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Abstract 

In this project, nano powder of CoSb3 thermoelectric material was synthesized using chemical alloying 

novel co-precipitation method. This method involved co-precipitation of TE precursor compounds in 

controlled pH aqueous solutions followed by thermo-chemical treatments including calcination and 

reduction to produce nano-particulates of CoSb3. The nano powder was consolidated using rapid solid 

state spark plasma sintering (SPS) and the processing time was of the order of few minutes. On a result 

very high densities were achieved and grain growth was almost negligible.  

Various batches of the CoSb3 nano powder were produced to achieve high purity, minimum particle size 

and compensate Sb evaporation during thermo-chemical reduction. For de-agglomeration, powder was 

grinded before and after calcination. Samples were characterized at each stage during synthesis using 

XRD and SEM (with EDX). Thermal gravimetric analysis (TGA) was done before thermochemical 

treatments to observe weight losses with heating the powder at high temperatures and other 

physiochemical changes. Thermal diffusivity of the samples was measured at room temperature using 

Laser Flash Apparatus (LFA) and heat capacity was measured using Differential Scanning Calorimetry 

(DSC).   Thermal conductivities are calculated using these thermal diffusivities, heat capacities and 

densities of the sintered pellets. Average grain size is measure using image size J software. 

It was observed that powder purity and size is affected by batch size, reduction conditions like holding 

temperature and time.  During sintering with SPS; heating and cooling rates, sintering temperature, 

holding pressure and time were the main variables. Grain size and morphology was analyzed using SEM. 

It was observed that larger the grain size higher will be the thermal diffusivity, which leads to 

increase in thermal conductivity. Hence, grain size has affected on thermal conductivity and also 

on TE performance. 
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Chapter 1 – Introduction 

 

Abundant and economical energy is the life blood of modern civilizations. The whole world is 

facing energy crisis and many research projects are running to save energy and its conservation 

for the coming future and betterment of the society. Nanotechnology helped in this area 

especially generation, conversion and recovery from the waste as heat energy. Research and 

development work is progressing to get better solution using nanotechnology and to save the 

world from energy crisis. In the energy sector, hot research areas are fuel cells, solar energy, and 

storage for hydrogen gas, heat pumps and thermoelectric devices. [1] 

Thermoelectric (TE) materials have dual property of generating electrical energy by using a 

temperature gradient, or cooling/heating when electrical energy is supplied. TE materials turn 

heat into electricity without any pollution. The converters have no moving parts and are therefore 

extremely reliable and well suited for space missions.  On earth waste heat abounds in modern 

societies and many applications of thermoelectric devices can be envisaged. Major disadvantage 

of TE materials is the present poor efficiency, which can be improved by Nanotechnology. 

Nano grains and nano particles are the building blocks for the nano-structured materials. Small 

particle or grain size leads to large surface area to volume ratio and the numbers of grain 

boundaries are much more as compared to micro-size grains. This leads to high degree of 

disorder along the grain boundaries. The large surface area gives higher reactivity. Surface pores, 

grain boundary junctions and other crystal lattice defects are structural features in the nano-

structured materials and these depend on the synthesis route and way of processing. Nano size 

affects the physical properties of the material for example; lowered melting temperatures due to 
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increase in surface energy, improved wear properties of the nano-structured ceramics, increased 

strength of the metal and other mechanical properties, transformation of magnetic state from 

ferromagnetic to paramagnetic or super magnetic state. Hence careful synthesis of the building 

blocks opens the door for tailoring given properties and improved performance. Theoretical 

predictions showed that TE materials’ figure of merit (a measure of the goodness of TE 

materials) can be spectacularly enhanced from currently ≈1 to extremely high values of 5 -10 (up 

to 20) by nano-engineering. [2]  

1.1 Thermoelectricity  

Electricity generated by the application of heat to the junction of two dissimilar materials. If two 

wires of different materials are joined at their ends and one end is maintained at a higher 

temperature than the other, a voltage difference will arise, and an electric current will exist 

between the hot and the cold junctions. This phenomenon was first observed in 1821 by the 

German physicist Thomas Seebeck and is known as the Seebeck effect.  

For a given combination of materials, the voltage difference varies in direct proportion to the 

temperature difference. This phenomenon can be utilized for the accurate measurement of 

temperature by means of a thermocouple in which one wire junction is maintained at a known 

reference temperature (for example, in an ice bath) and the other at the location where the 

temperature is to be measured. [3] 

The Seebeck effect and the Peltier effect 

An electron in solids is an elementary particle with a negative charge of e, and carries electric 

current. Since an enormous number of electrons are at thermal equilibrium in solids, they also 
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carry heat and entropy. Thus in the presence of temperature gradient, they can flow from a hot 

side to a cold side to cause an electric current. This implies a link between thermal and electrical 

phenomena, and these are called thermoelectric effects. 

The Seebeck effect and the Peltier effect are the predominant thermoelectric effects. The 

Seebeck effect is a phenomenon that voltage (V) is induced in proportion to applied temperature 

gradient (∆T), written as: 

                                                     V=S ∆T 

Where S is the Seebeck coefficient (thermoelectric power, or thermopower). The Peltier effect is 

a phenomenon that the heat absorption/emission (Q) is induced at the junctions to the leads by 

the applied current (I), written as: 

                                                      Q = ΠI 

Where Π is the Peltier coefficient. This is the reverse process to the Seebeck effect. According to 

the Onsagar relation, S and Π satisfy the relation 

                                                       Π=ST 

In the presence of the coupling between thermal and electrical phenomena, it is, in principle, 

possible to convert heat into electric energy, and vice versa. Such an energy-conversion 

technology is called thermoelectric conversions. Since this energy conversion is done by 

electrons in solids, we can make full use of solids. [4] 
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In addition to the temperatures of the hot and cold sides, which are important to all the thermal 

engines, the efficiency of actual TE devices is determined by the TE figure of merit, ZT, which is 

defined as follows: 

 

Where S is the Seebeck coefficient, σ and κ are the electrical and thermal conductivity, 

respectively. κ consists of electronic κe  and lattice κL components at absolute temperature T (K), 

(κ = κe + κL). An effective TE material needs to satisfy three major requirements, a large Seebeck 

coefficient to produce enough voltage, a high electrical conductivity to reduce the thermal noise 

(joule heating, I2R), and a low thermal conductivity to decrease thermal losses at the 

thermocouple junctions. Since S, σ, and κ are interdependent, optimizing ZT is a major 

challenge. 

 

Fig 1: Principle configuration of single TE couple for 
refrigeration/power generation [5]  
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Figure 1 shows the principle configuration of single TE couple for refrigeration or power 

generation. In case of refrigeration, heat has to be pumped via electron (n-type TE) and hole (p-

type TE) carriers from the cold to the warm end. In order to increase the performance efficiency 

of such a pumping, the thermal conductivity of both types of TE, which is responsible for the 

reverse heat conduction from the warm to cold end, should be reduced. [6] 

The TE properties of a material depend upon the carrier concentrations as shown in figure 2. 

Metals have low ´S´ and they have low TE performance. Metals have also high ´σ´ and high ´k´ 

so σ and k cancel each other.  On the other hand, insulators have high ´S´ and small electronic 

contributions to their thermal conductivity. The charge density and electrical conductivity is low 

for insulators so that ´s why low TE effect. Hence the materials in between metals and insulators 

called semi-conductors are the best materials. The electrical properties of semi-conductors can 

change dramatically with temperature. As a result, semi-conductors have high TE performance 

over distinct temperature range. 

 

Fig 2: TE properties of metals, semi-conductors and insulators   [5] 
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1.2 TE Materials 

  There are some examples of TE materials having different ZT values at different temperatures. 

TABLE 1: The highest reported ZT values of some well known TEs  [5] 

  Material   T(K)   ZT 

Filled skutterudites, e.g. CeFe4Sb12, Ybx CoSb3   600-900   1.2 

Half-Heusler alloys: e.g. TiNiSn, ZrNiSn   800    0.7 

Semiconducting clathrates, e.g. Sr8Ga16Ge30 ,   700   1 

Complex Bi chalcogenides CsBi4Te6   225   0.8 

Cubic Ag-Pb-Sb-Te bulk compounds-may have ≈ 
epitaxial nanocrystal inclusions 

  800   2.2 

  Bi2Te3    300    1.2  

  TAGS    600    2  

  PbTe    750    1  

  Si-Ge    1100    1  

  Bi-Sb    150    0.7  
 

   

  Figure 3 shows some thermoelectric materials with ZT values as a function of temperature. 

