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Abstract  
Current fossil fuel based energy sources have a huge shortcoming when one discusses 
their efficiency. The conversion efficiency of fossil fuel-based technologies is less than 
40% in best cases. Therefore, until the renewable energy section is mature enough to 
handle all the energy demand one has to research and develop the technologies 
available to harvest the energy from the waste heat generated in fossil fuel-based 
supply sources. One of these emerging technologies is the use of thermoelectric (TE) 
devices to achieve this goal, which are solid-state devices capable of directly 
interconverting between heat and electrical energy. In the past decade there has been 
a significant scientific and financial investment within the field to enhance their 
properties and result in time/energy efficient fabrication processes of TE materials 
and devices for a more sustainable environment.  
In this thesis with use of chemical synthesis routes for nanostructured bulk 
thermoelectric materials iron antimonide (FeSb2), skutterudites (based on general 
formula of RzMxCo1-xSb3-yNy) and copper selenide (Cu2Se) are developed. These 
materials are promising candidates for use in thermoelectric generators (TEG) or for 
sensing applications. Using chemical synthesis routes such as chemical co-
precipitation, salt melting in marginal solvents and thermolysis, fabrication of these 
TE materials with good performance can be performed with high degree of 
reproducibility, in a much shorter time, and easily scalable manner for industrial 
processes. The TE figure of merit ZT of these materials is comparable to, or better 
than their conventional method counterparts to ensure the applicability of these 
processes in industrial scale.  
Finally, through thorough investigation, optimized consolidation parameters were 
generated for compaction of each family of materials using Spark Plasma Sintering 
technique (SPS). As each family of TE nanomaterial investigated in this thesis had 
little to no prior consolidation literature available, specific parameters had to be 
studied and generated. The aim of studies on compaction parameters were to focus 
on preservation of the nanostructured features of the powder while reaching a high 
compaction density to have positive effects on the materials TE figure of merit. 
 
Keywords: Thermoelectric, Iron antimonide (FeSb2) Skutterudite, Copper Selenide 
(Cu2Se), Spark Plasma Sintering (SPS), nanomaterial 
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Sammanfattning 
Dagens fossilbränslebaserade energikällor har en enorm brist gällande effektivitet. 
Effektiviteten av fossilbränslebaserade teknologiers omvandling är mindre än 40 % i 
bästa fall. Därför tills förnybar energi är mogen nog att hantera alla energibehov, 
måste man forska och utveckla teknik för att skörda energi från spillvärme i 
fossilbränslebaserade försörjningskällor. En av dessa nya tekniker är tillämpning av 
termoelektriska (TE) material för att uppnå målet. Nämnde material är Soldi-State 
materialer som kan transformera mellan värme och elektrisk energi. Under det 
senaste decenniet har det pågått en stor vetenskaplig och ekonomisk investering 
inom området för att förbättra termoelektriska materials egenskaper. Dessutom ville 
man ta fram tid/energieffektiva TE material och komponenter för en mer hållbar 
miljö. 
I denna avhandling utvecklades och producerades termoelektriska material såsom 
järn antimonid (FeSb2), skutterudit (baserat på allmänna formeln RzMxCo1-xSb3-YNY) 
och koppar selenid (Cu2Se) med hjälp av kemiska syntesmetoder. Genom att Använda 
kemiska syntesmetoder som kemisk samutfällning, salt smältning i marginella 
lösningsmedel och termolys, kan material med hög grad av reproducerbarhet och 
ställbar för industriella processer tillverkas.   Termoelektrisk omvandling effektivitet 
hos uppnådde material är betydligt högre än resultat av andra studier. I och med 
detta kan man säga att materialet kan användas inom industri.  
Slutligen, genom en grundlig undersökning optimerades packningsparametrar som 
genererades för packning av varje materialgrupp med hjälp av Spark Plasma Sintring 
teknik (SPS). Eftersom ingen relevant studie finns för varje grupp av termoelektriska 
nanomaterial som undersökts i denna avhandling, studerades och genererades dessa 
specifika parametrar. Syftet med studien är att fokusera på bevarande av 
nanostrukturerade egenskaperna hos pulvret och att samtidigt nå en hög 
packningstäthet för att ha positiva effekter på materialens termoelektriska 
omvandlingseffektivitet. 
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Chapter 1. Introduction 
1.1 Energy issues 
As the earth’s population grows the energy consumption rises with a higher rate to 
provide the means and services needed. Except the renewable energy sources, the 
energy consumed are mostly either transformed to electricity and / or used as they 
are supplied by the fossil fuels. According to the International Energy Agency (IEA) 
report on the total energy supplied from different renewable and non-renewable 
sources, the supply has risen to almost 6 times the value it had in the past 50 years or 
so, and the consumption follows the same trend1. This increase in the consumption of 
energy, especially the ones based on fossil fuels, has developed certain set of fears and 
uncertainties. First of all, the fossil fuels are limited and bound to finish at some 
point. Additionally, their combustion releases greenhouse gasses, which cause the 
temperature of the earth to rise2. This rise in the temperature can lead to global 
catastrophes environmentally as well as geographically for the whole mankind. 
Although green and renewable energies have gained interest and have grown in the 
past couple of decades from sources such as hydro and wind turbines and solar 
thermal plants, still their share of the total supply is no more than 2% while coal, oil, 
and natural gas derived power plants being the dominant sources of energy (more 
than 80%)1, 3. Fossil fuel based energy sources have a huge shortcoming when one 
discusses about their efficiency. For example, a coal-fired power plant has efficiency 
of no more than 43%4 and despite all the advancement in the past century achieved in 
the automotive section still the internal combustion engines hardly reaches 
efficiencies over 40%. Therefore, until the renewable energy section grows enough to 
handle all the energy supply, one has to research and develop the technologies 
available to harvest the energy from the wasted heat generated in fossil fuel-based 
supply sources. One of these emerging technologies is the use of thermoelectric (TE) 
devices to achieve this goal.  

1.2 Thermoelectricity 
Thermoelectric (TE) materials are materials that can inter-convert between heat and 
electricity. They are particularly favorable due to their dual inter-conversion 
capability as well as the fact that they are solid-state devices with no moving parts, 
eliminating need for maintenance due to moving parts and/or a fluid to transfer the 
heat. The heat is transferred and/or generated by the internal charge carriers. Their 



Introduction 

2 
 

application can be divided into two main categories namely; thermal management 
and TE power generators (TEGs) via waste heat recovery5. 

1.2.1 Thermoelectric Theory 
There are three main phenomena explained by the scientists, who build the 
foundations required for the TEs to make physical calculations and explanations. It 
started with Thomas Seebeck discovering the Seebeck effect in 1821. If two dissimilar 
metals were joined together at their ends and if their ends were in different 
temperature (ΔT), an electrical potential ΔV is generated, and the differential value 
ΔV/ΔT is explained as Seebeck effect (S or α) in the modern literature5-7. 
The reverse of Seebeck effect is called Peltier effect which was discovered by Charles 
Peltier in 18348. The Peltier effect was explained to be the heat absorbed by 2 
dissimilar metals discussed by Seebeck when a current was passed through those 
elements. The physical description of this phenomenon is given in equation 1.1. 

 
where Q is the heat absorbed, П is the Peltier coefficient and I is the current in the 
material. 
Finally, William Thomson gathered the two effects (Seebeck and Peltier) and 
described the heating and cooling effect of a conducting material while a current is 
being passed through it. In his explanation both the Seebeck and Peltier effects are 
not constant and change with respect to the temperature of the material. This 
indicated that at a certain temperature the Seebeck effect can be reversed to Peltier 
and vice versa depending on the current9. 
In order to compare TE materials a simplified dimensionless figure of merit is derived 
from a complex set of calculations, which is used to compare different material with 
respect to their effectiveness. This dimensionless figure of merit is called ZT and is 
described in equation 1.2. 

S is the Seebeck coefficient, σ is the electrical conductivity (the multiplication of σ·S2 
is called Power Factor, PF), κe is the electronic part of the thermal conductivity and κl 
is the lattice part of the thermal conductivity. Experimentally the sum of the thermal 
conductivity (κtot) is measureable and the electronic part follows the Wiedemann-
Franz law, which is described in equation 1.3. The limitation with this equation is that 
the L0 value changes with respect to the charge carrier density and has a value 
between 2.44 x 10-8 WΩK-2 for heavily doped semiconductors and lightly doped 
semiconductors 1.49 x 10-8 WΩK-2. 

 
𝑄𝑄 = Π ∙ 𝐼𝐼 (1.1) 

 
𝑍𝑍𝑍𝑍 =

𝜎𝜎𝑆𝑆2

𝜅𝜅𝑒𝑒 + 𝜅𝜅𝑙𝑙
𝑍𝑍 (1.2) 

 𝜅𝜅𝑒𝑒
𝜎𝜎

= 𝐿𝐿0𝑍𝑍 (1.3) 
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where κe is the electronic thermal conductivity, σ is the electrical conductivity, T is the 
absolute temperature and L0 is the Lorenz number which is dependent on the 
material10.  

1.2.2 Thermoelectric Materials 
It took more than a century for the scientists to actively start the research on TE 
materials until 1957s, when Ioffe introduced the semiconductor concept and doping 
of the TE material into this field11. After this discovery the TE field entered a new era 
and semiconductor chalcogenide materials such as Bi2Te3 and PbTe were intensively 
investigated for their thermal management and waste heat recovery applications 
respectively.  
Depending on their charge carrier semiconductors can be divided into n- and p-type 
semiconductors, which possess electrons and holes as their dominant charge carriers, 
respectively. In order to fabricate a TE device out of these materials the optimized 
configuration is to use the n-type and p-type block of material as electrically in series 
and thermally in parallel arrangement. Figure  1.1 illustrates the cooling and heating 
configuration of a typical building block of a TE device. 

