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Abstract 

The high thermoelectric figure of merit (ZT) in state-of-the-art bismuth antimony telluride 

(BST) composite was attained by excess tellurium-assisted liquid phase compaction 

approach. Herein, we report a maximum ZT  1.4 at 500 K attained for BST bulk 

nanocomposite fabricated by spark plasma sintering of colloidally-synthesized (Bi, Sb)2Te3 

platelets and Te-rich rods. The Te-rich nanodomains and antimony-precipitation during 

sintering results in compositional fluctuations and atomic ordering within BST–Te eutectic 

microstructure, which provides additional phonon scattering and hole contributions. The 

electrical transport measurement and theoretical calculations corroborate the altered free 

carrier density via. lattice defects and atomic ordering in Te-rich conditions, resulting in 

higher power factor. Microstructural studies suggest that reduction in lattice thermal 

conductivity is due to composite interfaces and defects in closely packed (Bi, Sb)2Te3 matrix 

with unevenly distributed Sb and Te rich nanodomains. This work provides an 

unconventional chemical synthesis route with large scalability for developing high-

performance chalcogenides-based bulk nanocomposites for TE applications. 
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1. INTRODUCTION 

The solid-state thermoelectric (TE) transport phenomena involve direct inter-conversion 

between heat and electricity, which is actively studied nowadays for applications involving 

waste heat recovery, remote power supplies, portable device cooling, etc. Such TE based 

energy conversion devices operates either in power generation mode due to Seebeck effect, or 

in refrigeration mode via Peltier effect. However, in both these modes, efficiency of energy 

conversion is determined using the same dimensionless TE figure of merit (ZT), which is 

conventionally expressed as ZT = (
𝑆2𝜎

𝜅
) 𝑇; where S, 𝜎, and κ represents the Seebeck 

coefficient, electrical conductivity, and thermal conductivity at the absolute temperature (T).1, 

2 To maximize the TE energy conversion efficiency, higher ZT and larger temperature 

differential (∆T) between the hot and cold sides is needed. However, owing to intrinsic 

difficulties in decoupling electrons and phonons in bulk solids for ZT enhancement, the TE 

conversion efficiency of bulk materials continues to remain low, when compared with the 

other existing waste heat recovery technologies, such as organic rankine cycles, recuperators, 

regenerators, etc.3 Nevertheless, TE offers a promising prospect for power generation from 

heat with ZT > 1 materials in near room temperature regime, wherein bismuth antimony 

telluride and its derivatives have remained the state-of-the-art TE material and has been 

extensively used for cooling application in most successfully commercialized Peltier 

refrigerators.2, 4 

It is now recognised that (Bi, Sb)2Te3 solid solutions exhibit the highest ZT among any 

of the existing material in near room temperature regime due to their relatively high carrier 

mobility, μ, and lower lattice thermal conductivity, κL. Despite the possibility of alloying, 

Bi2Te3–Sb2Te3 system as p-type or n-type materials, these alloys are widely recognised as 

excellent p-type material with Bi0.5Sb1.5Te3 as the most optimised composition4. To further 

enhance the ZT of these optimally alloyed composition, doping with Cu,5, 6 Cd,7 Ag,8, 9 Pb10 
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and nanostructuring via ball milling,5, 6, 9, 11, 12 melt-spinning,13-15 and chemical synthesis16, 17 

were extensively carried out. Similarly, composite aspects of hybridization with nanoparticles 

such as Sb2O3,18 SiC,19 ZnO,20 Zn4Sb3,21 PbSe,22 Y2O3,23 and SiO2
24 were demonstrated for 

tuning the TE transport favorably. 

Lately, unconventional nanocomposite approaches with Te-excess composition14, 16 

were found to be most effective in attaining higher ZT in contrast to earlier conviction25 that 

“ZT of a macro-composite cannot exceed the largest value of its constituents under most 

practical conditions”. For instance, ultralow κ due to dense dislocation arrays embedded in 

grain boundaries by liquid-phase compaction of Bi0.5Sb1.5Te3 bulks, resulted in ZT  1.86 at 

320 K14. Similarly, formation of crystallographically textured nanomaterials by solution re-

precipitation mechanism led to an unprecedented ZT  1.96 at 420 K16. Thus, nanocomposite 

strategies have been highly effective in p-type (Bi, Sb)2Te3 based TE materials for attaining 

optimal phonon and electron transport properties within and beyond the alloy limit. 