Behavior of some newly developed thermoelectric materials in terms of their performance at 

different temperature can be observed in the given figure 3. 
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        Fig 3: Figure of Merit ZT as a function of  Temperature of some thermoelectric materials [5] 

 

Skutterudite Structure 

 

Skutterudite is the name of a CoAs3- based mineral that was first extensively mined as a source 

of cobalt and nickel in the region of Skutterud Norway. Compounds having similar cubic crystal 

structure are known as skutterudites. It contains two voids in each unit cell that are large enough 

to accommodate a variety of atoms mostly including light atoms like lanthanides. The chemical 

composition of the lanthanides filled skutterudites is given by RM4X12, where R are the 

lanthanides. [5] 

Skutterudites have an effective TE operational range from 650K to 950K, and are considered as 

promising candidates of TE materials to be used in several advanced applications. Among the 

different types of skutterudites compounds, CoSb3 based members have attracted by far the 

greatest interest. They show not only some of the best TE characteristics, but the constituent 

elements are abundant and markedly less expensive than most of the alternate skutterudites 

structures.  [7] 
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Skutterudites structure is very similar to perovskites structure. In an ideal perovskites structure 

the eight octahedra are not tilted which results in eight voids that are filled by Ca atoms. But in 

the skutterudite structure these octahedra are tilted and due to that tilting position of octahedra 

reduce the volume of the six of these voids which become the centers of rectangular pnicogen 

(P4, As4 or Sb4) groups. The remaining two voids are greatly enlarged and can accommodate 

lanthanide atoms. Each lanthanide atom is located at the center of a distorted icosohedron formed 

by 12 pnicogen atoms.  

Transition metal atoms (Fe, Ru, or Os – small light blue spheres) are at the centers of the 

distorted octahedra formed by pnicogen atoms (P, As, Sb – green spheres). The lanthanide atoms 

(red spheres) are located at the center of the cage formed by 12 pnicogen atoms. The skutterudite 

structure results if the lanthanide atoms are removed from the structure and the transition metals 

(Fe, Ru, or Os) are replaced by transition metals with one more outer shell electron (Co, Rh or 

Ir). 

   

Fig. 4: Model of filled skutterudite structure. [5] 
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The size of the icosohedral cage formed the pnicogen atoms increases as pnicogen atoms 

changes from P to As to Sb. In many of the antimonide compounds, the atomic displacement 

parameters for lanthanide atoms are usually large, indicating substantial “rattling” of the R atoms 

about their equilibrium positions and poor bonding to the antimony atoms forming the cage. The 

filled skutterudite structure does not form with the smaller lanthanide elements.  

 

1.3 Thermoelectric devices and their applications 

There are some basic facts about TE devices. All TE devices are solid state (no moving parts). 

These materials can be used for refrigeration or power generation. They are reliable and quiet if 

we compare them with Freon gas refrigerators that are noisy and very harmful. Developed 

thermoelectric devices may replace the traditional cooling system in refrigerators. In the cars, 

these materials can be used to utilize heat from exhaust gases to useful energy and convert huge 

amounts of industrial waste heat into useful electrical energy. These kind of materials are not 

harmful for the environment and don’t pollute it. Thermoelectric power generators are used most 

notably in spacecraft power generation systems and in thermocouples for temperature 

measurement, while thermoelectric coolers are largely used in charge coupled device (CCD) 

cameras, laser diodes, microprocessors, blood analyzers, and portable picnic coolers. 

Thermoelectric coolers (also known as peltier coolers) offer several advantages over 

conventional systems. They use no ozone depleting chlorofluorocarbons, potentially offering a 

more environmentally responsible alternative to conventional refrigeration. Although some 

large-scale applications have been considered (on submarines and surface vessels). Their 

efficiency is low compared to conventional refrigerators. Performance of thermoelectrics is being 
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improved by several ways and new materials are being developed to cater the world energy 

crises. Some typical applications of thermoelectric materials can be viewed in figure 5.  
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Fig 5: General applications of TE materials [8] 

 

Using the Peltier effect, the thermoelectric device can cool materials. It should be emphasized 

that thermoelectric cooling does not need any exchange media such as a Freon gas, which can be 

a good alternative for a freon-gas refrigerator. Another advantage is that heating and cooling are 

quickly reversed by changing the applied current direction. Thus the thermoelectric refrigerator 

can also act to keep things warm. Using this feature, the device can maintain temperature at a 

constant value below room temperature. This feature can be applied to wine cellars. 

Using the Seebeck effect, thermal energy (heat) can be converted into electric energy, which is 

called thermoelectric power generation. Here the thermoelectric material acts as a kind of 
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battery, where the thermoelectric power corresponds to the electromotive force, and the 

resistivity corresponds to the internal resistance. 

Recently, there has been an increasing need to recover energy from exhaust gas of automobiles, 

and many researchers and engineers have tried to make thermoelectric power generators attached 

to car engines. [9] 

1.4 Significance of nano-structuring TEs 

Due to their small dimensions, nano-materials have extremely large surface area to volume ratio, 

which makes a large fraction of atoms of the materials to be the surface or interfacial atoms, 

resulting in more “surface” dependent material properties. Especially when the sizes of nano-

materials are comparable to Debye length, the entire material will be affected by the surface 

properties of nano-materials [10, 11, 12]. This in turn may enhance or modify the properties of 

the bulk materials. For example, metallic nanoparticles can be used as very active catalysts. 

Chemical sensors from nanoparticles and nanowires enhanced the sensitivity and sensor 

selectivity. The nanometer feature sizes of nano-materials also have spatial confinement effect 

on the materials, which bring the quantum effects. The common nanostructures are nanoparticles 

(100 nm or less), nanowires and nanotubes, some examples of which are shown in figure 6. 
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Particulates

wires

Tubes

 

Fig 6: Types of nano structures (nano particles, nano wires and tubes with single and multi-walls) 

 

Both for power generation or cooling, these thermoelectric materials can be useful but the main 

problem or limitation of these materials is the poor efficiency that is amount of heat energy that 

can be converted to useful work and it’s around 10 %.  

Nanostructures plays very important role in improving the efficiency of the thermoelectric 

materials. If the particle size is very small then there will be more number of grain boundaries. 

These grain boundaries acts as defective regions and in those regions there are a lot of electron 

and phonon collisions and scattering, and that lead to the decrease in `k`. Similar decrease in `k` 

is observed if some dopants are introduced because these additive materials act as defects. 

However, σ̀` is also reduced, but to a lesser extent because these inclusions hinder the 

movement of charge carriers electrons, and hence the overall figure of merit is improved. So 
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both ´S´ and ZT values increase with nano-structuring. S is the ratio between voltage difference 

at the two ends, so due to fine grain size structure, there will be more grain boundaries or in other 

words the degree of disorder is high so there will be high electrical resistance that will increase 

the voltage according to the ohm-law. It will affect the same increase in temperature. But at the 

same time high temperature also affect the electrical resistance and hence overall effect will 

higher for voltage difference at the two ends of the bar. So the ´S´ will increase with decreasing 

grain size. Similarly, increase in ´S´ will increase ZT parameter as it contained square term of ´S´ 

in the main equation. Hence by nano-structuring, TE performance can be improved. [13] 

 

1.5 Previous Work on nano-structured CoSb3  

 

Thermoelectric materials can be improved in performance by several means, either by decreasing 

thermal conductivity to improve the figure of merit “ZT” that helps to keep the heat in the 

system rather than to conduct out from the system, or by introducing new dopants to enhance the 

capacity to produce electricity. But if thermal conductivity is decreased too much that also 

affects on performance. [14] 

Previously, it was observed that CoSb3 nano powder does not meet the high purity level and 

some free Sb was found and characterized by both SEM and XRD. Powder seemed to have 

agglomerated after reduction and it was leading to porosity and coarse grains after sintering. 

During annealing step, evaporation of Sb was the main issue and that s why in the start, 

composition were taken a bit higher than 1:3 for Co:Sb to compensate this Sb evaporation. It was 

a task to optimize the synthesis of CoSb3 with high purity and no excessive Sb. Secondly, in past, 
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reduction was done in bigger batch size of 30 gm so there was less contact time with powder 

particles so evaporation of Sb was less and it was present till the end of the processing and 

powder was not pure. So, it needed annealing at higher temperatures for long time to get purity 

but it resulted coarse particles and that was not required. 