 
Figure  1.1 Schematic of a TE device with 2 legs illustrating the a) cooling effect and b) energy 

harvesting where black circles represent electrons and white circles represent holes 

Investigating the effects developed by Thomson, one can see that different materials 
can have different ZT values at certain temperatures. Typically, TE material contains 
at least one heavy element together with either transition metals or with other group 
III/V elements such as PbTe, CoSb3, Cu2Se and etc.  Each of these materials, 
depending on their properties, has different melting temperature and is suitable for 
specific temperature range. The main category of the material temperature range is 
divided into low-temperature (room temperature up to 500 K), medium temperature 
(450 up to 900 K) and finally high temperature range (typically over 900K). 
Figure  1.2 illustrates the well-established TE materials with respect to their ZT values 
and charge carrier type.  
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Figure  1.2 Common TE materials and their ZT values as a function of the temperature; a) p-type 

materials and b) n-type materials12, 13 

For the low temperature region bismuth chalcogenide (Bi2Te3 for n-type and Bi2Te3-

xSex for p-type) material is mostly common and used. For medium range temperature 
lead base material and skutterudite base material is mostly used. We have to note that 
according to the EU regulations material containing heavy metals such as lead (Pb) 
and cadmium (Cd) are prohibited and therefore further investigation on these 
materials can’t be performed. For higher temperature SiGe based materials have 
proven to be good candidates. There are some materials suggested in the low 
temperature region below RT but they have ZTs in the order of 10-2 which would be 
represented as a flat line in the axes range for the overall values therefore, therefore 
they are not included in Figure  1.2. 

1.2.3 Enhancement Strategies 
In reference to equation 2 there are several TE conversion enhancement strategies 
that can be applied. One can either try to increase the power factor or decrease the 
denominator, which is the thermal conductivity. As there is also a direct relation 
between the electrical conductivity and a part of the thermal conductivity (eq. 1.3), 
any increase in the PF can also lead to increase in the thermal conductivity. In 
general, the relation between the charge carrier density with respect to the different 
electrical and thermal transport properties of the material is described in Figure  1.3. 

 
Figure  1.3 Typical illustration of the relation between the transport properties with respect to the 

carrier concentration13 
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Most of the efforts to increase the ZT have been on decreasing the thermal 
conductivity. Approaches like Phonon Glass Electronic Crystal (PGEC) which was 
suggested by Nolas et al.14 for Skutterudite family indicated towards using materials 
which can have a high electronic conductivity such as crystalline semiconductors but 
the phonon transport resemblance to glass which is close to zero. Recently Liu et. al.15 
also reported a similar phenomenon for material based on copper selenide, which 
displayed thermal conductivity close to values of liquids thus the Phonon Liquid 
Electron Crystal (PLEC).  
In several studies especially initiated by Hicks et al. and Dresselhaus et al.16, 17 low 
dimensionalities can increase the ZT by increasing the PF and decreasing the thermal 
conductivity at the same time. Decreasing the size of the crystallite to less than their 
phonon mean free path can also help reducing the thermal conductivity by reducing 
the lattice contribution to the total. 
Additionally, in some material such as skutterudites the crystal structure has 2 voids, 
which can accommodate rare earth atoms. These rare earth atoms can filter strongly 
the high frequency phonons and reduce the thermal conductivity dramatically. They 
can also in some cases be electrically active and contribute to the electronic transport 
of the material as well5, 18-21. The crystal structure of skutterudite family is illustrated 
in Figure  1.4. 

 
Figure  1.4 Model of crystal structure of a skutterudite material22 

Skutterudites are materials with cubic (in specific body-centered cubic) crystal 
structure. They have 24 atoms per unit cell with a general formula of RzMxA1-xB3-yNy 
(R= rare earths such as Yb, & M= Fe, Ni & A= Co, Rh, Ir, & B= P, As, Sb & N= Te, 
etc.). They belong to the space group of Im3. The structure is usually depicted as 
shown in Figure  1.4 to show the voids in the structure, which can be filled with rare 
earth atoms for thermal conductivity reduction5. 
Copper selenide also has similar properties as skutterudites in terms of their thermal 
conductivity. This material shows a liquid like thermal conductivity thus the term 
Phonon Liquid Electron Crystal (PLEC) was used to describe this behavior. The 
material changes its crystal structure depending on the temperature. The low 
temperature phase of the material is monoclinic and when it is heated up to more 
than 120°C the material’s crystal structure changes to cubic. Both phases of the 
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material are illustrated in Figure  1.5. High temperature phase of this material has 
promising TE characteristics. 

 
Figure  1.5 A model of the crystal structure of a) low temperature monoclinic and b) high temperature 

cubic phase of copper selenide23 

1.2.4 Nanostructured Materials 
The term Nanotechnology was coined in 1959 by Richard Feynman in his 
presentation at an American Physics Society meeting at Caltech. “There’s Plenty of 
Room at the Bottom” started a whole new chapter in science and technology and is 
still growing24. The term Nano itself is from a Greek word directly translated to 
“Dwarf” but in scientific text means “10-9”. Anything with this fraction of the measure 
is called Nano whether it is Nanometer, Nanosecond, or even Nanomaterial (material 
with dimensions in the order of nanometers) and etc. 
Nanomaterials depending on the degrees of freedom of their charge carriers can be 
divided into 0D (the charge carriers are confined in all 3 –x, y and z- directions) like 
quantum dots, 1D (confined in 2 dimensions) nanowires, 2D (confined in one 
direction) like thin films and epitaxial layers, and/or be a mix of all these used in bulk 
form like bulk nanostructured materials. 
Nanomaterials in particular exhibit different chemical and physical behavior 
compared to their bulk values. Reaching nanometer scales materials can exhibit 
either intensified properties (surface to volume ratio is increased leading to a higher 
catalytic properties) or even change their physical properties (exhibit 
photoluminescence)25 and/or in our studies increase the grain boundary scattering of 
phonons and reduce the lattice thermal conductivity16, 17, 26-30. 

1.2.5 Synthesis Methods for Bulk Thermoelectrics 
For synthesis of TE materials, especially the nanoengineered materials there are 2 
main approaches as i) top-down and ii) bottom-up. When materials are fabricated in 
a way where they are crushed, etched and etc. from their bigger bulk values such as 
ball milling and chemical etching, the process is considered as top-down approach. 
On the other hand, if the material is fabricated using chemical synthesis processes, 
which involves two or more elements to react with each other in liquid or gas phase 
and create the building blocks of the material, this is considered as bottom-up 
approach. In the bottom-up approach the tunability and control over the particle size, 
morphology and the material stoichiometry is a key feature25, 26, 28, 31.  
Depending on the type of the material there are several synthesis and fabrication 
methods available in the literature which can either be top-down, bottom-up or even 
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a combination of both processes31. Additionally, the synthesis processes can vary 
depending on the end application. In case of sensing applications there are literature 
reports using clean room processes such as Chemical Vapor Deposition (CVD) and 
Physical Vapor Deposition (PVD) for silicon based and other intermetallic material32, 

33.  
On the other hand, for more bulk scale applications such as refrigeration and waste 
heat recovery, there are cruder but effective methods. For example, for Skutterudite 
based TE materials there have been reports on ball mill approaches18-21, 26, 34-40, melt 
alloying and melt spinning41-47, and chemical routes with organic and inorganics 
precursors26,27,48-53. The advantage with melt alloying is that all the constituent 
materials are melted together, which provides a better overall performance. But the 
disadvantage with this process is that it is time consuming taking up to 10 days in 
some cases and need high temperatures (above 1000˚C) and also precursor powder 
handling (glove box and high vacuum) to prevent oxidation while loading the 
powders in the capsules and in melting process42-47, 54-57. For ball mill approach the 
same problem of time consumption can be attributed which usually is at least around 
3 days up to a week and a post annealing process which also takes additional time18-21, 

58. The chemical routes are much faster and the synthesis is performed at much lower 
temperatures compared to the conventional methods mentioned previously. 
In case of iron antimonide (FeSb2) there have been reports of fairly high Seebeck 
coefficient in very low temperatures (below 100K)59-63, the fabrication has been 
conveyed either by clean room processes or by melt alloying which has the same short 
comings mentioned in the previous argument about the Skutterudites.  
And finally copper selenide family, which show interesting behavior of liquid like 
thermal conductivity above its phase transition temperature again follow the same 
trend. They are also mostly prepared by melt alloying15, 64-69, ball milling23, 70, 71, self-
propagating high temperature synthesis (SHS) 72, and chemically via aqueous and 
non-aqueous routes19, 73-86.   

