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ABSTRACT 

The overconsumption of fossil fuels is raising serious concerns as to the escalation of the 

worldwide energy crisis and the disastrous effects of climate change. dDespite the 

technological efforts to produce and use energy more efficiently, most electrical and 

mechanical processes including machinery operation, industrial processing, and solid 

waste incinerations, lose more than 60 % of untapped energy in the form of waste heat. 

In recent years, thermoelectric materials have sparked great interest due to their ability to 

convert heat directly and reversibly into electrical energy. To achieve high conversion 

efficiency, these solid-state devices require zT values of above 1.5, which until today 

remains a critical challenge. The aim of this doctoral thesis is the synthesis of 

thermoelectric group 15 tetradymite-type nanoparticles, namely Sb2Te3, Bi2Te3, Bi2Se3, 

(BixSb1−x)2Te3, and Bi2(SexTe1−y)3. The wet-chemical syntheses of these materials often 

involve the thermal decomposition of metal organic precursors in conventional organic 

solvents, which typically lead to impurity phases. In addition, these approaches use 

organic capping agents to stabilize the particle surface, which inevitably lead to surface 

contamination. By developing and optimizing new and established synthetic routes, as 

well as utilizing tailor-made and temperature-stable ionic liquid precursors, we attempt to 

improve the overall quality and chemical cleanliness of the here-targeted nanomaterials 

for better thermoelectric properties. 

The scope of research in this doctoral thesis is briefly outlined as follows: 

Chapter 1 of this dissertation presents a comprehensive review on the fundamentals of 

thermoelectricity, the applications of current thermoelectric devices, and the key 

optimization strategies via nanostructuring. A brief introduction on topological insulators 

is also provided. In chapter 2, the main challenges, objectives, and conceptual approaches 

of this doctoral study to fabricating thermoelectric group 15 chalcogenide nanomaterials 

are presented. Chapter 3 gives a general overview of the experimental research procedure 

and briefly describes the working principles of the analytical methods that were applied 

over the course of this work. 

Chapter 4 reports on the chemical synthesis of Sb2Te3 nanoparticles by thermal 

decomposition of the single source precursor (Et2Sb)2Te in a surfactant-free reaction 

medium which either consists of a weakly-coordinating solvent or an imidazolium-based 

ionic liquid. Using a variety of characterization methods, the effects of different synthetic 
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parameters on the material properties (i.e., morphology, size, composition, and 

crystallinity) are discussed in detail. Chapter 4 further elaborates on the effects of thermal 

annealing, which was proven to enhance the crystallinity and purity of the nanoparticles 

by removing surface contaminations. Using an optimized hot-pressing technique, the 

Sb2Te3 nanopowders were consolidated into reproducible and highly dense pellets, for 

which a complete thermoelectric evaluation is presented and a maximum zT ≈ 2 is 

reported.  

Chapter 5 introduces Bi2Te3 as both a prominent thermoelectric material and a three-

dimensional topological insulator. In this chapter, we present a newly developed and 

surfactant-free synthesis of phase-pure Bi2Se3 and Bi2Te3 nanopowders, as well as their 

ternary solid solutions Bi2(SeyTe1-y)3, by reactions of the [C4mim]3[Bi3I12] and 

[C1C1Pyr][ESiEt3] (E = Se, Te) ionic liquid precursors. The morphology, composition, 

purity, and thermoelectric performance of the compacted nanopowders obtained from the 

newly developed synthetic route are compared to those observed from a previously 

established chemical route. Given the exceptional material quality and low level of 

impurities deriving from this new approach, experimental evidence of quantum electrical 

transport in the consolidated macroscopic Bi2Te3 samples is also highlighted.  

Chapter 6 presents a systematic study on the synthesis, compositional, morphological, 

structural, and surface characterization of nanostructured ternary (BixSb1-x)2Te3 alloys. 

The thermoelectric properties in dependence of the alloy composition, thermal annealing 

treatment, and compaction method are summarized. Chapter 7 compiles all experimental 

details and supplementary data about the material syntheses (i.e., nanoparticles, 

precursors, ionic liquids), analytical devices, commercial reagents, laboratory appliances, 

spectroscopic and crystallographic data. 
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CHAPTER 1 

Literature Review 

1.1 Background 

With the ever-rising global demand for energy production, the rapid consumption of 

fossil fuels along with the emission of greenhouse gases continue to accelerate the 

environmental impacts of global climate change at an alarming rate. Although the global 

share of green renewables in power generation (i.e., geothermal, wind, solar, 

hydroelectricity, and biofuels) has increased from 7 to 12% in the past 10 years, non-

renewable resources such as coal, oil, and natural gas remain the dominant sources of 

energy, accounting for at least 70 % of the worldwide primary energy supply. [1] It is 

therefore estimated that if the consumption rate remains as so, oil and gas reserves will 

be depleted in the next 50 years. [2] Despite the advancements achieved in our current 

technologies for the efficient consumption of such depleting resources, statistical data 

show that more than 60% of the energy produced by fossil fuels burning or by fission 

nuclear power plants is lost in the combustion process or rejected into the environment in 

the form of waste heat. [3] In the automotive sector alone, the internal combustion engines 

hardly reach 40% efficiency as most of the energy is wasted though exhaust gas emission, 

thermal dissipation, and friction. [4] To date, the four major producers of waste heat 

include the transportation sector, industrial processing, cogeneration systems, and solid 

waste incinerations. [5] The development of innovative technologies to transform and 

harvest energy would not only tackle the utilization of unexploited energy, but would also 

improve fuel efficiency and contribute to the reduction CO2 emission.  

Among various heat recovery methods, thermoelectric (TE) materials have sparked 

great interest due to their ability to convert heat directly and reversibly into electrical 

energy. [6] These materials are the key to solid-state conversion devices known as 

thermoelectric power generators (TEGs). Unlike conventional energy generators, TEGs 

have many key advantages including zero emission, no moving parts, compact and simple 

configuration, scalability, noise-free operation, high durability, and adaptability to any 

temperature range and to extreme environments. [7-10] Consequently, TE devices are 

offering highly promising prospects especially in power generation and cooling 



Literature Review 

2 

 

applications in various commercial fields (i.e., industry, automotives, electronics, 

aerospace, military, consumer goods, etc.). [11-13] The integration of TEGs in vehicles 

for example is an advancing thermoelectric application designed to extract electricity 

from the hot exhaust stream of gas pipes. [14-16] Most notably, TEGs have reliably 

provided power for satellites and space crafts in extra-terrestrial locations as well as deep 

space probes of Voyager, Pioneer, and Galileo autonomous missions. [10,17] In spite of 

their success in niche applications, the utilization of TEGs in current applications is still 

rather limited partly due to their low efficiency and high cost. At present, the production 

of highly efficient TE materials for waste heat recovery poses critical challenges in 

today’s research and development, that is, conversion efficiency, operating temperatures, 

and system integration. In the following chapter, we will discuss the fundamental 

principles of thermoelectricity and summarize the potential methods of improving the 

performance of thermoelectric materials.  

 

Figure 1.1: Waste heat is inevitably produced in all mechanical and power-generating 

processes including transport vehicles, industrial plants, power stations, and many 

more. In the future, thermoelectric devices could improve the efficiency of current 

energy processes by harnessing lost energy as waste heat and converting it to electrical 

power through co-generation technology. (Image modified from Mahlalela et. al [12])   
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1.2 Principles of Thermoelectric Energy Conversion 

Thermoelectric effects describe the direct conversion of thermal energy 

(temperature difference) to electricity and vice versa. These effects are essentially 

governed by three main phenomena known as the Seebeck effect, Peltier effect, and 

Thomson effect. The earliest report on thermoelectricity dates to 1821 when Thomas 

Johann Seebeck observed a potential difference (voltage) upon heating one end of a closed 

circuit made of two dissimilar metals (see Figure 1.2). [18] In modern literature, this 

property is identified as the Seebeck effect, and it is the working principle of 

thermoelectric power generation. [19] Mathematically, the Seebeck effect can be best 

described in the following equation: 

𝑆 =  𝛥𝑉/𝛥𝑇     (1.1) 

where S is the Seebeck coefficient, ΔV is the voltage difference, and ΔT is the temperature 

difference between the hot and cold sides of the junctions. The Seebeck coefficient is a 

crucial parameter which represents the amount of voltage induced in a material per unit 

of temperature gradient. Depending on the type of net charge, the Seebeck coefficient for 

p-type semiconductors with dominantly positive charge carriers (holes) is denoted by a 

positive sign, while n-type semiconductors with free electrons as majority charge carriers 

show negative S values. 

 

Figure 1.2: Schematic illustration of the Seebeck model. In the original apparatus, a 

bismuth plate was connected in series with a conducting copper wire. When the 

junctions were maintained at different temperatures, a compass needle that was placed 

at the centre of the loop was deflected in response to the generated current flow. 
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The mechanism behind the thermoelectric effects is precisely based on the temperature-

dependent mobility of free charge carriers (i.e., electrons and holes), which carry both 

charge and heat. When a temperature gradient is applied across a conductive material, the 

charge carriers in the hot regime will migrate more rapidly towards the cold end due to 

higher kinetic energy. The undistributed charge migration eventually leads to an increased 

charge carrier concentration (charge build-up) on the colder side, therefore generating an 

electric potential (voltage) across the two ends. [6, 20] 

 

Figure 1.3: At the atomic scale, an applied temperature gradient causes the charge 

carriers in a conducive material to diffuse from the hot side to the cold side, hence 

generating an electric potential due to charge build-up. In principle, an electric field is 

generated between the two ends to counteract the effect of the thermal gradient on the 

migration of charge carriers. 

To maximize the resulting voltage and therefore enhance the thermoelectric 

effects (i.e., total output), TE modules are constructed from an array of heavily doped n-

type and p-type semiconductors. A single pair of n-type and p-type elements connected 

electrically in series by conductive metal interconnects, as illustrated in Figure 1.4, is 

referred to as a thermocouple, which depending on the working mode can be classified as 

either a TE power generator or a TE cooler (TEC). When a TE couple is subjected to a 

temperature difference in the power generation mode for example, the voltage across the 

two different elements produces a current flow through the circuit, which then generates 

an electrical power output. [10, 21] Conversely, thermoelectric cooling is based on the 

Peltier effect which describes the activation of a temperature gradient in response to an 

applied voltage. [6, 21] In this case, when an electric current is supplied to a TE couple 

via an external source (i.e., battery), the charge carriers travel while absorbing heat at one 

junction and releasing it at the other, thereby cooling the surface opposite to the heat flow. 
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Figure 1.4: Schematic representation of basic thermoelectric devices (thermocouples) 

comprised of p- and n-type semiconductor pairs. These devices operate under two 

distinct working modes: a) thermoelectric power generation (Seebeck effect) is 

achieved by application of a temperature gradient which causes the free electrons in 

the n-type leg and free hole in the p-type leg to diffuse from the hot side to the cold side, 

and b) thermoelectric refrigeration (Peltier effect) requires electrical power input to 

generate a temperature difference. The charge carriers travel from a low (p-type) to 

higher energy level (n-type leg) while heat is transported across the junctions. The 

relation between the Seebeck and Peltier effects is expressed by the Thomson effect. 

(Image by Li et al. [21]) 

In the domain of active cooling and thermal control, TECs provide precise thermal 

management for optoelectronics and microprocessors, as well as other unique commercial 

applications such as portable refrigerators and temperature-controlled seats in 

automobiles. According to the Thomson effect, both Seebeck and Peltier effects are not 

constant and can be reversed depending on the temperature of the material. More 

specifically, this combined effect describes the evolution or absorption of heat when an 

electric current is passed along a conducting material of non-uniform temperature. [22]   

a) b) 
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1.3 Thermoelectric Efficiency 

The primary goal in the development of thermoelectric materials is to maximize 

the thermoelectric figure-of-merit given in the following equation:  

𝑧𝑇 =
𝑆2𝜎𝑇

𝜅
 ,  where  𝜎 = 𝑛𝑒𝜇 ,   (1.2) 

where S is the Seebeck coefficient, T the absolute temperature, σ the electrical 

conductivity, and κ the thermal conductivity. The figure-of-merit (zT) is a dimensionless 

quantity that provides a measure of the conversion efficiency (performance) of a 

thermoelectric material. On the other hand, the output power of TE devices is directly 

determined by the so-called power factor (PF), which is given by the product of the 

electrical conductivity and the square of the Seebeck coefficient (S2σ). [6] To achieve 

excellent conversion efficiency, TE materials should exbibit high electrical conductivity, 

high Seebeck coefficient, and low thermal conductivity. Such trends would effectively 

ensure a high voltage generation while maintaining a constant temperature difference 

between the hot and cold sides of a working device.  

 

Figure 1.5: Energy band diagrams for a) metals, b) semiconductors, and c) insulators. 

The Fermi energy level of metals is found in the conduction band where conduction is 

driven by free electrons in metal bonding.  In semiconductors, the conduction is driven 

by the movement of electrons and holes. In this case, the thermoelectric effects are 

essentially dominated by the energy states near Fermi level, which lies inside the 

bandgap. 
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 Metals and insulators for example, do not comply with the selection criteria of 

suitable thermoelectrics (TEs) since both electrical and thermal conductivities are either 

too high or too low, hence the overall zT remains inadequate. Contrarily, narrow-bandgap 

semiconductors make promising thermoelectric candidates since they exhibit large power 

factor, relatively high σ, and low κ. [9] Even though metals exhibit significantly larger 

conductivity (which decreases at higher temperature due to increasing resistance), the 

band structure of semiconductors allows for better thermoelectric effects, especially at 

optimal bandgap size (6-10 kBT) which allows a finite number of electrons to populate the 

conduction band all while supressing bipolar conduction at higher temperature. [23]  

The complex physical interrelationships of the key transport parameters are 

further elaborated in the following equations: 

𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2 𝑚∗ 𝑇 (
𝜋

3𝑛
)

2

3
  ,        (1.3) 

𝜎 = 𝑛𝑒𝜇 =  
𝑛𝑒2𝜏

𝑚∗  ,    (1.4) 

𝜅 =  𝜅𝑒 +  𝜅𝑙 ,     (1.5) 

where kB is the Boltzmann constant, 𝑚* the density of states effective mass, h the Planck 

constant, e the elementary charge, τ the relaxation time, n the carrier concentration, and μ 

the carrier mobility. According to Eq. 1.4, the electrical conductivity is proportional to 

the charge carrier concentration and to the carrier mobility, of which the latter determines 

how quickly an electron or hole can move through a material when pulled by an electric 

field. With respect to the density-of-states effective mass (𝑚*), the presence of heavy 

carriers produces high power factors (PF), however due their small mobilities, large 

effective masses can compromise the electric conduction. [10] Conversely, good 

electrical conductivity relies on high carrier concentration and high carrier mobility, 

however these characteristics would then deteriorate the Seebeck coefficient. One must 

therefore compromise between the charge carrier concentration, the effective mass, and 

the mobility of the dominant charge carrier in order to reach optimal performance.  

Other conflicting issues also stem from the necessity of achieving low thermal 

conductivity. As shown in Eq. 1.5, the total thermal conductivity κ is expressed as the 

sum of the heat transport via electrons/holes (κe) and the heat transport by lattice 

vibrations known as phonons (κl). Based on the Wiedemann-Franz law, higher electrical 

conductivity inherently leads to higher thermal conductivity due to a direct increase of the 
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electronic contribution (κe). Unfortunately, the selective optimization of each individual 

parameter is not possible without comprising the other as they are strongly interlinked 

with one another. As shown in Figure 1.5, the coupling relationship between S, σ, and κ 

therefore restricts the maximum zT value to a specific range of carrier concentration that 

is typically observed in heavily doped semiconductor materials.   

 

Figure 1.6: Model dependence of the electrical conductivity, Seebeck coefficient, and 

thermal conductivity whereby the upper zT limit stems from a precise balance between 

the parameters. [6, 24] Note that the lattice thermal conductivity is independent of the 

electronic properties. Peak zT values are achieved by tuning the carrier concentration 

between 1019 and 1021 per cm3. This optimal concentration is typically found in heavily 

doped semiconductors. [10] 

 Interestingly, κl is the only parameter that is independent of the electronic structure 

of a material. In this respect, Slack proposed that the most effective approach towards 

high zT is to design a semiconductor of “phonon-glass electron-crystal” (PGEC) 

character, meaning it displays “glass-like” thermal conductivity while retaining the 

electrical properties of crystalline materials. [25] This combination of properties is 

established in complex crystal structures, whereby the lattice thermal conductivity (κl) is 

effectively suppressed through the selective scattering of heat-carrying phonon while 

avoiding the scattering of electrons. 
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1.4 Thermoelectric (TE) Materials 

Decades of research and development have led to state-of-the-art materials for 

thermoelectric power generation under varying temperature regimes. With respect to the 

charge carrier type and working temperature range, a selection of materials consisting of 

heavily doped semiconductors are presented in Figure 1.7. [10] As first generation TEs, 

pnictogen chalcogenides (i.e., Bi2Te3 and Sb2Te3) have shown the highest energy 

conversion efficiencies of about 4-5 % for applications near-room temperature in both p-

type and n-type materials. [26] In the medium temperature range (450- 900 K), second 

generation bulk TEs including skutterudite compounds (i.e., CoSb3), [27] clathrates (i.e., 

Ba8Ga16Ge10), [28] and group IV tellurides (i.e., PbTe, GeTe, and SnTe) [29] have 

demonstrated the best figures-of-merit (zT > 1.6) which resulted in maximum conversion 

efficiency of 10-12%. [30] On the other hand, metal oxides (i.e., ZnO, NaCo2O4), [31] 

half-Heusler intermetallic alloys (i.e., Hf0.8Ti0.2CoSb0.8Sn0.02), [32] Zintl phase 

compounds (i.e., Yb14MnSb11), [33] and silicon-germanium are typically applied in high 

temperature applications of above 900 K. Many of the established TEs are typical 

examples of PGEC materials as they involve complex crystal structures, heavy elements, 

and isoelectronic substitution (alloying). These characteristics enhance TE properties by 

incorporating large interstitial sites (voids) filled with “rattler” atoms and other 

contrasting masses which can disrupt the phonon heat transport at the atomic scale without 

compromising electrical conductance. [34] 

 

Figure 1.7: zT values of various state-of-the-art a) p-type and b) p-type thermoelectric 

materials plotted in accordance with their appropriate temperature range for TE 

applications. These complex alloys and doped crystalline materials with at least one 

heavy element comply with the concept of “phonon-glass electron crystal”. [10] 

a) b) 
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1.5 Nanotechnology Enhancement Strategies 

For almost 50 years, the upper zT value of most commercially available materials 

did not exceed a value of 1. [35] Although there is no theoretical limitation to the figure-

of-merit, theoreticians and experimentalists have pointed out that a zT ≈ 4 is required to 

compete with conventional energy harvesting and refrigeration systems. [36] In principle, 

the strong interdependence of the thermoelectric transport parameters (i.e., Seebeck 

coefficient (S), electrical (σ), and thermal conductivity (k)) continues to limit the 

application of current TE devices to areas where efficiency is not an important factor. To 

overcome these issues and expand the applicability of new TE devices into industry, 

researchers have long proposed nanotechnology as a material design strategy for 

decoupling TE parameters and improving overall efficiency. The strategies which have 

revolutionized recent advancements in TE research are based on i) the enhancement of 

the S through electron confinement effects of low-dimensional materials, [37] and ii) the 

reduction of κ through phonon-boundary scattering effects in macroscopic nanostructured 

materials. [34] 

1.5.1 Nanomaterials 

One of the greatest challenges in current TE research is how to increase the 

Seebeck coefficient without depressing the electrical conductivity. In the early 1990s, 

Dresselhaus and Hicks introduced the concept of nanostructuring in TE materials, which 

has been theoretically studied and experimentally proven to enhance the thermopower 

(S2σ) through means of quantum confinement. [37] Quantum confinement is a well-

known phenomenon that occurs when the size of a particle is so small that the constraining 

morphology of the structure affects the wavelength of the electron. [38] These 

characteristics specifically apply to nanomaterials, which can be classified according to 

their nanoscale (10-9 m) dimensionality and the degree of carrier confinement. [39] 

Confinement of the charge carriers in all x, y, and z directions typically occurs in zero-

dimensional (0D) materials such as nanoparticles and quantum structures, in which all 

three dimensions exist at the nanoscale (1-10 nm). When the free carrier motion is 

restricted in two dimensions, the structure is referred to as a one-dimensional (1D) 

nanomaterial, which typically applies to quantum wires, nanorods, and nanotubes in the 

range of 1-100 nm. Conversely, two-dimensional (2D) nanomaterials such as quantum 

wells, nanosheets, and thin films, which observe nanoscale thicknesses comparable to the 
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de Broglie wavelength (< 30 nm), generally confine the charge carriers in one direction 

with freedom along the others. [40] Although macroscopic structures could be composed 

of nanosized building blocks, large size crystals and polycrystalline bulks are classified 

as three-dimensional (3D) materials. [41] As depicted in Figure 1.8, nanomaterials exhibit 

exclusive structural and physical behaviors (i.e., increased surface-area-to-volume ratio) 

in comparison to their bulk counterparts. [42] According to the Mahan-Sofo theory, when 

the size of a semiconductor system is reduced from a 3D bulk solid down to a 0D 

nanostructure, the quantum confinement effects give rise to local enhancements of the 

density of states (DOS) near the Fermi level. [36] 

 

Figure 1.8: Classification of nanomaterials of varying dimensions. With respect to the 

density of electron states g(E), semiconductors in the form of 3D-bulk adopt a 

continuous distribution of energy states, whereas quantum-confined 0D-nanostructures 

feature highly localized energy states shown as discrete lines near Fermi level. 

Based on the Mott formula, [43] a distortion in the DOS g(E) is expected to enhance the 

Seebeck coefficient thanks to a two-way increase of the energy dependence of both the 

carrier concentration n(E) and carrier mobility μ(E), which happen to be associated with 

the energy derivative of the energy-dependent electrical conductivity σ(E): 

     𝑆 =
𝜋2 𝑘𝐵

2𝑇

3𝑞
(

𝑑(𝑙𝑛𝜎(𝐸))

𝑑𝐸
)

𝐸 = 𝐸𝐹 
      (1.6) 

𝑆 =
𝜋2 𝑘𝐵

2𝑇

3𝑞
  (

1

𝑛

𝑑(𝑛(𝐸))

𝑑𝐸
+  

1

𝜇

𝑑(𝜇(𝐸))

𝑑𝐸
)

𝐸 = 𝐸𝐹 
    (1.7) 

Ef 



Literature Review 

12 

 

𝑛(𝐸) = 𝑔(𝐸) 𝑓(𝐸)      (1.8) 

These calculations along with the Mahan-Sofo theory predict that higher Seebeck 

coefficient can be independently realized in low-dimensional structures. [26b, 44] In 

practice, the enhancement of the Seebeck coefficient was found most evident in 0D 

quantum dots, 1D quantum wires, and 2D quantum wells, which again was attributed to 

the steep rise of the DOS near the Fermi level. [37, 45-48] 

Nevertheless, the pioneering works of Dresselhaus and co-workers have ignited 

intense research into a variety of TE nanomaterials including quantum dot superlattices, 

nanoparticles, nanocomposites, and thin film systems. [49-55] In principle, there exist 

two main approaches towards nanostructuring i) top-down and ii) bottom-up. [56] In top-

down methods, nanomaterials are fabricated by grinding, melting, or etching bulk alloys 

using energy intensive processes such as ball milling (mechanical alloying), laser 

ablation, and melt spinning. Conversely, bottom-up approaches involve synthetic batch 

processes in which two or more elements are reacted in a liquid or gas phase medium to 

form nanoscale building units of the desired material. Solvothermal colloidal synthesis 

for example is one of the most popular methods for synthesizing semiconductor 

nanocrystals. This process generally relies on the targeted decomposition of precursors 

via hot solution injection followed by precipitation reactions. [57]  

As illustrated in Figure 1.9, the nanocrystal formation mechanism with respect to 

precursor concentration versus reaction time can be described using the La Mer model. 

[58] To initiate the synthesis of colloidal nanocrystals, a room temperature precursor is 

injected rapidly into a heated solution of surfactants. Upon injection, the precursor 

decomposes to form a supersaturation of molecular species known as monomers, [59] 

which immediately start to nucleate. As the precursor concentration begins to drop below 

the nucleation threshold, the probability of nucleation events decreases, causing the 

remaining monomers in solution to commence the particle growth by depositing over 

existing nuclei seeds. [60] In the final stage, the resulting nanocrystals proceed through a 

slow growth process known as the Ostwald ripening effect. [61] Based on this model, 

smaller particles tend to redissolve into solution, releasing monomers which redeposit 

onto the surface of larger particles. The main advantage here is that the time separation 

between the nucleation and growth periods leads to a more focused size distribution, 

which can be well controlled by adjusting the precursor concentration and reaction 

temperature. [60] Likewise, the surfactant adhesion energy plays a key role in the reaction 
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kinetics and crystal growth. [62] In this case, surfactants which are commonly used in 

colloidal synthesis, help stabilize the particles against aggregation in order to achieve 

monodispersed nanocrystals. [57, 63] By passivating the nanocrystal surfaces, surfactants 

can also modify the particle size, morphology, and surface chemistry. [64] 

1.5.2 Nanograined Bulk Thermoelectric Materials 

The other greatest challenge to achieving high-performing TE materials is the 

disentanglement of the electrical and thermal transport properties. In 1980, Rowe and co-

workers conceptualized one of the leading strategies in disrupting thermal transport and 

achieving remarkably high zTs through the reduction of the material grain size. [34] This 

concept was only recently introduced in nanograined bulk materials which essentially 

consist of highly compacted nanosized grains. [65] In this case, the concept of 

nanostructural engineering serves as a simple approach for introducing a large population 

 

Figure 1.9: Schematic representation of nucleation and growth mechanisms of 

monodispersed nanoparticles synthesized in wet-chemical processes. The formation 

profile is illustrated according to the La Mer model [58] with precursor concentration 

as a function of reaction time. T = 0 represents the time of precursor addition at 

elevated temperatures (hot injection). 
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of well-defined interfaces/grain boundaries into macroscale TE bulks. [4] When the 

dimensions of the nanograin constituents are smaller than the mean free path of phonons, 

yet larger than the electron mean free path, the phonons are preferentially scattered at the 

grain boundaries due to misalignments of the crystal lattice, thereby suppressing the 

lattice thermal conductivity (κl) without having to compromise the electrical transport 

properties (i.e., carrier mobility, electrical conductivity). [65]  

Theoretical and experimental studies confirmed a substantial reduction in the total 

thermal conductivity in a variety of nanostructured materials, with many exhibiting 

exceedingly better zT performance (25-250% improvement) in comparison to their non-

structured bulk counterparts. [66, 67] For example, laser deposited Bi2Te3 thin films 

demonstrated κ ≈ 0.3-0.4 W/mK; these values were shown to be 25% lower than in Bi2Te3 

bulk of the same chemical composition. [68] Venkatasubramanian et al. [69] reported 

high zT of 2.4 for p-type Bi2Te3/Sb2Te3 superlattices, while Harman et al. [45] recorded 

even greater zT values (~3.0 at 600 K) for PbTe/PbTeSe quantum dot superlattices; note 

that both materials showed reduced κl values of 0.22 W/mK and 0.5 W/mK, respectively. 

At the macroscopic scale, nanograined BiSbTe alloys prepared by a combination of ball 

milling and hot-pressing techniques, exhibited enhanced zT of 1.4 in comparison with the 

alloyed bulk ingot, which again was attributed to lower thermal conductivity values. A 

close examination of the material’s microstructure revealed that the thermal conductivity 

decreased with smaller grain size due to a higher density of grain boundaries. [70] 

Nanograined bulks are typically obtained by densification of fine nanopowders 

using advanced sintering techniques such cold-pressing, hot uniaxial compaction (hot-

pressing), and spark plasma sintering. [71] The densification method plays a crucial role 

in the fabrication process, not only in consolidating useable and mechanically stable 

materials, but also in determining the material’s microstructural properties such as 

porosity, grain size, grain boundary distribution, and homogeneity. In this respect, the 

formation of nano and micro-sized grains via microstructural engineering proved to be an 

effective decoupling strategy for improving TE efficiency. [72] In mixed-grained 

composite bulk materials, fine grains/nanoparticles (10-100 nm) are introduced to scatter 

heat-carrying phonons at the interfaces, whereas coarse grains/microparticles larger than 

1 μm form connected trajectories to improve interparticle electron transport. [21]  

In recent years, nanograined bulk materials of multiscale hierarchical structures 

were developed as a novel strategic approach to reduce the thermal conductivity down to 

the minimum theoretical limit. [73] As illustrated in Figure 1.10a, the integration of 
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various types of scattering centers in a single sample allows for an effective scattering of 

a broad spectrum of phonon wavelengths. Studies showed that ~25% of the lattice thermal 

conductivity in Si and PbTe semiconductors is contributed by phonons with mean free 

paths of less than 5 nm. [74, 75] In this case, short wavelength phonons are directly 

scattered by the presence of atomic-scale point defects. [76] Conversely, about 55% of 

the heat transport is contributed by mid-wavelength phonons with mean free paths 

between 5 and 100 nm; these phonons are mainly scattered by the interfaces of nanoscale 

precipitates. Lastly, the scattering of long-wavelength phonons with mean free paths of 

100 nm -1 μm, which count for the remaining 20%, require mesoscale interfaces and grain 

boundaries of comparable size. [74, 77] Aside from phonon scattering, boundary 

modifications including lattice defects, pores, dislocations, and inclusion of nano-

dispersions inside the grains or at the grain boundaries, can induce energy-filtering effects 

by selectively scattering low- and high-energy carriers (see Figure 1.10). [78] Although 

scattering of the carriers may increase the electrical resistivity in p-type and n-type 

semiconductors, the energy filtering of different carriers can enhance the Seebeck 

coefficient, thereby improving the thermoelectric power factor.  

 

Figure 1.10: Schematic illustration of a) low-, mid-, and high-frequency phonon 

scattering mechanisms (i.e., grain boundaries, nanoinclusions, heavy elements, atomic 

defects) in hierarchically designed nanograined thermoelectric bulk materials, 

including energy filtering effects of low- and high-energy charge carriers at the grain 

boundaries [79]; b) Accumulated contributions to the reduction of the lattice thermal 

conductivity with respect to the phonon mean free path in PbTe bulk. [74] 

b) a) 
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Since the introduction of nanotechnology, a combination of nanostructural engineering 

strategies has led to a widespread development of high-performance TE materials. [78] 

By exploiting nanoscale-induced effects such as quantum confinement, phonon 

scattering, and energy filtering, the interconnected TE parameters can be tailored 

independently to maximize the power factor and minimize heat transport while keeping 

the electrical conduction unaffected. Finally, the integration of bulk fabrication 

techniques into nanostructured materials has prompted the large-scale and cost-effective 

production of recent thermoelectrics for future energy conversion applications.  

 

1.6 Topological Insulators (TIs) 

Topological insulators (TIs) are a new class of quantum materials which feature a 

bulk bandgap of a conventional insulator, while the surface possesses electronic states 

which carry electric current. [80, 81] As shown in Figure 1.11, TIs offer a non-trivial band 

structure in which the valence and conduction bands are connected by metallic surface 

states, each with a unique spin property known as spin-momentum interlocking. [82]   

 

Figure 1.11: Energy band models of trivial and topological insulators. In TIs, the 

insulating band gap is traversed by linearly dispersed surface states with counter-

propagating spin-up and spin-down electrons which intersect at the Dirac point. [88] 
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This phenomenon is comparable to the so-called quantum Hall effect depicted in Figure 

1.12a. When a strong magnetic field (B) is applied perpendicularly to a 2D conducting 

system, the electrons become restricted in closed circular paths, leading to spatially 

localized and quantized energy levels. Interestingly, Hall resistance (RH) measurements 

revealed a periodic behavior whereby RH increases up to a quantized plateau and drops 

down to zero over the same B interval (see Figure 1.12b). [83] In this case, the resulting 

current (I) was attributed to the hopping motion of the electrons along the edges of the 2D 

system, which propagated in a unidirectional motion. When disorders and non-magnetic 

impurities were introduced into the system, the current flow persisted unaffected along 

the boundaries. [84] In spite of perturbations, zero-loss electrical transport was essentially 

provided by the absence of electron backscattering interactions. [85] In TIs, similar effects 

including quantum transport channels and localized circular paths are instead derived in 

response to the strong spin-orbit coupling of the constituent heavy elements. 

 

Figure 1.12: Schematic representation of a) the quantum Hall effect in a 2D system 

with skipping electronic motions at the edge channel versus internally localized 

circular paths induced by an external magnetic field. [86] b) Quantum Hall experiment 

illustrating the resistance behavior with respect to the applied magnetic field. [87] 
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Precisely, the electronic states at the boundaries possess a single spin number that is 

locked perpendicular to the momentum direction, meaning that electrons carrying 

opposite spins can only propagate in the opposite direction. [88] These conducting surface 

states are said to be topologically protected against backscattering by time reversal 

symmetry, which means that they are also robust against non-magnetic perturbations such 

as impurities and atomic scale deformations. [89-91] This renders surface carriers with 

extremely high mobilities, which has become of great scientific interest, especially for 

applications in spintronics devices, quantum information processes, and even 

thermoelectrics. [92, 93]   

1.7 Group 15 Chalcogenides: From TE Materials to TIs 

Group 15 chalcogenides of the general type M2E3 (M = Sb, Bi; E = S, Se, Te) are 

a rare class of minerals best known as tetradymite-type semiconductors which share a 

unique set of properties such as heavy doping, narrow band gaps, and layered crystal 

structures. [94] These compounds adopt a rhombohedral crystal structure that is described 

by a hexagonal primitive unit cell, as depicted in Figure 1.13. The hexagonal unit cell is 

comprised of three quintuple (QL) layers which contain five atoms, two pnictogens and 

three chalcogenides, positioned in an alternating Te(1)–Bi–Te(2)–Bi–Te(1) sequence. The 

intra-atomic layers are bonded by ionic-covalent interactions, whereas the Te(1)–Te(1) 

bonds of adjacent QLs are held loosely by weak van der Waals interactions. [6]  

 

Figure 1.13: Crystal structure model of Bi2Te3 along the c-axis. The underlined 

stacking sequence of Te(1)–Bi–Te(2)–Bi–Te(1) atoms constitute a single quintuple layer  

which is held by van der Waals interactions. (Image by Krieg [95]) 

Quintuple layer 
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Heavy group 15 chalcogenides are currently the best and most broadly applied 

thermoelectric systems for near-room temperature applications. [96-98] More recently, 

these materials have received considerable attention as strong 3D topological insulators 

(TIs) with potential interest in electronic device applications. [99] Because of their simple 

band structure, relatively larger bulk bandgaps (~0.2 eV), and heavy element composition, 

first principles calculations have predicted early on the observation of non-trivial 

topological surface states in this class of materials. [88] As shown in Figure 1.13, these 

theoretical studies revealed a discernible single Dirac cone in the bulk energy gap with 

the Dirac point inside the valence band. [100] Soon after, these materials were 

experimentally confirmed as TIs using surface sensitive techniques such as angle-

resolved photoemission spectroscopy (ARPES). [88, 101] These studies helped visualize 

the existence of topological surfaces states in the form of linear dispersions within the 

bandgap, as well as the importance of strong spin-orbit coupling, which is especially 

induced in heavy element materials. 