Along with other parameters thermal conductivity is also affected by the porosity left during 

sintering so higher the densification better will be the properties. In this way, the selection of the 

sintering method is also very important. Another problem with nano-structured skutterudites is 

the grain growth during the sintering and sintering of the nano-powders, which leads in turn to an 

increase of the thermal conductivity. It is noted that the powder synthesis purity and the compact 

processing conditions have important influences on final TE properties of the samples. 

1.6 Objectives 

The main objectives of this project were to optimize synthesis of CoSb3 nano powder TE 

material, compaction, sintering methods and fabricate nano-structured material at the end of 

sintering process. Secondary objectives were to measure thermoelectric properties like thermal 

and electrical conductivity. Main focus was on powder synthesis with high purity small nano 

particle size and achieving nano size grains after sintering. 

Recent approach is to enhance the thermoelectric figure of merit through nano-scale phenomena 

both in bulk samples containing nano-scale constituents and in nano-structured samples prepared 

by chemical or physical approaches.  
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Modern approach is to bring together low-dimensional and bulk materials for thermoelectric 

applications. In this project particular and main emphasis was to increase thermoelectric 

performance and decrease in thermal conductivity by decreasing the grain size to nano scale and 

keeping it preserved at the end of the processing.   

All objectives are not fulfilled because of time limitation but in future it will be very interesting 

to analyze mechanical properties like nano-indentation for measuring hardness profile on these 

nano-structure TE materials. Effect of dopants on TE properties can also be evaluated and some 

interesting results can be found out in future. 
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Chapter 2 - Characterization Techniques 

2.1  X-ray diffraction (XRD) 

X-ray diffraction techniques are some of the most useful in the characterization of crystalline 

materials, such as metals, inter-metallics, ceramics, minerals, polymers, plastics, or other 

inorganic or organic compounds. X-ray diffraction techniques can be used to identify the phases 

present in samples from raw starting materials to finished product and to provide information on 

the physical state of the sample, such as grain size, texture, and crystal perfection. Most x-ray 

diffraction techniques are rapid and non-destructive; some instruments are portable and can be 

transported to the sample. The sample may be as small as an airborne dust particle or as large as 

an airplane wing. [15] 

The information obtainable can be categorized as position, intensity, and shape of the diffraction 

peaks. The spatial positions of the diffracted beams exiting the sample contain all the 

information on the geometry of the crystal. The intensities of the beams are related to the types 

of atoms and their arrangement in the crystal. The sharpness of the diffraction beams is a 

measure of the perfection of the crystal. [16] 

In general, an x-ray powder diffraction characterization of a substance consists of placing a 

powder sample in a collimated monochromatic beam of x-radiation. The diffraction pattern is 

recorded on film or using detector techniques, then analyzed to provide x-ray powder data. The 

angular position ̀θθθθ` of the diffracted x-ray beam depends on the spacing `d` between planes of 

atoms in a crystalline phase and on the x-ray wavelength :  

n  = 2d sin θθθθ  
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The intensity of the diffracted beam depends on the arrangement of the atoms on these planes.  

2.2  Scanning electron Microscope (SEM) 

SEM is one of the most versatile instruments for investigating the microstructure of materials. 

Under electron bombardment, a variety of different signals is generated (including secondary 

electrons, backscattered electrons, characteristic x-rays, and long-wave radiation in the 

ultraviolet and visible region of the spectrum) that can be used for materials characterization. 

[17] The schematic diagram and working principle of SEM is shown in figure 7. 

          

Fig 7: Schematic diagram explaining the basic principle and different parts of the SEM [17] 

 

Using secondary electrons, scanning electron microscopy (SEM) expands the resolution range to 

a few nanometers (under favorable conditions), thus bridging the gap between optical (light) 
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microscopy and transmission electron microscopy. [18] In addition to the higher lateral 

resolution, SEM also has a much greater depth of field compared to optical microscopy, due to 

the small size of the final lens aperture and the small working distance. Scanning electron 

microscopy offers possibilities for image formation that are usually easy to interpret and will 

reveal clear pictures of as-polished and etched cross sections as well as rough surfaces and 

particles. [19] Energy-dispersive x-ray microanalysis using equipment routinely attached to the 

scanning electron microscope features qualitative and quantitative analysis of the chemical 

composition with a typical lateral resolution of a micrometer and a typical depth resolution of a 

few tenths of a micrometer. [20] Due to the relatively easy handling, SEM has found a wide 

range of applications in materials research, materials development, failure analysis, and quality 

control. There are several excellent monographs available on physical fundamentals, 

instrumental details, and applications of the scanning electron microscope. [21]  

A primary use of the scanning electron microscope is to produce high-resolution and depth-of-

field images of sample surfaces. A second use, perhaps just as important, is to provide chemical 

analyses of micron-sized areas of the structure revealed on these surfaces. When used in this 

mode, the scanning electron microscope is termed an electron probe microanalyzer. [22] 

In addition to image formation and microchemical analysis, the scanning electron microscope 

provides several additional functions. These include (1) the use of channeling patterns to 

evaluate the crystallographic orientation of micron-sized regions, (2) the use of back-scattered 

detectors to reveal grain boundaries on unetched samples and domain boundaries in 

ferromagnetic alloys, and (3) the use of voltage contrast, electron beam induced currents and 

cathodoluminescence for such purposes as characterization and failure analysis of semiconductor 

devices. [23]  
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2.3  Thermal gravimetric analysis (TGA) 

TGA is basically a weight loss or gained method when the material is subjected to high 

temperature. In this technique, materials are heated in air, inert, oxidizing or reducing 

environment. If a material contains some elements like hydrogen, carbon and oxygen then upon 

heating in air they decompose into water and carbon dioxide as gases. The weight (mass) of a 

sample is continuously measured as the sample is subjected to a selected firing profile, which is 

usually linear. Reactions that occur during heating (for example, loss of absorbed water, loss of 

chemically bound water, and oxidations and reductions that are accompanied by a change in 

weight) can be identified within the temperature interval in which they occur. [24] 

A curve can be plotted as weight loss or gained as a function of temperature. This analysis is 

very useful for the structural analysis, oxidation studies and thermo-chemical treatments like 

calcinations and reduction. These treatments are done for the purpose of causing some change in 

its physical or chemical constitution. 

TABLE 2: Factors influencing thermal analysis [25] 

Test method  
Measured 
variable  

Factors influencing 
measurement 

Thermogravimetric analysis  Weight  Furnace atmosphere, furnace heating rate, sample 
mass, sample particle size, sample packing density, 
thermal conductivity of the sample, reference material, 
sample preparation, thermocouples, frequency of 
calibration, interference  
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2.4  Differential scanning calorimetry (DSC) 

DSC is the most popular thermal technique for characterization. It is easy to use, requires small 

samples (~20 mg), operates from–180 to 1200 °C and measures heat flow associated with sample 

transitions as a function of temperature (or time) under controlled-atmospheric conditions. 

Differential scanning calorimetry has been used to study thermodynamic processes (glass 

transition, heat capacity) and kinetic events such as cure and enthalpic relaxations associated 

with physical aging or stress. [26] 

Differential scanning calorimetry measures the energy absorbed (endotherm) or produced 

(exotherm) as a function of time or temperature. It is used to characterize melting, crystallization, 

resin curing, loss of solvents, and other processes involving an energy change. Differential 

scanning calorimetry may also be applied to processes involving a change in heat capacity, such 

as the glass transition. 

 

2.5   Laser flash method (LFA) 

Thermo physical properties such as thermal diffusivity, thermal conductivity and heat capacity 

have both theoretical as well as practical importance specially structure related applications of 

engineering materials where the conduction or heat transport phenomena are involved. 

For bulk materials, numbers of methods are developed to measure thermal conductivity. Among 

those Transient Hot Wire and Laser Flash Methods (LFA) are used in the field of high 

temperature materials process. These methods are applied for thermal conductivity and thermal 

diffusivity measurements. [27]  
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Thermal diffusivity ‘α’ is measured by LFA and thermal conductivity is calculated using this 

value of thermal diffusivity, density and heat capacity. 

