
 

 

 

 

STUDY OF NANO-INCLUSIONS ON THE 

THERMOELECTRIC PROPERTIES OF 

COBALT TRIANTIMONIDE-BASED 

NANOCOMPOSITES  

 
 

 
 
 
 
 
 
 

Yang Lan 
 

 
School of Materials Science and Engineering 

2012 



2 
 

Study of Nano-inclusions on the 

Thermoelectric Properties of Cobalt 

Triantimonide-based 

Nanocomposites 

 

 

Yang Lan 

 

 

 

 

School of Materials Science and Engineering 

 

A thesis submitted to the Nanyang Technological University 

in partial fulfillment of the requirement for the degree of 

Doctor of Philosophy 

2012 



I 
 

Acknowledgement 

I am indeed grateful to my supervisor, Professor Hng Huey Hoon, for the vision, 

guidance and independence she provides to me, and for her patience and encouragement 

throughout my candidature. Thanks to School of Materials Science and Engineering for 

providing such a good research environment. Thanks to my thesis advisory committee 

members, Prof. Ma Jan and Prof. Lim Geok Kieng for their invaluable suggestions. I also 

want to thank DSO (Singapore) for their funding support on my project. I owe my 

appreciation to Prof. Yan Qingyu for his valuable discussion and guidance in my 

experiments. Thanks also go to Ms Han Mandi and Dr Liu Qing for their help on the 

characterizations. 

I am also thankful for the other research staffs / students from MSE, Dr. Cheng 

Hao, Dr. Yang Kai, Dr. Sun Ting, Dr. Du Zehui, Dr. Huang Hui, Dr. Gong Hua, Dr. 

Zhang Jian, Dr Jiang Hao, Zhu Jixin, Zhou Wenwen, Chen Jing, Zhao Weiyun, Shi 

Wenhui, Sim Daohao, Lin Mengfang, Song Xiaochao, Shen Yiqiang, for their help, 

discussion and friendship. I would also like to express my appreciation to the technicians 

in MSE for their support and assistance. 

Last but not least, I would like to thank my husband, Shen Hongliang, for his 

encouragement and assistance during my writing of this thesis. I am always in debt to my 

parents, for their continuous support and understanding. 

  



II 
 

Abstract 

Thermoelectric materials can convert heat into electricity and vice versa for use as 

power generator and cooler. Skutterudite, CoSb3-based materials are particularly 

promising thermoelectric (TE) material used in the intermediate temperature range 

(600～900K), due to its reasonably large Seebeck coefficient (α) and high electrical 

conductivity (σ), resulting in high power factor (α2σ), which are comparable to the state-

of-art TE materials. However, its thermal conductivity (κ) is too high to make it an 

effective TE material. In this work, nanocomposite approach, in which nanoscaled 

structures (nano-inclusions) are incorporated into the matrix of a conventional micron-

sized material, is attempted in order to reduce its thermal conductivity and improve the 

overall thermoelectric properties of skutterudite. The effects of nano-inclusion on the 

electrical properties of nanocomposites were also investigated. 

The work started with the synthesis of p-type pure CoSb3 nanoparticles via a 

modified polyol process. Systematic experimental results indicated a high purity of CoSb3 

phase could be obtained at a relatively low temperature of 195 °C for 15 mins. N-type Ni-

doped CoSb3 nanoparticles were also synthesized using the same reaction conditions with 

the doping amount optimized. It was found that the Ni1.25Co6.75Sb24 sample possessed the 

maximum power factor, and the highest ZT value of 0.33 was achieved at around 480 °C 

which is much higher than that of undoped CoSb3 of 0.067 at around 450 °C. The 

nanoparticles obtained were also used as dispersants to prepare both p-type and n-type 

nanocomposites.  

The p-type nanocomposite with undoped CoSb3 acting both as nano-inclusions 

and micron-sized matrix were prepared. The results showed that both the total and lattice 

thermal conductivity were reduced after introducing nano-inclusions due to its high 

density of grain boundaries. Besides thermal conductivity, the electrical properties of the 
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nanocomposite were also found to be improved by the nano-inclusions due to the 

different electrical properties of these two phases, where the nano-inclusions have a much 

higher carrier concentration than that of micron-sized matrix. Furthermore, another two 

types of p-type nanocomposites whose nano-inclusions have much lower or comparable 

carrier concentration than that of micron-sized matrix were prepared and the effects of 

these nano-inclusions on both thermal and electrical properties were investigated. The 

results indicated that nanostructures with higher carrier concentration and lower thermal 

conductivity than that of micron-sized matrix are the most suitable for use as nano-

inclusions. The most ZT value improvement happened in the nanocomposite with 

undoped CoSb3 acting both as nano-inclusion and micron-sized matrix. Comparing with 

the micron-sized matrix, the ZT value of nanocomposite with 10wt% of nano-inclusions is 

nearly doubled as compared to the sample without nano-inclusions. 

Based on the results of p-type nanocomposites, n-type nanocomposites were also 

prepared and Ni1.25Co6.25Sb24 with the highest carrier concentration among the Ni-doped 

CoSb3 nanostructures was chosen as the nano-inclusions. The ZT value reached a value of 

0.71 at 450 °C for the nanocomposite sample with 10wt% nano-inclusions which is the 

highest figure-of-merit of unfilled CoSb3 reported so far.   

In conclusion, nanocomposite approach has been proven to be a promising way to 

improve the thermoelectric properties of CoSb3-based materials. The results of p-type and 

n-type nancomposites are in a good agreement that nanostructures with higher carrier 

concentration and lower thermal conductivity than that of micron-sized matrix are 

effective in improving the overall thermoelectric properties of nanocomposites.  
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Chapter 1   
Introduction 

1.1 Background 

The unprecedented energy crisis and the accompanying detrimental environmental 

consequences placed great emphasis on renewable and sustainable energy materials. More 

than 60% of the energy generated from primary energy sources is lost during the heat 

conversion process. Thermoelectric (TE) devices can reliably convert heat into useful 

electricity and is one of the research focuses aimed at improving sustainability. The basic 

idea is to use TE modules to convert part of the waste heat back into useful electricity, 

thereby improving the overall energy efficiency. They are noiseless and vibration free as 

there are no mechanical moving parts, and small in size as well as lightweight [1]. Heat 

can come either from the Sun or waste heat generated by a variety of sources including 

power plants, chemical plants, or automobiles. As power generators, the net result is to be 

more fuel efficient in the case of heat recovery from the exhaust pipe of cars. Besides 

functioning as a power generator, the TE can act in the reverse, i.e. as refrigerator. As 

refrigerators, they are environmentally friendly as CFC and other refrigerant gas are not 

used [2,3]. Due to these advantages, TE devices have found a large range of potential 

applications. The main problem with today’s TE materials is poor efficiency leading their 

narrow application in niche markets where small size and light weight are more important 

than the performance and cost. Therefore, the design of more efficient thermoelectric 

materials is designated as a priority research direction [4]. 

The efficiency of a TE material is determined by the dimensionless figure of merit, 

ZT, where ZT=α2σT/κ and α is the Seebeck coefficient, σ is the electrical conductivity, T 

is the absolute temperature in Kelvin and κ is the total thermal conductivity. The total 

thermal conductivity is often approximately described as κ =κl+ κe, where κl is the heat 
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conducted by phonons (lattice vibration) and κe is the heat conducted by mobile electrons 

[5]. Over the past ten years or so, intensive research efforts worldwide has identified 

several novel TE materials that, with further development, could bring about the 

breakthrough and open up new horizons for a widespread use of thermoelectricity. 

Meanwhile, tremendous efforts are also focused on improving existing TE materials 

through various methods either to reduce the thermal conductivity or to increase the 

electrical conductivity and Seebeck coefficient.  

As proposed by Slack [6,7], a good thermoelectric material should follow the 

phonon-glass electron-crystal (PGEC) model, i.e. the thermal conductivity of the 

materials is as low as a glass, and electrical conductivity is as high as a perfect single 

crystal. Promising PGEC bulk TE materials include materials from the skutterudites, 

clathrates, half-Heusler alloys, Zn4Sb3 alloys and Chalcogenides families. Among these 

TE materials, skutterudites lead the way in the temperature range between 600 and 900 K 

[8]. Of the different types of skutterudites, CoSb3-based materials have attracted the 

greatest attention due to their promising electrical properties, i.e. large Seebeck 

coefficient and high electrical conductivity [9]. However, the lattice thermal conductivity 

of CoSb3-based materials is relatively high as compared to other TE materials. Hence, the 

aim of this work is on the reduction of lattice thermal conductivity of CoSb3-based 

materials.  

Many methods have been proposed to reduce the lattice thermal conductivity of 

skutterudite such as filling, doping, nanostructuring and preparation of nanocomposites 

with the ultimate aim to improve the overall thermoelectric properties of CoSb3. Among 

these methods, nanocomposite approach attracts a lot of research attentions  and many TE 

nanocomposites have been reported, such as PbTe nanocomposites with coated 

nanostructures on the surface of the bulk [10], Bi2Te3 nanotube-containing 
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nanocomposites [11]. All these nanocomposites have a reduced thermal conductivity, and 

show great potential in improving the TE properties. 

1.2 Objective 

Due to the fact that CoSb3 possesses good electrical properties but poor thermal 

conductivity, the main objective of this work is to decrease the thermal conductivity of 

CoSb3-based skutterudites and improve the overall thermoelectric properties through 

nanocomposite approach in which nano-scaled structures are incorporated into the matrix 

of a conventional micron-sized material. Both p- and n-type CoSb3-based nancomposites 

will be prepared. The electrical properties difference between the nano-inclusion and 

micron-sized matrix can also play an important role on the final electrical properties of 

the nanocomposite samples. In order to study this effect, three types of nanocomposites 

whose nano-inclusion possessing much higher, lower or comparable carrier concentration 

with that of micron-sized matrix are prepared for comparison. Finally, a general rule for 

the choice of nano-inclusion from both thermal and electrical properties considerations 

will be proposed.  

1.3 Organization of the thesis 

There are seven chapters in this report.  

In Chapter 1, the background of this project is depicted, along with the objective 

of this work. And the organization of this thesis outlined. 

Chapter 2 gives the fundamental theories of thermoelectric materials. An 

introduction to skutterudites is also included. Finally, the possible approaches to improve 

the thermoelectric properties of CoSb3-based skutterudites are reviewed. 
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In Chapter 3, the detailed synthesis procedures and characterization methods of 

CoSb3-based nanostructures and nanocomposites are presented. 

In Chapter 4, the synthesis of p-type undoped CoSb3 and n-type Ni-doped CoSb3 

nano-particles by polyol method are presented. In this chapter, the reaction conditions 

such as temperature and dwelling time are optimized. For the n-type Ni-doped CoSb3 

nano-particles, the effects of doping on the electrical and thermal properties are 

investigated. The as-synthesized nano-particles will be used as nano-inclusion in Chapter 

5 and Chapter 6. 

Chapter 5 details the investigation of three types of p-type CoSb3-based 

nanocomposites with various nano-inclusions and micron-sized matrix. The effect of 

nano-inclusion on the final electrical properties of nanocomposite samples is investigated 

by choosing nano-inclusions with carrier concentration much higher (undoped 

nanostructured CoSb3) and lower (nanostructured ZrO2) than the micron-sized matrix 

(undoped micron-sized CoSb3). The case of nano-inclusions (undoped nanostructured 

CoSb3) and micron-sized matrix (micron-structured filled CoSb3) which have comparable 

carrier concentration are also studied. Besides electrical properties, the effect of nano-

inclusion on the thermal conductivity of these three types of nanocomposite samples is 

also analyzed. And a general rule for the choice of nanocomposite is proposed. 

In Chapter 6, n-type nanocomposites are prepared. Based on the experimental 

results in Chapter 5, Ni1.25Co6.75Sb24 which has the highest carrier concentration among 

the Ni-doped CoSb3 nanostructures is chosen as nano-inclusion. The effects of nano-

inclusion on the final electrical as well as thermal properties of nanocomposites are 

discussed. 
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Chapter 7 summarises the results achieved in this thesis. Future work will also be 

proposed.  
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Chapter 2   
Literature review 

2.1 Thermoelectric phenomena 

2.1.1 Seebeck effects 

Thermoelectric materials have been extensively researched and developed since 

late 1950s. Thermoelectricity was first discovered by Thomas Seebeck in the early 1800s 

[12-14]. He observed that when two dissimilar materials a and b are joined together and 

the junctions held at different temperature (Th and Tc), a voltage difference (ΔV) that is 

proportional to the temperature difference (ΔT= Th- Tc) will result. As shown in       

Figure 2.1-1, the ratio of the voltage developed to the temperature gradient (ΔV/ΔT) is 

related to an intrinsic property of the material known as the Seebeck coefficient,     

αab=αa-αb, i.e.  

TV ab                            (2.1-1) 

The Seebeck coefficient is very low for metals (only a few μV/K) but much larger for 

semiconductors (typically several hundred μV/K) [15].  

 

Figure 2.1-1: Schematic diagram of Seebeck effect. 

 

The Seebeck effect is mainly caused by charge carrier diffusion. Hot carriers 

diffuse from the hot end to the cold end and the cold carriers diffuse from the cold end to 
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the hot end when one end of a conductor is at a different temperature than the other. The 

illustration is as shown in Figure 2.1-2. 

 

Figure 2.1-2: Illustration of the causes of Seebeck effect. 

 

2.1.2 Peltier effects 

A few years after the discovery of Seebeck effect, a related effect— the Peltier 

effect, was discovered. Peltier showed that when an electrical current is passed through 

the junction of two dissimilar materials, heat is either absorbed or rejected at the junction, 

depending on the direction of the current (shown in Figure 2.1-3). The Peltier effect 

reflects the fact that when carriers flow through a conductor, they also carry heat. The 

heat current Q is proportional to the charge current I and the proportional constant Πab 

called the Peltier coefficient, the unit of Π is V [5,7,12-14]: 

IQ ab                            (2.1-2) 
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Figure 2.1-3: Schematic diagram of Peltier effect. 

 

2.1.3 Thomson effect 

This phenomenon was first discovered in 1854 by William Thomson and later by 

Lord Kelvin. For the Thomson effect, consider a material with a current flowing through 

it and a temperature gradient applied to it. In this situation, thermal energy is generated 

(or absorbed) all along the sample. The reason for this is similar to the reasoning behind 

the Peltier effect, if one realizes that the Seebeck coefficient for this material depends on 

temperature. This means that the Seebeck coefficient is different at different places along 

the sample. So the sample can be thought of as a series of many small Peltier junctions, 

each of which is generating (or absorbing) heat. The Thomson effect does not occur in a 

current-carrying conductor which is initially at uniform temperature. The rate of 

generating (or absorbing) heat q is proportional to the charge current I and the 

temperature gradient. The proportional constant β which have the same unit as Seebeck 

coefficient (α), is called the Thomson coefficient [5,7]: 

TIq                     (2.1-3) 

When the charge current and the temperature gradient have the same direction, the 

material absorbs heat and β has a positive value. Otherwise, β is negative. The illustration 

of Thomson effect is shown in Figure 2.1-4. 
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Figure 1.2-4: Schematic diagram of Thomson effect. 

 

2.1.4 Relations of thermoelectric effects 

The Seebeck, Peltier and Thomson effect are related by the following equations 

[5,7], where T is the absolute temperature: 

T                            (2.1-4) 

                                 
TdT

d baab  
                    (2.1-5) 

2.2 Evaluation of thermoelectric device 

2.2.1 Efficiency of thermoelectric device 

A typical thermoelectric cooler based on the Peltier effect is shown in Figure    

2.2-1(a). P-type and n-type semiconductor elements are interconnected thermally in 

parallel and electrically in series. In a Peltier cooler, the external circuit is a D.C. power 

supply, which drives the electric current (I) and heat flow (Q), thereby cooling the top 

surface due to the Peltier effect. Energy conversion based on the Seebeck effect for power 

generation is as shown in Figure 2.2-1(b). A thermoelectric generator uses heat flow 

across a temperature gradient to power an electric load through the external circuit. The 

temperature difference provides the voltage (V=αΔT) from the Seebeck effect while the 

heat flow drives the electrical current, which determines the power output. Figure 2.2-1(c) 
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shows a practical device, which contains many thermoelectric couples which consist of n-

type (containing free electrons) and p-type (containing free holes) thermoelectric 

elements wired electrically in series and thermally in parallel. In both devices, the heat 

rejected must be removed through a heat sink to maintain the temperature gradient. 

 

 

Figure 2.2-1: Illustration of the thermoelectric devices: power generator (a), 

cooler (b), actual device (c) [16]. 

 

In general, the thermoelectric conversion efficiency depends on the figure-of-

merit, ZT as well as the temperature difference between the two ends of the TE device. 

The generating efficiency can be express as [5,7]: 

hcab

ab

h

ch
TEG

TTTZ

TZ

T

TT








1

11
                   (2.2-1) 

And the device figure of merit as [5,7]: 
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2

2

)( bbaa

ab
ab

T
TZ





                  (2.2-2) 

where ηTEG is the conversion efficiency, Th is the absolute hot-junction temperature, Tc is 

the absolute cold-junction temperature, T is the mean absolute temperature, 

2)( ch TTT  , ZabT is the figure-of-merit of the couple where αab is the Seebeck 

coefficient of the couple, ρa and ρb are the electrical resistivity of materials a and b, and κa 

and κb are the thermal conductivity of materials a and b. From these equations, one can 

see that, in order to improve the conversion efficiency, the thermocouple must have a 

large temperature difference between the two ends as well as a high ZT. 

2.2.2 Figure-of-Merit 

The figure-of-merit of a single material can be written as [5,7]: 


 2T

ZT                             (2.2-3) 

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

conductivity, and κ is the total thermal conductivity. In order to maximize ZT, large 

values for the Seebeck coefficient and electrical conductivity, and low value of the 

thermal conductivity are necessary. 