 

Figure 1.13: Band structure of a) Bi2Se3 and b) Bi2Te3 from ab initio calculations. The 

surface states can be seen as red lines dispersing in the bulk gap indicated by blue 

regions. The warmer colors represent an increasing local density of states.[100] 
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CHAPTER 2 

Research Objectives 

2.1 Current Issues 

The prime focus of this doctoral thesis is the synthesis of thermoelectric 

nanocrystalline group 15 chalcogenides, namely Sb2Te3, Bi2Te3, Bi2Se3, (BixSb1−x)2Te3, 

and Bi2(SexTe1−y)3 ternary solid solutions. Though many efforts were made to further 

increase the TE efficiency, there are still several major issues regarding this class of 

materials: 

i) It is generally agreed upon that the TE transport behavior of intrinsically doped 

semiconductors is strongly influenced by the defect chemistry of the material, and 

that the hole and electron generating anti-site defects play a dominant role in this 

matter. [1] Unfortunately, metal chalcogenides have a strong tendency to form off-

stoichiometric compositions, which then leads to an excessive number of anti-site 

defects. These structural defects may easily reduce the Seebeck coefficient due to 

non-optimal charge carrier concentrations. From a synthetic point of view, the first 

important challenge is how to achieve a precise control over the stoichiometry and 

phase purity of these materials. 

ii) Although nanomaterials were proven to have better TE properties than bulks, at 

least grams of high purity nanopowders are required to build a functional TE 

module. Unfortunately, the adaptability of current synthetic routes for large-scale 

production of nanostructured metal chalcogenides is still a major issue at present. 

Both wet chemical and physical processes (i.e., ball milling) face critical 

challenges as to cost, yield, purity, particle size reduction, and morphology 

modification. In addition to scalability, reproducibility remains challenging, while 

high zT results reported by other research groups have either not been verified or 

reproduced. [2] Therefore, the second challenge we aim to resolve in this thesis is 

how to reproduce high quality nanoparticles in gram scale synthesis. 
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iii) To utilize TE nanopowders in a device configuration, the material must be 

compacted into a mechanically stable and functional macroscale bulk. 

Maintaining the fine nanostructure in the compacted form poses great challenges. 

Many groups have reported complications during the fabrication process, as well 

as poor mechanical properties in their constructed TE devices. [3] Furthermore, 

the excessive growth of the compacted nanoparticles into large micro grains can 

be regarded as an additional drawback which can increase thermal conductivity 

because of less phonon-scattering interfaces. On the other hand, reproducibility 

issues during powder compaction can lead to strong variations in the electrical and 

thermal transport properties. In this respect, the third challenge is how to retain 

the nanostructured architecture of our materials in the final compact while 

ensuring high reproducibility and mechanical stability.  

2.2 Objectives and Approach 

The objectives of this work are based on two parts:  

i) The first part aims at developing and optimizing new and established synthetic 

routes for the fabrication of high-quality p-type and n-type nanoparticles with 

good reproducibility, high chemical yields, clean surfaces, and promising TE 

performance. Within the scope of this objective, the effects of the synthetic 

conditions on the morphology, composition, crystallinity, and purity of the 

products must be thoroughly investigated. 

ii) The second part aims on realizing the highest possible zT by preserving the 

nanoscale grain integrity and material purity in the resulting compacted bulk 

samples. This of course requires a detailed analysis of the physical properties 

including the electrical transport, Seebeck coefficient, thermal conductivity, 

magnetoresistance, carrier concentration, and carrier mobility.  
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To realize the targeted objectives and achieve enhanced thermoelectric and 

electrical transport properties, we adopted key approaches which are summarized in the 

following sections.  

 
2.2.1 Ionic-Liquid Assisted Nanoparticle Synthesis  

To achieve high-quality binary and ternary group 15 chalcogenide materials, we 

adopted surfactant-free ionic liquid-based nanoparticle syntheses as our key synthetic 

approach. Ionic liquids (ILs) are a class of molten salts which consist of a sterically 

demanding cation moiety that is weakly or electrostatically coordinated to an inorganic 

or organic anion. [4] Due to their unique characteristics including melting points less than 

100 °C, negligible vapor pressures, high viscosity, low surface tension, and high thermal 

stability, ILs have been increasingly used as alternatives to conventional volatile organic 

solvents in a wide range of synthetic applications. [5-9] In this work, the application of 

ILs as stabilizing agents is a promising method to achieve monodispersed and well-

defined nanoparticles. In the presence of ILs, the nanoparticles are stabilized by forming 

an electric double layer around the metal surface, resulting in electrostatic repulsions 

between the particles which then prevents particle aggregation in the reaction solution. 

[10, 11] 

 

Figure 2.1: Schematic representation of electrostatic stabilization of a metal 

nanoparticle by imidazolium-based ILs. (Image by Manojkumar et al. [9])  
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Due to the high degree of structural order in imidazolium-based ILs, these 

compounds are well known to provide this type of surface stabilization, as well as strong 

templating effects for enhanced controllability over the size, morphology, and uniformity 

of metal nanoparticles. [11] In contrast to standard capping agents such as alkyl amines, 

phosphines, and thiols, ILs can be more easily removed as they only bind weakly to the 

particle surface. [12] This reduces the risk of contamination, which is the key enabler to 

our approach in achieving clean nanoparticle surfaces and optimized electrical 

conductivities. Using ILs as reaction medium and templating agent, we reacted tailor-

made molecular precursors with well-defined thermal decomposition pathways and 

reactivity patterns. This additional strategy would allow us to form highly stoichiometric 

group 15 chalcogenides with controlled defect concentrations and high Seebeck 

coefficients. 

2.2.2 Nanograined Bulk Fabrication via Optimization 

In addition to the customed chemical synthesis, the nanoparticle processing and 

degree of compaction are essential factors in defining the material’s interface density and 

final transport properties. For instance, if the nanoparticles are not pressed sufficiently, 

the carrier propagation in the sample can be disrupted by the presence of pores due to 

inefficient contact among the grains. In severe cases, low density compaction would lead 

to poor mechanical and electrical properties in TE nanograined bulks. Not to mention, 

this would also attenuate the surface metallic transport in 3D nanograined TIs. 

Conversely, if the nanoparticles are sintered at too high temperatures for an excessive 

amount of time, less interfaces are provided as phonon scattering barriers.  

To achieve nanograined bulks of high compaction density and minimal coarsening 

effect, the adopted approach is based on a hot-pressing technique of which the compaction 

parameters must be carefully investigated and optimized with respect to the 

microstructure and transport performance. With this approach, we can identify the best 

pressing conditions to enhance the electrical transport between the domains and retain the 

nanostructured dimensions within the bulk, which would then lead to low thermal 

conductivity. Furthermore, an optimization of the bulk fabrication process would allow 

us to accurately assess the influence of the chemical composition, phase structure, surface 

purity, crystal grain size, and grain boundaries on the thermoelectric and surface transport 

properties of our materials. 
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2.2.3 Material Purification 

The electrical transport properties in nanograined bulk are strongly correlated to 

its structural defects and scattering centers, but most importantly to the surface purity of 

the compacted nanoparticles. As illustrated in Figure 2.2, carbon impurities which often 

stem from the synthesis process, can ultimately seep into the grain boundaries and 

between the domains of the compacted sample. These impurities have detrimental effects 

on the electrical transport of the material as they behave much like insulating barriers. To 

resolve this potential issue and optimize the interfacial and surface electrical transport, 

we paid great attention to the synthetic quality of our materials. A key part to our approach 

heavily relies on the purity of the used precursors, reagents, and solvents, as well as the 

applied purification techniques. By using a post-synthetic annealing treatment to drive-

off residual contaminants before compacting the nanoparticles, we anticipate that the 

largest improvement will be observed in the electrical conductivity measurements of our 

samples. 

 

 

Figure 2.2: Schematic representation of organic contaminants at the grain boundaries 

and interfaces of a nanograined bulk sample. (Image concept adopted from Wei et. al 

[13]) 
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CHAPTER 3 

Methodology 

3.1 Material Preparation 

In this work, scalable wet-chemical approaches were used for the synthesis of 

nanostructured Bi2Se3, Bi2Te3, Sb2Te3, and Bi2(SeyTe1-y)3, (BixSb1-x)2Te3. These materials 

were prepared from optimized methods and under varying conditions including ionic 

liquid-assisted routes and solvothermal routes by microwave or conventional heating (all 

synthetic details are given in the experimental section). Figure 3.1 outlines the 

experimental research process which was applied in four main stages over the course of 

this doctoral work: 

i. Nanoparticle synthesis:  

Using the hot injection/addition strategy, the metal chalcogenide materials were 

synthesized by nanoparticle precipitation. In this process, the metal precursor is first 

dissolved in ionic liquid at moderate temperature (100-170 °C), to which the 

chalcogenide precursor is then swiftly injected (or added if solid) to the hot solution. 

This step initiates the formation of nanoparticles. Depending on the choice of heating 

(microwave or conventional), the reaction mixture is stirred for a certain period (a few 

minutes or several hours), after which the resulting suspension is cooled to room 

temperature to allow separation between the precipitate (product) and the ionic liquid 

supernatant. Upon purification, the nanoparticles are finally collected as a black 

powder. 

To shorten the reaction time, some experiments were performed with microwave 

heating. Due to the localized superheating mechanism of microwave irradiation, these 

reactions can be performed at relatively low temperatures and in very short time scale 

with less energy costs. 
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ii. Material Characterization:  

In the second stage of the research process, the products were subjected to a thorough 

quality evaluation using a number of characterization methods. The particle 

morphologies were examined by electron microscopy techniques such as SEM and 

TEM, whereas as compositional information was obtained by EDX and EELS. To 

analyse the crystal structure and phase purity, all samples were measured by XRD. 

Finally, XPS was used to determine the oxidation states of the elements and to verify 

the surface purity of the synthesized samples.  

iii. Sample Compaction:  

In the third stage, a selection of high-quality solution-processed nanopowders were 

consolidated into highly dense compacts using a hot-pressing technique. The hot-

pressing parameters including temperature, heating rate, applied pressure, and holding 

time were optimized accordingly to give robust pellets measuring 5 mm in diameter 

while preserving the nanostructured morphology of the native material (details are 

provided in the experimental section).  

iv. Transport Evaluation:  

In the last stage, the electrical and thermal transport properties of the nanostructured 

bulk pellets were assessed along and perpendicular to the pressing direction. For an 

accurate measurement of the electrical transport parameters, the contacting of the 

samples was also optimized by application of a metallic probe setup. Together, these 

studies provide a better understanding of the transport properties with respect to the 

chemical/structural properties of the here-synthesized materials (i.e., composition, 

purity, anisotropy, etc...).  
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Figure 3.1: Schematic outline of the research process implemented in four main stages. 

Ar 



Methodology 

38 

 

3.2 Annealing Setup 

In this doctoral study, we put a special emphasis on investigating the effects of 

thermal annealing on the properties of the here-synthesized nanoparticles. The aim is to 

improve the quality of the materials by removing any contaminations, especially ionic 

liquid residues. Because room temperature ionic liquids have extremely low but 

detectable vapor pressure, this treatment requires high dynamic vacuum that would allow 

us to extract these contaminants within mid-temperature ranges (<350 °C) while avoiding 

unwanted material changes and surface oxidation. For this purpose, a homebuilt annealing 

system (see Figure 3.2a) was assembled, through which a number of samples were pre-

treated prior to consolidation.  

The experiments were carried out in a tube furnace which was operated using an 

external temperature controller. The glass ampoules were customized to a length of 24 

cm, an outer diameter of 15 mm, and a wall thickness of 2 mm. To ensure that the sample 

is subjected to the desired annealing temperature, the far end of the ampoule containing 

the sample must be positioned at the center of the furnace (see Figure 3.2c). However, it 

is also important that the opposite ends of the ampoule are kept at different temperatures 

so that the impurities are separated more easily towards the cold end before sealing off 

the post-treated sample. The sample was added to the ampoule under inert gas; note that 

a long-necked funnel was used to prevent the powder from adhering to the inner walls as 

this could cause fractures in the glass upon sealing the vessel. Using a J. Young fitting 

with a high-vacuum PTFE valve, the ampoule was connected to the vacuum system and 

was slowly evacuated down to a pressure of 10-4 mbar over a period of 30 minutes. Once 

a constant pressure reading was registered in the electronic pressure monitor, the furnace 

was pulled over the ampoule and the temperature was set to ramp up to 300 °C at 5 

°C/min. The furnace was held at the desired temperature for at least 24 h, whereby a 

working pressure of 10-7 mbar was established in the vacuum medium. Once the annealing 

time has expired, the ampoule was cooled down to room temperature within a 1 h period 

before retracting the furnace away. While twisting and pulling gently along the length of 

the ampoule, the glass was heated with a natural gas flame at least 10 cm above the bottom 

of the ampoule in order to seal and separate the sample from the vacuum system. A silver 

band was always formed near the sealing point of the ampoule, which was simply due to 

the deposition of nearby metal particles upon exposure to the blowtorch. The ionic liquid 

impurities were deposited on the cold side of the ampoule as a dark orange coating.  
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Figure 3.2: a) The annealing setup used in this work consisted of four main parts: a 

turbo molecular vacuum pump for high vacuum conditions, a solvent trap cooled to -

80 °C in isopropanol using a methanol cooling system, customized vacuum-compatible 

metal (retractable) and glass connections, and a horizontal tube furnace with 

temperature controller. b) Temperature profile of the annealing treatment with 

ramping and holding times . c) Schematic illustration of the cold and hot areas of the 

glass ampoule which are adjusted according to the furnace position; a large thermal 

gradiant is required for an effective removal of unwanted impurities. 



Methodology 

40 

 

3.3 Characterization methods 

The working principles of the here-applied analytical methods are briefly 

discussed in the following section.  

3.3.1 X-ray Powder Diffraction 

X-ray powder diffraction (XRD) is a well-known analytic technique that is 

principally used for the phase identification and structural analysis of powdered 

crystalline materials. An X-ray diffractometer is generally made of three primary 

components; that includes an anode X-ray tube, an X-ray detector, and a sample holder 

that is placed at the center of the device. To emit the required X-rays, free electrons are 

generated by thermionic emission from a heated tungsten filament located inside the 

cathode tube. By applying an electric field, the electrons are accelerated towards the metal 

anode which essentially acts as the X-ray generating material. When the high-velocity 

electrons hit the metal target, characteristic X-rays are produced of which the required 

wavelength is isolated with a monochromator and directed onto the testing sample. In 

practice, monochromatic Cu Kα radiation with a wavelength of λ =1.5418 Å is often 

selected for XRD measurements. When a crystalline sample is irradiated with 

monochromatic radiation, the X-rays are diffracted by a periodic arrangement of atoms 

known as lattice planes. [1] 

 

Figure 3.3: The diffraction of X-rays by the lattice planes of a crystal material leads to 

a characteristic diffraction pattern given that Bragg’s law is satisfied. θ represents the 

angle of diffraction of the incident X-rays, while dhkl describes the interplanar spacing. 
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The geometric orientation of a set of parallel planes is defined by Miller indices (hkl), 

which represent the reciprocal intercepts of the crystallographic axes. To record the 

intensities of the diffracted X-rays, the detector is rotated around the sample, which is also 

rotated in the path of the incident X-ray beam. As shown in Figure 3.3, the angle between 

the incoming and outgoing beam directions is defined as 2θ, such that the angle of 

incidence equals the angle of reflection. The subsequent measurement process is based 

on Bragg’s law, [1] which is described by the following equation:  

𝑛𝜆 = 2𝑑ℎ𝑘𝑙  𝑠𝑖𝑛𝜃     (3.1) 

Depending on the distance (dhkl) between two lattice planes, certain angles of incidence 

(θ) lead to a constructive interference (greater scattering intensity) of the partial X-ray 

beams, given that the path difference between the reflected X-rays is an integer multiple 

(n) of the selected wavelength (λ). From these constructive interferences, a characteristic 

diffraction pattern is generated by plotting the signal intensity I of the resulting reflections 

against the scattering angle 2θ of the corresponding set of planes.  

To identify the crystalline phases of the tested sample, the recorded diffraction 

data including reflex positions and intensity distributions, can be easily compared with 

known databases (i.e., ICSD, ICDD). In many cases, the intensity of the reflexes may vary 

in comparison to the reference pattern due to the texture effects of the crystallites. Based 

on the measured XRD pattern, important structural information can be deduced such as 

the average crystallite size, orientation distribution, texture, and strain. This also includes 

information about the unit cell dimensions such as the crystal space group, lattice 

constants, and angles.  

3.3.2 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is an advanced imaging technique utilized 

to inspect the topographies of specimens down to the nanometer scale. To generate a 

precise and highly magnified image of a sample, high energy electrons, also referred to 

as primary electrons (PE), are first emitted from an electron gun with a tungsten filament 

cathode. By applying a high acceleration voltage (0.2 - 40 keV), the stream of electrons 

is accelerated through the optical column of the microscope in high vacuum, where it is 

focused by a set of condenser lens into a thin and highly coherent beam. The beam is then 

deflected by a set of coils, where it is finally directed by the objective lens to scan the 
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surface of the sample in a grid-like pattern. [2, 3] Once the beam strikes the surface of the 

sample, the reflection of high-energy electrons stemming from the energy exchanges with 

the material are collected by specialized detectors to be converted into signals, which are 

then amplified, analyzed, and constructed into topographic contrast images. [4]   The 

impact of the primary electrons at various depths within the surface of the sample 

essentially leads to different interactions with the atoms/electrons of the specimen. As 

shown in Figure 3.4, the size and depth of the interaction volume which is best described 

as a teardrop-shaped diffusion cloud, depend on both the acceleration voltage of the 

electron beam and the mean atomic number of the testing sample. [3] The resulting 

processes are further illustrated in a simplified shell model presented in Figure 3.5. 

 

Figure 3.4: Schematic illustration of the interactions between the primary electron 

beam and the specimen. Depending on the atomic mass, the interaction volume extends 

from less than 100 nm up to 5 μm into the surface of the sample, resulting in various 

signals that can be used for a combination of analytical methods. 
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In imaging mode, the electron-matter interactions manifest through the emission 

of secondary electrons (SE) and backscattered electrons (BSE). The first type of 

interaction involves the inelastic scattering of the PEs with the outer-shell electrons of the 

specimen, ejecting SEs from the sample. These electrons emerge with a discernible 

energy loss due energy transfer within the material and electromagnetic emissions. [3, 5] 

As a result, low-energy SEs are only detected from the uppermost layers of the surface 

region (~ 10 nm deep), which therefore provide useful information about the surface 

features of the material (i.e., morphology, topography). In the second type of interaction, 

BSEs are the product of elastic scattering in which the kinetic energy of the incident 

electrons is still preserved after changing the direction of their propagation. In this case, 

having interacted with the positive nucleus of the atoms, the incident electrons are 

deflected by Coulombic interactions as they penetrate into the atom’s electron cloud and 

are rejected back (backscattered) out of the specimen with relatively high energies. As the 

signal intensity of BSE increases with larger atomic number, the detection of these 

 

Figure 3.5: Schematic representation of the atomic shell model with electron scattering 

mechanisms leading to the emission of SE, BSE, and characteristic X-rays. 
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electrons provides useful information about the composition and the distribution of atoms 

of different weights in the sample. In this respect, atoms of larger atomic masses appear 

darker than atoms of smaller mass. Finally, other signals resulting from the electron-

sample interactions include the emission of Auger electrons, X-ray phonons, and 

elastically/inelastically scattered transmitted electrons. These interactions contain 

information about the bonding properties, the chemical composition, and the 

crystallographic structure of the sample, respectively.  

3.3.3 Transmission Electron Microscopy  

Transmission electron microscopy (TEM) is another powerful imaging tool which 

can provide further insight on the crystal structure, density, and chemical composition of 

a material. Although TEM and SEM have similar working principles, the overall built, 

imaging mode, and operation are fundamentally different. [6] The characteristic 

differences between TEM and SEM are summarized at the end of this section (see Table 

3.1). Namely, TEM operates on the basis of transmitted electron signals (see Figure 3.4). 

As illustrated in Figure 3.6, the structural outline of a typical TEM microscope consists 

of four main parts: the electron source, the electromagnetic lens, the sample holder, and 

the imaging system. In this setup, an electron beam is first emitted from the electron 

source, from which it is then accelerated through the electromagnetic lens system by an 

applied voltage of up to 300 kV. In contrast to SEM which is limited to the surface of the 

sample, the much higher acceleration voltages used in TEM allow for the primary 

electrons to easily penetrate through samples with thicknesses less than 100 nm. [7] The 

transmitted electrons are then focused by the objective lens and projected as a magnified 

image onto a fluorescent viewing screen located at the bottom of the column where the 

image is lastly captured by an electron sensitive CCD camera.  

TEM has several working modes allowing for many forms of high precision 

analysis. The conventional imaging mode for example operates on the selection of 

elastically scattered electrons, which are generated when incident electrons are deviated 

from their original trajectory with no energy loss upon transmitting the sample. Using an 

objective aperture which is inserted in the back focal plane of the objective lens, the 

elastically scattered electrons are either projected or blocked (allowing only the direct 

beam to pass) to form dark field (DF) or bright field (BF) contrast images, respectively. 

Unlike SEM, the contrasts observed in TEM images correspond to the transmittance of 

the atoms rather than the topography of the sample as there is no depth of field. For 
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example, variations in the sample depth can be closely observed in bright field imaging; 

denser areas often appear darker in the image sample as fewer electrons have been 

successfully transmitted without scattering, whereas thinner areas with more electrons 

transmitted appear as lighter. [8] Likewise, areas of higher crystallinity will also appear 

darker in bright field imaging due to the higher degree of electron scattering. The contrast 

of bright field TEM images is also determined by the atomic number of the elements in 

the sample as they scatter the electrons to different degrees. On the other hand, dark field 

images which only rely on the scattered electrons, show bright areas on a dark background 

which can be used to observe similarly oriented planes within the material.  

For very thin samples of less than 50 nm, high resolution TEM (HRTEM) can 

achieve highly resolved images of the sample of up to 0.5 Å resolution. This technique is 

suitable for investigating the structural properties of crystalline materials such as the 

interplanar lattice spacings, grain boundaries, and structural defects. Other advanced TEM 

techniques include elemental analysis by electron loss spectroscopy (EELS). This 

technique relies on the detection of inelastically scattered transmitted electrons, which are 

electrons that have penetrated the sample with less kinetic energies than initially due to 

interactions with the sample. In order to deduce compositional information about the 

 

Figure 3.6: Schematic representation of transmission and scanning electron 

microscopes. (Image by Course Hero [9]). 
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sample, the energy loss of these electrons can be analyzed into an EEL spectrum. This 

technique is especially suitable for the detection and quantification of lighter elements 

with only one or two electron shells.  

Table 3.1: Comparison of TEM and SEM characterization methods. 

In addition to transmission imaging, TEM can also operate in electron diffraction 

mode. Similar to X-ray-diffraction, transmitted electrons that have been diffracted by the 

atomic planes of the crystal sample are focused on the back-focal pane of the objective 

lens, resulting in a series of diffraction spots that can be viewed and recorded on the 

screen. The advantage here is the ability to acquire a diffraction pattern from a defined 

area by inserting an aperture on the image plane; this technique is known as selected area 

electron diffraction (SAED). A regular pattern of distinctive spots corresponds to the 

lattice planes of a single-crystal diffraction, whereas a ring-like pattern commonly 

observed in polycrystalline materials corresponds to the powder diffraction of multiple 

crystals with many different orientations (see Figure 3.7). These patterns can be indexed 

with the respective Miller indices to deduce the phase structure and calculate the lattice 

parameters of the material (i.e., dhkl spacings, angles).  

Characteristics TEM SEM 

Electron stream Broad beam Fine, focused beam 

Acceleration voltage 200 – 400 kV < 30 kV 

Detected electrons Transmitted electrons Scattered electrons 

Resolution 0.5 Å 0.4 nm 

Magnification 50 000 000 2 000 000 

Imaging Show sample as a whole Show sample bit by bit 

Sample thickness Ultrathin sample (<100 nm) Thin and thick samples 

Sample analysis Internal structure, morphology,  

crystal domains 

Surface, morphology, 

composition 



Methodology 

47 

 

3.3.4 Energy Dispersive X-ray Spectroscopy 

Energy dispersive X-ray analysis (EDX) is a spectroscopic technique used for 

quantifying the chemical composition of solid materials. This technique is often 

conducted in conjunction with SEM through which the accelerated primary electrons can 

interact with the sample and induce the required processes. When the sample is 

bombarded with the electron beam, a higher-energy primary electron will strike close to 

the nucleus, knocking out an inner shell electron (K-shell) by inelastic collision. This 

process ionizes the atom into a higher energy configuration until an outer shell electron 

(L-shell) drops down to fill the vacated electron gap. As the electron transitions to an 

energetically lower state, the energy difference is released in the form of X-rays (K 

radiation). [2] If an electron undergoes an L to K transition, the emitted X-ray is labelled 

as a Kα radiation, whereas an M to K transition signifies a Kβ radiation. Depending on 

the sub-level of the ionized shell (each with a different quantum state), the X-rays are 

additionally identified with the corresponding n integer. Since the emission energy is 

unique to every electronic transition, the resulting line spectrum of the detected X-rays 

allows for a qualitative assignment of the individual elements present within the sample. 

Based on the X-ray signal intensity detected for each element, the atomic concentrations 

and elemental distribution in the sample can be determined.  

 

 

 

 

Figure 3.7: Typical SAED of a) single-crystal, b) polycrystalline, and c) amorphous 

materials. (Image by [10]) 

a) b) c) 
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One of the main limitations of EDX however is the inability to accurately resolve 

overlapping emissions, making it difficult to differentiate certain elements. In particular, 

the K lines of lighter elements such as C, N, and O can overlap with the L and M lines of 

heavy elements. As the atomic number of the element decreases, the formation of Auger 

electrons which occur when the excess energy is transmitted to an outer shell electron 

without radiation, can further compete with the detection of X-ray emissions. In this 

respect, EDX analysis is preferably suitable for elements of higher atomic numbers. 

3.3.5 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive method that offers 

a precise chemical analysis of the material surfaces based on photoelectric effects. To use 

this technique, the sample surface is first irradiated with a monochromatic source of X-

rays in ultra-high vacuum. Upon absorbing the incident X-rays, the core electrons of the 

atoms near the surface are emitted as photoelectrons, which are then collected and 

analyzed by the detection system based on their specific kinetic energies. Using Eq. 3.2, 

the binding energy (EBin) of the electron can be determined from the kinetic energy (EKin) 

 

Figure 3.8: EDX is particularly concerned with the electronic transitions between the 

inner-most shells of an ionized atom (i.e., K, M, and L). In this process, a gap is created 

upon ejection of a core electron by the electron beam, (left) which is followed by the 

formation of X-ray emissions due to relaxation of an outer shell electron into the lower 

energy electron gap (right). 

Absorption Emission 
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of the detected photoelectron, which happens to depend on the frequency of the used X-

ray photons (hv). [11] The difference in the work function (Δϕ) of the sample and the 

detector is also considered during measurement. 

𝐸𝐾𝑖𝑛 = ℎ𝜈 − 𝐸𝐵𝑖𝑛 − Δϕ𝑠𝑝𝑒𝑐     (3.2) 

 

 While X-ray photons can penetrate several micrometers into the sample surface, 

the information depth for XPS measurements is only a few atomic layers as electrons 

emitted deeper than 10 nm can quickly lose energy due to increasing inelastic scattering. 

[11] Since the binding energy of electrons depend on the element, the energy level, and 

the chemical environment of the atom from which it is emitted, the emission lines 

obtained by XPS measurements provide various information about the sample including 

the elemental composition of the surface, the formal oxidation states, and the bonding 

properties of the atoms. For metallic solids, this technique is especially useful for 

determining the oxidation and contamination level of the surface. 

 

 

 

Figure 3.9: Schematic representation of the photoelectric effect during XPS processes. 

The kinetic energies of surface photoelectrons are loss free due to predominantly elastic 

scattering. 
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CHAPTER 4 

Synthesis and Characterization of Antimony Telluride 

Nanoparticles for Thermoelectric Applications 

4.1 Introduction 

Antimony telluride (Sb2Te3) is a well-established narrow-gap (Eg ~0.28 eV) 

semiconductor which falls under a class of crystalline solids known as tetradymite-type 

materials. This compound adopts a rhombohedral crystal structure and features a layered 

structure of repeating quintuple layers (QL) that are each comprised of five atomic planes 

arranged according to the following pattern: Te(1)-Sb-Te(2)-Sb-Te(1). [1] The atomic 

species of Sb and Te inside a QL are bonded via ionic-covalent interactions, while the 

adjacent QLs are mainly held by weak van der Waals forces. [2]  

 Due to the similar electronegativities of Sb and Te, the occupation of Te sites by 

Sb atoms is an intrinsic effect which generates SbTe anti-site defects in the crystal lattice. 

With the Fermi level situated closer to the valence band, these electrically active native 

defects inevitably lead to dominant positive charge carriers (holes), hence the reason for 

which Sb2Te3 compounds always exhibit p-type conduction. [2] As one of the most 

 

Figure 4.1: Schematic illustration representing the rhombohedral crystal structure of 

tetradymite Sb2Te3. The crystal structure consists of a periodic arrangement of Sb 

(orange spheres) and Te atoms (blue spheres) stacked in so-called quintuple layers. 

Quintuple 

Layer 
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promising p-type semiconductors operable in low-temperature ranges (300-400 K), 

Sb2Te3 has been extensively studied as a base material for many important applications 

such as thermoelectric devices (i.e., power generators and micro-cooling modules), phase 

change memory materials, and more recently topological insulators. [3-9] 

Traditionally, metallurgical processes such as solid-state reactions, melt spinning, 

and mechanical alloying are used in combination with specific consolidation techniques 

to fabricate nanostructured Sb2Te3 materials from high-purity elemental powders or bulk 

metals (i.e., Sb and Te). [10-14] In spite of large-scale and low-cost production, top-down 

synthesis demands high-energy input and long processing times, while other prevalent 

issues such as inhomogeneity, large grain size, surface contaminations, and high defects 

often compromise the quality of nanostructured products. [15] High-quality Sb2Te3 

materials (i.e., thin films and superlattices) however were successfully grown by use of 

gas-phase processes, including molecular beam epitaxy (MBE) [16], magnetron 

sputtering [17], physical vapor deposition (PVD) [18], atomic layer deposition (ALD) 

[19], and metal organic vapor deposition (MOCVD). [20] Unfortunately, these techniques 

are slow, expensive, and high maintenance as they require high vacuum conditions and 

complex experimental setups. Furthermore, scalability is often limited to the chamber 

capacity and deposition rate of the reactor.  

Other research groups have reported high zT values of nanosized Sb2Te3 materials 

synthesized from wet-chemical approaches, [21-25] as well as materials with improved 

Seebeck coefficients and reduced thermal conductivity. [26] As attractive alternatives, 

solution-processed methods demonstrate unique advantages, for example, versatility, cost 

effectiveness, low-energy input, and compatibility with large scale synthesis. More 

importantly, a precise control over the dimension, composition, morphology, and 

crystallinity of the targeted material can be achieved simply by fine-tuning various 

parameters (i.e., reaction temperature, reaction time, precursor ratio, pH conditions, 

choice of solvent, addition of templating agents, etc.) in order to optimize the 

thermoelectric properties accordingly.[27]  

Solvothermal synthesis [28], hydrothermal reactions [29], sol-gel techniques [30], 

and solution co-precipitation [31] are among well-established wet-chemical approaches. 

These methods generally rely on the oxidation-reduction processes of metal salts and 

metal oxides to generate Te2- and Sb3+ ions, which then react in the presence of stabilizing 

agents to give well-defined Sb2Te3 nanostructures. For instance, Zhang and coworkers 

synthesized Sb2Te3 hexagonal platelets through a simple solvothermal process using TeO2 
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and Sb2O3 as source materials, ethylene glycol (EG) as both solvent and reducing agent, 

and finally polyvinylpyrrolidone (PVP) as stabilizing agent. [32] Similarly, Shi and 

coworkers used EG as reducing agent to convert neutral elemental tellurium to Te2-, which 

subsequently reacts with SbCl3 to generate Sb2Te3 nanoforks. [33] In hydrothermal-

assisted approaches, the chemical reduction is usually performed in alkaline aqueous 

solution, whereupon the addition of an inorganic reducing agent such as sodium 

borohydride (NaBH4) [34] or hydrazine hydrate, [29] the tellurium precursor (i.e., TeO2, 

K2TeO3, Te) undergoes a series of disproportionation steps to give anionic species (i.e., 

Te2-, TeO3
2-). Unfortunately, due to the limited stability of Te2- dianions and other 

polytelluride intermediates, redox-based syntheses may easily incite the formation of 

other byproducts such as elemental tellurium, causing unwanted deviations in the final 

stoichiometry of the material. As shown in Figure 4.2, optimal Seebeck values are 

achieved at 60 at. % Te due to a sudden drop in carrier concentration. Although Sb2Te3 

has a natural tendency of forming anti-site defects, substantial stoichiometric 

imperfections (i.e., excess Sb) may further lead to an excessive number of unwanted 

defects which ultimately compromises the transport properties by raising the charge 

carrier concentration and reducing charge carrier mobility. [2]  

 

Figure 4.2: Variation in the Seebeck value of Sb2Te3 with respect to the Te content. [2b]  
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Another underlying disadvantage of wet-chemical syntheses is the introduction of 

additional components such as complexing and reducing agents in the reaction solution, 

which often reduce the purity of the obtained particles. Surfactants, for example, which 

are used to control the growth process of the initially formed particles and to prevent 

particle agglomeration, have a strong tendency to bind to the particle surface even after 

purification. Overall, major anti-site defects and impurities deriving from traditional 

chemical approaches continue to limit both the Seebeck coefficient (i.e., 38~83 μV/K) 

and the electrical conductivity of Sb2Te3 nanomaterials. [29a, 34b, 35]  

Multi-source precursors, metal-organic single source precursors (SSPs) of the 

general type (R2M)2E (M = Sb, Bi; E = S, Se, Te; R = alkyl, aryl) have emerged as an 

interesting choice for the wet-chemical synthesis of tetradymite-type materials. [36-38] 

Upon heating, these compounds typically decompose with formation of elemental 

antimony or pnictogen chalcogenide M2E3 (M = Sb, Bi; E = S, Se, Te). [39] These species 

are less sensitive to oxidation and hydrolysis in comparison to simple metal alkyls, 

however due to the weak nature of the metal-carbon bonds, they are also suitable for 

kinetically controlled and low-temperature reaction conditions. By changing the 

molecular structure and ligand design, the chemical properties and thermal stability of 

SSPs can be further improved to adopt specific decomposition pathways and suppress the 

formation of unwanted byproducts. Evidently, SSPs with controlled reactivity patterns 

show promising characteristics for achieving optimal composition, low defect density, 

and high chemical purity in Sb2Te3 materials. Although the number of suitable precursors 

is still limited, the thermal decomposition of tailor-made SSPs in non-coordinating 

solvents have so far guaranteed the formation of highly stoichiometric Sb2Te3 

nanomaterials with enhanced Seebeck coefficients (i.e., 145~170 μV/K). [36, 37, 40]  

The goal of this work is to develop Sb2Te3 nanostructured bulk materials with 

enhanced thermoelectric performance by employing a synergistic combination of 

synthetic strategies that will allow us to improve the electrical properties while 

maintaining relatively low thermal transport. Since the transport properties are strictly 

dependent of the charge carrier concentration, it is therefore crucial to carefully adjust the 

chemical composition and defect concentration of the respective material. Herein, a facile 

and rapid microwave-assisted thermal decomposition of the single source precursor 

(Et2Sb)2Te in ionic liquid (IL) was selected to synthesize highly stoichiometric and 

impurity-free Sb2Te3 nanoparticles in relatively high yields. The as-synthesized Sb2Te3 

nanopowders were subjected to a post annealing treatment to remove traces of surface 
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impurities and to improve crystallinity. The consolidation stage played a crucial role 

whereby the Sb2Te3 nanoparticles were compacted using a mild hot-pressing approach to 

give macroscopic nanograined bulk pellets. Compared to our earlier works, the final 

materials revealed a substantial increase in electrical conductivity with a peak value 

of 2690 S/cm at room temperature, as well as improved zTs ranging from 0.2 to 2. The 

nanoparticles were characterized by XRD, SEM, EDX, TEM and SAED techniques, 

while detailed transport measurements on the hot-pressed pellets were performed. 

