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Abstract  
The demand for energy is rapidly increasing, triggering more carbon 

emission and global warming. Alterna?ve green energy sources are 
essen?al to secure the future genera?on from the effect of pollu?on and 
global warming. During the last few decades, thermoelectric (TE) materials 
gained interest, due to their capability of directly interconver?ng between 
heat and power, which can be used to convert waste heat to electricity.  One 
of the strategic TE adapta?on approaches is to develop high efficiency TE 
materials from earth-abundant and non-toxic components. Not only the TE 
materials’ composi?on, but also the synthesis method, has to be 
environment friendly in order to create a green transi?on, with minimum 
adverse environmental impacts. BoEom-up microwave (MW) assisted 
synthesis routes, using water and polyalcohol as green solvents were 
demonstrated feasible to generate binary and ternary composi?ons of Bi2-

xSbxTe3, which were effec?ve in room temperature. A more earth abundant 
and environment friendly material composi?on, copper selenide (Cu2-XSe), 
effec?ve at intermediate temperature regime (200-600 °C), was synthesized 
by MW-assisted thermolysis. The synthesized materials were characterized 
in terms of structure, microstructure, surface chemistry and TE transport 
proper?es, and showed significant improvement of TE performance 
compared to materials synthesized using conven?onal methods - mainly 
aEributed to the preserva?on of nanostructure. Significant results have 
been achieved with improved material characteris?cs, while the ?me and 
the energy investment were substan?ally reduced. The developed 
processes with reduced ?me and carbon footprint offer excellent 
sustainable synthesis routes for large-scale synthesis of high-performance 
nanostructured TE materials as strategic energy materials.  
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Sammanfa4ning 
Egerfrågan på energi ökar snabbt, vilket leder ?ll mer koldioxidutsläpp och 
global uppvärmning. Alterna?va gröna energikällor är nödvändigt för aE 
skydda kommande genera?oner från effekterna av miljöföroreningar och 
global uppvärmning. Under de senaste decennierna har intresset för 
termoelektriska (TE) material ökat på grund av deras förmåga aE direkt 
omvandla spillvärme ?ll elektricitet. En av strategierna för TE-anpassning är 
aE utveckla effek?va TE-material från i jordskorpan vanligt förekommande 
och ogigig föreningar. Inte bara TE-materialens sammansäEning, utan 
också hur de synte?seras, bör vara miljövänligt för aE skapa en grön 
övergång med minimal nega?v miljöpåverkan. Grön mikrovågsassisterad 
boEen upp syntes med vaEen och sockeralkohol som lösningsmedel visades 
vara en möjlig metod för aE generera binära och ternära föreningar av Bi2-

xSbxTe3, vilka är effek?va vid rumstemperatur. Den i jordskorpan vanligt 
förekommande och miljövänliga kemiska föreningen kopparselenid (Cu2-

XSe), vilken är effek?vt vid mellantemperaturer (200-600 °C), har 
synte?seras genom MW-assisterad termolys. De synte?serade materialen 
karakteriserades av deras struktur, mikrostruktur, ytkemi och 
termoelektriska transportegenskaper och visade betydande förbäEringar 
av TE-prestanda jämfört med material synte?serade med konven?onella 
metoder, vilket primärt kan ?llskrivas bevarandet av nanostrukturer. 
Betydande resultat har uppnåEs med överlägsna materialegenskaper, 
sam?digt som ?d och energiåtgång reducerats avsevärt. Den utvecklade 
processen, med minskad ?dsåtgång och koldioxidavtryck, erbjuder hållbara 
syntesvägar för storskalig syntes av effek?va TE-material med 
nanostrukturer för strategiska energimaterial. 
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Chapter 1. IntroducAon 
In the last few decades different technologies and industries have emerged 
with high power demand, which consequently lead to unlimited 
consump?on of energy and earth resources without considera?on for the 
destruc?ve impact on nature and global warming. Most of the energy that 
is consumed cannot be recovered and turns into waste energy [1].  

The world energy consump?on survey shows an increase in fossil fuels 
in the recent years, and a big por?on of this energy is wasted as heat. There 
are numerous global efforts to increase the share of renewable energy 
sources and to reduce the dependence on fossil sources. Figure 1.1 shows 
different energy sources and the ra?o between the renewable and non-
renewable energy sources [2]. 

 
Figure 1.1. Sta1s1cal Review of World Energy Outlook 2020 [2]. 

 

The thermoelectric (TE) power genera?on is renewable energy, it is 
emerging as a green energy source, which may efficiently recover waste 
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heat and convert directly to electrical energy. TE materials are an emerging 
field of research that aims to enhance the TE conversion performance of 
materials for effec?vely harves?ng electrical energy from a wide range of 
waste heat sources with different temperature/energy grades. 

1.1 Nanotechnology and Nanomaterials 

Nanotechnology is the study, explora?on and manipula?on of materials 
with structures less than 100 nm at least in one dimension. One way to 
describe nanostructured materials is by the degrees of freedom of the 
charge carriers. Figure 1.2 shows examples of nanostructured materials. 
Figure 1.2a is a TEM micrograph of silver nanopar?cles coated with silica 
(diameter ca. 50 nm), where the charge carriers are confined in all three 
dimensions -classified as 0D nanomaterial. Figure 1.2b is a SEM micrograph 
of Sb2Te3 nanostructures with hexagonal platelet morphology with c-axis < 
50 nm, where the charge carriers have two degrees of freedom – classified 
as 2D nanomaterial. Figure 1.2c is a SEM micrograph of consolidated Bi2Te3

nanoplatelets, where the charge carriers can freely move from grain to grain 
-classified as bulk nanostructure.

Figure 1.2. a) Silver nanopar1cles coated with silica, b) an1mony telluride (Sb2Te3) 
nanostructures, and c) consolidated Bismuth telluride. 

a 

1µm 2µm 

b c 
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Nanomaterial’s novelty is their high surface to volume ra?o that causes size 
dependent phenomenon, where nanostructured materials reveal different 
energy bands and bandgap compared to the bulk one. As the size of the 
par?cle decreases the band gap increases due the valance and conduc?on 
band shig and rela?vely the band gap shig [3].  

1.2 Thermoelectric Materials 

TE materials can be classified according to their performance (Figure of 
merit - ZT) in a specific temperature range. Figure 1.3 shows examples of TE 
materials with their respec?ve opera?ng temperatures. Binary and ternary 
metal chalcogenides with good TE performance are possible to achieve, 
which are effec?ve at ambient to mid temperature range [4,5]. 

As an example of the metal chalcogenides at room temperature having 
a small band gaps (~0.11-0.17 eV), bismuth telluride (Bi2Te3) and an?mony 
telluride (Sb2Te3) can be listed, which show high performance between 
room temperature -up to 200 °C [4,6,7]. Cu2Se and Cu2S have good 
performances in the mid temperature region (200-600 °C) with their larger 
band gaps ~2.1 eV [5]. Temperatures above 600 °C are classified as high 
temperatures, and TE materials with larger band gaps such as SiGe and 
CaCo4O9 are effec?ve in this region [5,7]. 

 

 
Figure 1.3. Examples of TE materials with their temperature range of opera1on.  

TE materials composed of earth-abundant elements and low-toxicity are of 
great interest, especially if this is combined with high TE performance. The 
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aim of the recent work in TE research has achieved several promising 
compounds that are free from toxic Pb, as an example Cu2S, Cu2Se and other 
compounds [8–16]. Figure 1.4 shows the most common n- and p-type TE 
materials and their respec?ve performances (ZT) as a func?on of 
temperature. 

Figure 1.4. ZT values for the most common n- and p type TE materials with respect 
to their opera1ng temperatures [17]. 

1.2.1 Thermoelectric applica=ons 

The applica?ons of TE devices can be divided into two main groups; cooling, 
and power genera?on applica?ons. TE systems offer several advantages 
over the conven?onal systems, such as having no moving mechanical part 
makes them reliable and quiet. They do not require periodic maintenance 
as ogen as other systems. Precise temperature control and being compact 
are other important features of these device [18]. Due to these advantages, 
many cooling devices found applica?ons in different areas such as domes?c 
and portable refrigerators, beverage coolers, vehicle refrigerators, iceboxes 
etc. There are also medical applica?ons including laboratory and scien?fic 
equipment coolers, electronics and CPU coolers, and industrial temperature 
controls. Examples of power genera?on applica?ons can be found in 
automo?ve sector such as recovery of waste heat from the exhaust to 
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power the air condi?oning system in the car. An everyday example of TE 
power generators is the body heat powered wristwatches [19]. Since the 
main limi?ng factor for TE applica?ons is the conversion efficiency of the TE 
materials, we believe that in upcoming years we will have more daily usage 
of these devices. 

1.2.2 Thermoelectric effect 

Thermoelectricity is the current flow due to the temperature gradient 
across TE materials. The performance of the TE materials can be evaluated 
with the dimensionless figure of merit (ZT) which is defined as the ra?o of 
the power factor to the thermal conduc?vity, mul?plied by the absolute 
temperature. The parameters, which determine the performance of the TE 
materials known as thermoelectric transport proper?es. The ZT value can 
be calculated using the following equa?on: 

𝑍𝑇 = !!"
	$"#"

	𝑇	 (Eq.	1)	

where S$σ is the power factor, S is the Seebeck coefficient, σ is the electrical 
conduc?vity, k!"! is the total thermal conduc?vity, and T is the absolute 
temperature in K.  

Figure 1.5 shows the correla?on of the transport proper?es in TE 
materials, which is important to understand to develop strategies that may 
lead to high ZT values. As for low charge carrier concentra?on, as in 
insulators, the Seebeck coefficient is high and electrical conduc?vity is low. 
Similar inverse trend applies to materials with high carrier concentra?on as 
metals, with high electrical conduc?vity and low Seebeck coefficient. 
Therefore, the high ZT values lies in the semiconductor materials domain 
with carrier concentra?on between 1019 - 1020 cm-3, where the material has 
a high power factor and low thermal conduc?vity at the same ?me. 
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Figure 1.5. The rela1onship between the transport proper1es and carrier 
concentra1on for a given material, where 𝑆 – Seebeck coefficient, 𝜎 – electrical 
conduc1vity, 𝑆!𝜎 – power factor, κ –thermal conduc1vity and ZT is the figure of 
merit [20]. 

1.2.3 Thermoelectric transport coefficients 

Seebeck Coefficient: The TE effect is observed long ?me ago by Thomas 
Seebeck in the early 1800s. As he no?ced if two different metals in contact 
with each other in two different points while these points subjected to 
different temperatures a current is generated; this effect called Seebeck 
effect [21]. 

The demonstra?on of the Seebeck effect illustrated in Figure 1.6, the 
materials A and B connected in two different points, in one of the point Th 

the heat is applied, consequently a voltage is generated called open circuit 
voltage due to the temperature difference in the contact points Th - Tc. The 
same principle used for the thermocouples made from metal – metal alloy. 
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Figure 1.6. Seebeck effect for two materials A and B connected in two points. 

For the physical explana?on of the Seebeck coefficient we consider, non-
degenerate semiconductors Figure 1.7 (a), the current flow near the boEom 
of the conduc?on band and the EF is way below that band, so the Seebeck 
would be a large nega?ve number [22].          

𝑺 = − (	𝑬𝒋$	𝑬𝑭)
𝒒𝑻

																																						(Eq.	2)	

For the degenerate semiconductors where Figure 1.7 (b) where the EF is 
inside the conduc?on band so the E≈Ej difference is close to zero, therefore 
the Seebeck is very small. These condi?ons apply for the metals or heavily 
doped semiconductors.  

           		𝐒 < 𝟎                                             𝐒 ≈ 𝟎                                             𝐒 > 𝟎                 

 
(a)     (b)     (c) 

Figure 1.7. a) Density of state (DoS) for non-degenerate n-type thermoelectric, b) 
DoS for degenerate materials like metals, c) DoS for non-degenerate p-type 
thermoelectric material [22]. 
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The same argument applies for the p-type semiconductor, Figure 1.7 (c), the 
state which carry the current is on the top of the valance band and way 
below the EF and has a posi?ve Seebeck coefficient.    

The value of the Seebeck coefficient depends on the carrier 
concentra?on and the band structure, the Seebeck value decreases with 
increase in the charge carrier concentra?on, therefore, metals have low 
Seebeck coefficients. The rela?onship between the Seebeck and the charge 
carrier concentra?on for highly doped semiconductors or metals are 
represented by equa?on 3 [20]:  

S = 𝑚∗𝑇
)*$+%

$ 	+$	

,-	.$	
	( *
,/
)0/,																												(Eq.	3)	

Lorenz number and the thermal bandgap can be calculated directly from 
the measured Seebeck values for the TE materials [23].  