2.2.2.1 Seebeck coefficient 

Based on the theoretical analysis by solving the Boltzmann transport equation 

with a relaxation time approximation, the Seebeck coefficient can be expressed as follows 

[5,7,15,17]: 

  
e

kB
            (2.2-4) 
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where                                 
)()3(

)()
2

5
(

2

1

2

3















s

s

Fs

Fs

                        (2.2-5) 

The value of s varies with the scattering mechanism: for acoustic lattice scattering, s=-1/2; 

for polar, optical mode lattice scattering, s=+1/2; and for ionized impurity scattering, 

s=+3/2. η is the reduced Fermi energy, Fx is the Fermi integral of order x. The Seebeck 

coefficient is positive, when the major carriers are holes, and is negative, when the major 

carriers are electrons.  

In general, the Seebeck coefficient is related to carrier concentration and effective 

mass. For highly degenerate semiconductors and metals, i.e. parabolic band, energy-

dependent scattering approximation, the Seebeck can be also expressed as [16]: 

3
2

2

22

33

8






 

n
Tm

eh

kB                    (2.2-6) 

Where, n is the carrier concentration, m* is the effective mass of the carrier, and kB is the 

Boltzmann constant. From equation (2.2-6), one can see that Seebeck coefficient 

decreases with increasing carrier concentration and decreasing effective mass of the 

carriers. 

2.2.2.2Electrical resistivity[18] 

The electrical conductivity (σ) is related to carrier concentration n (for electrons) 

and p (for holes) through the carrier mobility µ, and can be expressed as: 

pn phne                           (2.2-7) 


n

n
n m

e 
 ; 

p

p

p m

h 
                      (2.2-8) 
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Where, e and h are electronic charge of electrons and holes, n and p are n-type and p-type 

carrier concentrations, the μn and μp are the mobility of the carriers, 
nm  and 

pm  are 

effective mass, and τn and τp are average relaxation time, respectively. The average 

relaxation time for both electrons and holes can be expressed as :  

 
 























 



)(2

3
)(

3

2

2

1

2

1






F

F

TksT
ss

B                (2.2-9) 

For electron scattering by either acoustical or optical lattice scattering, Ф(T) is 

proportional to T-1. However, for the ionized impurity lattice scattering mode, Ф(T) is 

relatively independent of temperature.  

For a semiconductor in the high temperature range, where intrinsic conduction is 

the dominating mechanism, the carrier concentration (holes or electrons) are expressed as 

follows [15-17]: 

 
Tk

EE
Bn B

CF

e
h

Tkm
n













2
3

2

2
2


               (2.2-10) 

       

 
Tk

EE
Bp B

FV

e
h

Tkm
p















2
3

2

2
2


               (2.2-11) 

where, h is the reduced Planck constant. 

From equations (2.2-7), (2.2-8) and (2.2-9), one can see that, the electrical 

conductivity are related to the scattering mechanism, relaxation time, effective mass and 

Fermi energy. Even though the mobility decreases with increasing effective mass, but 

after combining with the carrier concentration which is also a function of effective mass, 

the overall electrical conductivity increases with increasing effective mass. From the 
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equation of Seebeck coefficient, which also indicates that a larger effective mass will lead 

to higher Seebeck coefficient, it can be concluded that in order to obtain excellent TE 

properties, the material needs to possess large effective mass. 

2.2.2.3 Thermal conductivity 

In general, the total thermal conductivity has contributions from both charge 

carriers e  and lattice waves (or phonons) l , i.e: 

letotal                         (2.2-12) 

The electrical contribution to thermal conductivity is related to the electrical conductivity 

through the Wiedemann-Franz law [5], where L is the Lorenz number: 

                                                  LTe                        (2.2-13) 

And L is equal to: 
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where  can be  expressed as: 
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In some extreme cases, for highly degenerated semiconductor and metal, 3
2  , and 

for non-degenerated semiconductor, 2
5 s . 

The lattice thermal conductivity is the major contribution to the total thermal 

conductivity due to the small value of L and relative low conductivity of semiconductor. 

A general expression of lattice thermal conductivity at high temperature range (above 

Debye temperature) is [19]: 
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Where Cν is the lattice heat capacity per unit volume, νs is the velocity of sound in the 

crystal, and l is the phonon mean free path. 

According to Callaway’s model [20], the theoretical expression for thermal 

conductivity can be written as follows: 
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where the dimensionless Tkx B/  is the normal frequency, ω is the phonon frequency, 

kB is the Boltzmann constant,   is the reduced Planck constant, θD is the Debye 

temperature, s  is the velocity of sounds, and C  is the combined phonon scattering 

relaxation time and the phonon scattering relaxation rate 1
C  using Matthiessen’s rule can 

be expressed as: 

                 
1111111 


  DpheANUBC             (2.2-18) 

Where boundary scattering B , phonon-phonon Umklapp scattering U , phonon-phonon 

normal scattering N , defect or alloy scattering A , electron-phonon scattering 1
 phe , 

introduction of second phase such as the nanoparticles D , all contributed to the phonon 

scattering relaxation rate. 

All the three parameters (α, σ and κ) that define the figure-of-merit are functions 

of the carrier concentration as shown by equations (2.2-6), (2.2-7) and (2.2-17). The 

dependences of the figure-of-merit, ZT, Seebeck coefficient α, electrical conductivity σ, 
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and total thermal conductivity κ on carrier concentration n are shown in Figure 2.2-2. 

Hence, in order to satisfy the requirements of high Seebeck coefficient and electrical 

conductivity, but at the same time low thermal conductivity, the ideal carrier 

concentration should be kept at ～1019 cm-3, which is found mostly in heavily-doped 

semiconductors [21]. 

 



17 
 

 

Figure 2.2-2: Dependence of figure-of-merit ZT, Seebeck coefficient, 

electrical conductivity, electrical thermal conductivity and lattice thermal 

conductivity on carrier concentration [16]. 

 

2.2.3 Development of TE materials 

Figure 2.2-3 shows ZT as a function of temperature for bulk TE materials that 

have been developed over the last half century. Due to the difference in TE performance, 

different materials will need to be chosen for different application temperature. Hence, 

according to their application temperature, TE materials can be classified as low 

temperature, intermediate temperature and high temperature TE materials. One of the 

most widespread applications is refrigeration and presently the state-of-art materials are 

the alloys of Bi2Te3 system [22-25]. For near-room-temperature applications, such as 

refrigeration and waste heat recovery up to 200 °C, Bi2Te3 alloys have been proven to 

possess the best thermoelectric properties. For mid-temperature power generation (500-
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900 K), materials based on group-IV telluride are typically used, such as Zn4Te3 [26], 

PbTe and its similar compounds AgPbmSbTe2+m [15,27-30]. Skutterudites family also 

shows a great potential in the moderate temperature power generation application [31,32]. 

For even higher temperature (>900 K), thermoelectric generators have typically used 

silicon-germanium alloys for both n- and p-type legs [33]. The ZT value of these materials 

is fairly low, especially for the p-type materials, because of the relatively high lattice 

thermal conductivity induced by the diamond structure.  

       

Figure 2.2-3: Dimensionless figure-of-merit ZT as a function of temperature 

for state of the art materials [34]. 

 

In 1990s, two promising methods to improve the thermoelectric properties are 

proposed. An ideal model of “Phonon-Glass and Electronic-Crystal” (PGEC) was 

proposed by Slack [7]. In this model, the thermal conductivity of the materials will be 

close to a glass, and electrical conductivity as high as a perfect single crystal. Promising 

PGEC bulk thermoelectric materials include skutterudites, clathrates, half-Heusler alloys, 



19 
 

Zn4Sb3 alloys, Chalcogenides and so on. At around the same time, Dresselhaus and Hicks 

[35] proposed a new direction for low-dimensional thermoelectric materials, i.e. 

introducing quantum-confinement effect to enhance the Seebeck coefficient α.  

Meanwhile, for the thermal property, the many internal interfaces due to the low-

dimensional structures can scatter phonons more effectively than that of electrons based 

on the differences in their respective scattering wave-length and reduce thermal 

conductivity. These two proposed methods developed in different ways until more 

recently where they seem to converge together to born new kind of nanostructured 

thermoelectric materials, such as Bi2Te3 nanotubes, PbTe nanowires [11,10]. Based on the 

nanostructuring, nanocomposites were further exploited in the hope of reaching a 

combination of the outstanding TE properties of the nanoscaled structures as well as the 

proven performance of the bulk materials. In a nanocomposite, the bulk thermoelectric 

materials act as host materials containing nano-inclusions prepared by chemical method, 

or, low dimensional nano-scaled inclusions assembling as nano-clusters embedded into a 

traditional bulk material.  

2.3 Skutterudites   

2.3.1 Crystal structure  

The name of skutterudite comes from a natural mineral, CoAs3, first found in 

Skutterud, Norway. Skutterudites have a body-center-cubic (BCC) crystal structure and in 

the space group Im3 with 32 atoms in per unit cell. The typical and basic structure of the 

skutterudite unit cell is shown in Figure 2.3-1. In the skutterudite structure (indicated by 

MX3, where M represents a metal atom and X a pnictide atom), each X atom has four 

nearest neighbors, two metal atoms and two pnictide atoms situated at the corners of a 

distorted tetrahedron. The M atoms are octahedrally coordinated to X atoms, and form the 

tilted MX6 octahedrons which share corners with the neighboring octahedrons centered at 
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the position (000), illustrated more clearly in Figure 2.3-2. It is the tilting of these 

octahedrons that results in a planar X4 ring structure of pnicogen atoms. The resulting 

structures resemble a cage with a large void occupying the body-centered position in the 

cubic lattice. For binary CoSb3 the void radius is 1.892 Å [9, 36-38]. As predicted by 

Slack, these voids can be filled by guest atoms and the interstitial atoms in the voids could 

reduce the thermal conductivity, which will be discussed later in section 2.4.2 [5]. 

 

Figure 2.3-1: The skutterudite structure with the metal M (open circles) 

forming a simple cubic sublattice, and pnicogen atoms X (solid circles) 

arranged in planar, near-square four-member rings [37]. 
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Figure 2.3-2: The unit cell of the skutterudite structure centered at the 

position (000). Metal atoms (Co in this case) are octahedrally coordinated by 

the pnicogen atoms and one of the octahedrons is highlighted. Dashed circles 

represent the voids where the filler ions occupy [37]. 

 

2.3.2 Crystal chemistry 

The bonding arrangement of skutterudite is believed [9, 39] as follows: every X 

atom has 5 valence electrons. Two of them have σ bond with two nearest X of the X4 

groups. The other three valence electrons join the M-X bonds. In the MX6 octahedron, 

one M (metal atom) is coordinated by 6 X atom leading to a total of (3/2)×6=9 X 

electrons for M-X bonding. And the M atoms of a s2d7 configuration provides another 9 

electrons resulting to a total of 18 electrons for M-X arrangement. These electrons are 

available to form d2sp3 hybrid bonds. The octahedral ligand field of the X atoms is 

believed to split the degenerate d-level into three lower energy non-bonding orbitals and 

two higher energy orbitals which hybridize the metal atom s as well as p states to form the 

dps orbital complex to provide the M-X bonding [40]. In these 18 electrons, 6 of them 

occupy the nonbonding orbitals with a spin-paired arrangement, and the other 12 
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electrons occupy the hybridized dps complex. These compounds with no unpaired spins 

are believed to be diamagnetic semiconductors [37].   

2.3.3 Electronic transport properties of CoSb3-based 
skutterudites 

Of the different members of the skutterudites family, CoSb3-based compounds 

have attracted of the most attention. This family of materials possess not only some of the 

best TE characteristics, but also the constituents are abundant, less volatile and less 

expensive than most of the alternative skutterudite structures. For CoSb3 containing 

elements with low electronegativity differences, there is a high degree of covalent 

bonding, enabling high carrier mobilities and therefore good electron-crystal properties. 

Compared with other members in the skutterudite family, the Seebeck coefficient of 

CoSb3 is very competitive , as shown in Figure 2.3-3 [41, 42].  

 

Figure 2.3-3: Seebeck coefficient as a function of temperature for binary 

skutterudite compounds [41]. 
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2.3.4 Thermal conductivity of CoSb3-based skutterudites 

Unfortunately, the thermal conductivity of binary CoSb3 is too high (around       

10 W/m·K at room temperature. In comparison, the thermal conductivity of the Bi2Te3 

system is less than 2 W/m·K at room temperature) to make it efficient and competitive 

with the classical thermoelectric materials. Although the power factor P=α2/ρ is relatively 

high for binary skutterudites, its thermal conductivity must be reduced to that of the 

theoretical minimum in order for it to be used as a TE material.  

According to Equation (2.2-18), the fundamental method to reduce the lattice and 

hence the total thermal conductivity is to introduce phonon-scatterers. The known 

methods for scattering phonons in skutterudite compounds are: point defect scattering, 

charge carriers from dopants, void fillers, and structural defects (including grain boundary 

and precipitates). All these methods mentioned above introduce scatterers to scatter 

phonons. The scatterers can be electron, defects (including point and structural defects), 

guest atoms and so on. According to Rayleigh scattering regime, the scattering cross 

section varies as 46 / b , where b is the size of the scattering particle and λ is the 

phonon wavelength [20, 43]. Each scatterer has a particular scattering cross section and 

scatter phonons of a corresponding wavelength. Hence, the combination of more than one 

phonon-scatterer together can scatter more phonons in a broader wavelength range and 

can reduce the lattice thermal conductivity more effectively. 

2.4 Possible strategies to improve the thermoelectric 
properties of CoSb3 

2.4.1 Doping (Substituting) 

The major purpose of doping is to alter the carrier density of the semiconductor 

[37, 44]. The substitution of Co or Sb by dopants can influence the electronic structure 
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and electrical properties, in particular to substantially change the carrier masses. Here, 

doping can be considered as alloying. A solid solution reaction in CoSb3 can be described 

as [45]:  

                           3133 )()1( SbCoMxMSbCoSbx xx                               (2.4-1) 

for Co substitution, and:  

                                       xx SbXCoxCoXCoSbx 33333 )()1(                           (2.4-2) 

for Sb substitution. From thermoelectricity point of view, substitution of Co on the 8c site 

is more preferable as one does not destroy the integrity of the pnicogen rings and 

consequently preserves a reasonably high mobility of the structure [9]. 

Effects of substituting Co with magnetic ions, such as Fe and Ni, have been 

widely investigated [46-48]. Even a relatively small fraction of Co sites substituted by an 

impurity such as Ni seems to have a highly beneficial effect on the figure-of-merit [49, 

50]. It is also reported that electron-phonon scattering is responsible for the large decrease 

in lattice thermal conductivity in the Ni doped CoSb3 [51]. Furthermore, it can be 

expected that doping can affect the lattice thermal conductivity due to the phonon 

scattering on the point defects caused by the impurity atoms.  

Fe is commonly used as the dopant to create p-type CoSb3 materials [52]. The 

creation of lattice defects by  Fe-substitution in CoSb3 is the main cause for the reduction 

in thermal conductivity [53]. A similar phenomenon of reducing thermal conductivity due 

to the point-defect scattering also occurs in the As-doped solid solution Co(Sb1-xAsx)3 

[54]. 
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2.4.2 Single and double filling 

As shown in Figure 2.3-1 and 2.3-2, there are two relatively large voids at the a 

positions of the unit cell which can be filled readily with additional atoms to form filled 

skutterudites. The cubic unit cell can be written in general as □2Co8Sb24, where □ stands 

for the guest atoms [55]. Many filled CoSb3-based skutterudites have been formed, with 

lanthanide, actinide, and alkaline-earth ions interstitially occupying these voids [39]. X-

ray and neutron structure refinements indicate that for many of the compounds, the guest  

atoms (such as rare earth or alkaline earth atom) tend to exhibit exceptionally large 

thermal parameters, corresponding to the “rattling” of these atoms in an oversized atomic 

cage [56,57]. This rattling atoms, acting as the scatterers, markedly reduce the thermal 

conductivity of these filled skutterudite compounds. The smaller and more massive ions 

are promising candidates because they are much freer inside the voids of the skutterudite 

structures than the bigger ones, and are thereby able to interact with lower-frequency 

phonon. The smaller ions may also introduce a static disorder in the lattice because they 

are more off-center than the larger ones, hence further reducing the thermal conductivity 

[58, 59].  

Since each filler ion has its own characteristic Einstein frequency that reflects its 

mass, size and the strength of bonding with the cage atoms, it makes sense to consider 

filling the voids with more than one filler species. The different filler atoms should lead to 

different Einstein frequencies and therefore a broader spectrum of phonons should be 

affected, further reducing the lattice thermal conductivity [37, 60]. This approach could 

be also viewed as the forming solid solutions between R1yFe4-xCoxSb12 and R2y′Fe4-x 

CoxSb12, where R1y and R2y′ are two different filler ions with the respective void 

occupancies y and y′. For example, the thermal conductivity of double filling               

Ce1-yYbyFe4Sb12 is lower than that of the end members, CeFe4Sb12 and YbFe4Sb12, and 

the figure-of-merit of double filled skutterudite is significantly improved [37]. 
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Single filled Yb0.25Co4Sb12 has a ZT value of 1.1 at around 750K [61]. The highest 

ZT value of CaxCo4Sb12 is 0.45 at 800 K and Ba0.3Co4Sb12 is 0.8 at 800 K, respectively 

[62,63]. Comparing only single filled skutterudite, samples with Ni doping possess better 

ZT value, such as Ba0.3.Ni0.05Co3.95Sb12 with a ZT value of around 1.2 at 800 K which is 

higher than that of single filled skutterudite without doping [63]. For double filled 

skutterudite, the ZT values are even higher. A ZT of 1.36 at 800 K is achievable for n-

type BaxYbyCo4Sb12 without doping [64]. In this material, two types of fillers participate 

in the scattering of phonons and reduce the lattice thermal conductivity.  