[Thermal Conductivity k = α ρ Cp]  

Thermal diffusivity ‘ α’:  

In this method, the circular disk shaped sample is used generally having a diameter of 10 mm 

and thickness of 2 mm. The topside of a small disc sample is irradiated with a laser beam, which 

provides an instantaneous energy pulse. The laser energy is absorbed at the top surface of the 

sample and is conducted through the sample as heat energy. The temperature rise at the back 

surface of the sample is monitored with an infrared detector and the temperature rise is plotted 

against time.  

 

Figures 8 and 9 explain the set up diagram and working principle of laser flash apparatus and 

also standard sample and method of measuring the thermal diffusivity of the solid disk shaped 

sample. 
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Fig 8: A schematic diagram of the Laser-Flash unit [27] 

 

 

 

 

Fig 9: Principle of Laser-Flash Technique and the relationship between V and W [27] 
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Chapter 3 – Fabrication of nano-structured TE 

 

3.1- TE Nano-powder Synthesis 

In this work CoSb3 an intermetallic TE material was prepared and characterized as it has done 

before but for this work synthesis process is optimized. Firstly, an oxalate precursor was 

synthesized, which was calcined to produce a mixed oxide, which was then reduced by hydrogen 

to give the product CoSb3. The correct conditions for preparing the precursor were obtained by 

thermodynamic modelling. A simple co-precipitation technique is used to prepare nano powder. 

This method is very simple and productive but with experience and controlled pH particulate size 

can be controlled. For CoSb3 synthesis, the details of this method are given below. 

 

3.1.1 – Theoretical modelling and calculations  

 

The thermodynamic modelling of the synthesis of thermoelectric system using solution chemical 

methods was performed in order to guide the selection and optimization of the precipitation 

conditions for the synthesis. Solution thermodynamic modelling takes into account all known 

chemical reactions in solution and helps to quantitatively establish the thermodynamic conditions 

for the precipitation of a given composition. The first step is the simulation of the operating 

conditions of the solution processing experiments, including both dissolution and precipitation 

processes. 
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Using in-house developed computer software and database for chemical equilibrium modelling, 

the following multi-component system has been studied; 

 Co2+ - Sb3+ - C2O4
2- - Cl - H+ - NH3 - H2 O 

So thermodynamic calculation results by using MEDUSA software can be seen in figure 10. For 

the given concentrations of chemical species, we can see that solid precipitates can be obtained 

in specific pH regions, so if pH is controlled during the reaction then metal ions can be co-

precipitated simultaneously in the common pH region as shown in figure 10.  

 

 

Fig10: Thermodynamic calculations(Fractions of the species Co2+ - Sb3+ - C2O4
2- - Cl - H+ - NH3 - H2 O and 

their distribution as variation of PH) using  MEDUSA software 

 

Final selected pH was 2.7 because in this region we can get only solid co-precipitates of cobalt 

and Sb oxalates from the solution. The use of thermodynamic modelling avoids the trial and 

error approach, which is costly in time and materials. 
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Calculations for CoSb3 powder synthesis 

Co2+
(aq) + C2O4

2-
  (aq)                                            CoC2O4  (S)            (A) 

 

2Sb3+
(aq) + 3 C2O4

2-
  (aq)                                               Sb2 (C2O4) 3 (S)     (B) 

Total numbers of moles of oxalate required for co-precipitation are given below; 

noxalate = nco + 1.5nSb             (C) 

Where noxalate  is the total numbers of moles of oxalate, nco is the number of moles of oxalate 

required for Co; and nSb is the number of moles of oxalate required for Sb. 

Co(OH) 2 (92.95 g/mol) and SbCl3 (228.11 g/mol) are used as precursors for the precipitation. 

Since the goal was to synthesize CoSb3, where the atomic ratio between Co and Sb is 1:3 

respectively; but due to evaporation of Sb during reduction, more Sb is added in the system in 

the start and that´ s why start ratio for Co: Sb was more than 1:3.  

All calculations are done using stoichiometric relations and following data is used to calculate 

required amounts of net CoSb3 powder.   

FW for CoSb3, is 423.76 g/mol, (a.w of Co=58.93 g/mol and a.w of Sb=121.61 g/mol). FW for 

Co (OH) 2 is 92.95 g/mol and FW for SbCl3 is 228.11 g/mol. The concentration for oxalate 

solution was 0.3M.  

From above equations (A), (B) and (C), we come to know these back calculations given in the 

table below for all 4 batches. 
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TABLE 3:  Stoichiometric calculations for different amounts of powder to be synthesized 

Batch 

No. 

Powder 

Amount 

M 

(g) 

Start 

Ratio 

Co: Sb 

nCo  nSb noxalate Total 
Volume of 

0.3M 
Oxalate 

 (noxalate) / 0.3 

      (ml) 

Wt. of Co (OH) 2 

(g) 

 

(nCo) * 92.95 

 

Wt. of SbCl3 

(g) 

 

(nSb) * 228.11 

1 5 1:4 5/423.76 

=0.0118 

(nCo)*4 

=0.0472 

noxalate = nco 

+ 1.5nSb             

0.0826 

275 1.096 10.766 

2 30 1:3.7 0.0708 0.26196 0.46374 1546 6.58 59.76 

3 20 1:3.5 0.0472 0.1652 0.2950 984 4.387 37.68 

4 30 1:3.2 0.0708 0.2265 0.410 1369 6.58 51.667 

 

 

3.1.2 - Controlled Co-Precipitation 

All chemicals were reagent grade and used without further purification. Stock solutions of SbCl3, 

CoCl2.6H2 O, (NH4)2C2O4, NH3, HCl and deionized water are used. Precursors with the required 

stoichiometry calculations mentioned before in the table 2, were prepared by co-precipitation 

technique. Known amounts of Co, Sb and C2O4
2-

 (oxalate) solutions with a specific concentration 

were mixed simultaneously and pH of the system is controlled between 2.5 – 3.5 by adding NH3. 

In this case experiment was run under controlled pH of 2.7. Oxalate solution was the main 

precipitating reagent. Metal ions solution concentrations are made in such a way that the atomic 

percentages of Co: Sb should be 1:3 respectively to fulfill the formula ratio (CoSb3). All the 

calculations are done using stoichiometric balanced equations. A flow chart for the synthesis 

process is shown in figure 11 
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3.2 - Processing of nano-structured CoSb3 thermoelectric 

 

Metal ions solutions are mixed with precipitating reagents of oxalate ions. These solutions are 

stirred in a controlled pH environment to precipitate the metal ions simultaneously. After this, 

these are filtered out using fast filtration methods by using air suction channels. Precipitated 

species are dried out overnight in the box type furnace at 90 °C. Then thermo-chemical treatment 

including calcinations and reduction are done to get the final required powder. Synthesis steps 

are shown in figure 11. 

 

 

Fig 11: Fabrication steps for compacting nano-structured CoSb3 thermoelectric material 
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3.2.1- Calcination and Reduction 

After precipitation and filtration from solution, the precursors were dried overnight in the furnace 

at 90 °C. Dried solid precursors are crushed and ground and then thermal gravimetric analysis 

(TGA) is done at 500 °C to measure the weight loss with temperature. At different temperatures, 

precursors started to decompose. Oxalate ions reacted and decomposed into water and carbon 

dioxide. These decompositions result into decrease in weight of the final powder. Final weight 

can be calculated by subtraction of these decomposed gases. The heating rate was 10 °C/min and 

mode was dynamic. The TGA graph is shown below in figure 12.  

 

Fig 12: Thermal Gravimetric Analysis (TGA) thermogram of the precursors for TE materials 
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From the literature and previous work done, thermal behavior of this material was studied and 

the best temperature for calcination was determined to be 350 °C. [28]   

All calculations are done using stoichiometric relations and following data is used to calculate 

the weight loss during TGA. The start ratio for Co:Sb for this batch was 1:3 and the theoretical 

calculations are compared with the actual weight loss in the graph. 

 (a.w of Co=58.93 g/mol, Sb=121.61 g/mol, O=16 g/mol, H=1 g/mol and C=12 g/mol)  

 

CoC2O4.2H2O+3*SbOH C2O4    [Total weight = 862] 

  [After Co-precipitation] 

 

 

 

 CoC2O4 +3 *SbOH C2O4    [Total weight = 826] 

 

 

 

Co2O3+1.5Sb2O3    [Total weight = 602]  

  

Experimental graph and theoretical calculations show compatibility. Solid water is present even at higher 

temperature and the reason is may be due to complex ions formation during the co-precipitation method. 