 

The bandgap of the TE materials related to the maximum Seebeck 
(|𝑺𝒎𝒂𝒙|) can be calculated for certain materials depending on the band 
structure. The thermal bandgap can be calculated from the Goldsmid’s 
approxima?on using equa?on 4  below [24]: 

|𝑺𝒎𝒂𝒙| 		=
𝑬𝒈

𝟐𝒒𝑻𝒎𝒂𝒙
	 									(Eq.	4)	

where q, Smax, and Tmax are the electron charge, the absolute value of the 
maximum Seebeck coefficient, and the temperature where the Smax has 
been obtained. 

There is another thermal effect, which involves reversible cooling or 
hea?ng when there is both a flow of electric current and a temperature 
gradient, this effect is called Thomson effect [25]. Furthermore during the 
current flow a joule hea?ng may occur in the conductors, the amount of 
that hea?ng depends on the current in the system [25]. 



9 

 

As the Pel?er effect is the reverse of the Seebeck effect, both effects are 
related by the Kelvin rela?on defined by the following equa?on: 

π = 	ST																																																					(Eq.	5)	

Furthermore, the Seebeck coefficient is the measure of the open circuit 
voltage 	Voc	across the TE materials when temperature gradient is applied. 
The	Voc	is defined as in equa?on 6; see Figure 1.8. 

 

 
Figure 1.8. The direc1on of the carrier concentra1on for n- and p type TE materials 
under a temperature gradient. 

 

																								V*+ =	−SΔT																																						(Eq.	6)	

									V*+ =	 	V$ − 	V,		,			ΔT = 	 	T$ − 	T,	

A physical explana?on of the n-type Seebeck is when temperature gradient 
imposed across the n-type TE materials, the electron moves from the hot 
side to the cold side and a posi?ve open circuit voltage develops to pull the 
electron back to the hot side and since Voc = -SΔT, the Seebeck coefficient 
for the n-type materials is nega?ve.  Moreover, the same argument applies 
for the p-type TE materials where the Seebeck coefficient is posi?ve [21,22]. 

In a TE device both n- and p-type TE materials are required in order to 
form a complete electrical circuit, the current flow and generate an 
electrical power when TE materials are subjected to a temperature 
gradient. Figure 1.9 demonstrates the n- and p- type legs in a simple TE 
device configura?on during the cooling or power genera?on processes. 
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Figure 1.9. Schema1c view of simple thermoelectric devices in (a) cooling (Pel1er) 
mode, and (b) in power genera1on mode. 

 

Electrical conducEvity: The TE materials with the dominant charge carrier 
(electrons or holes) are essen?al to obtain the n and p type and construct 
the TE device. In the main, ?me both carrier concentra?on and mobility are 
dependent on doping and temperature change. The electrical conduc?vity 
(𝛔) is dependent on the carrier concentra?on (𝐧): 

𝜎 = 𝑛𝑒µ																												(Eq.	7)	

where e is the electron charge, and µ	is the carrier mobility.  

In the semiconductor materials, the Boltzmann equa?on approach in 
electrical transport followed to understand the electrical conduc?vity. 
Assume a semiconductor material with two metal contacts have length L, 
as illustrated in Figure 1.10. By applying a temperature difference (or a 
voltage) on the ends of the device, the Fermi level will be different, and an 
expression will be developed along the TE device (longer than many mean 
free path) to describe the electrical conduc?vity which is derived from the 
Boltzmann transport equa?on for the n type semiconductor (equa?on 8) 
[22].  
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Figure 1.10. A Semiconductor device with two metal contacts under temperature 
gradient (adopted from [22]). 
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. 𝜆3(𝐸). 9−
78
76
: 𝑑𝐸																		(Eq.8)	

              
The electrical conduc?vity σ is a func?on of M(E) the number of the 
available channels for conduc?on (which is the DoS ?mes the mobility) over 
the available energy, the ln(E) is the mean free path of the backscaEering, 

(%&)
%'

 ) is the Fermi window where the conduc?on occurs [26]. 

By plotng the electrical conduc?vity for the n-type semiconductor with 
respect to the Fermi level, when the materials are doped, the Fermi level 
gets closer to the conduc?on band and develop significant conduc?on (see 
Figure 1.11). 

For the anisotropic TE materials like Bi2Te3, the electrical conduc?vity is 
strongly anisotropic; parallel to the perpendicular direc?on are different 
from those in the cleavage planes. 
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Figure 1.11. Seebeck coefficient (S3) and electrical conduc1vity (σ3) for 
degenerate and non-degenerate semiconductor materials [22]. 

The power factor (PF) in TE materials is defined as: 

PF	=	S0σ																															(Eq.	9)	

where	(𝐒)	is the Seebeck coefficient and (𝛔)	is the electrical conduc?vity. 

 

Thermal ConducEvity: The total thermal conduc?vity 𝛋𝐭𝐨𝐭	is a sum of 
electronic thermal conduc?vity -𝛋𝐞, and latce thermal conduc?vity -𝛋𝐥𝐚𝐭𝐭  
(eq. 10) for non-degenerate semiconductor with rela?vely large band gap. 

κ9:9 =	κ; + κ<=99																			(Eq.	10)	

However, for the non-degenerate semiconductor TE materials with small 
band gap an addi?onal term will affect the total thermal conduc?vity (eq. 
11) which is known as ambipolar thermal conduc?vity -𝛋𝐚𝐦𝐛, which occur 
at higher temperature due to the excita?on of the intrinsic charge carriers. 
This term has less effect on the total thermal conduc?vity for bigger band 



13 

 

gap TE materials [27–31]. In more general form, the total thermal 
conduc?vity can be defined as: 

κ010 =	κ2 + κ3400 + κ456											(Eq.	11)	

For the anisotropic materials like Bi2Te3, the latce thermal conduc?vity in 
the a-direc?on is higher than that in the plane of the c-axes by a factor of 
2.1. This would make alignment through the c-direc?on more desirable for 
TE applica?ons [25]. 

The 𝛋𝐞is calculated from the Wiedemann–Franz law (eq. 12). In this law, 
Lorenz number (𝑳˳) describes the rela?onship between the electrical 
conduc?vity and the electronic part of the thermal conduc?vity. 

>.
?
= 𝐿˳𝑇																																										(Eq.	12)	

𝑳˳	 is es?mated to be in the range 1.50–1.90 10−8 WΩK−2 at room 
temperature.  

The 𝑳˳	can be calculated from the Seebeck values (eq. 13) when the band 
structure of the TE materials follow the parabolic band structure. 

L = 1.5 + exp M		̵ |A/|
BBC

O																				(Eq.	13)			 
 

1.3 Strategies to enhance the TE performance 

The applica?on of TE generators in commercial devices is limited due to 
their low conversion efficiencies. However, in the recent years, the 
successful implementa?on of nanomaterials in TE devices resulted in 
improvement of their performances. Before the introduc?on of 
nanomaterials into the TE field, improvement of the efficiency was limited 
due to the rela?onship between the physical proper?es, electrical and 
thermal conduc?vity and the Seebeck coefficient, which ogen counteract – 
in correla?on to the carrier concentra?on. Successful implementa?on of 
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nanostructured TE materials showed the possibility of decoupling the link 
between the physical proper?es of the material, resul?ng in increase in the 
conversion efficiency [18,32].  

High ZT values lead to high conversion efficiencies, which can be 
achieved with high electrical conduc?vity, low thermal conduc?vity 
together with a high Seebeck coefficient. Theore?cally there is no 
fundamental limita?on to ZT, however, based on the use of op?mum values 
for known materials, the highest possible ZT value can be in the range of 2-
4 [32]. In the following sec?ons different approaches to improve ZT of TE 
materials will be discussed [33].  

1.3.1 Phonon scaKering and thermal conduc=vity reduc=on 

In the bulk TE nanomaterials, exists an immense number of interfaces in the 
grain boundaries, which effec?vely would scaEer the phonons, as phonons 
has longer mean free path compared to the mean free path of the electrons 
see Figure 1.12.  

 
Figure 1.12. Boundary sca;ering schema1cally depicted on a TEM micrograph of a 

nanostructured material [34]. 
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Alloying in TE material is another important mode to scaEer the short 
mean free path or high frequency phonons. By embedding nanopar?cles in 
the TE materials, resonance effect would scaEer low frequency phonons. A 
combina?on of different modes, boundary scaEering, par?cle resonance 
and materials alloying would effec?vely scaEer most of the phonons 
effec?vely and drama?cally will reduce the latce thermal conduc?vity, see 
Figure 1.13.  

 

 
Figure 1.13. Phonon sca;ering transport due to different sca;ering modes [34]. 

1.3.2 Strategies to Enhance Power Factor  

Materials Doping  

High density of dominant charge carries (electrons or holes) are required in 
TE materials. Most of the TE materials are heavily doped semiconductors 
with the charge carrier concentra?on in the range 1018-1020 cm-3. At the 
same ?me, high mobility is required for efficient electrical conduc?vity.  
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Composite Engineering 

Composite materials engineering can enhance the power factor 
significantly, the enhancement can be achieved depends on the compounds 
homogeneity in the composite,	quan?ta?ve microstructural control and the	
nanoscale inclusions in the composite matrix [35,36]. 

Band Convergence 

Mul?ple degenerate bands are significantly favorable for the electronic 
conduc?on on the TE materials. Most of the known TE materials have 
valleys. As the valley, degeneracy increases the density of state of the 
effec?ve mass. This idea is known as carrier pocket engineering, by 
controlling the layer thickness and quantum confinement this approach can 
be achieved, the idea is to align the charge carrier valleys to contain similar 
energies consequence will improve the power factor[35].  

Interfacial Effect and Electron Energy Filtering 

Grain boundaries like epitaxial may filter low energy electrons, the interface 
scaEering effect mostly the charge carrier with lower mean energy, known 
as electron energy filtering mechanism. Interfacial charge defect scaEer 
minority charge carrier more than the majority charge carrier with 
consequence may reduce the ambipolar effect [35]. 

Quantum Confinement 

By decreasing the dimension of the TE nano structures to nanometer length 
scale, a significant sharpening occurs in the density of state (see Figure 
1.14), and reach discrete distribu?on of the DoS which is favorable to 
increase the deriva?ve of DoS func?on over energy, which improves the 
Seebeck coefficient [33]. 
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Figure 1.14. Quantum confinement from bulk to nanostructures [37] 
 

1.4 Objec=ves of the Thesis 

The aim of this thesis is to develop facile and sustainable solution chemical 
syntheses routes for large-scale production of nanostructured TE materials 
with promising performance. Synthetic processes were designed in-line 
with green chemistry perspectives (whenever possible) considering the 
solvents, precursors, energy source and energy consumption. The synthetic 
process development, as well as a careful processing of these materials 
towards compacts, while maintaining the nanostructure, are undertaken to 
improve the performance of TE materials. Thorough investigations were 
performed to correlate the observed characteristics and performance with 
the process, surface chemistry and microstructure of the synthesized 
materials. In order to show the effectivity of the developed routes, 
comparison of the materials with those prepared through conventional 
techniques are also undertaken.  
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Chapter 2. Synthesis of TE Materials 

2.1 Solvothermal Synthesis 

Solvothermal synthesis method is an effec?ve boEom-up synthesis method 
(Figure 2.1) for batch produc?on of TE materials [38,39]. This method is 
available for the past three decades to synthesize highly anisotropic crystal 
structures, including some common TE materials [39–42].  It is an important 
field of inorganic synthesis dealing with the chemistry of synthesis of 
nanomaterials through solu?on-based route [43]. In this synthesis route, 
precursor solu?on is placed in a pressure vessel and a chemical reac?on 
occurs in a solvent at temperatures above the boiling point of the solvent 
[44,45]. Par?al evapora?on in the pressure vessel increases the pressure in 
liquid phase hundreds of ?mes, and facilitates the precursor decomposi?on 
and crystal nuclea?on condi?ons[40]. The results are generally high 
crystalline nanostructured materials with high purity, narrow size 
distribu?on, and low aggrega?on[39]. The nuclea?on mechanisms for this 
method take place when reactant ions and molecules react in a solu?on 
media. In addi?on, the high diffusivity of solvents increases the mobility of 
the dissolved ions and promote beEer mixing of the reagents. In 
solvothermal synthesis, the reac?on medium is an important por?on and 
can be anything from water (aqueous) to alcohol or any other organic or 
inorganic (non-aqueous) solvents [43–45] . 
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Figure 2.1. Nanopar1cle synthesis approaches (adopted from [46]). 