1.2.6 Compaction of Nanopowders 
The TE powders have to be compacted in order to be used in device configurations. It 
is of utmost importance to maintain the fine structure, i.e. nanostructure, in the final 
compacts to investigate the size dependence of physical transport properties. 
Therefore, compaction of them is also a sensitive issue, which has to be thoroughly 
investigated. There are several different compaction mechanisms, which are Hot 
Isostatic Press (HIP), Hot Uniaxial Press (HUP), and Spark Plasma Sintering (SPS) 
which is fairly new and show promising capabilities. In both cases of HIP and HUP 
the achieved compaction density is very high (>98% up to 100%) but the problem is 
that they require an immense amount of time for heat up and cool down87. 
Additionally, the heating mechanism is not direct and is usually through convection. 
In comparison, SPS can provide with a relatively high compaction density and in very 
little time compared to other methods. The heating is also generated in the material 
that is being compacted through high current pulse passing in the material and the 
compaction die itself. This method preserves the desired features of the loose fine 
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powder as the exposure to high temperature and pressure is brief and is also more 
energy efficient.  

1.2.7 Objectives 
The main objective of this thesis is to develop effective, high yield chemical synthesis 
routes for fabrication of TE materials with high performance for a wide application 
range of TEGs. Due to the nature/composition of these materials it is rather difficult 
to use a single technique for the fabrication of the different TE materials. These 
materials need to be consolidated for their use in TEG modules, their compaction 
parameters need to be carefully investigated and optimized with respect to the 
microstructure and transport performance. Specific objectives of the thesis are listed 
below: 

• Develop reproducible, energy and resource effective chemical synthesis routes 
for fabrication of nanostructured bulk TE materials, for identified promising 
compositions, which can be adopted by industry and can be easily scaled-up  

• Enhance the performance of TE materials with the aid of different strategies 
such as reduction of the thermal conductivity 

• Develop consolidation parameters for these TE materials to preserve their 
nano-features while providing high compaction densities using Spark Plasma 
Sintering (SPS) technique. 
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Chapter 2. Materials & Methods 
2.1 Chemical Synthesis 
Several synthesis processes were utilized to fabricate the desired nanostructured bulk 
TE materials as; Skutterudites, iron antimonide, and copper selenide. Each chemical 
process as well as their precursor materials is described in the following sections.  

2.1.1 Chemical co-precipitation for skutterudites 
In chemical co-precipitation, two or more species of different material are 
simultaneously precipitated thus the co-precipitation name. Chemical co-
precipitation was used to prepare iron substituted Skutterudite with a general 
formula of FexCo1-xSb3. This process was based on previously reported publication 
from our group48. In this process a thermodynamic modeling of the aqueous solution 
was perform using MEDUSA* software with the parameters of Fe2+, Co2+, Sb3+, C2O42-

, OH- and Cl- with stoichiometric amount. After this step, the metal ion solution was 
prepared by dissolving iron chloride (FeCl2·4H2O, Sigma Aldrich 99.99%), cobalt 
chloride (CoCl2·6H2O, Sigma Aldrich, 99.99%) and antimony chloride (SbCl3, Sigma 
Aldrich, 99.99%) in 1 M Hydrochloric Acid (HCl, Merck 37% fuming) under vigorous 
mixing. 0.3 molar Ammonium oxalate (C2H8N2O4, Sigma Aldrich 99.99%) was used 
as a precipitating agent to precipitate the metal ions as powders. All of these materials 
were purchased from Sigma Aldrich and were used as received. Additionally, 3 M HCl 
and 3 M ammonia solution (Merck, 69%) was used to closely control the pH value at 
certain level suggested by the modeling. The powders were then filtered and washed 
with DI water and left to dry overnight in vacuum oven at 60˚C. The dried powders 
were then calcined under air in a box furnace (Carbolite furnaces) to form a mixture 
of the oxides of the precursor. Finally, the powders were thermochemically reduced 
under hydrogen atmosphere at 470 up to 500˚C to form the final skutterudite TE 
powder. 

2.1.2 Ball Milling 
Some of the iron substituted skutterudite samples were used to fill their crystal cage 
voids with rare earth elements such as Ytterbium. The powders were weighed 
according to a desired stoichiometry and filled in a Zirconia coated jar (ZrO2) and 

                                                   
* https://www.kth.se/en/che/medusa/downloads-1.386254 
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grinding balls were added with the powder to ball ration of about 1:12. The powders 
were loaded into a planetary ball-milling machine from Retsch PM 100. The 
parameters were set to be as 450 rpm, and 72 hours milling time with 30-minutes 
interval. At each interval the direction of the rotation was changed and 5 seconds rest 
was given to the system. 

2.1.3 Metal Salt Melting  
In this process, low-temperature melting salts of the constituent elements are melted 
in a hydrophobic liquid. The salts were weighed according to the stoichiometry and 
suspended in an organic media (liquid). Different substitution elements were selected 
for this process to show the expandability of the process to different members of the 
skutterudite family. Table  2.1 illustrates the precursor salts used for this purpose. All 
of these materials were used as-received from Sigma Aldrich with 99.998% purity and 
no further process was performed on them. 

Table  2.1 Metal salts used with their melting temperatures and chemical formula 

Salt Chemical Formula Melting temperature (°C) 

Cobalt Acetate Co(C2H3O2)2·4 H₂O 140 

Antimony Acetate Sb(C2H3O2)3 128.5 

Nickel Acetate Ni(C2H3O2)2·nH2O 250 

Tellurium Oxide TeO2 730 

Iron Nitrate Fe(NO3)3·9H2O 47.2 

 
Different organic liquids were tested but the only organic media, which could 
withstand the temperatures desired, was 1-Octadecene (ODE) with boiling 
temperature of 315 °C. The powders were loaded into a round-bottom flask coupled 
with reflux system to prevent any evaporation. The temperature was selected to be 
about 145°C so that the majority powders (cobalt and antimony acetate) could melt. 
The melting process was kept at the mentioned temperature for about 3 hours under 
vigorous mixing to ensure proper and intimate mixing of the melt powders. 
Additionally, for powders that did not melt at these temperatures, the vigorous 
mixing provided proper route for them to be homogeneously mixed with the other 
elements. The powders were then washed with hexane and left in vacuum at 60°C 
over night. The dried powder mixture was then calcined in a box furnace in air (for 
about an hour) and further reduced in the rotating tube furnace under hydrogen 
atmosphere at 475 °C for about 3 hours to form the proper skutterudite phase with 
different substitutions. 
The same method was used for preparation of FeSb2 compound as well. In this 
process, the powders were weighed and loaded into the 1-neck flask. The suspension 
media in this case was selected to be hexane and the temperature was set to be 60 °C. 
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The powders were then washed and filtered and dried in vacuum oven at 40 °C. The 
dried powder was calcined in air in a box furnace at about 300 °C for about an hour. 
The resulting oxide mixture was reduced under hydrogen atmosphere at 450 °C with 
dwelling time of about 2 hours. 

2.1.4 Microwave Assisted Synthesis 
In this process, the precursor materials are weighed and loaded into a microwave 
(MW) quartz vial and 4 mL ODE and 8 mL are added into the vial. Copper acetate 
and selenium powders are used as the sources and then the silicon cap is installed. 
Then several steps of degassing are done to remove oxygen from the vial and then 
trioctylphosphene (TOP) is added to the vial using a syringe. The vial is then loaded 
into the MW reactor. The instrument is Initiator+ from Biotage. The solution 
undergoes a pre-steering step for 2 minutes and then the process initiates. The 
reaction parameters are set to reach 250C and dwell for 5 min at the reaction 
temperature. The chamber is then forced cooled to the room temperature. The 
powders are washed several times with hexane and methanol, and then dried for 3 
hours in vacuum oven for about 3 hours. 

2.2 Consolidation Utilizing SPS 
There are several consolidation techniques but the more recent technique is Spark 
Plasma Sintering (SPS), which utilizes Direct Current (DC) pulses to heat the material 
itself instead of using conduction heating. The material is loaded into a graphite die 
and loaded into the compaction chamber. Figure  2.1 illustrates a typical schematic of 
the SPS system.  

 
Figure  2.1 A schematic of the SPS machine and a graphite die during compaction88 

There are several parameters that can be optimized for each material. Heating rate, 
holding time, soaking temperature, chamber atmosphere, pressure and the pressing 
rate, and finally the maximum pressure value can be closely controlled to achieve the 
optimum outcome.  
It is important to emphasize that there are no guidelines in the published literature 
on processing of nanopowders of the compositions covered in this work. Therefore, 
for each different materials family, even the same family of materials with new 
dopants, require optimization of consolidation parameters. The main goal of the 
optimization is to obtain a highly dense compact where the nanostructure and 
compositional purity/integrity are preserved and high TE performance is achieved as 
a result. 
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2.3 Structural Characterization 
Several structural characterization techniques were utilized to verify and assure the 
quality of the material having for example a desirable phase, size of the powders, and 
etc. 

2.3.1 X-Ray Powder Diffraction 
The most commonly used method of measurement for a materials crystal structure is 
X-Ray Powder Diffraction (XRPD). There can be different sources for the X-Ray; in 
this work 2 main sources were used.  
2.3.1.1 Copper tube source 
2 systems were used in order to investigate the crystal structure. Both systems are 
from PANalytica. Powder diffractometer Panalytical X’Pert PRO was used in a 
national facility (in Stockholm University) and PANalytical Empyrian (in KTH 
Electrum Laboratory) facilities. Both instrument have Cu K radiation and with 
wavelength of 1.5405 Å. The analyses on the results were performed using X’Pert 
High-score software. 
2.3.1.2 Synchrotron Radiation 
As part of collaboration the National facility at Lund University, MAX LAB, some of 
the powders were measured for their XRPD. The beam line used was I711 which 
provided a tunable X-Ray source for high resolution XRD with wavelength of 0.9927 
Å89. Figure  2.2 illustrates the beam line configuration. 