4.2 Previous Studies and Published Group Works 

In the earlier stages of this project, bis(diethylstibino)telluride (Et2Sb)2Te was 

successfully identified as a suitable SSP for accessing highly stoichiometric Sb2Te3 

materials. [37] This compound consists of a dark red liquid with a relative density of 1,945 

g/ml and is generally synthesized at ambient temperature by insertion of elemental Te into 

the Sb-Sb bond of tetraethyldistibine Et4Sb2 (see Scheme 4.1). 

 

Scheme 4.1: Synthesis of (Et2Sb)2Te according to literature methods. [41]  

According to DSC measurements, (Et2Sb)2Te begins to decompose at 140 °C to 

give Sb2Te3 as the main reaction product, while triethylstibane (Et3Sb) by-products break 

down into elemental Sb and hydrocarbons only from 250°C and above. The thermal 

properties of (Et2Sb)2Te therefore provide a sufficiently large temperature window to 

obtain Sb2Te3 in the desired stoichiometric ratios of Sb and Te (see Scheme 4.2).  

 

Scheme 4.2: Thermolysis of (Et2Sb)2Te gives Sb2Te3 and Et3Sb in a stoichiometric 

reaction. [37] 

In 2012, Schulz et al. reported on the synthesis of monodispersed hexagonal 

Sb2Te3 nanoplates by thermal decomposition of the SSP (Et2Sb)2Te in DIPB at 170 °C. 

[37] Reducing additives and additional doping sources were not required in this approach, 

however poly(1-vinylpyrrolidone)-graft-(1-hexadecene) (PVP*) was employed as 

capping agent to stabilize the colloidal dispersions of Sb2Te3 nanoplates against particle 

Et4Sb2 + Te                       (Et2Sb)2Te
25 °C

3 (Et2Sb)2Te                        Sb2Te3 + 4 SbEt3
180 °C
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agglomeration and to give narrow size distributions (see Figure 4.3). The PVP* 

concentration showed a strong effect on the size- and shape-selective growth of the Sb2Te3 

nanoplates. For example, when the PVP* concentration increased from 3% to 50% Wt., 

the average particle size decreased from 500 to 200 nm.  

The thermoelectric characterization of the cold-pressed Sb2Te3 pellets revealed 

high Seebeck coefficients ranging from 145 μV/K to 170 μV/K. These optimized values 

indicated a low level of anti-site defects due to the optimal composition of the final 

material. Although the thermal conductivity values were favorably low (0.27~029 

W/mK), the electrical conductivity was drastically compromised with values reaching as 

low as 9 S/cm due to the presence of PVP residues on the material surface. The 

incorporation of organic impurities from the particle synthesis reduced the charge carrier 

mobility and therefore limited the overall figure of merit to 0,08. 

 Another underlying challenge in this study was the scalability of the synthetic 

approach. This is especially difficult with conventional heating methods which often lead 

to severe particle agglomeration, irregular morphologies, loss of product, and impurities 

due to temperature fluctuations, excessive heating, and longer reaction times. [42] 

Luckily, microwave-assisted routes can easily overcome certain limitations for upscaling 

solution-phase synthesis of nanomaterials. [43, 44] In 2015, Schulz et al. reported on the 

microwave-assisted synthesis of highly stoichiometric Sb2Te3 nanoparticles by thermal 

decomposition of the same SSP in ionic liquid. [23] In remarkable contrast to the classical 

approach which used conventional organic solvents and a strongly binding capping agent, 

the IL here served as both reaction medium and nano-templating agent which can be easily 

removed in the final stages of the particle synthesis to reduce the risk of surface 

 

Figure 4.3: SEM images of monodispersed Sb2Te3 nanoplates synthesized in a solution 

of DIPB at 170 °C with the addition of PVP* as capping agent. [37] 
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contamination. As a result, the electrical conductivity of the final material was 

substantially improved while zT values reached high record numbers of up to 1,5. In 

addition, the intense and uniform thermal irradiation of microwave heating allowed for 

mono-dispersed and well-defined particles while minimizing particle growth. This 

method surely increased the product yield to at least 85% while reducing the reaction time 

from several hours to only a few minutes.  

Our group later compiled a detailed study on the thermal decomposition of 

(Et2Sb)2Te in a series of imidazolium-based ionic ILs. [45] Various cation-anion 

combinations were systematically screened in order to investigate the influence of the IL 

chemical identity on the structural and transport properties of the final material. The most 

important findings were observed in the morphology of the Sb2Te3 nanostructures which 

varied significantly depending on the size, polarity, Lewis basicity, and coordination 

strength of the selected IL.  

 

For example, as the nucleophilic character of the counter anion of 1-butyl-3-

methylimidazolium (C4mim+) decreased in the following order Cl- > Br- > I- > NTf2
-, the 

thickness of the individual hexagonal Sb2Te3 nanoplates increased accordingly. From thin 

to thicker platelets, the type of particle agglomeration also changed from sand rose 

spherical agglomerates to larger and less spherical agglomerates, respectively (see Figure 

4.4). These effects are correlated to the anion’s binding ability; in the presence of a 

stronger Lewis base (i.e., Cl-) the particle growth is suppressed more effectively due to 

increased surface coordination, therefore leading to the formation of thin Sb2Te3 

nanoplates. Similarly, the directing effect of the cation on the particle size and 

morphology was closely examined by scanning electron microscopy (SEM). By 

increasing the alkyl chain length of the counter cation [CnCnIm] with n = 4, 6, and 8, the 

 

Figure 4.4: SEM images of Sb2Te3 nanoparticles synthesized in [C4C1Im]X ILs showing 

morphology-directing effect of different counter anions (X = Cl-, Br-, I-, NTf2
-). [45] 

Nucleophilicity of anion 

Thickness of Sb2Te3 nanoplates 

C4mimCl 

 
C4mimBr C4mimI C4mimNTf2 



Synthesis and Characterization of Antimony Telluride Nanoparticles for TE Applications 

58 

 

solubility of the SSP steadily improved due to the increasing hydrophobicity of the IL. As 

a result, the microstructural growth of the Sb2Te3 nanoparticles changed from compact 

ball-like agglomerates to loosely agglomerated card structures and finally to single 

nanosheets when synthesized in C4C4ImBr, C6C6ImBr, and C8C8ImBr, respectively (see 

Figure 4.5). The lengthening of the cationic alkyl chains led to the formation of larger yet 

less aggregated Sb2Te3 nanoplates due to the increasing steric demand and coordination 

strength of the IL. 

SEM analysis also demonstrated the impact of the IL on the final microstructure 

of the pressed Sb2Te3 pellets. As seen in the cross-section images, the distinctive shapes 

of the nanoparticle-agglomerates observed in the native powders were also retained in the 

pressed samples (see Figure 4.6). Following the compaction step, the sand rose ball-like 

structures synthesized in C4C4ImBr appeared as individual spheres, whereas the large 

nanosheets formed in C8C8ImBr emerged as stacked individual layers. An in-depth 

characterization of the final bulk samples further proved the structure-property relation 

with respect to the thermal and electronic transport properties. At room temperature, the 

sample prepared from C4C4ImBr exhibited the highest electrical conductivity of 463 

S/cm, whereas the sample prepared in C8C8ImBr showed the lowest electrical and thermal 

conductivities of 145 S/cm and 0,49 W/mK, respectively. In summary, these results 

revealed that a higher sample density increases the thermal conductivity while higher 

porosity reduces both thermal and electrical conductivities. 

 

 

Figure 4.5: SEM images of Sb2Te3 nanoparticles synthesized in [CnCnIm]Br ILs 

showing the morphology-directing effect of the cation with increasing alkyl chain 

length (n = 4, 6, 8). [45] 
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4.3 Results and Discussion 

4.3.1 Synthesis and Purification of Sb2Te3 nanoparticles 

Our group formerly focused on the specific role of the precursor, the IL, and the 

synthetic conditions (i.e., solvothermal vs. microwave) on the composition and 

morphology of Sb2Te3 nanoparticles as well as on the thermoelectric performance. Based 

on these initial studies, the microwave-assisted synthesis of thermoelectric Sb2Te3 

nanoparticles in C4mimBr IL proved to give the most promising combination of transport 

properties. [23] From a synthetic point of view, certain criteria such as high stoichiometry, 

low contamination, and nanostructuring were shown as key enablers towards high 

Seebeck coefficients, excellent electrical conductivity, and reduced heat conduction. 

Following the compaction process, these studies demonstrated that the thermal and 

electrical conduction strongly depend on the relative density of the pellet, but more 

specifically on the chemical quality and surface purity of the synthesized nanoparticles. 

In spite of the progress that has been achieved in this area the complete removal of surface 

impurities is still rather difficult, whereas the development of a more reliable compaction 

process is still required for producing highly dense nanograined pellets. In this part of the 

 

Figure 4.6: Cross section SEM images and relative densities of pressed Sb2Te3 pellets 

synthesized in [CnCnIm]Br Ils (n = 4, 6, 8). Electrical and thermal conductivities of 

Sb2Te3 bulk samples synthesized in different ILs as a function of temperature. [45] 
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dissertation, we attempt to improve the structural quality and chemical cleanliness of 

nanostructured Sb2Te3 bulk materials by optimizing previously established synthetic 

routes and utilizing additional purification methods. We will also evaluate the influence 

of different processing methods on the transport properties of the nanograined bulk 

samples made from newly synthesized Sb2Te3 nanoparticles.  

All materials discussed in this work were synthesized in solution by low 

temperature thermolysis of the SSP (Et2Sb)2Te. The samples of interest are chosen from 

three different batch reactions in order to evaluate the influence of the compaction 

process, thermal annealing, and reaction medium on the thermoelectric properties of the 

final Sb2Te3 bulk samples. The Sb2Te3 nanopowder extracted from reaction route A will 

serve as comparison material to analyze the progress and changes in our materials with 

respect to certain modifications in the fabrication process. In reaction route A, (Et2Sb)2Te 

was added dropwise to molten C4mimBr at 90 °C with vigorous stirring under protective 

inert atmosphere (see Figure 4.7). The IL-mediated dispersion was then heated in a 

laboratory-scale microwave for 30 s at 100 °C, followed by 5 s at 150 °C and finally for 

5 min at 170 °C. The resulting colloidal solution was centrifuged at 3000 rpm and washed 

repeatedly with acetonitrile to remove the IL-phase. Sb2Te3 nanoparticles were isolated 

as a black powder which was then dried under reduced pressure to remove traces of the 

SbEt3 by-product.  

 

Figure 4.7: Schematic illustration of reaction A with synthesis of Sb2Te3 nanoparticles 

by thermal decomposition of (Et2Sb)2Te in C4mimBr IL using microwave irradiation. 
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The chemical synthesis of Sb2Te3 nanoparticles via reaction route B was 

optimized for a 5-g batch which was synthesized in highly purified C4mimI IL using the 

standard microwave heating sequence and washing procedure. In the preparation steps 

leading to the particle synthesis, the washing solvents were treated and dried thoroughly 

while the chemical reagents were purified and stored in the dark under strict inert gas 

conditions. These precautions help avoid the oxidation and excessive iodine 

contamination of the C4mimI IL. A fraction of the resulting dried powder was transferred 

to a glass ampoule and treated at 350°C for 48 h in a dynamic vacuum medium of 10-6–

10-7 mbar. This post-thermal treatment successfully removes the last traces of ionic liquid 

remaining in the powder in order to reduce the amount organic impurities and surface 

contamination that may later compromise the thermoelectric performance of the 

processed Sb2Te3 materials.  

Finally, the synthesis of Sb2Te3 nanoparticles by thermal decomposition of the 

SSP in high-boiling point organic solvent was revisited in reaction route C. Under 

protective inert atmosphere, (Et2Sb)2Te was stirred in dry diisopropylbenzene (DIPB) at 

180 °C for 4 h.Unlike the classical and IL-based approaches, this reaction was carried out 

in a non-coordinating organic solvent without the addition of templating agents such as 

PVP or ILs in order to further minimize the carbon contamination of the nanoparticle 

surface. In addition to a higher agglomeration rate, the particle shape and size are expected 

to be nonhomogeneous in the absence of growth-selective surfactants, however the 

modified route should improve the electrical conductivity due a higher surface purity of 

the as-formed nanoparticles.  
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4.3.2 Material Characterization of Sb2Te3 nanoparticles 

Morphology and Composition Analysis 

The morphology and size of the as-synthesized products were characterized by 

scanning electron microscopy (SEM). Particle size distribution plots and SEM 

micrographs of Sb2Te3 nanoparticles prepared by different reaction routes are presented 

in Figures 4.8 and 4.9, respectively. All samples show thin particles with well-defined 

hexagonal platelet morphology, which agrees with the intrinsic rhombohedral layered 

crystal structure of Sb2Te3.  

 

 

Figure 4.8: The size distributions of Sb2Te3 nanoparticles prepared via reaction routes 

A, B, B-annealed, and C are plotted as relative frequency (%) with respect to the 

particle size (nm). The width/length of the hexagonally shaped nanoparticles were 

determined by analyzing the respective SEM images using the ImageJ software. 
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As the edge-length of the hexagonal platelets varies from one sample to another, analysis 

of the SEM images reveal that the average particle size of the nanoparticles is highly 

influenced by the reaction conditions (i.e., reaction medium, surface coordination, 

temperature, and thermal annealing).  

Sb2Te3 nanoparticles synthesized in C4mimBr (reaction route A) and C4mimI ILs 

(reaction route B) ranged from 300 to 1200 nm in diameter with an average particle size 

of 800 nm and 500 nm, respectively. The nanoparticles tend to grow in ball like 

agglomerates measuring about 5 μm large for reaction route A (see Figure 4.9c), while 

samples synthesized in the less coordinating C4mimI IL show less compacted nanoparticle 

 

Figure 4.9: SEM images of Sb2Te3 nanoparticles synthesized by temperature-controlled 

microwave reactions of (Et2Sb)2Te in C4mimBr (a-c), in C4mimI as-prepared (d-f) and 

after thermal annealing (g-i), and by reaction of (Et2Sb)2Te in DIPB at 180 °C (j-l). 

The micrographs are presented in the order of highest (left) to lowest (right) 

magnification scale. The thickness of individual platelets is highlighted in yellow. 
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agglomerates of about 8 μm wide (see Figure 4.9f). The thermal annealing of sample B at 

350 °C in ultra-high vacuum conditions (10-6–10-7 mbar) for 48 h drastically increased 

the average lateral size to 1330 nm while simultaneously increasing the average particle 

thickness from 68 nm to 90 nm. Based on the particle size distribution analysis, the 

annealed powder showed a higher level of polydispersity in comparison to the as-

synthesized powder (see Figure 4.8). A comparison of SEM images before and after 

annealing clearly demonstrated the additional effects of high temperature annealing on 

the surface morphology of the resulting Sb2Te3 nanoparticles. Specifically, the high-

resolution imaging revealed a high density of surface defects in Sb2Te3-B including fine 

pores, stepped surfaces, and kinks, whereas Sb2Te3-B-350°C@48h exhibited a much 

smoother and uniform surface. 

In most polycrystalline materials, high temperature annealing often result in 

material densification by elimination of pores. The driving force for such physical 

processes is the change in free energy due to a decrease in surface area as well as the 

formation of lower-energy solid-solid interfaces. [46] The temperature control in this case 

is crucial to the annealing process as grain-boundary and lattice diffusion heavily rely 

upon temperature. At sufficiently elevated temperatures, the thermal energy supplied by 

annealing is believed to mobilize existing defects (i.e., vacancies, interstitials, 

dislocations) allowing them to rearrange into lower energy configurations or to annihilate 

each other at surfaces and boundaries. [47] As a result, grain-boundary diffusion and 

defect annihilation which can be evidenced by the formation of stepped features on the 

particle surfaces in Figure 4.9g, ultimately reduced the defect concentration while 

smoothening the crystal surfaces of the annealed Sb2Te3 nanoparticles. 

 

Figure 4.10: Schematic illustration of the effects induced by post-annealing which 

reduces the native defects (i.e., anti-site defects, pores) and increases the crystallite size 

through reconstruction (diffusion/migration) of the atomic grain boundaries. 
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At the same time, the elevated temperature in the annealing stage also impacted the size 

and distribution of the nanoparticles due to Ostwald ripening. [48] This phenomenon was 

especially evident as smaller nanoparticles (see Figure 4.9e) were selectively adsorbed 

into the crystal faces of larger hexagonal platelets. With increasing annealing time, the 

total surface-to-volume ratio decreased as the clustering of nanoparticles continued to 

grow by diffusion of individual particles. In general, the thermodynamic forces that drive 

such ripening processes are based on the Gibbs-Thomson equation which relates the ratio 

of interfacial energy to the thermal energy. [49] According to this relation, smaller entities 

are more soluble and therefore thermodynamically less stable than larger ones. Over time, 

they achieve lower energy and well-defined morphologies as they begin to transfer all 

their masses onto larger structures. 

The thermal decomposition of (Et2Sb)2Te in DIPB without capping agents 

(reaction route C) generated significantly larger hexagonal Sb2Te3 platelets with an 

average diameter of 1500 nm and an average thickness of roughly 140 nm. The lack of 

size- and shape-selective additives which decrease the growth rate of newly formed 

nanoparticles by coordinating to their surfaces has led to exceptional size differences and 

particle thickening in comparison to those obtained in the presence of PVP*. [37]  

In addition to surfactants, small ligands, and polymers, [50] several works have 

already reported on the control effects of organic solvents on the optical properties, 

composition, shape, and size of nanostructured materials. [51] The modulation effects 

exerted on the materials of interest varied depending on the binding ability of the solvent 

medium which is closely associated with the functional groups and molecular size of the 

selected solvent. Using NMR and IR spectroscopic methods, Al-Salim et al. demonstrated 

that metal chalcogenide crystals synthesized in non-coordinating solvents were mainly 

stabilized in solution by surface capping ligands, whereas those prepared in coordinating 

trialkyl phosphine and alkylamine solvents were stabilized by electron-donating 

phosphorus and amine species which were detected on the surface of metal and 

chalcogenide sites. [52] In a different study, aprotic polar solvents such as DMSO, DMF, 

and MeCN which display a strong binding ability to metal cationic surfaces were shown 

as effective capping agents capable of suppressing the overgrowth of the crystal facets 

and facilitating the formation of small-sized nanoparticles. [53] In this study however, the 

synthesis of Sb2Te3 nanoparticles in DIPB yielded highly dense and irregular clusters of 

intergrown platelets rather than monodispersed particles. Due to its non-polar aprotic 

nature and non-coordinating properties, DIPB appears to solely play the role of a high 
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boiling solvent medium rather than a binding capping agent. The polydispersity and 

formation of large agglomerates observed by SEM further denote rapid crystal 

overgrowth driven by Ostwald ripening for which the growth rate was especially 

accelerated by the absence of capping agents and by the weak coordination ability of 

DIPB to the material surface. 

The stoichiometry of the Sb2Te3 samples was examined by energy-dispersive X-

ray analysis (EDX) from which the respective atomic compositions are summarized in 

Table 1. From the EDX spectra, peaks belonging to the Sb and Te elements showed an 

approximate ratio of 2:3, which further verifies the desired composition of the resulting 

Sb2Te3 nanoparticles. According to the EDX measurements, sample B was found slightly 

tellurium deficient with 57.8 % Te, however the subsequent annealing treatment at 350 

°C did not have a significant effect on the overall composition of the nanoparticles. No 

other elements were detected by EDX which further denotes the quality of our samples as 

single-phase compounds. 

Table 4.1: EDX results with the elemental concentrations (at. %) of Sb2Te3 nanoparticles. 

Elemental mapping of Sb2Te3 nanoparticles was carried out to examine the 

distribution profile of the elements and to further evaluate the influence of the post-

annealing temperature on the chemical composition of sample B (see Figure 4.11). The 

highest density profile was observed in the Te mappings, however high densities of Sb 

segregations were detected as brighter spots in the Sb map of sample B. These mapping 

results clearly agreed with the excess concentration of Sb (42.2%) measured by EDX. 

Upon high-temperature annealing, Sb and Te were found to be distributed in a near 

uniform profile with negligible segregations. On the other hand, the carbon density of the 

bulk material decreased significantly which indicates the effective removal of IL residues 

and other organic impurities by the thermal annealing process. 

Sample  Sb (at. %) Te (at. %) 

Sb2Te3-A  39.9 ± 0.4 60.1 ± 0.5 

Sb2Te3-B  42.2 ± 0.3 57.8 ± 0.4 

Sb2Te3-B-350°C@48h  42.8 ± 0.4 57.3 ± 0.5 

Sb2Te3-C  39.4 ± 0.5 60.6 ± 0.6 
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Figure 4.11: Elemental mapping of Sb2Te3 nanoparticles synthesized by thermal 

decomposition of (Et2Sb)2Te in C4mimI before (top) and after annealing (bottom). The 

color intensity denotes the distribution density of Sb (yellow), Te (green), and C (red). 

Sb2Te3-as prepared 

Sb2Te3-annealed 

Sb-rich spot 
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Structural and Phase Analysis 

The phase and structural analysis of the as-synthesized materials were carried out 

using powder X-ray diffraction (XRD) and transmission electron microscopy (TEM). The 

XRD patterns confirmed the formation of highly crystalline Sb2Te3 nanoparticles from 

three different sets of experiments (see Figure 4.12). The reflexes of all four samples can 

be perfectly indexed to the rhombohedral Sb2Te3 crystal phase with R3 space group 

(JCPDS, No. 15-0874). The calculated lattice parameters summarized in Table 2 were 

also found in good agreement with the literature values (a = 4.264 Å, c = 30.458 Å, V = 

479.59 Å3). 

 

Figure 4.12: X-ray diffraction patterns of Sb2Te3 nanoparticles obtained via different 

preparation methods. The crystalline phases are labelled with the respective Miller 

indexes of  rhombohedral Sb2Te3 (JCPDS, No. 15-0874) which is shown as reference 

with black vertical bars. The XRD signals marked with “†” are indexed to cubic Sb, 

[56] while the “*” refers to the intermediate SbTe phase (JCPDS, No. 15-0042). 
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The sharp and narrow peak intensities reflected on the high quality and excellent 

crystallinity of the samples. Most importantly, the highest intensity reflection was 

consistently observed at 28.3° which indicated that the nanoparticles followed a 

preferential orientation along the [015] direction. Impurity phases such as crystalline 

oxidation products (i.e., Sb2O3, Sb2O5, TeO2, TeO3), and elemental Te were not detected. 

However, the diffraction patterns of samples B and C showed additional reflections at 2θ 

= 25.3°, 29.3°, 41.9°, and 52.0°, which corresponded to the (007), (014), (019), and (024) 

planes of intermediate SbTe (JCPDS, No. 15-0042), respectively. 

 As shown in Figure 4.12, these secondary signals were surprisingly more 

pronounced in sample C. The low-intensity signals observed at 28.7°  and 40.2°  in the 

XRD of sample B further revealed trace amounts of metallic Sb which clearly agreed with 

the Sb rich composition observed by EDX. Upon thermal annealing, the secondary 

intermediate phase of SbTe disappeared while only rhombohedral Sb2Te3 remained in 

Sb2Te3-B-350°C@48h. The phase change undergone by thermal annealing was likely 

induced by high-temperature solid-state reactions to give phase-pure Sb2Te3. The XRD 

analysis revealed no sign of material oxidation which would otherwise lead to metal oxide 

phases due to technical flaws in the annealing system. Post-annealing processes are 

known to intensify the (003), (006), and (0015) reflections due to enhanced crystal growth 

along the (00l) planes. [54] In this case, Sb2Te3-B-350°C@48h showed narrower peaks 

for all diffractions angles in comparison to sample B which implied that the crystallinity 

of the nanoparticles has further improved after annealing. Despite the signal sharpening, 

we did not identify significant texture effects, except a slight increase of the (110) 

reflection which was later attributed to an enhancement of the crystal growth along the 

ab-plane perpendicular to the c-axis.  

The average crystallite size from each sample of Sb2Te3 nanoparticles was 

calculated from the X-ray diffraction line broadening using the Williamson and Hall (W-

H) method. In principle, the W-H analysis relies on a simplified integral breadth method 

where both grain-size-dependent and strain-dependent broadening are fitted by a 

Lorentzian curve. [55] The W-H formula can be expressed as the following, 

𝛽 𝑐𝑜𝑠𝜃 =  
𝐾𝜆

𝐷
 +  4𝜀 𝑠𝑖𝑛𝜃    (4.1) 

where β is the full width at half-maximum (FWHM), θ is the diffraction angle, K is the 

shape factor for spherically shaped nanoparticles (=0.89), ε is the lattice strain accounting 
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for crystal imperfections, λ is the wavelength of the X-ray beam (=1.5401 Å), and D is 

the crystallite size. Based on this equation, the XRD data was plotted with 4εsinθ along 

the x-axis and βcosθ along the y-axis (see Figure 4.13). The crystallite size was then 

extracted from the y-intercept of the best linear fit while the lattice strain was determined 

by the slope of the fit.  

 As listed in Table 2, the calculated crystallite sizes ranged from 49 to 198 nm for 

which the highest average value was observed in sample C. The average crystallite size 

of Sb2Te3-B increased from 49 to 73 nm after annealing indicating the tendency for large 

grain growth at elevated temperature, which was further confirmed by the reduction of 

the FWHM. Many works have previously reported on the transformation of amorphous 

Sb2Te3 to crystalline structures by annealing, as well as on the increase of grain size with 

higher annealing temperature and longer time intervals. [57, 58] This is mainly due to the 

crystallization and coalescence of smaller crystallites via solid-state diffusion which 

allows the system to lower its free energy by reducing the surface area. [59] 

 

Figure 4.13: Williamson and Hall (W-H) plot method applied to the XRD data of Sb2Te3 

nanoparticles synthesized in (a) C4mimBr, (b) C4mimI before and (c) after thermal 

annealing. The slope and y-intercept of the linear fits with β cosθ versus 4ε sinθ 

represent the lattice strain and average crystallite size, respectively. 
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Table 4.2: Calculated lattice constants, unit cell volumes, and crystallite sizes for Sb2Te3 

nanoparticles prepared by different synthetic methods. 

Based on the Bragg’s diffraction condition, the interplanar spacings corresponding 

to the main lattice planes of rhombohedral Sb2Te3 were calculated by substituting the 

respective values into Eq. 4.2, where d is the interplanar spacing, hkl are the respective 

Miller indices, a and c are the experimental lattice parameters. The calculated values from 

the XRD data of Sb2Te3-B are listed in Table 3 as example, which were later confirmed 

by TEM measurements.  

1

𝑑2
 =  (

4

3
 
ℎ2+ ℎ𝑘+ 𝑘2

𝑎2 ) +
𝑙2

𝑐2
   (4.2) 

Table 4.3: XRD angles along with indices of reflection (hkl) observed for Sb2Te3-B. The 

d-spacings were calculated according to the Bragg’s diffraction equation (4.2). 

Sample Lattice 

constant  

a, b [Å] 

Lattice 

constant  

c [Å] 

Unit-cell 

volume 

[Å3] 

Crystallite 

size  

[nm] 

Sb2Te3-A 4.2645 30.3006 478.5 57 

Sb2Te3-B 4.2638 30.3395 477.7 49 

Sb2Te3-B-350°C@48h 4.2604 30.3842 476.3 73 

Sb2Te3-C 4.2630 30.3616 477.8 198 

2θ 

[°] 

Miller index 

(hkl)  

d-spacing 

[Å] 

  a  

[Å] 

  c  

[Å] 

28.3 015 3.15  

 

4.26 

 

 

30.3 
38.3 1010 2.34 

42.4 110 2.13 

51.7 205 1.76 
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TEM was performed to gain further insight on the microstructural details and grain 

boundaries of the plate-like Sb2Te3 nanostructures. The samples were prepared by 

sonicating the nanoparticles in ethanol and then drop-casting the resulting suspensions on 

a TEM grid. From the high-resolution TEM images, the presence of well-resolved 2D 

lattice fringes confirmed the high crystallinity of our samples (see Figures 4.14). The 

measured lattice spacings of 0.210 nm and 0.231 nm which correspond to the (110) and 

(1010) lattice planes, respectively, were found consistent with the accepted values as well 

as with the calculated XRD lattice spacings listed in Table 3. The TEM image shown in 

Figure 4.14b consists of a single hexagonal-shaped Sb2Te3 nanocrystal that was isolated 

from sample A. Given the transparency of the plate under the electron beam, the single 

crystal was shown to be quite thin (roughly 60 nm thick), whereas the planar dimensions 

were found in the micrometer scale. Due to its single crystalline nature, the selected area 

electron diffraction (SAED) of the individual nanoplate exhibited a hexagonal symmetry 

pattern of discrete and bright spots which can be readily indexed to the rhombohedral 

Sb2Te3 crystal structure (see Figure 4.14c).  

In contrast, the bright-field TEM image of sample B shown in Figure 4.14e 

consisted of smaller hexagonal plates. Based on the ring diffraction pattern, the sample 

was determined to be rather polycrystalline (see Figure 4.14f). Additionally, the 

reciprocal radii of the SAED rings were found within the error of the d-spacing values 

that correspond to the rhombohedral Sb2Te3 (110), (1010), and (015) lattice planes. The 

formation mechanism of hexagonal Sb2Te3 nanoplates is determined by the intrinsic 

layered crystal structure of Sb2Te3. As shown in the HRTEM images, the synthesized 

samples specifically adopted an infinite arrangement of Te1–Sb–Te2–Sb–Te1 chains along 

the c-axis in accordance with the crystal structure model. The special bonding structure 

whereby adjacent Te1 layers are held by weak van der Waals bonds instead of strong 

covalent bonding accelerates the crystal growth along the top-bottom crystalline plane. 

This enhanced growth process which happens to be perpendicular to the c-axis ultimately 

leads to the anisotropic plate-like morphology observed in tetradymite-type materials. 

[29a] As seen from the TEM image in Figure 4.14b, the crystal growth may also depend 

on the selective adsorption rate of smaller nanoparticles surrounding the larger plates.  
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Figure 4.14: a) HAADF STEM image of Sb2Te3 nanoparticles synthesized by thermal 

decomposition of (Et2Sb)2Te in C4mimBr (sample A), b) dark-field TEM image and c) 

indexed SAED pattern of a single Sb2Te3 nanoplate isolated from sample A. d) HRTEM 

image with crystal structure overlay model, e) lower-magnification bright-field TEM 

image, and f) electron diffraction pattern of polycrystalline Sb2Te3 nanoparticles 

synthesized by thermal decomposition of (Et2Sb)2Te in C4mimI (sample B). 
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At lower magnification, high resolution TEM revealed an obvious crystal 

boundary between two crystal lattices in sample B (see Figure 4.15a). The d-spacing of 

the dominant lattice orientation measuring 0.213 nm was found consistent with the lattice 

spacing of the Sb2Te3 (110) plane, whereas the secondary d-spacing of 0.184 nm matched 

that of the Sb (111) plane. The presence of an Sb2Te3-Sb crystal boundary (marked by the 

dotted line) further confirmed the formation of Sb crystallites. These findings were in 

agreement with the EDX and mapping analyses which also detected trace amounts of Sb-

rich segregations in sample B prior to annealing. On the other hand, the HRTEM image 

of Sb2Te3-B-350°C@48h revealed no trace of Sb impurities, but instead a single 

orientation of parallel lines that corresponded to the lattice fringes of the (110) plane (see 

Figure 4.15b). A direct comparison of sample B before and after annealing namely 

suggests that the thermal annealing process has decreased the concentration of crystal 

defects to give perfectly crystalline and phase pure Sb2Te3.  

According to Gleiter’s model, the annealing temperature has a direct effect on 

grain boundary mobility, while the latter ultimately determines the probability of twin 

formation in combination with the migration driving force. [60, 61] Twin boundaries are 

an important class of crystal defects that form in virtually all crystalline materials in 

response to applied deformation or thermal stress. [62] The formation of such boundaries 

is driven by energy minimization such that crystals on either side of an atom-wide 

interface line up without disorder. In our work, we have specifically identified the 

formation of twinned nanoparticles following the annealing experiments at 350°C.  

 

Figure 4.15: HRTEM images of Sb2Te3 nanoparticles retrieved from sample B a) as-

synthesized before and b) after annealing. c) Bright-field TEM image of twin-like 

boundary between two crystalline grains of Sb2Te3 from sample B after annealing. 

Grain 1 

Grain 2 
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As shown in Figure 4.15c, the two crystalline grains shared a common crystallographic 

plane along the twin boundary line. Heat treatments such as thermal annealing may easily 

promote the migration of defects as well as crystal twinning in order to accommodate the 

strains induced during crystal growth. [63] Based on the TEM image of Sb2Te3-B-

350°C@48h, the heat applied in the annealing process appeared to have diffused the 

atoms in the material across the grain boundaries, therefore fusing the particles together 

with only a slight misorientation at the interface. On the other hand, twin formation by 

recrystallization can also occur in the cooling stage of the heat treatment as this may 

further reduce the internal stresses related to the thermal expansion of the unit cells. In 

the following section, the surface composition of the synthesized Sb2Te3 nanoparticles 

will be discussed in detail by application of surface-sensitive analytical techniques. 