 

2.1.1 Hydrothermal Synthesis 

Hydrothermal synthesis is a viable chemical process for material synthesis 
and it has developed rapidly during the recent years [47,48]. The method 
refers to the heterogeneous reac?ons for synthesizing inorganic 
nanomaterials in an aqueous solu?on as the reac?on system associated 
with rela?vely high temperature and high-pressure systems [47,49,50]. 
Hence, this method belongs to the category of the liquid phase chemical 
solu?on synthesis and has advantages such as convenient opera?on, simple 
synthesis process, controllable par?cle size and morphology, high 
crystalliza?on and homogeneity, and phase purity can be achieved [47–49]. 
Controlling the par?cle size and morphology in hydrothermal synthesis 
based on homogeneous nuclea?on in the solu?on phase at an atomic level. 
There are variety of precursors and addi?ves and to understand the role of 
addi?ves in a hydrothermal system, knowing the nuclea?on theory is 
helpful [49]. 
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In the conven?onal hydrothermal synthesis, the pressure is negligible, 
therefore the temperature has a crucial effect on the synthesis and governs 
the thermodynamic feasibility of a system. It means the solubility of 
substances depend on the temperature and determine nuclea?on and 
growth processes [47,49]. The hydrothermal synthesis mechanism 
essen?ally follows a liquid nuclea?on model, it involves the synthesis of 
inorganic materials by solute precipita?on of soluble or insoluble materials 
in a pressurized vessel [49,51,52]. This occurs through the dissolu?on-
recrystalliza?on process in four steps. The precursors dissolve in a 
hydrothermal medium to create solu?on containing ionic/molecular 
groups. The temperature gradient between the opposite ends of vessel 
causes ions and molecules to separate and transfer to the cooler end where 
the seed crystals grow. These ions and molecular groups adsorb at the 
growth interface and finally the desired crystals grow [47,53]. 

The (equa?on 14) cri?cal radius 𝐫𝐜	in which the nuclei do not dissolve in 
a supersaturated solu?on is [49]: 

rD = 2φVE/(kT	lnD)																(Eq.14)	

where 𝜑 is the surface tension in the solu?on 𝑉8 is the molar volume and 
D is the degree of the supersatura?on. The nuclei achieve the cri?cal radius 
due to the large enough D, and the nuclea?on process occurs quickly. 

The nuclea?on rate 𝐽 is expressed as in (equa?on 15): 

𝐽 = A exp[−∆𝐺9/(𝑘T)]																					(Eq.15)	

Where A	is a constant, and ∆𝐺:  is the cri?cal Gibbs free energy. 

Nevertheless, the growth condi?ons determine the morphology of crystals, 
which is affected by the hydrothermal reac?on condi?ons, to the extent 
that under different hydrothermal condi?ons, crystals can form under 
different morphologies. The crystal morphology follows three theore?cal 
models; Bravais - Friedel - Donnay - Harker (BFDH), periodic bond chain 
(PBC), and growth primi?ve theories. The BFDH theory provides a model for 
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growth morphology of the crystal based on the crystal unit cell and 
disloca?ons. However, the PBC theory based on the binding energies, and 
the growth primi?ve theory considers the influence of changes in the 
temperature, pressure, and solvent during crystal growth, which is not 
considered in the other two models [47]. 

Different solvents have different dissolving power, which can influence 
the nuclea?on and growth process due to change in super satura?on degree 
[49]. Water is the solvent used in hydrothermal synthesis processes, which 
is environmental friendly and much cheaper and abundant in comparison 
with other solvents [43]. By using water as the solvent, the hydrolysis 
reac?on rate increases under high temperature hydrothermal reac?on 
condi?ons. As a result, the ionic product of water increases rapidly. In the 
hydrothermal reac?on, the viscosity of water decreases with increasing the 
temperature, which increases the mobility of ions and molecules, and 
hence, under hydrothermal condi?ons, the crystal growth occurs more 
rapidly in comparison with the other condi?ons. Hydrothermal method can 
be categorized as low-temperature method, and the supercri?cal method 
based on the temperature of the reac?on. In addi?on, it can be divided in 
to tradi?onal reac?on method and reac?on assisted method, refers to the 
applying an electric, magne?c, or microwave to assist the hydrothermal 
reac?ons [47]. 

 

2.1.2 Polyol Synthesis 

Polyol method is a powerful and scalable liquid-phase synthesis route to 
prepare large variety of non-agglomerated inorganic nanopar?cles from 
metals to metal oxides and semiconductors with various size and 
morphology [54]. The synthesis condi?ons are similar to the hydrothermal 
synthesis method, except the high boiling point mul?valent alcohols are 
used as solvent instead of water as the reac?on medium. The high boiling 
point of an organic solu?on can allow synthesis at temperatures of 200-350 
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°C and eliminate the need for high pressure. The chela?ng ability of solvents 
in polyol method is a key factor to trap the ca?on and hence, controlling the 
nuclea?on, growth, and agglomera?on of synthesized par?cles. The polyol 
synthesis method can increase the stability, inhibit the growth, and control 
the morphology and size of the nanopar?cles formed. Polyols play the roles 
of reducing agent and solvents, and due to their high viscosity, they prevent 
agglomera?on. Also, the modula?on of surface energy can occur due to 
face-selec?ve binding preference of organics [46,49,55–58]. 

In a typical polyol synthesis, the temperature gradually increases un?l 
the reduc?on occurs, which is generally associated with a change in the 
solu?on color. Typical polyol reac?ons are performed as simple one pot 
heat up mixture of dissolved reagents from ambient temperature to a 
desired high temperature. Alterna?ve approach is the syringe pump hot-
injec?on, in which the reagents injected into a readily made hot solu?on 
with a certain injec?on speed. The reac?on rate of a polyol synthesis 
method depends significantly on the reduc?on temperature. 

In this synthesis method, the made nanopar?cle proper?es depends on 
the reac?on thermodynamics and the kine?cs growth process of the 
par?cle seeds [46,55]. The synthesized nanopar?cles’ proper?es and 
surface chemistry can be manipulated by selec?ng different solvents. 

The appropriate selec?on of polyol solvent based on the boiling point 
and reduc?on poten?al of the solvent is a powerful synthe?c approach to 
facilitate the op?miza?on of the synthesized nanopar?cle morphology and 
uniformity by separa?ng the nuclea?on and growth stages [46,57]. The 
polyols are oxidized to aldehyde and ketone species at high temperatures 
which enable the reducing ability for the reduc?on of metal precursors [55]. 
It means the reduc?on temperature of the solvent is in close correla?on 
with oxida?on poten?al. The oxida?on poten?al of the solvent decreases 
with the molecular size of the polyol solvent, therefore the larger polyols 
are weaker reducing agents [46]. Polyol solvents have a wide range of 
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polyalcohols, including ethylene glycol (EG), propylene glycol (PG), butylene 
glycol (BG), diethylene glycol (DG), triethylene glycol (TrEG), and so on up 
to polyethylene glycol (PEG) [57]. Among these, EG is the most widely used 
one in the polyol synthesis method. 

    The capping agent is an essen?al factor to stabilize the formed nuclei at 
the ini?al stage of the reac?on of the precursors and prevent 
agglomera?on. Several kinds of polymeric compounds like polyvinyl alcohol 
(PVA), polyvinylpyrrolidone (PVP), polymethacrylic acid (PMAA), and 
polymethylmethacrylate (PMMA) known as capping agents can be used for 
stabilizing nanopar?cles via the carbonyl groups. In addi?on to the capping 
agents, surfactants such as amines, thiols, and alcohols are able to stabilize 
the nanopar?cles [55,59]. 

2.1.3 Thermolysis in Solu=on  

Thermolysis solu?on synthesis approach is an innova?ve method to 
produce stable nanopar?cles with high quality, narrow size dispersion, and 
superior op?cal, electrical and thermoelectric proper?es. In this synthesis 
method, the reac?on process is highly reproducible and able to overcome 
the challenge of obtaining controlled nanostructure materials 
physiochemical proper?es. This synthe?c method has many advantages like 
being simple, single step, cost-effec?ve, high yield, narrow size distribu?on 
[5,60–64].  

Thermolysis is based on the thermal decomposi?on of precursors in a 
mixture of a high boiling point organic solvent and in the presence of one or 
more coordina?ng ligands. In this synthesis approach, an organometallic 
compound along with a stabilizing agent is dissolved in a solvent and heated 
to high temperatures, leading to the reac?on between the precursors and 
produced monomer, leading to the nuclea?on and growth of nanocrystals. 
Therefore, three major processes in a thermolysis synthesis are precursor 
to monomer conversion, nuclea?on, and growth, see Figure 2.2 [60]. The 
temperature fluctua?on and slow addi?on of the precursors to the solu?on 
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cause a temporal separa?on of nuclea?on and growth of nanocrystals. By 
the monomer supersatura?on in the reac?on mixture, the nuclea?on 
occurs. Following the nuclea?on phase, the growth phase occurs which 
plays the most important role in determining the size and shape of 
nanopar?cles. With adjus?ng the reac?on condi?ons to avoid addi?onal 
nuclea?on and agglomera?on, a good morphology control can be achieved. 

 
Figure 2.2. LaMer diagram, (I) Precursor conversion,	(II) Nuclea1on,	(III) Growth 

on the nanopar1cles. 

   

The thermolysis synthesis is sensi?ve to many reac?on parameters which 
are easy to tune and make the synthesis highly versa?le, such as reac?on 
temperature, reac?on ?me, aging period, nature of metallic ion and ligands, 
concentra?ons of the reactants, stabilizers, surfactants, ra?o of precursors, 
and rate of precursor delivery [60,62,64]. 

Solvent plays an important role to control the temperature of the 
reac?on. The best solvents for thermal decomposi?on are those that are 
not only able to dissolve organic and inorganic compounds and high boiling 



26 

 

temperatures, but can also act as a surfactant and even mild reducing agent 
[61]. 

The produc?on of nanopar?cles in thermolysis is usually performed in 
two basic ways of hot-injec?on and hea?ng-up. In the hot-injec?on method, 
the solvent and surfactant mixtures are heated to a desired temperature, 
and then the precursors are injected in the hot solu?on using a syringe. 
Ager the injec?on, a rapid homogeneous nuclea?on of nanopar?cles is 
induced, followed by a slow and controlled growth phase. In the hea?ng-up 
process, the forma?on and growth of nanopar?cles ini?ate by gradual and 
con?nuous hea?ng of the reac?on mixture along with the ligands to a 
specific temperature. This method applies when one or more precursors are 
thermally stable. In this case, they can be heated up with the solvent and 
surfactant before the injec?on of the thermally sensi?ve precursors. 
However, both ways commonly deal with the decomposi?on of precursors 
in the presence of organic surfactants [60,62,63]. 

Furthermore, the thermolysis synthesis method can be more efficient 
and sustainable by using microwave (MW) assisted hea?ng for synthesis, as 
a rapid volume hea?ng by microwave source will enhance the hea?ng rate 
significantly and drama?cally the decomposi?on rate of the precursor in the 
thermolysis process [5].   

2.2 Microwave-assisted Synthesis 

The MW-assisted synthesis is a unique, simple, and fast technique, based 
on the interac?on of electromagne?c waves with a polar solvent. This 
method can generate small nanopar?cles with high yield and uniformity, 
which is not achievable by other synthesis methods. There is no doubt that 
MW-assisted chemistry radically reduces the reac?on ?me and increase 
nanopar?cles yields by diminishing the thermal gradients in the reac?on 
solu?on which is responsible for the uniform nuclea?on and growth of 
nanopar?cles. The magic of MW hea?ng method is a valuable alterna?ve in 
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the synthesis, design, and development of advanced nanomaterials 
[4,5,7,65–71]. 

The microwaves are electromagne?c radia?on between the infrared (IR) 
and radio waves (RF) with the frequency of 0.3 – 300 GHz and the 
wavelength of 1 mm – 1 m. They travel with the velocity of light, however 
their quanta energy is very small to directly ini?ate a chemical reac?on or 
to break a chemical bond, but it is significant to induce the nuclea?on and 
growth process of nanopar?cles. In each period of electromagne?c wave, 
MW transfers energy in 10-9 sec and the kine?c molecular relaxa?on from 
such energy takes 10-5 sec. It means a faster chemical reac?on rate, 10 to 
1000 ?mes more, compared to conven?onal methods. Microwaves are 
composed of electric and magne?c field components.  

 
Figure 2.3. A volume hea1ng comparison of the MW hea1ng lec, and a 
conven1onal hea1ng on the right [72]. 