This water is chemically attached with the metal ions oxalates and it removes at a bit higher temperature. 

 

H2O (s)        H2O (g) [862-826]/826 *100 ≈ 4 % 

[826-602]/602 *100 ≈ 37 % 
Oxalate Decomposition 
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Calcination is done in box type furnace at 350 °C for 2 hrs as observed thermal decomposition 

temperature from TGA analysis and then powder is ground and reduced in a rotating furnace 

with pure hydrogen atmosphere at 520 °C for 3 hrs. H2 gas is started to purge through the 

rotating flask containing powder to be reduced at room temperature for half an hour and then 

heating is turn on. This is done so that there should not be any oxygen left inside the tube. 

Reduction reaction starts at 500 °C but for the complete reduction 520 °C is very appropriate 

temperature. Hydrogen is flowing throughout the experiment and the valve is closed when the 

furnace temperature goes down to room temperature. A complete heating cycle for reducing the 

metal oxides is shown in figure 13. 

 

Fig 13: Heating cycle for reducing the calcined powder in pure H2 atmosphere 

 

The purpose of cooling with compressed air was to increase the cooling rate and to avoid grain 

growth because it was our main objective to keep the particle size as small as possible. Holding 

temperature and time is very important for both powder purity and particle size. Rotating vessel 
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was designed in such a way that gas contact time is large. Reduced powder is taken out carefully 

and saved for sintering and further characterization.  

 

3.2.2- Compaction and Sintering  

A rapid consolidation process named Spark Plasma Sintering (SPS) is the most advanced 

technique used for high quality materials processing. Major benefits are very short processing 

time, uniform sintering, low running cost, ease of operation, better than Hot Press (HP) and Hot 

Iso-static Press (HIP). The SPS technique provides the best possibilities to control the 

microstructure. [29] 

Basic Principle of SPS is that pulsed DC-current is passed directly through the graphite dies and 

followed by the powder compact if the sample is conductive as shown in figure 14. SPS has this 

advantage over HP. In HP external heat source is used so there is no internal heat generation; but 

in case of SPS, internal heat is generated if the sample is conductive. Electrical sparks are created 

between powder particles in the body to be sintered. So that s why heating and cooling rates are 

very high in this case, this leads to very fast sintering and processing time is very short of the 

order of few minutes. Hence the major benefit of this fast sintering is that grain coarsening can 

be avoided. Nano structure can be maintained after sintering and densification is also very high. 

All types of materials e.g. metals, ceramics and polymers bonded to metals can be processed by 

SPS. [30]  

Along with saving in time and energy, microstructure of the compacted pellets is also different as 

compared to hot pressing. Using conventional sintering processes, densification is always 

accompanied by grain growth. 
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Fig 14: Basic Principle and Schematic diagram of Spark Plasma Sintering (SPS) [30] 

 

The use of extremely high heating and cooling rates in conjunction with high pressures is 

certainly of importance in this connection. The occurrence of a plasma discharge is still debated, 

but it seems to be widely accepted that an electric discharge process takes place on a microscopic 

level. Since no current or only a very weak one will pass through non-conducting samples, the 

discharge ought to originate from the electric field set up by the pulsed direct current used. The 

intensity of this discharge is presumably not only dependent on the intensity of the applied pulses 

but also on factors such as particle size, pore size, and relative density of the compact. Anyhow, 

it seems plausible that it is only during the initial part of a sintering process, i.e., up to the point 

where the system reaches a “closed porosity” state, that such a discharge process can make a 

major contribution to the densification. From that stage on, grain boundary diffusion and grain 

boundary migration ought to be the rate determining processes. An electric discharge process 

would certainly clean the surfaces of the powders from adsorbed species and create various types 

of surface defects that will enhance the grain boundary diffusion. 
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Chapter 4 - Results and Discussion 

In this project the aim was to produce nano-structured CoSb3. For this purpose, nano particles of 

CoSb3 are synthesized and compacted through Spark Plasma Sintering (SPS). The novel co-

precipitation method is used for synthesis. This method involves co-precipitation of TE 

precursors compounds in aqueous solutions under control pH. These precursors were further 

processed by thermo-chemical treatments including calcination and reduction to produce nano 

particulates TE phase. After co-precipitation, solid precursors of mixtures of metal oxalate are 

separated by filtration. Precipitated species are dried out overnight in the box type furnace at 

90°C. After drying powder was ground and de-agglomerated. Calcination is done at 350°C for 

two hrs. Reduction is done at 500 and 520°C for different times varying from 1 hr to 3 hrs. Pure 

hydrogen is used for reduction. Samples are characterized at each stage during synthesis. 

Thermal gravimetric analysis (TGA) is done before calcination and XRD for powder samples at 

each stage to analyze the phases. Four batches of powder are produced during the whole period. 

In very first batch small amount of 5 gm CoSb3 is produced and in the start [Co:Sb] ratio is taken 

as 1:4 to compensate for the evaporation of Sb for getting 1:3 at the end. But XRD results 

confirmed that there is some free Sb left, therefore, in the second batch for 30 gm powder this 

ratio is reduced to [1:3.7]. In this batch free antimony was there too but not much as compared to 

first batch. Particle size was not the same in the second batch. So, another batch is synthesized 

with 20 grams powder with ratio as [1:3.5] and instead of reducing all together, the full batch is 

divided it into to 4 sub-batches and reduced it on different temperature and varied holding time 

to optimize reduction to pure CoSb3 with no free antimony. XRD pattern for all batches, at all 

stages are observed before calcination, after calcination, after reduction and after sintering. It is 
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observed that by varying even size of the batch with same conditions depicts difference in 

results.  

4.1 - CoSb3 Batch 1- 5gm (1:4):  

 

Powder synthesis is started with the 5gm batch of CoSb3 and start [Co: Sb] ratio is taken a bit 

higher for Sb as [1:4] to compensate the evaporation of Sb at high temperature during annealing 

process. After co-precipitation, filtration and drying overnight; precursors powder was ground, 

then calcined at 350 °C for 2 hrs and reduced at 520 °C for 3 hrs. Reduced CoSb3 nano powder is 

sintered using SPS at different temperatures and holding time. Main variables were sintering 

temperature, heating rate, holding pressure and time for sintering. These variables have great 

effect on the morphology, shape and grain size and as well as porosity and densification. 

 

 

  

Fig 15: SPS8730- CoSb3 after consolidation by SPS -550 º C for 3 Mins. Heating Rate 50 º C/min, 50 MPa (5.7KN) 
Average estimated grain size is 544±190 nm 
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Fig 16: SPS8731-CoSb3 after consolidation by SPS -575 º C for 1.5 Mins. Heating Rate 50 º C/min, 50 MPa (5.7KN) 
Average estimated grain size is 760±400 nm 

 

From the first batch two pellets are sintered with SPS at different temperatures and holding time 

but same heating rate and pressure. Difference is very clear that higher the temperature grain size 

is large even the temperature difference is only 25 º C. This affect in grain size can ´be easily 

shown in figures 15 and 16.  

 

 

*Sb peak can be observed and the peak intensity is low for higher sintering temperature and the reason for  

this might be that Sb evaporation at higher temperatures. 

  

Fig 17: XRD pattern for SPS-8730 Fig 18:  XRD pattern for SPS-8731 
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In the first batch, amount of free Sb was too much but the grain size after SPS was small. Atomic 

ratio confirmation is done by EDS and free Sb phase is confirmed from XRD. This free Sb 

decreases the thermoelectric performance that’s why batches of powder are synthesized to 

compensate the Sb evaporation and pure CoSb3 phase. From the literature survey, it has been 

noticed that CoSb3 cannot be processed above 700°C because of the peritectic temperature. The 

aim was to sinter pellets with very small grain coarsening and keep the nano-structure at the end, 

so that’s why a low temperature is selected. In figures 17 and 18, XRD pattern of the first batch 

can be observed and at the position 2θ ≈ 29, intensity peak for Sb can be observed that is resulted 

due to Co:Sb start ratio that was a bit higher than 1:3, so we have to optimize this ratio for high 

purity powder synthesis. A brief discussion regarding the effect of sintering variables on the 

grain size and densification can be viewed later in this report. After these observations, goals 

were to decrease the amount of free Sb, obtain high density compacts with small grain size.  