2.4.3 Nanostructured materials 

The decrease in the grain size of the building block material to the nanometer 

range leads to a significant increase in the grain boundaries density [5, 9, 65]. Theoretical 

predictions have shown that nanostructuring reduces the thermal conductivity by the 

selective scattering of phonons as a result of a much higher density of grain boundaries 

[65]. According to Rayleigh scattering regime, mentioned before, the scattering cross 

section varies as 46 / b , where b is the size of the scattering particle and λ is the 

phonon wavelength [20, 43]. The mid and long-wavelength phonons are greatly scattered 

by the dense grain boundaries. When the critical length scales of physical phenomena, 

such as mean-free path (mfp) of phonons and electrons become comparable with the 

building-blocks of structure, quantum size effect will become evident. Even larger effects 

on the reduction of thermal conductivity should be achieved for grain sizes of the order of 

the lattice parameter. In the situation that the mean-free path of phonons is comparable or 

even greater than that of the carriers, scattering of phonons by grain boundaries is 

stronger than that of charge carriers. Hence, grain boundary scattering is one of the 

effective methods in reducing the thermal conductivity of the material, thereby increasing 

its figure-of-merit, ZT.  



27 
 

Many methods such as a polyol method [66], ultrasonic spray pyrolysis (USP) 

[67], co-precipitation [68], sol-gel [69] and solvothermal method [70], have been used to 

synthesize nanostructured skutterudites. There are several studies of the grain-size effects 

on the transport properties of polycrystalline CoSb3 [71]. The experimental data have 

shown that the thermal conductivity of nanocrystalline CoSb3 samples can be lowered by 

nearly one order of magnitude as compared to high temperature annealed micron sized 

CoSb3. The thermal conductivity of ball milled CoSb3 falls from 10.67 Wm-1K-1 to      

1.44 Wm-1K-1, when the grain size of CoSb3 decreases from 10 μm to 100 nm at room 

temperature [72]. The figure-of-merit is improved by reducing the grain size.  

2.4.4 Nanocomposites 

As mentioned in the previous section, nanostructure materials exhibit different 

properties from its corresponding bulk parent. The decrease in the grain size of the 

material lead to an increase in the density of grain boundaries, which brings about a 

significant reduction in the thermal conductivity, and hence improve the value of 

thermoelectric figure-of-merit, ZT. However, the decreased grain size also reduces the 

electrical conductivity at the same time. Based on this shortcoming, nanocomposite TE 

materials approaches are being explored [73, 74-77]. A nanocomposite TE material is one 

in which nano-scaled structures are incorporated into the matrix of a conventional bulk 

TE material in the hope of reaching a compromise between the outstanding TE properties 

of the nano-scaled structures and the proven performance of the bulk materials. 

Nanoparticles prepared by solvothermal methods [78-80], chemical reactions [81-83] or 

even traditional ball-milling [84,85] can be mixed with grinded bulk powders, and 

subsequently consolidated into a pellet using hot pressing or spark plasma sintering 

techniques. As shown in Figure 2.4-1, it is presumed that the nanocomposite sample 

should have better thermoelectric properties than just solely micron- or nano-structure. 

The path of carrier remains unchanged due to the good connectivity of the micron-sized 
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grains. However, unlike electronic carriers, the phonons cannot select its path, hence, the 

phonons are scattered by the high density of grain boundaries introduced by 

nanostructures leading to the reduction of lattice thermal conductivity [86].  

 

Figure 2.4-1: The presumed carrier and phonon transport path in 

nanocomposite [87]. 

 

Many kinds of TE nanocomposites have been reported, such as PbTe 

nanocomposites with coated nanostructures on the surface of the bulk material [88], 

Bi2Te3 nanotube-containing nanocomposites [11], and also CoSb3 nanocomposites 

containing ZrO2 [73, 75, 59], Yb2O3 [90], CeO2 [91], TiO2 [92],  FeSb2 [93]and CoSb3 [74, 

76,77]. All these nanocomposites exhibits reduced thermal conductivity, and shows great 

potential in improving the TE properties. 

2.5 Summary 

CoSb3 is a promising TE material for mid range temperature applications due to 

its large Seebeck coefficient and high electrical conductivity. However, its thermal 

conductivity remains too high to be used as an efficient thermoelectric material. So far, 

many efforts using approaches listed in this section have been made to lower its thermal 
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conductivity. In this work, we propose to investigate the reduction of thermal 

conductivity via the nanocomposites approach. Upon the previous research, it is believed 

that reduction in thermal conductivity can be achieved after introducing nano-inclusion 

into micron-sized matrix. However, the effect of nano-inclusion on the electrical 

properties of final composites is not systematically investigated and reported yet.  Hence, 

in this work, three types of CoSb3-based nanocomposites with distinct electrical 

properties between nano-inclusion and micron-sized matrix were prepared for comparison.  

The effects of nano-inclusion on both electrical and thermal properties of nanocomposites 

will be systematically investigated. 
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Chapter 3 
Experimental Methods 

3.1 Sample Preparation 

Sample preparation in this work includes: (1) synthesis of pure and Ni-doped 

CoSb3 nano-particles by a modified polyol process; (2) solid state reaction to synthesize 

micron-size CoSb3-based materials; (3) mixing of different weight ratio of nano-

inclusions and micron-sized matrix by horizontal ball milling; and (4) preparation of the 

final composite pellets using hot press. 

3.1.1 Synthesis of nano-inclusions 

3.1.1.1 Synthesis of undoped CoSb3 nano-particles 

A modified polyol process was used to synthesize pure CoSb3 nanoparticles. The 

reaction precursors consisted of a well-defined mixture of 9.2 mM CoCl2·6H2O and       

46 mM SbCl3. Poly-vinylpyrrolidone (PVP) and tetra-ethylene glycol (TEG) were used as 

surfactant and solvent, respectively. CoCl2·6H2O, SbCl3 and proper amount of PVP were 

first dissolved in TEG. Then the mixed solution was stirred at 70 °C and deaerated with 

high purity argon for 20 mins. After that, in order to make sure all the reactant would be 

reduced, sufficient amount of reducing agent sodium borohydride (NaBH4) was then 

added. The solution with the reducing agent was heated up slowly to the desired reaction 

temperature (165 °C – 240 °C) and held for various period of time, whereby black 

powders would precipitate from the solution. The synthesized powders were washed 

several times with ethanol and distilled water, and finally dried in oven. 
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3.1.1.2 Synthesis of Ni-doped CoSb3 nano-particles 

For the synthesis of Ni-doped CoSb3 nanoparticles, the experimental procedures 

are almost same as that of pure CoSb3 nanoparticle, except that NiCl2 was added as an 

additional reactant according to the nominal composition (NixCo8-xSb24). 

3.1.1.3 Synthesis of ZrO2 nano-particles 

In order to reduce the particle size, the ZrO2 powder (5 μm, 99%) was pulverized 

by planetary ball-milling at 200 rpm for 2 hours. 

3.1.2 Synthesis of micron-size CoSb3-based matrix 

3.1.2.1 Synthesis of pure CoSb3 micron-sized powders 

The nano-sized CoSb3 prepared by polyol method are p-type semiconductor due to 

the excess Sb in the chemical reaction. Excess Sb shots were added in order to obtain p-

type micron-sized CoSb3. The bulk materials were prepared by solid-state reactions. Co 

powders (99.995%), and Sb shots (99.99%) were used as the starting materials. Powder 

mixtures were loaded into a quartz ampoule in an argon-atmosphere glove box. The 

ampoules were sealed under the vacuum of 10-3 Pa. They were heated up to 750 °C at a 

rate of 1 °C/min and kept at 750 °C for 84 hours. 

3.1.2.2 Synthesis of p-type filled skutterudite micron-sized powders 

La0.35Ca0.35Fe1.5Co2.5Sb12.03 double filled skutterudites were also synthesized by 

the solid-state reaction method. High purity Ca granules (99%), La powder (99.9%), Fe 

powder (99.99%), Co powder (99.995%) and Sb shots (99.99%) were used as the starting 

materials. Stoichiometrically determined portions of these elements were mixed in a 

carbon-coated quartz tube in an Ar-atmosphere glove box. The tube was sealed under 

vacuum and heated up to 1000 ºC. The quartz ampoule was held at 1000 ºC for 48 hours 

and then quenched in a water bath. The same ampoule was then further annealed at      

650 ºC for another 240 hours.  
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3.1.2.3 Synthesis of n-type Te-doped CoSb3 micron-sized powders 

Te-doped CoSb3 (Te0.03Co0.97Sb3) were synthesized by a solid-state reaction 

method. High purity Te powder (99%), Co powder (99.995%) and Sb shots (99.99%) 

were used as the starting materials. Similar to the procedures for the synthesis of filled 

skutterudites, stoichiometric determined portions of these elements were mixed in a 

carbon-coated quartz tube in an Ar-atmosphere glove box. The tube was sealed under 

vacuum and heated up to 1000 ºC. The quartz ampoule was held at 1000 ºC for 24 hours 

and then quenched into a water bath. The same ampoule was then further annealed at   

650 ºC for another 150 hours.  

3.1.3 Preparation of CoSb3 nanocomposites 

The ingots obtained from the solid state reaction were then grinded to obtain 

micron-size polycrystalline powders which would be used as the matrix of the 

nanocomposites. The micron-sized powders were then mixed with different weight ratio 

of nano-particles obtained by polyol method (the detailed experimental procedures were 

presented in Section 3.1.1.1). The mixed powder was horizontally ball-milled for 1 hour 

to make sure the nano-inclusions were evenly dispersed in the micron-sized matrix. The 

final composites were then formed by hot pressing at 500 °C for 2 hours under vacuum 

with a uniaxial pressure of approximately 100 MPa. 

3.2 Sample characterization 

The samples produced were subjected to various characterizations to verify the 

structure morphologies as well as to determine their thermoelectric properties.  

3.2.1 Phase analysis using X-ray Diffractometer (XRD) 

Phase determination was performed through XRD analysis using Shimadzu 

X6000 diffractometer. Monochromatic CuKα radiation with wavelength (λ) of 1.5406 Å 
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was used with a voltage of 50 kV and current of 40 mA. The XRD data were collected 

over the 2θ range of 10°～80° at a scanning speed of 2 °/min with step width of 0.02°. 

The determination of the 2θ values and peak heights, as well as the phase analysis of the 

collected XRD data was achieved by using the Match!, XRD 6000 software and Topas 3. 

3.2.2 Nanocomposites morphology analysis using Field 
Emission Scanning Electron Microscopy (FESEM) 

The distribution of the nanoparticles in the nanocomposites was determined by 

observing the fractured cross-section of the samples using FESEM (JEOL JSM-6340F). 

Before the sample was subjected to FESEM observation, the sample was coated with 

platinum by ion beam sputtering for 60 s using SPI-Module Sputter Coater machine.  

3.2.3 Nanoparticles and nanocomposites morphology analysis 
using Transmission Electron Microscopy (TEM) 

TEM (JEOL JSM-2010) was used to study the microstructures of the synthesized 

nano-powders and hot pressed nancomposite samples. For nano-powders, the particle size 

was determined from the TEM images. The TEM specimens were prepared by dispersing 

the nano-powders in ethanol. The material was then ultrasonicated for 15mins, followed 

by collection using a carbon-coated copper grid. The TEM specimen was then dried in a 

dry keeper before characterizing under TEM. For hot pressed nanocomposite samples, the 

TEM specimens were prepared by focus ion beam (FIB) technique using a dual beam 

system (Helios Nanolab 600). 

3.2.4 Thermoelectric properties measurement 

The Seebeck coefficient and electrical resistivity were determined by a standard 

four probe method using ULVAC ZEM-3 between room temperature and 500 °C in a He 

atmosphere. The delta temperature was set as 10 °C, 15 °C and 20 °C intervals. The 
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results were obtained by averaging the value taken at 3 delta temperatures for each base 

temperature. 

The carrier concentration was determined by Hall system (HL 5500) at room 

temperature under the Van Der Pauw mode. 

The diffusivity D was measured under argon atmosphere using laser flash 

(NETZSCH LFA 457). The sample was cylindrically shaped with a diameter of 12.7 mm. 

Specific heat capacity Cp was determined using the ratio method by comparing the 

temperature rise of the sample to the temperature rise of a standard sample of known 

specific heat tested under the same conditions. This temperature rise is recorded as the 

voltage rise during thermal diffusivity measurement. Assuming the laser pulse energy 

does not change between the test sample and the standard sample, so  

 sasasaststst UCpmUCpmQ            (3.1) 

and,  

   
sasa

ststst
sa Um

CpUm
Cp




                       (3.2) 

where, ΔUsa = potential difference (sample) (μV)  

             ΔUst = potential difference (standard) (μV) 

             msa = weight of sample (sample) (mg) 

             mst = weight of standard (standard) (mg) 

             Cpst = Cp literature values (standard) (J/g·K) 

The density ρ was measured by Archimedes method. Thermal conductivity can 

then be calculated by the following function:                                                      
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κ=D×ρ×Cpsa                 (3.3). 
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Chapter 4   
Synthesis of CoSb3-based nano-particles 

4.1 Introduction 

As discussed in the literature review, nanocomposite is an effective way to reduce 

lattice thermal conductivity due to the high density of grain boundaries of nano-inclusion 

which can scatter more phonons, and at the same time maintain the good electrical 

properties of bulk materials due to the good connectivity of the micron-sized matrix. 

Therefore, the aim of this chapter is to synthesize both p- and n-type CoSb3-based nano-

particles which will be used as nano-inclusions in the preparation of p- and n-type 

nanocomposites that will be discussed in Chapters 5 and 6, respectively. 

In this chapter, the polyol method was chosen to synthesize nano-crystalline 

CoSb3-based nano-particles due to its rapid and simple procedures [94-99]. Furthermore, 

this method is also readily used for doping which can further alter the thermoelectric 

properties of the synthesized nanostructures. Even though, in the polyol process, the 

polyol acts both as solvent and reducing agent, in our experiments, a very strong reducing 

agent, NaBH4 was also added to decrease the reaction temperature at which the precursors 

CoCl2·6H2O and SbCl3 could be reduced into elemental Co and Sb for reaction to form 

Co-Sb compounds. A surfactant PVP is added to act as a capping agent to prevent the 

agglomeration of the nano-particles. From the Co-Sb phase diagram, three Co-Sb 

compounds, namely CoSb, CoSb2 and CoSb3, exist [100]. Excess Sb precursor was hence 

added in the reaction to prevent the formation of Sb-deficient phases such as CoSb and 

CoSb2. Reaction conditions such as reaction temperature and duration are the most 

important parameters to affect the obtained phase of final products which have not been 

systematically investigated so far. Hence, in this chapter, the reaction conditions i.e. 

reaction temperature and duration were optimized in order to obtain the pure CoSb3 phase. 
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And a possible phase development mechanism is also proposed. It should be noted that 

the CoSb3 phase obtained in this work is Sb-rich phase, which is a p-type semiconductor 

with holes as the major carriers. 

After the successful synthesis of undoped p-type CoSb3, Ni-doped n-type CoSb3 

was prepared. Nickel possesses approximate covalent radii to that of Co, and has one 

more electron than Co at the outer shell to provide to the lattice, hence making it a 

promising n-type dopant candidate to substitute Co in the lattice. Ni-doped n-type CoSb3 

was prepared under the optimized reaction conditions of CoSb3 synthesis. The 

experimental procedures were similar with the exception that NiCl2 was added in the 

reaction precursor to obtain Ni-doped CoSb3. The dopant content was also varied to 

optimize the thermoelectric properties of Ni-doped CoSb3. Doping has the positive effect 

on both electrical properties and lattice thermal conductivity. The dopant can alter the 

major carrier and carrier concentration, and can give rise to a decrease in electrical 

resistivity. Meanwhile, in addition to the high density of grain boundaries present in 

nanostructures, the additional dopants can also aid in the scattering of phonons and 

further reduce the lattice thermal conductivity. 

4.2 Synthesis of pure p-type CoSb3 nano-particles by 
polyol method 

In order to obtain CoSb3 phase, reaction temperature and duration are two 

important parameters that has to be optimized. The temperature was varied from 165 °C 

to 240 °C. For reaction temperatures below 165 °C, the amount of powder precipitate was 

very little and the reaction is obviously incomplete. The reaction duration was varied 

from 5 mins to 30 mins, and in some experiments, the duration was prolonged to 60 mins. 
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4.2.1 Effects of reaction temperature 

Figure 4.2-1 shows the XRD patterns of the products prepared at various 

temperatures (165 °C, 195 °C and 240 °C) with fixed reaction duration of 5 mins. It was 

observed that CoSb can be prepared at a relatively low temperature of 165 °C while 

higher temperatures (195 °C and 240 °C) are required to obtain the CoSb3 phase. The 

peaks attributed to Sb for the sample prepared at 195 °C and attributed to both Sb and 

CoSb2 for the sample prepared at 240 °C are observed with a reaction duration of 5 mins. 

From the experimental results, one can see a relatively high temperature (≥195 °C) is 

necessary to synthesize CoSb3 phase. Furthermore, in order to obtain high purity CoSb3 

phase, optimizing the reaction duration is also necessary.  
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Figure 4.2-1: Powder XRD patterns for the products prepared at various 

temperatures with reaction duration of 5mins. 

 

4.2.2 Effects of reaction duration 

Other than the reaction temperature, another key parameter that determines the 

phase composition of the final products is the reaction duration. As shown from the XRD 

analysis in Figure 4.2-2, when the reaction was prolonged to 60 mins at 165 °C, CoSb 
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phase was still the only phase that was formed. This indicates that CoSb is a stable phase 

in this reaction at a relative low temperature of 165 °C.  