 
Figure  2.2 Beam line I711 with the sample stage and the detection mechanism at MAX LAB 

The powders were loaded into quartz capillary and installed on the sample stage. 
Additionally, a Huber furnace was used to heat the sample for temperature 
dependent measurements. Measurements were performed with 25C intervals up to 
500C. 

2.3.1.3 Temperature dependent XRPD 
Powder diffractometer works in Bragg-Brentano geometry with Cu-Kα radiation. The 
sample holder is always in horizontal position. Spinning of the sample holder is 
possible, with an adjustable spinning rate. The height of the sample holder is accurate 
to 1 µm. For non-ambient temperature studies, we have used Anton Paar XRK 900 
High temperature chamber with adapter (max T = 900 °C, max P = 10 bar 
overpressure maximum or vacuum, Be windows), temperature controller, PC 
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controlled adapter for height adjustment. The powders were heated and measured 
with 25°C intervals.  

2.3.2 Electron Microscopy 
To investigate the morphology of the as prepared powders as well as the SPS-
compacted pellets, SEM was intensively used. The SEM used for these measurements 
was a Zeiss ultra 55 with additional attached OXFORD X-Mass Energy Dispersive X-
Ray Spectroscopy (EDX) detector. 
Additionally, in some powders Transmission Electron Microscopy (TEM) analysis 
was also performed using a JEOL JEM 2100F (HR). For this purpose, the powders 
were dispersed in ethanol and drop-casted on the TEM grids. 

2.3.3 Thermochemical Analysis 
As most of the processes involved thermochemical steps, Thermogravimetric Analysis 
(TGA) was one of the analytical techniques, which was widely used to gain 
information regarding the calcination temperatures and reactions as well as the 
reduction processes. For this purpose, TGA Q500 series from TA instruments was 
used. In these measurements several milligrams (up to 10 milligrams) of powders 
were filled into ceramic cups and loaded into the chamber. Different atmospheres 
were chosen (Air, Nitrogen, and 5% Hydrogen 95% Nitrogen) to perform these 
measurements. 
Some powders were also characterized using TA Instruments Differential Scanning 
Calorimetry (DSC) Q2000 Series for their phase transition measurements. 

2.3.4 Evolved Gas FTIR Analysis (EGA-FTIR) 
To complement the TGA experiments the Exhaust gas from the TGA measurements 
were further characterized using an Evolved Gas Analysis coupling with the FTIR 
spectroscopy interface. Typical experiments followed the same time frame as the TGA 
experiments and data were collected with a Thermo Fisher Scientific Nicolet iS10 
measurement system. 

2.3.5 ICP Optical Emission Spectroscopy (ICP-OES) 
To verify the composition of metallic elements in the produced powders Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was used as a quantitative 
method and measurement for this verification. The instrument used for this purpose 
was a Thermo Fisher Scientific iCAP 6000 ICP. Several milligrams of the desired 
powder were dissolved in 0.5 M acid solutions (either HCl or HNO3) and used for the 
measurements. 

2.3.6 Transport Property Measurements 
In order to calculate the TE figure of merit (ZT) of a material several measurements 
have to be performed wither simultaneously if possible or separately in some cases. 
The electrical measurements include Seebeck coefficient and electrical conductivity. 
The thermal conductivity measurement, as mentioned in the first chapter, should be 
measured by 2 separate systems. 
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2.3.6.1 Electrical measurements 
As the research was performed in collaboration with different groups, different 
measurement systems were used for each purpose. The main instrument for electrical 
conductivity and Seebeck coefficient measurement is ZEM 3 from ULVAC 
Technologies. A well-defined bar (usually with dimension of Width x Length x Height 
2x3x6 mm) is cut from the SPS-compacted pellet and placed between the heating 
plates and electrodes.  
Some of the samples were also measured by an in-house developed ZT measurement 
system by Fraunhofer Institute for Physical measurements (FH-IPM) 90 which needs 
a sample with 5x5x5 mm dimensions.  
2.3.6.2 Thermal conductivity measurements 
Direct measurement of thermal conductivity is not as straight forward as measuring 
the electrical conductivity. In order to evaluate thermal conductivity of a material 2 
measurements have to be performed and using the equation 2.1 thermal conductivity 
of the sample can be calculated. 

where κtot is the total thermal conductivity, ρ is the volume density of the material 
and D is the thermal diffusivity, and Cp is the specific heat capacity of the material. 
The volume density of the material was obtained using Archimedes method, the 
thermal diffusivity is measured using a Laser Flash Apparatus (LFA) Netzsch and the 
specific heat capacity was measured using a DSC instrument from Netzsch. 

 
𝜅𝜅𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝑝𝑝 ∙ 𝜌𝜌 ∙ 𝐷𝐷 (2.1) 
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Chapter 3. Results & Discussions 
In this section the achievements are summarized. The section is divided into 3 
categories depending on the family of the material as well as their optimum operating 
conditions. The first section is dedicated to fabrication, characterization and TE 
evaluation of the Skutterudite based material followed by iron antimonide FeSb2 and 
finally copper selenide Cu2Se process and evaluations are discussed. 
The materials development from synthesis up to TE evaluation follows the chart 
displayed in Figure  3.1. 

 
Figure  3.1 The flow chart of materials development 

3.1 Skutterudite-Based Materials 
Skutterudite materials based on cobalt and antimony (CoSb3) have shown promising 
results for intermediate temperature range and in this thesis the main goal was to use 
the powerful toolbox of chemistry provide a scalable, energy and time efficient route 
to fabricate different nanostructured compounds from the same family. The work on 
skutterudites is divided into 2 main groups with respect to their process namely; 
Chemical co-precipitation and salt melting in marginal solvents. We have performed 
substitutional doping as well as attempted to introduce rare-earth fillers into the 
crystal cages available in this PGEC material. 
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3.1.1 Chemical Co-precipitation (Papers I, II, and III) 
For the iron substituted skutterudites (FexCo1-xSb3) chemical co-precipitation was 
used for the fabrication method. The thermodynamic modeling of the aqueous 
solution containing the metal ions and precipitating agents provides a complex plot 
for presence of species in various pH values and is hard to interpret. The complex plot 
of the thermodynamic modeling output is presented in Figure  3.2. 

 
Figure  3.2 Typical thermodynamic modeling of the speciation of metal ions in the presence of the 

precipitating agent oxalate (ox2-) 
 

Carefully considering the speciation data we can extract the necessary values 
regarding availability of each metal ion in the plot.  

 
Figure  3.3 Fractional availability of iron, cobalt, and antimony precipitated in solid form91 (Paper I,II) 

In this way we can determine the pH window, which yields the highest fractional 
availability of desired components in the precipitates. Figure  3.3 represents the 
extracted data from the complex modeling. In this case the optimum region for the 
reaction is between 1.8 and 2.2 with focus on maintaining the pH at 2.0 using HCl 
and NH4OH. As the precipitation of iron oxalate reaches a maximum of 80%, the 
amount of iron precursor in the reaction has been increased accordingly, to yield a 
stoichiometric composition as desired. 
The precipitated powder has a yellowish color and after a couple of thermochemical 
steps we reach a greyish powder representing the proper skutterudite powder color.  
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The powders undergo several characterization steps for verification. After the 
verification, a compaction step is performed using SPS system. In this way we 
managed to maintain the submicron size of our powders in the compacted pellet. 
Several SPS compactions were performed to reach an optimum pressing condition as 
powder handling of nanopowders has not been intensively studied and specific 
parameters had to be generated for the powders fabricated by the proposed method. 
An SEM micrograph of the compacted pellet is displayed in Figure  3.4. 

 
Figure  3.4 SEM micrograph of compacted skutterudite sample 

The fabrication process also provides us with the possibility to vary the substitution 
level. Table  3.1 lists the sample tags with respect to their substitution level of iron 
instead of cobalt. 

Table  3.1 sample tags with respect to their substitution level (Paper II) 

Sample Target Formula 

KTH_11 Fe0.2Co0.8Sb3 

KTH_12 Fe0.25Co0.75Sb3 

KTH_13 Fe0.3Co0.7Sb3 

 
The TE evaluations of samples were performed at Fh-IPM and the results are 
presented in Figure  3.5.  
The thermal conductivity of the p-type samples is far below the bulk values for the 
skutterudite which is about 10 W/mK families which proves the nanostructuring 
approach is successful for reducing the thermal conductivity via grain boundary 
scattering. The electrical conductivity increases from 450 S/cm to a maximum of 900 
S/cm with increase of the iron substitution level of 20 to 25% but decreases to about 
800 S/cm for the 30% substituted sample. This decrease can be attributed to the 
formation of the secondary phase of FeSb2 and elemental Sb. The ZT reaches a 
maximum of 0.25 @ 800 K with the sample KTH_12 (Fe0.25Co0.75Sb3) which is 
comparable with the available literature for the unfilled counterparts of this 
material54, 56, 92-95. 
 An extra step of ball milling was performed on Fe0.3Co0.7Sb3 and Yb0.0025 was added 
to see if the secondary ball mill step can provide the energy for the rare earth to 
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diffuse into the crystal cage. This resulted in an increase in the Seebeck coefficient but 
on the other reduced the electrical conductivity which usually goes hand in hand. 
 

 
Figure  3.5 Overall ZT values of the samples91 (Paper II) 

The major affect was on reduced thermal conductivity from a value of 3.5 W/mK to 
less than 2 W/mK increasing the ZT value to about 0.42 @ 870 K which is illustrated 
in Figure  3.6.  