The electric component applies a force to the polar species in the 
solu?on and causes them to rotate and oscillate. Following these rota?ons 
and oscilla?ons, the polar species collide with neighboring par?cles which 
results in intermolecular fric?on, and makes an intense internal heat, hence 
increasing the rate of reac?on [65,67,73,74]. 
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Under the hea?ng process in conven?onal methods, the walls of the 
reac?on vessel collect the heat from the hea?ng source and transfer it to 
the reac?on solvent. Hence, the conduc?on mechanism governs the 
transforma?on of reactants into the product. In this way, thermal gradients 
are generated and the center of the reac?on solu?on reaches to the desired 
temperature with a delay. It causes non-uniform transforma?ons. On the 
contrary, with MW hea?ng, the energy applied directly to the reactants, 
avoiding local overhea?ng at the reac?on walls, see figure 2.3. The direct 
interac?on of MW with the reactants results in high homogeneous hea?ng 
rates and shorter synthesis ?me [65,68,74,75]. 

The mechanism of MW energy absorp?on by the solu?on is called 
dielectric hea?ng, in which the mobility of the dipoles in the solu?on is an 
important property. Molecules with a permanent dipole moment are 
aligned through rota?on with the direc?on of the electric field. However, 
they cannot follow the inversion of the electric field and hence, phase shigs 
and dielectric losses occur. In this regard, the dielectric constant 
(permitvity) is an important factor. For some polar solvents, dielectric 
losses can occur in the MW range [73]. 

The coupling of MW energy in the medium depends on the degree of 
MW radia?on which fails to penetrate the substance. The chemical 
reac?ons which occur under MW energy are governed by the ability of the 
reac?on mixture to absorb the MW, and it depends on the choice of 
solvents for the reac?on. Hence, the solvent has a crucial role in the MW-
assisted synthesis [5,7,65,66,69,71,73]. 

The dielectric coefficient 𝜀;  for each substance, (in equa?on 16)  shows 
the ability to store electric energy [73]: 

𝜀F = 𝜀FG + 𝑖𝜀F" 														(Eq.16)	

𝜀;<  is the dielectric constant, and 𝜀;"  is the dielectric loss factor (in equa?on 
17). These two parameters govern the quan?ty of energy coupling in the 
reac?on medium as the dissipa?on factor 𝐷: 



29 

 

𝐷 = tan 𝛿 = 	 I0
"

I02
												(Eq.17)	

The heat generated at any level of polariza?on can be es?mated by the loss 
tangent (tan 𝛿). In this regard, solvents can be classified into three groups 
(i) good MW absorbent with tan 𝛿 > 0.5, (ii) medium MW absorbent with 
tan 𝛿 ≈ 0.1 − 0.5, and (iii) very poor MW absorbent with (tan 𝛿 < 0.5); the 
higher tan 𝛿 value means the beEer solvent for efficient hea?ng [65,66]. 

In summary, the major advantage of MW-assisted synthesis is uniform 
volume hea?ng of the reagents. Which yields some main benefits of using 
this strategy in synthesis of nanostructured materials,  the reac?on rate 
enhancement, which turns reac?on ?me from hours to minutes, 
contribu?on to homogeneous nuclea?on, high product yield, high product 
purity, high reproducibility due to the presence of the uniform MW field 
around the reac?on mixture, unlike conven?onal methods [65,67,76]. 

2.3 Mechanochemical Synthesis 

Mechanochemical synthesis method is an outstanding method of green 
chemical synthesis, a synthesis with high yield and being environmentally 
friendly [77]. The method is usually used in dry state, without the need for 
excessive solvent use, which reduces the waste, and allows fabrica?on of a 
diverse set of nanomaterials [78–80]. In the mechanochemical synthesis, 
the materials interac?on occurs only in the par?cle-par?cle-milling ball/wall 
interfaces and the mechanical energy breaks the chemical bonds of large 
molecules and produces ac?ve dangling bonds for chemical reac?ons 
[77,81]. In fact, the mechanical force can promote chemical reac?vity due 
to applying the kine?c energy of the moving balls to the milled material, 
which breaks down material par?cles and generates fresh surfaces [77,82]. 

Based on the speed and geometric parameters, ball-milling techniques 
classified into different types; planetary ball-mill, tumbler ball-mill, 
vibratory tube mill, and aEri?on mill. In the planetary ball-mill, the balls and 
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reactors rotate with different speeds, and high dynamic energies are 
generated by shear and impact forces. While, in a tumbler ball-mill there is 
a cylinder with milling balls. The balls roll down by an axial rota?on and 
impact against the powder. However, in an aEri?on mill, the impellers are 
horizontal and the shag rotates ver?cal, making a higher surface contact 
between balls and reagent. In the vibratory tube mill, high milling forces are 
produced due to a high frequency vibra?onal cylinder containing balls and 
powder [78].  

Simple working principles govern the ball-milling procedure. The 
movement of milling media and materials occurs by periodic mo?on and 
spinning in a specific direc?on of the reactor, leading to collisions of the 
reactor balls-balls and the reactor balls-walls. This causes the powder 
par?cles to be trapped, a mechanical load (mechanical stress) to be applied 
to them. Local collisions and fric?ons with different intensity occur at the 
points of contact. The resul?ng mechanical deforma?on of par?cles led to 
the cold-welding and fracturing in addi?on to physical and chemical 
transforma?ons [78,82]. 

There are many factors influence the materials property made using ball-
milling process. Factors like frequency, the temperature, the mass of 
powder inside the reactor, the number and size of balls, the atmosphere 
inside the reactor, and the milling speed are cri?cal factors that affect the 
mechanically ac?vated transforma?ons. Op?miza?on of these parameters 
is very important to customizing the performance of the ball-milled material 
[78,80]. 

Another parameter that can affect the func?onality of the ball-milled 
material is the type of ball-milling media that can be dry or wet milling. 
Liquid-assisted milling technique derived from kneading. In this method, a 
small quan?ty of a liquid entered into the milling reactor along with 
reagents and milling balls. The ra?o of liquid volume to reagent weight, ɳ, 
has to be controlled so that the reagent solubility does not affect the 
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reac?on outcome. The ɳ range of 0-2 µL/mg can be suitable. A liquid can 
enable some reac?ons that cannot occur in dry milling. Liquid-assisted 
milling is a powerful method to op?mize solid-state reac?ons [80]. 

Mechanochemical process of powders are used widely and effec?vely 
for many materials, however there are some drawbacks due to the 
oxida?on and impuri?es from the high energy milling process [83]. 

2.4. Processing of Nanomaterials 

2.4.1 Consolida=on of Nanomaterials  

Spark plasma sintering (SPS) is an effec?ve method to consolidate powders 
of metals, ceramics and semiconductor materials to obtain dense bulk 
consolidated material as pellets. The SPS process consist of simultaneous 
applica?on of pressure and con?nuous pulsed DC current on the star?ng 
powder pressed between two conduc?ve punches in the graphite die[84]. 

SPS process is necessary to obtain bulk TE materials with enhanced 
performance of the star?ng material, and improve the mechanical stability 
and reliability for device applica?ons. Up to 98% of dense TE materials can 
be achieved by SPS process, however to increase the mechanical stability 
the SPS parameters has to be tuned to avoid grain growth and increase the 
bonding between the grains of the powder [28].   

To op?mize the consolida?on condi?on for any material, several SPS 
parameters need to be tuned to obtain the required proper?es. From the 
important parameters; the sintering temperature, pressure, and holding 
?me. In the main ?me, the ini?al grain size of the star?ng material effects 
the local hea?ng, bulk deforma?on and consolida?on density [4,5,29]. 
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Chapter 3. Materials and Experimental Methods 
In this work, solu?on chemical synthesis employed to fabricate metal 
chalcogenide nanostructures TE materials, while mechanochemical (MA) 
alloying synthesis used to fabricate two metal chalcogenide composi?ons, 
and finally skuEerudite compound was synthesized using chemical alloying 
method. 

3.1 Solu=on Chemical Synthesis  

Nanostructured TE materials categorized broadly under Bi2-xSbxTe3 and Cu2-

xSe were synthesized using solu?on chemical syntheses routes under MW-
assisted hea?ng.  

Specifics of the materials synthesized and the methods used are listed 
below: 

- n- and p-type bismuth-an?mony telluride (Bi2-xSbxTe3) alloys were 
synthesized using polyol method. 

- Bismuth telluride (Bi2Te3) was synthesized using hydrothermal route, and 

- Cu2Se and Cu1.8Se were synthesized using the thermolysis method. 

3.1.1 Polyol Synthesis of Bi2-xSbxTe3 (paper A) 

Chemicals used for the synthesis were obtained from Sigma Aldrich 
(Sweden) and have been used as received without further purifica?on. BiCl3 

(98%), SbCl3 (99.95%), Te powder (99.8%), ethylene glycol (EG;99%), 
thioglycolic acid (TGA; 98%), and tri-octyl phosphine (TOP; 90%). 

The synthesis work has been performed via MW assisted polyol method, EG 
used as a solvent the MW system (flexiWAVE – Milestone, 1800 WaE; mul? 
vessel) used for mul?ple reac?ons; see Figure 3.1.  
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                         (a)                            (b) 

Figure 3.1. a) Screenshot of the reactor instrument panel; (b) Mul1vessel high-
pressure rotor used for the MW-assisted synthesis of Bi2-xSbxTe3 nanopar1cles. The 
system can take up to 15 reactors, which can be filled up to about 100 mL each [85]. 
 

The reac?on performed inside a 100 ml Teflon vessel, in 2-4 parallel reac?on 
vessels at a single. For the 2g yield of Bi2Te3 TE material, Te precursor 
solu?on is prepared as a complex with (TOP) by hea?ng a mixture of 0.96 g 
of Te powder in 10 mL TOP under MW field for about 90 s at 220 oC under 
constant s?rring then leg to cool down. As for the Bi (or Sb) precursor 1.6 g 
of BiCl3 was dissolved in 20 ml ethylene glycol. The stoichiometry of ternary 
composi?ons can easily be tuned by replacing the BiCl3 precursor with 
equivalent moles of SbCl3. A 1 ml of TGA as a direc?ng agent added to the 
dissolved precursors, and then sonicated to obtain a homogeneous 
solu?on. The two prepared solu?ons of Bi/Sb-EG and Te-TOP complex were 
mixed and added to a 100 ml Teflon vessel and run in the MW reactor, 4 
min ramping ?me and for 2 min reac?on ?me at 220 oC under constant 
s?rring, Figure 3.2 is a Schema?c of the MW-assisted polyol synthesis 
process for binary and ternary chalcogenides. The product (dark powder), 
which is about 2 g per vessel, was then cooled down to room temperature 
with cold air. The obtained Bi2-xSbxTe3 powder was observed to be clearly 
separated from the solvent (EG). Par?cles are easily separated from the 
reac?on mixture easily by centrifuging and washing with iso-propanol and 
acetone for three ?mes. The powder was dried in a vacuum oven at 50 °C 
for several hours. 
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Figure 3.2. Schema1c of the MW-assisted polyol synthesis process for Bi2-xSbxTe3. 

 

3.1.2 Hydrothermal Synthesis of Bi2Te3 (paper C) 

All the chemicals used for the synthesis were obtained from Sigma Aldrich 
and have been used as received without further purifica?on. Bismuth 
chloride (BiCl3, 98%), sodium tellurite, (Na₂TeO₃, 99%), sodium hydroxide 
(NaOH, 97%) and sodium borohydride (NaBH4, 98%), EDTA 
(Ethylenediaminetetraace?c acid). Deionized (DI) water was used as the 
solvent. 

The reac?on performed inside a 100 ml Teflon vessel, in 1- 2 parallel 
reac?on vessels at a single run. BiCl3 used as Bi precursor, Na₂TeO₃ as Te 
ions precursor, DI water as the solvent, NaBH4 as the reducing agent, EDTA 
as the structure direc?ng agent, and NaOH to control the pH of the reac?on 
solu?on. The synthesis performed in a Milestone flexiWAVE MW system 
(flexiWAVE – Milestone, 1800 WaE; mul? vessel). All the reagents mixed in 
the same media to achieve one-pot synthesis. For the synthesis of Bi2Te3, 
the molar ra?o of 2:3 was used for Bi:Te precursors. All the reagents (BiCl3, 
Na₂TeO₃, EDTA, and NaBH4) were added and mixed in a 100 ml vial, 65 ml 
of DI water was added dropwise to the mixture with con?nuous s?rring, the 



36 

 

pH was adjusted to 10.5-11 by the addi?on of NaOH. The vial was then. 
subjected to MW hea?ng to 220 °C with a ramp ?me of 4 min and dwell 
?me of 2 min. The solu?on was allowed to cool to room temperature using 
cold airflow.  A clear phase separa?on observed with the product seEled at 
the boEom, separated from water. The mixture was washed with water, 
isopropanol and acetone for several ?mes. Thereager, the powder was 
dried in a vacuum oven at 50 °C. A schema?c of the hydrothermal synthesis 
process is given in Figure 3.3. 