At higher reaction temperatures, the observations were different. When the 

reactions were carried out at 195 °C for 5 mins, CoSb3 and a small amount of Sb appeared 

in the final products. This might be due to the excess Sb that was added in the precursory 

step and the reaction time was insufficient for the full reaction to occur. Hence, after the 

completion of the experiment, the unreacted element Sb precipitated and mixed with the 

synthesized CoSb3. When the reaction duration was prolonged to 15 mins, pure phase of 

CoSb3 were obtained as there was sufficient time for the reaction to occur. However, 

when the reaction duration was further extended to 30 mins at 195 °C, Sb reappeared with 

CoSb2 in the final products. This suggests that the CoSb3 phase is unstable with prolonged 

reaction time. A similar situation was also reported during the synthesis of CoSb3 via 

mechanical alloying process [101]. It was reported that the amount of CoSb3 initially 

increased with the milling time. However, further milling led to the reduction of the 

CoSb3 phase, and it was proposed that CoSb3 decomposed to CoSb2 and Sb. In both of 

these experiments, nano-crystalline CoSb3 phase were produced. It is likely that the as-

synthesized nanostructured CoSb3 phase is metastable, and prolonged reaction can cause 

them to decompose into CoSb2 and Sb phases instead.  

For reaction at 240 °C, even when the reaction duration was as short as 5 mins, 

both Sb and CoSb2 phase were detected. This may be because CoSb3 phase was already 

produced at lower temperature, and when the temperature was increased, CoSb3 

decomposed into CoSb2 and Sb phases. The peak intensity of CoSb2 and Sb increased 

with prolonged reaction duration, which means that with the reaction duration extended, 

the amount of Sb and CoSb2 increased due to the decomposition of CoSb3. 
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Figure 4.2-2: Powder XRD patterns for the products prepared at various 

temperatures with various reaction durations of 15 mins (a) and 30mins (b). 

The phase compositions of the products obtained at the various synthesis 

conditions are summarized in Table 4.2-1. 

In order to investigate whether the Sb and CoSb2 were decomposed from CoSb3, 

or they were the remnants of the reactants, the refinement of the XRD patterns of the 

samples obtained at 195 °C and 240 °C with a reaction duration of 5mins were analysed, 

and the results are shown in the Figure 4.2-3. From the refinement results obtained for the 

sample reacted at 240 °C, trace amount of Sb and CoSb2 were observed. From the weight 
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ratio of the refinement result, the molar ratio of Sb to CoSb2 is calculated to be 0.9:1.1, 

which is very close to the 1:1 ratio, indicating that the Sb and CoSb2 came from the 

reaction CoSb3=CoSb2+Sb. However, for the sample reacted at 195 °C, according to the 

XRD result, in addition to the peaks of CoSb3 phase, only peaks attributed by the Sb 

phase were observed. Peaks corresponding to the CoSb2 phase were not observed. If this 

Sb came from the decomposition of CoSb3, a same molar amount of CoSb2 must come 

out simultaneously but this is contradictory to the experimental results. Hence, the Sb 

remaining in the sample at 195 °C can only be the remnant of reduced Sb from the 

reaction 2SbCl3+6NaBH4→ 2Sb+6BH3+6NaCl+3H2. Here, we can reach the conclusion 

that the Sb phase in the sample reacted at 195 °C was remnants of unreacted Sb, while the 

Sb and CoSb2 phases in the sample reacted at 240 °C were due to the decomposition of 

CoSb3. 

 

 

 

 

Figure 4.2-3: XRD refinement results of the sample obtained at 240 °C with a 

reaction duration of 5 mins (a) and the sample obtained at 195 °C with a 

reaction duration of 5 mins (b). 
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Table 4.2-1: Phase compositions of the products obtained at the various 

synthesis conditions. 

 Duration 

Temperature 

 

5 mins 

 

15 mins 

 

30 mins 

165 °C CoSb CoSb CoSb (60 mins) 

195 °C CoSb3+Sb CoSb3 CoSb3+CoSb2+Sb

240 °C CoSb3+CoSb2 CoSb3+CoSb2 CoSb3+CoSb2+Sb

 

From the experimental results, one can see that this experiment is a temperature 

and duration dependent reaction. At 165 °C, only CoSb phase was detected in the 

synthesized product even when the duration time was prolonged to 60 mins. By further 

increasing the reaction temperature to 195 °C and even 240 °C, CoSb3 phase was 

obtained. However, the phase compositions are dependent on the reaction duration as well. 

At 195 °C, when the reaction duration was only 5 mins, CoSb3 with a small amount of Sb 

was detected. When the reaction duration was extended to 15 mins, only pure CoSb3 was 

obtained. With the reaction time further increased to 30 mins, the diffraction peaks 

corresponding to the CoSb3, Sb and CoSb2 phases were observed in the XRD results. For 

reaction temperature of 240 °C and with a relatively short reaction duration (5 mins and 

15 mins), CoSb3 with trace amount of Sb and CoSb2 were formed. When the duration was 

further increased to 30 min, the peaks corresponding to the Sb and CoSb2 phases become 

more obvious. Hence, the optimized reaction condition is at a temperature of 195 °C for          

15 mins.  

This optimized reaction condition will be used in the synthesis of n-type Ni-doped 

CoSb3 nano-particles as described later in Section 4.3.  
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4.2.3 Phase development mechanism 

The experimental observation seems to indicate that the formation of the CoSb3 

phase takes place in a stepwise mode. At the start of the experiment, the addition of 

NaBH4 reduced the Co2+ and Sb3+ ions to Co and Sb atoms, according to reactions (4.1) 

and (4.2), respectively. The same reducing reactions were also reported by Zhao’s group 

as the starting step to synthesize CoSb3 by a solvothermal method [6]. With further 

increase in temperature, the reduced active Co and Sb atoms will react with each other to 

form the intermetallic Co-Sb products. In our experiments, CoSb is obtained 

preferentially rather than CoSb2 at relatively low temperature (165 °C). The absence of 

CoSb2 at 165 °C can be explained based on the thermodynamic calculations as shown in         

Figure 4.2-4 [102-104]. According to the calculation of Gibbs free energies, within our 

experimental temperature range, the remaining Co will react with CoSb2 to form CoSb 

once CoSb2 was formed in the reaction. Due to the relatively low reaction temperature 

(165 °C), the reduction reactions ((4.1) and (4.2)) cannot be completed to supply enough 

Sb to produce CoSb2 even when the reaction duration was prolonged to another 60 mins. 

Hence, CoSb is the only product in the reaction at a temperature of 165 °C. With further 

increase in temperature, the formation of Sb will be completed and reaction (4.4) will take 

place to form CoSb3. However, with higher temperature or prolonged reaction duration, 

CoSb3 will decompose into CoSb2 and Sb ((4.5)). 

CoCl2+2NaBH4 Co+2BH3+2NaCl+H2               (4.1) 

2SbCl3+6NaBH4    2Sb+6BH3+6NaCl+3H2          (4.2) 

Co+Sb 165℃ CoSb                        (4.3) 

CoSb+2Sb          CoSb3          (4.4) 

CoSb3           CoSb2 +Sb                                                                           (4.5) 
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Figure 4.2-4: Gibbs free energies ΔG0 as function of temperature for the 

reaction of Co+CoSb2=2CoSb [102]. 

 

4.2.4 Microstructure analysis 

 Figure 4.2-5 (a) shows the typical morphology of the as-synthesized pure CoSb3 

nano-particles obtained at optimized reaction conditions (195 °C, 15 mins). Figure 4.2-5 

(b) is a high resolution TEM image of as-synthesized pure CoSb3 nano-particles to show 

its polycrystallinity. The particles are surrounded by amorphous surfactant which is 

reasonable since PVP was applied to during synthesis to prevent crystal growth. And 

these surfactants will be removed in the following hot press process. The indexed electron 

diffraction pattern (inset) confirms that the nanoparticles are pure CoSb3 phase without 

any other impurity such as CoSb2, CoSb or Sb. This is consistent with the XRD results. 

The continuous and homogenous ring pattern indicates its polycrystallinity without any 

prefer orientation, and confirms its even and fine grain size. The particle size of these 

nano-particles is below 30 nm which is in a good agreement with the results of 22.8 nm 

from XRD Rietveld refinement shown in Figure 4.2-4 (c). These pure CoSb3 

nanoparticles will be used as nano-inclusions in Chapter 5. 
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Figure 4-2.5: TEM image (a), HRTEM image (b) and XRD refinement 

results (c) of the nanostructured CoSb3 synthesized under optimized 

condition of 195 °C and 15 min. The inset is electron diffraction pattern of 

the as-synthesized nanostructured CoSb3. 

 

4.3 Synthesis of nanostructured Ni-doped n-type  
NixCo8-xSb24  

After the successful synthesis of p-type CoSb3 nano-particles, n-type CoSb3 were 

prepared. Ni was chosen as the dopant substituting Co in the skutterudite lattice as Ni and 

Co has very similar covalent radii (Co: 1.16 Å and Ni: 1.15 Å), electronegativities (Co: 

1.88 and Ni: 1.91) and atomic mass (Co: 58.93 and Ni: 58.70) [105,18].  Furthermore, Ni 

has one more electrons at the outer shell (3d8 4s2) than that of Co (3d7 4s2), will provide 

5nm 
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one more electron than Co [5]. Therefore, the major carriers can be changed from holes to 

electrons, and make the materials an n-type semiconductor.  

Ni-doped CoSb3 nano-particles were synthesized using the optimized reaction 

conditions as mentioned earlier for the synthesis of p-type CoSb3 nano-particles. The 

experimental procedures were almost the same except that NiCl2 was added as a precursor 

according to the nominal composition of Co8-xNixSb24 where x=1, x=1.25 and x=1.5. 

Doping effects on the thermoelectric properties were investigated. The Ni-doped sample 

will then be used as the n-type nano-inclusion in the subsequent work on the preparation 

of n-type nanocomposites presented in Chapter 6.  

4.3.1 Phase analysis  

Using the optimized reaction conditions (reaction temperature 195 °C and reaction 

duration 15 mins) achieved in the synthesis of pure CoSb3, Ni-doped n-type NixCo8-xSb24 

nano-particles were prepared. NiCl2 was added in the reaction precursor according to the 

nominal compositions Co8-xNixSb24 where x=1, x=1.25 and x=1.5. Figure 4.3-1 shows the 

XRD patterns of the nano-particles prepared with the various nickel doping level       

(Co8-xNixSb24, x=1, x=1.25 and x=1.5). At low doping level Co7Ni1Sb24, the nano-

particles are of pure skutterudite phase. With further increase in the doping level, the 

peaks attributed to Co1-nNinSb (can be considered as (1-n)CoSb+(n)NiSb) appeared, and 

the intensity of these peaks increased with doping level. This observation indicates that (1) 

the intermediate product Co1-nNinSb in the synthesis of Ni-doped CoSb3 still remains, i.e. 

the reaction: Co1-nNinSb+2Sb→Co1-nNinSb3 is difficult to complete in high Ni content; 

and (2) not all Ni go into the skutterudite lattice during the polyol method synthesis.  

The optimization of reaction condition for the synthesis of undoped CoSb3 

suggests that both increasing reaction temperature and prolonging the reaction duration 

may lead to the completion of this reaction, but at the same time, these conditions can 
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also cause the skutterudite phase to decompose into Co1-nNinSb2 and Sb at higher 

temperature or with long reaction duration. In order for this material to be used in a TE 

device and for the characterization of their TE properties, the as-synthesized loose nano-

particles have to be pressed into dense materials. Fortunately, during the hot pressing 

process, the Co1-nNinSb phase can react with Sb to produce the desired Co1-nNinSb3 phase. 

This will be discussed in Section 4.4. 

 

Figure 4.3-1: XRD patterns of the nano-particles prepared with various 

nickel doping level (nominal composition) Co8-xNixSb24 where x=1, x=1.25 

and x=1.5. 

 

The actual compositions of as-synthesized undoped and Ni-doped CoSb3 powders 

are determined by EPMA and the results are shown in Table 4.3-1. The EPMA results 

indicate that the contents of element Sb of all the samples are higher than that of 

stoichiometric proportion of skutterudite phase. This may be due to the excess Sb 

precursor in the reactants in order to get Sb-rich CoSb3 phase. The actual content of 

dopant Ni is smaller than that of nominal composition, and the deviation increases with 

doping level. It seems that it is difficult for the dopant to be incorporated into the lattice at 

relatively high doping level.  
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Table 4.3-1 Nominal and actual composition of hot pressed pellets prepared 

with undoped CoSb3 (Co8Sb24) and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and 

x=1.5) nanoparticles. 

Nominal composition Actual composition 

Co8Sb24 

Co7Ni1Sb24 

Co6.75Ni1.25Sb24 

Co8Sb31.6 

Co7Ni0.98Sb31.3 

Co6.75Ni1.19Sb31.7 

Co6.5Ni1.5Sb24 Co6.5Ni1.32Sb31.6 

 

 

The lattice parameters for undoped CoSb3 and Ni-doped Co8-xNixSb24 (x=1, 

x=1.25 and x=1.5) are also determined by refining XRD data though Rieveld method and 

showed in Figure 4.3-2. Since the lattice parameter of NiSb3 is 9.13 Å which is bigger 

than that of CoSb3 (9.041 Å), the lattice parameter increase with increasing doping 

content [106,107]. It should be noted that the refined lattice parameter of CoSb3 in our 

experiments is 9.056 Å which is bigger than that of standard value 9.041 Å. This is due to 

the actual composition deviation from the stoichiometric proportion of skutterudite phase. 

For the nano-particles prepared via polyol method are in the Sb-rich phase, i.e. more Sb 

atoms subside in the lattice of skutterudite which will lead to the lattice distortion as well 

as increase in lattice parameter. 
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Figure 4.3-2: Lattice parameters of the nano-particles prepared with various 

nickel doping level (nominal composition) Co8-xNixSb24 where x=1, x=1.25 

and x=1.5). 

 

 There is no direct characterization technique that is available to determine the exact 

location of Ni in the CoSb3 lattice. Here, we can only indirectly deduce the possible 

locations of Ni. Based on the results of lattice parameter that the lattice parameter 

increases with increasing doping level and the major carriers changed from holes into 

electrons after doping, discussed in section 4.4, there are mainly two possible locations 

for Ni ions before reaching doping limit (>25%): as dopant at the Co site and as filler in 

the void of the CoSb3 skutterudite crystal lattice [5].  

As dopant, Ni is most possibly located at the Co site due to their very similar 

covalent radii (Co: 1.16 Å and Ni: 1.15 Å), electronegativities (Co: 1.88 and Ni: 1.91) and 

atomic mass (Co: 58.93 and Ni: 58.70). Based on previous reported work [5], it is 

assumed that Ni is located at the Co site. This assumption is supported by the lattice 

parameter results. Since the lattice parameter of NiSb3 is 9.13 Å which is bigger than that 

of CoSb3 (9.041 Å), the lattice parameters after Ni doping in CoSb3 should increase with 

increasing Ni doping content. This trend is in a good agreement with our lattice parameter 
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results. Moreover, the change in the major carriers after doping (results are discussed in 

section 4.4.3) also confirms the location of Ni at the Co site.  The carrier concentration 

and Seebeck coefficient results indicate that after doping, the major carriers change from 

holes into electrons.  This is a result of Ni having one more electrons at the outer shell 

(3d8 4s2) than that of Co (3d7 4s2), which will provide one more electron than Co when 

Co is substituted by Ni.  

As filler, Ni has to be located in the void site. This is unlikely to happen as the 

void radius of the skutterudite crystal lattice is 1.892 Å, which is much bigger than that of 

the covalent radius of Ni. If Ni happens to come into the void, during the applied hot 

press processing, Ni would rather leave this unstable location. 

 

4.3.2 Microstructure analysis 

From TEM observation, all the Ni-doped CoSb3 samples have very similar 

morphology. Figure 4.3-3 shows the typical morphology of the as-synthesized Ni-doped 

CoSb3 nano-particles for with various doping level. The particle sizes are around 30nm. 

Similar to that of undoped CoSb3, the particles are surrounded by amorphous surfactants, 

since PVP was applied during synthesis to prevent crystal growth. 

 

 

 

 

 

 

 

 

 

 



51 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3-3: Typical TEM images Ni-doped Co8-xNixSb24 (x=1 (a), x=1.25 (b) 

and x=1.5 (c)) nano-particles. 

 

4.4 Thermoelectric properties of undoped CoSb3 and 
Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) 
nanostructured materials 

In order to characterize the thermoelectric properties of the undoped CoSb3 and 

Ni-doped Co8-xNixSb24, the powders were hot pressed into pellets at 500 °C and at a 

pressure of 100 MPa in vacuum. In this section, the phase and microstructure analysis as 

well as the thermoelectric properties of the hot pressed pellets are presented. 
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4.4.1 Phase identification 

Figure 4.4-1 shows the XRD patterns of the pellets prepared with undoped CoSb3 

nano-particles and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) nano-particles after 

hot pressing. As shown earlier (Figure 4.3-1), before hot pressing, the heavily Ni-doped 

CoSb3 nano-particles contain impurity of Co1-nNinSb phase. However, after hot pressing, 

the peaks contributed by Co1-nNinSb disappear, instead, additional diffraction peaks 

corresponding to the Sb phase were observed for all the pellet samples prepared from the 

undoped CoSb3 and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) nano-particles (see 

Figure 4.4-1). A possible reason for the appearance of the Sb phase in the hot pressed 

pellets is that the synthesized nanostructured Sb-rich CoSb3 phase was metastable, and 

hence during the hot pressing process, some excess Sb in the Sb-rich CoSb3 metastable 

phase would choose to exist as the elemental Sb phase, instead of existing inside the 

CoSb3 lattice. And meanwhile, the Co1-nNinSb in the as-synthesized nano-particles 

reacted with these excess Sb and produced Co8-xNixSb24 under the hot pressing process.  