Surface Analysis 

Electron energy-loss spectroscopy (EELS) is commonly used with electron 

microscopy methods to provide additional spectroscopic data about the atomic 

composition of a material. In principle, EELS is considered a surface sensitive technique 

that offers a high spatial resolution of about 0.001 mm and an analytical depth 

measurement of 50 nm. In comparison to EDX spectroscopy, EELS is a more suitable 

technique for analyzing organic (surface-bonded) materials as it is particularly sensitive 

to lighter elements such as carbon and oxygen. Using EELS as supplementary method to 

identify the presence of surface-bound organic impurities, the elemental ionization edges 

for carbon, oxygen, antimony, and tellurium were carefully examined in the energy range 

of 150 - 650 eV. In the EELS spectra, we did not detect the presence of metal-bound 

oxygen or carbon signals on the surface of our samples. Instead, we identified obvious 

signals corresponding to the Sb and Te M-edges as shown in Figure 4.16. The absence of 

C and O K-edge signals at 284 eV and 532 eV, respectively, as well as other foreign 

elements further demonstrated the high surface purity of the synthesized Sb2Te3 samples.  

To further assess the surface quality and composition of the resulting Sb2Te3 

nanoparticles, the samples were later characterized by X-ray photoelectron spectroscopy 

(XPS). Due to the higher sensitivity factor of XPS, traces of carbon residues were detected 

on all samples with varying degrees. High-resolution XPS spectra of sample B before and 

after thermal annealing are presented in Figure 4.17, while the corresponding 

experimental binding energies and elemental concentrations in atomic percent are 
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summarized in Table 4.4. The Sb 3d5/2 and Sb 3d3/2 peaks observed at 528.6 and 537.9 

eV, respectively, are in good agreement with the literature values reported for Sb2Te3 bulk 

materials. [64] These binding energies can be specifically ascribed to the Sb-Te bonding 

as they are characteristic to the Sb3+ valence state. 

According to the peak fitting analysis, the slight asymmetrical shoulders located 

at 527.9 eV and 537.4 eV were correlated to the presence of homopolar Sb-Sb bonds. This 

can be interpreted as negligible amounts of metallic Sb which account for 1 to 3 % of the 

total Sb 3d peak areas. Oxidic Sb 3d5/2 and Sb 3d3/2 peaks were also identified in the Sb 

3d spectrum with binding energies (530.2 and 539.5 eV) comparable to those reported for 

antimony oxide. [65] The observation of additional Sb-O chemical states confirmed the 

presence of metal oxide phases on the surface, likely due to the part oxidation of the 

nanoparticles during synthesis or after exposure to air. Interestingly, the relative 

intensities of the antimony oxide signals were significantly lower after thermal annealing 

(by at least 50%), which strongly suggests that the metal surfaces did not oxidize during 

the annealing period. Moreover, the XPS measurements showed no sign of metal-bound 

 

Figure 4.16: EEL spectra of Sb2Te3 nanoparticles measured under inert gas. The signal 

positions corresponding to the a) C and b) O-K edges are marked in blue and red, 

respectively.  

a) 

b) 
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oxygen states in the Te 3d region, hence excluding the formation of oxidized tellurium 

(i.e., TeO2) on the particle surfaces. As shown in the Te 3d spectra of Figure 4.17, the Te 

3d5/2 and Te 3d3/2 peaks displayed the correct binding energies of 572.3 and 582.7 eV for 

Sb2Te3 surfaces. The surface compositions derived from the XPS data were relatively 

close to the expected ratio of 2: 3 elemental Sb to elemental Te (see Table 4.4). However, 

the presence of oxide species may account for the slight excess of Sb observed in samples 

Sb2Te3-B and Sb2Te3-B-350°C@48h. The surface compositions derived from the XPS 

data were relatively close to the expected ratio of 2: 3 elemental Sb to elemental Te (see 

Table 4.4). However, the presence of oxide species may account for the slight excess of 

Sb observed in samples Sb2Te3-B and Sb2Te3-B-350°C@48h.  

 

Figure 4.17: High-resolution XPS spectra of Sb 3d and Te 3d regions of sample B 

before and after thermal annealing. All peaks were corrected by setting the binding 

energy of the C-C component to 284.4 eV as reference peak. 
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Table 4.4: Experimental binding energies (eV) and elemental concentrations (at. %) of 

surface C, I, Sb, and Te determined from the XPS peak fitting analysis of each sample.  

 

The XPS analysis of the C 1s region showed carbon contamination on all sample 

surfaces from which the relative amounts of carbon in each sample are compared in Table 

4. Sample A contained the highest amount of carbon on the surface with an elemental 

concentration of 58 %. As shown in Figure 4.18a, the peak fitting of the C 1s peaks 

exhibited the typical C-C and C-O-C components for carbon contaminants, which can 

only consist of the same type of organics (i.e., ionic liquid impurities, residual solvent) 

used throughout the synthesis and washing process.  

                      Element 

Sample          BE (eV) 

C (%) 

284.8  

I (%) 

618.4 

Sb (%) 

528.6 

Te (%) 

572.3 Sb: Te 

Sb2Te3-A 58.07 - 16.17 25.76 1.9: 3 

Sb2Te3-B 18.35 1.19 34.79 45.67 2.3: 3 

Sb2Te3-B-annealed 9.15 0.0 38.26 52.59 2.2: 3 

Sb2Te3-C 25.85 - 30.75 43.39 2.1: 3 

 

Figure 4.18: XPS spectra of a) the C 1s region including chemical components 

determined by the peak fitting analysis of sample A, sample B before and after thermal 

annealing. Comparison of the XPS spectra for b) the I 3d region in sample B before 

and after thermal annealing.  
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In comparison to sample A, the XPS results revealed much lower carbon contents in both 

sample B (18.4 %) and sample C (25.9 %). In this case, the additional purification 

measures that were applied during the preparation steps, as well as the absence of surface 

coordinating ILs and organic capping agents in reaction route C, have all effectively 

reduced the number of impurities on the material surface, including carbon and iodide 

species. Even so, the complete removal of organic impurities can be quite challenging, 

especially for those bonded to the nanoparticle surface. So far, the simplest and most 

widely used approach to remove organic matter off the surface is the thermal 

decomposition of the contaminants by means of high temperature annealing under inert 

gas or vacuum. Unfortunately, the consequences of thermal annealing often include the 

partial sintering of nanoparticles, modifications of the existing chemical phases, and 

formation of residual carbon layers that may further limit the thermoelectric performance 

of nanomaterials. [66] In contrast, the thermal annealing strategy applied herein 

successfully reduced the amount of surface-bound organic impurities from 18.4 % to 9.2 

% carbon without incorporating any foreign elements or modifying the original phase 

structure of the Sb2Te3 nanoparticles as shown in the XRD studies. Likewise, the XPS 

results showed that the metal surface of the Sb2Te3 nanoparticles was almost inherently 

free of iodine contamination after annealing (see Figure 4.18b). 

4.3.3 Thermoelectric Transport Property Evaluation 

In the final stage, the Sb2Te3 nanoparticles must be consolidated into macroscopic 

nanograined bulk for thermoelectric evaluation. Note that the processing steps and 

thermoelectric transport studies which will be discussed in the following section were 

performed in the working group of Prof. Dr. Gabi Schierning.  

Processing of Thermoelectric Nanopowders 

The fabrication of bulk compacts from solution-processed nanopowders usually 

involves densification techniques which are essential for activating the charge carriers in 

the material. Depending on the choice of method, different transport values are often 

observed in the same-processed bulk due to variations in the microstructure. Spark plasma 

sintering (SPS) is a popular consolidation technique that can provide highly dense 

compacts in a very short amount of time. In this method, a powder material is loaded in 

an electrically conducting die, whereby the material is heated under pressure by 
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application of a high intensity pulsed current which quickly raises the temperature to over 

1000 °C [67, 68] The major disadvantage of SPS is the occurrence of local hot spots due 

to inconsistencies in the applied temperature and pressure, which may then disintegrate 

the structure and lead to inhomogeneous samples. [69] Hot-pressing on the other hand is 

a low-strain rate sintering technique in which a powder specimen is loaded into a die, and 

then into a hydraulic press where it is heated and pressed under high pressure using an 

external heating element. Sintering defects, pores, and grain growth which reduce carrier 

mobility are often less extended in this approach. As a result, hot-pressing was determined 

as a more suitable method for preserving the native properties of the here-compacted 

nanoparticles.  

Given the excellent purity and high crystalline integrity of the here-synthesized 

Sb2Te3 nanoparticles, one of the main goals of this work is to produce highly dense 

nanograined bulk without comprising the native properties of the material such as the 

nanoparticle size, morphology, surface purity, and stoichiometry. At the same time, we 

aim to achieve a material that has both high Seebeck coefficient and excellent electrical 

conductivity, as well as a certain degree of porosity to suppress the thermal conductivity. 

To do so, a major part of the ongoing collaboration work was the development and 

optimization of a reliable sampling process that will allow us to assess the thermoelectric 

properties of the bulk sample solely based on its intrinsic properties rather than the 

impurities and defects introduced by the processing phase. In this study, Sb2Te3-A powder 

was chosen as reference sample to identify the best processing conditions for obtaining 

highly dense and reproducible pellets. Since the transport properties highly depend on the 

density of the sample, critical parameters including the amount of powder, pressure, 

pressing temperature, and holding time, were all carefully optimized with respect to 

density. The optimized pressing conditions and reproducibility results are summarized in 

Table 4.5. In the here-applied method, 70 mg of nanoparticles were hot-pressed at 2 kN 

for 90 min at a sample temperature of 300 °C. This procedure was conducted in argon 

atmosphere to avoid the effects of water and oxygen contamination. Finally, the resulting 

pellets measured 5 mm in diameter with thickness ranging from 0.57-0.65 mm. With 

respect to the theoretical bulk density of Sb2Te3 (6.57 g/cm3), the relative densities were 

all shown to be above 90 %.  
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Table 4.5: Relative densities of the Sb2Te3-A test sample series with respect to the sample 

mass and thickness, as well as the applied hot-press parameters (i.e., compaction 

pressure and  temperature). Note that all sample pellets have a fixed diameter of 5 mm. 

In addition to the density measurements, the cross-sectional SEM image revealed 

a high degree of compactness in our samples which could be mainly attributed to the 

tendency of the Sb2Te3 nanoplates to pack efficiently through stacking in the direction of 

the pressing (see Figure 4.19b). Evidently, the sintering effects induced by the compaction 

process have increased the size and thickness of the nanograins. The overall integrity and 

plate-like morphology of the individual nanoparticles can still be recognized, whereas the 

material composition remained essentially stoichiometric. One can therefore conclude 

that the microstructural properties of the resulting pellets (i.e., porosity, grain size, and 

interface reconstruction) were determined not only by the pressing conditions, but also by 

the crystal size, morphology, and orientation of the nanoparticles. [70]  

Sample 
temp. 

(°C) 

pressure 

(kN)  

mass 

(mg) 

thickness 

(mm) 

density 

(g/cm3) 

relative ρ 

(%) 

Sb2Te3-A #1 300 2 73 0.584 6.37 97 

Sb2Te3-A #2 300 2 71 0.575 6.29 96 

Sb2Te3-A #3 300 2 72 0.583 6.11 96 

Sb2Te3-A #4 300 2 69 0.575 6.11 92 

 

Figure 4.19: a) Sample pellet prepared by hot-press of Sb2Te3 nanoparticles 

synthesized from reaction route A, b) cross-section SEM image of the pellet shows the 

parallel orientation of highly compacted grains with almost no visible free space.  

5 μm 
 

b) 
 

a) 
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Thermoelectric Characterization 

The thermoelectric characterization of the nanocrystalline bulk pellets from 

sample A is presented in Figure 4.20. The transport properties were measured as a 

function of temperature (from 25 to 240 °C) in the pressing direction of the pellets. A key 

parameter to evaluating the transport characteristics based on the material’s defect 

chemistry and stoichiometric purity is the Seebeck coefficient. As shown from the 

positive values in Figure 4.20a, the Seebeck coefficients (S) revealed p-type conduction 

due to the intrinsic doping of the material. For the highest density sample (Sb2Te3-A #1), 

the Seebeck coefficient ranged between 141 and 158 μV/K, while samples #2, #3, and #4 

showed lower S values of 122 to 147 μV/K. These values are relatively high in comparison 

to those reported for single-crystal Sb2Te3 bulk materials (79 μV/K) [85], which 

demonstrates the high stoichiometric composition and low anti-site defect concentration 

of our sample. The electrical conductivities (σ) plotted in Figure 4.20b exhibited a 

monotonic reduction with increasing temperature. This observation is consistent with the 

behavior of heavily doped semiconductors or that of metallic-like character. The highest 

electrical conductivity was measured to be approximately 1180 S/cm at 30 °C, which 

decreased to 580 S/cm at 240 °C.  

As shown in Figure 4.20c, the samples exhibited high power factors (S2σ) (>1.5 

mW/mK2) for which the maximum value (2.04 mW/mK2) was achieved at 60 °C. For the 

thermal conductivity (κ), the samples possessed low in-plane values ranging from 0.67 - 

0.88 W/mK. The through-plane results were dependent of the density of the pellets such 

that the thermal conductivity increased with higher density/lower porosity. In comparison 

to polycrystalline Sb2Te3 in the bulk form (4.7 W/mK), [71] the nanograin size and 

interface density of the here-constructed bulk materials helped reduce the thermal 

conductivity owing to an increased number of phonon-scattering sites (i.e., point defects, 

grain boundaries). The figures-of-merit (zT) are plotted with respect to temperature in 

Figure 4.20f. In response to the effective decoupling of the electrical and thermal 

conductivities, the samples performed high zTs over a large temperature range. The mean 

zT reached a room temperature value of 0.70, which increased to a 0.94 at 200 °C. By 

comparing our results with previous reports, one can further observe the role of the 

consolidation method (see Table 4.6). In the earlier works of this collaboration, 

Schaumann et al. conducted a thorough structure-property analysis on the 

thermoelectricity of nanostructured Sb2Te3 bulk. [45] The synthesis of the nanoparticles 

was comparable to that of Sb2Te3-A, however, the compaction process consisted of a two-
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step cold-press and sintering method which limited the relative densities of the resulting 

pellets from 79 % (5.19 g/cm3) to 87 % (5.75 g/cm3). By applying the hot-press approach, 

our samples easily showed a 17 % increase in relative density.  

The most prominent difference was observed in the electrical conductivity which 

increased by an outstanding factor of 3.8.This augmentation indicates that the electrical 

conductivity is directly correlated to the density of the sample. With increasing density, 

 

Figure 4.20: Reproducibility study of hot-pressing procedure with respect to the 

relative densities of the pellet samples prepared from Sb2Te3 nanoparticles of sample 

A. The study includes a full thermoelectric evaluation of the a) in-plane Seebeck 

coefficient, b) in-plane electrical conductivity, c) in-plane power factor, d) through-

plane thermal conductivity, e) in-plane thermal conductivity, f) in-plane zT.  
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the porosity of the sample is reduced as well as the number of phonon-scattering 

interfaces, hence promoting the mobility of the electrical charge carriers as well as heat 

transport. This of course also explains the higher thermal conductivity value that was 

observed in our materials. Consequently, the enhancement of the transport coefficients 

has evidently translated into higher power factor and therefore higher zT in comparison 

to previous works. 

Table 4.6: Data compilation of nanostructured bulk samples obtained by two different 

processing methods. The transport properties including electrical conductivity σ, thermal 

conductivity κ, Seebeck coefficient α, PF and zT values were measured at 300 K. 

 (*) The synthetic method of the Sb2Te3 nanoparticles characterized in the here presented work include 

slight modifications and additional purification steps. 

Following the reproducibility analysis, a comparative study was conducted to 

investigate the TE properties of the remaining Sb2Te3 powders with respect to the 

reference sample Sb2Te3-A. Nanocrystalline powders of Sb2Te3-B, Sb2Te3-B-

350°C@48h, and Sb2Te3-C were processed into dense pellets such that the compaction 

pressure, sample temperature, and holding time were kept identical to the suggested 

parameters. The thermoelectric transport measurements of the representative samples are 

presented in the following section accordingly.  

Factor Sb2Te3 [45] Sb2Te3-A (this work) 

Synthesis method 
MW-assisted reaction of SSP 

in C4mimBr 

MW-assisted reaction of 

SSP in C4mimBr * 

Compaction method 

Cold press at 0.815 kN and 

sintering for 1h at T = 300 °C 

in high vacuum (10-6 mbar) 

Hot-press at 2 kN for 90 

min with T = 300 °C under 

argon atmosphere 

Density [g/cm3] 5.20 6.37 

Relative density [%] 80 97 

σ [S/cm] 264 993 

κ [W/mK] 0.72 0.88 

α [μV/K] 133 141 

PF [mW/mK2] 0.47 1.98 

zT 0.2 0.7 
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The measured Seebeck coefficients of all four sample pellets are shown 

graphically in Figure 4.21. As expected, the samples displayed positive Seebeck values 

indicative of p-type character which also followed the same increasing trend with higher 

temperature. However, significant variations were observed from one sample to another 

as they were subjected to different synthetic conditions and additional treatments. As 

shown from the characterization methods, each route led to a different defect chemistry 

due to differences in the material stoichiometry, nanoparticle grain size, and phase 

mixtures. Together, these properties can substantially affect the Seebeck coefficient.  

Although EDX showed a nominal stoichiometric composition in sample C, the XRD 

analysis revealed a biphasic mixture of intermediate SbTe and rhombohedral Sb2Te3. 

Note that this sample was exclusively synthesized in DIPB instead of ILs. Despite the 

presence of an impurity phase, the Seebeck coefficients of sample C (110 - 136 μV/K) 

were surprisingly enhanced in comparison to the values of single-crystalline Sb2Te3 

reference materials (38 - 83 μV/K). [71] In a similar case, Kim et al. reported the 

enhancement of the Seebeck coefficient by formation of SbTe nano-inclusions in a 

nanocrystalline matrix of Sb2Te3. [72] Unlike the single-phase Sb2Te3, the two-phase γ-

SbTe/Sb2Te3 system supposedly induces a carrier energy filtering effect due to potential 

barriers that are formed at the interfaces between the two phases. As illustrated in Figure 

4.22, these potential barriers can filter out low-energy (cold) carriers from high-energy 

 

Figure 4.21: Temperature-dependent in-plane Seebeck coefficients of hot-pressed 

Sb2Te3 pellets prepared from samples A, B, B-annealed, and C.  
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(hot) carriers, therefore enhancing the Seebeck values. [73] On the other hand, Chen et al. 

investigated the TE properties of three sized Sb2Te3 nanoparticle films where they 

observed an enhancement of the Seebeck coefficient in smaller particles. [26a] This is 

thought to be either related to quantum confinement effects that increase the difference 

between the Fermi level and the average mobile carrier energy, [74] or to the energy 

filtering effect caused by the trapping of charge carriers in the grain boundaries. [75] 

Based in these studies, one could conclude that the presence of SbTe extends the 

properties of sample C, however the increased particle thickness and substantially large 

crystallite size make little contribution to the band structure and Fermi energy, resulting 

in slightly lower Seebeck values compared to sample A.  

In sample B, slight excess of Sb metal (42.2%) was detected by EDX and XRD, 

which inevitably translated into much lower Seebeck values of 79 to 105 μV/K. The 

presence of metal such as Sb surely increases the charge carrier concentration in 

semiconductor materials, causing a counter effect on the Seebeck coefficient. After 

thermal annealing at 350°C for 48 h under ultra-high vacuum, the Seebeck coefficient of 

the respective sample decreased by roughly 12-18% at each temperature measurement. 

 

Figure 4.22: Band diagram of SbTe-Sb2Te3 interface with upward band bending due to 

formation of potential barriers. Carrier filtering effect is generated as high-energy 

carriers pass the interfaces while low energy carriers cannot. (Concept adopted from 

Zhang et al. [76])  
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Two possible causes may have contributed to the reduction of the Seebeck value after 

thermal annealing. The first possibility is the elimination of the SbTe intermediate phase 

which was detected in very small traces in the XRD analysis prior to annealing. 

Interestingly, Kim et al. also observed a significant reduction of the Seebeck coefficient 

after annealing which appeared to be related to the disappearance of the intermediate γ-

SbTe phase that was previously observed in the nanoparticle film sample. [86] As shown 

schematically in Figure 4.23, the second possibility is the evaporation of Te during 

thermal annealing which may induce vacancy defects (VTe
2+) in the material. In this case, 

a small evaporation of Te may have drastic effects on the electrical properties due 

vacancies which act as strong perturbations that can further accelerate the formation of 

anti-site defects and therefore increase the hole carrier concentration. [77]. One could 

provide a measure against Te loss by carrying out the annealing experiments under a Te 

atmosphere. This could be tested by inserting small amounts of Te into the ampoule while 

keeping a homogenous annealing temperature of below 400 °C to avoid a Te enrichment 

in the sample. 

 

 

Figure 4.23: Te-evaporation by high-temperature annealing can generate a sequence 

of point defects in the crystal lattice such as vacancies and anti-site defects, which play 

an important role in carrier generation as VTe
2+ act as double donors while SbTe act as 

an acceptor. [77] 
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The electrical conductivity as a function of temperature is compared in Figure 4.24 

for all four samples. As observed with sample A (used as reference), the pellets exhibited 

a similar decreasing tendency which is expected for degenerate semiconductor materials 

due to a reduction of the carrier mobility at higher temperature. Among all four samples, 

Sb2Te3-B-350°C@48h exhibited the highest electrical conductivity with values reaching 

2690 S/cm at 300 K. Compared to the native sample (Sb2Te3-B), the electrical 

conductivity of the material has increased by at least 50 % after thermal annealing. As 

proven from the XPS surface analysis, this happens due to removal of surface-adsorbed 

IL and other carbon impurities which may obstruct the electrical conductance. 

 

Figure 4.24: Comparison of temperature-dependent a) electrical conductivity and b) 

power factor of samples A, B, B-annealed, and C.  
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Based on the SEM and TEM imaging, the thermal annealing process has also led 

to partial agglomeration of the Sb2Te3 nanoparticles and to significantly larger grain size. 

Although additional charge carriers could have been activated by the annealing process, 

these morphological changes lead to much closer interparticle distances, thereby 

increasing the mobility of the electrical charge carriers. Nevertheless, one of the most 

important progresses achieved in this work can be seen from the enhanced electrical 

properties of the here-synthesized Sb2Te3 nanoparticles (sample C) in comparison to the 

early approach with addition of PVP*. [37] Namely, the synthesis of sample C in DIPB 

without the addition of capping agents has remarkably increased the electrical 

conductivity by factor of 100 times (from 9 S/cm to 900 S/cm). This indicates the high 

level of purity in our samples with surfaces free of any insulating capping layers. The 

calculated power factors are plotted in Figure 4.23b whereby all samples showed very 

good power factor values of above 1 mW/mK2. 

The thermal conductivity as a function of temperature was measured both parallel 

and perpendicular to the pressing axis of the pellets (see Figure 4.25). With respect to the 

in-plane thermal conductivity of sample B, we observed a monotonic increase in each 

measurement of approximately 20 % after thermal annealing; at 300 K for example, the 

thermal conductivity increased from 1.09 to 1.43 W/mK. This is clearly associated with 

the larger grain size and reduced defects of the annealed nanoparticle sample (Sb2Te3-B-

350°C@48h), which lead to less interface scattering of heat-carrying phonons. However, 

the elevated electrical conductivity values that were observed for the annealed sample 

may have simultaneously increased the electronic contribution due to the enhanced heat 

transport of the charge carriers. Sample C exhibited slightly lower thermal conductivity 

(0.98-1.06 W/mK). In this case, the presence of the mentioned secondary SbTe phase may 

serve as phonon-scattering defects between the grain boundaries. Using the Widemann-

Franz law, the electronic (κe) and lattice (κL) contributions to the thermal conductivity can 

be estimated from the following relations: 

𝜅 =  𝜅𝑒 +  𝜅𝑙 ,     (4.3)

 𝜅𝑒 = 𝐿𝑇𝜎     (4.4) 

where L is the Lorenz number (2.45 × 10−8 WΩ/K2), T the absolute temperature, and σ the 

electrical conductivity. [78] The phononic component was calculated as 0.29 – 0.41 

W/mK, which was found in close agreement with the values reported by Mehta et al. for 

nanostructured pnictogen chalcogenides. [25] 
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Figure 4.25. a) In-plane and b) through-plane thermal conductivity with c) estimation 

of the lattice thermal conductivity (κL) of sample C using the Wiedemann-Franz law. 
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The resulting zT values presented in Figure 4.26 were calculated based on the 

electrical and thermal properties of the respective samples. Owing to the increasing 

Seebeck trend observed in Figure 4.21, the zT gradually increased with increasing 

temperature reaching a maximum of 0.94 at 200 °C for sample A. In comparison to the 

analogous material that was prepared with addition of PVP* (zT =0.11), [37] sample C 

showed a higher partial value of 0.46. These findings indicate that the preparation of the 

here-synthesized nanoparticles in the absence of capping agents lead to a higher surface 

purity as can be verified from the enhanced electrical conductivity. Unfortunately, the 

inverse relation between the electrical conductivity and the Seebeck coefficient which 

varied in opposite trends as a function of temperature, limited the power factor and 

therefore the figure-of-merit of our samples. In this case, a slight improvement of the 

quadratic Seebeck coefficient rather than an excessive increase of the electrical 

conductivity can result in a significant enhancement of the power factor. 

 

 

 

Figure 4.26: zT as a function of temperature for samples A, B, B-annealed, and C.  
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The pellets processed from sample B (with and without annealing) exhibited the 

lowest thermoelectric performance. The sub-stoichiometric tellurium composition that 

was detected for this batch inevitably affected its transport properties, likely due to a 

greater concentration of anti-site defects. To prevent the risks of metal contamination, we 

repeated the synthesis of sample B using a fresh batch of SSP, which was thermolyzed in 

C4mimI under microwave heating conditions. As determined by XRD and EDX analyses, 

the product consisted of phase pure Sb2Te3 nanoparticles of excellent stoichiometry. The 

thermoelectric transport properties of the corresponding hot-pressed pellet are presented 

in Figure 4.27. The reproduced sample via reaction route B showed relatively high 

Seebeck coefficients (180 - 210 μV/K) that exceed the typical values reported for the bulk 

counterparts (~ 110 μV/K). [79, 80] These optimized values suggest that the sample 

contains low defect and carrier densities.  

 

Figure 4.27: Compilation of the thermoelectric transport properties obtained for the 

Sb2Te3 sample reproduced by reaction route B. 
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The Seebeck coefficients were almost identical and independent of the measuring 

temperature, however the resistivity of the sample increased at higher temperature, which 

is a behavior typically observed with our materials. The electrical conductivity at room 

temperature was measured as 1040 S/cm. The in-plane thermal conductivity reached a 

peak value of 0.725 W/mK near room temperature, which decreased abruptly to 0.63 

W/mK at 200 °C. The reduced thermal transport at the cost of the electrical conductivity 

is caused by the excessive amount of grain boundaries in the sample. Finally, enhanced 

zTs were calculated over a large temperature area, along with a record-high zT ≈ 2 slightly 

above 150 °C. Compared to other reference materials obtained with different production 

methods, the here-synthesized material recorded a much higher zT value. With respect to 

the most recent reports by Schulz et al., the here-optimized approach (synthesis and 

processing) resulted in a 55% improvement of the thermoelectric performance. [23] This 

is mainly attributed to the material’s higher Seebeck coefficient and comparatively high 

electrical conductivity as a result of excellent stoichiometry and high surface purity. 

 

 

 

 

 

 

Figure 4.28: Comparison of the zT values reported for nanostructured Sb2Te3 materials 

fabricated by different methods. [23-25, 31, 81] 
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4.4 Summary 

We have successfully synthesized a series of high purity Sb2Te3 nanoparticles by 

thermal decomposition of the SSP (Et2Sb)2Te in ILs and in weakly-coordinating solvent. 

We have also investigated the effects of thermal annealing, which was proven by XRD, 

EDX, and XPS to improve the crystallinity and the purity of the nanoparticles by 

removing any surface contaminants. The annealing process did not affect the composition 

nor the phase purity of the material, but instead increased the grain size of the 

nanoparticles while reducing the number of structural defects.  

We have demonstrated that the optimized hot-pressing procedure did not lead to 

variations in the samples prepared from the same batch, but instead resulted in highly 

reproducible pellets of improved density and almost identical zT values (~1 at 550 K). It 

is also worth mentioning that the adaptability of the pressing method to process very small 

quantities of powder (~70 mg) into highly dense pellets while achieving TE results that 

are comparable to the published data [37] is one of the major accomplishments of this 

collaboration project. The Seebeck coefficient, electrical conductivity, and thermal 

conductivity of four representative samples were measured and correlated with their 

structural properties. In comparison to the as-prepared samples, the electrical conductivity 

increased significantly after the thermal annealing treatment of the powder. This could be 

partly traced back to the increase in charge carrier concentration and carrier mobility due 

to grain growth, impurity elimination, and possibly Te evaporation. Likewise, the 

synthesis of Sb2Te3 nanoplates in DIPB without the addition of PVP* has also led to a 

drastic enhancement of the electrical conductivity and to better zTs in comparison to those 

obtained from the early synthesis approach. [51] The here-measured electrical resistivities 

were significantly lower than those obtained for solution-processed Sb2Te3 nanocrystals, 

which is mainly attributed to our material’s cleaner surfaces free of capping agents. [43] 

Based on these findings, we therefore concluded that the electrical and thermal 

conduction strongly depend on the relative density and especially on the surface purity of 

the nanoparticles. Further analysis revealed that the transport properties including the 

Seebeck coefficient depended not only on the chemical composition, but also on the grain 

size. Aside from anti-site defects, we proposed that other defect mechanisms such as 

minor intermediate phases at the grain boundaries and vacancy defects formed by Te 

evaporation, may also play a role in determining the transport properties. Overall, the 

optimized synthesis by thermal decomposition of the SSP in C4mimI followed by hot-

pressing yielded high quality nanostructured bulk with a maximum zT value of around 2. 
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CHAPTER 5 

Ionic Liquid-Based Synthesis of Phase-Pure Bismuth 

Chalcogenide Nanoparticles for Thermoelectric and 

Transport Evaluation of Nanograined Bulks 

5.1 Introduction 

Bismuth chalcogenides, namely Bi2Se3 and Bi2Te3, are among the most widely 

studied systems for both TE materials and 3D TIs. However, one of the most significant 

issues in both fields of research is the complex defect chemistry of Bi2E3 (E=Se, Te) 

materials as they are highly prone to the formation of Te anti-site defects on Bi-lattice 

sites. Such crystal defects inevitably increase the intrinsic charge carrier density in the 

bulk as well as the bulk electron contribution, making it even more difficult to distinguish 

the surface carriers from bulk [1, 2] Depending on the synthetic conditions, Bi-rich 

impurity phases are more often introduced in Bi2E3 (E=Se, Te) materials during synthesis. 

[3-8]  

Many of the previously reported wet-chemical routes with thermal decomposition 

of metal organic single source precursors (i.e., Et2BiTeEt, (Et2Bi)2Te), as well as reactions 

of standard precursors (i.e., BiCl3 or Bi(NMe2)3) with (Et3Si)2Te), all generated Bi-rich 

material phases including BiTe, Bi4Te3, and Bi2Te (see Figure 5.1). [9] In consequence 

of their low thermal stability, these precursors undergo homolytic bond breakage 

reactions, forming elemental bismuth which is then incorporated into the final material as 

Bi-double layers. Conversely, hydrothermal processes by reaction of bismuth salts such 

bismuth nitrate or acetate with Te, TeCl4 or tellurium oxides sources, often lead to 

elemental tellurium contaminations under reductive conditions. [10-13] Unfortunately, 

materials of non-stoichiometric compositions with high concentrations of anti-site defects 

can show severely reduced thermoelectric properties. Finally, the incorporation of 

impurities and surface oxidation during material preparation are problematic as unclean 

surfaces would surely degrade the mobility of surface carriers as well as the TE 

performance. [1]  
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To overcome impurity phases and surface contamination, we herein report on the 

surfactant-free IL-based synthesis of phase-pure Bi2Se3 and Bi2Te3 nanopowders, as well 

as their ternary solid solutions Bi2(SeyTe1-y)3, by reactions of the Bi-containing IL 

[C4mim]3[Bi3I12] with thermally robust chalcogenide ionic precursors [C1C1Pyr][ESiEt3] 

(E = Se, Te). The elemental compositions of the resulting bulk materials and particle 

surfaces were determined by EDX, XPS, and IR spectroscopy, while the crystallinity, 

phase purity, and particle morphology of the powders were investigated by PXRD, SEM, 

and TEM, respectively. To evaluate our work progress, the thermoelectric transport data 

of the compacted nanopowders obtained from the newly developed synthetic route were 

compared to those observed from a previously established chemical route.  

Finally, nanograined bulk materials were also prepared from the high purity 

Bi2Te3 nanoparticles to serve as our 3D TI model system and distinguish the surface 

carriers from the bulk (see Figure 5.2). As bulk carriers tend to dominate the electronic 

properties of larger scale samples, the key enabler of the here-presented approach in 

overcoming bulk carrier domination is to achieve a high surface to volume ratio as well 

as a high number of interfaces and grain boundaries simply by retainig the nanostructural 

 

Figure 5.1 Formation of bismuth telluride phases with Bi bilayer contamination 

obtained via thermal decomposition of single and dual source precursors. [9] 
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configuration of the compacted powder within the macroscopic bulk sample. This 

approach generated a percolating network of Dirac carriers on interfaces of the nanograins 

which would enhance the contribution of topologically-protected carriers. [14] Evidence 

of topological surface states as well as dominance of Dirac carriers over bulk carriers were 

realized by magneto-transport measurements and time-domain THz spectroscopy. 

 

5.2 Results and Discussion 

5.2.1 Material Synthesis 

As discussed in the introductory section, previous studies on the thermolysis of 

bismuth precursors, including single source and dual source approaches, resulted in non 

phase-pure Bi2Te3 nanoparticles. [9] Even before achieving a homogeneous distribution 

of the reagents in solution, the precursors would react too quickly in an uncontrolled 

fashion, which ultimately led to the formation of Bi-rich mixed phases (i.e., Bi bilayers, 

Bi2Te, Bi4Te3). To overcome this problem, our working group devised a more stable Bi-

containing IL precursor (see Scheme 5.1), consisting of a complex polyhalogen bismuth 

anion [Bi3I12]
-3 that is coordinated to an imidazolium-based cation [C4mim] +.  