 

4.2 - CoSb3 Batch 2- 30gm (1:3.7):  

A second batch of 30 gm CoSb3 Powder is produced with start ratio [Co: Sb] as 1:3.7. The XRD 

patterns are studied after each step like after co-precipitation, after calcination and reduction. In 

this batch the amount of free Sb was not much but the grain size was large as compared to first 

batch and data for grain size calculation is presented in Table 5. The powder quantity in this 

batch was also large so half the powder is sintered by SPS and 6 pellets are produced with 

varying conditions. The sintering variables were also optimized for best results in order to get 

high density and smaller grain size. Maximum pressure was 75 MPa and densification was very 
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high which is very good as compared to hot pressing. Heating rate and holding time affects the 

porosity distribution throughout the pellet. It can be observed from the results and SEM graphs. 

 

  

Fig 19: CS080422R-Reduced CoSb3 powder before SPS sintering (Reduced at 520 º C for 3 hr) 

  

Fig 20: Powder morphology before calcination Fig 21: Powder morphology after Calcination 

 

After co-precipitation metal ions oxalates are formed and water contents are removed just by 

drying and SEM graphs of those metal ions oxalates is shown in figure 20. After calcination 
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metal oxalates is transformed to metals oxides along with carbon dioxide and water. Particle size 

and morphology of the calcined powder is also shown in figure 21. Particle size decreases after 

calcination and shape changes from rods like to spherical. 

 

  

Fig 22: SPS8789- CoSb3 after consolidation by SPS- 590 º C for No Holding Time. Heating Rate 50 º C/min, 50 MPa 
(5.7KN) Estimated average grain size is 1200±410 nm 

 

  

Fig 23: CoSb3 powder before SPS sintering,  Reduced at 
520 º C for 3 hr 

Fig 24: XRD pattern for SPS-8789 
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Excessive free amorphous Sb crystallizes after sintering and it is observed from the XRD pattern 

before and after sintering as in the pointed out in the figures 23-24. Intensity of the peak increases 

after sintering due to the heating. 

 

 

 

Fig 25:SPS8790- CoSb3 after consolidation by SPS - 575 º C for 2 Mins. Heating Rate 100 º C/min,75 MPa (8.4KN) 
Average grain size is 1363±390  nm (XRD pattern on the right)  

 

At higher temperatures Sb was evaporated, even during sintering it can be noticed that Sb peak 

intensity is very weak at higher sintering temperature if the other variables are same as shown in 

figures 25 and 26. But at higher temperature grain growth has been occurred.  
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Fig 26: SPS8791- CoSb3 after consolidation by SPS - 550 º C for 2 Mins. Heating Rate 100 º C/min, 75 MPa (8.4KN) 
Average grain size is 957±330 nm  (XRD pattern on the right) 

 

 

 

 

Fig 27: SPS8792- CoSb3 after consolidation by SPS - 525 º C for 2 Mins. Heating Rate 100 º C/min, 75 MPa (8.4KN) 
Average grain size is 824±500 nm  (XRD pattern on the right) 

 

Estimated average grain size for SPS-8792 is 824±500 nm as shown in figure 27  is larger as 

compared with SPS-8793 that is estimated as 689±380 nm for the same sintering condition except 

higher heating rate for the first case. Densification in case of higher heating rate is higher also as 

presented in the Table 5. 
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Fig 28: SPS8793- CoSb3 after consolidation by SPS - 525 º C for 2 Mins. Heating Rate 50 º C/min, 50 MPa (5.7KN)  
Average grain size is 689±380  nm 

 

Heating rate is actually heat flow during sintering and higher heat flow resulted increase in grain 

size. Grain size is coarser in figure 27 as compared to the sample where heating rate is almost half in 

figure 28. Both samples were sintered at same temperature and holding time but holding pressure 

was different in both the cases and it affected the porosity and its distribution. It can be easily 

noticed from the SEM graphs. 

 

 

 

Fig 29: SPS8794- CoSb3 after consolidation by SPS -500 º C for 3 Mins. Heating Rate 100 º C/min, 75 MPa (8.4KN) 
Average grain size is  672±360 nm  (XRD pattern on the right) 
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Free Sb was accumulated and formed a separate phase and it was depicted in the XRD pattern as 

high peak intensity shown in figure 29. The region containing Sb as separate phase is marked in 

the SEM graphs. This was not required because it affects badly on the thermoelectric properties. 

 

4.3 - CoSb3 Batch 3- 20gm (1:3.5) 

In the previous 5gm and 30 gm batches, it was observed that free Sb, big grain size and powder 

agglomeration problems are dominant. For that purpose, it was decided to start with [Co:Sb] 

ratio as [1:3.5]. It was also suggested to grind before and after calcination to de-agglomerate the 

powder. So the 3rd 20 gm was batch synthesized and reduction was done in four sub batches each 

of 5 gm. This was done to reduce the particle size. These reduction reactions were performed for 

different holding times and temperatures to optimize the complete reduction and Sb evaporation 

to get pure CoSb3 Powder. Reduction temperature was varied from 500 °C to 520 °C and holding 

time was from 1 hr to 3 hrs. The main objective was to optimize the best annealing conditions for 

high purity CoSb3 and reduced particle size. 
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4.3.1 -  Reduced at 520 0C for 1 hr 

 

(a) 

 

(a) 

             

            (b) 

 

(b) 

 

Fig 30: Reduced powder at 520 º C for 1 hrs before 
sintering (a).SEM (b). XRD pattern 

Fig 31: SPS-9056- CoSb3 after consolidation by SPS at 
500 º C for 3 Mins. Heating Rate 50 º C/min, 75 MPa 

(8.4KN) (a),(b) SEM images  

Average grain size is 574±220   nm   
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The annealing is short for complete reduction and numbers of secondary phases were present and 

can be analyzed in XRD pattern and peaks are marked. In SEM graph, free Sb can be observed 

and it formed a compact as separate phase. 

4.3.2 -  Reduced at 520 0C for 2 hrs 

 

(a) 
 

(a) 

(b) 

 

(b) 

 

Fig 32: Reduced powder at 520 º C for 2 hrs before sintering 
(a).SEM (b). XRD pattern 

Fig 33: SPS-9057- CoSb3 after consolidation by SPS -500 º 
C for 2 Mins. Heating Rate 50 ºC/min, 75 MPa (8.4KN) 
(a),(b) SEM images, Average grain size is 630±285  nm   
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The annealing time is also short here and peaks for the unwanted phases can be observed in the 

XRD pattern. Here the grain size is bigger as compared to the annealing for 1 hr. So grain growth 

is observed for larger holding time. Estimated grain size for the previous sample reduced for 1 hr 

is 574±220 nm and for sample that is reduced for 2 hrs is 630±285 nm. 

4.3.3 - Reduced at 520 0C for 3 hrs 

 

(a) 
 

(a) 

(b) 

 

(b) 

 

Fig 34: Reduced powder at 520 º C for 3 hrs before sintering 
(a).SEM (b). XRD pattern  

Fig 35: SPS-9058- CoSb3 after consolidation by SPS at 
500 º C for 2 Mins.Heating Rate 50 ºC/min,75 MPa (8.4KN)  
(a),(b) SEM images, Average grain size is 865±525 nm 
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From XRD pattern in figure 34, Sb peak is almost negligible and the conditions for synthesis 

look optimum. Purity of powder was according to the objectives and it was confirmed by EDS. 

Hence nano powder synthesis step is achieved with the highest purity.  

 

4.3.4 - Reduced at 500 0C for 3 hrs 

 

(a) 
 

(a) 

(b) 

 

(b) 

 

Fig 36: Reduced powder at 500 0C for 3 hrs before sintering 
(a).SEM (b). XRD pattern 

Fig 37: SPS-9059- CoSb3 after consolidation by SPS at 
500 º C for 2 Mins.Heating Rate 50 ºC/min,75 MPa (8.4KN) 
(a),(b) SEM images, Average grain size is 605±300  nm 
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It was observed from the results that minimum time for complete reduction is 3 hrs and less than 

that there is no complete reduction and second phase like CoSb2 is appeared in XRD analysis. 

Both 500 °C and 520 °C are appropriate temperatures for annealing but 520 °C is preferred 

because at this temperature it is possible to get rid of excess Sb but grain size is bit coarse as 

compared to 500 °C. 