 

Figure 4.4-1: XRD patterns of hot pressed pellets prepared with undoped 

CoSb3 (Co8Sb24) and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) 

nanoparticles. 
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4.4.2 Microstructure analysis 

Figures 4.4-2 (a)-(d) show typical FESEM images of the fractured surfaces of the 

hot-pressed pellet samples prepared with undoped CoSb3 (Co8Sb24) and Ni-doped       

Co8-xNixSb24 (x=1, x=1.25 and x=1.5) nano-particles. The size of the particles generally 

ranges from 50 nm for undoped CoSb3 nanostructures to a few hundred nanometers for 

Ni-doped Co8-xNixSb24. Generally speaking, the grain size increased with increasing Ni-

doping content. As compared with the as-synthesized nano-particles (around 30 nm) 

which were shown previously in Figure 4.2-5 and Figure 4.3-3, the particle size increased 

after hot pressing. The particles aggregated and grew during the hot press process. It is 

also observed that there are two types of particles in Ni-doped Co8-xNixSb24, the smaller 

ones of below 100 nm in spherical shape and larger ones of 300-500 nm in bar shape. We 

guess that the smaller ones grew from the synthesized skutterudite phase nano-particles 

which are similar to that of undoped CoSb3. And the larger ones were synthesized from 

Co1-nNinSb and excess Sb during the hot pressing process. The high temperature (500 °C) 

and pressure (100 MPa) make the reaction Co1-nNinSb+2Sb→Co1-nNinSb3 very fast and 

produce larger particle sized Co1-nNinSb3 in bar shape. 
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Figure 4.4-2: Typical FESEM images of fractured surfaces of the hot pressed 

pellet samples prepared with undoped CoSb3 (Co8Sb24) (a) and Ni-doped  

Co8-xNixSb24 (x=1 (b), x=1.25 (c) and x=1.5 (d)) nano-particles. 

 

Typical TEM images of undoped CoSb3 and Ni-doped Ni1.25Co6.75Sb24 are showed 

in Figure 4.4-3(a) and (b) indicating that the grain sizes are distributed in a wide range of 

around 50 nm to hundreds of nanometers after hot press processing. And the surfactants 

have been removed during the hot press processing. According to phonon scattering 

mechanism mentioned in the literature, the grain with a particular grain size can scatter 

phonons of a corresponding wave-length. Hence, the wide range distributions of grain 

size of nanostructured undoped CoSb3 and Ni-doped CoSb3 are expected to scatter more 

phonons in a wide range of wave-length. 
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Figure 4.4-3: Typical TEM images of sample undoped CoSb3 (a) and Ni-

doped Ni1.25Co6.75Sb24 (b) after hot pressing process. 

 

Figure 4.4-4 is a high resolution TEM image of Ni-doped sample Ni1.25Co6.75Sb24 

to show the grain boundaries (a) (in red oval) and crystallinity (b). The clean grain 

boundaries and good crystallinity are prerequisites to achieve low electrical resistivity. 

 

 

 

 

 

Figure 4.4-4: Typical HRTRM images of image of Ni-doped sample 

Ni1.25Co6.75Sb24 to show the grain boundaries (a) (in red oval) and crystallinity 

(b). 
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As discussed in the XRD results, after hot pressing, the Sb phase were observed 

for all the pellet samples prepared from the undoped CoSb3 and Ni-doped Co8-xNixSb24 

(x=1, x=1.25 and x=1.5) nano-particles. Here, the XRD results are confirmed by TEM 

techniques. Figure 4.4-5 shows a typical TEM image of these impurity Sb clusters (in 

black rectangle) with elemental analysis by EDX. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4-5: A typical TEM image and EDX results of impurity Sb cluster 

(in black rectangle).  

 

4.4.3 Electrical properties 

4.4.3.1 Carrier concentration 

The carrier concentration is a very important parameter that affects both the 

electrical resistivity and Seebeck coefficient as described in literature [16]. The carrier 

concentrations of the samples were determined by Hall measurement at room temperature 

and the results are shown in Figure 4.4-6. For the undoped CoSb3, the carrier 

concentration value is positive, which indicates that the major carriers of this sample are 

Element   wt%    at% 
SbL        99.19   98.34 
CoK        0.66    1.36 
NiK         0.15    0.30 

300nm

40nm 
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holes. However, after doping, the carrier concentration changes from positive to negative 

which means that the major carriers have changed from holes to electrons donated by the 

n-type dopants. In addition, the absolute carrier concentration values have also increased 

with Ni-doping content at relative low doping level which means that Ni atoms 

successfully substitute Co atoms and generate more electrons. However, the carrier 

concentration decreased with the doping level further increase. One possible reason is that 

when dopant Ni goes into the lattice of skutterudite, it will give one more electron than 

Co to the lattice. In order to keep the valence balance, more Sb will go into the lattice to 

act as a hole donor. The holes contributed by Sb will compensate the electrons given by 

dopants and decrease the nett carrier concentration with electron as major carriers. 

The excess Sb in the alloys also has an effect on the carrier concentration. There 

are two types of Sb remaining in the alloy: excess Sb atoms in the lattice forming the 

crystal structure of skutterudite and elemental Sb as impurity which are detected in the 

XRD pattern. Based on the previous work, for the excess Sb in the lattice, acting as a 

hole-donor, gives holes conduction and increase the p-type carrier concentration [108]. 

However, obviously, elemental Sb gives electron conductions, namely, contributes as n-

type carriers. For the p-type undoped CoSb3, the p-type carrier concentration is enhanced 

by the Sb remaining in lattice and partially compensated by elemental Sb impurity. On the 

contrary, for n-type Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) the n-type carrier 

concentration is enhanced by elemental Sb impurity and partially compensated by the Sb 

remaining in the skutterudite lattice. Therefore, the resultant carrier concentration from 

Hall measurement only reflects the nett value. For our Ni-doped samples, the sample 

Co6.75Ni1.25Sb24 possesses the maximum carrier concentration. 
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Figure 4.4-6: The dependence of the carrier concentration versus Ni content 

at room temperature. 

 

4.4.3.2 Electrical resistivity 

The electrical resistivity plotted as a function of temperature for the hot pressed 

undoped CoSb3 and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) samples are shown 

in Figure 4.4-7. After doping with Ni, the resistivity decreased greatly. For the undoped 

CoSb3, the electrical resistivity decreased with temperature, indicating a semiconductor 

behavior. However, the Ni-doped samples showed a metal-like behavior, i.e. the electrical 

resistivity increased with temperature indicating a heavily doped semiconductor.  

Overall, the electrical resistivity has the reversed trend to that of carrier 

concentration since the electrical resistivity can be expressed as:  epn )(1  , n 

indicates that the major carrier is electron and p stands for hole. The resistivity first 

decreased with nickel content which has the same trend as that of carrier concentration. 

The sample Ni1.25Co6.75Sb24 has the lowest resistivity within the measurement temperature 

range due to its high carrier concentration. This value (~5×10-6 Ω·m) is comparable to the 

value of metal (×10-7 Ω·m) and also much lower than the value of 1.43×10-5 Ω·m for 
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sample with the highest figure-of-merit ZT value among Ni-doped CoSb3 samples 

reported so far [109]. We believe that the impurity Sb plays an important role in reducing 

electrical resistivity. As discussed in the carrier concentration part, elemental Sb gives 

more electron conduction contributing more n-type carriers and reduces electrical 

resistivity. The sample Ni1.5Co6.5Sb24 possesses the highest resistivity. As mentioned in 

the carrier concentration discussion, with the n-type doping level increasing, more Sb will 

go into the lattice to act as hole donor in order to keep valence balance. The major carrier 

electrons are partially compensated by the holes donated by the Sb subsiding in the lattice 

of skutterudite and lead to the decrease in carrier concentration as well as increase in 

electrical resistivity. 

 

 

 

 

 

 

 

 

 

Figure 4.4-7: The temperature dependence of the electrical resistivity of hot 

pressed undoped CoSb3 and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) 

samples. 

 

4.4.3.3 Seebeck Coefficient 

Figure 4.4-8 shows the temperature dependence of the Seebeck coefficient of the 

hot pressed undoped CoSb3 and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) samples. 
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All the three Ni-doped samples showed negative Seebeck coefficient values over the 

whole temperature range investigated. This indicates that the samples are all n-type with 

the major carriers being electrons. For the undoped samples, the Seebeck coefficient 

values are positive which means that the major carriers are holes. These results are 

consistent with the Hall measurement results and confirm the substitution of Co by Ni. 

The absolute values of the Seebeck coefficient for all samples increased with 

temperature reaching a maximum at around 400~450 °C and then decreased with 

temperature. For the Ni-doped samples, the Seebeck coefficient first increased with 

increasing Ni-doping content at a relative low doping level. Both the Ni1.25Co6.75Sb24 and 

Ni1.5Co6.5Sb24 samples possessed almost the same Seebeck coefficient values over the 

whole measurement temperature range. This is the results of filter effect and carrier 

concentration. As discussed in the section 4.4.2, the average grain size of sample 

Ni1.25Co6.75Sb24 is smaller than that of Ni1.5Co6.5Sb24. When the length of grains is small 

(i.e. the density of grain boundaries is high), the possibility of carriers with relatively high 

energy passing through the potential barrier of these high density grain boundaries are 

much higher that of carriers with relatively low energy. This leads to the increase in 

Seebeck coefficient as the grain size decreases. Hence, the absolute value Seebeck 

coefficient of sample Ni1.25Co6.75Sb24 should be higher than that of sample Ni1.5Co6.5Sb24 

due to its smaller grain size. However, the absolute value of Seebeck coefficient of 

sample Ni1.25Co6.75Sb24 was compensated by its higher carrier concentration, since 

Seebeck coefficent decreases with increasing carrier concentration. Both filter effect and 

carrier concentration lead to the similar Seebeck coefficient of these two samples. 

The effect of impurity Sb on the Seebeck coefficient is also investigated. For 

materials with more than one type of charge carrier, the Seebeck coefficient should be 

expressed as 
i

i

i SS  







 , where i and Si are partial electrical conductivity and partial 
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thermopower associated with the ith group of carriers [110-112]. For the undoped CoSb3, 

the Seebeck coefficient (S) of CoSb3/Sb can be rewritten as: 

            Sb
SbCoSb

Sb
CoSb

SbCoSb

CoSb SSS












3

3

3

3             (4.5) 

and transformed into 

                      
3

3

3 CoSbSb
SbCoSb

Sb
CoSb SSSS 







            (4.6) 

since Sb is a metal and SSb is much less than SCoSb3, one can expect that the second term in 

Equation (4.6) is negative and therefore, S of binary phase material should be lower than 

that of single phase CoSb3 system. Consequently, comparing with pure undoped CoSb3 

prepared by traditional method (whose maximum Seebeck coefficient value is around 

200V/K for p-type), a marked decrease in S for undoped CoSb3 is observed. Similarly, 

according to Equation (4.6), the remaining elemental Sb also decreases the overall 

Seebeck coefficient of Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) and the absolute 

value of Seebeck coefficient are smaller than the best reported values (~300 μV/K) [109].  
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Figure 4.4-8: The temperature dependence of the Seebeck coefficient of hot 

pressed undoped CoSb3 and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5). 

 

4.4.3.4 Power factor 

Based on the Seebeck coefficient and electrical resistivity results, the power factor 

(α2/ρ) of these samples were calculated (see Figure 4.4-9). Due to its very low electrical 

resistivity and high Seebeck coefficient, the sample Ni1.25Co6.75Sb24 possessed the best 

electrical property with a maximum power factor of 1.84×10-3 Wm-1K-2 at about 450 °C. 

Compared with the undoped CoSb3, whose highest power factor is 1.84×10-4 Wm-1K-2, 

the value has increased by 10 times. Compared with values reported in the literature, the 

maximum power factor of sample Ni1.25Co6.75Sb24 is lower than the sample with similar 

doping level (~2.2×10-3 Wm-1K-2 at 450 °C) due to its smaller Seebeck coefficient caused 

by the elemental Sb impurity. 
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Figure 4.4-9: The temperature dependence of the power factor of hot pressed 

undoped CoSb3 and Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) samples. 

 

4.4.4 Thermal properties 

Figure 4.4-10(a) shows the temperature dependence of the total thermal 

conductivity for the various samples. The thermal conductivity of a material is the sum of 

two contributions, namely the carrier thermal conductivity and the lattice thermal 

conductivity, ,lc   , where κc and κl are thermal conductivities contributed by 

charge carriers and lattice, respectively. The carrier thermal conductivity was estimated 

using the Wiedemann-Franz’s law, 


 LT
c  , where L is the Lorentz number, taken as 

2.45×10-8 V2K-2 for our samples, ρ is the electrical resistivity and T is the absolute 

temperature in Kelvin [5]. The lattice thermal conductivity κl for the samples can then be 

obtained by subtracting κc from κ, and the results are shown in Figure 4.4-10(b). 

 The lattice thermal conductivity of micron-sized CoSb3 is more than 8 W/m·K at 

50 °C (to be discussed later in Chapter 5). As compared, the lattice thermal conductivity 

of the nanostructured undoped CoSb3 was significantly reduced to 1.94 W/m·K at the 
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same temperature which is comparable to the value (~2 W/m·K) reported by Zhao’s 

group where solvothermal route was applied to synthesized nano-particles followed by 

hot pressing process [70]. As predicted by theoretical analysis, nanostructuring is an 

effective way to reduce thermal conductivity [113,114]. According to Rayleigh scattering 

regime, the scattering cross section varies as 46 / b , where b is the size of the 

scattering particles and λ is the phonon wavelength. The grain boundaries of 

nanostructures (shown as Figure 4.4-3 and Figure 4.4-4) scatter the relatively long-

wavelength phonons which carry more heat than that of short-wavelength phonons [20]. 

The phonon scattering by the high density of grain boundaries is the main contributor to 

reduce lattice thermal conductivity. Meanwhile, Sb clusters (see Figure 4.4-5) can also act 

as phonon scatters to scatter its corresponding wavelength phonons and further reduce the 

lattice thermal conductivity. 

In the nanostructured Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5), similar to 

that of undoped CoSb3, the high density of grain boundaries and Sb cluster both act as 

phonon scatterers to reduce the lattice thermal conductivity. In addition to grain 

boundaries, the point defects created due to substitution can also scatter the relatively 

shorter wavelength phonons and cause an overall reduction in the lattice thermal 

conductivity. The same phenomenon has also been reported for Sn- and Te-doped 

skutterudites that the additional dopants could reduce the lattice thermal conductivity 

remarkably by introducing “point defect scattering” mechanism [115,116].  Besides the 

Ni dopants, the excess Sb in the skutterudite lattice can also lead to structure distortion 

and produce point defects. In addition to point defect scattering, another important reason 

is the Ni substitution which increases the carrier concentration greatly and leads to a 

stronger “electron–phonon scattering” to scatter phonons and reduce lattice thermal 

conductivity [117]. All these effects lead to the lattice thermal conductivity of Ni-doped 

samples to decrease with increased Ni-doping content, and sample Ni1.5Co6.5Sb24 
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possessed the lowest lattice thermal conductivity among the three Ni-doped samples. 

Hence, in the Ni-doped nanostructured CoSb3, it can be concluded that the low lattice 

thermal conductivity is contributed mostly by nanostructuring and doping (point defect 

scattering and phonon- electron scattering).  

The lowest lattice thermal conductivity of Ni-doped nanostructured samples is 

0.64 W/m·K at 300 °C which is very near to the lowest theoretical lattice thermal 

conductivity of ~0.3 W/m·K [118]. Such a low thermal conductivity has never been 

reported even in an unfilled skutterudite. Comparing with unfilled nanostructured CoSb3 

whose grain size are around several hundred nanometers, the grain size of our samples 

prepared by polyol method together with hot press are really small (shown in Figure 4.4-3) 

and the density of grain boundaries are high. The high density of grain boundaries can 

scatter more phonons and reduce the lattice thermal conductivity. 

It is also worth noting that the Ni1.25Co6.75Sb24 sample has the highest total thermal 

conductivity among all the samples which is comparable with reported values [109,119]. 

This is a result of the large contribution from carrier thermal conductivity. On the 

contrary, the undoped CoSb3 and sample Ni1.5Co6.5Sb24 with relative high electrical 

resistivity have the lowest total thermal conductivity among all the samples.  According 

to Wiedemann-Franz’s law, 


 LT
c  , the sample with lower resistivity has higher 

carrier thermal conductivity. Here, we can see the reduction of electrical resistivity and 

thermal conductivity cannot happen simultaneously. This is the reason why we have to 

optimize the carrier concentration i.e. doping content in order to improve the overall 

figure-of-merit ZT value. 
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The densities of our samples are all in a relative narrow range (88%~89% of 

theoretical value). Hence, the effect of porosity on thermal conductivity is not considered 

here. 
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Figure 4.4-10: Temperature dependences of total thermal conductivity (a) 

and lattice thermal conductivity (b) of the hot pressed undoped CoSb3 and 

Ni-doped Co8-xNixSb24 (x=1, x=1.25 and x=1.5) samples. 

 

4.4.5 Figure-of-merit ZT value 

Based on the results of electrical resistivity, Seebeck coefficient and thermal 

conductivity, the dimensionless figure of merit, ZT values for all the samples were 
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calculated and are presented in Figure 4.4-11. The highest ZT value of 0.33 was attained 

at about 480 °C for the Ni1.25Co6.75Sb24 sample. As compared with the undoped CoSb3 

sample whose highest ZT value is 0.067, the value had increased by nearly 5 times. Hence, 

doping is an effective way to improve electrical properties by increasing carrier 

concentration and reducing electrical resistivity, and at the same time, the introduced 

dopants can scatter phonons more effectively and further reduce the lattice thermal 

conductivity. The decrease in both electrical resistivity and lattice thermal conductivity 

after doping are the primary reasons for the remarkable improvement in the figure-of-

merit, ZT value. However, this value is still smaller than the reported best ZT value (0.7 at 

525 °C) of nanostructured Ni-doped CoSb3 due to its smaller Seebeck coefficient caused 

by the Sb impurity [109]. But compared with the samples which also have impurity phase 

whose highest ZT value is 0.2 at 377 °C, the ZT value has increase by more than 50% 

[119]. 
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Figure 4.4-11: Temperature dependences of the dimensionless figure-of-

merit ZT value of the hot pressed undoped CoSb3 and Ni-doped Co8-xNixSb24 

(x=1, x=1.25 and x=1.5) samples. 
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4.5 Conclusions 

1. High purity CoSb3 nanoparticles have been successfully synthesized via a 

modified polyol process. The CoSb3 phase was synthesized at a relatively low 

temperature via a rapid, one-pot synthesis route. The optimized reaction conditions were 

determined to be at a temperature of 195 °C for 15 mins. N-type Ni-doped CoSb3 nano-

particles have also been successfully synthesized using a similar process. 