 
 

Figure 3.3. Schema1c of the MW-assisted hydrothermal synthesis process for Bi2Te3 
 

3.1.3 Thermolysis Synthesis of Cu2-xSe (paper D,E) 

The following chemicals were purchased from Sigma Aldrich and were used 
as received, without further purifica?on: Copper acetate (Cu(CO2CH3)2H2O, 
98%), selenium powder (Se, 99.5%), oleic acid (C18H34O2), 1-octadecene 
(C18H36, ODE), and trioctylphosphine (P(C8H17)3, TOP), methanol and hexane 
(C6H14). 

In a typical process, copper acetate was dissolved in oleic acid by under 
con?nuous s?rring. A stoichiometric amount of Se powder was mixed with 
TOP un?l all the Se was completely dissolved. The reac?ons were performed 
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using MW-assisted hea?ng at 200 °C and 250 °C, yielding Cu1.8Se and Cu2Se, 
respec?vely. The typical temperature profiles of the reac?on are presented 
in Figure 3.4, The obtained powders were washed several ?mes using 
mixture of methanol and hexane. Finally, the powders were dried in a 
vacuum oven. 

 

  
 

Figure 3.4. Schema1c of the MW-assisted hydrothermal synthesis process for 
Cu2Se, Cu1.8Se.  

3.1.4 Chemical Alloying of Fe3.25Co0.75Sb12 (paper E) 

All the chemicals were purchased from Sigma Aldrich (Stockholm, Sweden). 
The solu?on co-precipita?on process of essen?al elements was achieved in 
a closely mixed oxalate form, then thermochemically treated to obtain the 
final skuEerudite phase. In a typical process cobalt chloride (CoCl2·6H2O), 
an?mony chloride (SbCl3), and iron chloride (FeCl2·4H2O) solu?ons were 
prepared as stocks. Ammonium oxalate (C2H8N2O4) 0.3M was used as the 
precipita?ng agent. The suitable pH window determined through 
thermodynamic modelling was used to determine the co-precipitate of the 
elements with the desired stoichiometry [86]. The metal ion solu?on and 
the precipita?ng agent added to the reac?on chamber simultaneously. The 
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reac?on pH was maintained at pH=2, and the process was performed at 
room temperature. Ager the precipita?on process, the powders were 
washed, filtered and dried at 60 °C overnight. The powders were calcined at 
350 °C for 3 h followed by thermo-chemical treatment at 450 °C for 3 h in a 
rota?ng tube furnace under hydrogen gas. 

3.2 Mechanochemical Alloying of Bi2-xSbxTe3 (paper B) 

Elemental Bi (99%), Sb (99%), and Te (99.8%) powders were purchased from 
Sigma Aldrich. These powders have a par?cle size distribu?on in the range 
of 150 µm or less for Bi, 150 µm for Te, and 150 µm for Sb.  

Corresponding amount of Bi, Te and Sb were weighed to make a batch 
required for stoichiometric Bi2-xSbxTe3 composi?on, and loaded into steel 
jars together with stainless steel milling balls 8 -13 mm in diameter. 
Synthesis through mechanochemical alloying (MA) was performed in a 
planetary ball mill (PM 2400, Iran) in Argon atmosphere, the ball mill 
operated at rota?on speed of discs with jars ∼ 300 rpm for Bi0.5Sb1.5Te3 
specimen for 12 hrs, and 4 hrs for Bi2Te3 specimen. The ball to powder 
weight ra?o during milling was 15:1.  

3.3 Consolida=on via Spark Plasma Sintering 

The nanostructured bulk TE solid materials obtained from compacted 
powder by spark plasma sintering (SPS, Dr Sinter 825, Fuji Electronic 
Industrial Co. Ltd., Tokyo, Japan), in a 15 mm diameter die to form pellets 
for TE transport property measurements. 

An electric DC pulse passed through the graphite die containing the cold 
compacted powder, which generates localized hea?ng within the sample 
during the sintering process. Sintering temperature, hea?ng rate and 
pressure can be programmed for op?mized for op?mum parameters, see 
Figure 3.5. 
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Figure 3.5. Schema1c of Spark Plasma Sintering (SPS) process, sample geometry for 
power factor and thermal diffusivity measurements. 

 

To op?mize the consolida?on condi?on for any material, several SPS 
parameters need to be tuned to obtain the required proper?es. From the 
important parameters; the sintering temperature, pressure, and holding 
?me. In the main ?me, the ini?al grain size of the star?ng material effects 
the local hea?ng, bulk deforma?on and consolida?on density. 

3.4 Characteriza=ons 

Characteriza?on of the TE materials is an important step to determine the 
phase purity, morphology and transport proper?es of the synthesized 
materials. Furthermore, TE transport property characteriza?on was 
performed to validate the obtained results and compare the property of the 
synthesized material with the TE state of art materials reported in the 
literature.  

3.4.1 Structural Analysis 

X-ray Powder Diffrac?on (XRPD) used to iden?fy the crystalline phase of the 
nanopar?cles as made in form of powder, and for the pellets ager the 
consolida?on process. Philips X’pert Pro diffractometer system used to 
obtain the XRD data, equipped with copper (K-alpha) source of (1.54 Å) 
wavelength. In addi?on, to perform the analysis on the obtained XRD data, 
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High Score Pro sogware used. The crystalline size and the phase purity were 
determined using Williamson-Hall and Rietveld refinement methods. 

3.4.2 Microstructure Analysis 

Scanning electron microscopy (SEM; FEI Nova 200) and Transmission 
electron microscopy (TEM; JEOL FEG-JEM 2100F) systems used for the 
microstructure and morphology analysis of the TE materials at different 
process steps. As made nanomaterials in powder form and consolidated as 
pellets studied by SEM and TEM techniques to iden?fy the morphology and 
the structure of the samples under analysis. Furthermore, energy dispersive 
x-ray spectroscopy (EDX) performed with the aid of Oxford EDX detector, to 
iden?fy elemental composi?on and map the surface to study the 
distribu?on of the sample elements. 

SEM sample was mounted to the sample holder using copper conduc?ve 
tape or graphene based conduc?ve ink to reduce the electron charging on 
the sample and enhance the image resolu?on. TEM samples were prepared 
on carbon coated copper grid. Ethanol or hexane was used to suspend the 
powders and drop cast on the copper side of the TEM-grid. TEM with high-
resolu?on mode and selected area electron diffrac?on (SAED) were used to 
inves?gate the crystallinity of samples. 

3.4.3 Transport Property Evalua=on  

To es?mate the figure of merit (ZT) for TE materials, electronic and thermal 
transport measurements are required. Electrical conduc?vity (σ) and 
Seebeck coefficient (S) were measured on consolidated pellets using an 
(ULVAC-RIKO ZEM3) system simultaneously.  The total thermal conduc?vity 
ktot was es?mated using the specific heat capacity Cp, thermal diffusivity (α), 
and density (ρ), through the equa?on (ktot = Cp · α · ρ). The Cp was measured 
by Differen?al scanning calorimetry (DSC, PT1000, Linseis). The laser flash 
analysis system (LFA 1000, Linseis) was used to measure the thermal 
diffusivity (α) of disk-shaped samples with 12.6 mm in diameter and 2 mm 
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in thickness. The density of the samples (ρ) was measured using Archimedes 
method.  

3.4.4 Surface Analysis  

X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis 
technique to determine the oxida?on state of the elements on the sub-
nanometer depth of the surface of the sample. The XPS spectra was 
obtained using PREVAC 426 system, equipped with SCIENTA R3000 
hemispherical photoelectron spectrometer and monochroma?c (Al) source. 
Low base pressure 3x10-10 mbar maintained during the measurements. 
Spectrum analysis was performed on the acquired data using CasaXPS 
sogware. All acquired spectra background subtracted and calibrated to C1s 
at 285 eV. The core-level spectra decomposed into main components with 
mixed Gaussian–Lorentzian lines (70% G + 30% L for majority of photo-
peaks) by a non-linear least squares curve-fitng procedure.  

Zeta Poten=al Analysis 

Zeta poten?al is a powerful tool to study the surface charge and stability for 
par?cles in a suspension. Room temperature zeta (ξ) poten?al 
measurements performed with Malvern Zetasizer Nano ZS90 at an incident 
angle of 90°. The powder samples dispersed in DI H2O and ?trated with 0.01 
M HCl or 0.01 M NaOH to determine the isoelectric point (iep) of the 
materials.  

3.4.5 Band Structure Calcula=ons 

The density func?onal theory is computed for Cu2-xSe using VASP code (A 
Simula?on Package, for atomic scale materials modelling). Two models are 
discussed, and ini?ates with Cu2Se materials model, a limited number of 
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copper atoms selected for modelling and a band structure is constructed. In 
the second model the copper deficient phase is presented (10% reduc?on 
of copper atoms) in order to obtain predicted Cu2-xSe band structure. The 
copper deficiency impact on the band structure and TE transport proper?es 
are predicted and compared with the obtained experimental data. 
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Chapter 4. Results and Discussions 
The results of the thesis work are divided into two parts as (i) synthesis and 
characteriza?on of nanostructured Bismuth-An?mony telluride alloys Bi2-

xSbxTe3, and (ii) synthesis and characteriza?on of nanostructured cooper 
selenide Cu2-xSe TE materials. The Bi2-xSbxTe3 are the best known high 
performance TE materials around room temperature. Cu2-xSe are abundant 
and environment-friendly TE materials, which show high performance in 
the mid-range temperatures. 

4.1 Synthesis and Characteriza=on of Bi2-xSbxTe3 Alloys (Paper A,B,C) 

The Bi2-xSbxTe3 alloys are synthesized using boEom-up approach, which is 
represented by the solu?on synthesis. Depending on the molar ra?o 
between Bi and Sb in Bi2-xSbxTe3 several composi?ons of TE materials were 
synthesized to obtain n- and p- type TE materials. Two different solvents are 
used in the synthesis process, Ethylene Glycol in the polyol synthesis 
(u?lized to make several composi?ons of Bi2-xSbxTe3 alloys), and 
Hydrothermal synthesis of Bi2Te3, where water is the used solvent. All 
reac?ons are performed under the microwave (MW) assisted hea?ng. 
Furthermore, in order to demonstrate the effect of the synthesis process on 
the microstructure, surface and transport proper?es of the materials some 
selected Bi2-xSbxTe3 composi?ons were also synthesized using (MA) alloying. 

4.1.1 n- and p- type Bi2-xSbxTe3 TE materials (Paper A) 

Polyol synthesis is a promising method for the fabrica?on of various 
semiconductors, ceramic and metallic materials. The polyalcohol solvent 
used in this synthesis is ethylene glycol (EG). The EG acts as reducing agent 
for the metallic ions of Bi and Sb. MW-assisted hea?ng is used here for the 
synthesis process, which improves the reac?on kine?cs drama?cally, (see 
Figure 4.1) as the 2 min reac?on ?me in 220 °C reac?on temperature is 
enough to obtain nanostructured Bi2-xSbxTe3 alloys. 
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Figure 4.1. Typical temperature, 1me, power profile of the MW-assisted polyol 
synthesis process for Bi2-xSbxTe3 TE materials 

 

The mechanism of synthesis consists of two parts, first the Bi3+/Sb3+ ions are 
reduced by EG to metallic Bi/Sb in the solvent. Second, the Te-TOP complex 
breaks off and forming directly the crystalline phase of Bi2-xSbxTe3. The 
overall reac?on proceeding during the forma?on of Bi2-xSbxTe3 compounds 
under MW irradia?on can be represented as follows: 

Bi3+	/	Sb3+	+	Ethylene	glycol		→			Bi	/	Sb	+	EG(ox)		

												(2-x)	Bi	+	x	Sb		+	3	Te	(TOP)		→			Bi2-xSbxTe3	+	3	TOPO		

where EG(ox) refers to the forma?on of oxida?on of EG during the reduc?on 
of metallic ions. High yield (over 90%), highly crystalline, pure phase 
materials were obtained for four composi?ons; two n- type composi?on 
Bi2Te3 and Bi1.8Sb0.2Te3, and two p-type composi?ons Sb2Te3 and 
Bi0.5Sb1.5Te3. The structure analysis of the as made TE materials (powder) 
and the consolidated (sintered) samples (pellets) are presented in Figure 
4.2. 
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Figure 4.2. XRD pa;erns of (a) as-made of Bi2-xSbxTe3 samples (b) sintered pellets 
measured perpendicular to the pressing direc1on. 

 

Few SEM micrographs for Bi2-xSbxTe3 samples are presented in Figure 4.3. All 
the samples show par?cles with clear hexagonal, platelet morphology, in 
agreement with their rhombohedral layered crystal structure. 
 