It was also observed that SPS sintered samples with CoSb2 phase were very brittle and could be 

broken very easily. Particle size was very small as compared to previous batches. For this batch 

sample, thermal diffusivity was measured with Laser Flash Method (LFA) and also the thermal 

conductivity was calculated. But these samples were not 100% pure and they contained very 

small amount of free Sb. Density of these samples was close to theoretical density. Chemical 

analysis for atomic ratio [Co:Sb] is confirmed by SEM/EDS using Cobalt K-α lines as reference 

for the characterization of Sb. It is also observed from the XRD graphs that after SPS sintering; 

Sb peaks broadens and the intensity of the peaks increases,  this is due to the fact that some 

amorphous Sb in the synthesized powder,  and they crystallized during the sintering process. It is 

also observed that there is not much grain coarsening after SPS and we can observe this from 

SEM graphs before and after sintering. From these results, experimental conditions are optimized 

both for phase purity and small grain size. This is possible by powder reduction in small batches 

and setting the initial [Co:Sb] ratio accordingly. 

4.4 - CoSb3 Batch 4- 30gm (1:3.2) 

After analyzing the results from last batches, the final batch is produced with start [Co:Sb] ratio 

as [1:3.2]. All the steps are revised as in case of batch 3; like grinding before and after 

calcination, reduction in small batches. Two pellets were sintered using SPS at 500 ºC and 550 
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ºC for 2 mins. Heating rate and pressure are same for both samples. This batch was very good 

because it had no Sb as confirmed from XRD and elemental analysis is done by EDS. Atomic 

ratio for [Co: Sb] is confirmed as [1:3].  

  

  

 

(c)  (c) 

Fig 38: Reduced powder at 520 º C for 3 hrs before 
sintering. (a),(b) SEM images (c) XRD pattern 

Fig 39: SPS-9534-500 º C for 2 Mins. Heating Rate 50 º 
C/min,75 MPa (8.4KN) (a),(b) SEM images (c) XRD pattern 

(a) 
(a) 

(b) 
(b) 

Average grain size is 510 ± 160 nm Reduced as 5 gm  Sub batch -01 



 

Master Thesis, Abdullah Khan, January 2009 

 

50 

 

 

 

 

(c) 
 

(c) 

Fig 40: Reduced powder at 520 º C for 3 hrs before 
sintering  (Reduced as 5gm Sub-Batch02) 

(a),(b) SEM images (c) XRD pattern 

Fig 41: SPS-9535-550 º C for 2 Mins. Heating Rate 50 º 
C/min, 75 MPa (8.4KN) (a),(b) SEM images (c) 
XRD pattern. Average grain size is 950± 290 nm 

 

(b) (b) 

(a) (a) 
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XRD pattern confirmed that this batch is highly pure and it contained no free Sb peaks before 

and after sintering as shown in figures 40 and 41. These samples were sintered at same 

conditions but different temperatures.  The sample that was sintered at higher temperature 

produced coarse grain structure. Atomic ratio was confirmed by EDS and it was 1:3. Density of 

both pellets was around 95 % very close to theoretical value. Hence conditions for powder 

synthesis with very high purity and good quality sintering were optimized. 

 

4.5 - Spark Plasma Sintering Results 
 

 

CoSb3 nano powder is processed by Spark Plasma Sintering. Main variables were sintering 

temperature, heating rate, holding pressure and time for sintering. These variables have great 

effect on the morphology, shape and grain size and as well as porosity and densification. 

 

High sintering temperature produced coarser grain structured and material flow was high and 

that the reason density at high temperature was quite good. The affect of heating rate was the 

same and high heating rate accelerated the grain growth.  Density of these samples was measured 

using Archimedes principle. Table 4 shows the sintering parameters and density results obtained 

after sintering. 
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TABLE  4: Experimental conditions for spark plasma sintering  
B

at
ch

 Sample No Experimental Conditions Remarks 
Theoretical Density = 7.63  g/cm 3 

[31]  

Densification 

(5
 g

m
 b

at
ch

) 
[1

:4
] 

SPS-8730 550 º C for 3 Mins. Heating Rate 50 º 
C/min, 50 MPa (5.7KN) Reduced at 

520 º C for 3 hr 

94 %  

SPS-8731 575 º C for 1.5 Mins. Heating Rate 50 º 
C/min, 50 MPa (5.7KN) Reduced at 

520 º C for 3 hr 

96 %  
 

(3
0 

gm
 b

at
ch

) 
 [1

: 
3.

7]
 

SPS-8789 590 º C for No Holding Time. Heating 
Rate 50 º C/min, 50 MPa (5.7KN) 

Reduced at 520 º C for 3 hr 

97.126 %  
 

SPS-8790 575 º C for 2 Mins. Heating Rate 100 º 
C/min, 75 MPa (8.4KN) Reduced at 

520 º C for 3 hr 

98.53 %  
 

SPS-8791 550 º C for 2 Mins. Heating Rate 100 º 
C/min, 75 MPa (8.4KN) Reduced at 

520 º C for 3 hr 

97 %  
 

SPS-8792 525 º C for 2 Mins. Heating Rate 100 º 
C/min, 75 MPa (8.4KN) Reduced at 

520 º C for 3 hr 

95.605 %  
 

SPS-8793 525 º C for 2 Mins. Heating Rate 50 º 
C/min, 50 MPa (5.7KN) Reduced at 

520 º C for 3 hr 

93.386 %  
 

SPS-8794 500 º C for 3 Mins. Heating Rate 100 º 
C/min, 75 MPa (8.4KN) Reduced at 

520 º C for 3 hr 

95.051 %  

(2
0 

gm
 b

at
ch

) 
[1

: 
3.

5]
 

SPS-9056 500 º C for 3 Mins. Heating Rate 50 º 
C/min, 75 MPa (8.4KN), Reduced at 

520 º C for 1 hr 

95.6 % 

SPS-9057 500 º C for 2 Mins. Heating Rate 50 º 
C/min, 75 MPa (8.4KN), Reduced at 

520 º C for 2 hr 

97.854 % 

SPS-9058 500 º C for 2 Mins. Heating Rate 50 º 
C/min, 75 MPa (8.4KN), Reduced at 

520 º C for 3 hr   

98.203 % 

SPS-9059 500 º C for 2 Mins. Heating Rate 50 º 
C/min, 75 MPa (8.4KN), Reduced at 

500 º C for 3 hr 

98.097 % 

(3
0 

gm
 b

at
ch

) 
 

[1
: 

3.
2]

 

SPS-9534 500 º C for 2 Mins. Heating Rate 50 º 
C/min, 75 MPa (8.4KN), Reduced at 
520 º C for 3 hr(5gm Sub-Batch01) 

94.02 % 

SPS-9535 550 º C for 2 Mins. Heating Rate 50 º 
C/min, 75 MPa (8.4KN), Reduced at 
520 º C for 3 hr(5gm Sub-Batch02) 

97.71 % 
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Results are summarized and compared in the table 5 and remarks indicated in the right most column of 

the table are described after the table. 

TABLE 5: Effect of sintering variable on densification and grain size 

SPS 
Samples 

Temp 
ºC 

Holding 

Time(min) 

Heating 

Rate ºC /min 

Holding 

Pressure 
MPa 

% 

Density 

Estimated 
Average 

grain Size 
(nm) [32] 

Remarks 

8730  

550 

3 50 50 94 544±190 A 

8791 2 100 75 97 957±330 B 

8731  

575 

1.5 50 50 96 760±400 C 

8790 2 100 75 98.53 1363±390 D 

8792  

525 

 

2 

100 75 96.6 824±500 E 

8793 50 50 93.386 689±380 F 

8789 590 0 50 50 97.126 1200±410 G 

8794 500 3 100 75 95 672±360 H 

9056  

500 

3  

50 

 

75 

95.6 574±220 I 

9057  

2 

97.854 630±285 J 

9058 98.203 865±525 K 

9059 98.097 605±300 L 

9534 500 2 50 75 94.02 510 ± 160  M 

9535 550 2 50 75 97.71 950± 290 N 
 

 

A. Porosity is more and it has been accumulated in different regions. Due to less heating rate 

grains did not grow much. 

B. Higher heating rate and holding pressure lead to very high density close to the theoretical 

density, but due to high heating grain growth was observed. 
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C. Again accumulation of porosity has been observed and grain size range has similarities as 

in previous case B. 