2. The dopant content is optimized. Among the Ni-doped samples, Ni1.25Co6.75Sb24 

has the highest ZT value of 0.33 at 480 °C. Comparing with the undoped CoSb3 whose 

highest ZT value is only 0.067, this value (0.33) is nearly 4 times higher than that of 

undoped CoSb3.  

3. Nanostructuring is an effective way to reduce the lattice thermal conductivity. 

For undoped CoSb3, comparing with its corresponding bulk material, both total and lattice 

thermal conductivities have been greatly reduced. After doping, the lattice thermal 

conductivity was further reduced, and the lowest lattice thermal conductivity of sample 

Ni1.5Co6.5Sb24 is 0.64 W/m·K which is very close to the lowest theoretical lattice thermal 

conductivity of ~0.3 W/m·K. 

4. After doping, the electrical resistivity has been greatly reduced with major 

carrier changed. The electrical resistivity of sample Ni1.25Co6.75Sb24 is as low as         

5×10-6 Ω·m which is comparable with the value of metal (×10-7 Ω·m). However, 

comparing with the electrical resistivity, doping has less impact on absolute value of 

Seebeck coefficient. This is due to the existence of elemental Sb impurity which has a 

negative effect on Seebeck coefficient for both p-type undoped and n-type Ni-doped 

CoSb3. 
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5. The as-synthesized undoped CoSb3 nano-particles will be used as nano-

inclusion to prepare p-type nanocomposites in Chapter 5. The n-type Ni-doped 

Ni1.25Co6.75Sb24 nano-particles will be used as nano-inclusions in the preparation of n-type 

nanocomposites in Chapter 6 due to its lowest electrical resistivity and highest ZT value 

among the Ni-doped samples.  
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Chapter 5  
Preparation and Characterization of p-
type CoSb3-based nanocomposites 

5.1 Introduction   

In this chapter, three types of p-type nanocomposites with various nano-inclusions 

and micron-sized matrix were prepared. The main goal of the nanocomposite method 

proposed in this work is to introduce randomly dispersed second phase nanostructures 

with high density of grain boundaries into a micron-sized matrix to reduce the overall 

thermal conductivity by scattering more phonons, and meanwhile maintain the electrical 

properties of matrix by keeping the good connection of bulk matrix. The figure-of-merit, 

ZT value will be consequently enhanced. 

Our work started with undoped CoSb3 acting both as nano-inclusion and micron-

sized matrix (C-C composite system) to study the effect of nano-inclusion on the thermal 

conductivity. The results showed that both the total and lattice thermal conductivities are 

reduced after introducing nano-inclusions which can scatter more phonons and reduce the 

thermal conductivity. Besides thermal conductivity, the electrical properties of the 

nanocomposite were also found to be affected by nano-inclusions, because of the different 

preparation methods used to prepare the nano-inclusions and the micron-sized matrix that 

gave rise to different electrical properties of these two phases i.e. the nano-inclusions 

have much higher carrier concentration than that of micron-sized matrix. Based on the 

investigation of C-C nanocomposite system, another two types of nanocomposites whose 

nano-inclusions have much lower or comparable carrier concentration than that of 

micron-sized matrix were prepared and the effects of nano-inclusion on both thermal and 

electrical properties were investigated. The micron-sized matrix and nano-inclusions for 
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each type of nanocomposite systems as well as their carrier concentration comparison are 

listed in Table 5.1-1. For the C-C nanocomposite system, the carrier concentration of the 

nano-inclusion was much higher than that of micron-sized matrix. The C-Z system refers 

to the system where the micron-sized matrix is the undoped CoSb3 and the nano-inclusion 

is ZrO2. For this nanocomposite system, an extreme case was studied by using an 

insulator as the nano-inclusions which had a much lower carrier concentration than that of 

the micron-sized matrix. The F-C nanocomposite system refers to the system where the 

micron-sized matrix is the La-, Ca-filled skutterudite and the nano-inclusion is the 

undoped CoSb3. In this system, the matrix and nano-inclusion have comparable carrier 

concentrations. Other than studying the thermal conductivity, the effects of nano-

inclusion impact on electrical properties, namely carrier concentration, electrical 

resistivity, Seebeck coefficient, and the overall ZT value of these three types of 

nanocomposites, were investigated to determine a suitable material type that can be used 

as nano-inclusions to improve the overall thermoelectric properties via the nanocomposite 

approach. 

Table 5.1-1 The micron-sized matrix and nano-inclusions for each type of 

nanocomposite systems and their carrier concentration comparison to 

prepare the three types of nanocomposite systems. 

System Micron-sized matrix Carrier concentration 

comparison 

Nano-inclusions 

1 C-C 

2 C-Z 

CoSb3 

CoSb3 

<< 

>> 

CoSb3 

ZrO2 

3 F-C La0.35Ca0.35Fe1.5Co2.5Sb12.03 ≈ CoSb3 
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5.2 C-C nanocomposite system 

P-type undoped nanostructured CoSb3 synthesized via polyol method was chosen 

as the nano-inclusions while micron-sized p-type CoSb3 matrix was prepared through 

solid state reaction. The weight percentage of nano-inclusions was varied from 10% to 

30%. 

5.2.1 Preparation of matrix 

 For the pure CoSb3 system, before the matrix was determined, a series of 

experiment with different Sb content (0.1at%, 0.25at% and 0.5at%) was conducted to 

optimize the amount of excess Sb in pure CoSb3. The carrier concentrations obtained at 

room temperature for each sample are summarized in Table 5.2-1 below: 

 

Table 5.2-1: Carrier concentration of samples with different amount of excess 

Sb in CoSb3 

Sample name Composition Carrier concentration (cm-3)

0.1at% Sb excess 
CoSb3(1+0.1%) 6.5×1016 

0.25at% Sb excess 
CoSb3(1+0.25%) 1.9×1017 

0.5at% Sb excess 
CoSb3(1+0.5%) 9.3×1017 

 

The major carriers of these three samples are holes. From the carrier concentration 

results, it is noted that the carrier concentration increased with increasing amount of Sb 

excess and sample with 0.5at% Sb excess possesses the highest carrier concentration at 

room temperature.  

The electrical properties, i.e. electrical resistivity, Seebeck coefficient and power 

factor, of these samples were also measured from room temperature to above 500 °C. The 
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electrical resistivity plotted as a function of temperature for all the samples is shown in 

Figure 5.2-1. All these three samples show a semiconductor behaviour i.e. electrical 

resistivity decreases with increasing temperature. The resistivity decreases with 

increasing Sb excess content which is in agreement with the carrier concentration results. 

However, the decrease in electrical resistivity with temperature is not obvious for the 

sample with 0.5at% excess Sb. This is because the high Sb content in the lattice weakens 

its semiconductor behaviour [5]. 
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Figure 5.2-1: Temperature dependence of resistivity for the samples with 

different amount of excess Sb. 

 

Figure 5.2-2 (a) shows the Seebeck coefficient as a function of temperature for all 

the samples with different amount of excess Sb. The positive values of the Seebeck 

coefficient indicate that the samples are p-type which is in agreement with the carrier 

concentration results. The Seebeck coefficient initially increases with excess Sb, but it 

decreases with further increase in excess Sb. Such a trend was also reported in Liu’s work 

[120]. One possible reason is that, for the sample with 0.5at% excess Sb, not all the Sb 

goes into the lattice and the residual metal Sb contributes to electrical conduction and 

results in the decrease in Seebeck coefficient. Among all the samples, the sample with 

0.25% excess Sb achieved the highest Seebeck coefficient value of 2.3×10-4 (V/K) at 
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around 200 °C. Based on the results of electrical resistivity and Seebeck coefficient, the 

power factors of each sample are calculated according to the equation: PF= α2/ρ, where α 

is Seebeck coefficient and ρ is resistivity, and are shown in Figure 5.2-2 (b). Among all 

the samples, the sample with 0.25at% excess Sb exhibits the highest Seebeck coefficient 

as well as the best electrical properties with a maximum power factor value of            

3.6×10-4  Wm-1K-2 at around 350 °C.  
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Figure 5.2-2: Temperature dependences of Seebeck coefficient (a) and power 

factor (b) for the samples with different amount of excess Sb. 

 

The results showed that the sample with 0.25at% excess Sb possesses the best 

electrical properties, i.e. the highest power factor among these three samples. Hence, the 

sample with 0.25at% excess Sb was chosen as the p-type nanocomposite matrix.  
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5.2.2 Phase analysis 

Figure 5.2-3 shows the XRD patterns of the hot-pressed nanocomposites pellets 

with various amounts of nano-inclusions. The samples are named as c-c nano XX%, 

where XX indicates the weight percentage of nano-inclusions in the sample, and c-c 

means C-C nanocomposite system in which both the micron-sized matrix and nano-

inclusions are undoped CoSb3 phase. C-micron refers to the sample composed of 100wt% 

micron-sized CoSb3 particles, which is the reference sample without any nano-inclusions.  

After the hot pressing process, it was observed that additional diffraction peaks 

corresponding to trace amount of the Sb phase were detected in the samples containing 

CoSb3 nano-inclusions. The intensity of the Sb peaks was also observed to increase with 

increasing amount of CoSb3 nano-inclusions in the nanocomposites.  It was noted that 

there is no additional Sb phase in the sample c-micron after the hot pressing process, 

indicating that the additional Sb does not come from the micron-sized particles and was 

instead contributed from the CoSb3 nano-particles. This observation is consistent to that 

described in Chapter 4, where the detection of the Sb phase in the hot pressed pellets was 

attributed to the meta-stable nature of the synthesized nano-sized Sb-rich CoSb3 phase, 

where the excess Sb precipitated out from the lattice and existed as elemental Sb phase 

during hot pressing.  



76 
 

10 20 30 40 50 60 70 80

c-c nano 30%

c-c nano 20%

 

 

In
te

ns
ity

2(deg)

c-micron

c-c nano 10%

Sb

 

Figure 5.2-3: XRD patterns of the hot-pressed nanocomposite sample pellets 

prepared with various amount of nano-inclusions where both the nano-

inclusions micron-sized matrix were undoped CoSb3. 

 

5.2.3 Microstructure analysis 

Figure 5.2-4 (a) shows a typical fractograph of the c-micron sample obtained via 

solid state reaction, which consists of only micron-sized grains. Figures 5.2-4 (b), (c) and 

(d) correspond to the fractographs for the c-c nano 10%, c-c nano 20% and c-c nano 30% 

sample respectively, showing a combination of nano-sized and micron-sized grains. 

These nanocomposites exhibit similar microstructures except for the amount of nano-

inclusions distributed among the micron-sized matrix. Most of these nano-inclusions 

existed as clusters (the region in the red oval shows a typical nano-cluster in Figure 5.2-

4(b)) residing mainly between the micron-sized grains. The numbers of nano-clusters are 

observed to increase with increasing weight percentage of nano-inclusions. TEM image 

detailing the grain boundaries of the nanocomposite samples is shown in Figure 5.2-5 for 

sample c-c nano 10%. Both nano-grains and micron-grains are shown in the image. 

Obviously, after introducing nano-grains, the density of grain boundaries has increased 

which is beneficial to the reduction of thermal conductivity. Similar to that observed from 
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FESEM images, the nano-grains are mainly distributed at the boundaries of the micron-

grains.  

 

Figure 5.2-4: Typical FESEM images of the fractured surfaces of (a) c-

micron, (b) c-c nano 10%, (c) c-c nano 20%, and (d) c-c nano 30% samples. 

 

 

 

 

 

 

Figure 5.2-5: Typical TEM images of sample c-c nano 10% to show the 

details of the connection between the micron-sized matrix and nano-

inclusions. 

Cluster 

100nm 
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5.2.4 Electrical properties 

5.2.4.1 Carrier concentration  

Hall measurements were carried out to determine the carrier concentration at room 

temperature. The dependence of the carrier concentration versus the weight percentage of 

nano-inclusions for the C-C nanocomposite system is shown in Figure 5.2-6. The carrier 

concentrations of all the samples are positive which indicates a p-type conduction 

mechanism and the major carrier is holes. The carrier concentration of the c-micron 

sample is only about 1.9×1017 cm-3 which is much lower than that of the c-nano 100% 

(sample composed of 100wt% of undoped CoSb3 nano-particles) whose carrier 

concentration is 6.7×1019 cm-3. The change in the carrier concentration is related to the 

excess Sb atoms in the lattice of nano-inclusions which acts as a hole-donator to increase 

the carrier concentration of holes which was already discussed in Chapter 4. 

 In general, the carrier concentration of nanocomposite samples increased with 

increasing content of nano-inclusion which has higher carrier concentration than that of 

micron-sized matrix. By adding only 10wt% of nano-inclusions, the carrier concentration 

of the c-nano 10% sample was increased nearly 40 times (as compared to the c-micron 

sample) to 7.3×1018 cm-3. Here, one can see that when the carrier concentration of the 

nano-inclusion is much higher than that of the matrix, and the carrier concentration of the 

nanocomposite is very sensitive to the nano-inclusion. However, disregarding the size 

effect on the carrier concentration, the sample of c-c nano 20% can be considered as a 

nanocomposite whose matrix is c-c nano 10% with 10wt% of c-nano 100% as nano-

inclusion. In this case, the matrix c-c nano 10% and nano-inclusion c-nano 100% have 

comparable carrier concentrations (7.3×1018 cm-3 and 6.7×1019 cm-3, respectively) and the 

increase in carrier concentration from sample c-c nano 10% to c-c nano 20% is moderate 

and not as obvious as that from sample c-micron to c-c nano 10%.  Similarly, the carrier 

concentration also increased slightly from sample c-c nano 20% to c-c nano 30%. Here, 
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we can reach the conclusion that when the nano-inclusion and micron-sized matrix have 

comparable carrier concentration, the carrier concentration of nanocomposite samples 

varies moderately after mixing, and this phenomenon will be further confirmed and 

discussed in the F-C nanocomposite system later. 

0 20 40 60 80 100

1017

1018

1019

1020
 

C
a

rr
ie

r 
co

n
ce

n
tr

a
tio

n
 (

cm
-3
)

Content of nano-size dispersants (wt%)

 

 

 

Figure 5.2-6: The dependence of carrier concentration versus the weight 

percentage of nano-inclusions at room temperature for the nanocomposite 

samples with undoped CoSb3 as both nano-inclusion and micron-sized 

matrix. 

 

5.2.4.2 Electrical resistivity 

The electrical resistivity plotted as a function of temperature for all the samples is 

shown in Figure 5.2-7(a). The resistivities of the c-micron and c-nano 100% samples are 

observed to decrease with temperature over the whole temperature range measured, which 

indicates semiconductor behaviour. However, for the nanocomposite samples:                 

c-c nano 10%, c-c nano 20% and c-c nano 30% (see magnified plot in Figure 5.2-7(b)), 

the resistivity initially increased with temperature up to 150 °C, which indicates metallic 

behaviour instead. With further increase in temperature, the resistivities of these samples 

then start to decrease with temperature indicating semiconductor behaviour. It is very 

exciting that all these three nanocomposite samples have lower resistivity than both the  
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c-micron and c-nano 100% samples except for the c-c nano 10% sample which exhibits 

higher electrical resistivity at near room temperature range. By adding only 10wt% of 

nano-inclusions, the resistivity decreased significantly as compared to the sample c-

micron by one order of magnitude. And at relative low temperature range (<200 °C), the 

electrical resistivities of three nanocomposite samples decrease with content of nano-

inclusion. Both these two phenomena are in agreement with the results of carrier 

concentration. However, with the temperature further increase, the values of electrical 

resistivity overlap. This may be related to electrical transport mechanism changing from 

metallic behaviour to semiconductor behaviour with the temperature increasing and will 

be studied later.  
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Figure 5.2-7: (a) Temperature dependences of resistivity for the 

nanocomposite samples with various amount of nano-inclusions with 

undoped CoSb3 as both nano-inclusions and micron-sized matrix. (b) 

Magnified plot of samples c-c nano 10%, c-c nano 20%, c-c nano 30% and   

c-nano 100%. 

 

Within the measured temperature range, both the c-micron and c-nano 100% 

samples exhibit semiconductor behaviour. Thermally activated conduction (TAC) model 

is applied to analysis the electrical conduction mechanism. The plots of log(ρ) versus 

inverse temperature for these two samples are presented in Figure 5.2-8(a). The solid line 

is fitted to the equation [108]: 

 TkET Bg 2exp)( 0                       (5.1) 

where 0 is a constant, Bk  is Boltzmann constant and gE  is the band gap. For sample c-

micron, gE  was determined to be 0.43 eV, which is close to the reported band gap of 

CoSb3 (0.5 eV [9]). This gE level is likely due to a deep acceptor level or even the 

intrinsic band gap. For sample c-nano 100%, gE of 0.04 eV was obtained. This is much 

smaller than the band gap of CoSb3 indicating that gE of c-nano 100% arises from a 
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shallow acceptor level, which is much easier to be activated and hence cause an increase                  

in the carrier concentration. This is in agreement with the carrier concentration results. 