Recently, we established a convenient colloidal synthesis of complex metal 

chalcogenides nanoparticles (NPs) 26-28. In this work, we broaden the scope of our scalable 

colloidal synthesis to attain colloidal Bi–Sb–Te nanoplatelets and Te-rich nanorods. These 

nanoparticles were subsequently consolidated employing spark plasma sintering into bulk 

nanocomposite exhibiting a maximum ZT  1.4 at higher temperature of 500 K as compared 

to state-of-the-art BST alloys. The microstructural changes during sintering were found to be 

accompanied by telluride-spilling and antimony in situ precipitation as secondary phases, 

which resulted in compositional fluctuations and atomic ordering within Bi–Sb–Te matrix, 

thereby providing additional phonon scattering with minimal effect on carrier scattering and 

mobility. The detailed structural characterization and transport properties measurement were 

correlated and TEs performance of the bulk nanocomposites were understood using 

theoretical inputs for low temperature TE based power generation applications. 
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2. RESULTS 

2.1 Nanoparticles synthesis and fabrication of bulk BST nanocomposite. The selected 

composition was determined based on high ZT attained in optimal Bi0.5Sb1.5Te3,4, 11, 14 while 

the synthesis procedure (see Supplementary Information sections S1–3 for details) and 

reaction conditions were guided by our recently developed colloidal synthesis route for 

chemical synthesis of complex metal chalcogenides NPs.27 An excess of 10 mol% of Ph2Te2 

were used for the reaction with Bi(ac)3 and Sb(ac)3 in hexadecylamine (HDA) to account for 

the volatile nature and high vapour pressure of Te16 and keeping in mind high ZT attained in 

Te-excess compositions.14, 16 The Rietveld refinement of XRD pattern of the synthesized end-

product is shown in Fig. 1a, which corresponds to a mixture of phases identified as BiSbTe3, 

Bi4Te3, and Te. The refined parameters of these structurally similar phases are presented in 

Table S1. The measured peaks can be well indexed to the listed in Table S1 phases. 

corresponding to NPs, which belongs the rhombohedral crystal system, space group: R3̅m 

(no. 166). The peaks corresponding to hexagonal Te phase, space group: P3121 (no. 152), 

was also indexed suggesting its uniform presence within the synthesize nanoparticles 

mixture. The HDA based chemical synthesis route was initially employed to synthesize NPs 

on gram scale and were subsequently scaled up. The yield of the as-synthesized mixed phase 

Bi–Sb–Te NPs for each batch was estimated to be ca. 90% ( 4.5 g) from the presented 

colloidal chemistry approach. 

The resultant Bi–Sb–Te nanopowder was subsequently consolidated into BST bulk 

nanocomposite by sintering at rapid heating rates employing spark plasma sintering (SPS). 

The Rietveld refined XRD patterns of the sintered BST pellets as shown in Fig. 1b, are well 

indexed with the corresponding phases observed in its NPs building blocks with additional 

peaks corresponding to Sb. Post SPS, the appearance of Sb peaks are in compliant with the 

previous observation of current-induced grain-boundary modification and Sb 
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nanoprecipitation in electrically sintered BST due to passage of high-density pulsed current 

( 103 A cm–2).29 

The sintering profile for bulk BST nanocomposite synthesis (Fig. 2) comprises three 

steps wherein temperature and pressure are raised simultaneously. The average ramp rate for 

heating and cooling were ca. 40 K min–1 and 100 K min–1. The maximum temperature of 

700 K at which samples were sintered, is close to the melting point of the Te-rich eutectic, 

suggesting the possibility of Te-spilling due to liquid phase sintering. However, the absence 

of isothermal sintering at maximum temperature prevents Te spilling with lesser sample-to-

sample variation with better processing and stoichiometric control. The synthesized NPs were 

loaded into a graphite die of diameter 12.7 mm and sintered at 700 K with pressure  50 MPa 

under vacuum  4–6 Pa for the compaction of nanopowder into denser BST pellets. The 

density of the SPS-sintered bulk Bi–Sb–Te nanocomposites obtained as pellets with 

dimension Ø12.7 mm × 2 mm was measured using the Archimedes principle (822 e Mettler 

Toledo) and were found to be  6.5 ± 0.2 g cm–3. 