 

(a) (b) (c) (d) 

Figure 4.3. SEM micrographs of as-made (a) Bi2Te3 (b) Bi1.8Sb0.2Te3 (c) Bi0.5Sb1.5Te3 
and (d) Sb2Te3 

 

In some observed nanopar?cles, various platelets share a common axis. 
Lateral size of hexagonal platelets varies in the range from 50 nm to 500 nm 
for different composi?on samples, where the thickness is around 50 nm. 
Sb2Te3 sample displays the largest lateral size of hexagonal platelets up to 
about 1 µm, which agrees with its narrower peak width and high crystallinity 
observed in XRPD paEerns. 
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The surface chemistry of the synthesized nanopar?cles is influenced 
significantly by the synthe?c method and the solvent used. The residual 
chemicals on the par?cle surface affects the material proper?es during the 
sintering process, and transport measurements. The surface analysis by 
means of XPS analysis performed on the as-made materials to determine 
the dominant oxida?on states of the elements on the sub nanometer depth 
of the surface.  

From the XPS analysis, all samples show the evidence of the presence of 
oxide phases on the surface of the nanopar?cles, which influence the 
surface charge of the nanopar?cles in the colloidal suspension. Surface 
charge of the nanopar?cles were determined by Zeta poten?al analysis, see 
table 4.1, where the isoelectric point (iep) is determined, which is strongly 
dependent on the surface exposed species. 

 

Table 4.1. The measured (iep) values for the Bi2-xSbxTe3 samples 

 

 

 

 

 

All samples are consolidated to pellets using SPS process, and cut to 
different dimensions for the transport evalua?on measurements in the 
temperature range 300-523 K. All processed samples have compac?on 
density of about 78-83% of the theore?cal density. The consolidated 
samples have porosity around 20%. The summary of the temperature 
dependent transport proper?es for the four samples are shown in the table 
4.2. 

Samples (TE) iep (pH) 

Bi2Te3 6.3 
Bi1.8 Sb0.2Te3 6.0 
Bi0.5 Sb1.5Te3 4.5 

Sb2Te3 3.3 
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Table 4.2. Transport proper1es for nanostructured bulk Bi2-xSbxTe3: density (𝜌) in 
percentage of the theore1cal density, thermal conduc1vity (k ), Seebeck coefficient 
(S), electrical conduc1vity (𝜎), power factor (PF), and the thermoelectric figure of 
merit (ZT).  

Samples 
(TE) 

𝜌 
% 

T 
(K) 

k  
(W/(m.K)) 

S 
(𝛍V/K) 

𝜎   

(S/m) 

PF 

(𝛍W/(K2.cm)) 
ZT 

Bi2Te3 78 440 0.87553 -159 80018 16.52 1.04 

Bi1.8Sb0.2Te3 83 532 1.05234 -129 104707 15.72 0.87 

Bi0.5Sb1.5Te3 78 532 0.46612 157 27504    4.41 0.76 

Sb2Te3 81 532 0.84984 152 94246 25.37 1.37 

 

The Seebeck coefficient, see figure 4.4(a), is the key indicator for the 
dominant charge carrier type (n and p type semiconductor) for the 
composi?ons of Bi2-xSbxTe3 TE materials intended from the stoichiometry of 
the precursors. The magnitude of the measured Seebeck values indicates 
the p-type character was observed for Sb2Te3 and Bi0.5Sb1.5Te3 alloys, while 
n-type character for Bi2Te3 and Bi1.8Sb0.2Te3 composi?ons. 

 

 
Figure 4.4. a) Seebeck coefficients values against temperature for the Bi2-xSbxTe3 
composi1ons (b) ZT plot against the temperature for the Bi2-xSbxTe3 composi1ons. 
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The ZT values are calculated for all Bi2-xSbxTe3 composi?ons (see figure 
4.4(b)). Pure binary phase Bi2Te3 and Sb2Te3 samples show ZT values around 
0.5-0.6 at room temperature, while they show ZT=1.04 for Bi2Te3 at 440 K, 
and ZT=1.37 for Sb2Te3 at 523 K.  

At this point, it is indica?on that the MW-assisted solu?on synthesis can 
produce diverse promising materials phases (n- and p- type TE materials), 
that are determined by the ini?al molar ra?o of the precursor, without 
needing addi?onal chemicals or post processing. 

4.1.2 Mechanochemical vs. Polyol Synthesis of Bi2-xSbxTe3 (Paper B) 

The synthe?c route for making the materials has a significant impact on the 
physiochemical property of the produced materials. Here, two synthe?c 
methods are presented on Bi2−xSbxTe3 (x: 0 and 1.5) to make TE materials 
with n- and p-type characteris?cs. MW-assisted polyol synthesis (MW) as 
solu?on synthesis method is compared with mechanochemical alloying 
(MA) as a solid-state synthesis method. The materials made by the two 
methods are compared for their crystallinity, phase purity, morphology, and 
microstructure. The compacted materials made by means of SPS, were used 
for the TE transport property characteriza?on.  

 
Figure 4.5. X-ray powder diffrac1on pa;erns of as made and (SPS) sintered samples, 
(a) mechanochemical alloying (MA)- Bi2Te3, (b) microwave-assisted (MW)- Bi2Te3. 
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For the structure analysis, the XRPD is used to study the crystallinity and 
phase purity of the materials as made as powder, and consolidated as 
pellets.	 The materials are indexed to Bi2Te3 with rhombohedral crystal 
structure (ICDD card number: 00-015-0863). The corresponding indexing of 
peaks with relevant Miller indices are shown in Figure 4.5.  

The MW synthesized samples show high phase purity. However, for the 
MA-Bi2Te3 sample a diffrac?on peak at 32° observed, which was assigned to 
elemental Te. This peak was not observed in the as milled powder and its 
appearance ager the SPS process, is aEributed to the evapora?on and 
recrystalliza?on on the surface of the pellet. The observed peaks for the MA 
samples are generally broader, due to the nonuniform strain from the 
plas?c deforma?on during the milling process. The average crystallite size 
for the Bi2Te3 phase is determined by Williamson–Hall method from the 
most intense peaks of the XRPD data, see table 4.3. 

 

Table 4.3. Crystallite size of Bi2Te3 samples before and acer the SPS process, 
es1mated from Williamson-Hall approxima1on. 

 

 

 

 

The structure analysis for the ternary phase is indexed to Bi0.5 Sb1.5Te3, with 
the card number 00-049-1713. The XRPD of this phase is shown in the Figure 
4.6. Texture frac?on of these layered samples generally can be determined 
from the intensity ra?o relevant to the (00l) plane.  

Sample Crystallite Size (nm) 
MA-Bi2Te3 34 
MA- SPS-Bi2Te3 87 
MW-Bi2Te3 37 
MW- SPS-Bi2Te3 231 
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Figure 4.6. X-ray powder diffrac1on pa;erns of as made and (SPS) sintered samples, 
(a) mechanochemical alloying (MA)- Bi0.5 Sb1.5Te3, (b) microwave-assisted (MW)- 
Bi0.5 Sb1.5Te3. 

 

For the Bi0.5Sb1.5Te3 phase comparison, the XRDP for polyol (MW) and 
mechanical alloying (MA) methods are presented in Figure 4.6. The 
crystalline phases are indexed to Bi0.5Sb1.5Te3 with the ICDD card number 
00-049-1713. The average crystallite size for the Bi0.5Sb1.5Te3 phase is 
determined by Williamson–Hall method from the most intense peaks of the 
XRPD data, see table 4.4.  

 

Table 4.4. Crystallite size of Bi0.5Sb1.5Te3 samples before and acer SPS process, 
es1mated from Williamson-Hall approxima1on. 
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Sample  Crystallite Size (nm) 
MA-Bi0.5Sb1.5Te3  30 
MA- SPS-Bi0.5Sb1.5Te3  46 
MW-Bi0.5Sb1.5Te3  99 
MW- SPS-Bi0.5Sb1.5Te3  277 
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High phase purity observed for as-made MW and MA methods see 
Figure 4.6. However, broader peaks are observed for the MA samples due 
to the plas?c deforma?on during the milling process. A significant increase 
in the (00l) peaks is observed due to the par?cle alignments in the direc?on 
of c-axis ager SPS process for the MW samples.  

The milled (MA) sample (figure 4.7(A)) shows clearly agglomerated 
par?cle with broad size distribu?on star?ng from sub 100 nm in size to 
micrometers. The as-made sample using MW (Figure 4.7(D)) shows platelet 
morphology with main par?cles with hexagonal, inherited from their 
rhombohedral layered crystal structure, the nanopar?cle platelets share a 
common axis. 

 

 
Figure 4.7. SEM micrograph of (A) as made MA-Bi2Te3 powder, (D) as-made MW-

Bi2Te3 powder, compacted with SPS (B,C) MA- Bi2Te3 and (E,F) MW-Bi2Te3.  

 

A summary for the transport proper?es measurements is presented in table 
4.5, along with the SPS parameters for the consolidated powder and the 
rela?ve compac?on density of the pellets. The sintering temperature was 
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set to 400 °C, with a ramping rate of 30 °C/min. Pressure of 60 MPa used, to 
densify the final pellets. Finally, the pellet was cooled from 400 °C to room 
temperature with water cooler, while the load was dropped from 60 to 0 
MPa. 
 

Table 4.5. SPS parameters for MW- and MA- Bi0.5 Sb1.5Te3 and Bi2Te3 samples: 
sintering temperature (Tsint), holding 1me (thold), sintering pressure (Psint), and 
packing density (ρ). 

Sample Tsint 

(oC) 
thold 

(min) 
Psint 

(MPa) 
𝜌  
% 

MA-Bi2Te3      400 10 60 82 
MA-Bi0.5Sb1.5Te3      400 10 60 86 
MW-Bi2Te3      400 1 50 78 
MW-Bi0.5Sb1.5Te3      400 1 50 78 

 

The transport data have measured in the temperature range from 300-523 
K, for sintered MA-Bi2Te3 and MW-Bi2Te3 samples, as well as for MA-
Bi0.5Sb1.5Te3 and MW-Bi0.5Sb1.5Te3 samples. The power factor, thermal 
conduc?vity were measured and figure of merit have been es?mated for all 
the samples. 

The transport data in case of MW-Bi2Te3 sample showed a considerably 
higher PF values than MA-Bi2Te3, due to the high Seebeck, the 
nanostructures serve as energy filtering which results in high power factor 
and low thermal conduc?vity and hence higher ZT, see Figure 4.8. In case of 
the MA-Bi2Te3, it shows similar trend but lower transport values. It has been 
observed that due to the microstructure we obtain slightly different 
transport proper?es with the same composi?on, which in turn is mostly 
influenced by the adapted synthe?c method. There is a significant 
difference between the es?mated thermal conduc?vity values, where MA- 
Bi2Te3 shows rather high values in the order of 1.55 W/(m.K) at room 
temperature, while MW-Bi2Te3 shows values below 1 W/(m.K) in the whole 
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temperature region. The ZT values for the MW-polyol synthesis is higher in 
all temperatures compare to MA-Bi2Te3 sample. ZT reaches 0.5 at room 
temperature for the MW sample, increasing to the maximum of 1.04 around 
440 K. for the MA sample does shows similar trend but 30–40% lower 
values.  

Figure 4.8. Temperature dependent transport proper1es of MW-Bi2Te3 and MA-
Bi2Te3 samples: (a) power factor, (b) Thermal conduc1vity, and (c) figure of merit, 
ZT. 

The summary of the transport data in case of MA-Bi0.5Sb1.5Te3 are 
presented in figure 4.9. The MA sample shows significantly higher PF values 
compare to the MW sample up un?l the crossover point at 450 K, due to 
the high Seebeck values. The total thermal conduc?vity decreases with 
increase of the temperature, both methods show similar trend, however for 
MA-Bi0.5Sb1.5Te3 Thermal conduc?vity values in the order of 1.8 W/m.K at 
room temperature are obtained, which monotonically reduces to 1.2 
W/m.K at 523 K. The MW-Bi0.5Sb1.5Te3 sample shows a parallel trend with at 
least about 50% lower in the whole temperature range. The ZT values for 
MA-Bi0.5Sb1.5Te3 declines as the temperature increases star?ng from ZT=0.3 
reaching lowest ZT=0.15 at 523K. While for the MW sample the values 
increase with temperature reaching maximum of ZT=0.8 at 523K see Figure 
4.9.  

Finally, the comparison of energy concep?on is calculated for making 1 
g of TE material using MA and MW methods. The amount of electrical 
energy consumed for the MA-Bi2Te3 method is 687 kJ/g (4 h milling), and for 
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MA- Bi0.5Sb1.5Te3 (12 h milling) as 2.2 MJ/g, while it is only 58 kJ/g for the 
MW samples. 