In order to understand the conduction mechanism of the nanocomposites samples 

(c-c nano 10%, c-c nano 20% and c-c nano 30%), the temperature range was divided into 

two parts. From room temperature to 150 °C, the samples showed metallic behaviour as 

indicated from the resistivity results. For temperatures above 150 °C, the electrical 

resistivity showed semiconductor behaviour. It was proposed that small polaron hopping 

conduction (SPHC) model can be applied to explain this phenomenon [121]. In this 

model, the electrical resistivity vary as a function of temperature as shown in Equation 

5.2, 

  









Tk

E

C

T

pe
T

B

pexp
1


                  (5.2) 

where p is the carrier concentration, e is the electrical charge of carrier, µ is the carrier 

mobility, C is a constant, Ep is the activation energy of polaron hopping, and kB is the 

Boltzmann constant. By plotting ln(ρ/T) vs 1/T for the c-c nano 10%, c-c nano 20% and  

c-c nano 30% samples (Figures 5.2-8(b), (c) and (d)), it was found that the temperature 

dependence of the resistivity in the semiconductor-like temperature range of these 

nanocomposites fits well to the SPHC model. The activation energy, Ep in the 

semiconductor temperature range was determined by performing a linear fit of the 

experimental data. The Ep data obtained for the nanocomposite samples with different 

amount of nano-inclusions are presented in the respective plots. It is also noted that the 

activation energy Ep decreases with increasing amount of nano-inclusions. The decrease 

in the activation energies indicates that the transport of the polarons becomes easier with 

increasing amount of the nano-inclusions. This is the result of the movement of the 

acceptor level towards the valence band with increasing amount of nano-inclusions. 
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Meanwhile, the increased amount of nano-inclusions also caused enhanced distortions on 

the sites neighbouring the polaron, and such distortions aid in the motion of the carriers 

leading to the carrier mobility increase with the increasing amount of nano-inclusions. It 

should be mentioned that the resistivity of the c-nano 100% sample is higher than all three 

nanocomposite samples. In the c-nano 100% sample, the carriers are scattered by the high 

density of grain boundaries and carriers due to its nanostructure and highest carrier 

concentration among all the samples. The reduction in the carrier mobility results in a 

higher electrical resistivity. 

 

 

 

 

 

 

 

 

Figure 5.2-8: (a) Plots of ln(ρ) vs 1/T for samples c-micron and c-nano 100%. 

Plots of ln(ρ/T) vs 1/T for (b) sample c-c nano 10%, (c) c-c nano 20%, and (d) 

c-c nano 30%. 

 

5.2.4.3 Seebeck coefficient 

Figure 5.2-9 shows the Seebeck coefficient as a function of temperature for all the 

samples with different amount of nano-inclusions. The positive values indicate that the 

samples are p-type. Even though the values of Seebeck coefficient are scattered at relative 
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high temperature range, in the temperature range below 425 °C, it is observed that the 

Seebeck coefficient of the samples investigated decreased with increasing amount of 

nano-inclusions. This phenomenon is in an agreement with that of carrier concentration, 

since the Seebeck coefficient decreases with increasing carrier concentration.  

Besides carrier concentration, effective mass can also alter Seebeck coefficient 

value. The carrier effective mass, mp* was estimated using the Seebeck coefficient and 

carrier concentration data by assuming a single parabolic band model with acoustic 

phonon scattering as a predominant carrier scattering mechanism. In this model [16], the 

Seebeck coefficient α can be expressed as follows (our samples are all p-type):  

 
  
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p                      (5.3) 

The carrier concentration p can be expressed as follows: 
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where, p is the carrier concentration, mp* stands for effective mass of the carrier (holes for 

our samples), kB is the Boltzmann’s constant, η is the reduced Fermi energy, Fx is the 

Fermi integral of order x, T is the absolute temperature. The effective mass of the carriers 

for all the samples were calculated and plotted against the weight percentage of nano-

inclusions as shown in Figure 5.2-10. From the results, one can see that the effective mass 

increased with the increasing amount of nano-inclusions. In general, carrier concentration 

and effective mass are the two main factors affecting the Seebeck coefficient values. The 

Seebeck coefficient, αp increased with increasing effective carrier mass, mp*, and 

decreases with increasing carrier concentration, p. Even though the effective masses 

increase with the increasing amount of nano-inclusions, the Seebeck coefficient of our 
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samples was found to decrease with the increasing amount of nano-inclusions. Hence, in 

our samples, it can be concluded that carrier concentration has a larger effect than the 

effective carrier mass on the final Seebeck coefficient values.  

For sample c-micron and c-nano 100%, the Seebeck coefficient reached a 

maximum at about 200 °C and 425 °C, respectively. For temperature above 200 °C for 

the sample c-micron and 425 °C for c-nano 100%, with the temperature further increasing, 

the increased carrier concentration activated by a deep acceptor level becomes the 

dominant factor to affect the Seebeck coefficient, and caused a decrease in the Seebeck 

coefficient. For c-c nano 10%, c-c nano 20% and c-c nano 30% samples, the Seebeck 

coefficient reached the maximum values at temperatures ranging from 250 °C to 300 °C. 

At temperatures above 300 °C, the Seebeck coefficients of these three samples decreased. 

The decrease in Seebeck coefficient in these samples is due to the small polaron hopping 

activation within this temperature range which led to the increase in carrier concentration.  
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Figure 5.2-9: Temperature dependences of Seebeck coefficient for the 

nanocomposite samples with various amounts of nano-inclusions with 

undoped CoSb3 as both nano-inclusions and micron-sized matrix. 
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Figure 5.2-10: The dependence of the effective mass with the weight 

percentage of nano-inclusions at room temperature for the nanocomposite 

samples with various amounts of nano-inclusions with undoped CoSb3 as 

both nano-inclusions and micron-sized matrix. 

 

5.2.4.4 Power factor 

Based on the Seebeck coefficient and electrical resistivity results, the power factor 

(α2/ρ) of these samples were calculated and presented in Figure 5.2-11. The power factors 

for all the nanocomposite samples are higher than that of the matrix (sample c-micron) 

and nano-inclusions (c-nano 100%) and decrease with the content of nano-inclusion. The 

increase in power factor for nanocomposite samples are mainly due to reduction or 

increase in electrical resistivity or carrier concentration via the introduction of nano-

inclusion with higher carrier concentration. Calculated by the equation, PF= α2/ρ, among 

all the samples, sample c-c nano 10% exhibits the best electrical properties with a 

maximum power factor value of 6.33×10-4  Wm-1K-2 at around 310 °C. As compared to 

the matrix (sample c-micron with a maximum power factor value of 3.64×10-4  Wm-1K-2) 

and for the nano-inclusion (c-nano 100% with a maximum power factor value of  

1.79×10-4  Wm-1K-2), the power factor of the nanocomposites have increased dramatically. 
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Figure 5.2-11: Temperature dependences of power factor for the 

nanocomposite samples with various amounts of nano-inclusions with 

undoped CoSb3 as both nano-inclusions and micron-sized matrix. 

 

5.2.5 Thermal properties 

Figure 5.2-12(a) shows the temperature dependences of total thermal conductivity 

of all the samples. The lattice thermal conductivity κl for the samples obtained by 

subtracting κc from κ was also determined (


 LT
c   and L=2.45×10-8 V2K-1), and the 

results are shown in Figure 5.2-12(b). As expected, the nano-inclusions play an important 

role in reducing the lattice thermal conductivity. The nano-scaled grain size of the nano-

inclusions resulted in a high density of grain boundaries. These grain boundaries scatter 

and impede the movement of phonons which carry heat. This results in a reduction in the 

mean free path of phonons and lead to further reduction in both lattice and total thermal 

conductivity. As the amount of nano-inclusion increases, i.e. the grain boundaries 

increase, the lattice thermal conductivity decreases over the entire temperature range 

measured. At 50 °C, the lattice thermal conductivity decreases about 4 times from       

8.10 Wm-1K-1 (sample c-micron) to 1.94 Wm-1K-1 (sample c-nano 100%).  
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Figure 5.2-12: Temperature dependences of (a) total thermal conductivity, 

and (b) lattice thermal conductivity for the nanocomposite samples with 

various amounts of nano-inclusions with undoped CoSb3 as both nano-

inclusions and micron-sized matrix. 

 

Porosity is another effect that can also reduce the thermal conductivity since the 

thermal conductivity of air (0.024 Wm-1K-1 at 25 °C) is also much smaller than that of 

micron-sized and nanostructured CoSb3. The porosity can be considered as air dispersed 

in the matrix. The effect of porosity on the thermal conductivity was estimated using the 

following effective conductivity model [73],  
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where κ0 and κd are thermal conductivities of the non-dispersed and air-dispersed samples, 

respectively, and f is the volume fraction of air. For our tested samples, f is equal to the 

porosity which can be expressed as: f =1-relative density. The relative density and the 

relationship between κ0 and κd are listed in Table 5.2-2. From the results, one can see that 

the correcting coefficients 1/(1-3/2f) fall in a narrow range between 1.12 and 1.21 after 

calculation and the thermal conductivity of the corrected non-porous nanocomposites has 

the same trend as that of the air-dispersed samples, that is the thermal conductivity 

decreases with the increase in contents of nano-inclusions (Figure 5.2-13). Hence, after 

eliminating the effects of porosity, we can safely reach the conclusion that the introduced 

nano-inclusions are the main contributor in reducing the thermal conductivity rather than 

the porosity. Therefore, the effects of porosity will not be discussed in the other 

nanocomposite systems in the subsequent chapters. 
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Figure 5.2-13: Temperature dependences of corrected non-porous total 

thermal conductivity for the nanocomposite samples with various amounts of 

nano-inclusions with undoped CoSb3 as both nano-inclusions and micron-

sized matrix. 
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Table 5.2-2: The relative density and relationship between κ0 and κd of the 

samples with various amounts of nano-inclusions. 

Sample Relative density κ0≈κd/(1-3/2f) 

c-micron 93% κ0≈1.12 κd 

c-c nano 10wt% 92% κ0≈1.14 κd 

c-c nano 20wt% 92% κ0≈1.14 κd 

c-c nano 30wt% 91% κ0≈1.16 κd 

c-nano 100wt% 88% κ0≈1.21 κd 

 

5.2.6 Figure-of-merit ZT value 

With the electrical resistivity, Seebeck coefficient and thermal conductivity results, 

the dimensionless figure of merit, ZT values for the samples are calculated and presented 

in Figure 5.2-14. The highest ZT value of 0.092 was obtained at about 400 °C for the      

c-c nano 10% sample. As compared to the c-micron sample, whose highest ZT value is 

0.047, the value has nearly doubled. The decrease in the electrical resistivity of the 

nanocomposites is the most important contributor to the improvement in electrical 

property even though the improvement is slightly counteracted by the decrease in the 

Seebeck coefficient. Concurrently, the nano-inclusions of CoSb3 in a micron-sized CoSb3 

matrix resulted in a reduction in the lattice thermal conductivity. Hence, due to the 

improvement in both the electrical and thermal properties, the ZT values of the 

nanocomposites are nearly doubled. These results are very exciting because it shows that 

nanocomposite approach can be an effective way to increase the figure-of-merit ZT value 

not only by decreasing the thermal conductivity, but at the same time, the electrical 

resistivity can also be decreased if the electrical resistivity of nano-inclusion is much 

smaller than that of the matrix. 
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Figure 5.2-14: Temperature dependences of the dimensionless figure of merit 

ZT value for the nanocomposite samples with various amounts of nano-

inclusions with undoped CoSb3 as both micron-sized matrix and nano-

inclusion.  

 

5.3 C-Z nanocomposite system  

The results of the C-C nanocomposite system showed that nanocomposite is an 

effective method to reduce lattice and total thermal conductivity. In this part of work, 

ZrO2 nano-particles are chosen as nano-inclusions, since the thermal conductivity of ZrO2 

is in the range of 1.8~3.0 W/m·K, i.e. much lower than the micron-sized matrix CoSb3 

(around 8~10 W/m·K at room temperature), it is expected that the thermal conductivity of 

nanocomposites can be reduced by introducing nano-inclusions with lower thermal 

conductivity. In addition, another important role of the nano-inclusions is to act as 

phonon-scatterers due to its high density of grain boundaries, scattering more phonons 

and hence further reduce the lattice and total thermal conductivity of the nanocomposite 

samples, which can result in higher ZT values.  

For electrical properties, the results of C-C composite system showed that when 

the carrier concentration of nano-inclusion is much higher than that of the micron-sized 
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matrix, the resistivity of the nanocomposite samples can be greatly reduced. The 

reduction in the electrical resistivity ρ is main contributor in improving the overall 

electrical properties, i.e. the power factor (α2/ρ) of the C-C nanocomposite system. In the 

C-Z nancomposite system, instead of reducing the electrical resistivity, we would like to 

explore the possibility of improving the power factor by increasing the value of Seebeck 

coefficient (α). Based on the results of the C-C nanocomposite system, it was shown that 

carrier concentration is the dominating effect on the final Seebeck coefficient, where the 

Seebeck coefficient value can be increased (reduced) by reducing (increasing) the carrier 

concentration. Hence, in the C-Z nanocomposite system, an extreme case of introducing 

insulator ZrO2 nano-particles as nano-inclusions to reduce the carrier concentration and 

increase Seebeck coefficient was investigated. Meanwhile, energy barrier effect due to the 

phase interface between the micron-sized matrix and nano-inclusion will also be expected 

to enhance the Seebeck coefficient [75].  

The results of the C-C nanocomposite system also showed that when the micron-

sized matrix and nano-inclusion have very distinct carrier concentration, the electrical 

resistivity of nanocomposite sample can be greatly varied by the addition of only 10wt% 

nano-inclusions. Hence, in this part of the work, as the nano-inclusion is an insulator 

which has distinctly different electrical properties than that of micron-sized matrix, and in 

order not to reduce the electrical resistivity significantly, the contents of the insulator 

nano-inclusions were kept below 10wt%. 

5.3.1 Phase analysis 

Figure 5.3-1 shows the XRD pattern of the hot-pressed pellets obtained from the 

nanocomposites with ZrO2 as nano-inclusions and CoSb3 as micron-sized matrix. The 

ZrO2 were commercially purchased and followed by ball milling for 3 h. The particle 

sizes of ball-milled ZrO2 distributed in a range of 200 nm to 300 nm. The undoped CoSb3 
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prepared by solid state reaction was still chosen as micron-sized matrix. The samples are 

named as c-z nano XX%, where XX indicates the weight percentage of nano-inclusions in 

the sample, and c-z refers to the C-Z nanocomposite system with ZrO2 as the nano-

inclusions and undoped CoSb3 as the micron-sized matrix. From the XRD patterns, one 

can see that sample c-z nano 3% is in pure phase of skutterudite, no extra peaks even the 

peaks attributed by ZrO2 are observed. With the content of ZrO2 nano-inclusion further 

increased, the trace peaks attributed by ZrO2 appeared for sample c-z nano 5% and          

c-z nano 7%.  
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Figure 5.3-1: XRD patterns of the hot pressed nanocomposite sample pellets 

with various amounts of nano-inclusions with ZrO2 as nano-inclusions and 

undoped CoSb3 as micron-sized matrix. 

 

5.3.2 Microstructure analysis 

Figure 5.3-2 shows the typical FESEM images of the fracture surfaces of the 

samples from the C-Z nancomposite system. It can be seen that the average particle size 

of the ZrO2 nano-inclusions is around 200~300 nm. After hot press, the particle size of 

ZrO2 did not change too much and the dispersion of ZrO2 are more scattered as compared 
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to the other nanocomposite systems. This is because the sintering temperature (500 °C) is 

too low to densify ZrO2. Similar to microstructures of the C-C nanocomposite system, 

most of these nano-inclusions existed as clusters residing at the grain boundaries of the 

micron-sized matrix.  

 

 

 

 

 

 

 

 

 

 

Figure 5.3-2: Typical FESEM images of the fracture surfaces of (a) c-z nano 

3%, (b) c-z nano 5%, and (c) c-z nano 7% samples. 

 

5.3.3 Electrical properties 

5.3.3.1 Carrier concentration 

The dependence of the carrier concentration versus the weight percentage of ZrO2 

nano-inclusions for the C-Z nanocomposite samples is shown in Figure 5.3-3. The carrier 

concentration values of all the samples are positive which indicates p-type conduction 

mechanism. The majority carriers did not change after the insulator nano-inclusions were 

a b

c 
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introduced. However, the carrier concentrations decreased with increasing amount of 

insulator nano-inclusions. After introducing only 7wt% of nano-inclusions, the carrier 

concentration became more than 10 times smaller than that of micron-sized matrix. The 

carrier concentrations of all the nanocomposite samples are of the order of 1016 cm-3, 

which is one order lower than that of the micron-sized matrix. Combining the results of   

C-C and C-Z systems, one can see that when the nano-inclusions have distinct carrier 

concentration compared to that of micron-sized matrix, the carrier concentration of 

nanocomposite samples are very sensitive to the addition of nano-inclusion and can 

change significantly just by adding a small amount of nano-inclusions. The carrier 

concentration of the nano-inclusions increased with the content of nano-inclusion when 

the nano-inclusion has higher carrier concentration than that of micron-sized matrix (C-C 

composite system) and otherwise decreased with content of nano-inclusions when the 

nano-inclusion has lower carrier concentration (C-Z composite system).  
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Figure 5.3-3: The dependence of carrier concentration versus weight 

percentage of nano-inclusions at room temperature for the nanocomposite 

samples with ZrO2 as nano-inclusions and undoped CoSb3 as micron-sized 

matrix. 
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5.3.3.2 Electrical resistivity 

The electrical resistivity plotted as a function of temperature for all the samples 

with CoSb3 as micron-sized matrix and ZrO2 as nano-inclusions are shown in           

Figure 5.3-4. The resistivities of all the nanocomposite samples decreased with increasing 

temperature, which indicates semiconductor behaviour similar to that of the micron-sized 

matrix. Overall, the resistivity has the same trend as the carrier concentration, i.e. 

resistivity increases with increasing amount of insulator nano-inclusions. The change in 

the electrical resistivity for nanocomposite samples of C-Z system is not as obvious as 

that of C-C system. One possible reason is that, comparing with the nanocomposite 

samples in C-C system, the content of insulator nano-inclusion in C-Z system is relatively 

lower and the connection of micron-sized matrix is well maintained to keep the path of 

carrier remains unchanged. With the temperature increasing, the value of resistivity of 

nanocomposite samples became very close to each other, and this phenomenon was also 

observed in He’s work [122]. A possible reason is that at high temperature range, the 

intrinsic band gap of micron-sized matrix has been thermally activated and the carrier 

concentration drastically increased leading to the reduction in carrier concentration 

caused by the nano-inclusions becomes less obvious.  
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Figure 5.3-4: Temperature dependences of resistivity with various amounts 

of nano-inclusions for the nanocomposite samples with ZrO2 as nano-

inclusions and undoped CoSb3 as micron-sized matrix. 