 

Scheme 5.1: Synthesis of [C4mim][Bi3I12] IL precursor by reaction of [C4mim]I and 

[BiI3]. [15]  

 

Figure 5.2: Schematic representation of topologically-protected edge/surface transport 

channels in a) two- and b) three-dimensional  TIs. 

a) b) 
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The air-stable IL [C4mim]3[Bi3I12] was isolated at room temperature in the form of an 

orange crystalline powder which exhibited a melting point of 98 °C, as well as strong 

thermochromic behavior upon heating and cooling. The compound crystallizes in the 

monoclinic space group P21/c comprising of three cations and two anions in the 

asymmetric unit. As shown in Figure 5.3, the shape of the polyanion adopts a linear 

arrangement of three face-connected octahedra. 

Due to high thermal robustness and controlled reactivity under various 

temperature conditions, [C4mim]3[Bi3I12] proved to be a promising source of bismuth for 

the synthesis of Bi2Te3 nanoparticles. In the previously established chemical route, [15] 

here termed as the classical approach, (Et3Si)2Te was added to a hot and homogeneous 

solution of [C4mim]3[Bi3I12] dissolved in [C4mim]I (see Scheme 5.2).. After stirring the 

reaction mixture at 150 °C for 12 h, a black precipitate was isolated and washed repeatedly 

with purified dry acetonitrile. 

 

Figure 5.3: Solid-state structure of [C4mim][Bi3I12] single crystals obtained by re-

crystallization from ethanol. Probability ellipsoids are displayed at 50% probability 

levels, while hydrogen atoms are omitted for clarity. [15] 
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Scheme 5.2: Synthesis of Bi2Te3 nanoparticles by dual source classical approach. This 

reaction was tested with and without the addition of oleylamine. [15] 

Preliminary experiments generated Bi2Te3 nanoparticles free of Bi-rich phases, 

however the thermal decomposition of (Et3Si)2Te in IL solution formed significant 

amounts of elemental Te in the final product. Based on the NMR spectroscopic 

measurements of the IL phase (see Figure 5.4a, the detection of triethylsilyl iodine (Et3SiI) 

and hexaethyldisilane (Et6Si2) by-products strongly suggested the occurrence of two 

competing reaction mechanisms. When the Te-Si bond in (Et3Si)2Te undergoes a 

thermally induced homolytic cleavage, Et3Si radicals are formed which recombine into 

Et6Si2, releasing Te as by-product. 

 b) 

 

Figure 5.4: a) 1H NMR spectrum of by-products detected in the liquid phase; b) 

Thermal decomposition pathways of (Et3Si)2Te upon reacting with [C4mim]3[Bi3I12].  

a) 
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Conversely, a heterolytic bond cleavage of the precursor leads to Et3Si cations, 

which then react with the I- ions in solution to form Et3SiI  through dehalosilylation. To 

suppress the homolytic cleavage of the Te-Si bond as well as the formation of Te-

generating radicals, oleylamine (OA) was added to the reaction mixture as a far more 

reactive nucleophile than iodide (I-). In the presence of OA, the reaction should instead 

proceed with elimination of silylamine (Et3SiOA), whereby the formed Te anions can be 

stabilized more easily by the IL cations to react with [C4mim]3[Bi3I12]  and form phase-

pure Bi2Te3. Phase-pure materials were favorably achieved with this approach, [17] 

however the addition of OA can equally threaten the thermoelectric performance of our 

here-studied materials. Like many other capping agents and surfactants, OA has a strong 

tendency to stick to the particle surface, thereby increasing the risks of contamination 

which especially deteriorates the electrical conductivity. Part of the solution, which was 

also a crucial part of this doctoral work, focused on developing a surfactant-free synthetic 

approach that would involve reacting the Bi-containing IL precursor with a more suitable 

chalcogenide source.  

In 2015, Sundermeyer et al. introduced a new class of silylchalcogenolate ILs of 

the type [CxCyPyr][ESiR3] (E=Se, Te; R=Me, Et), which were proposed as promising 

alternatives for the gram-scale synthesis of TE chalcogenide nanomaterials. [18, 19] With 

high solubility in [C4mim]I, the weakly solvated yet highly reactive chalcogen-containing 

anions [E-SiR3]- can potentially serve as the activated forms of the already established, 

charge neutral (R3Si)2E (E=Se, Te; R=Me, Et) precursors. The direct use of active species 

in the IL-based synthesis is expected to improve the overall quality of the Bi2Te3 

nanoparticles by avoiding unwanted side reactions and the use of stabilizing agents 

In the course of this work, we began our investigations with the preparation of 

[C1C1Pyr][TeSiMe3] as a potential Te source.Unfortunately, due to poor chemical 

stability at ambient temperature, we faced many complications during the synthesis and 

isolation of the trimethyl silyl telluride (Me3Si)2Te starting material.Even under proper 

air- and moisture-free storing conditions, (Me3Si)2Te showed a strong tendency to 

decompose by autocatalytic reactions, which inevitably formed elemental tellurium. The 

alternative solution was to extend the desilylation reaction to the more stable ethyl 

variants, (Et3Si)2Se or (Et3Si)2Te, which led us to synthesize new [C1C1Pyr][ESiEt3] 

(E=Se, Te) precursors of higher chemical stability. For this purpose, the preparation of an 

organic methylcarbonate salt as a mild and selective desilylating agent, [20] offered an 

easy, inexpensive, and waste-free route for a strictly water- and halide-free production of 
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[C1C1Pyr][ESiEt3]. These reagents are generally synthesized by reaction of nucleophilic 

organic molecules (i.e., 1-N-methylpyrrolidine) with dimethylcarbonate, which can also 

be conducted without any added organic solvent. [21] Upon dropwise addition of 

(Et3Si)2E to a partly dissolved mixture of dimethyl pyrrolidinium methylcarbonate in cold 

acetonitrile, the reagent dissolved immediately forming a lightly colored solution with 

formation of [C1C1Pyr][ESiEt3] (see Scheme 5.3). The reaction was completed upon 

reaching ambient temperature, releasing a methyl(triethylsilyl) carbonate intermediate 

which subsequently decomposed into carbon dioxide (CO2) and methyl(triethylsilyl) 

ether. The final product was isolated directly from solution by removing all volatiles in 

vacuo (1x10-3 mbar). Silylchalcogenolates are highly sensitive to moisture and oxygen; 

in the slightest presence of silicon grease or air, the compounds showed immediate signs 

of decomposition by forming intensely green or dark purple solutions due to formation of 

polyselenides and polytellurides, respectively. Conversely, pure selenolate and tellurolate 

salts of [C1C1Pyr][ESiEt3] appeared as colorless solids (otherwise with a slight tint of 

yellow or purple), which can be stored without decomposition at -30°C in the dark under 

inert gas.  

 Recrystallization of [C1C1Pyr][SeSiEt3] from a mixture of THF and a small 

amount of acetonitrile yielded colorless single crystals suitable for X-ray structure 

determination, of which the ionic structure in the solid state is given in Figure 5.5. 

[C1C1Pyr][SeSiEt3] was shown to crystallize in the monoclinic space group P21/c, 

featuring four ion pairs in the asymmetric unit. The Si−Se bond lengths were measured 

as 2.2269(11), 2.2295(10), 2.2263(10), and 2.2286 (12) Å and 2.216(1). The structure was 

treated as a nonmerohedral twin, whose components were freely refined to a ratio of 49% 

to 51%. The bonding parameters summarized in Table 5.1 are in good agreement with the 

crystal data of the methyl variant reported by Sundermeyer et. al. [18]  

 

Scheme 5.3: Synthesis of [C1C1Pyr][ESiEt3] (E=Se, Te) IL precursors by low 

temperature reaction of (Et3Si)2E with [C1C1Pyr][OCO2Me]. 
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Table 5.1: Overview of the bonding parameters of the here developed [C1C1Pyr][Et3SiSe] 

and literature known [C1C1Pyr][Me3SiSe]. 

Bond distance [Å] [C1C1Pyr][Et3SiSe] [C1C1Pyr][Me3SiSe] [18] 

Se18-Si18 2.2286 (12)  2.220  

Si18-C18 1.901 (5) 1.886  

Si18-C38 1.895 (5) 1.875  

Si18-C58 1.881 (5) 1.878  

N13-C53 1.495 (5) 1.490  

N13-C63 1.497 (5) 1.490  

Bond angle [°] [C1C1Pyr][Et3SiSe] [C1C1Pyr][Me3SiSe] [18] 

C58-Si18-Se18 111.58 (18)  113.62  

C38-Si18-Se18 109.22 (16)  112.65  

C53-N13-C63 108.70 (3) 108.87  

 

Figure 5.5: Molecular structure determination of [C1C1Pyr][SeSiEt3]. Probability 

ellipsoids are displayed at 50% probability levels, while hydrogen atoms are omitted 

for clarity. 
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To verify the chemical purity of our precursors, the newly developed 

(triethylsilyl)chalcogenolate salts were investigated by NMR spectroscopy, whereby the 

assigned signals were found in good agreement with the values reported for 

[C1C1Pyr][ESiMe3], with no further signs of other species (see Experimental section). As 

anticipated, the 77Se and 125Te NMR spectra of the (triethylsilyl)chalcogenolates showed 

strongly high-field-shifted resonance signals compared to the neutral (Et3Si)2Te starting 

material. Due to a decrease in electronegativity and stronger shielding effects, the Te-

substituted anionic molecules exhibited even higher field 29Si NMR signal in comparison 

to the silylselenolate species. To validate the applicability of our [C1C1Pyr][ESiEt3] 

precursors in the ionothermal syntheses of Bi2Se3 and Bi2Te3 nanoparticles, the thermal 

stability was examined by DSC measurements. In this respect, the DSC curves showed 

no sign of decomposition at up to 250°C, but instead recorded melting points at around 

134°C for both chalcogenide variants (see Experimental section). In comparison to the 

classical (Et3Si)2E precursors, the findings suggested that the newly developed precursors 

have a lower tendency to decompose into elemental chalcogen impurities.  

To obtain binary metal chalcogenide powders using the surfactant-free novel 

approach, [C1C1Pyr][ESiEt3] (E = Se, Te) were reacted with [C4mim]3[Bi3I12] in [C4mim]I 

at 150 °C for 12 h (see Scheme 5.4). To avoid the surface oxidation of the resulting 

nanoparticles, the experimental steps including synthesis, purification, and storage, must 

be performed under strict inert gas, otherwise the electrical conductivity could be 

substantially compromised. 

 Based on the 1H and 29Si NMR spectroscopy measurements of the IL phase, the 

reactions proceeded with the elimination of Et3SiI. [22] In contrast to the classical OA-

free approach which generated Si2Et6 and elemental chalcogens as side-products, the 

improved chemical and physical properties of the here-developed precursors effectively 

suppressed the undesired homolytic cleavage of the chalcogen-silicon bond. This novel 

 

Scheme 5.4: Synthesis of Bi2Se3 and Bi2Te3 nanoparticles by reaction of 

[C1C1Pyr][ESiEt3] and [C4mim][Bi3I12] in IL. This synthetic route is termed as the 

dual-source novel approach.  
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approach was extended to the production of ternary Bi2(SeyTe1-y)3 systems of controlled 

compositions (y=0.2, 0.4, 0.6, and 0.8). These studies were conducted to evaluate the 

versatility of the here developed (triethylsilyl)chalcogenolate precursors in enabling 

further optimization of the TE properties. 

In a ternary solid solution, the partial replacement of tellurium by smaller selenium 

atoms is expected to introduce new donor states in the band gap, which may increase the 

electrical conductivity and enhance thermopower. Furthermore, doping-induced point 

defects, such as atomic mass fluctuation and lattice deformation, would lead to a reduction 

in the lattice thermal conductivity. To achieve a homogeneous single-phase alloy of exact 

stoichiometry, the needed amounts of [C1C1Pyr][SeSiEt3] and [C1C1Pyr][TeSiEt3] were 

distributed evenly in a small amount of C4mimI, which was then added to a warm solution 

of C4mimI containing a fixed amount of [C4mim]3[Bi3I12]. Upon mixing the IL solutions, 

the formation of nanoparticles is immediately observed. Due to the higher chemical 

reactivity of the tellurolate variant, [C1C1Pyr][SeSiEt3] was added in excess by a factor of 

3 to yield the desired Se: Te ratio. A similar reactivity trend was observed with the 

classical chalcogenide precursors (Et3Si)2E, whereby higher reaction temperatures were 

required to thermolyze (Et3Si)2Se. This was simply explained by the decreasing E-Si bond 

energy (E=Se, Te) with higher atomic number. [17] 

5.2.2 Material Characterization 

In this section, a detailed characterization of the here-synthesized Bi2Te3 

nanoparticles is presented and discussed. The nanoparticle sample batches are identified 

as either Bi2Te3-Classical, which was obtained by thermal decomposition of (Et3Si)2Te 

in the presence of OA, or as Bi2Te3-Novel, which was obtained by thermal decomposition 

of [C1C1Pyr][TeSiEt3] in surfactant-free IL. The chemical composition, phase purity, 

morphology, and particle surface of Bi2Se3 and Bi2(SeyTe1-y)3 nanoparticles, which were 

 

Scheme 5.5: Synthesis of ternary phase Bi2(SeyTe1-y)3 nanoparticles of varying 

compositions (y=0.2, 0.4, 0.6, and 0.8) by reaction of [C1C1Pyr][SeSiEt3] and 

[C1C1Pyr][TeSiEt3] with [C4mim]3[Bi3I12] in C4mimI. 
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also synthesized from the here-developed [C1C1Pyr][ESiEt3] (E=Se, Te) precursors, were 

closely examined by energy-dispersive X-ray spectroscopy (EDX), powder X-ray 

diffraction (PXRD), transmission electron microscopy (TEM), and X-ray photoelectron 

spectroscopy (XPS). 

Structural and Phase Analysis 

The powder X-ray diffractions of Bi2Te3-Classical and Bi2Te3-Novel are presented 

in Figure 5.6, in which all observed Bragg reflections can be perfectly indexed to 

rhombohedral Bi2Te3 (PDF 15-863) from the ICSD database. The refined lattice 

parameters of both Bi2Te3 samples (a = 4.383(7) Å, c = 30.469(8) Å, V = 507.1(2) Å3) 

were found in excellent agreement with previously reported values (see Experimental 

section for Rietveld refinement). [23] 

 

Figure 5.6: PXRD patterns of Bi2Te3 nanoparticles synthesized by reaction of 

[C4C1Im]3[Bi3I12] with (Et3Si)2Te (classical approach) or with [C1C1Pyr][TeSiEt3] 

(novel approach) in C4mimI. The crystalline phases are indexed to the Bi2Te3 reference 

data (PDF 15-863) shown as black vertical bars. [23] The signals marked with “*” 

correspond to elemental Te phases shown as red vertical bars for reference. [24] 
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The appearance of Te reflexes in Bi2Te3-Classical indicated an excess of Te 

contamination, which is likely due to a competing homolytic cleavage of the precursor’s 

Te-Si bond during the thermal decomposition reaction. Conversely, Bi2Te3-Novel was 

identified as a phase-pure material with no indications of impurity phases such as 

elemental Te, oxidation products (i.e., Bi2O3 or TeO2), or other unwanted BixTey phases. 

The broadening of the full width half maximum (FWHM) of the reflexes observed for 

Bi2Te3-Novel indicated an average crystal size of below 100 nm, which also agreed with 

size calculations (80 ± 6 nm) obtained from the Scherrer equation. [26] HRTEM images 

of single hexagonal-shaped Bi2Te3 nanoparticles revealed well-resolved atomic fringes 

and high crystallinity (see Figure 5.7). In accordance with the crystal model structure of 

rhombohedral Bi2Te3, [24] the synthesized materials exhibited an infinite arrangement of 

Te1–Bi–Te2–Bi–Te1 quintuple layers (QLs). As shown in Figure 5.7e, a thickness of ~1 

nm was measured for each QL, which agreed very well with literature values. 

 

 

Figure 5.7: a) Dark-field TEM image of a single Bi2Te3 nanoparticle synthesized by 

reaction of [C4C1Im]3[Bi3I12] with (Et3Si)2Te (classical approach), as well as b) high-

resolution TEM image and c) ED pattern. d) Dark-field TEM image of a single  Bi2Te3  

nanoparticle synthesized by reaction of [C4C1Im]3[Bi3I12] with [C1C1Pyr][TeSiEt3]  

(novel approach), with e) HRTEM image of quintuple layer thicknesses of 1.05 nm. 
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Despite the high crystallinity of Bi2Te3-Classical, HR-TEM revealed a thick layer of 

amorphous material around the nanoparticles (see Figure 5.7b), which is likely attributed 

to contamination from the OA capping agent. Finally, the ring-like electron diffraction 

patterns further confirm the polycrystalline nature of the synthesized Bi2Te3 

nanopowders. Based on the PXRDs shown in Figure 5.8, the synthesized Bi2Se3 and 

Bi2(SeyTe1-y)3 nanoparticles were confirmed as phase-pure crystalline materials, 

respectively. The reflexes can be exclusively indexed in reference to rhombohedral Bi2Se3 

(PDF 33-214), whereas the refined lattice parameters (a = 4.132(3) Å, c = 28.661(1) Å, 

V = 422.9(7) Å3) were found in very good agreement with the values reported for Bi2Se3. 

Unlike Bi2Te3, Bi2Se3 showed a strong texture effect in the XRD pattern, which is 

typically observed with plate-like hexagonally shaped crystallites. In this case, the Bi2Se3 

hexagons arrange with the c-axis perpendicular to the sample holder, which consequently 

enhances the intensities of the (003) and (006) reflections compared to the standard card.  

 

Figure 5.8: X-ray diffraction patterns of binary Bi2Se3 and ternary Bi2(SeyTe1-y)3 

nanoparticles synthesized by reaction of [C4C1Im]3[Bi3I12] with [C1C1Pyr][TeSiEt3] 

and [C1C1Pyr][SeSiEt3] in different amounts. Reference data for Bi2Se3 (PDF 33-214) 

is shown as black bars. [23] 

10 20 30 40 50 60

In
te

n
s
it
y
 /

 a
.u

.

2Q / °

In
te

n
s
it
y
 /

 a
.u

.

2Q / °

003
006 101 015

1010 110
Bi2Se3

Bi2(Se0.8Te0.2)3

Bi2(Se0.6Te0.4)3

Bi2(Se0.4Te0.6)3

Bi2(Se0.2Te0.8)3



Ionic Liquid-Based Synthesis of Phase-Pure Bismuth Chalcogenide Nanoparticles for 

Thermoelectric and Transport Evaluation of Nanograined Bulks 

116 

 

Apart from the (110) reflection, Bi2Se3 exhibited strong anisotropic peak broadening due 

to its relatively large yet very thin particle morphology. With respect to the binary Bi2Se3 

sample, the XRD signals shifted systematically towards lower reflection angles with 

increasing tellurium concentration, which is explained by the gradual expansion of the 

unit cell volume as smaller selenium atoms are replaced by larger tellurium. The steady 

shift of the highest intensity (015) reflection confirms the alloying of a single-phase 

ternary system rather than the formation of separate BixSey or BixTey components. The 

high-resolution high-angle annular dark-field (HAADF) TEM image as well as the ED 

pattern given in Figure 5.9, clearly proves the excellent crystallinity of the here-

synthesized Bi2Se3 nanoparticles.  

Morphology and Composition Analysis 

The size and morphology of the synthesized materials were closely investigated 

by TEM and SEM. Bright-field and dark field TEM micrographs of Bi2Te3 and Bi2Se3 

nanoparticles displayed in Figure 5.10, revealed the formation of the typically observed 

hexagonal plate-like crystals. The size of the nanoparticles ranged from 20 to 200 nm, 

with Bi2Se3 nanoparticles having thinner plates of larger edge-lengths in comparison to 

Bi2Te3. Due to the absence of size controlling capping agents such as OA, Bi2Te3-Novel 

showed an even larger size distribution in comparison to Bi2Te3-Classical (see Figure 

5.11). Based on the particle size distribution analysis, most of the Bi2Te3 nanoparticles 

synthesized by classical approach ranged from 40 to 70 nm in diameter, whereas more 

  

Figure 5.9: a) HRTEM image, and b) ED of Bi2Se3 nanoparticle synthesized by reaction 

of [C1C1Pyr][SeSiEt3] with [C4C1Im]3[Bi3I12] in C4mimI at 150°C.  

a) 
 

b) 
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than 50 % of the particles synthesized by the novel approach were in the range of 20 to 

80 nm, with an average particle size of ~ 60 nm.  

 

 

Figure 5.10: a)-c) Bright-field and b)-d) dark-field TEM images of Bi2Te3 and Bi2Se3 

nanoparticles synthesized by reaction of [C1C1Pyr][ESiEt3] (E=Se, Te) with 

[C4C1Im]3[Bi3I12] in C4mimI at 150 °C. 

 

Figure 5.11: Nanoparticle size distribution of Bi2Te3 a) synthesized by classical 

approach ((Et3Si)2Te) versus b) novel approach ([C1C1Pyr][TeSiEt3]). The blue curve 

corresponds to the Gaussian fit of the particle diameter distribution. 
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Despite the addition of OA to overcome the reactivity problems encountered with 

(Et3Si)2Te, significant amounts of Te nanorods were observed in the SEM images of 

Bi2Te3-Classical (see Figure 5.12a). In contrast, no Te nanorods were found in Bi2Te3-

Novel, which instead contained large and highly agglomerated nanoparticles with edge-

lengths of up to 100 nm. On the other hand, Bi2Se3 consisted of very thin and largely 

agglomerated nanoparticles with particle edge-lengths ranging from 50 up to 500 nm (see 

Figure 5.13a). The ternary Bi2(SeyTe1-y)3 systems exhibited similar hexagonal nanoplates, 

however the size of the particles varied depending on the composition of the materials 

(see Figures 5.13b)-d). 

The elemental compositions of the resulting materials were determined by EDX 

analysis (see Table 5.1). Quantification of the EDX spectra revealed a Te-rich 

composition of 68% Te in Bi2Te3-Classical, which corresponded to the tellurium 

contamination of the nanoparticles observed by XRD and SEM. Conversely, Bi2Te3 and 

Bi2Se3 nanoparticles synthesized from the novel approach showed Bi:Se (39.9/60.1) and 

Bi:Te (38.9/61.1) ratios close to the theoretical values for Bi2E3 (40:60). These results 

agreed with the PXRD measurements, thus confirming the formation of highly 

stoichiometric materials.  

 

Figure 5.12: SEM images of Bi2Te3 nanoparticles a) synthesized by classical approach 

((Et3Si)2Te) and by b) novel approach ([C1C1Pyr][TeSiEt3]). 
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Table 5.1: EDX analysis of binary Bi2E3 and ternary Bi2(SeyTe1-y)3 nanoparticles. 

Quantification presented in elemental concentrations (at. %) of Bi, Te, and Se. 

 

 

Figure 5.13: SEM images of a) Bi2Se3 and b)-d) Bi2(SeyTe1-y)3 nanoparticles of different 

compositions synthesized by novel approach.  

Sample Bi (at. %) Te (at. %) Se (at. %) 

Bi2Te3-Classical 32.05 ± 0.17 67.95 ± 0.45 - 

Bi2Te3-Novel 38.97 ± 0.16 61.03 ± 0.36 - 

Bi2Se0.2Te2.8 38.7 ± 0.09 58.9 ± 0.18 2.5 ± 0.04 

Bi2Se0.4Te2.6 38.8 ± 0.09 52.1 ± 0.15 9.1 ± 0.04 

Bi2Se0.6Te2.4 39.1 ± 0.09 47.4 ± 0.15 13.5 ± 0.04 

Bi2Se0.8Te2.2 39.9 ± 0.08 39.6 ± 0.13 20.5 ± 0.05 

Bi2Se3-Novel 39.9± 0.08 - 60.1± 0.11 
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The elemental mappings further revealed stoichiometric and homogeneous distributions 

of tellurium/selenium and bismuth within the synthesized nanoparticles (see Figure 5.14). 

Bi2(SeyTe1-y)3 nanoparticles showed the expected compositions, whereby higher Se 

content was detected with increasing amounts of reacted [C1C1Pyr][SeSiEt3] precursor. 

However, the overall bismuth to chalcogen ratios in the ternary systems were still within 

the desired theoretical composition. 

Surface Analysis 

One of the main purposes for developing new chalcogenide precursors is to 

completely avoid the use of strongly binding capping agents in the synthesis procedure, 

which should further reduce the amount of carbon contamination on the particle surfaces. 

In comparison to the IR spectra of the used reagents including OA, acetonitrile, and 

C4mimI, small traces of OA contamination can be deduced from the fingerprint region of 

Bi2Te3-Classical (see Figure 5.15a). Within the sensitivity limits of infrared (IR) 

spectroscopy, the Bi2E3 samples synthesized from the novel approach (without OA) did 

not show any signals pertaining to organic surface impurities (see Figure 5.15b). To 

further investigate the surface composition of the newly synthesized Bi2Se3 and Bi2Te3 

nanoparticles, we applied X-ray photoelectron spectroscopy (XPS) as a more surface-

sensitive technique which would allow us to detect and quantify the amounts oxygen and 

carbon impurities in our samples. The high-resolution XPS measurements presented in 

Figure 5.16 revealed the presence of metallic bismuth with signals detected at 158.3 eV 

and 157.9 in the Bi 4f regions of Bi2Se3 and Bi2Te3, respectively. 

 

Figure 5.14: Elemental mapping of Bi2Te3 nanoparticles showing homogenously 

distributed Bi (teal) and Te (green). 
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High-resolution scans of the Se 3d and Te 3d regions showed peak signals at 53.8 

eV (Se 3d5/2) and 572.5 eV (Te 3d5/2), which corresponded to the binding energies of metal 

selenide and metal telluride, respectively. All measured binding energies were shown in 

close agreement with those reported for Bi2Se3 [28] and Bi2Te3 surfaces. [29] Based on 

the data analysis, the formation of bismuth (Bi2O3), selenium (SeO2), and tellurium oxides 

(TeO2) can be excluded from our samples as no metal-bound oxygen species were 

detected in any of the XPS spectra. 

 

Figure 5.15: IR spectra of a) Bi2Te3 nanoparticles synthesized by classical approach, 

OA, acetonitrile, and C4mimI reagents. b) IR spectra of Bi2Te3 and Bi2Se3 nanoparticles 

synthesized by novel approach. 
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Figure 5.16: High-resolution XPS spectra with peak fitting analysis of Bi 4f, Te 3d, Se 

3d, C1s, and I 3d regions of a)-b) Bi2Te3 and c)-d) Bi2Se3 nanoparticles synthesized by 

novel approach. Peaks are calibrated to the binding energy of the C-C component at 

284.4 eV.  
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In the Bi 4f region of the Bi2Se3 sample, we observed an asymmetrical shouldering 

of the Bi 4f7/2 peak, which can be assigned to small traces of mixed bismuth selenide 

iodide species. On the other hand, the I 3d region showed low quantities of iodine and 

bismuth iodide which most likely originated from the surface adsorbed [C4C1Im][Bi3I12] 

precursor. In contrast to the IR measurements, XPS revealed a small amount of surface-

bound organic species in the C1s region. The carbon contamination was identified as 

residual solvent from the acetonitrile washings rather than IL residues. In the latter case, 

one would expect a more complex C 1s region caused by the different C atom 

environments. In comparison to Bi2Te3-Classical, the XPS data analysis showed lower 

concentrations of surface carbon, which was also proven by electron-energy-loss 

spectroscopy (EELS). These findings clearly demonstrated the weaker binding ability of 

ILs compared to OA. 

 

 

 

 

 

 

Figure 5.17: EEL spectrum of Bi2Te3 nanoparticles under inert gas. Regions in which 

carbon and oxygen signals are expected are indicated. 
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5.2.3 Thermoelectric Characterization 

For a comprehensive overview on the properties of our materials, we present in 

this section the thermoelectric transport measurements of the compacted Bi2Se3 and 

Bi2Te3 nanoparticles that were prepared from the classical and novel synthesis approach.  

Compacted Bulk Samples Overview 

To produce oxygen-free surfaces while preserving the nanostructural features of 

the as-synthesized nanoparticles for thermoelectric characterization, the compaction 

procedure was performed under inert conditions using optimized sintering parameters. As 

summarized in Table 5.2, nearly 70 mg of nanopowder sample were hot-pressed with an 

applied pressure of 2 kN at a sintering temperature of 300-320 °C for a duration of 90 

minutes. The thermoelectric bulk samples were collected as 5 mm pellets with thicknesses 

of approximately 0.5 mm. The relative density of the Bi2Te3-Classical pellet did not 

exceed a value of 85%, which is likely due to residual layers of OA surrounding the 

particle surface. Comparable densities as high as ~87% were reported for compacted 

Bi2Te3 nanoparticles which were synthesized in presence of alkanethiols as capping agent. 

[30] SEM analysis at the broken cross section of the corresponding sample pellet revealed 

a visibly higher degree of porosity in comparison to the other compacted samples.  

Table 5.2: Compaction parameters and physical properties of the compacted bulk pellets. 

The pellets measured 5 mm in diameter. 

 

 

Sample 
Temp. 

(°C) 

Pressure 

(kN)  

Mass 

(mg) 

Thickness 

(mm) 

Density 

(g/cm3) 

Relative 

density (%) 

Bi2Te3-

Classical 

320 2 61 0.48 6.5 85 

Bi2Te3-Novel 300 2 76 0.51 7.6 99 

Bi2Se3-Novel 300 2 72 0.52 7.1 98 
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As indicated in Figure 5.18a, the SEM imaging also revealed randomly distributed 

inhomogeneities within the compacted sample, which according to elemental mapping 

were determined as Te-rich regions (~84 at. % Te) originating from the large Te 

crystallites that were formed during the classical synthesis approach.  

 The compacted Bi2Te3 and Bi2Se3 pellets synthesized from the novel approach 

showed higher densities of 99% and 98%, respectively. The cross-section SEM image of 

the Bi2Se3 pellet (see Figure 5.19b) showed a strong textured arrangement of 

distinguishable nanoplates stacked in layers, which align perpendicular to the pressing 

axis. Although the particle orientation is less visible in the cross-section SEM image of 

the Bi2Te3 pellet (see Figure 5.19b), the layered arrangement of closely compacted 

nanoparticles was still observed. In response to the strong texturing effect, the X-Ray 

diffractograms of the Bi2Te3 pellet showed strongly enhanced Bragg reflections for the 

00l (l = 3, 6, ...) planes perpendicular to the pressing direction of the sample. Conversely, 

these reflections were not observed in the measurements parallel to the pressing direction. 

These findings suggest that the nanoparticles preferably align themselves with the 

crystallographic c-axis parallel to the pressing direction. 

 

Figure 5.18: (a) SEM analysis of compacted Bi2Te3 nanoparticles synthesized by 

classical approach at a broken cross section. (b) Magnified SEM image with circled 

Te-rich areas, and (c)-elemental mapping analysis of Te and Bi distributions. 
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Figure 5.19: (a) Cross-section SEM micrographs of a) Bi2Te3 and b) Bi2Se3 pressed 

pellets prepared from the novel synthetic approach. 

 

Figure 5.20: X-ray diffractogram of the Bi2Te3 pellet perpendicular and parallel to the 

pressing direction. The positions of the Bragg reflections for Bi2Te3 are shown as red 

bars as reference. Reflections from the sample holder are marked with an asterix. 
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Thermal Conductivity Measurements 

The in-plane and cross-plane thermal conductivity (κ) measurements of the 

compacted bulk samples are presented in Figure 5.21. As a result of the anisotropic 

orientation of the crystallites, the thermal conductivity displayed strong anisotropy in all 

three samples such that the κ values were significantly higher in the in-plane direction 

(Figure 5.21a) compared to those measured cross-plane (Figure 5.21c).  

Bi2Se3-Novel showed the lowest in-plane (0.72-0.88 W/mK) and cross-plane 

(0.48-0.54 W/mK) κ values. Based on the SEM images, the compact and well-defined 

stacking of very thin Bi2Se3 nanoplates appears to lead to an increased number of 

interfaces and grain boundaries, which are known to suppress the lattice contribution (κL) 

 

Figure 5.21: Comparison of a) in-plane thermal conductivity, b) lattice contribution 

(κL), and c) cross-plane thermal conductivity for Bi2E3 (E=Se, Te) nanoparticles 

obtained by classical or novel synthesis approach. The in-plane data were measured 

perpendicular to the pressing direction, while cross-plane was measured parallel to the 

pressing direction 
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to the total thermal conductivity. Bi2Te3-Classical showed lower κ values than Bi2Te3-

Novel, which can be attributed to the material’s higher degree of porosity as well as the 

presence of Te-rich nanostructures. These factors are likely to promote effective phonon 

scattering, however they can also deteriorate the electrical conduction.  

Using the theoretical Lorentz number L0 (1.5 x 10-8 V2/K2), [31] the lattice thermal 

conductivity κL values were calculated according to the Wiedemann Franz law (see Figure 

5.21b). Low κL values were obtained for Bi2Se3-Novel, which were found consistent with 

the reports of other related nanostructured materials. [32] In the higher temperature 

regime, κL of Bi2Te3-Novel decreased down to 1.3 W/mK compared to Bi2Te3-Classical 

which increased up to 1.6 W/mK at 240 °C. Despite the obvious nanostructured texturing 

of the pellet, the κL values near room temperature are in close agreement with those 

reported for single crystals [33]  and with values obtained using ab-initio calculations. 

[34] The ratio of κ between the crystallographic c-axis and ab-plane of single crystalline 

Bi2Te3 is also close to the one obtained in the Bi2Te3-Novel pellet between the pressing 

direction and its perpendicular plane. Although it is unusual for a nanocrystalline bulk 

produced from compacted nanoparticles to exhibit thermal transport properties 

comparable to single crystals or ab-initio calculations, these findings speak in favor of the 

extremely high purity and structural quality of our sample, which cannot be achieved with 

other synthetic strategies that tend to incorporate unwanted bulk impurities, surface 

contaminants, and in general, point defects.  

Seebeck Coefficient and Electrical Conductivity Measurements 

The thermoelectric characterization of the three study samples, including Seebeck 

coefficient (S), electrical conductivity (σ), power factor (PF), and figure of merit (zT), are 

compared in Figure 5.22 a)-d) from room temperature up to 240 °C. The Hall 

measurement data which were performed at room temperature perpendicular to the 

pressing direction, resulted in carrier concentrations (n) in the order of 1019-1020 cm -3. 