2.2 Microstructural characterization reveals eutectic microstructure with antisite 

defects. A detailed microstructure studies by SEM and TEM imaging on the mixed phase Bi–

Sb–Te NPs are shown in Fig 3. The SEM image (Fig. 3a) revealed homogeneous sub-micron 

size distribution of Bi–Sb–Te particles with nano-plates having thickness range of about a 

few tens of nano-meters. Also, particles with nanorod morphology having broad size 

distribution were simultaneously present along with nanoplatelets throughout the sample. The 

HAADF–STEM observation at low-magnification of the nanosized feature with plate (Fig. 

3b) and rod (Fig. 3c) morphology and their respective STEM–EDX mappings revealed 

homogeneous distribution of the Bi, Sb, and Te elements in those particle appearances. 

Remarkably, particles with nanorods morphology displays Te rich chemical composition as 

confirmed by EDX analysis. To elucidate the structural arrangement in Bi–Sb–Te particles 
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synthesized by colloidal synthesis, we further conducted HAADF–STEM study in 

conjunction with SAED analysis (Fig. 3d). The representative high-resolution HAADF–

STEM images of the as-synthesized plate-like particle along [100] zone axes, together with 

the respective SAED patterns displayed in Fig. 3e indicates highly crystalline and remarkably 

defect free sample. 

 The microstructural characterization of representative SPS-sintered bulk BST 

nanocomposite sample is shown in Figure 4, which reveals a eutectic type of microstructure. 

At lower magnification, a well-distributed darker region within brighter appearing matrix 

were evidenced in both secondary electron (SE) and back scattered electron (BSE) images, 

shown in Figs. 4a and 4b, respectively. However, the elemental mapping of corresponding 

region indicates uniform distribution of constituent element. The EDX analysis of matrix 

indicates varying atomic % of BixSb2–xTe3 where x varies throughout the matrix, having an 

average chemical composition of BiSbTe3 indicated for the brighter regions. This observed 

compositional fluctuation in brighter regions can be understood by examining the well 

distributed darker region at higher magnification for chemical composition. 

 The darker regions (Fig. 4a) probed at higher magnification, correspond to two 

phases, both of which are shown by SE images (Figs. 4d,4g), BSE image (Figs. 4e,4h), 

elemental mapping (Figs. 4f,4i) and EDS analysis, respectively. The dark region 1 indicates 

Te rich sites corresponding to Te nanorods (Fig. 4a), while the dark region 2 are sites where 

antimony precipitation was prevalent. The observed microstructural change and atomic 

ordering in SPS-sintered BST sample with Sb precipitation of secondary phases suggest 

current-induced electromigration of constituent elements due to thermal activation during 

sintering in bulk nanocomposite.29 The presence of well distributed Te and Sb precipitates 

within the BST matrix having varied atomic ratio of Bi/Sb are favourable for enhancing 

phonon scattering. Despite, Te vaporization being prevalent at higher sintering temperature 

 700 K, the absence of Te-spilling results in eutectic type microstructure with decreased 
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interface density. The Te rich conditions and sintering near eutectic temperature results in 

BST–Te eutectic microstructure (Figs. 4a–4c), with Sb precipitation (Figs. 4g–4i) to form 

SbTe antisite defects (Figs. 4d–4f). The uniformly distributed secondary phases within SPS-

consolidated BST matrix and their implication on the electrical and thermal transport 

properties of BST nanocomposite is further analysed by theoretical predictions and transport 

properties measurement. 

2.3 BST with high power factor and low thermal conductivity. The Bi–Sb–Te based 

compounds belong to class of a layered semiconductors with anisotropic TE properties, due 

to its anisotropic transport properties, which originates from the intrinsically misfit layered 

crystal structures.30, 31 The electrical transport properties, i.e., σ and S were experimentally 

measured along both in-plane and cross-plane direction. For theoretical comparison and 

understanding, the thermoelectric coefficients were estimated along the axis of the hexagonal 

unit cell (c-axis) and perpendicular to it (along the ab plane). This is also because in case of 

(Bi,Sb)2Te3-based materials, the directions of the high charge mobility also correspond to the 

plane of easy cleavage of the crystal. Therefore, the c-axis of (Bi,Sb)2Te3 lattice is mostly 

oriented along the short side of the plate-like nanoparticles, which in turn is most likely 

oriented along cross-plane direction of the nanocomposite BST sample. 