 
Figure  3.6 TE evaluation performed on the substituted/filled skutterudite a) Thermal conductivity, and 

b) ZT of the samples 96 (Paper III) 

3.1.2 Salt melting in marginal solvent (Paper IV) 
The dried powders are mostly pinkish color except the iron substituted samples. The 
iron substituted sample has a brownish color due to the decomposition of iron nitrate 
to iron oxide. The colors of powders at different processing stages are illustrated in 
Figure  3.7.  
This method also provides a fast and scalable route for fabrication of the skutterudite 
family. The whole process from the powder precursors up to the final skutterudite 
powders can be performed in a single day and in lab scale more than 100 grams could 
be fabricated. 
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Figure  3.7 as-prepared dried powders of a) pure skutterudite precursor as well as nickel and antimony 

substituted powders, b) iron substituted powder, c) calcined oxide mixture, and d) final 
thermochemically reduced skutterudite powders97 (Paper IV) 

The process is reproducible and the energy consumption and carbon footprint of the 
process can be minimized. The process is applicable to any unfilled skutterudites 
therefore binary (CoSb3, SKT), ternary (Fe0.2Co0.8Sb3, SKT_P1, Fe0.25Co0.75Sb3, 
SKT_P2, Ni0.15Co0.85Sb3, SKT_N1) and quaternary (Ni0.15Co0.85Sb2.95Te0.05, SKT_N2) 
skutterudites were fabricated. XRD patterns of the powders of various n- and p-type 
unfilled skutterudites are displayed in Figure  3.8. 

 
Figure  3.8 XRPD of various samples prepared by this salt melting method97 (Paper IV) 

These materials are still under investigation for their TE properties but the material is 
nanostructured and the thermal conductivity is in the range of 3.5 W/mK. Further 
studies have to be performed to evaluate the power factor and ZT values 
corresponding to this process. 

3.2 Iron antimonide, FeSb2 (Paper V) 
The fine as-prepared powder is the result of the drying step after the melting and 
filtering/washing process. In order to form the final FeSb2 compound with the proper 
phase the as-prepared powder after washing and filtration was subjected to a TGA 
experiment. This experiment revealed the calcination temperature to be about 300 
°C. Figure  3.9a shows the thermogram of the calcination temperature of the acetate 
mixture powder as well as the reduction process. 
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Figure  3.9 a) TGA thermogram of the calcination and reduction process of the as-prepared iron and 
antimony filtrated mixture and b) X-ray powder diffraction pattern of the as-prepared FeSb2 powder 

and the compacted pellet 98 (Paper V) 

In the calcination process there are 2 distinct weight loss steps visible, which are 
assigned to evaporation of the crystalline water and finally the weight loss due to 
decomposition of the acetate from antimony resulting in antimony oxide. The 
equation 3.1 is proposed for the calcination process. 

Respectively the reduction process can be summarized by the equation illustrated in 
eq. 3.2. 

The main task in order to verify the material is to see if it is in the proper phase. 
XRPD reveals the material to be in proper phase after the compaction, which is 
shown in Figure  3.9b. The proper phase formation could be as a result of the material 
recrystallizing after the heating step during their compaction as well as the controlled 
cooling. 

The powders are submicron sized and have sizes ranged from 50 nm up to about 1 µm 
with average particle size of about 600 nm ± 50 nm. The compacted sample shows a 
relatively high compaction density and measures about 8.02 g/cm3, which is 98% of 
the theoretical density (8.15 g/cm3) using Archimedes method. The micrograph of the 
as-prepared particles and a micrograph of the cracked surface of the compacted pellet 
are displayed in Figure  3.10. 

 
Figure  3.10 SEM micrograph of the a) as-prepared loose powder and b) fractured surface of the 

compacted sample 

2𝐹𝐹𝐹𝐹(𝑁𝑁𝑂𝑂3)3(𝑠𝑠) + 2𝑆𝑆𝑆𝑆(𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂)3(𝑠𝑠)
300℃
�⎯⎯� 

𝐹𝐹𝐹𝐹2𝑂𝑂3(𝑠𝑠) +  𝑆𝑆𝑆𝑆2𝑂𝑂3(𝑠𝑠) + 3𝐶𝐶𝑂𝑂(𝑔𝑔) + 3𝐶𝐶𝑂𝑂2(𝑔𝑔) + 3𝑁𝑁𝑂𝑂2(𝑔𝑔) + 3𝐻𝐻2𝑂𝑂(𝑔𝑔) 
(3.1) 

𝐹𝐹𝐹𝐹2𝑂𝑂3(𝑠𝑠) + 4𝑆𝑆𝑆𝑆2𝑂𝑂3(𝑠𝑠)
450℃
�⎯⎯� 2𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆2 + 15𝐻𝐻2𝑂𝑂(𝑔𝑔) (3.2) 
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The TE evaluations reveal a very high electrical conductivity for this material which 
start at about 6000 S/cm @ 120 K and reaches to its lowest value of about 4000 S/cm 
@ 600 K. the material shows an n-type behavior until about 100 K and transitions to 
a p-type semiconductor above those values. The overall power factor is presented in 
Figure  3.11. The results achieved with our proposed method are about one order of 
magnitude higher than that reported by Sanchela et. al. (1 µW/cm.K2) 99 .  
The thermal conductivity of the material is fairly high compared to the available 
literature data. The high electrical conductivity of our material is partly responsible 
for this high thermal conductivity. 

 
Figure  3.11 power factor of performed on the compacted sample of FeSb2 with respect to the 

temperature 

Using a value of 2.44 10-8 WΩ/K2 due to the high level of doping reveals that most of 
the thermal conductivity is due to the electronic thermal conductivity and the lattice 
component remains in the order of values reported in the literature99. The detailed 
breakdown of the thermal conductivity is presented in Figure  3.12. 

 
Figure  3.12 Thermal conductivity evaluation performed on the compacted pellet, along with the 

breakdown of the lattice and electronic thermal conductivities the solid squares are performed using 
3 method and the empty circles are representing measurements using LFA technique 

The ZT of the material is measured to reach 0.04 @ 600 K which has is the first time 
such a high figure-of-merit is achieved for this material. The highest ZT reported so 
far for this material is only measured up to 100 K and the value roughly reaches 0.1 
10-3, 100-102. The method of fabrication and processing proved useful in obtaining 
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significantly higher values of ZT, about one order of magnitude higher at 100 K, for 
this material and showed a higher level of material’s stability. 

3.3 Copper Selenide, Cu2Se (Paper VI) 
After several optimization parameters for the MW-synthesizer optimum parameters 
of 250°C as reaction temperature, 5 min holding time was used for the preparation of 
the copper selenide, Cu2Se, powders. The precursor before reaction has a greenish 
color to it due presence of copper acetate and the final product has a brownish color. 
Several washing mixtures were used to see the highest washing degree of removal of 
organic surfactants. Methanol and hexane with the ratio of 3:1 was selected as the 
washing media. 
The synthetic process is highly reproducible and automated making it a great 
candidate for industrial scale fabrication. The XRD pattern of 4 batches, which were 
used for the SPS compaction are presented in Figure  3.13. Every single batch is a 
collection of 12 vials resulting in a total amount of 12 grams per batch and all these 4 
batches are identical in their crystal structure. 

 
Figure  3.13 XRPD pattern of 4 different batches of copper selenide powders prepared by MW assisted 

synthesis 

The as-prepared powders micrograph shows an interesting cluster of nanoparticles in 
the range of 25 nm and forming bigger secondary particles of about 150 nm. The TEM 
image of the sample also confirms our observations from the SEM images. The SEM 
& TEM images from the powder are presented in Figure  3.14a.  

 
Figure  3.14 SEM micrograph of copper selenide a) as-prepared powder with the inset image showing 

its TEM image and b) fractured surface of an SPS compacted pellet 
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The optimization of the compaction parameters was also very specific and unique to 
the structure. Several parameters were used and some were not satisfactory as the 
samples created some radial cracks in the pellet and resulted in broken samples, 
which are presented in Figure  3.15. These difficulties were as a result of the phase 
changing nature of the material. Figure  3.14b illustrates an SEM micrograph of a 
fractured surface of a successful attempt.  While cooling, the sample undergoes a 
phase change at temperatures about 120 °C from cubic to monoclinic crystal structure 
and therefore creates stress in the sample. 

 
Figure  3.15 Image of the pellet with 15 mm diameter and 6 mm thickness with radial cracks resulting in 

chipped layers 

The compaction parameters were finally optimized for the samples and compaction 
densities as high as 90% were reproduced for all the samples. A typical SPS 
compaction plot parameters is presented in Figure  3.16. 

 
Figure  3.16 A typical compaction plot generated by the SPS for copper selenide sample with holding 

temperature of 400°C 

The samples were compacted using 3 different holding temperatures. The SPS 
parameters used for each sample is listed in Table  3.2. 
The transport property evaluation of the material shows a promising TE performance. 
The TE evaluation results are shown in Figure  3.17. 
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Table  3.2 List of compacted samples with their compaction parameters 

Sample 
TAG 

MW time 
(min) 

Density 
(g/cm3) 

Max 
Temp 
(°C) 

Heating 
rate 

(°C/min) 

Holding 
time 

Pressure 
(MPa) 

SPS500 5 mins 4.69 500 50 0 75 
SPS450 5 mins 5.2 450 50 0 75 

SPS400 5 mins 5.18 400 50 0 75 

 
The inverse trend of electrical conductivity and Seebeck coefficient is clearly visible. 
The overall power factor of all 3 samples vary from 6 up to 8 μW/cmK2. 