The carrier mobility (μ) was calculated as 7, 45, and 104 cm2/Vs for Bi2Te3-Classical, 

Bi2Te3-Novel, and Bi2Se3-Novel, respectively. As shown in Figure 5.22a, all three 

samples displayed negative S values, which are consistent with the inherent n-type carrier 

transport of these types of materials. Likewise, the absolute values of the Seebeck 

coefficients showed an increasing trend with higher temperature, reaching a maximum 

value of -92, -138, and -125 μV/K at 240 °C for Bi2Te3-Classical, Bi2Te3-Novel, and 
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Bi2Se3-Novel, respectively. In accordance with the high n values, the measured Seebeck 

coefficients were slightly lower in comparison to other intrinsic tetradymite-type 

materials. [35] More importantly, Bi2Te3-Classical possessed even lower S compared to 

the novel approach samples, which is most likely caused by the excess amount of 

elemental Te in the pellet. Similar findings were observed in Bi2-xTe3+x type materials, 

whereby the variation in S was directly associated with the Bi/Te ratio of the sample. [36] 

According to Figure 5.22b, Bi2Te3-Classical exhibited relatively low electrical 

conductivity which varied from 88 to 127 S/cm in the measured temperature range. In 

addition to OA impurities, the Te excess may also have a noticeable effect on the electrical 

 

Figure 5.22: Comparison of the thermoelectric data of Bi2E3 (E=Se, Te) nanoparticles 

obtained by classical and novel synthesis approach including a) Seebeck coefficient, b) 

electrical conductivity, c) power factor, and d) in-plane figure of merit zT. The 

presented data correspond to measurements in the direction perpendicular to the 

pressing.  
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properties. In contrast, Bi2Te3-Novel showed enhanced electrical conductivity of 990 

S/cm at 30 °C, which decreased down to 766 S/cm at 240 °C. In comparison to Bi2Te3-

Classical, these results accounted for a maximum 12-fold increase in electrical 

conduction, which specifically resulted from the chemically and structurally clean 

nanoparticle surfaces of the improved Bi2Te3-Novel sample. Compared to the values 

reported for bulk materials (12 S/cm), [30] these results also represent a significant 

improvement that is comparable to the progress achieved with other high-performing 

Bi2Te3 nanostructures. [31]  

Despite the relatively high carrier concentrations, the samples synthesized from 

the novel approach exhibited competitive power factors with maximum values of 1.5 

mW/mK2 and 0.5 mW/mK2 at 200 °C for Bi2Te3-Novel and Bi2Se3-Novel, respectively. 

In combination with the in-plane thermal conductivity at 240°C, these results rendered 

zTs of 0.4 for Bi2Te3 and 0.36 for Bi2Se3, which are one order of magnitude larger than 

the zT values (zT< 0.03) calculated for Bi2Te3-Classical. In this case, the largest 

improvement in TE performance resulted from the drastic enhancement of the electrical 

conductivity, which was delivered by the high quality and low levels of impurities of our 

samples. One could therefore conclude that the newly developed [C1C1Pyr][TeSiEt3] 

precursor serves as a better Te source for the synthesis of Bi2Te3 nanoparticles with 

enhanced TE properties. 

 Table 5.3: Summary of the thermoelectric results obtained at room temperature. 

 

T = 25 °C Bi2Te3-Classical Bi2Te3-Novel Bi2Se3-Novel 

n (cm-3) 1.2x1020 1.3x1020 1.7x1019 

μ (cm2/Vs) 7.3 45 104 

S (µV/K) -85.3±0.2 -106.7±0.2 -90.4±0.2 

σ (S/cm) -87.4±1 990±1.2 337±1.3 

κ ║ (W/mK) 0.60±0.03 1.7±0.02 0.54±0.004 

κ  ┴  (W/mK) 1.34±0.2 2.1±0.07 0.88±0.1 

PF  (mW/mK2) 0.06±0.001 1.1±0.001 0.276±0.001 

zT 0.01±0.01 0.16±0.01 0.11±0.01 
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5.2.4 Electrical Transport Characterization 

In this section, we present an overview on the electrical transport properties of the 

here-synthesized nanograined bulk materials, including temperature-dependent resistivity 

(ρ), magnetic-dependent resistivity (Mρ), carrier concentration (n) and mobility (μ) 

obtained by Hall measurements, and finally the reflectivity data measured by THz time-

domain spectroscopy.  

To observe topological transport in a 3D bulk material, a high number of well-

defined surfaces with high structural quality and chemical cleanliness is required in a 3D 

arrangement. Given their excellent crystalline quality and high surface purity, the Bi2Te3 

nanoparticles synthesized via the novel, surfactant-free chemical approach served as the 

building block units to our three-dimensional model system. When designing a 

nanograined bulk system from a fine nanopowder, the degree of compaction contributes 

strongly to the sort of transport mechanisms that will dominate in the compacted material. 

To preserve as much free surface as possible and thus the contribution of surface 

carriers in the transport measurements, the nanoparticles were compacted under mild 

conditions to give 99% dense (ρ=7.6 g/cm3) pellets of 5 mm in diameter and 0.5 mm 

thickness. Following the compaction step, examination of the pellets by TEM revealed 

closely compacted nano (~ 200 nm) and micro-sized grains (~ 1.5 μm) as well as a high 

number of interfaces and grain boundaries (Figures 5.23a-b). Based on the gas adsorption 

measurements using the Brunauer-Emmett-Teller (BET) analysis method, the free surface 

area of the original nanopowder decreased from 1.8 x10-5 cm2/g to 2.6 x10-4 cm2/g, which 

means that at least one tenth of the initially available free surfaces were retained in the 

compacted bulk samples. With respect to the density of Bi2Te3 (7.7 g/cm3), these results 

translated into a large surface-to-volume ratio of 1.8 x105 cm2/ cm3, which is expected to 

improve the transport of both surface and bulk carriers. Most importantly, the overall 

atomic composition of the compacted pellets remained close to the theoretical ratio of 2:3 

(Bi: Te). A topographic image of the pellet cross section by atomic force microscopy 

(AFM) showed a multi-grained arrangement of agglomerated yet well-preserved 

nanoparticles. On the same cross section, conductive AFM revealed a percolating network 

of conductive channels on the nanoparticle facets with enhanced conductivity along the 

edges and interfaces (Figure 5.23c-e). 
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Figure 5.23: a) TEM image of the Bi2Te3 pellet. b) HRTEM image showing the interface 

between two grains. c) AFM topography image of the cross section of a Bi2Te3 pellet. 

d) Contact current image network of the corresponding AFM image with green regions 

representing conducting current of ~3 nA. e) Superposition of the topography and 

contact current images. 
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The electrical transport and Hall data of the compacted Bi2Te3 pellets were 

acquired in the temperature range of 300-1.8 K. In the temperature-dependent electrical 

resistivity ρ measurements (see Figure 5.24a), the samples revealed a metallic 

conductivity trend down to a temperature of 5 K, which is typically observed in highly 

doped semiconductors. At below 5 K, the samples showed a clear drop in ρ that is 

comparable to the behavior of superconductors. 

 

 

 

Figure 5.24: Electrical transport results of compacted Bi2Te3 nanoparticles synthesized 

by novel approach. a) Resistivity (ρ) versus temperature with magnified drop in the low 

temperature regime (30-1.8 K) with applied magnetic field of 0.1 T up to 1 T (inset: 

resistivity versus temperature for Bi2Te3 bulk sample in the temperature range of 300-

1.8 K). b) Comparison of normalized magneto-resistivity (Mρ) over magnetic field of -

9 T to 9 T at three different temperatures. c) Bulk carrier mobility in the temperature 

range 300-1.8 K. d) Bulk carrier concentration in the temperature range 300-1.8 K. 
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This observation was further elucidated in the magnetic field-dependent resistivity Mρ 

measurements shown in Figure 5.24b. Mρ was probed at three different low temperatures 

(i.e., 1.8, 5, and 8 K), whereby the values dropped suddenly at 0 magnetic field. Based on 

the Hikami-Larkin-Nagaoka model, [37] the sudden drop in resistivity was interpreted as 

evidence of spin-orbit coupled transport, which is associated with the effect of quantum 

interference known as weak antilocalization (WAL). More importantly, these quantum 

phenomena are essential indications for the realization of topological surface states in the 

compacted Bi2Te3 nanoparticles. [37, 38] However, as the magnetic field B strength 

increased up to 1 T, the signature resistivity trend for spin-orbit coupling transport was 

no longer observed in the pellet samples. Interestingly, such findings were so far reported 

in high purity epitaxial Bi2Te3 TI films with low bulk carrier density, [39] which was 

attributed to the predominant conductivity channel of the Dirac carriers arising at the 

surfaces of the material.  

The Hall resistance measurements at room temperature revealed a charge carrier 

density of 2.2 x1020 cm -3 and a charge carrier mobility of 28 cm2/Vs, which are 

predominately related to the bulk transport channel. As shown in Figure 5.24c-d, n 

decreased with decreasing temperature due to the carrier freeze effect, whereas μ 

increased up to 117 cm2/Vs at 1.8 K. Despite the evidence of quantum transport within 

the nanograined bulk samples, the topologically conducting surface carriers were still 

outnumbered by the bulk carrier majority. As carriers with different mobilities contribute 

differently to the net conductivity, the surface conduction channels can be distinguished 

from bulk by application of terahertz (THz) time-domain spectroscopy. [40] From these 

measurements, the THz reflectivity of the sample was examined in a broad spectral range 

as a function of temperature and wavenumber. As depicted in Figure 5.25a, when the 

temperature was reduced down to 4 K, the reflection spectrum revealed a clear dip at 

around 35 cm-1. The calculated temperature- and frequency-dependent reflectivity spectra 

shown in Figures 5.25b)-f) were in accordance with the experimentally measured data.  

To gain further insight from the obtained spectra on the existing conduction 

channels, a model was based on three different contributions to the total THz conductivity 

(𝜎𝑇), namely that of bulk (𝜎𝑓
𝐵) and surface carriers (𝜎𝑓

𝑆), as well as plasmonic surface 

carriers (𝜎𝑓
𝑝

), where ω is the plasmon frequency: 

𝜎𝑇 = 𝜎𝑓
𝐵 + 𝜎𝑓

𝑆(𝜔) + 𝜎𝑃
𝑆(𝜔)                                                (5.1) 
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Figure 5.25: Experimentally obtained reflectivity a) as a function of the wavenumber 

and temperature in the range of 4 𝐾 to 300 𝐾. b) Calculated reflectivity with 

consideration of bulk and surface Drude conductivity as well as the surface plasmonic 

contribution. c)-f) Measured (red) and calculated (blue) reflectivity as a function of 

frequency for temperatures of 4 𝐾, 130 𝐾, 230 𝐾, and 300 𝐾, respectively. g) 

Schematic illustration of Bi2Te3 band structure with EF located 0.27 eV above the Dirac 

point. h) Surface carrier concentration and i) mobility extracted from the model as a 

function of temperature. 

a) b) 

c) d) e) f) 

  h) g) i) 
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Based on this model, the surface carrier density (𝑛𝑆) of the compacted Bi2Te3 

nanoparticles was derived from the bulk carrier density (𝑛𝐵) obtained from the Hall 

measurements, as well as from the band structure of Bi2Te3 bulk which was taken from 

previous reports. [41] Assuming a Fermi velocity (𝑣𝑓) of 4 x107 cm/s, [42] the surface 

carrier density and surface carrier mobility were calculated to be ~ 9.6 x1013 cm -2 and 

~1.2 x104 cm2/Vs, respectively, which were found consistent with earlier reports (Figure 

5.25h-i). [43] These results clearly demonstrate the high surface quality of the synthesized 

Bi2Te3 nanoparticles. 

The contribution ratio of each conduction mechanism was calculated as a function 

of temperature at three different frequencies (see Figures 5.26a-b). In the DC 

measurements for example, the plasmonic transport channel which is attributed to the 

collective oscillations of the charge carrier, showed zero contribution to the total 

conductivity. The contribution however increased as the frequency got closer to the 

plasmon resonance. Below the plasmon frequency, the surface carrier contribution 

dominated the DC transport which accounted for roughly 60% of the conductivity, 

whereas bulk carriers possessed a minor contribution to the features observed in the THz 

reflection.  

 

 

 

 

Figure 5.26: Contribution ratio for the three different conduction mechanisms, namely 

surface and bulk Drude conduction, as well as surface plasmonic conduction, plotted  

as a  function of temperature at a) DC, b), 0.5 THz and c) 1.5 THz. 

a) b) c) 
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5.3 Summary 

To evaluate the progress of our work, we have compared the quality and TE 

properties of bismuth chalcogenide nanoparticles obtained from two different IL-based 

chemical approaches. With the addition of OA, the established classical approach by 

reaction of (Et3Si)2Te with [C4mim]3[Bi3I12] generated discernible amounts of elemental 

Te as by-product. In the novel surfactant-free approach, reactions of the thermally stable 

yet highly reactive ionic chalcogenide precursors C1C1Pyr[ESiTe3] (E = Se, Te) were 

proven to strongly enhance the quality of the tetradymite-type Bi2E3 nanoparticles. As 

shown by a number of analytical techniques, highly crystalline and phase-pure Bi2Se3, 

Bi2Te3, and Bi2(SeyTe1-y)3 nanoparticles were formed, which were neither contaminated 

by Bi-rich phases nor by elemental Te. The nanoparticle surfaces proved to be free of 

metal oxide species, whereas the amount of surface carbon was greatly reduced in 

comparison to the surfaces derived from the classical approach. 

In the classical approach, the contamination of the Bi2Te3 nanoparticle surfaces 

with the strongly binding OA additive reflected into a low electrical conductivity of 88 

S/cm near room temperature. In contrast, the novel approach rendered far more 

competitive Seebeck coefficients of -138 μV/K, as well as outstanding power factors due 

to an enhanced electrical conductivity of 720 S/cm, which led to a zT value of 0.4 at 

240°C. The pressed pellets featured strongly anisotropic thermal conductivities which 

were comparable to the values of single crystal materials and ab initio calculations. These 

findings strongly emphasize the high crystallinity and clean surfaces of the nanoparticles. 

Given the excellent material quality and low level of impurities derived from the 

novel approach, the compacted Bi2Te3 nanoparticles exhibited clear signatures of a 

macroscopic 3D TI material with comparingly superconducting behaviour. Indications of 

topologically-protected surface carriers were realized using temperature- and magneto-

dependent resistivity measurement techniques, which revealed the characteristic 

resistivity drop as evidence of quantum interference transport at low temperatures and 

small magnetic fields. With that, THz time-domain spectroscopy revealed a dominance 

of the surface transport at low frequencies with a major contribution to the DC transport, 

as well as a high surface carrier mobility in the order of 104 cm2/Vs even at room 

temperature. With this collaboration work, we have succeeded in the fabrication of 

macroscopic TI materials by developing synthetic and physical methods that enable clean 

nanoparticle surfaces as well as bulk materials with defined nanoscale microstructures.  
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CHAPTER 6 

Synthesis and Thermoelectric Characterization of 

Antimony Bismuth Telluride Ternary Alloys  

6.1 Introduction 

Quantum confined antimony (Sb2Te3) and bismuth telluride (Bi2Te3) as well as 

their solid ternary solutions (BixSb1−x)2Te3 hold great promise as thermoelectric (TE) 

materials. These compounds belong to a class of so-called tetradymite-type 

semiconductors which exhibit heavy doping, narrow band gap characteristics, and 

quintuple-layered crystal structures. [1–5] To date, the best TE materials for cooling and 

energy harvesting applications near room temperature are composed of Bi-Sb-Te based 

alloys. [6] Such alloy systems are formed by dissolving one or more elements 

(concentration > 1 at.%) in an existing matrix only to form a single solid phase that 

exhibits different properties from those of the component elements.  

A common route for incorporating foreign atoms into the host lattice is to 

substitute the corresponding lattice sites with ions of the same valency. Yet, depending 

on the atomic radii, the replacement of host ions by smaller homo-valence 

dopants/elements would contract the crystal lattice, whereas larger ions would expand the 

crystal lattice as illustrated in Figure 6.1. [7] Likewise, tuning the compositions of Bi2Te3 

and Sb2Te3 systems by addition of Sb/Bi atoms would not only alter the crystal lattice, 

but would effectively modify the electronic band structure (i.e., shifting of the energy 

levels, widening/narrowing of the bandgap), regulate the carrier concentration and 

interactions (i.e., higher or lower hole concentration), and introduce strong point defects 

which scatter heat-carrying phonons. [8-10] In this respect, (BixSb1−x)2Te3 ternary solid 

solutions have demonstrated higher zT values than their binary counterparts due to 

enhanced power factor (PF) and reduced thermal conductivity (κ). [11, 12] Namely, p-

type (Bi0.25Sb0.75)2Te3 bulk alloy of low dimensional structure reported a maximum zT 

value of 1.56 at 300 K, almost a 50 % increase in conversion efficiency in comparison to 

commercial Bi2Te3. [13] Similarly, using a combination of ball milling and hot-pressing 

techniques, Poudel et al. prepared a p-type nanocrystalline BiSbTe alloy with record-high 

zT=1.4 at 380 K. [14] Song et al. investigated the influence of the Bi content (x = 0-0.57) 
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on the electrical transport properties of p-type (BixSb1−x)2Te3 thermoelectric thin films  

and found that the carrier concentration of the films decreased with increasing x value, 

whereas the Seebeck coefficient increased from 114 to 240 μVK-1. [15] More recently, 

Shang and co-workers reported the fabrication of a flexible TE generator using p-type 

Bi0.5Sb1.5Te3-based heterostructure films deposited on polyimide substrates. The random 

distribution of nanoscale hetero junctions among Bi0.5Sb1.5Te3 and newly introduced 

phases (Te and Sb2Te3 nanoinclusions) helped suppress the thermal conductivity (0.8 

Wm-1K-1) while achieving a good power factor of 23.2 μWK-2cm-1. [16] 

 Group 15 alloyed chalcogenides are typically prepared by top-down physical 

methods (i.e., ball milling, melt-spinning, and magnetron co-sputtering). [9, 17, 18] 

Mechanical alloying by high-energy ball-milling for example offers a practical approach 

towards highly performing thermoelectric materials, however such techniques have direct 

impacts on the thermal conductivity due to modifications in the alloy compositions, 

incorporation of structural defects, and amorphization of the nanomaterials. [14] In fact, 

Son et al. have even reported on the change in carrier concentration due to variations in 

 

Figure 6.1: Schematic illustration of the possible structural changes in the crystal 

lattice upon substitution of the host atoms by a) small homo-valent ions, and b) large 

homo-valent ion, which are represented as red circles. [7] Site substitutions in ternary 

alloy compounds lead to larger or smaller unit cell sizes, lower crystal symmetry, and 

higher site-occupancy disorder. 
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the concentration of anti-site defects which were directly induced depending on the ball 

milling time. [9d] Conversely, several groups have also reported on low temperature 

syntheses of (BixSb1−x)2Te3 nanoparticles using bottom-up wet-chemical based 

approaches, yet very few have reported on the consolidation of the resulting materials for 

transport measurements. [19–21] Liu and co-workers for example, synthesized 

Bi0.5Sb1.5Te3 nanocrystals by hydrothermal reaction of ECl3 (E = Sb, Bi) with elemental 

Te in the presence of NaBH4 as reducing agent; the nanocrystal powders were then 

consolidated by cold-pressing and sintering, whereas Dharmaiah and co-workers applied 

spark plasma sintering instead. [22, 23] Mai et. al also employed a one-pot synthesis of 

(Sb,Bi)2Te3 solid solution nanoparticles by reduction of metal salt precursors in various 

organic capping systems. [24] Unfortunately, the common issues of solution-based 

methods stem from the reductive conditions and low thermal stability of traditional 

precursors [i.e. TeCl4, SbCl3/BiCl3 Bi(AOC)3, Bi(NMe2)3] which often do not alloy into 

single phase-pure ternary materials, but instead give a mixture of phases including Te-

/Bi-rich contaminations. [24–27] In principle, a phase-pure solid solution must not contain 

an accumulation of one element over the other, but rather a random distribution over the 

lattice sites. Otherwise, off-stoichiometric compositions and metal impurities would lead 

to high defects in the crystal lattice and therefore poison the Seebeck coefficient due to 

suboptimal changes in the charge carrier concentration. [28,29] Another issue stems from 

the use of stabilizing capping agents (i.e., EDTA, OA, OAC, ODT, DDT, PVP). These 

substances are typically used in wet chemical processes to manipulate the size and shape 

of (Bi,Sb)2Te3 nanoparticles, however organic residues risk compromising the electrical 

conductivity of the resulting TE materials. [23,24,30, 31]  

Because the carrier concentration of p-type (BixSb1−x)2Te3 compounds is highly 

sensitive to the concentration of doping elements, it is crucial to find suitable precursors 

which can precisely decompose into single phase alloys of defined composition. In 

previous studies, we have successfully demonstrated the general applicability of weakly-

coordinating ionic liquids (ILs) not only as an effective solvent medium and shape-

directing template, but also as reactive precursors for the synthesis of group 15 

chalcogenide nanomaterials. For example, Sb2Te3 was synthesized by thermal 

decomposition of (Et2Sb)2Te in imidazolium based ILs, [32,33] whereas Bi2Se3 and 

Bi2Te3 nanoparticles were synthesized by low-temperature reaction of tailor-made IL 

precursors [C4C1Im]3[Bi3I12] and [C4C1Pyr][ESiMe3] (E = Se or Te). [31] As a result of 
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high surface and phase purity, our binary chalcogenide systems have demonstrated 

enhanced electrical conductivity as well as record-high zT values of up to 1.5.  

The aim of this work is to produce phase-pure ternary group 15 telluride 

nanoparticles by combining the established synthetic methods and to understand the 

effects of each alloy composition on the thermoelectric and carrier transport properties. 

In the here-presented approach, (BixSb1−x)2Te3 nanoparticles of different compositions 

were synthesized by reaction of the Bi-containing ionic liquid [C4C1Im]3[Bi3I12] with the 

single source precursor (Et2Sb)2Te. The alloy powders were subsequently subjected to a 

post-thermal treatment to remove any traces of IL residues. This optimized route ensures 

the formation of high quality single-phase ternary alloys of the correct composition with 

respect to the metal (Bi/Sb) dopant. Aside from the chemical and structural properties, we 

also investigated the effects of thermal annealing and sample processing on the resulting 

transport properties of the consolidated samples.  

6.2 Results and Discussion 

6.2.1 Material Synthesis 

To synthesize (BixSb1-x)2Te3 nanoparticles, different amounts of [C4mim]3[Bi3I12] 

were first dissolved in [C4C1Im]; the amounts of the Bi precursor were carefully 

controlled to give specific Bi (x) to Sb (1-x) composition ratios with x = 0.25, 0.5. 0.75. 

The IL solution was then stirred at 150°C under argon atmosphere, whereby a given 

amount of (Et2Sb)2Te was added dropwise to initiate the thermolysis (see Scheme 6.1).  

The reaction mixture was stirred for 12 h after which the resulting metal chalcogenide 

powders were repeatedly washed with acetonitrile and isolated by centrifugation. All 

experimental steps including nanoparticle synthesis and purification were strictly 

performed under inert gas conditions to avoid surface oxidation of the resulting materials. 

 

Scheme 6.1: Synthesis of (BixSb1-x)2Te3 (x = 0.25, 0.5, 0.75) nanoparticles by reaction 

of (Et2Sb)2Te with [C4mim]3[Bi3I12] in [C4C1Im]I at 150 °C. 
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Prior to consolidation, the (BixSb1-x)2Te3 nanoparticles were annealed at 250 °C in a glass 

ampoule under dynamic vacuum at a base pressure of 10-6–10-7 mbar for 24 h. The heat 

treatment serves as a final purification step to remove ionic liquid residues that remained 

on the particle surface after the washing procedure. The presence of such impurities could 

especially compromise the electrical mobility of the resulting materials. The chemical 

composition, phase purity, morphology, and particle surface of the obtained 

nanomaterials were examined by energy-dispersive X-ray spectroscopy (EDX), powder 

X-ray diffraction (PXRD), scanning electron microscopy (SEM), and transmission 

electron microscopy (TEM), which we will discuss in the following sections. 

6.2.2 Material Characterization 

Structural and Phase Analysis 

Based on the PXRD analysis, the as-prepared tetradymite-type (BixSb1-x)2Te3 

nanoparticles (x = 0.25, 0.5, 0.75) were confirmed as phase-pure ternary materials of the 

desired compositions. All observed Bragg reflections can be exclusively indexed to the 

rhombohedral (Bi0.5Sb0.5)2Te3 crystal structure (PDF 072-1853, ICSD database). As 

shown in Figure 6.2, the XRD signals systematically shifted towards lower reflection 

angles with increasing concentration of bismuth atoms, which means that the gradual 

exchange of smaller antimony atoms by larger bismuth atoms extends the lattice 

parameters while causing the unit cell volume to expand gradually. The steady shift of the 

highest intensity reflection further proved the alloying of a single-phase material rather 

than the formation of a separate BixTey component. In addition, the gradual peak 

broadening of the full width at half-maximum (fwhm) was found consistent with the 

decreasing size of the crystalline domains with respect to the increasing bismuth 

concentration. However, the sharpening of the (110) reflection at 41.61° (2θ) which was 

observed for the sample of the highest bismuth content, indicated a preferential growth 

along the ab-plane perpendicular to the c-axis. The diffraction patterns of the alloy series 

did not exhibit any shouldering of the (015) and (1010) reflections, which would 

otherwise indicate the presence of elemental Te. In this case, the thermal stability of the 

[C4mim]3[Bi3I12] precursor prevents the occurrence of unwanted side reactions such as 

homolytic bond breakage reactions and formation of Bi double layers. As a result, 

common impurity phases such crystalline oxidation products (i.e., Sb2O3, Bi2O3, TeO2), 

metallic Sb or Bi, as well as other BixTey phases were not observed.  
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To investigate the influence of thermal annealing on the phase structure of 

nanoparticles, we herein annealed a fraction of each sample batch. The heat treatment 

temperature was kept below 300 °C to avoid the excessive evaporation of tellurium, which 

would otherwise lead to Te-deficient materials. Following the heat treatment, an orange-

yellow film was detected on the cold end of the glass wall, which closely resembles the 

thermochromic behavior of [C4mim]3[Bi3I12]. Examination by 1H-NMR confirmed the 

presence of IL residues with resonances in the alkyl region which corresponded to a 

mixture of [C4mim]3[Bi3I12] and [C4C1Im]I (see Figure 6.3). The color intensity and glass 

coverage of the amorphous film extracted which each (BixSb1-x)2Te3 sample increased 

with higher concentration of bismuth.  

 

Figure 6.2: PXRDs of phase-pure (BixSb1-x)2Te3 (x = 0.25, 0.5, 0.75) nanoparticles. The 

literature data of (Bi0.5Sb0.5)2Te3 (PDF 072-1853) is shown as black vertical bar for 

comparison. [34] The inset image reveals the shift of the highest-intensity refection 

towards smaller angles with increasing bismuth concentration. 
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Previous studies proved that the processing temperature of post-thermal 

treatments may heavily influence the microstructures and transport properties of (BixSb1-

x)2Te3 materials by elimination of crystal defects and modification of the chemical 

composition, grain size, and carrier concentration. [15, 22, 29, 35] In this study, the 

powder XRD measurements confirmed that the alloy samples after thermal annealing 

remained as phase-pure ternary solid solutions of (BixSb1-x)2Te3 (see Figure 6.4). The 

XRD patterns of the annealed samples showed no traces of elemental Bi, Sb, or Te, as 

well as no sign of metal oxide phases which would indicate a risk of oxidation during the 

annealing process. The XRD patterns however exhibited sharpening of the Braggs 

reflexes, suggesting a higher degree of crystallinity after annealing. Narrowing of the 

XRD peaks due to nanoparticle growth was clearly observed after thermal annealing, 

which would evidently lead to an increase in the crystallite size.  

 

 

Figure 6.3: 1H-NMR spectrum of amorphous IL impurities (i.e., [C4mim]3[Bi3I12] in 

DMSO-d6) that were removed from the (BixSb1-x)2Te3 alloy samples by thermal 

annealing at 250 °C for 24 h. As shown in the image above, the IL residues were 

deposited on the cold end of the heated ampoule.  
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The crystallite size represents the size of an average coherent scattering domain 

consisting of a region of perfectly arranged unit cells. Using the Scherrer equation, 

Rietveld refinements were performed on the PXRD patterns whereby the average 

crystallite sizes were determined from the full width at half maximum (FWHM) of the 

most intense diffraction signals. [36] As listed in Table 6.1, the calculated crystallite sizes 

of the (BixSb1-x)2Te3 samples are 47, 22, and 20 nm for x = 0.25, 0.5, and 0.75, 

respectively. Conversely, the crystallite sizes of the annealed (BixSb1-x)2Te3 nanoparticles 

were found roughly 3.5 times larger than the original samples (Table 6.1). The lattice 

parameters (a, b, and V) and decreasing crystallite size order of the annealed samples with 

higher bismuth concentration (x) were found consistent with our previous findings. 

 

Figure 6.4: PXRDs of phase-pure (BixSb1-x)2Te3 (x = 0.25, 0.5, 0.75) nanoparticles after 

annealing at 250 °C for 24 h under high vacuum. The crystalline phases are labelled 

with the respective Miller indices of pure (Bi0.5Sb0.5)2Te3 (PDF 072-1853) shown as 

black bars. [34] 
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Table 6.1: Refined lattice parameters and crystallite sizes of (BixSb1-x)2Te3 nanoparticles. 

The calculated crystallite sizes should be handled with care due to the anisotropic nature 

of the samples. The variable (x) represents the concentration of bismuth dopant. 

To better understand the structural characteristics of the as-synthesized 

nanostructures, we performed high-resolution TEM measurements (HR-TEM) which 

further confirmed the excellent crystallinity and perfect crystal structure of our samples. 

HR-TEM dark field images of the (BixSb1-x)2Te3 nanoparticles in the [110] orientation 

revealed uniform quintuple layers of 1.02-1.05 nm thick, with no sign of additional Bi-

bilayers in the lattice structure (see Figure 6.5). Based on the crystal structure overlays, 

the resulting (BixSb1-x)2Te3 nanoparticles adopt a layered and infinite arrangement of 

quintuple layers (QLs) that are stacked along the c-axis. In each QL, one could observe 

five atomic layers with a Te(1)−Bi/Sb−Te(2)−Bi/Sb−Te(1) stacking sequence that is 

terminated by a Te(1) atomic layer on both sides. The bonding between the Bi/Sb and Te 

atoms inside the quintuple QL are best described as strong covalent and ionic interactions, 

As prepared 

Phase  

x 

 

Lattice 

constant  

a, b [Å] 

Lattice 

constant  

c [Å] 

Unit-cell 

volume 

V [Å3] 

Crystallite 

size  

[nm] 

0.25 4.2931 30.5064 486.9 47 

0.5 4.3204 30.4601 492.4 22 

0.75 4.3491 30.4932 499.3 20 

After annealing 

Phase  

x 

 

Lattice 

constant  

a, b [Å] 

Lattice 

constant  

c [Å] 

Unit cell 

volume 

[Å3] 

Crystallite 

size  

[nm] 

0.25 4.2983 30.5180 488.3 165 

0.5 4.3265 30.4705 494.0 95 

0.75 4.3477 30.4910 498.8 73 
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whereas the interactions among the adjacent QLs consist of weak van der Waals forces. 

[3] The TEM analysis showed that the annealing step does not negatively affect the 

structural properties of the materials, but instead improves the degree of crystallinity. As 

suggested by the ring like patterns, the corresponding selected area electron diffractions 

(SAED) clearly indicate the polycrystalline nature of our samples. 

 

 

 

Figure 6.5: TEM characterization before / after annealing: (a) HAADF STEM images 

of (Bi0.75Sb0.25)2Te3 nanoparticles synthesized by reaction of (Et2Sb)2Te with 

[C4mim]3[Bi3I12] in [C4C1Im]I at 150 °C. (b) Overlay of the model crystal structure of 

(Bi,Sb)2Te3 (purple: Bi/Sb, yellow: Te). (c) Electron diffraction pattern of 

(Bi0.75Sb0.25)2Te3. (d) HAADF STEM images of (Bi0.75Sb0.25)2Te3 nanoparticles after 

annealing. (e) Overlay of the model crystal structure of (Bi,Sb)2Te3 (purple: Bi/Sb, 

yellow: Te). (f) Electron diffraction pattern of (Bi0.75Sb0.25)2Te3 after annealing under 

dynamic vacuum for 24 h C at 250°. 
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Morphology and Composition Analysis 

Morphology analysis by low-magnification bright field TEM revealed (BixSb1-

x)2Te3 nanoparticles of hexagonal plate-like shape which ranged from 30 to 200 nm in 

size and 10 to 20 nm in thickness (see Figure 6.6). In this respect, the large size 

distributions of small spherical particles as well as intergrown plates were likely to occur 

especially in the absence of shape and size-directing capping agents.  

 

 

Figure 6.6: TEM bright field images of (BixSb1-x)2Te3 nanoparticles synthesized by 

reaction of (Et2Sb)2Te with [C4mim]3[Bi3I12] in [C4C1Im]I at 150 °C; (a) x = 0.25, (b) 

x = 0.5; (c) x = 0.75. (d) TEM image of (Bi0.75Sb0.25)2Te3 crystallites at higher 

magnification. 
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Similarly, the SEM measurements of the ternary (BixSb1-x)2Te3 materials showed the 

formation of anisotropic nanoparticles of hexagonal plate-like morphology (see Figure 

6.7). The average edge lengths of the as- prepared materials are 70, 55, and 53 nm for x 

= 0.25, 0.5, and 0.75, respectively. Following the annealing process, the nanoparticles 

have only slightly increased in size with average edge lengths of 97, 87, and 80 nm, for x 

= 0.25, 0.5, and 0.75, respectively. The average particle thickness has also increased from 

16 to 35 nm. The nanoarchitecture of the particles however was still largely preserved 

after annealing.  

 

Figure 6.7: SEM images of (BixSb1-x)2Te3 (x = 0.25, 0.5, 0.75) nanoparticles as 

prepared (a-c) and after annealing (d-f). Scale bar 200 nm. The particle size 

distributions of the as-synthesized and annealed nanoparticles were determined by 

analysis of over 200 particles. 
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To analyze the chemical compositions of our samples, we employed EDX 

spectroscopy on the as-synthesized (BixSb1-x)2Te3 nanoparticle before and after thermal 

annealing. As summarized in Table 6.2, quantification of the EDX spectra within standard 

deviations revealed that the atomic ratios of Bi/Sb:Te are close to the theoretical value of 

40:60. The bismuth to antimony fractions in the sum formula (BixSb1-x)2Te3 could be 

approximated to x = 0.28, 0.51, and 0.65. We did not detect any significant changes in the 

material compositions after annealing, which is consistent with the results obtained from 

PXRD. This indicates that the annealing conditions within the selected temperature range 

are suitable for the purification of our materials.  

Table 6.2: EDX results with the elemental concentrations (at. %) of as prepared and 

annealed (BixSb1-x)2Te3 nanoparticles. Bi/ Sb were determined from the M line series, 

while Te was obtained from L line series. 

 

Finally, the elemental mappings shown in Figure 6.8 suggest that the Bi, Sb, and 

Te atoms are uniformly distributed in the samples. As expected, the color saturation of 

the Sb profile decreased with higher Bi doping while the Te profile remained relatively 

unchanged. Based on the EDX and PXRD analyses, we can conclude that the here-

synthesized ternary alloys series possess high stoichiometry of the desired metal 

compositions. 