The electrical transport parameters σ and S are shown in Figs. 5a and 5b, which 

indicates p-type electrical conductivity with degenerate semiconducting behaviour, in the 

measured temperature regime. A higher value of σ was observed along both in-plane (σin-plane) 

and cross-plane (σcross-plane) direction, which is comparable to previously reported σ for BST 

compounds.31, 32 The σin-plane was found to be significantly higher than σcross-plane as estimated 

theoretically, in line with previous experimental observation,32, 33 which can be ascribed to 

crystallographic anisotropy in bismuth antimony telluride-based compounds. 

To further understand the electrical transport room temperature hall measurement was 

carried out along cross-plane direction. The carrier mobility μ ≈ 115 ± 5 cm2 V–1 sec–1 and 
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carrier concentration n ≈ 8.2 ± 0.5  1019 cm–3 was measured for the representative 

specimens, suggesting both higher n and lower μ for the synthesized BST nanocomposite, 

when compared with previous report34 on BST nanograined bulk material (n  2.5 × 1019 cm–

3; μ  264 cm2 V–1 sec–1) and BST bulk ingot (n  1.8 × 1019 cm–3; μ  298 cm2 V–1 sec–1). 

The higher carrier concentrations can be ascribed to defect chemistry in the synthesized BST 

primarily due to SbTe antisite defects (Fig. 3c). The self-doping by antisite defects tends to 

control the intrinsic charge carrier concentration and determine the conduction type.30 In the 

synthesized isoelectronic alloyed BST under Te-rich conditions, by taking into consideration 

the higher proportion of Sb2Te3 over Bi2Te3 and a comparatively lower formation energy of 

electron acceptor (SbTe) antisite defects over electron donor (TeSb and TeBi) defects, BST 

remains p-type in Te-rich conditions. The presence of SbTe antisite defects within the eutectic 

microstructure tends to enhance the n remarkably, resulting in higher σ and correspondingly 

lower Seebeck coefficient near room temperature in comparison to previous report on p-type 

BST alloys.11, 14, 32 

The measured thermopower (Seebeck coefficient, S) is substantially higher than 

theoretical estimates, and exhibit relatively lesser influence than its counterpart σ for 

anisotropy. The suppressed bipolar conduction and shifting of thermal excitation of minority 

charge carriers to higher temperature were observed for S along both in-plane (Sin-plane) and 

cross-plane (Scross-plane) direction, with a maximum value around 500 K. As observed, Scross-

plane is relatively higher than Sin-plane in the entire measurement range. The cumulative 

indicator of electrical charge transport, i.e., power factor (PF = S2σ) is shown in Fig. 5c. The 

PF increases with increasing temperature up to 450 K and decreases thereafter to reach a 

maximum PFin-plane  4 × 10–3 W m–1 K–2 and PFcross-plane  3 × 10–3 W m–1 K–2, respectively. 

A higher PF was observed along in-plane direction mainly because of higher σin-plane >> σcross-

plane. 
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The electronic thermal conductivity, 𝜅𝑒, as shown in Fig. 5d can be experimentally 

evaluated according to Wiedemann–Franz law 𝜅𝑒 = L × σ × T, where L is the Seebeck-

dependent Lorenz number.35 The L values are shown in the Supplementary Information Fig. 

S4, are in the range of (1.85–1.70) × 10–8 W Ω K–2. Likewise theoretical estimates, the 

experimental 𝜅𝑒 varies marginally in the measured temperature range and is higher along in-

plane direction, which is mainly due to higher σin-plane >> σcross-plane. The evolution of specific 

heat capacity (Cp) with temperature is shown in the Supplementary Information Fig. S5. The 

temperature-dependent Cp measurement of the synthesized nanostructured BST sample is 

higher and in closer proximity to the Dulong–Petit limit. Due to disk shaped sample 

requirement, the thermal diffusivity measurement was conducted only along cross-plane 

direction for two set of specimens prepared under similar sintering conditions. 