 

 
Figure 4.9. Temperature dependent transport proper1es of MA-Bi0.5Sb1.5Te3 

samples: (a) power factor, (b) Thermal conduc1vity, and (c) figure of merit ZT. 

 

4.1.3 Hydrothermal vs. Polyol Synthesis of Bi2Te3 (Paper C) 

Two boEom-up syntheses methods, namely hydrothermal and polyol 
syntheses methods are presented here, as rapid, green and energy effec?ve 
routes for the fabrica?on of nanostructured n-type Bi2Te3 TE material with 
promising TE performance.  

The materials made by the two different solvents, using MW-assisted 
synthesis, the resultant materials are compared for their crystallinity, phase 
purity, morphology, and microstructure. The consolidated materials 
compacted by means of SPS (see table 4.6) and the pellets were used for 
the TE transport property measurements. XRPD was used to study the 
crystallinity and phase purity of the materials as made as powder, and 
consolidated as pellets, the results are compared to study the solvent effect 
on the TE materials phase purity and crystallinity. 

The crystalline phases are indexed to Bi2Te3 with rhombohedral crystal 
structure, and the corresponding indexing of the Bragg diffrac?ons with 
relevant Miller indices are shown on the diffrac?on paEerns presented in 
Figure 4.10. Ager the sintering process, a significant increase in the rela?ve  
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Table 4.6. SPS sintering parameters for Bi2Te3, hydrothermal (WT) and polyol (EG) 
routes: sintering temperature (Tsint), holding 1me (thold), sintering pressure (Psint), 
and packing density (ρ) in percentage of theore1cal density. 

Samples (TE) Tsint 

(°C) 
thold 

(min) 
Psint 

(MPa) 
ρ 

(%) 

Hydro-Bi2Te3 400 1 50 89 

Polyol-Bi2Te3 400 1 50 78 
 

intensity of diffrac?on peaks with (00l) index reveal a higher degree of 
texturing in the hydro-Bi2Te3 sample compared to the polyol-Bi2Te3. 
 

  
Figure 4.10. XRPD of powder and pellets of Bi2Te3 samples synthesized via MW-
assisted hea1ng for (a) Hydro-Bi2Te3, and (b) Polyol-Bi2Te3 sample. The crystalline 
phases are indexed to Bi2Te3 (ICDD: 01-089-2009). 

The polyol-Bi2Te3 sample has the peak intensity ra?o (I006/I015) of 0.19, 
while the hydro-Bi2Te3 sample has the peak intensity of 0.38. The average 
crystallite size was 295 nm for the hydro-Bi2Te3 sample, and was 231 nm for 
the polyol-Bi2Te3 sample, calculated using Williamson–Hall model for 
sintered samples. The polyol-Bi2Te3 shows high phase purity before and 
ager sintering, however a minor secondary phase of (Bi2TeO5) observed for 
the hydro-Bi2Te3 sample ager the SPS process. 
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The solvent and the precursors used in the chemical reac?ons influence 
significantly the surface chemistry of the synthesized nanopar?cles. XPS 
analysis is performed to analyses the surface chemistry for the as-made 
samples. The analysis shows tellurium (Te) exists in two states, metallic and 
oxide in both the samples, and bismuth (Bi) exists in two states, metallic and 
oxide in the hydro-Bi2Te3. 

 

 
Figure 4.11. (XPS) survey scan for Bi2Te3 Hydro and Polyol routes (a), and C-1s (b1, 
c1), Bi-4f (b2, c2) and Te-3d (b3, c3) spectra for Bi2Te3 samples synthesized with hydro 
(b) and polyol (c) routes. 
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However, Bi exists only in oxide state of the Polyol-Bi2Te3 sample. 
Generally, the signature of the involved precursors and surfactants can be 
observed in the spectrum analysis presented in Figure 4.11. 

Microstructure analyses of powder nanopar?cles and sintered samples 
performed using SEM and TEM micrographs, see Figure 4.12. The powder 
samples show dominantly hexagonal platelet morphology for both hydro in 
Figure 4.12(a,b) and polyol in Figure 4.12(d,e) samples, crystals grow 
primarily along the ab plane direc?on due to the strong covalent bonds 
between Bi-Te can be easily extended along the plane by the effect of the 
direc?ng agent. For the sintered sample with SPS, the SEM micrograph for 
hydro in figure b, shows a clear stacking of hexagonal platelets, revealing a 
higher degree of texturing, perpendicular to the c-axis. Similar case is for 
the polyol sample presented in Figure 4.12(f), but with less texturing when 
compared to the hydro sample. 

 

  
Figure 4.12. TEM, SEM micrographs of as-made Bi2Te3; (a,b) Hydro-Bi2Te3 and (d,e) 
Polyol-Bi2Te3. (c,f) SEM for Hydro-Bi2Te3, Polyol-Bi2Te3 compacted respec1vely. 
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The degree of texturing is measured from the intensity ra?o of (006) and 
(015) diffrac?on peaks (I006 / I015) from the XRDP data. The TE transport data 
measured in the temperature range of 300–523 K, and presented in figure 
4.13. The summary of the transport data in room temperature, 373K, and 
473K for both hydro and polyol samples presented in table 4.7. 

The power factor PF calculated for both hydro and polyol samples, as 
presented in Figure 4.13. The Hydro-Bi2Te3 sample shows the highest PF at 
room temperature 24 μW /(cm.K2), followed by the Polyol-Bi2Te3 sample as 
16 μW/(cm. K2). The electrical conduc?vity and Seebeck coefficient values 
are higher for hydro sample at room temperature compared to the polyol 
sample. 

 

Table 4.7. A summary TE transport proper1es of Bi2Te3 samples synthesized 
through hydrothermal and polyol methods: total thermal conduc1vity (κtot), 
Seebeck coefficient (S), electrical conduc1vity (𝜎), power factor (PF), and TE figure 
of merit (ZT) at the given temperature. 

Sample 

Bi2Te3 

T  

(K) 
 

κtot  

(W/(m.K) 

S 

(𝛍V/K) 

𝜎 

(S/m) 

PF 

(𝛍W/(K2.cm)) 
ZT 

Hydro  

298  0.92 -138 126421 24.22 0.80 

373  0.90 -149 96048 21.31 0.88 

473  1.16 -142 66600 13.36 0.54 

Polyol  

298  0.95 -125 106356 16.51 0.52 

373  0.86 -148 92964 20.36 0.88 

473  0.90 -162 75802 19.84 1.03 
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 Figure 4.13. Compara1ve values for Bi2Te3 for hydro and polyol samples, a) power 
factor, b) total thermal conduc1vity, and c) ZT. 

 

The thermal conduc?vity value at room temperature is below 1W/(m.K)  for 
both hydro and polyol samples, which reveals the nanostructuring effect on 
the phonon scaEering mechanism, however the thermal conduc?vity for 
the hydro sample increases drama?cally ager 373K due to the bipolar 
effect. The bipolar effect appears significantly for the small band gap TE 
materials at elevated temperatures. Consequently, the ZT values for the 
hydro sample are high at room temperature and highest at 373K compared 
to the polyol sample, but decrease drama?cally ager 373K. The polyol 
sample shows slightly higher ZT than one at 473K.  

4.2 Synthesis and Characteriza=on of Cu2-xSe (Paper D, E) 

Synthesis and characteriza?on of copper selenide Cu2-xSe TE materials are 
presented here using solu?on synthesis through thermolysis using MW-
assisted hea?ng. Furthermore, Cu2-xSe-skuEerudite composite was 
fabricated and TE transport proper?es were evaluated to study the effect 
of composite forma?on on the TE transport proper?es of the sintered 
composite material. 

4.2.1 Synthesis of Cu2-xSe via Thermolysis (Paper D) 

The thermolysis synthesis method is u?lized to fabricate binary Cu2Se, and 
copper deficient Cu2-xSe metal chalcogenide TE material, via MW assisted 
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hea?ng at 250°C as reac?on temperature and 5 min reac?on ?me for the 
Cu2Se material phase while 200 °C in 5 min reac?on ?me for the Cu1.8Se 
phase. The as-made materials were characterized for phase purity, 
crystallinity, and par?cle morphology. The TE transport property 
measurements are performed on the sintered material.  

The structural analysis was done with XRDP, where the Indexing was 
performed against Cu2Se (ICDD card no: 27-1131), and Cu1.8Se phases (ICDD 
card no: 01-071-0044). XRPD paEerns show pure phases, without any 
secondary phases, at room temperature as shown in figure 4.14. 

 

 
Figure 4.14. XRPD pa;erns of as-made samples of (a) Cu1.8Se, (b) Cu2Se. 

 

The microstructure analysis was performed using SEM and TEM 
techniques. Figures 4.15 shows the micrographs for as-made Cu1.8Se and 
Cu2Se samples. From the SEM micrographs reveal wide range of par?cle size 
ranging from sub 100 nm up to about 200 nm, with TEM detailed analysis 
showed par?cle size of Cu1.8Se of about 4–6 nm. Latce fringes are visible in 
Figure 4.15 c, measured as 0.2 nm and indexed to the (220) plane, of Cu1.8Se 
structure. In case of Cu2Se sample par?cle size of about 30 nm, indexed for 
the (221) plane of the monoclinic α-Cu2Se. Samples of Cu1.8Se and Cu2Se 
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were consolidated with SPS, the sintering parameters and the pellet density 
are shown in table 4.8. 

 

 
Figure 4.15. SEM micrographs of as-made Cu1.8Se (a) and Cu2Se (d); TEM 
micrographs of as-made Cu1.8Se (b–c) and Cu2Se (e–f). 

 

Table 4.8. SPS parameters and the packing density for Cu1.8Se, Cu2Se. 

Sample 
HeaQng 

rate 
(°C/min) 

SPS Temp 
(°C) 

Load 
(MPa) 

Packing 
density 
(g/cm3) 

CompacQon 
density (%) 

Cu1.8Se 50 300 75 6.36 95 
Cu2Se 50 400 75 6.45 94 

 

 

The surface XPS analysis performed on sintered samples for Cu1.8Se and 
Cu2Se materials, For the Cu2Se region fiEed with two peaks, each 
corresponding Cu-Se bond and CuO surface oxide species with about 10% 
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surface CuO. For Cu1.8Se region was fiEed by two peaks, each corresponding 
to Cu-Se bond and Cu(OH)2 surface hydroxide, with about 5% Cu(OH)2. The 
Cu2Se is a phase-changing material with a transi?on temperature in 
between 90–110°C, which is the reason for the sudden dip during the 
transport measurements observed around the transi?on temperature. 

The transport proper?es measurements were performed on the pellets 
in the temperature range from 300 to 875 K. In Figure 4.16, electrical 
conduc?vity and Seebeck coefficient are compared for both Cu1.8Se and 
Cu2Se; they both show highly doped semiconductor behavior, as electrical 
conduc?vity reduces with temperature increase. Furthermore, it is Cu1.8Se 
showed higher electrical conduc?vity when compared to Cu2Se in the 
measured temperature range. In addi?on, higher Seebeck is obtained for 
Cu2Se compared to Cu1.8Se in the same temperature range. 

  
Figure 4.16. Electronic transport as a func1on of temperature for Cu2Se and Cu1.8Se: 
(a) electronic conduc1vity (σ), (b) Seebeck coefficient (S). 

 

To explain the difference in electronic transport behavior between Cu2Se 
phase and copper deficient Cu1.8Se phase, a theore?cal model is proposed 
to explain the phenomenon. The band structure and density of states (DoS) 
of Cu2Se, and Cu1.8Se are presented in Figure 4.17. 
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Figure 4.17. For the DoS figures, the total DOS is given by the black line, while the 
projected DOS for Cu and Se is given in yellow and blue, respec1vely. The energies 
are given with respect to the Fermi level, EF, The calculated band structure and 
density of states (DoS) of Cu2Se and the DoS of Cu1.8Se. The band structure plot has 
the valence bands in blue color while the conduc1on bands in yellow. 

 

In this model, 10% less number of atoms are considered for the Cu2Se in 
order to obtain the model for Cu1.8Se phase. Hence there would be less 
number of valence electrons in Cu1.8Se phase (ne = 25.8 per formula unit) 
compared to Cu2Se (ne = 28 per formula unit) phase. This consequently 
broadens the states for the Cu2Se when Cu vacancy introduced, and lead to 
Fermi level shig near the top of the maximum of valance band to the 
valance band itself. This shig will significantly affect the electronic transport 
property. According to the model, it is expected to increase the electrical 
conduc?vity for Cu1.8Se compared to Cu2Se, due to the presence of more 
charge carrier. As well as a reduc?on of Seebeck of Cu1.8Se is expected, 
compared to Cu2Se, due to the metallic characteris?c.  