 

 

 

 As prepared After annealing 

x Bi (%) Sb (%) Te (%) Bi (%) Sb (%) Te (%) 

0.25 11.0 ± 0.1 28.3 ± 0.3 60.7 ± 0.4 11.0± 0.1 28.8 ± 0.3 60.2 ± 0.3 

0.5 20.3 ± 0.1 19.5 ± 0.2 60.2 ± 0.3 19.9 ± 0.1 19.6 ± 0.4 60.6 ± 0.3 

0.75 25.2 ± 0.3 14.3 ± 0.3 60.5 ± 0.3 25.1 ± 0.2 14.4 ± 0.5 60.5 ± 0.3 
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Figure 6.8: Elemental mappings of (BixSb1-x)2Te3 nanoparticles (x = 0.25, 0.5, 0.75) 

before and after annealing. The analysis shows homogeneous distributions of Bi (red), 

Sb (blue) and Te (green) within each sample. Scale bar is 10 μm. 
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Surface Analysis 

To further confirm the surface purity and surface composition of the (BixSb1-x)2Te3 

nanoparticles, all samples were assessed by X-ray photoelectron spectroscopy (XPS). The 

XPS spectra of the individual elements (i.e., Bi 4f, Sb 3d, Te 3d, C 1s, and I 3d) are 

displayed in Figure 6.9 (a-e) for (Bi0.25Sb0.75)2Te3 and in Figure 6.10 (a-e) for 

(Bi0.75Sb0.25)2Te3. The main binding energies are summarized in Table 6.3 with peaks 

assigned according to reported values. High-resolution scans of the Sb 3d region showed 

peaks at around 529 and 538 eV, which closely correspond to the reported binding 

energies of the Sb 3d5/2 and Sb 3d3/2 signals of Sb2Te3 surfaces, respectively. Likewise, 

the Bi 4f regions exhibited peaks at 158 and 163 eV which correspond to the reported 

values of the Bi 4f7/2 and Bi 4f5/2 binding energies for Bi2Te3. Additionally, the XPS 

signals observed in the Te 3d region at 573 and 583 eV match the binding energies that 

are reported for Te 3d5/2 and Te 3d3/2 peaks of (Bi/Sb)2Te3 species. The XPS spectra 

however revealed small amounts of oxide phase impurities (i.e., Sb2O3) which were only 

detected in the Sb 3d region. Metal-bound oxygen states were not observed in the Bi 4f 

and Te 3d regions, hence excluding the presence of oxidized bismuth or tellurium species. 

The absence of other elements apart from C, O, Bi, Sb, Te, and I, demonstrates the high 

purity of the synthesized materials.  

Table 6.3: XPS peak assignment of the Bi 4f, Sb 3d, and Te 3d regions. The measured 

binding energies are listed for samples of the lowest (x=0.25) and highest (x=0.75) 

bismuth concentration.  

Sample BE (eV) Element Assignment [37] 

(Bi0.25Sb0.75)2Te3 

157.86 Bi 4f Bi metal 

528.98 Sb 3d Sb metal 

530.58 Sb 3d/oxidic Sb-O (Sb2O3) 

572.5 Te 3d Te metal 

(Bi0.75Sb0.25)2Te3 

 

 

 

 

157.88 Bi 4f Bi metal 

529 Sb 3d Sb metal 

530.6 Sb 3d/oxidic Sb-O (Sb2O3) 

572.54 Te 3d Te metal 
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Figure 6.9: High-resolution XPS spectra of Sb 3d, Bi 4f, Te 3d, C1s, and I 3d regions 

of (Bi0.25Sb0.75)2Te3 nanoparticles sample with peak fitting analysis. All peaks were 

corrected by setting the binding energy of the C-C component to 284.4 eV as reference 

peak. 
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Figure 6.10: High-resolution XPS spectra of Sb 3d, Bi 4f, Te 3d, C1s, and I 3d regions 

of (Bi0.75Sb0.25)2Te3 nanoparticles sample with peak fitting analysis. All peaks were 

corrected by setting the binding energy of the C-C component to 284.4 eV as reference 

peak. 
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The surface compositions derived from the XPS data of the synthesized 

nanoparticles before and after annealing are compared in Figure 6.11. The metal ratios 

(Te:Bi:Sb) calculated in atomic percent revealed a slight Te deficit in all samples which 

may be explained from the presence of antimony oxide species and Bi-containing IL 

residues on the particle surface. However, according to our findings, the material surface 

remained almost entirely as rhombohedral (BixSb1-x)2Te3. As previously shown in the 

EDX measurements, the Bi contribution to the metal surface composition increased with 

higher Bi doping levels. The thermal annealing treatment however seemed to modify the 

surface composition in the direction of the desired ratios, likely due to elimination of 

unwanted oxide phases and other impurities.  

With the higher surface sensitivity of XPS, varying amounts of carbon residues 

were detected on all samples. The relative metallic to impurity contents including 

detection of iodine, oxygen, and carbon species are plotted in Figure 6.12. In previous 

experiments, thermal annealing performed under static vacuum of 10-3 mbar at 300 °C 

 

Figure 6.11: Relative contribution of each metal (Bi. Sb, and Te) to the total surface 

composition of the synthesized (BixSb1-x)2Te3 nanoparticles (x = 0.25, 0.5, 0.75) before 

and after annealing. These values were derived from the peak fitting of the XPS data. 
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has reduced the amount of surface carbon in tetradymite-type materials by at least 20%. 

Likewise, thermal annealing performed under dynamic vacuum has further reduced the 

carbon content in the synthesized (BixSb1-x)2Te3 samples. These findings suggest that 

high-vacuum thermal annealing is an effective approach for removing impurity 

contamination off the nanoparticle surfaces. 

6.2.3 Thermoelectric Transport Property Evaluation 

Following the material synthesis and characterization, the (BixSb1-x)2Te3 powder 

samples were consolidated into nanocrystalline bulk pellets for thermoelectric evaluation. 

In order to preserve the high purity and crystalline integrity of the here-synthesized 

nanoparticles, the consolidation procedure was selected and carefully optimized. 

Furthermore, all processing steps and thermoelectric measurements were performed 

under inert gas conditions to avoid the effects of oxygen impurities. These measures 

 

Figure 6.12: Percent content of metal and impurity species detected on the surface of 

the as-prepared and annealed (BixSb1-x)2Te3 nanoparticles (x = 0.25, 0.5, 0.75). These 

values were derived from the peak fitting of the XPS data. 
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would allow us to accurately assess the electrical and thermal behavior of the ternary alloy 

materials based on their intrinsic properties.  

To better understand the influence of the nanoparticle processing on their 

thermoelectric performance, a comparison study was first conducted in which the 

microstructures and carrier parameters of the processed samples were directly compared. 

As study samples, compact bulk pellets from the same batch of (Bi0.75Sb0.25)2Te3 

nanoparticles were generated by two optimized consolidation methods:  

i) The first pellet was prepared using a manual hydraulic press whereby 70 

mg of powder were hot-pressed with 100 MPa which was held at 300 °C 

for 90 minutes.  

ii) The second pellet was sintered by spark plasma sintering (SPS) whereby a 

pressure of 35 MPa was applied for 1 minute at 240 °C. 

The bulk pellets prepared by hot-pressing resulted in a density of 6 gcm-3 (81%), whereas 

SPS processed samples showed lower density of around 5.1 gcm-3 (70%). The obtained 

electrical in-plane conductivities of the two pellets are presented in Figure 6.13 along with 

their respective carrier mobilities and carrier densities. Within this study, variations in 

electrical conductivity would strongly demonstrate the role of the compaction process as 

this electrical parameter is highly sensitive to the quality of the crystalline interfaces and 

grain boundaries, as well as material porosity. Furthermore, the electrical conductivity 

generally depends on the carrier concentration and carrier mobility. According to the Hall 

measurements which were performed at room temperature perpendicular to the pressing 

direction, the hot-pressing procedure resulted in higher charge carrier density (6 x 1019 

cm-3) and improved charge carrier mobility (30 cm2/Vs). As a result, the hot-pressing 

procedure resulted in an electrical conductivity of 254 Scm-1, whereas the SPS-processed 

sample exhibited a lower value of around 50 Scm-1 at room temperature. This suggests 

that hot-pressing encourages the thermal activation of n-type carriers while restricting the 

number of carrier scattering (i.e., defects and pores) in the pellet that would otherwise 

compromise the electrical properties. Based on these experimental results, the optimized 

hot-pressing procedure was therefore selected to consolidate the remaining ternary alloy 

materials into highly dense pellets for further evaluation.  

 

 

https://www.sciencedirect.com/topics/materials-science/carrier-mobility
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The next step was to investigate the effect of material purification by thermal 

annealing on the thermoelectric transport properties. The temperature-dependent Seebeck 

coefficients of the (BixSb1-x)2Te3 (x = 0.25, 0.5, 0.75) alloy series are compared in Figure 

6.14, that is with and without the pre-thermal annealing treatment. In Bi-Sb-Te solid 

solutions, the carrier transport and their respective concentrations are generally dominated 

by antistructure defects, specifically the occupation of Te sites by Bi or Sb atoms which 

lead to extra hole carriers in the structure. The Seebeck coefficient on the other hand is 

tightly related to the carrier concentration, which in turn is extremely sensitive to any 

variations in the chemical composition as this would also lead to fine changes in the 

electronic band structure near the Fermi level. [38] Namely, the presence of more than 

one type of carrier along with strong anisotropic properties may greatly complicate the 

 

Figure 6.13: a) Comparison of the resulting pellet density obtained by hot-pressing vs. 

SPS and b) cross-section SEM image of the sample pellet prepared by hot-press 

revealing high degree of compaction. c) Comparison of temperature dependent 

electrical conductivity of a hot pressed and SPS processed sample of the composition 

(Bi0.75Sb0.25)2Te3. d) Comparison of room temperature charge carrier mobility and 

charge carrier density of a hot pressed and a SPS processed pellet. 
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analysis of the electronic transport properties data, however the here-measured Seebeck 

coefficients were found consistent with the behavior of ternary alloys. With increasing 

amounts of Bi in the material, the thermoelectric transport is expected to become 

increasingly dominated by n-type carriers due to a decrease in hole concentration. 

(Bi0.25Sb0.75)2Te3 possessed a maximum Seebeck value of +176.7 μV/K for which the 

positive sign indicated a majority of hole-type carriers, whereas (Bi0.75Sb0.25)2Te3 showed 

a negative Seebeck value of 101.9 μV/K due to dominant electron carriers. 

Interestingly, (Bi0.5Sb0.5)2Te3 showed the lowest Seebeck coefficients (+51.5 - 

61.7 μV/K) over a large temperature range. In this case, the generation of equal carriers 

of opposite sign in an intrinsically p-type parent material may negatively impact the 

Seebeck coefficient by cancelling each other out. The pre-annealed constituent 

nanoparticles did not alter the Seebeck coefficients of the resulting bulk samples and 

therewith the Fermi level of the materials. This suggests that the here-applied annealing 

treatment is a safe approach for purifying the material surface without compromising the 

desired chemical composition nor the electronic band structure. 

The electrical conductivities of the pre-annealed bulk samples are plotted in Figure 

6.15a in which all alloy compositions showed a gradual increase at higher temperature. 

The highest electrical conductivity values were observed for the (Bi0.75Sb0.25)2Te3 sample 

 

Figure 6.14: Comparison of temperature-dependent Seebeck coefficients of the (BixSb1-

x)2Te3 (x = 0.25, 0.5, 0.75) bulk alloy series obtained by the optimized hot-pressing 

procedure, with and without pre-annealing treatment. 
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reaching a maximum value of 292 S/cm at 240 °C. With Bi as the excess metal component 

(x = 0.75), Sb which in this case acts as dopant increases the electrical conductivity due 

to an inherent widening of the bandgap and a reduction of the number of thermally 

activated minority carriers. [38] As presented in Figure 6.15b, the power factors (PF) 

were calculated by multiplying the square of the Seebeck coefficient with the electrical 

conductivity. From these calculations, the (Bi0.5Sb025)2Te3 bulk sample with equal Bi to 

Sb metal contribution exhibited the lowest power factors due to significantly reduced 

Seebeck coefficient which originally stems from the suboptimal carrier density (i.e., 

reduced hole concentration) of this composition.  

 

Figure 6.15: Comparison of temperature dependent a) electrical conductivity and b) 

power factor of thermally annealed (Bi0.75Sb0.25)2Te3, (Bi0.5Sb0.5)2Te3 and 

(Bi0.25Sb0.75)2Te3 alloys. The electrical properties are reported from RT up to 240 °C. 

300 350 400 450 500 550
50

100

150

200

250

300

 (Bi0.25Sb0.75)2Te3

 (Bi0.5Sb0.5)2Te3

 (Bi0.75Sb0.25)2Te3

Temperature / K

C
o
n
d

u
c
ti
v
it
y
 /
 S

 c
m

-1

300 350 400 450 500 550
0.0

0.1

0.2

0.3

0.4

0.5

0.6  (Bi0.25Sb0.75)2Te3

 (Bi0.5Sb0.5)2Te3

 (Bi0.75Sb0.25)2Te3

P
F

 /
 m

W
 m

-1
 K

-2

Temperature / K

a) 

b) 



Chapter 6 Synthesis and Thermoelectric Characterization of Antimony Bismuth Telluride 

Ternary Alloys 

166 

 

Figure 6.16 compares the in-plane and through-plane thermal conductivities of 

annealed nanoparticle alloys of the composition (Bi0.25Sb0.75)2Te3 and (Bi0.75Sb0.25)2Te3. 

The reference data of single crystal materials of similar compositions is added in Figure 

6.16a for comparison. Here, the increase in thermal conductivity with respect to lower Bi 

content is consistent with the literature reports. [14, 39] Furthermore, the results 

demonstrate a clear relation between the thermal conductivity and the grain size of the 

alloy material. Based on the XRD analysis, as the average crystallite size of the 

nanoparticles decreased with higher amounts of Bi in the material composition, the 

number of grain boundaries in the corresponding pellet sample is also expected to increase 

accordingly. In this case, a higher number of grain boundaries resulting from smaller sized 

(Bi0.75Sb0.25)2Te3 crystallites inevitably increases the scattering of phonons, thereby 

reducing the thermal conductivity in comparison to larger (Bi0.25Sb0.75)2Te3 crystallites.  

 

Figure 6.16. Temperature-dependent a) in-plane and b) through-plane thermal 

conductivity of (Bi0.25Sb0.75)2Te3 and (Bi0.75Sb0.25)2Te3 prepared by the optimized hot-

pressing with additional annealing step. Single crystal data is added for reference. [39] 
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For both samples however, the thermal conductivities measured in the through-

plane direction of the pellets (0.59 W/mK at room temperature) were significantly reduced 

compared to the in-plane measurements (2.27 W/mK at room temperature). The 

anisotropic behaviour in the thermal transport of the alloy pellets was also observed in the 

compacted Bi2Te3 and Bi2Se3 nanoparticles that were synthetized in this thesis work. 

These findings indicate that the nanoparticles align with a preferred orientation of the 

crystallographic ab-plane along the in-plane direction of the pellets. [31] 

 The here-measured values were lower than the thermal conductivity of single 

crystalline reference materials, yet higher than those reported for nanocrystalline bulk 

alloys obtained via other processes. [14] For instance, a ball-milled (Bi0.7Sb0.3)2Te3 alloy 

sample that was consolidated by SPS demonstrated in-plane thermal conductivity of 

around 1.3 W m-1K-1. [35] More recently, Hamawandi et al. reported on the microwave 

assisted solution-synthesis of (BixSb1-x)2Te3 nanoparticles of which the corresponding 

pellets prepared by SPS processing exhibited thermal conductivity values of below 1 

W/mK at room temperature for a composition of (Bi0.25Sb0.75)2Te3. [38] This comparison 

shows that the thermal transport properties are not mainly defined by the chemical 

composition of the product, but rather by the sum of the synthetic details such as the used 

additives, as well as the processing details such as the compaction method. In chapter 5 

of this thesis, we have discussed the high purity of compacted Bi2Te3 and Bi2Se3 

nanoparticles which have led to exceptionally high thermal conductivities that are 

relatively close to single crystal values or even ab-initio calculations for bulk materials. 

Likewise, the here-synthesized alloy nanoparticles are consistent with these findings. In 

contrast, the often-reported low thermal conductivity of samples prepared by physical 

methods such as ball milling followed by rapid compaction stems from the morphological 

peculiarities like point defects or dislocations rather than the chemical composition or the 

nanostructural characteristics.  

Based on the transport parameters summarized in Table 6.4, the resulting figure-

of-merit of the nanostructured alloy series ranged from zT=0.06 to zT=0.15 at 300 K with 

respect to the in-plane direction. Due to high thermal conductivity, the zT values of the 

here-synthesized alloy nanoparticles cannot compete with current thermoelectric 

materials of nominally identical composition. However, the extraordinary high purity and 

crystalline integrity of the nanoparticles provided an ideal model system for studying the 

influence of the chemical composition and nanostructure on the transport properties.  
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Table 6.4: Summary of the transport parameters for nanostructured (BixSb1-x)2Te3 bulk 

alloys of different chemical compositions, with and without pre-annealing treatment. The 

transport properties including electrical conductivity σ, thermal conductivity κ, Seebeck 

coefficient α, and power factor PF are reported near room temperature measurements. 

6.3 Summary 

In conclusion, we successfully synthesized ternary solid solutions of phase-pure 

(BixSb1-x)2Te3 nanoparticles by reaction of the SSP (Et2Sb)2Te with various amounts of 

[C4mim]3[Bi3I12] in [C4mim]I. As proven by the here-used characterization methods, our 

surfactant-free ionic liquid-based approach proved to be an effective synthetic strategy 

for achieving highly stoichiometric tetradymite-type material of precise chemical 

composition and defined defect concentration. Further compositional and structural 

analyses revealed that the thermal annealing of the nanoparticles does not compromise 

the chemical composition of the native alloys, but instead improves the purity and quality 

of our materials by removing IL contaminations and other existing carbon impurities. 

Finally, thermoelectric transport properties were closely evaluated based on the respective 

consolidation method, different alloy compositions, and pre-annealing material treatment. 

This study provided us with a better understanding of how the here-applied structural and 

compositional changes interrelate with the carrier type, carrier mobility, and thermal 

transport.  

Sample 
n 

(cm -3) 

μ  

(cm2/Vs) 

κ 

(W/mK) 

α 

(μV/K) 

σ 

(S/cm) 

PF 

(mW/mK2) 

(Bi0.25Sb0.75)2Te3 - - 2.72 170.7 317.7 0.93 

(Bi0.25Sb0.75)2Te3-

annealed 

5.55E+19 28.5 2.54 184.1 136.3 0.46 

(Bi0.5Sb0.5)2Te3 - - 2.95 62.3 104.1 0.04 

(Bi0.5Sb0.5)2Te3-

annealed 

5.34E+19 11.6 2.64 60.7 109.6 0.04 

(Bi0.75Sb0.25)2Te3 - - 2.58 -96.6 179.2 0.17 

(Bi0.75Sb0.25)2Te3-

annealed 

6.0E+19 30 2.27 -112.2 226.8 0.29 
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EXPERIMENTAL SECTION 

7.1 Synthesis Overview 

Due to high sensitivity towards oxidation and hydrolysis, many of the here-used 

precursors were synthesized in the absence of oxygen and water. For this purpose, all 

preparative work including synthetic reactions, post-treatments, sample pressing, and 

electrical contacting were performed under inert conditions (Ar atmosphere) using 

standard Schlenk techniques or in a glovebox (from GS Glovebox Systemtechnik). Prior 

to use, the argon (5.0, Air Liquide) was passed through an in-house drying system 

consisting of phosphorus pentoxide, molecular sieves (4 Å), and a BTS catalyst (from 

BASF). N-pentane, n-hexane, toluene, and Et2O solvents were dried in the MB-SPS-800 

drying system (from MBraun). Other solvents were dried using the proper drying agent 

such as CaH2, Mg, Na, K or a Na/K alloy, followed by distillation. Solvents which were 

used in combination with hygroscopic and oxygen-sensitive substances were degassed 

and stored over molecular sieves under inert gas. The water values of the dried solvents 

were regularly checked with a Karl Fischer titration device (from Mettler-Toledo).  

All glass appliances were cleaned in a KOH/isopropanol bath, followed by a dilute 

HCl bath. The glass parts were dried at 140 °C for at least 24 h., after which they were 

directly retrieved from the oven to be assembled into the designated reaction apparatus. 

To remove all traces of water condensation off the glass walls, the glass apparatuses were 

evacuated (1x10-3 mbar) while heated with a hot air gun or gas burner, followed by 

cooling under constant argon flow. Prior to exposing the reaction vessel to the Schlenk 

system, the rubber connecting tubes were evacuated and refilled in alternating cycles. 

Liquid reagents were transferred to the Schlenk flasks through a septum using disposable 

syringes or by cannula transfer (Teflon or metal cannulas), while solid reagents were 

transferred into the vessel inside the glovebox. Filtrations processes were carried out 

under argon using reverse frits of fine porosity, or by pressure transfer using Teflon 

cannulas equipped with dried Whatman filters. All synthetized ionic liquids were 

degassed and dried on a turbo pump before being stored in a glove box (H2O, O2 <0.1 

ppm). The residual water content was checked by a Karl Fischer titration prior to use. 

Microwave-assisted reactions were performed in a CEM Discover microwave oven (2.45 

GHz, 300 W) for which the pressure and temperature parameters were controlled by a 

computer software program.  
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7.1.1 Ionic Liquids 

Synthesis of 1-butyl-3-methylimidazolium bromide 

 

In a 200 ml round bottom flask, 12.33 g (150 mmol) of 1-N-methylimidazole and 

15.36 g of 1-bromobutane (112 mmol) were dissolved in 80 mL of dry acetonitrile. The 

solution was stirred at 60 °C for 5 d, whereby the solvent was subsequently removed in 

vacuo. The crude product was recrystallized by adding the substance dropwise to 150 ml 

of purified ethyl acetate at 0 °C. The solvent was then removed by cannula transfer, while 

the resulting white solid was dried under vacuum (1x10-3 mbar) at RT for 12 h to remove 

all volatiles. The product was dried once more in a molecular-turbo pump under high 

vacuum conditions (1x10-6 mbar) at 50 °C for 48 h. C4mimBr was collected as a white 

crystalline solid in 81.6% yield (20.1 g).  

1H-NMR δ in ppm (300 MHz, DMSO-d6): 9.01 (s, 1H), 7.74 (s, 1H), 7.57 (s, 1H), 4.07 

(t, 2H), 3.81 (s, 3H), 1.88-1.64 (m, 2H), 1.33-1.17 (m, 2H), 0.90 (t, 3H). 

Synthesis of 1-butyl-3-methylimidazolium iodide 

 

60 ml (750 mmol) of 1-N-methylimidazole were dissolved in 300 mL of dry 

acetonitrile in a darkened 1 L Schlenk flask. The solution was stirred under argon and 

cooled to 0 °C in an ice bath whereby 85 ml (750 mmol) of 1-iodobutane were slowly 

added. The solution was stirred at 0 °C for 1 h, and then at RT for 24 h. The solvent was 

then removed in vacuo. The crude product was washed and extracted repeatedly with 
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purified and dried ethyl acetate. The purified product was dried in vacuum at 1x10-3 mbar 

for 3 d, and subsequently dried under high vacuum at 1x10-6 mbar for 5 d. C4mimI was 

collected as a pale-yellow oily liquid in 80 % yield (160 g).  

1H-NMR δ in ppm (300 MHz, DMSO-d6): 9.14 (s, 1H), 7.76 (dt, 2H), 7.61 (s, 1H), 4.19 

(t, 2H), 3.88 (s, 3H), 1.79 (dt, 2H), 1.29 (m, 2H), 0.93 (t, 3H). 

13C-NMR δ in ppm (75 MHz, DMSO-d6): 136.18 (s), 123.20 (s), 121.96 (s), 48.29 (s), 

35.94 (s), 31.11 (s), 18.48 (s), 13.08 (s). 

7.1.2 Precursors 

Synthesis of bismuth triiodide 

 

12.4 g (60 mmol) of bismuth powder and 22.8 g (180 mmol) of iodine flakes stored 

under protective gas were transferred together in a glass ampoule which was sealed under 

vacuum. The solids were heated in a tube furnace according to the following heating 

parameters: 

Step 1- Heating mode from RT to 250 °C at heating rate of 25 °C/h 

Step 2- Temperature held at 250 °C with holding time of 36 h 

Step 3 - Heating mode from 250 to 450 °C at heating rate of 25 °C/h 

Step 4- Temperature held at 450 °C with holding time of 50 h 

Step 5- Cooling mode from 450 to 25 °C at cooling rate of 25 °C/h 

BiI3 was collected as purple metallic plate-like crystals. Yield: 34 g (95 % of the 

theoretical yield). 

EDX: 24.6 at. % Bi, 75.4 at. % I 
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Synthesis of 1-butyl-3-methylimidazolium bismuthtriiodide 

 

In a 500 ml round bottom flask, 9 g (34 mmol) of C4mimI and 16.5 g (28 mmol) 

of BiI3 were added to 300 ml of distilled ethanol. The mixture was stirred under reflux for 

12 h. The resulting orange solid was filtered and washed with cold ethanol, then dried 

under vacuum at 1x10-3 mbar for 3 d, followed by high vacuum drying at 1x10-6 mbar for 

5 d. [C4mimI]3[Bi3I12] was isolated as an orange crystalline solid. Yield: 23 g (95 % of 

the theoretical yield). 

1H-NMR δ in ppm (300 MHz, DMSO-d6):  9.12 (s, 1H), 7.77 (s, 1H), 7.70 (s, 1H), 4.17 

(t, 3JHH = 7.1 Hz, 2H), 3.85 (s, 3H), 1.88 – 1.66 (m, 2H), 1.26 (dq, 3JHH = 14.5 Hz, 3JHH = 

7.2 Hz, 2H), 0.89 (t, 3JHH = 7.3 Hz, 3H). 

13C-NMR δ in ppm (75 MHz, DMSO-d6): 136.39 (s), 123.57 (s), 122.24 (s), 48.50 (s), 

35.85 (s), 31.31 (s), 18.74 (s), 13.27 (s). 

EDX: 20.2 at. % Bi, 79.8 at. % I 

Mp: 98 °C  

Synthesis of triethylstibane 

 

In a 1 L three-necked flask connected with a reflux condenser and a dropping 

funnel, 15 g (617 mmol) of magnesium turnings were stirred in 100 ml of dry ethyl ether 

under protective gas. 53 ml (715 mmol) of bromoethane were slowly added with the 

dropping funnel. The reaction is highly exothermic; hence the mixture was then stirred 
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with a reflux cooler at RT for 6 h. A solution consisting of 47 g (206 mmol) of SbCl3 

dissolved in 80 ml of dried diethyl ether was then slowly added with a dropping funnel. 

The mixture was stirred at RT overnight with constant argon flow. Using Schlenk 

techniques, the resulting solid was filtered off with a reverse frit and washed a few times 

with diethyl ether. The solvent was then removed from the filtrate under reduced pressure 

(200 mbar). The resulting crude product was purified by vacuum distillation under a 

pressure of 14 mbar and a head temperature of 50 °C. The final product was isolated as a 

clear liquid (ρ = 1.32 g/ml). Yield: 33 g (76 % of the theoretical yield). 

1H-NMR δ in ppm (300 MHz, C6D6):  1.29-1.16 (m, 15H). 

13C-NMR δ in ppm (75 MHz, C6D6): 11.87 (s), 5.98 (s). 

Synthesis of tetraethyldistibane 

 

6.9 g (300 mmol) of sodium were placed under protective gas in a 500 ml three-

necked flask with a dropping funnel condenser attached. 250 ml of ammonia were 

condensed at -70 °C into reaction flask forming a blue solution. 31 g (148 mmol) of SbEt3 

were added dropwise to the reaction mixture, which was stirred at -70 °C for 5 h. 12 ml 

(152 mmol) of 1,2-dichloroethane were added dropwise; the mixture was again stirred 

overnight under a light argon flow allowing it to slowly reach room temperature. Once all 

the ammonia was evaporated, the product was isolated from the slurry by vacuum 

distillation at 1x10-3 mbar and a head temperature of 60 °C. Sb2Et4 was isolated as a 

yellow liquid. Yield: 21 g (78 % of the theoretical yield). 

1H-NMR δ in ppm (300 MHz, C6D6):  1.74-1.52 (m, 2H), 1.34 (d, 3H).  

13C-NMR δ in ppm (75 MHz, C6D6): 14.90 (s), 1.18 (s). 
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Synthesis of bis(diethylstibanyl)tellurane (SSP) 

 

10.58 g (83 mmol) of tellurium powder was added to of 20 g (56 mmol) Sb2Et4. 

The reaction was stirred at RT under protective gas and in the exclusion of light for 72 h. 

The suspension was then filtered though a fine PTFE syringe filter (pore size of 0.22 μm) 

to separate the liquid product from the Te excess. All volatiles were removed in vacuo. 

(SbEt2)2Te was obtained as a clear orange-red liquid (ρ = 1.95 g/ml). Yield: 30 g (90 % 

of the theoretical yield). 

1H-NMR δ in ppm (300 MHz, C6D6):  1.84 – 1.72 (m, 4H), 1.65 – 1.54 (m, 4H), 1.31 (t, 

12H). 

13C-NMR δ in ppm (75 MHz, C6D6): 13.68 (s), 7.96-7.64 (m). 

Synthesis of bis(triethylsilyl)telluride - (TES)2Te 

 

A mixture of 23 g (180 mmol) of tellurium powder, 8.2 g (357 mmol) of sodium, 

and 1.86 g (14.5 mmol) of anthracene were stirred in 100 ml of dry 1,2-dimethoxyethane 

at RT under argon for 5 days. While cooling the grey-greenish mixture in an ice bath 

under constant argon flow, 63.3 ml (378 mmol) of Et3SiCl were slowly added with the 

exclusion of light. The reaction mixture was stirred overnight at RT. The product was 

isolated by first removing the solvent under reduced pressure, followed by vacuum 

distillation of the resulting slurry at 1x10-3 mbar with a head temperature of 140 °C. 

(TES)2Te was collected as a clear light brown liquid (ρ = 1.167 g/ml). Yield: 40 g (63 % 

of the theoretical yield). 

1H-NMR δ in ppm (300 MHz, C6D6):  1.05 – 0.99 (t, 3H), 0.88 – 0.79 (q, 2H). 

13C-NMR δ in ppm (75 MHz, C6D6): 9.03 (s), 8.71 (s). 
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Synthesis of bis(triethylsilyl)selenide - (TES)2Se 

 

A mixture of 14.1 g (177 mmol) of tellurium powder, 8.2 g (357 mmol) of sodiu

m, and 1.86 g (14.5 mmol) of anthracene were stirred in 100 ml of dry 1,2-dimethoxyeth

ane at RT under argon for 5 days. While cooling the mixture in an ice bath under constan

t argon flow, 63.3 ml (378 mmol) of Et3SiCl were slowly added with the exclusion of lig

ht. The reaction mixture was stirred overnight at RT. The product was isolated by first re

moving the solvent under reduced pressure, then by vacuum distillation at 1x10-3 mbar w

ith a head temperature of 110 °C. (TES)2Se was collected as a clear colourless to yellow 

liquid (ρ = 1.063 g/ml). Yield: 36 g (65 % of the theoretical yield).  

1H-NMR δ in ppm (300 MHz, C6D6):  1.04 – 0.99 (t, 3H), 0.81 – 0.73 (q, 2H). 

13C-NMR δ in ppm (75 MHz, C6D6): 8.58 (s), 7.97 (s). 

Synthesis of N, N-dimethylpyrrolidinium methylcarbonate  

 

100 ml (960 mmol) of pre-distilled 1-N-methylpyrrolidine and 300 ml (3560 

mmol) of dimethyl carbonate were stirred under reflux in a 500 ml round bottom flask for 

3 d. Upon formation of white precipitate, all volatiles were removed in vacuo. The crude 

product was then dissolved by sonication in dry acetonitrile. Using a dropping funnel, the 

resulting light-brown solution was added dropwise to 800 ml of cold pre-distilled diethyl 

ether. The suspension was continuously stirred under argon as white crystals begin to 

form overnight. With one end of the canula wrapped in Teflon filter, the solvent was 

removed from the flask by canula transfer. The white precipitate was washed with cold 

diethyl ether and dried under vacuum at 1x10-3 mbar for 3 d, followed by high vacuum 
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drying at 1x10-6 mbar for 5 d. [C1C1Pyr]+[MeOCO2]
- was isolated as a white solid. Yield: 

100 g (60 % of the theoretical yield).  

1H-NMR δ in ppm (300 MHz, DMSO-d6):  3.48-3.43 (t, 4H, NCH2), 3.16 (s, 3H, OCH3), 

3.09 (s, 6H, NMe2), 2.09 (br, 4H, CH2). 

Synthesis of N, N-dimethylpyrrolidinium triethylsilyltellurolate  

 

3.0 g (17.1 mmol) of N, N-dimethylpyrrolidinium methyl carbonate were 

dissolved in 20 ml of dry acetonitrile. The solution was then cooled to -20 °C under an Ar 

atmosphere. 6.7 g (18.7 mmol) of (Et3Si)2Te were added dropwise under vigorous stirring 

and with the exclusion of light. The resulting mixture was stirred at room temperature for 

30 min to give a light red-violet solution. All volatiles were removed under vacuum, and 

the remaining substance was thoroughly dried. [C1C1Pyr][TeSiEt3] was isolated as a 

purplish-white solid. Yield: 5.45 g (93 % of the theoretical yield).  

1H NMR (300 MHz, 25 °C, DMSO-d6): δ (ppm) 3.48 (m, 4H), 3.11 (s, 6H), 2.10 (br, 4H), 

0.83 (t, 3JH-H = 6.0 Hz, 9H), 0.51 (q, 3JH-H = 6.0 Hz, 6H). 

13C NMR (75.5 MHz, 25 °C, DMSO-d6): δ (ppm) 64.69 (t, 1JC-N = 1.5 Hz, 2C, NMe2), 

50.93 (t, 1JC-N = 1.9 Hz, 2C, NMe2), 21.31 (2C, CH2), 10.98, 9.49.  

29Si NMR (600 MHz, 25 °C, DMSO-d6): δ = 1.83 (s) ppm.  

125Te NMR (600 MHz, 25 °C, DMSO-d6): δ = - 1344.67 (s) ppm. 