The total thermal conductivity, κ, along cross-plane (Fig. 5e), was calculated using the 

equation κ =  𝐷 × 𝜌 × 𝐶𝑃. A drastic reduction in κ is observed mainly due to the nanoscale 

microstructural features (Fig. 4) resulting from Te-nanodomains and Sb-precipitates within 

the BST–Te eutectic microstructure, which specifically targets the scattering of low 

frequency phonons with long mean free path. The lattice thermal conductivity, κL, is 

calculated using the equation 𝜅𝐿 =  𝜅 − 𝜅𝑒 and is presented along with 𝜅 in Fig. 5e. As seen 

from Figs. 5e and 5d, both 𝜅𝐿 and 𝜅𝑒 had substantial contribution to the 𝜅. While 𝜅𝑒 is mostly 

a direct outcome of σ and cannot be reduced further, a significant reduction in 𝜅𝐿 was 

observed. Although quantitatively identifying different contributions of the nanostructures 

(such as Te-nanodomains and Sb-precipitates) to the transport properties is complicated, their 

presence tends to scatter all phonons with mean free paths in all-scale ranging from the 

micron scale down to the atomic scale, thus drastically reducing the thermal conductivity. 

2.4 BST exhibiting ZTmax  1.4 at around 500 K. Notably, both electrical and thermal 

transport measurement along the cross-plane direction for the thermally stabilised sample is 
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analysed for estimation of ZT, to marginalise the effect of non-homogeneity and 

crystallographic orientations introduced during sintering, thereby minimizing possibility of 

erroneous data. The temperature dependent ZT for the p-type BST nanocomposite prepared 

by colloidal synthesis followed by SPS sintering is shown in Fig. 5f. A maximum ZTmax  1.4 

at 500 K was attained due to the dramatically reduced κ with an enhanced PF. The 

synthesized BST nanocomposite display suppressed bipolar conduction and enhanced phonon 

scattering at the interfaces. The characteristically low κL attained in BST was mainly 

attributed to the enhanced scattering of phonons by arrays of dislocations at semi-coherent 

grain boundaries, nano-domains, and distortions in the lattice structure (Fig. 4). Such eutectic 

microstructure selective scatters phonons, while remaining ineffective scatterer for 

electrons/holes which have relatively longer wavelength, thus retaining a higher n, σ and PF. 

A drastic reduction in κL with a synergistic enhancement in PF, cumulatively results in a 

higher ZT. 

From application perspective in case of high temperature sources, it is recognized that 

Bi2Te3-based materials can be segmented at low temperature ends, as they are best available 

TE materials in lower temperatures.4 The concept of segmentation for increasing the TE 

efficiency requires difference in TE compatibility factor, CF, for the two TE materials should 

be less than a factor of 2. The CF was estimated using 𝐶𝐹 =  
√1+ZT−1

αT
,36 and is shown in Fig. 

3f. CF decreases with increasing temperature as a result of its direct correlation with ZT. This 

is comparable to the other state-of-the-art p-type available in mid-temperature regimes.37 

Thus, prepared p-type nanocomposites will be a suitable TE material for segmentation with 

high temperature mid-temperature TE materials for achieving highly efficient TE based 

power generation. 

3. DISCUSSION 
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3.1 Correlation of phase constitutions with high TE performance. The phase constitution 

and synthesis methodology determine the physical and transport properties of a material. Bi–

Sb–Te alloys are traditional p-type material widely used for fabricating commercialised 

Peltier devices operating near ambient temperature. The preparation of the bulk 

nanostructured high-performing material is often challenging, mainly due to the volatile 

nature and high vapour pressure of Te.16 The Bi–Sb–Te phase diagram also indicates 

structural similar competing phases, such as BiSbTe3, Sb2Te3, BiTe, Bi3Te4, with close 

formation energies.30, 38 In this study, bulk nanocomposite for power generation applications 

is prepared from mixed phase nanoparticles synthesized by colloidal route followed by high 

temperature ( 700 K) SPS sintering to attain densified samples with eutectic type 

microstructure and prevalent SbTe antisite defects. 