D. Uniform porosity and very high density but grains have bigger size due to high heating 

rate and long holding time. 

E. The only parameter here is the heating rate, so high heating rate produced bigger grains 

F.  Grain size is comparable with B and C but here the more irregular shape and high 

porosity. 

G. Grain size is large because of high temperature but density is high due to easy 

consolidation at high temperature. 

H. Grain size is not uniform, more irregular shape and accumulation of free antimony in 

some regions as flat big grains. 

I. Not completely reduced. It contains free Sb and other phase CoSb2 along with CoSb3. 

J. Size is a bit larger than previous one but still not complete reduction and unlikely phases 

are present. 

K.  Grain size was big as compared to first two samples of this batch because of the more 

time for diffusion and reduction.  

L.  This sample has lowest free Sb and particle size was also small as compared to the 

previous samples. It was best sample with good purity and small particle size. 

M. In batch four, high purity is achieved as compared to all other batches. Pressing at low 

temperature and a bit high temperature represent the difference in grain size. 
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N. This sample contains less porosity as compared to the sample that is pressed at low 

temperature. 

For high density nano structures and good uniformity in the properties a very minute change in 

any of the sintering variables can affect the particle size and the final properties. 

4.6 - Thermal Conductivity Measurement 

Thermal conductivity can be calculated from the given equation below, for that we have to know 

the value of thermal diffusivity, pellet density and heat capacity of that material. Thermal 

diffusivity was measured using laser flash technique and heat capacity is measure using 

differential scanning calorimetry. All these properties are temperature dependent so only the 

room temperature values are taken for calculations. 

[Thermal Conductivity k = α ρ Cp]  

4.6.1 - Thermal diffusivity Measurement by Laser Flash (LFA) 

Results of heat capacity measurement performed with DSC (Q2000, TA Instruments) are 

presented in Table 6. 

 

TABLE 6:  Average values and estimated standard deviations for sample thickness 
and thermal diffusivity 
Average thickness was used for the calculation of thermal diffusivity 
Sample 1st run 2nd 

run 
3rd 
run 

4th run 5th run  Average 
[cm

2
/ S] 

Standard 
deviation 

CoSb3 SPS-9534 0.0399 0.0389 0.0393 0.0390 0.0388 0.0392 0.00044 
CoSb3 SPS-9535 0.0475 0.0466 0.0479 0.0469 0.0476 0.0473 0.00053 

 
Thickness of the samples (in mm) 
Sample 1 2 3 4 5 Average 

[mm] 
Standard 
deviation 

CoSb3 SPS-9534 2.612 2.483 2.745 2.715 491 2.609 0.122 
CoSb3 SPS-9535 2.587 2.431 2.463 2.574 2.550 2.521 0.070 
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These two samples are selected from the last batch and these are selected because of high purity 

and best sintered densities and nano- grain structured. Specifications of these two samples are 

mentioned before in Table 4. 

                

 

Fig 42: Thermal diffusivities of the two sample samples 

 

 

TABLE 7:  Thermal diffusivities at Room Temperature  
 

Sample Thermal diffusivity α 

[cm2/S] 

Remarks 

SPS-9059 0.04 1.1% st.dev 

SPS-9534 0.0392 0.98% st.dev 

SPS-9535 0.0473 0.98% st.dev 
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Both SPS-9534 and SPS-9535 samples have different grain size and thermal diffusivities were 

different. It was observed that SPS-9535 has coarse grain structure as compared to SPS-9534 as 

shown in figures 39 and 41. 

 

4.6.2 - DSC results and heat capacity measurement 

SPS-9534 and SPS-9535 belong to 4th batch, reduction conditions are same but the only 

difference is that these two samples are reduced separately. Thermal conductivities are calculated 

after measuring the thermal diffusivity, density and heat capacity Cp. Heat capacities are 

measured using differential scanning calorimetry (DSC). Heat capacity ‘Cp ‘at 50 º C was around 

0.26 J/g. º C as shown in figure 43. 

 

Fig 43: Heat Capacity measurement for CoSb3 using DSC (Q2000, TA Instruments) 
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TABLE 8:  Calculated thermal conductivities for the 4th batch samples 

Sample Density ρ 
 
10 6 g/m3 

Thermal 
diffusivity α 
10 -4 [m2/sec] 

Heat capacity ‘Cp ‘at 50 º C 
 

j/g. º C 

Thermal 
Conductivity  
k = α ρ Cp 

[W/m.K] 

SPS-9534 7.17 0.0392 0.26 7.3 

SPS-9535 7.45 0.0473 0.26 9.2  

 

  

In the literature, it was found that thermal conductivity at room temperature for such CoSb3 

nano-structured thermoelectric materials is in the range of 5 W/m.K. It can be compared with 

these results. By increasing temperature thermal conductivity showed decreasing pattern as observed 

in the literature.   
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Chapter 5 - Conclusions 

CoSb3 TE nano powder is synthesized using novel co-precipitation technique under 

controlled hydrodynamics and PH conditions. Co-precipitated metal ion oxalates are calcined 

at 350 °C for 2 hrs and then reduced in pure H2 atmosphere at 520 °C for 3 hrs. Reduced 

powder is further sintered using SPS. Following findings are observed and conclusions are 

listed below; 

• Particle Size decreases after each thermochemical step 

• Free Sb is present in first three batches and after sintering    Sb peaks becomes bigger due 

to the crystallization of amorphous Sb  

• Grinding before calcination and reduction is recommended for better homogeneity and 

de-agglomeration 

• Reduction in small batch leads to high purity as compared to large batch size  

• Best conditions for  powder synthesis with high purity are ; 

1.  Ratio  Co:Sb should be 1 : 3.2 

2. Reduction batch size should be not more than 5 gm 

3.  Reduction condition should be 520 °C for 3 hrs  

• Sintering temperature, heating rate, holding pressure and time for sintering are the main 

variable that greatly affect on the morphology, shape and size of grain and as well as 

porosity and densification 
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• Best conditions for SPS are 500 º C for 2 mins. Heating Rate 50 º C/min, 75 MPa  (≈95% 

densification ), average resultant grain size is 510 ± 160 nm  

• It was observed that larger the grain size higher will be the thermal diffusivity.  

• At Room temperature thermal conductivity for SPS-9534 was 7.3 [W/m.K] and for SPS-

9535 was 9.2 [W/m.K]   

 

Future Works 

 

In this area there are many aspects that need attention; for example thermoelectric properties 

can be studied at higher temperatures.  Mechanical properties like harness profiles at nano 

scale using micro or nano indenters attached with Atomic force microscope can be analyzed. 

Effect of nano inclusion at the grain boundaries can be investigated using different dopants 

like refractory oxides or different transition metals. There is one more idea to see the 

thermoelectric effect if this material is mixed with totally another new intermetallic like 

Bi2Te3 using arbitrary composition and then sintered at intermediate temperatures by SPS. 

This composite structure may have very good properties.  
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Summary 

 

In a nut shell, it’s world requirement to fulfill the energy crisis and by utilizing the heat 

energy into useful work. Thermoelectric materials are the new class of materials that are not 

only environmental friendly but also very unique in properties. The efficiency or figure of 

merit (ZT values) of TE materials is the main issue that is very important from the 

application point of view. If ZT value is 1 then efficiency is 10 %, if 2 then 20 %. More than 

25 % efficiency can replace conventional materials in cooling applications. There are two 

ways to enhance the efficiency, one way is to decrease the grain size to nano scale and the 

other is to add dopant atoms (n or p type). Second issue is to increase the serviceability and 

efficiency at higher temperatures. A lot of research is still going on in this area. In coming 

future nanostructured thermoelectrics will be one of the hottest topic of research.  

The Present work can be summarized as following below; 

1. Co-precipitation of a TE precursor compound under controlled pH, which is highly 

reactive 

2. Thermo-chemical treatments, including calcination of the precursor at 350 °C for 2 

hrs and reduction at 520 °C for 3 hrs to produce the TE material with high purity 

3. Processing of CoSb3 nanopowder by spark plasma sintering (SPS) 

 

Many SPS tests are run to optimize the sintering parameters such as sintering temperature, 

heating rate, holding pressure and time for sintering. These variables have some effects on 

morphology, shape and size of particle and as well as porosity and densification.  
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