Mp:134.5 °C (10 K/min).  
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Synthesis of N, N-dimethylpyrrolidinium triethylsilylselenolate  

 

3.0 g (17.1 mmol) of N, N-dimethylpyrrolidinium methyl carbonate were 

dissolved in 20 ml of dry acetonitrile. The solution was then cooled to -20 °C under an Ar 

atmosphere. 5.8 g (18.8 mmol) of (Et3Si)2Se were added dropwise under vigorous stirring 

and with the exclusion of light. The resulting mixture was stirred at room temperature for 

30 min to give a light red-violet solution. All volatiles were removed under vacuum, and 

the remaining substance was thoroughly dried. [C1C1Pyr][SeSiEt3] was isolated as a 

yellow-white solid. Yield: 4.53 g (90 % of the theoretical yield).  

1H NMR (300 MHz, 25 °C, DMSO-d6): δ (ppm) 3.49 (m, 4H), 3.12 (s, 6H, NMe2), 2.09 

(br, 4H), 0.84 (t, 9H), 0.38 (q, 6H). 

13C NMR (75.5 MHz, 25 °C, DMSO-d6): δ (ppm) 64.65 (t, 2C, NMe2), 50.88 (t, 2C, 

NMe2), 21.30 (2C, CH2), 10.86, 8.83.  

29Si NMR (600 MHz, 25 °C, DMSO-d6): δ = 12.56 (s) ppm.  

77Se NMR (600 MHz, 25 °C, DMSO-d6): δ = - 539.47 (s) ppm. 

Mp:133.8 °C (10 K/min).  
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7.1.3 Nanoparticles 

Synthesis of Sb2Te3 nanoparticles 

 

In a 10 ml microwave tube, 1.2g g (2.4 mmol) of the SSP (Et2Sb)2Te were added 

to 5 ml of the respective IL C4mimX (X = Br, I). Prior to adding the SSP, solid at room 

temperature IL such as C4mimBr was heated to 90 °C until molten. The resulting emulsion 

was heated with constant stirring in a laboratory microwave oven (Discover, CEM) 

according to the following heating parameters: 

Step 1- 30 s at 100 °C 

Step 2- 5 s at 150 °C 

Step 3 – 5 min at 170 °C 

The heating was performed with a maximum power of 100 W which was reduced 

to a power of 5–12 W once the desired temperature was reached and kept constant. The 

reaction container was cooled with compressed air with a pressure of 100 kPa. The 

resulting colloidal solution was centrifuged at 2500 rpm, washed with 10 mL of dry 

acetonitrile (7×) and dried at ambient temperature under dynamic vacuum. An aliquot was 

transferred to a glass ampoule for thermal annealing at 350 °C for 48 h under dynamic 

vacuum (10-7 mbar). 

 

 

 

 

 



Experimental Section 

183 

 

Synthesis of Bi2Te3 nanoparticles – classical route 

 

In a 30 ml centrifuge vessel, 3.0 g (1.2 mmol) of [C4C1Im]3[Bi3I12] were dissolved 

in 10 ml of [C4C1Im]I with 3 ml of oleylamine by heating at 100 °C under inert conditions. 

1.7 g (4.8 mmol) of (Et3Si)2Te were slowly added to the red solution yielding a black 

suspension which was further stirred at 150 °C for 12 h. The nanoparticles were 

centrifuged at 2500 rpm, washed and decanted several times with 20 ml of dry acetonitrile, 

and once with 20 ml of dry chloroform.  The black solid was dried in vacuum at ambient 

temperature. Yield: 715 mg (65 % of the theoretical yield). 

Synthesis of Bi2Te3 nanoparticles – developed route 

 

3.5 g (1.4 mmol) [C4C1Im]3[Bi3I12] were dissolved in 10 ml of [C4C1Im]I under 

inert conditions. The ionic liquid mixture was stirred at 100 °C for one hour and was then 

cooled to room temperature. 1.9 g (5.6 mol) [C4C1Pyr][TeSiEt3] were added to the 

resulting red solution, yielding a black suspension which was further stirred at 150 °C for 

4 h. A black precipitate was obtained, which was isolated by centrifugation and repeatedly 

washed with 20 ml of dry acetonitrile. The solid was dried in vacuum at ambient 

temperature. An aliquot was thermally treated in a glass ampoule at 300 °C for 24 h under 

dynamic vacuum (10-7 mbar). Yield: 1100 mg (73 % of the theoretical yield). 
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Synthesis of Bi2Se3 nanoparticles – developed route 

 

5.6 g (2.2 mmol) [C4C1Im]3[Bi3I12] were dissolved in 10 ml of [C4C1Im]I under 

inert conditions. The ionic liquid mixture was stirred at 100 °C for one hour and was then 

cooled to room temperature. 2.8 g (9.1 mol) [C4C1Pyr][SeSiEt3] were added to the 

resulting red solution, yielding a black suspension which was further stirred at 150 °C for 

4 h. A black precipitate was obtained, which was isolated by centrifugation and repeatedly 

washed with 20 ml of dry acetonitrile. The solid was dried in vacuum at ambient 

temperature. Yield: 1700 mg (68 % of the theoretical yield). 

Synthesis of (BixSb1-x)2Te3 nanoparticles – ternary alloy series 

 

The corresponding amount (x) of [C4C1Im]3[Bi3I12] was dissolved in 5 mL of 

[C4C1Im]I. The resulting red IL solution was stirred under protective gas at 150 °C. 1028 

μl (4.1 mmol) of (Et2Sb)2Te were added dropwise yielding a black suspension which was 

stirred at 150 °C for 12h. The resulting black precipitate was centrifuged and repeatedly 

washed with 20 mL of dry acetonitrile. The solid product was dried in vacuum at ambient 

temperature. An aliquot was transferred to an ampoule to be annealed at 250 °C for 24 h 

under dynamic vacuum (10-7 mbar). 

 

x m [mg] n [mmol] 

0.25 877 0.34 

0.5 1754 0.68 

0.75 2631 1.02 
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Analytical Methods 

7.1.4 X-ray diffraction 

PXRD patterns were collected on a Bruker D8 Advance powder diffractometer 

using monochromatized Cu Kα radiation (λ=1.5418 Å, 40 kV and 40 mA) and a Si single 

crystal as the sample holder to minimize scattering. The powder samples were re-

dispersed in ethanol on the Si surface and investigated in a 2θ range of 10 to 90° with a 

step size of 0.01° 2θ (counting time 0.6 s). The measurements were conducted under room 

temperature in air. Rietveld refinement was performed with the program package TOPAS 

4.2 (Bruker) to determine the lattice parameters and average crystallite size according to 

the Scherrer equation. Structure models were retrieved from the ICSD database for 

comparison.   

7.1.5 Electron Microscopy 

The particle morphology and elemental composition of the powdered samples 

were analyzed by scanning electron microscopy (SEM) using Apreo S Lovac microscopes 

equipped with a Bruker Quantax 400 units (EDX). The powder samples were transferred 

onto the sample holder using conductive carbon tape. TEM studies were in part carried 

out on a Jeol JEM 2200fs microscope equipped with probe-side Cs-corrector operated at 

200kV acceleration voltage. The samples were prepared by drop-casting ethanol-

dispersed nanoparticles onto TEM copper grids. High-resolution transmission electron 

microscopy (HRTEM) was conducted on a double-aberration-corrected FEI Titan3 

80-300 microscope operated at 300 kV to examine crystal defects, lattice fringes, 

crystallite size, and growth orientation. 

7.1.6 X-ray Photoelectron Spectroscopy 

The XPS measurements were done at a VersaProbe II by Ulvac-Phi. 

Monochromatic Al-Kα light with hν = 1486.6 eV was used and the electron emission 

angle was 45°. To avoid surface oxidation prior to measurement, the powdered samples 

were transferred to the measuring device using an air-tight vacuum transfer vessel. All 

spectra were referenced to the position of the main carbon peak at 284.8 eV binding 

energy. Analysis of the XPS data was carried out using the commercial Casa XPS 2.3.15 

software package.  
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7.1.7 NMR Spectroscopy 

NMR measurements were carried out in highly pure deuterated dimethyl sulfoxide 

(DMSO-d6), deuterated benzene (C6D6), and deuterated chloroform (CDCl3). 
1H (400 

MHz) and 13C{1H} (75.5 MHz) NMR spectra (δ in ppm) were recorded using a Bruker 

AVNEO 400 MHz spectrometer. Chemical shifts δ in ppm in the 1H and 13C spectra were 

referenced to residual signal of internal DMSO-d6 (
1H: δ = 2.50; 13C: δ = 39.52).  

7.2 Sample Compaction 

Macroscopic bulk pellets were prepared by compacting 0.07 g of nanoparticles 

using a manual hydraulic press (Specac Atlas) and a custom-made heating mantle 

equipped with a PID temperature control. The powdered samples were hot-pressed for 90 

minutes at a holding temperature of 300 °C with a pressure of 2 kN, followed by a cooling 

period of 2 h. The hot-pressing tool was incorporated into a glovebox system to avoid 

surface oxidation. To avoid contamination from sample to sample during the compaction 

procedure, the nanoparticles were covered from both sides with tungsten foils. The 

resulting pellets measured 5 mm in diameter and approximately 0.5 mm in thickness. The 

density of the pellets was determined geometrically. For comparison, several pellets were 

prepared by a spark plasma sintering procedure using the SPS 210-Gx (AGUS). For 

sintering, a pressure of 35 MPa was applied for 1 minute at temperature of 240 °C.  

7.3 Transport Characterization  

The thermoelectric properties of the compacted bulk pellets were measured from 

room temperature up to 240 °C. For electrical DC measurements, the pellets were 

contacted by soldering with a low melting point indium-tin eutectic alloy. Indium-tin was 

mechanically soldered on gold contact paths of a glass substrate prepared by 

photolithography. The other contacting approach consisted of directly contacting the 

pellet to a puck via four metallic tungsten contact probes. The Seebeck coefficient and the 

electrical conductivity were measured perpendicular to the pressing direction using a 

commercial ZEM-3 system (Ulvac Technologies, Inc.)  (Linseis LSR-3). The thermal 

diffusivity of the same pellet was measured along and perpendicular to the pressing 

direction by a Laserflash LFA 457 system (Netzsch). Thermal conductivity was 

calculated from the diffusivity data with the relation κ = D ρ cp where D is the thermal 

diffusivity, ρ the density, and cp the heat capacity. The electrical transport properties (i.e., 
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carrier concentration, carrier mobility) were characterized in a Physical Property 

Measurement System (PPMS) of the DynaCool series from Quantum Design between a 

temperature of 1.8 K and 300 K  K and a magnetic field 𝐵 of up to ±9 𝑇.  

7.4 List of Chemicals 

Chemicals Purity Supplier 

Acetonitrile p.a. grade Fisher Scientific 

 99.9+%, Extra Dry Acros Organics 

Ammonia 99,999 Vol. % Air Liquide 

Anthracene 99 % abcr 

Antimony trichloride 99 % abcr 

Bismuth powder 99 % Sigma-Aldrich 

Bromobutane 98 % abcr 

Chloroform 99 % Fisher Scientific 

1-Chlorobutane 99 % abcr 

1,2-Dichlorethane 99 % Sigma-Aldrich 

Dichloromethane p.a. grade Fisher Scientific 

 99,9 % Acros Organics 

Diethyl ether p.a. dry Fisher Scientific 

Ethanol p.a. Fisher Scientific 

Iodine 98 %, resublimed Sigma-Aldrich 

1-Iodobutane 98 % abcr 

Magnesium turnings 99 % Merck 

1-Methylimidazole 99 % Sigma-Aldrich 

1-Methypyrrolidin 98 % Sigma-Aldrich 

Sodium 99 % Merck 

Oleylamine 98 % Sigma-Aldrich 

n-Pentane p.a., dry Fisher Scientific 

Selenium powder 99 % Sigma-Aldrich 

Tellurium powder 99,8 % abcr 

Tetrahydrofurane p.a., dry Fisher Scientific 

Triethylsilylchloride 98 % abcr 
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List of Devices 

 

  

Procedure and Characterization Device 

DSC Netzsch DSC 204 

DTA/TGA Mettler-Toledo DSC Star1 system 

Electrical conductivity measurements Linseis LSR-3 

Crystal structure determination Bruker D8 KAPPA APEX II 

IR Alpha-T FT-IR 

Hall measurements Quantum Design Versalab 

Magnetic resistance measurements Quantum Design DynaCool PPMS 

Microwave oven CEM Discover Synthesis Microwave 

NMR Bruker AVNEO 400 MHz spectrometer 

PXRD  Bruker D8 Advance diffractometer  

Manual hydraulic press Specac Atlas  

SEM/EDX  Apreo S Lovac 

Seebeck coefficient determination Linseis LSR-3 

TEM JEOL JEM-2200fs  

Temperature-dependent resistance  QuantumDesign DynaCool PPMS 

Thermal conductivity measurements  Linseis LFA 

THz spectroscopy THz time-domain system in reflection 

geometry 

Tube furnace HERAEUS 

XPS Ulvac-Phi Versaprobe II 
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7.5 NMR Spectra 

 

Figure S1: 1H-NMR spectrum of [C4C1Im]I in DMSO-d6.  

 

 

 

Figure S2: 13C-NMR spectrum of [C4C1Im]I in DMSO-d6.  
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Figure S3: 1H-NMR spectrum of [C4C1Im]3[Bi3I12] in DMSO-d6.  

 

  

Figure S4: 13C-NMR spectrum of [C4C1Im]3[Bi3I12] in DMSO-d6.  
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Figure S5: 1H-NMR spectrum of SbEt3 in C6D6.  

 

 

Figure S6: 13C-NMR spectrum of SbEt3 in C6D6. 
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Figure S7: 1H-NMR spectrum of Sb2Et4 in C6D6.  

 

Figure S8: 13C-NMR spectrum of Sb2Et4 in C6D6. 
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Figure S9: 1H-NMR spectrum of (Et2Sb)2Te (SSP) in C6D6.  

 

Figure S10: 13C-NMR spectrum of (Et2Sb)2Te (SSP) in C6D6. 
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Figure S11: 1H-NMR spectrum of (Et3Si)2Te in C6D6.  

 

 

Figure S12: 13C-NMR spectrum of (Et3Si)2Te in C6D6. 
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Figure S13: 1H-NMR spectrum of (Et3Si)2Se in C6D6.  

 

 

Figure S14: 13C-NMR spectrum of (Et3Si)2Se in C6D6. 
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Figure S15: 1H-NMR spectrum of [C1C1Pyr][TeSiEt3] in DMSO-d6. 

 

 

Figure S16: 13C-NMR spectrum of [C1C1Pyr][TeSiEt3] in DMSO-d6. 
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Figure S17: 29Si-NMR spectrum of [C1C1Pyr][TeSiEt3] in DMSO-d6. 

 

 

 

 

 

 

Figure S18: 125Te-NMR spectrum of [C1C1Pyr][TeSiEt3] in DMSO-d6. 
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 Figure S19: 1H-NMR spectrum of [C1C1Pyr][SeSiEt3] in DMSO-d6. 

 

 

Figure S20: 13C-NMR spectrum of [C1C1Pyr][SeSiEt3] in DMSO-d6. 
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Figure S21: 29Si-NMR spectrum of [C1C1Pyr][SeSiEt3] in DMSO-d6. 

 

Figure S22: 77Se-NMR spectrum of [C1C1Pyr][SeSiEt3] in DMSO-d6. 
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7.6 DSC 

 

Figure S23: DSC curve of [C1C1Pyr][TeSiEt3]. 

 

 

 

 

 
Figure S24: DSC curve of [C1C1Pyr][SeSiEt3]. 
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7.7 EDX Spectra 

 

Figure S25: EDX spectrum of Sb2Te3 nanoparticles synthesized by microwave thermolysis 

of (Et2Sb)2Te in C4mimBr.  

 

 

 

Figure S26: EDX spectrum of Te-rich Bi2Te3 nanoparticles synthesized by classical 

approach.  
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Figure S27: EDX spectrum of stoichiometric Bi2Te3 nanoparticles synthesized by new 

approach.  

 

 

 

Figure S28: EDX spectrum of stoichiometric Bi2Se3 nanoparticles synthesized by new 

approach.  
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Figure S29: EDX spectra of (BixSb1-x)2Te3 synthesized by reaction of (Et2Sb)2Te with 

[C4mim]3[Bi3I12] in [C4C1Im]I at 150 °C where a) x = 0.25, b) x = 0.5, and c) x = 0.75. 

 

 

 

 

a) 

b) 

c) 
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7.8 PXRD - Rietveld Refinement 

 

Figure S30: PXRDs including Rietveld refinement of a) Bi2Se3 and b) Bi2Te3 powders 

synthesized by reaction of [C1C1Pyr][ESiEt3] (E=Se, Te) with [C4C1Im][Bi3I12] in 

[C4C1Im]I at 150 °C. Bi2Se3 and Bi2Te3 references are shown as green vertical bars

a) 

b) 
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Figure S30: PXRDs including Rietveld refinement of (BixSb1-x)2Te3 powders (x = 0.25, 

0.5, 0.75) synthesized by reaction of (Et2Sb)2Te with [C4mim]3[Bi3I12] in [C4C1Im]I at 150 

°C and measured as prepared (a-c) and after annealing (d-f). 
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7.9 Crystallographic Data 

 

Figure S31: Crystal structure of [C1C1Pyr][SeSiEt3]. 

 

Comments 

Treatment of hydrogen atoms 

Riding model on idealized geometries with the 1.2-fold isotropic displacement 

parameters of the equivalent Uij of the corresponding carbon atom. The methyl groups 

are idealized with tetrahedral angles in a combined rotating and rigid group refinement 

with the 1.5-fold isotropic displacement parameters of the equivalent Uij of the 

corresponding carbon atom. 

Twinning 

Refined as a 2-component twin against HKLF5 data. 
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Table 1: Crystal data and structure refinement for ss 002 tw5. 
 

Identification code ss 002 tw5 
 

Empirical Formula C12 H29 N Se Si 
Formula weight 294.41 Da 

Density (calculated) 1.242 g cm−
3 

F (000) 2496 

Temperature 100(2) K 

Crystal size 0.174 0.156 0.063 mm 

Crystal appearance colourless tablet 

Wavelength (CuKα) 1.54178 ̊A 

Crystal system Monoclinic 

Space group P 21/n 

Unit cell dimensions a = 23.4988(16) ̊A b 

= 10.7099(8) ̊A c = 

27.3209(18) ̊A 
α = 90◦ 

β = 113.6800(17)◦ 
γ = 90◦ 

Unit cell volume 6296.9(8) ̊A3 

Z 16 

Cell measurement refections used 9774 

θ range for cell measurement 3.53◦  to 80.64◦ 

Diffractometer used for measurement Bruker D8 Venture (Photon II detector) 

Diffractometer control software Bruker APEX3(v2017.3-0) 

Measurement method Data collection strategy APEX 3/Queen 

θ range for data collection 3.202◦ to 80.951◦ 

Completeness to θ = 67.679◦ (to θmax) 99.7% (96.6%) 

Index ranges 29    h    27 

0    k    13 

0    l    34 

Computing data reduction Bruker APEX3(v2017.3-0) 
Absorption correction Semi-empirical from equivalents 

Absorption coefficient 3.746 mm−
1 

Absorption correction computing TWINABS 

Max./min. transmission 0.75/0.47 

Rmerg before/after correction 0.0970/0.0686 and 0.0989/0.0681 

Computing structure solution Bruker APEX3(v2017.3-0) 

Computing structure refinement SHELXL-2017/1 (Sheldrick, 2017) 
Refinement method Full-matrix least-squares on F 2 

Reflections collected 96691 

Independent reflections 13737 (Rint = 0.0656) 

Reflections with I > 2σ(I) 12663 
Data / retraints / parameter 13737 / 0 / 562 

Goodness-of-fit on F 2 1.068 

Weighting details w = 1/[σ2(F 2) + (0.0466P )2 + 15.4498P ] 

where P = (F 2 + 2F 2)/3 
o c 

R indices [I > 2σ(I)] R1 = 0.0452 

wR2 = 0.1180 

R indices [all data] R1 = 0.0516 
wR2 = 0.1251 

Largest diff.  peak and hole 0.760 and −0.697 ̊A−
3 
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Table 2: Atom coordinates (×104) and equivalent isotropic dis- 
placement parameters (×103) for ss 002 tw5. U eq is defined as 
one third of the trace of the orthogonalised Uij tensor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C35 5086(2) 1070(5) 4307(2) 30(1) 
C45 5289(3) 1519(5) 4890(2) 36(1) 
C55 5950(2) 2891(4) 4104(2) 27(1) 
C65 5443(2) 3875(4) 3842(2) 32(1) 
Se16 2160(1) 5850(1) 6851(1) 17(1) 
Si16 1762(1) 6795(1) 6058(1) 17(1) 
C16 1478(2) 8453(4) 6073(2) 21(1) 
C26 1965(2) 9439(4) 6349(2) 26(1) 
C36 1064(2) 5947(4) 5565(2) 26(1) 
C46 1197(3) 4651(5) 5398(2) 37(1) 
C56 2372(2) 6885(4) 5774(2) 26(1) 
C66 2156(2) 7462(5) 5211(2) 32(1) 
Se17 304(1) 415(1) 3177(1) 18(1) 
Si17 559(1) 1037(1) 4016(1) 18(1) 
C17 1429(2) 891(5) 4417(2) 31(1) 
C27 1657(3) 1227(5) 5010(2) 43(1) 
C37 325(2) 2704(4) 4066(2) 26(1) 
C47 652(2) 3718(4) 3872(2) 33(1) 

 x y z Ueq 

N11 6091(2) 2492(3) 2323(1) 16(1) 
C21 6265(2) 3243(4) 1938(2) 21(1) 
C31 6157(2) 2349(4) 1472(2) 25(1) 
C41 5666(2) 1405(4) 1483(2) 23(1) 
C51 5510(2) 1831(4) 1951(2) 21(1) 
C61 6590(2) 1564(4) 2619(2) 20(1) 
C71 5979(2) 3302(4) 2719(2) 21(1) 
N12 6300(2) 7453(3) 2760(1) 16(1) 
C12 6840(2) 8172(4) 3156(2) 23(1) 
C22 7135(2) 7278(5) 3622(2) 28(1) 
C32 6608(2) 6397(4) 3602(2) 27(1) 
C42 6038(2) 6826(4) 3116(2) 22(1) 
C52 6522(2) 6512(4) 2470(2) 20(1) 
C62 5834(2) 8277(4) 2358(2) 22(1) 
N13 3811(2) 7070(3) 2724(1) 21(1) 
C13 4357(2) 6349(4) 3111(2) 25(1) 
C23 4650(2) 7227(5) 3583(2) 28(1) 
C33 4110(2) 8070(5) 3574(2) 29(1) 
C43 3548(2) 7639(4) 3092(2) 26(1) 
C53 4012(2) 8053(4) 2439(2) 26(1) 
C63 3344(2) 6243(4) 2319(2) 24(1) 
N14 3605(2) 2070(3) 2243(1) 20(1) 
C14 3006(2) 2626(4) 1861(2) 26(1) 
C24 3140(2) 3010(5) 1377(2) 32(1) 
C34 3665(2) 2135(5) 1394(2) 31(1) 
C44 3806(2) 1305(4) 1878(2) 24(1) 
C54 3512(2) 1285(4) 2662(2) 25(1) 
C64 4075(2) 3060(4) 2524(2) 24(1) 
Se15 5315(1) 487(1) 3189(1) 19(1) 
Si15 5691(1) 1211(1) 4024(1) 21(1) 
C15 6405(2) 295(5) 4453(2) 33(1) 
C25 6295(3) −1110(5) 4451(2) 42(1) 
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× Table   3: Anisotropic displacement parameters ( 103)   for 
ss 002 tw5. 

 
 
 

3(2) 
 
 
 
 
 
 
 

 
2(2) 

 

 
2(2) 

 
 
 
 

 
1(2) 

 
1(1) 

 
 
 

 
2(2) 

 
 

 
0(2) 

 
 
 
 

 
1(1) 

 
 
 
 

 
3(2) 

 
 
 
 
 

11(2) 

 
4(2) 

 U11 U22 U33 U23 U13 U12 

N11 
C21 
C31 
C41 
C51 
C61 
C71 
N12 
C12 
C22 
C32 
C42 
C52 
C62 
N13 
C13 
C23 
C33 
C43 
C53 
C63 
N14 
C14 
C24 
C34 
C44 
C54 
C64 
Se15 
Si15 
C15 
C25 
C35 
C45 
C55 
C65 
Se16 
Si16 
C16 
C26 
C36 
C46 
C56 
C66 
Se17 
Si17 
C17 
C27 
C37 
C47 
C57 

17(2) 
23(2) 
28(2) 
25(2) 
16(2) 
20(2) 
29(2) 
18(2) 
21(2) 
25(2) 
37(2) 
24(2) 
25(2) 
22(2) 
21(2) 
22(2) 
23(2) 
39(2) 
30(2) 
30(2) 
23(2) 
20(2) 
20(2) 
26(2) 
30(2) 
26(2) 
30(2) 
25(2) 
23(1) 
24(1) 
35(2) 
46(3) 
38(2) 
55(3) 
26(2) 
36(2) 
18(1) 
17(1) 
23(2) 
31(2) 
26(2) 
53(3) 
26(2) 
38(2) 
21(1) 
21(1) 
21(2) 
44(3) 
32(2) 
38(2) 
33(2) 

11(2) 
20(2) 
26(2) 
17(2) 
19(2) 
12(2) 
12(2) 
13(2) 
23(2) 
29(2) 
24(2) 
26(2) 
16(2) 
21(2) 
23(2) 
25(2) 
30(3) 
27(2) 
27(2) 
22(2) 
24(2) 
19(2) 
23(2) 
41(3) 
38(3) 
18(2) 
23(2) 
19(2) 
17(1) 
20(1) 
28(2) 
42(3) 
32(2) 
32(3) 
24(2) 
17(2) 
15(1) 
17(1) 
20(2) 
21(2) 
24(2) 
28(2) 
28(2) 
33(3) 
17(1) 
18(1) 
41(3) 
38(3) 
21(2) 
26(2) 
30(2) 

18(2) 
20(2) 
25(2) 
23(2) 
23(2) 
24(2) 
21(2) 
16(2) 
23(2) 
22(2) 
18(2) 
22(2) 
21(2) 
22(2) 
20(2) 
26(2) 
26(2) 
25(2) 
26(2) 
28(2) 
23(2) 
22(2) 
31(2) 
25(2) 
27(2) 
28(2) 
26(2) 
26(2) 
17(1) 
17(1) 
28(2) 
26(2) 
24(2) 
31(2) 
31(2) 
45(3) 
17(1) 
16(1) 
20(2) 
28(2) 
21(2) 
26(2) 
24(2) 
29(2) 
15(1) 
16(1) 
27(2) 
30(2) 
24(2) 
38(2) 
27(2) 

−1(1) 

2(2) 
0(2) 
2(2) 
0(2) 
1(2) 
−2(1) 
−3(2) 
−1(2) 

0(2) 
−4(2) 

0(1) 
3(2) 
0(2) 
−2(2) 

−2(2) 

−1(2) 

2(2) 
7(2) 
2(2) 
−3(2) 

1(2) 
−1(1) 
−2(1) 

4(2) 
−4(2) 
−8(2) 
−5(2) 

−4(2) 

0(1) 
4(2) 
3(2) 
0(2) 
−9(2) 

5(2) 
−2(1) 
−2(1) 
−3(2) 
−6(2) 
−4(2) 

−10(2) 

5(1) 
8(2) 

13(2) 
7(2) 
4(2) 
2(2) 

10(2) 
6(1) 
6(2) 
2(2) 
9(2) 

14(2) 
12(2) 
8(2) 

10(1) 
8(2) 
5(2) 
16(2) 
15(2) 
14(2) 
7(2) 
9(1) 
7(2) 
5(2) 

13(2) 
13(2) 
15(2) 
10(2) 
8(1) 
7(1) 
4(2) 
3(2) 
18(2) 
26(2) 
12(2) 
18(2) 
6(1) 
5(1) 
8(2) 

13(2) 
2(2) 
12(2) 
11(2) 
16(2) 
7(1) 
7(1) 
5(2) 
−3(2) 

18(2) 
17(2) 

−1(1) 
−2(2) 

0(2) 
1(2) 
−3(2) 

1(2) 
3(2) 
1(1) 
−6(2) 
−1(2) 
−1(2) 
−3(2) 

−1(2) 

4(2) 
1(1) 
5(2) 
1(2) 
2(2) 
4(2) 
−3(2) 

−2(2) 

0(1) 
3(2) 
0(2) 
0(2) 
0(2) 
−4(2) 

−5(2) 

0(1) 
2(1) 
7(2) 
13(2) 
−2(2) 
−7(2) 
−3(2) 

−1(2) 

0(1) 
1(1) 
6(2) 
4(2) 
−4(2) 

−8(2) 

10(2) 
5(2) 
1(1) 
1(1) 

−4(2) 

1(2) 
4(2) 
−7(2) 
6(2) 
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Table 3: (continued) 
 

U11 U22 U33 U23 U13 U12 

C67 32(2) 23(2) 27(2) 4(2) 11(2) 1(2) 
Se18 27(1) 26(1) 19(1) 3(1) 10(1) 1(1) 
Si18 30(1) 30(1) 21(1) 2(1) 10(1) 3(1) 
C18 38(2) 36(3) 24(2) 3(2) 14(2) 2(2) 
C28 54(3) 38(3) 50(3) 10(2) 29(3) 0(2) 
C38 46(3) 43(3) 37(3) 10(2) 23(2) 16(2) 
C48 82(4) 55(4) 37(3) 4(3) 37(3) 22(3) 
C58 34(3) 43(3) 34(3) 1(2) 4(2) 0(2) 

  C68 52(4) 54(4) 48(3) 1(3) 5(3) −16(3)   
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Table 4:  Bond lengths [Å] for ss 002 tw5. 

 
N11–C71 1.492(5) 
N11–C61 1.501(5) 
N11–C21 1.503(5) 
N11–C51 1.512(5) 
C21–C31 1.532(6) 
C31–C41 1.545(6) 
C41–C51 1.534(6) 
N12–C62 1.489(5) 
N12–C52 1.500(5) 
N12–C42 1.502(5) 
N12–C12 1.508(5) 
C12–C22 1.520(6) 
C22–C32 1.541(6) 
C32–C42 1.530(6) 
N13–C53 1.495(5) 
N13–C63 1.497(5) 
N13–C43 1.504(5) 
N13–C13 1.507(5) 
C13–C23 1.520(6) 
C23–C33 1.550(6) 
C33–C43 1.514(6) 
N14–C14 1.500(5) 
N14–C64 1.501(5) 
N14–C54 1.504(5) 
N14–C44 1.505(5) 
C14–C24 1.532(6) 
C24–C34 1.535(7) 
C34–C44 1.516(6) 
Se15–Si15 2.2269(11) 
Si15–C35 1.877(4) 
Si15–C55 1.883(4) 
Si15–C15 1.891(5) 
C15–C25 1.526(7) 
C35–C45 1.545(6) 
C55–C65 1.536(6) 
Se16–Si16 2.2295(10) 
Si16–C36 1.885(4) 
Si16–C56 1.887(4) 
Si16–C16 1.903(4) 
C16–C26 1.517(6) 
C36–C46 1.533(6) 
C56–C66 1.541(6) 
Se17–Si17 2.2263(10) 
Si17–C57 1.886(5) 
Si17–C37 1.889(4) 
Si17–C17 1.898(5) 
C17–C27 1.530(6) 
C37–C47 1.542(6) 
C57–C67 1.535(6) 
Se18–Si18 2.2286(12) 
Si18–C58 1.881(5) 
Si18–C38 1.895(5) 
Si18–C18 1.901(5) 
C18–C28 1.515(7) 
C38–C48 1.528(7) 
C58–C68 1.534(9) 
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Table 5:  Bond angles [◦] for ss 002 tw5. 

 
C71–N11–C61 108.7(3) 
C71–N11–C21 111.8(3) 
C61–N11–C21 111.1(3) 
C71–N11–C51 112.6(3) 
C61–N11–C51 110.6(3) 
C21–N11–C51 102.0(3) 
N11–C21–C31 104.2(3) 
C21–C31–C41 105.5(3) 
C51–C41–C31 104.7(3) 
N11–C51–C41 104.1(3) 
C62–N12–C52 108.5(3) 
C62–N12–C42 111.9(3) 
C52–N12–C42 111.2(3) 
C62–N12–C12 112.6(3) 
C52–N12–C12 110.5(3) 
C42–N12–C12 102.1(3) 
N12–C12–C22 104.4(3) 
C12–C22–C32 105.5(3) 
C42–C32–C22 104.9(3) 
N12–C42–C32 104.7(3) 
C53–N13–C63 108.7(3) 
C53–N13–C43 111.4(3) 
C63–N13–C43 111.0(3) 
C53–N13–C13 111.5(3) 
C63–N13–C13 112.3(3) 
C43–N13–C13 101.7(3) 
N13–C13–C23 104.2(3) 
C13–C23–C33 104.9(3) 
C43–C33–C23 105.1(4) 
N13–C43–C33 104.8(3) 
C14–N14–C64 111.6(3) 
C14–N14–C54 111.6(3) 
C64–N14–C54 108.0(3) 
C14–N14–C44 102.1(3) 
C64–N14–C44 111.2(3) 
C54–N14–C44 112.3(3) 
N14–C14–C24 104.3(3) 
C14–C24–C34 104.6(4) 
C44–C34–C24 106.0(4) 
N14–C44–C34 104.1(3) 
C35–Si15–C55 107.0(2) 
C35–Si15–C15 109.4(2) 
C55–Si15–C15 105.0(2) 
C35–Si15–Se15 109.83(15) 
C55–Si15–Se15 115.35(14) 
C15–Si15–Se15 110.04(16) 
C25–C15–Si15 113.7(4) 
C45–C35–Si15 115.4(3) 
C65–C55–Si15 116.5(3) 
C36–Si16–C56 108.5(2) 
C36–Si16–C16 104.64(19) 
C56–Si16–C16 107.03(19) 
C36–Si16–Se16 112.38(14) 
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Table 5: (continued) 

 
C56–Si16–Se16 109.37(14) 
C16–Si16–Se16 114.57(13) 
C26–C16–Si16 117.3(3) 
C46–C36–Si16 115.2(3) 
C66–C56–Si16 115.5(3) 
C57–Si17–C37 105.2(2) 
C57–Si17–C17 107.2(2) 
C37–Si17–C17 108.3(2) 
C57–Si17–Se17 112.31(16) 
C37–Si17–Se17 112.98(14) 
C17–Si17–Se17 110.54(15) 
C27–C17–Si17 115.4(3) 
C47–C37–Si17 116.2(3) 
C67–C57–Si17 114.4(3) 
C58–Si18–C38 108.2(3) 
C58–Si18–C18 108.2(2) 
C38–Si18–C18 105.3(2) 
C58–Si18–Se18 111.58(18) 
C38–Si18–Se18 109.22(16) 
C18–Si18–Se18 113.95(15) 
C28–C18–Si18 116.4(3) 
C48–C38–Si18 115.5(4) 
C68–C58–Si18 111.8(4) 
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