The idea of making composites with balanced material properties has long been 

exploited in materials research. Interestingly, it has been previously observed that excess of 

Te in (Bi, Sb)2Te3 compositions results in highly textured nanomaterials.14, 16 We intended to 

design BST bulk nanocomposites for power generation application at above room 

temperature ( 500 K). For this purpose, we first prepared nanoparticle building blocks using 

colloidal synthesis. Previously, we have demonstrated this facile route for synthesizing high 

purity chalcogenide nanoparticles with controlled stoichiometry in low dimensions. 26-28 The 

structural characterisation of the as-synthesized nanopowder revealed co-existence of three 

phases. Specifically, two plate-like-shaped (Bi, Sb)2Te3 and Bi4Te3 structurally similar 

compounds (layered structures with hexagonal symmetry and larger c-axis lattice constants) 

are formed during colloidal synthesis, together with one rod-like-shaped Te phase 

corresponding to the excess of Te taken during colloidal synthesis. These mixed phase 

nanoparticles were then used as building blocks for bottom-up fabrication of nanostructured 

bulk BST material employing spark plasma sintering. The uniaxial pressure and sintering 

near eutectic temperature of BST assist the favorable microstructural changes forming Te-
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rich nanodomains and Sb-rich precipitation within the eutectic microstructure of the resultant 

BST nanocomposite. While Te phase corresponding to Te rich nanorods within the 

synthesized nanoparticles promotes SbTe antisite defects resulting in higher n, σ and PF, the 

presence of Te-nanodomains and Sb precipitates led to significant lowering in κL. A 

maximum ZT  1.4 at 500 K of BST nanocomposite prepared by novel colloidal synthesis 

followed by SPS consolidation is comparable to state-of-the-art p-type bismuth antimony 

telluride-based alloys. In particular, Fig. 6 shows a comparison of the synthesized BST 

nanocomposite with previously reported bulk nanostructured (Bi,Sb)2Te3 prepared by 

different methodologies, such as mechanical alloying,5,11,12 melt spinning,14,15 hydrothermal,17 

chemical synthesis,16 along with state-of-the-art ingot,11. High achieved ZT emphasizes the 

prospect of reported material for waste heat recovery in low temperature regimes TE devices. 

3.2 Comparison of Theoretical Calculations and Experimental Measurements: Despite 

the availability of wide range of studies on BTS system, the comparison of transport 

characteristics between the bulk crystalline material and nanostructured samples requires 

complex considerations. The hole concentration of p-type (Bi, Sb)2Te3 alloys can be altered 

by adjusting the Bi/Sb ratio or by preparation of materials in different thermodynamic states 

(e.g., Bi/Sb-rich, or Te-rich conditions). This is primarily due to occurrence of substantial 

doping in Bi2Te3-based materials via lattice defects, which alters the free carrier density and 

therefore the transport properties in a wider range.30, 39-41 The relatively smaller difference in 

electronegativity and atomic sizes of Sb–Te in comparison with Bi–Te in the synthesized 

BST, induces antisite defects whose concentrations depends majorly upon the stoichiometric 

composition, temperature, and processing conditions at which the material was synthesized. 

In nanostructured material, higher concentration of defects exists especially at 

nanoparticle interfaces.42-44 Therefore, it is more insightful to compare experimental 

measurements with the theoretically calculated properties, estimated at the value of chemical 

potential yielding the same free carrier concentration as measured experimentally. For this 
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purpose, we compared the measured TE properties with the theoretical predictions from 

Boltzmann transport theory and DFT calculated band structure for BiSbTe3 crystal. To 

acknowledge the effect of additional doping from defects and phase interfaces, the value of 

chemical potential for calculation of transport coefficients was chosen to reproduce the 

experimentally measured charge carrier density. 

It is evident from the Fig. 5 that the experimental cross-plane and in-plane electrical 

transport are best described by the components of the thermoelectric coefficients along the 

hexagonal unit cell (c-axis) and perpendicular to it (along the ab plane). It was interesting to 

observe that while the measured σ and κe agree well with theoretical predictions, the 

measured thermopower (Seebeck coefficient) was substantially higher, than theoretical 

estimates. This is an interesting observation as it displays that the prepared nanocomposite 

sustains bulk-like electric conductivity, while suppressing lattice thermal conduction. The 

noticeable deviation of thermopower can be interpreted to be an effect of additional interfaces 

between semiconducting and metallic phases.45 

3.3 Low temperature TE based power generators by suppressed bipolar conduction. 

Commercial TE technology at near room temperature was predominantly led by Bi2Te3 based 