 
Figure  3.17 TE transport property evaluation performed on three samples with different compaction 

parameters 

This value is comparable with the results reported by other groups15, 23, 65, 71, 103. 
Preliminary thermal conductivity measurement for the sample has been measured to 
be about 0.4 W/mK which we can estimate the ZT of the material to reach values 
above 2 @ 900 K which is mostly desired. This value is in the order of the highest 
reported ZT for this material23, 71. 
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Chapter 4. Conclusions 
Using aqueous and non-aqueous solution chemical approaches we have 
demonstrated the possibility of synthesis of three different families of nanostructured 
bulk thermoelectric materials with enhanced transport properties. The proposed 
methods of fabrication dramatically reduce the time and energy consumed for the 
fabrication of these materials, which resulted in 100 grams or more in lab scale per 
day for skutterudites.  
p-type iron substituted skutterudites (FexCo1-xSb3) were prepared using chemical co-
precipitation with aqueous solutions. The method shows promising scalability and 
has comparable and reproducible results compared with the literature values. The 
optimized compaction parameters maintained the grain size of the compacted sample 
in the order of about 400 to 700 nm making a range of particles to be able to filter as 
much phonons and reduce the thermal conductivity. Rare-earth filling attempts via 
ball-milling further reduced the thermal conductivity of the material and increased 
the ZT of the p-type skutterudite to about 0.42 @ 850 K which is comparable with 
reported values for the same material composition. 
Salt melting in marginal solvent was also tested and verified as a promising candidate 
for fabrication of the unfilled skutterudites. The process was carefully studied and the 
phase purity and size aspects of the material were verified. The process shows success 
in the nanoengineering of the material and resulted in thermal conductivity as low as 
3.5 W/mK, which is typical for nanostructured unfilled skutterudites, and is about 
three times lower than the bulk thermal conductivity. 
In specific, low temperature FeSb2 nanopowders were prepared using salt melting in 
marginal solvent route. The powders are in submicron size and the grains in the 
compacted pellet also remain submicron. The ZT of the material was greatly 
influenced by the increased electrical conductivity and reached values about 0.04 
@600 K, about an order of magnitude higher than earlier reported values. 
MW assisted synthesis has been demonstrated as a promising route for fabrication of 
copper selenide, Cu2Se. The preliminary studies show a high degree of reproducibility 
and scalability as the process is fully automated and human factor is minimized. The 
compaction parameters of the material are also optimized and studied for high 
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compaction density as well as the resultant TE behavior. Additionally, the compacted 
pellets from the powders show similar power factor values compared to the literature 
with thermal conductivities close to earlier reported values in the literature ZT above 
2.0 is easily achieved.  
With the help of chemistry as a powerful toolbox for fabrication of TE materials we 
can provide a scalable, more cost and energy efficient, and reproducible routes to 
make nanopowders for industrial applications. The bottom up synthesis approaches 
help us to finely tune the particle size in the ranges which can effectively filter a wide 
range of phonons in the structure with the help of their small size as well as the 
increased boundaries and scattering points while maintaining some fairly good 
electrical properties similar to their bulk form. Additionally, the engineered 
compaction parameters using SPS system corresponding to these materials are 
thoroughly investigated to maintain their nano-features and high compaction density 
for the material to be structurally robust and electrically similar to their bulk 
counterparts. Both the synthetic schemes developed and the processing are 
industrially scalable techniques, which may open the way to develop TEG modules for 
especially mid temperature region for which there are a lot of waste-heat sources 
available.
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Chapter 5. Future Work 
For the future work I suggest a thorough investigation of the MW assisted synthesis 
method to be able to fabricate these materials with different dopant/substituting 
material such as Zn, Ni, and the sulfide counterparts of copper. More investigation 
can be performed on the compaction parameters of the copper selenide powders to 
increase their compaction densities to as high as 97% to assure their structural 
robustness. Additional structural characterization can be performed to check their 
mechanical properties under shock conditions to be able to incorporate them into real 
world applications such as automotive industry or power plants. Diffusion of the 
constituents under a long-term load of high temperature is also an essential quality 
that relates to materials stability, therefore needs further evaluation.  
A more detailed study can be performed on all family of materials investigated in this 
thesis to use them in a thermoelectric generator module (planar and radial) to see 
their efficiency and prototyping capability and finally industrializing the material as 
well as the modules. 
 



 

28 
 

Acknowledgements 
I would like to take the opportunity to thank all the people around me for the 
wonderful time I had during my PhD studies. Without their help, support and 
guidance this period may have been only a dream. 
I would like to express my utmost appreciation for the help provided from my 
supervisor Prof. Muhammet S. Toprak for providing me with the opportunity to work 
in his group. The scientific support, fruitful discussion and moral support through 
every step of the work has led me in this journey to gain knowledge and have a bite 
from the apple of Eden. I would also like to thank my co-supervisor Prof. Mamoun 
Muhammed for his support during the long course of NEXTEC project for his 
wisdom, constructive criticisms and discussions. Finally I would like to thank my 
other co-supervisor Dr. Mohsin Saleemi for his support in my scientific endeavor as 
well as my private life. 
My sincere gratitude extends to the senior researchers at FNM Dr. Abdusalam Uheida 
and Docent Wubeshet Sahle for their constant support and scientific discussions. 
Special thanks goes to Prof. Joydeep Dutta, although he joined late in my studies but 
had a significant impact on my studies. During this period, I have had unlimited 
support from my fellow colleagues Dr. Nader Nikkam, Dr. Terrance Burks, Dr. Fei Ye, 
Dr. Abhilash Sugunan, Ms. Yichen Zhao, Ms. Adrine M. Khachetourian, Ms. Heba 
Asem, Mr. Venkatesh Doddapaneni, and master students in the group Lorenzo, 
Natalia, Wei, Bejan and others.  
I’d like to give special thanks to Mr. Mohammad Noroozi for being the perfect 
colleague sharing the office, having scientific discussions and enjoying our private life 
together. Thank you for the wonderful time we had and I hope to continue this 
interaction outside of office as well. The same goes to Venkatesh for sharing the office 
and having loads of discussions, scientific and non-scientific. 
My other colleagues in ICT School, Pooria, Ahmad, Reza, Sam, Hossein, Arash, 
Babak, Roody, Mahtab, Milad, Mahdi, Azin, Masoud and Faraz thanks for the 
amazing time I’ve had during my PhD aside from the scientific discussion you helped 
me not to feel homesick. Thank you Tobias, Szymon, Amina, and Katarina for being 
the best colleagues one can ask for.  
Golshid, my beloved, you were the energy source I drained for this period. You helped 
me through ups and downs, emotional and financial, in sickness and health, you truly 
kept your end of the promise in our wedding woes, thank you for your constant 
support, love and devotion. 
My family, AGHAYE PEDAR va MADAR KHANOOMI, I’ve never encountered love 
and devotion like you gave me. You believed in me when no one did. Sacrificed your 
happiness and comfort for mine, pushed me to my limits, and taught me to trust in 
myself. I’m grateful for having you and thank you for everything. Ehsan and Sina my 
amazing 2 brothers, thank you for being my brothers, Ehsan for being the wise one 
and Sina for being the wild, you developed both qualities in me. 
Goldis, Jalil, Ashi, Olle, Kajsa and Christer you were my second family. I never 
thought I could have a loving family as you in Sweden. Thanks for being there.  



 

29 
 

I would like to thank the financial support of the EU on EC‐FP7 NEXTEC Project for 
thermoelectric materials (PROJECT NO: 263167) & Swedish Foundation for Strategic 
Research to the project Scalable Thermoelectric Materials (PROJECT NO: EM11‐
0002). I would also like to thank ÅF foundation, Knut och Alice Wallenberg’s 
foundation, and Olle Eriksson foundation for material scientists for their support for 
travel grants to international conferences.   