The total thermal conduc?vi?es of the samples are presented in Figure 
4.18. At low temperatures for high values of thermal conduc?vity are 
observed for Cu1.8Se compared to Cu2Se. That is due to the increase of the 
electronic part of the thermal conduc?vity. In the main ?me, the latce part 
of thermal conduc?vity is suppressed more for Cu1.8Se sample ager 400K,  
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Figure 4.18. (a) The total thermal conduc1vity and (b) ZT as a func1on of 
temperature for Cu1.8Se and Cu2Se.  

which can be understood by phonon point defect scaEering in this 
compound. 

The es?mated ZT values for all inves?gated samples are displayed in 
Figure 4.18. The general trend is an increase of ZT with increasing 
temperature for both the samples. Cu2Se reached 1.9 at the same 
temperature Cu1.8Se reached an unprecedentedly high ZT value of 2.1 at 875 
K.	

4.2.2 Synthesis of (Cu2Se)1−x(FeCoSb)x composites (Paper E)  

The effect of crystal mismatch of a nano-inclusion phase effect of 
skuEerudite on the TE proper?es of Cu2Se was studied. Nanostructured 
Cu2Se was synthesized using thermolysis via MW-assisted hea?ng, while the 
p-type skuEerudite, Fe3.25Co0.75Sb12 (FeCoSb), compound was synthesized 
using a chemical alloying method. The composi?ons with (x = 0.05, 0.1) of 
the (nano-Cu2Se)1−x(nano-FeCoSb)x composites, were prepared via 
mechanical alloying followed by SPS process. The microstructure analysis 
was performed using SEM for the sintered sample, it shows the composite 
in different modifica?on as shown in figure 4.19. It clearly shows that there 
are two dis?nct phases as copper chalcogenide (Cu2Se) and skuEerudite 
(FeCoSb) in this sample. 
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Figure 4.19. Fractural SEM micrographs of (nano-Cu2Se)0.95(nano-FeCoSb)0.05 at 
different magnifica1ons. 

The transport proper?es were evaluated in the temperature range of 300–
800 K, on the sintered pellets made from the (nano-Cu2Se)1−x(nano-FeCoSb)x 
composite ager mixing and milling processes. The electrical conduc?vity 
decreases with increasing temperature, as shown in figure 4.20, which 
reveals the typical behavior of highly doped semiconductors.  

The electrical conduc?vity is suppressed with increasing percentage of 
nano-FeCoSb, this may be due to scaEering of the charge carriers by the 
grain boundaries, and decrease in the density of charge carriers with FeCoSb 
content. 

 

(a)      (b) 

Figure 4.20. Temperature dependent a) electrical conduc1vity and b) Seebeck 
coefficients for (nano-Cu2Se)0.98(nano-FeCoSb)0.02, and nano-Cu2Se (nano-
Cu2Se)0.95(nano-FeCoSb)0.05 samples. 
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(a)      (b) 

Figure 4.21. Thermal conduc1vity and figure of merit values as func1on of 
temperature for (nano-Cu2Se)0.98(nano-FeCoSb)0.02, and nano-Cu2Se (nano-
Cu2Se)0.95(nano-FeCoSb)0.05 samples. 

The thermal conduc?vity as a func?on of temperature, shown in Figure 
4.21, is slightly suppressed with increasing nano-FeCoSb content. The 
electronic part of the thermal conduc?vity decreased with the nano-FeCoSb 
content, due to the charge carrier scaEering. While the latce part 
decreases due to the highly textured structure of the nanostructured 
composite consis?ng of a large number of smaller grains that would scaEer 
different phonon modes -which is the case in pure Cu2Se. 

Temperature dependent ZT, presented in Figure 4.21, where the 
maximum ZT value is observed as 1.6 around 750K for the (nano-
Cu2Se)0.95(nano-FeCoSb)0.05 sample, which is rela?vely high for the values 
reported Cu2Se in the literature.  
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Chapter 5. Conclusions  
In this work we showed how solu?on chemical processes can be tuned to 
have a beEer energy and ?me efficiency, while s?ll maintaining a good 
material performance, exemplified by the strategic materials classified as 
thermoelectrics. The developed routes have significantly reduced the 
energy consump?on, thus the carbon footprint, as well as minimizing the 
separa?on requirements, which are also ?me and resource consuming, as 
the synthesized nanopowders were readily phase separated from the 
reac?on solu?on.  

Furthermore, nanostructured TE materials, based on chalcogenides, 
were successfully synthesized via boEom-up solu?on syntheses routes, as 
well as mechanochemical alloying methods for comparison. Microwave-
assisted hea?ng was u?lized to enhance the reac?on rate and reduce the 
reac?on ?me. As the solvents, we have shown that water and polyalcohols 
which are classified as environment-friendly solvents, are promising 
solvents for high-performance thermoelectrics.  

The resultant materials have consistently showed a low thermal 
conduc?vity, ascribed to their nanostructured cons?tuents, causing a 
stronger phonon scaEering. Morphology control was also achieved in the 
solu?on synthesis by the use of surface capping agents that selec?vely 
passivates certain crystal facets. Bulk nanostructured pellets were 
fabricated using SPS processing techniques, which allows high compac?on 
densi?es without losing the nano size characteris?cs. These nanostructured 
TE materials showed a significant improves of ZT, which may pave the way 
for large-scale TE applica?ons. 

Green-chemical synthesis using water and polyalcohol as solvents were 
demonstrated feasible to generate binary and ternary composi?on of Bi2-

xSbxTe3 (n- and p-type) materials, at reac?on temperatures around 200 oC 
and reac?on ?me of minutes. These processes were shown to yield 
nanopar?cles with dominantly hexagonal platelet morphology for Bi2-
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xSbxTe3. As a more benign composi?on material, copper selenide -Cu2-XSe, 
has been studied that is effec?ve at intermediate temperature regime. By 
tuning the reac?on condi?ons, we showed that the composi?on of the final 
phase was precisely tuned between Cu2Se and Cu1.8Se.  

Low thermal conduc?vity values were achieved in the studied samples, 
resul?ng in promising TE conversion efficiency. ZT values in the order of 1 
and as high as 1.35 were obtained for Bi2-xSbxTe3 materials, while for Cu2-xSe 
the ZT values were in the range of 1.6 to 2.1. 

Solu?on chemical syntheses routes developed here are capable of 
producing TE materials at pilot scale, which will grant not only their use in 
all solid-state devices, but also enable a reliable research line on 
hybrid/flexible thermoelectrics.  
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Chapter 6. Summary of papers 
Paper A: Binary and ternary metal chalcogenides were fabricated via polyol 
synthesis method. The Bi2-xSbxTe3 alloys were prepared with different molar 
ra?os to obtain n- and p-type TE materials directly from the solu?on, 
without needing any post-processing. Large batches of pure materials were 
synthesized with high yield (>90%), in very short reac?on ?me of 2min by 
the use of MW-assisted hea?ng. Nanopar?cles with hexagonal platelet 
morphology were obtained. Ager the consolida?on with SPS, dense pellets 
of TE materials were obtained with ~80% of the theore?cal density. The TE 
transport proper?es revealed the expected n- and p- type characteris?cs 
evidenced by the Seebeck coefficient, correla?ng to the proposed molar 
ra?o in the molecular formula. Electronic transport proper?es showed 
significant enhancement, while the thermal conduc?vity was maintained 
low, leading to high ZT values in the range 0.8 - 1.37 for various n- and p-
type alloys.  

 

Paper B: Binary n-type and ternary p-type Bi2−xSbxTe3 (x: 0 and 1.5) alloys 
were fabricated using two different synthe?c methods as MW-assisted 
polyol and mechanochemical synthesis (MA) method. The characterized as-
made materials were compared in terms of their crystallinity, phase purity, 
morphology, and microstructure. The MW synthesized samples showed a 
high phase purity, while some secondary phase was observed in MA-Bi2Te3. 
As-made sample using MW method shows hexagonal platelet morphology, 
while MA shows agglomerated par?cle with broad size distribu?on. The 
powder samples were sintered via SPS to study the TE transport proper?es 
in the temperature range of 300-523 K. It has observed that due to the 
microstructure different transport proper?es were obtained for the same 
composi?on, which in turns is mostly influenced by the adapted synthe?c 
method. Samples made with the MW method showed higher ZT for the 
Bi2Te3 composi?on in the measured temperature range, and for the 
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Bi0.5Sb1.5Te3 composi?on the ZT was higher ager 375K. Finally, the energy 
consump?on for the MW- polyol synthesis was es?mated to be significantly 
lower (40 ?mes) in average compared to the MA method. 

 

Paper C: Hydrothermal syntheses methods presented as rapid, green and 
energy effec?ve routes for the fabrica?on of nanostructured materials. This 
method was compared with the polyol method, to study the influence of 
the solvents on the physicochemical and transport proper?es of the TE 
material, exemplified by the n-type Bi2Te3 TE with promising TE 
performance. MW-assisted hea?ng was used in both the methods, and the 
same temperature and reac?on ?mes were applied. The materials made by 
both the methods are compared in terms of their crystallinity, phase purity, 
morphology, and microstructure. In addi?on, the sintered pellets from both 
methods are used for the TE transport measurements. Both methods 
showed high purity phase, however ager sintering the hydrothermal show 
a minor secondary phase.  A higher degree of texturing in the hydro-Bi2Te3 

sample was observed as compared to the polyol-Bi2Te3.  The powder 
samples showed dominantly hexagonal platelet morphology for both hydro 
and polyol samples. The surface analysis using XPS and Zeta poten?al, 
showed differences in the surface composi?on, that is coupled to the 
precursors and solvents used in the synthe?c process as well as the impurity 
phases that are present. Very low thermal conduc?vity values, below unity, 
at room temperature were obtained for both hydro and polyol, revealing 
the effect of nanostructuring on the phonon scaEering. Promising ZT values 
were obtained for the hydro sample at room temperature, and the highest 
ZT value achieved at 373K as 0.88. 
 

Paper D: Copper selenide Cu2-xSe TE materials were fabricated using MW-
assisted thermolysis. Two material phases, namely Cu2Se and Cu1.8Se, were 
synthesized by tuning the reac?on temperature from 250°C to 200°C with a 
reac?on ?me of 5 min. The materials were characterized in terms of their 
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crystallinity, phase purity, morphology, and microstructure, and sintered 
material for the transport proper?es. The structure analysis, using XRDP, 
showed high phase purity for both composi?ons. SEM micrographs for both 
phases reveal wide range of par?cle size ranging from sub 100 nm up to 
about 200 nm, with TEM detailed analysis showed par?cle size of about 4–
6 nm for the of Cu1.8Se phase. Both material phases were consolidated via 
SPS, reaching a high packing density of >90% for both the material phases. 
A theore?cal model obtained to predict the TE transport characteris?c 
expected for the Cu2Se phase and the copper deficient phase Cu1.8Se. The 
Cu deficiency were observed to increase the electronic conduc?vity, which 
is confirmed with our experimental findings. For the transport 
measurements, it is observed higher electrical conduc?vity for the Cu1.8Se 
as compared to Cu2Se in the temperature range covered. Both phases 
showed high ZT, Cu2Se reaching 1.9 at the same temperature Cu1.8Se 
reaching an unprecedentedly high ZT value of 2.1 at 875 K. 
 

Paper E: The effect of crystal mismatch on the TE proper?es of Cu2Se are 
inves?gated, using nanostructured skuEerudite as the dispersed phase in 
the Cu2Se matrix. Nanostructured Cu2Se was synthesized using thermolysis 
via MW-assisted thermolysis. SkuEerudite, Fe3.25Co0.75Sb12 (FeCoSb), 
compound synthesized using chemical alloying method. Few composite 
composi?ons were prepared via mechanical alloying, using various frac?ons 
of nano-skuEerudite phase and Cu2Se, followed by SPS. The composites 
were characterized for surface morphology and TE transport proper?es. 
SEM analysis showed two dis?nct phases as copper chalcogenides (Cu2Se) 
and skuEerudite (FeCoSb). The transport proper?es were evaluated in the 
temperature range of 300–800 K. Electrical conduc?vity measurements 
revealed typical highly doped semiconductors behavior. With the increase 
of the nano-(FeCoSb) content, the electrical conduc?vity decreases due to 
the charge carrier scaEering, while low thermal conduc?vity was obtained 
with the same composite ra?o. Rela?vely high ZT value of 1.6 was obtained 
for the (nano-Cu2Se)0.95(nano-FeCoSb)0.05 sample at 750 K. 
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