Peltier cooling materials. Alongside, harvesting low-grade waste heat available in low 

temperature regimes is an active area of research particularly for rapidly growing wearable 

electronics markets. In this context, TE based power generators can be reliably employed for 

recovery of low temperature waste heat having low quality and low energy density. The TE 

performance of Bi2Te3 which is largely reported as a pseudo binary phase of Bi2Te3 and 

Sb2Te3 is majorly impeded by minority carrier excitation across the small bandgap even at 

room temperature, thus larger bandgap is needed for higher temperature operation where high 

thermal gradient is available. The semiconducting band gap46 using the temperature (Tmax) at 

which the thermopower (S) peaks, 𝐸𝑔 =  2𝑒|𝑆𝑚𝑎𝑥|𝑇𝑚𝑎𝑥 was roughly estimated to be 
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 0.19 eV, which is narrow band gap in between the band of binary compound Bi2Te3 

(0.13 eV) and Sb2Te3 (0.28 eV).47 The modification of the crystalline structure and electronic 

density of states in the synthesized bulk nanocomposite by Te-rich nanodomains and Sb 

precipitation is found to be effective in inhibiting the onset of intrinsic conduction for 

suppressed bipolar diffusion. The average ZTavg  1.1 was observed in the range of 300–

500 K, indicating a wider prospect of the synthesized BST nanocomposite for application in 

low-temperature TE power generation. 

4. CONCLUSION 

A facile and scalable colloidal synthesis successfully afforded a mixed phase nanopowder 

with plate- and rod-like morphologies of the constituent nanoparticles. The as synthesized 

nanopowder was subsequently consolidated at rapid heating rates employing SPS. The 

resultant bulk BST nanocomposite demonstrates average ZT value of 1.1 in the 300–550 K 

temperature regime. The observed remarkable TE performance is associated with high n and 

reduced κL due to BST–Te eutectic microstructure exhibiting Te-nanodomains and Sb-

precipitates. A maximum ZT  1.4 was attained at 500 K, which is amongst the highest 

reported values at higher temperature for p-type bulk nanostructured BST materials (Fig. 6). 

The attained higher ZT resembles the ones processed by top-down approaches (such as ball 

milling5, 11, 12 and melt-spinning14, 15) and therefore exhibits considerable promise for 

fabricating commercial TE devices at low cost by thermo-chemical synthesis followed by 

spark plasma sintering. 
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FIGURES 

 

 

Figure 1: Rietveld refinement of experimental powder X-ray diffraction patterns for 

colloidally-synthesized Bi–Sb–Te nanoparticles (a) and BST bulk nanocomposite prepared by 

the SPS consolidation of the Bi–Sb–Te nanoparticles (b). 
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Figure 2. Spark plasma sintering profile 

 

Figure 3: Microstructural characterization of Bi-Sb-Te nanoparticles: (a) SEM image; 

HAADFSTEM image of the nanoparticles with (b) plate morphology and (c) rod shape 

morphology along with corresponding EDX elemental mapping of Bi, Sb, Te and overlaid 

color image (d) HAADFSTEM image of Te nanorod shown at higher magnification along 

with its corresponding SAED pattern shown in inset, together with the respective high-

resolution image along [100] zone axis (e). 
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Figure 4: Microstructural characterization of Bi-Sb-Te nanocomposite. At lower 

magnification well distributed darker regions within brighter appearing matrix displayed by 

(a) SE image and (b) BSE image along with corresponding (c) elemental mapping and EDS 

analysis of matrix; The darker region at higher magnification shown by (d) SE image and (e) 

BSE image along with its (f) elemental mapping and EDS analysis indicating Te rich region 

corresponding Te nanorods; The evidence of in-situ antimony precipitation revealed by (g) 

SE image and (h) BSE image along with its (i) elemental mapping and EDS analysis 

representing dark regions corresponding to in-situ Sb precipitates.  
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Figure 5: Temperature-dependent transport properties of synthesized Bi-Sb-Te bulk 

nanocomposite, BST (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) 

electronic thermal conductivity, (e) total and lattice thermal conductivity and (f) 

Thermoelectric figure-of-merit (ZT) & Compatibility Factor (CF). 
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Figure 6: ZT comparison with state-of-the-art of p-type (Bi,Sb)2Te3 nanostructured bulk 

alloys. 
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