 

30 
 

References 
 

1. International Energy Agency, Key World Energy Statistics, International 
Energy Agency, France, 2015. 
2. International Energy Agency, Energy and Climate Change, International 
Energy Agency, France, 2015. 
3. International Energy Agency, Tracking Clean Energy Progress, International 
Energy Agency, France, 2015. 
4. W. Graus and E. Worrell, Ecofys. Utrecht, The Netherlands, 2006. 
5. D. M. Rowe, Thermoelectrics Handbook: Macro to Nano, CRC Press, 2010. 
6. T. Seebeck, Abhandlungen der Deutschen Akademie der Wissenschaften zu 
Berlin, 1822, 265, 1823. 
7. D. M. Rowe, CRC handbook of thermoelectrics, CRC press, 1995. 
8. J. C. A. Peltier, Annales des Chimie et des Physique 1834, 56, 371-386 
9. W. Thomson, Proceedings of the Royal Society of Edinburgh, 1857, 3, 91-98. 
10. R. Franz and G. Wiedemann, Annalen der Physik und Chemie, 1853, 165, 497-
531. 
11. A. F. Ioffe, Semiconductor Thermoelements and Thermoelectric Cooling, 1957. 
12. M. Rull-Bravo, A. Moure, J. F. Fernandez and M. Martin-Gonzalez, Rsc 
Advances, 2015, 5, 41653-41667. 
13. G. J. Snyder and E. S. Toberer, Nature Materials, 2008, 7, 105-114. 
14. G. S. Nolas, D. T. Morelli and T. M. Tritt, Annual Review of Materials Science, 
1999, 29, 89-116. 
15. H. Liu, X. Shi, F. Xu, L. Zhang, W. Zhang, L. Chen, Q. Li, C. Uher, T. Day and 
G. J. Snyder, Nature Materials, 2012, 11, 422-425. 
16. L. D. Hicks and M. S. Dresselhaus, Phys Rev B Condens Matter, 1993, 47, 
12727-12731. 
17. M. S. Dresselhaus, G. Chen, M. Y. Tang, R. G. Yang, H. Lee, D. Z. Wang, Z. F. 
Ren, J. P. Fleurial and P. Gogna, Advanced Materials, 2007, 19, 1043-1053. 
18. G. Rogl, A. Grytsiv, E. Bauer, P. Rogl and M. Zehetbauer, Intermetallics, 2010, 
18, 57-64. 
19. G. Rogl, L. Zhang, P. Rogl, A. Grytsiv, M. Falmbigl, D. Rajs, M. Kriegisch, H. 
Muller, E. Bauer, J. Koppensteiner, W. Schranz, M. Zehetbauer, Z. Henkie and M. B. 
Maple, Journal of Applied Physics, 2010, 107, 043507. 
20. L. Zhang, A. Grytsiv, M. Kerber, P. Rogl, E. Bauer and M. Zehetbauer, Journal 
of Alloys and Compounds, 2010, 490, 19-25. 
21. L. Zhang, A. Grytsiv, P. Rogl, E. Bauer and M. Zehetbauer, Journal of Physics 
D: Applied Physics, 2009, 42, 225405. 
22. Northwestern University, Thermoelectrics : The Science of Thermoelectrics, 
http://thermoelectrics.matsci.northwestern.edu/thermoelectrics/index.html - top, 
Accessed 2016/0310, 2016. 
23. B. Yu, W. S. Liu, S. Chen, H. Wang, H. Z. Wang, G. Chen and Z. F. Ren, Nano 
Energy, 2012, 1, 472-478. 
24. Editorial, Nature Nanotechnology, 2009, 4, 781. 



 

31 
 

25. M. Muhammed, Nanostructures: Synthesis, Functional Properties and 
Applications, 2003, 128, 37-79. 
26. M. S. Toprak, C. Stiewe, D. Platzek, S. Williams, L. Bertini, E. C. Muller, C. 
Gatti, Y. Zhang, M. Rowe and M. Muhammed, Advanced Functional Materials, 2004, 
14, 1189-1196. 
27. C. Stiewe, L. Bertini, M. Toprak, M. Christensen, D. Platzek, S. Williams, C. 
Gatti, E. Müller, B. B. Iversen, M. Muhammed and M. Rowe, Journal of Applied 
Physics, 2005, 97, 044317. 
28. M. Muhammed and M. Toprak, in Thermoelectrics Handbook: Macro to 
Nano, CRC Press, 2006, ch. 41. 
29. G. Chen, M. S. Dresselhaus, G. Dresselhaus, J. P. Fleurial and T. Caillat, 
International Materials Reviews, 2003, 48, 45-66. 
30. A. J. Minnich, M. S. Dresselhaus, Z. F. Ren and G. Chen, Energy & 
Environmental Science, 2009, 2, 466-479. 
31. D. M. Rowe, Materials, Preparation, and Characterization in Thermoelectrics, 
CRC press, 2012. 
32. Y. Kumashiro, K. Nakamura, K. Sato, M. Ohtsuka, Y. Ohishi, M. Nakano and Y. 
Doi, Journal of Solid State Chemistry, 2004, 177, 533-536. 
33. M. Noroozi, M. Moeen, A. Abedin, M. S. Toprak and H. H. Radamson, MRS 
Proceedings, 2014, 1707. 
34. H. Nakagawa, H. Tanaka, A. Kasama, H. Anno and K. Matsubara, 16th 
International Conference on Thermoelectrics, Proceeding, 1997, 351-355. 
35. J. Yang, Y. Chen, J. Peng, X. Song, W. Zhu, J. Su and R. Chen, Journal of 
Alloys and Compounds, 2004, 375, 229-232. 
36. J. Yang, Q. Hao, H. Wang, Y. C. Lan, Q. Y. He, A. Minnich, D. Z. Wang, J. A. 
Harriman, V. M. Varki, M. S. Dresselhaus, G. Chen and Z. F. Ren, Physical Review B, 
2009, 80, 115329. 
37. C. Recknagel, N. Reinfried, P. Hohn, W. Schnelle, H. Rosner, Y. Grin and A. 
Leithe-Jasper, Science and Technology of Advanced Materials, 2007, 8, 357-363. 
38. J. Y. Peng, J. Y. Yang, T. J. Zhang, X. L. Song and Y. H. Chen, Journal of Alloys 
and Compounds, 2004, 381, 313-316. 
39. H. Schock, E. Case, T. Caillet, C. Cauchy, J.-P. Fleurial, T. Hogan, M. 
Kanatzidis, R. Maloney, C. Nelson and J. Ni, in US Department of Energy, 
Washington, DC, Quarterly Report, October, 2008, vol. 10. 
40. J. Eilertsen, S. Rouvimov and M. A. Subramanian, Acta Materialia, 2012, 60, 
2178-2185. 
41. B. C. Sales, D. Mandrus and R. K. Williams, Science, 1996, 272, 1325-1328. 
42. S. Ballikaya, N. Uzar, S. Yildirim, J. R. Salvador and C. Uher, Journal of Solid 
State Chemistry, 2012, 193, 31-35. 
43. S. Ballikaya, G. Wang, K. Sun and C. Uher, Journal of Electronic Materials, 
2010, 40, 570-576. 
44. S. Ballikaya and C. Uher, Journal of Alloys and Compounds, 2014, 585, 168-
172. 
45. C. Uher, C.-P. Li and S. Ballikaya, Journal of Electronic Materials, 2009, 39, 
2122-2126. 



 

32 
 

46. S. Ballikaya, N. Uzar, S. Yildirim, H. Chi, X. Su, G. Tan, X. Tang and C. Uher, 
Journal of Electronic Materials, 2012, 42, 1622-1627. 
47. S. Ballikaya, N. Uzar, S. Yildirim and J. R. Salvador, Journal of Solid State 
Chemistry, 2013, 197, 440-446. 
48. M. Toprak, Z. Yu, M. Muhammed, A. A. Zakhidov, R. H. Baughman and I. 
Khayrullin, 18th International Conference on Thermoelectrics, Proceeding, 1999, 382 
– 385. 
49. M. Saleemi, M. Y. Tafti, M. S. Toprak, M. Stingaciu, M. Johnsson, M. Jägle, A. 
Jacquot and M. Muhammed, MRS Proceedings, 2012, 1490. 
50. A. Gharleghi, H.-Z. Chang, Y.-C. Chen, Y.-W. Yang and C.-J. Liu, Journal of 
Electronic Materials, 2012, 42, 1564-1567. 
51. A. Gharleghi, Y. H. Pai, F. H. Lin and C. J. Liu, Journal of Materials Chemistry 
C, 2014, 2, 4213-4220. 
52. A. Gharleghi and C. J. Liu, Journal of Alloys and Compounds, 2014, 592, 277-
282. 
53. J. Xie, X. B. Zhao, J. L. Mi, G. S. Cao and J. P. Tu, J Zhejiang Univ Sci, 2004, 
5, 1504-1508. 
54. C. Zhou, J. Sakamoto and D. Morelli, Journal of Electronic Materials, 2010, 
40, 547-550. 
55. L. Li, Z. Chen, M. Zhou and R. Huang, Frontiers in Energy, 2011, 5, 125-136. 
56. C. Zhou, J. Sakamoto, D. Morelli, X. Zhou, G. Wang and C. Uher, Journal of 
Applied Physics, 2011, 109, 063722. 
57. C. Zhou, D. Morelli, X. Y. Zhou, G. Y. Wang and C. Uher, Intermetallics, 2011, 
19, 1390-1393. 
58. G. Rogl, A. Grytsiv, E. Bauer, P. Rogl and M. Zehetbauer, Intermetallics, 2010, 
18, 57-64. 
59. A. Bentien, S. Johnsen, G. K. H. Madsen, B. B. Iversen and F. Steglich, 
Europhysics Letters (EPL), 2007, 80, 17008. 
60. P. Sun, N. Oeschler, S. Johnsen, B. B. Iversen and F. Steglich, Physical Review 
B, 2009, 79. 
61. Y. Sun, S. Johnsen, P. Eklund, M. Sillassen, J. Bottiger, N. Oeschler, P. Sun, F. 
Steglich and B. B. Iversen, Journal of Applied Physics, 2009, 106. 
62. P. Sun, N. Oeschler, S. Johnsen, B. B. Iversen and F. Steglich, Applied Physics 
Express, 2009, 2, 091102. 
63. M. Koirala, H. Z. Zhao, M. Pokharel, S. Chen, T. Dahal, C. Opeil, G. Chen and 
Z. F. Ren, Applied Physics Letters, 2013, 102, 213111. 
64. A. A. Sirusi, S. Ballikaya, C. Uher and J. H. Ross, Journal of Physical 
Chemistry C, 2015, 119, 20293-20298. 
65. H. L. Liu, X. Shi, M. Kirkham, H. Wang, Q. Li, C. Uher, W. Q. Zhang and L. D. 
Chen, Materials Letters, 2013, 93, 121-124. 
66. S. Ballikaya, H. Chi, J. R. Salvador and C. Uher, Journal of Materials 
Chemistry A, 2013, 1, 12478-12484. 
67. H. Kim, S. Ballikaya, H. Chi, J.-P. Ahn, K. Ahn, C. Uher and M. Kaviany, Acta 
Materialia, 2015, 86, 247-253. 
68. E. Filippo, D. Manno and A. Serra, Journal of Alloys and Compounds, 2012, 
538, 8-10. 



