ) with a simultaneous reduction of thermal conductivity [1,2].  

 
Here, we present a facile and readily scalable approach to grow multiphasic networks of BixTey 
nanostructures [3]. The solvothermal synthesis conditions are varied to emphasize the impact of starting 
precursors, stoichiometry, temperature, reaction medium, and reducing agent on the structure and 
chemical composition. Today, there is particular concern about toxic and expensive materials like 
tellurium, because they are critical for high-performance products in clean energy, consumer electronics, 
and defense sector. Thus developing substitute materials with same functionality which can replace 
critical elements holds the key to a sustainable future. Interestingly, the same synthetic strategy can be 
further extended to design non-telluride based eco-efficient TE nanomaterials. 
 
An intricate network of Bi-Te based nanostructures is formed which includes highly crystalline Te 
nanowires with 50-100 nm dia., Bi4Te3 nanowires of ~200 nm dia. and Te and Bi2Te3 nanotubes (~300-
400 nm dia.) with rolled-up sheet nature (~3-5 nm thick) (Figure 1). A change in the starting 
stoichiometry of Bi:Te has directly affected the chemical composition of end product by forming Bi 
deficient or rich BixTey nanostructures. In addition, by varying the amount of nitric acid (hydrazine 
hydrate) added to ethylene glycol solution, the concentration of BixTey nanotubes (nanowires) in the as-
synthesized powder can be effectively controlled. The different phases formed during synthesis were 
identified with chemical mapping, electron backscattered diffraction (EBSD) (Figure 2) and Raman 
spectroscopy for a given nanostructure, and XRD was used for phase abundance analysis [4]. The size 
and morphology of different nanostructures present in each sample (as well as how they are assembled) 
are important in determining the TE properties particularly electrical transport and thermal conductivity 
for the nanostructured network. Preliminary TE measurements indicate that the power factor increases 
with Bi2Te3 phase content in the nanostructures and the lowest thermal conductivity is achieved for the 
sample with 40% Bi2Te3 phase content.  



The systematic study of the crystallinity and composition by XRD, EBSD and Raman allowed us to 
perform a detailed phase analysis, specific to individual nanostructure. Bismuth sulfide nanomaterials 
and novel 3D self-assembled nanostructures are fabricated using the similar synthesis parameters. These 
findings offer a new direction in the search of efficient nanostructured thermoelectric materials, 
exploiting the useful properties of low dimensional bismuth chalcogenides with tailored structure and 
composition [5].  
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Figure 1. (a) STEM image displaying Bi2Te3 nanoparticles formed on the tubular structure (Scale bar is 
1µm). The top inset shows the SAED pattern for polycrystalline BixTey nanotubes and the bottom inset 
indicates high crystallinity of Bi2Te3 nanoparticles, (b) Elemental mapping of Y junction formed by two 
Bi2Te3 nanotubes with O(K), Bi(L) and Te(L) series, (c) corresponding EBSD pattern with the unit cell 
of the trigonal-hexagonal structure in blue (middle right inset). The phase investigation report is 
revealed at the bottom left corner. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  (a) STEM image of Bi2S3 nanotubes (100 nm dia.), (b) 50 nm dia. and 5 µm long Bi2S3 
nanowires (scale bar is 5µm), (c) 3D self-assembled microtubes (~1-3 µm dia.) of bismuth sulfide. 
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