 

33 
 

69. P. Lu, H. L. Liu, X. Yuan, F. F. Xu, X. Shi, K. P. Zhao, W. J. Qiu, W. Q. Zhang 
and L. D. Chen, Journal of Materials Chemistry A, 2015, 3, 6901-6908. 
70. K. Tyagi, B. Gahtori, S. Bathula, M. Jayasimhadri, N. K. Singh, S. Sharma, D. 
Haranath, A. K. Srivastava and A. Dhar, Journal of Physics and Chemistry of Solids, 
2015, 81, 100-105. 
71. B. Gahtori, S. Bathula, K. Tyagi, M. Jayasimhadri, A. K. Srivastava, S. Singh, R. 
C. Budhani and A. Dhar, Nano Energy, 2015, 13, 36-46. 
72. X. Su, F. Fu, Y. Yan, G. Zheng, T. Liang, Q. Zhang, X. Cheng, D. Yang, H. Chi, 
X. Tang, Q. Zhang and C. Uher, Nature Communication, 2014, 5, 4908. 
73. D. Li, X. Y. Qin, Y. F. Liu, C. J. Song, L. Wang, J. Zhang, H. X. Xin, G. L. Guo, 
T. H. Zou, G. L. Sun, B. J. Ren and X. G. Zhu, Rsc Advances, 2014, 4, 8638-8644. 
74. V. M. Bhuse, P. P. Hankare, K. M. Garadkar and A. S. Khomane, Materials 
Chemistry and Physics, 2003, 80, 82-88. 
75. P. Kumar, K. Singh and O. N. Srivastava, Journal of Crystal Growth, 2010, 
312, 2804-2813. 
76. X. Q. Chen, Z. Li and S. X. Dou, ACS Appl Mater Interfaces, 2015, 7, 13295-
13302. 
77. X. Chen, Z. Li, J. Yang, Q. Sun and S. Dou, J Colloid Interface Science, 2015, 
442, 140-146. 
78. L. W. Mi, Z. Li, W. H. Chen, Q. Ding, Y. F. Chen, Y. D. Zhang, S. S. Guo, H. M. 
Jia, W. W. He and Z. Zheng, Thin Solid Films, 2013, 534, 22-27. 
79. Z. H. Han, Y. P. Li, H. Q. Zhao, S. H. Yu, X. L. Yin and Y. T. Qian, Materials 
Letters, 2000, 44, 366-369. 
80. D. P. Li, Z. Zheng, Y. Lei, S. X. Ge, Y. D. Zhang, Y. G. Zhang, K. W. Wong, F. L. 
Yang and W. M. Lau, Crystengcomm, 2010, 12, 1856-1861. 
81. H. L. Su, Y. Xie, Z. P. Qiao and Y. T. Qian, Materials Research Bulletin, 2000, 
35, 1129-1135. 
82. Y. F. Liu, J. H. Zeng, C. Li, J. B. Cao, Y. Y. Wang and Y. T. Qian, Materials 
Research Bulletin, 2002, 37, 2509-2516. 
83. L. Yang, Z. G. Chen, G. Han, M. Hong, Y. C. Zou and J. Zou, Nano Energy, 
2015, 16, 367-374. 
84. J. Choi, N. Kang, H. Y. Yang, H. J. Kim and S. U. Son, Chemistry of Materials, 
2010, 22, 3586-3588. 
85. S. Deka, A. Genovese, Y. Zhang, K. Miszta, G. Bertoni, R. Krahne, C. Giannini 
and L. Manna, J American Chemical Society, 2010, 132, 8912-8914. 
86. H. I. Hsiang, W. H. Hsu, L. H. Lu, Y. L. Chang and F. S. Yen, Materials 
Research Bulletin, 2013, 48, 715-720. 
87. R. Seshadri, D. B. Rao, V. Narayanaswamy and L. Rangaraj, Advances in High 
Pressure Sience & Technology, 1994, 394-399. 
88. D. Kopeliovich, Spark plasma sintering, 
http://www.substech.com/dokuwiki/doku.php?id=spark_plasma_sintering, 
Accessed 2016/3/10, 2016. 
89. Y. Cerenius, K. Stahl, L. A. Svensson, T. Ursby, A. Oskarsson, J. Albertsson and 
A. Liljas, J Synchrotron Radiation, 2000, 7, 203-208. 



 

34 
 

90. A. Jacquot and K. Bartholom, ed. F. I. f. P. M. (Fh-IPM), 
http://www.ipm.fraunhofer.de/content/dam/ipm/en/PDFs/Product 
sheet/FM/TEK/measurement-figure-merit-ZT-Meter-870K.pdf, 2012, ch. 2, p. 2. 
91. M. Y. Tafti, M. Saleemi, M. S. Toprak, M. Johnsson, A. Jacquot, M. Jägle and 
M. Muhammed, Open Chemistry, 2014, 13. 
92. A. A. Ioannidou, M. Rull, M. Martin-Gonzalez, A. Moure, A. Jacquot and D. 
Niarchos, Journal of Electronic Materials, 2014, 43, 2637-2643. 
93. K. H. Park, S. W. You, S. C. Ur and I. H. Kim, ICT'06: 15th International 
Conference on Thermoelectrics, Proceedings, 2006, 435-438. 
94. K. H. Park, J. I. Lee, S. C. Ur and I. H. Kim, Materials Science Forum, 2007, 
534-536, 1557-1560. 
95. K. H. Park, S. C. Ur and I. H. Kim, Solid State Phenomena, 2007, 124-126, 
939-942. 
96. M. Y. Tafti, M. Saleemi, M. Johnsson, A. Jacquot and M. S. Toprak, MRS 
Proceedings, 2015, 1735. 
97. M. Y. Tafti, M. Saleemi, L. Han, N. V. Nong and M. S. Toprak, Ceramics 
International, 2016, 42, 5312-5318. 
98. M. Saleemi, M. Y. Tafti, A. Jacquot, M. Jagle, M. Johnsson and M. S. Toprak, 
Inorganic Chemistry, 2016, 55, 1831-1836. 
99. A. V. Sanchela, A. D. Thakur and C. V. Tomy, Journal of Materiomics, 2015, 1, 
205-212. 
100. G. Pernot, M. Stoffel, I. Savic, F. Pezzoli, P. Chen, G. Savelli, A. Jacquot, J. 
Schumann, U. Denker, I. Monch, C. Deneke, O. G. Schmidt, J. M. Rampnoux, S. 
Wang, M. Plissonnier, A. Rastelli, S. Dilhaire and N. Mingo, Nature Materials, 2010, 
9, 491-495. 
101. A. Datta and G. S. Nolas, European Journal of Inorganic Chemistry, 2012, 
2012, 55-58. 
102. G. Kieslich, C. S. Birkel, I. Veremchuk, Y. Grin and W. Tremel, Dalton 
Transactions, 2014, 43, 558-562. 
103. Y. He, T. S. Zhang, X. Shi, S. H. Wei and L. D. Chen, Npg Asia Materials, 2015, 
7, e210. 
 
 


	Mohsen Y Tafti_Cover Page
	PhD_Thesis_MYT_For print_Final_mt_GH
	Chapter 1. Introduction
	1.1 Energy issues
	1.2 Thermoelectricity
	1.2.1 Thermoelectric Theory
	1.2.2 Thermoelectric Materials
	1.2.3 Enhancement Strategies
	1.2.4 Nanostructured Materials
	1.2.5 Synthesis Methods for Bulk Thermoelectrics
	1.2.6 Compaction of Nanopowders
	1.2.7 Objectives


	Chapter 2. Materials & Methods
	2.1 Chemical Synthesis
	2.1.1 Chemical co-precipitation for skutterudites
	2.1.2 Ball Milling
	2.1.3 Metal Salt Melting
	2.1.4 Microwave Assisted Synthesis

	2.2 Consolidation Utilizing SPS
	2.3 Structural Characterization
	2.3.1 X-Ray Powder Diffraction
	2.3.1.1 Copper tube source
	2.3.1.2 Synchrotron Radiation
	2.3.1.3 Temperature dependent XRPD

	2.3.2 Electron Microscopy
	2.3.3 Thermochemical Analysis
	2.3.4 Evolved Gas FTIR Analysis (EGA-FTIR)
	2.3.5 ICP Optical Emission Spectroscopy (ICP-OES)
	2.3.6 Transport Property Measurements
	2.3.6.1 Electrical measurements
	2.3.6.2 Thermal conductivity measurements



	Chapter 3. Results & Discussions
	3.1 Skutterudite-Based Materials
	3.1.1 Chemical Co-precipitation (Papers I, II, and III)
	3.1.2 Salt melting in marginal solvent (Paper IV)

	3.2 Iron antimonide, FeSb2 (Paper V)
	3.3 Copper Selenide, Cu2Se (Paper VI)

	Chapter 4. Conclusions
	Chapter 5. Future Work