 

5.3.3.3 Seebeck coefficient 

The Seebeck coefficient plotted as a function of temperature for all the samples 

are shown in Figure 5.3-5. The positive Seebeck coefficient values confirmed that the 

samples are p-type. The Seebeck coefficient values increased with increasing temperature 

up to around 150 °C. Beyond 150 °C, the Seebeck coefficient values started to decrease 

with increasing temperature.  

The overall Seebeck coefficient increased with increasing amount of the insulator 

nano-inclusions which is in agreement with other nanocomposite results [8,9]. In these 

nanocomposite samples, the nano-inclusions act as energy filters to scatter low energy 

electron which contribute less to the electrical conductivity leading to the band structure 

of matrix change and increase Seebeck coefficient. Meanwhile, the nano-inclusion can 

also cause defects and dislocation at the grain boundaries in the nanocomposite structures. 

And these defects can also act as energy filter to increase the overall Seebeck coefficient. 

Therefore, the Seebeck coefficient increases with nano-inclusions. Besides the low energy 
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electrons scattering, carrier concentration is another important factor to affect Seebeck 

coefficient. In general, Seebeck coefficient increases with decreasing carrier 

concentration. The carrier concentration reduced due to the addition of the insulator nano-

inclusions and lead to the increase in Seebeck coefficient values. At higher temperature 

(>300 °C), the results showed that the Seebeck coefficient values were not significantly 

affected by the insulator nano-inclusions which is also observed in He’s work [122]. This 

is because at the higher temperature range, the drastic increase in carrier concentration 

due to the thermally activation of the deep acceptor level of the micron-sized matrix, 

make the value of carrier concentration for nanocomposite samples very close and lead to  

the Seebeck coefficient of all the samples to be of nearly the same values. Similarly, as 

discussed above, this deep acceptor level activation of micron-sized matrix also resulted 

in the close value of electrical resistivity of these three nanocomposite samples at higher 

temperature range. 
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Figure 5.3-5: Temperature dependences of Seebeck coefficient with various 

amounts of nano-inclusions for the nanocomposite samples with ZrO2 as 

nano-inclusions and undoped CoSb3 as micron-matrix. 
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5.3.3.4 Power factor 

Based on the Seebeck coefficient and electrical resistivity results, the power factor 

(α2/ρ) of these samples were calculated and the results are shown in Figure 5.3-6. Even 

though sample c-z nano 5% and c-z nano 7% have higher power factor than that of matrix 

(sample c-micron) at a temperature range below 200 °C, the maximum power factors for 

all the nanocomposite samples are lower than that of the matrix. The nanocomposite 

samples have higher Seebeck coefficient than that of micron-sized matrix, however, their 

higher electrical resistivity caused a decrease in the power factor.  The introduction of 

insulator as nano-inclusions is not able to improve the overall electrical properties.  

For the nanocomposite samples, the power factor seems increase with nano-

inclusions. However, the power factor cannot be further improved by adding more 

insulator nano-inclusions. Based on the work reported by Xiong’s group, the high content 

of insulator will cause a remarkable increase in resistivity and reduce the overall power 

factor [92]. 
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Figure 5.3-6: Temperature dependences of power factor with various 

amounts of nano-inclusions for the nanocomposite samples with ZrO2 as 

nano-inclusions and undoped CoSb3 as micron-matrix. 
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5.3.4 Thermal properties 

Figure 5.3-7(a) shows the temperature dependence of the total thermal 

conductivity with various amounts of nano-inclusions. The lattice thermal conductivity κl 

for the samples was calculated by subtracting κc from κ (L=2.45×10-8 V2K-2) and is 

presented in Figure 5.3-7(b). It should be noted that the effect of porosity will not be 

discussed here since the density of all the samples are in a very narrow range of 90% to 

92% of the theoretical value, which means that the effect of porosity will be similar for 

these samples.  
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Figure 5.3-7: Temperature dependences of (a) total thermal conductivity and 

(b) lattice thermal conductivity with various amounts of nano-inclusions for 

the nanocomposite samples with ZrO2 as nano-inclusions and undoped 

CoSb3 as micron-matrix. 
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Overall, both lattice thermal conductivity and total thermal conductivity decreased 

with increasing contents of nano-inclusions. The relatively high density of grain 

boundaries of ZrO2 nano-inclusion can scatter phonons and impede the movement of 

phonons, and hence reduce the lattice thermal conductivity. Meanwhile ZrO2 is not a 

good thermal conductor itself (1.8~3.0 W/m·K at room temperature), and the phonon 

cannot select its path like electronic carriers, when it passes through ZrO2 the thermal 

conductivity are reduced. However, the depression rate of total and lattice thermal 

conductivity of the C-Z system is not as obvious as compared to that of the C-C system 

and results reported by He et al [122]. The reason is located at the grain size of the ZrO2 

nano-inclusions obtained by a top-down approach which is much bigger than those in the 

other two systems. Here we can see that, the effect of phonon scattering by the nano-

inclusion with big grain size is not as effective as that with smaller grain size.  

5.3.5 Figure-of-merit ZT value 

With the electrical resistivity, Seebeck coefficient and thermal conductivity results, 

the dimensionless figure of merit, ZT values for the samples were calculated and 

presented in Figure 5.3-8. Due to the poor electrical resistivity of the nanocomposite 

samples with ZrO2 as nano-inclusions, among the nanocomposite samples, the highest ZT 

value achieved is only 0.033 at about 300 °C for the sample c-z nano 7%, which is even 

lower than the value of 0.047 at 450 °C for the sample c-micron without nano-inclusions.  

Even though the ZrO2 nano-inclusion has improved the Seebeck coefficient and 

minimally reduced the thermal conductivity, its poor electrical resistivity makes the 

overall electrical resistivities of nancomposite samples increase and leads to the overall 

power factor and ZT value to decrease. Hence, we can reach the conclusion that insulator 

is not a good candidate acting as nano-inclusion in thermoelectric nanocomposites. 
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Figure 5.3-8: Temperature dependences of the dimensionless figure-of-merit 

ZT value with various amount of nano-inclusions for the nanocomposite 

samples with ZrO2 as nano-inclusions and undoped CoSb3 as micron-matrix. 

 

5.4 F-C nanocomposite system 

After investigating the thermoelectric properties of nanocomposites whose 

micron-sized matrix and nano-inclusions have very distinct carrier concentrations (for   

C-C nanocomposite system, the carrier concentration of nano-inclusion was much higher 

than that of the micron-sized matrix, and for the C-Z nancomposite system, the nano-

inclusion was an insulator), in this part of the work, the nano-inclusions and micron-sized 

matrix with comparable carrier concentrations were studied. Filled skutterudite 

La0.35Ca0.35Fe1.5Co2.5Sb12.03 prepared by solid state reaction was chosen as the micron-

sized matrix and nanostructured undoped CoSb3 synthesized via polyol method was 

chosen as the nano-inclusions. For the C-C nanocomposite system, sample c-c nano 10% 

possessed the best thermoelectric properties, hence, the weight percentage range for the 

nano-inclusions in the F-C nancomposite system was narrowed down to range from 5% to 

20%.  
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5.4.1 Phase analysis 

Figure 5.4-1 shows the XRD patterns of the hot-pressed nanocomposite pellets 

with various amounts of nano-inclusions. The samples are named f-c nano XX%, where 

XX indicates the weight percentage of nano-inclusions in the sample, f refers to the 

matrix which is filled skutterudite of the composition, La0.35Ca0.35Fe1.5Co2.5Sb12.03. 

Sample f-micron refers to the sample without nano-inclusions added.  
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Figure 5.4-1: XRD patterns of the hot pressed nanocomposite sample pellets 

with undoped CoSb3 as nano-inclusions and filled skutterudite 

La0.35Ca0.35Fe1.5Co2.5Sb12.03 as micron-sized matrix. 

 

All the samples are of the skutterudite phase. Additional diffraction peaks 

corresponding to the Sb phase were detected for the pellets that contained CoSb3 nano-

inclusions. The intensity of these peaks was observed to increase with increasing amount 

of nano-inclusions. Since excess Sb phase was not detected in the f-micron sample, the 

extra Sb phase must be contributed from the nano-inclusions. The same phenomenon also 

observed in the C-C nanocomposite system.  



104 
 

5.4.2 Microstructure analysis 

Figure 5.4-2(a) shows a typical FESEM image of the fractured surface of the f-

micron sample, indicating that the sample consists of only micron-sized grains.      

Figures 5.4-2(b)-(d) correspond to the FESEM images of  f-c nano 5%, f-c nano 10% and 

f-c nano 20% samples, respectively. The microstructures of these nanocomposite samples 

are the similar to the ones observed for the C-C and C-Z composite systems, where most 

of the nano-inclusions existed as clusters residing mainly at the grain boundaries. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4-2: Typical FESEM images of fractured surfaces of f-c 

nanocomposite samples: (a) f-micron, (b) f-c nano 5% , (c) f-c nano 10%, and 

(d) f-c nano 20%. 
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(d) (c) 
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5.4.3 Electrical properties 

5.4.3.1 Carrier concentration 

Figure 5.4-3 shows the carrier concentration at room temperature as a function of 

nano-inclusion content for the F-C nanocomposite samples. All the values are positive 

which indicates p-type conduction. The carrier concentration of the nano-inclusions 

(6.7×1019 cm-3) is about one order lower than the micron-sized matrix (8.5×1020 cm-3). 

This difference is smaller as compared to that of the C-C and C-Z nanocomposite systems. 

Hence, for the F-C nanocomposite samples, the carrier concentration only decreased 

moderately with increasing nano-inclusion content. The carrier concentration of the F-C 

nanocomposite samples were of the same order of magnitude as that of the micron-matrix.   

As compared to the C-C nanocomposite system (as shown in the inset of Figure 5.4-3), 

the variation in the carrier concentration was not as obvious for the same nano-inclusions 

content. The reason is because the difference in carrier concentration between the micron-

matrix and nano-inclusions of the F-C nanocomposite system is not as distinct as that for 

C-C system.  

From the study of these three types of nanocomposite systems (C-C, C-Z and F-C), 

it was clearly observed that when the nano-inclusions and the micro-sized matrix have 

very distinctly different carrier concentrations (e.g. C-C and C-Z nanocomposite systems), 

the carrier concentration of nanocomposite samples will be highly sensitive to the 

addition of the nano-inclusions. For example in the C-C nanocomposite system, a mere 

addition of 10wt% nano-inclusions caused the carrier concentration to change to a value 

close to that of the nano-inclusions. Similar for the C-Z system, a mere addition of 7% of 

the insulator nano-inclusions caused the carrier concentration to decrease significantly (by 

more than one order). On the other hand, for the F-C system where the micron-matrix and 

the nano-inclusion had comparable carrier concentrations, the carrier concentrations of 

the nanocomposite samples were not significantly affected.  
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Figure 5.4-3: The dependence of the carrier concentration versus the weight 

percentage of nanoparticles at room temperature for the nanocomposite 

samples with undoped CoSb3 as nano-inclusions and filled skutterudite 

La0.35Ca0.35Fe1.5Co2.5Sb12.03 as micron-sized matrix. Inset is the carrier 

concentrations for the nanocomposite samples with undoped CoSb3 both as 

micron-sized matrix and nano-inclusions, which is provided for comparison 

purposes. 

 

5.4.3.2 Electrical resistivity 

The electrical resistivities plotted as a function of temperature for all the samples 

with filled skutterudite as micron-sized matrix are shown in Figure 5.4-4. Electrical 

resistivities of the nanocomposite samples increased with increasing nano-inclusion 

contents.  As discussed in Chapter 4, the resistivity of the c-nano 100% sample exhibits a 

semiconductor behaviour. The resistivity of the c-nano 100% sample was nearly one 

order higher than that of the f-micron sample. Also, the resistivity of the f-micron sample 

increased with temperature, exhibiting a metallic behaviour. Such behaviour was also 

observed for the nanocomposite samples (f-c nano 5%, f-c nano 10% and f-c nano 20%). 

It should be noted that the electrical resistivity values of these metallic behaviour samples 
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are close to each other. This is mainly due to their approximate carrier concentrations of 

same order.  
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Figure 5.4-4: Temperature dependences of resistivity with various nano-

inclusions for the nanocomposite samples with undoped CoSb3 as nano-

inclusions and filled skutterudite La0.35Ca0.35Fe1.5Co2.5Sb12.03 as micron-sized 

matrix. 

 

As compared with other nanocomposite systems, the carrier concentration of 

matrix (f-micron) and nanocomposite samples (f-c nano 5%, f-c nano 10% and                

f-c nano 20%) for F-C nanocomposite system are much higher, it is predicted that the 

carrier-carrier scattering may play an important role in carrier transportation. In order to 

verify this, the relationship between electrical resistivity and carrier concentration is 

studied. The proportionalities of electrical resistivity to carrier concentration, p-5/3 (shown 

in Figure 5.4-5) was consistent with the carrier-carrier scattering model as proposed by 

Lawrence and Wilkins, indicating that carrier-carrier scattering mechanism is the 

dominate mechanism in carrier conduction [123]. 
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Figure 5.4-5 The proportionalities of electrical resistivity to carrier 

concentration p-5/3 for samples with metallic behaviour (f-micron,                   

f-c nano 5%, f-c nano 10% and f-c nano 20%). 

 

5.4.3.3 Seebeck coefficient 

The Seebeck coefficient plotted as a function of temperature for all the samples 

are shown in Figure 5.4-6. The positive values confirmed that the samples are p-type. It is 

observed that the Seebeck coefficient of nano-inclusion (c-nano 100%) is lower than that 

micron-sized matrix (f-micron). Based on the discussion of Equation (4.5) and (4.6), the 

Seebeck coefficient should decrease after adding second phase (nano-inclusions) with 

lower Seebeck coefficient. However, the results showed that the Seebeck coefficient 

values were not significantly affected by the addition of the nano-inclusions. This may be 

due to the filter effect of nano-inclusion. The nano-inclusions act as carrier filters to 

scatter carriers with lower energy and offset the reduction in Seebeck coefficient. And 

from the point of view of carrier concentration, as discussed previously, the resulting 

carrier concentrations for the nanocomposite samples were not altered significantly by the 

addition of the nano-inclusions, and the Seebeck coefficient are mainly depended on the 

carrier concentration in our nanocomposite systems, hence, the Seebeck coefficient values 
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of the nanocomposite samples very much remained the same as that of micron-sized 

matrix. 
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Figure 5.4-6: Temperature dependences of Seebeck coefficient with various 

nano-inclusions for the nanocomposite samples with undoped CoSb3 as nano-

inclusions and filled skutterudite La0.35Ca0.35Fe1.5Co2.5Sb12.03 as micron-sized 

matrix. 

 

5.4.3.4 Power factor 

Based on the Seebeck coefficient and electrical resistivity, the power factor (α2/ρ) 

of these samples were calculated and shown in Figure 5.4-7. In general, for the 

nanocomposite samples, the power factor decreased with increasing amount of nano-

inclusions due to the increase in electrical resistivity. A maximum value of              

1.56×10 -3Wm-1K-2 was reached at about 500 °C for the f-c nano 5% sample.  Based on 

the power factor results of C-C and F-C nanocomposite systems, it is observed that, after 

introducing the nano-inclusion with poorer electrical property (smaller power factor) than 

that of micron-sized matrix, the power factor of nanocomposite samples are closer to that 

of micron-sized matrix with higher power factor rather than that of nano-inclusion. The 
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higher power factor of micron-sized matrix is kind of maintained or even improved by 

nanocompositing. 
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Figure 5.4-7: Temperature dependences of power factor with various nano-

inclusions for the nanocomposite samples with undoped CoSb3 as nano-

inclusions and filled skutterudite La0.35Ca0.35Fe1.5Co2.5Sb12.03 as micron-sized 

matrix. 

 

5.4.4 Thermal properties 

Figure 5.4-8 shows the total and lattice thermal conductivity for all the samples as 

a function of temperature. It should be noted that the effect of porosity will not be 

considered here since the density of all the samples were in the narrow range of 88% to 

92%. As discussed previously in Section 5.2, the effect of porosity on the trend of the 

resulting thermal conductivity is minimal.  

Both the total and lattice thermal conductivity in this F-C nanocomposite system 

decreased with increasing amount of nano-inclusions within the measured temperature 

range. This is consistent with the C-C and C-Z composite systems, where the increased 

phonon scattering induced by the higher density of grain boundaries introduced by the 

nano-inclusions. Based on the results obtained for the C-C, C-Z and F-C systems, it can 
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definitely conclude that the nanocomposite is an effective way to reduce the lattice and 

total thermal conductivity by introducing grain boundaries which scatter more phonons in 

its corresponding wavelength and reduce the mean-free-path of the phonons. 

When compared to the micron-sized undoped CoSb3 (c-micron) sample, the Ca-La 

filled skutterudite (f-micron) sample has a much lower total and lattice thermal 

conductivity. The lower total thermal conductivity in the f-mircon sample is mainly 

contributed from the reduced lattice thermal conductivity rather than the carrier thermal 

conductivity, since sample f-micron possessed lower electrical resistivity than the           

c-micron sample. The reduction in the lattice thermal conductivity is contributed by the 

filling of the La and Ca atoms into the voids of the skutterudite crystal lattice. As 

discussed in the literature review section, skutterudite possesses an open structure in 

which foreign filler atoms can fill into the voids of the skutterudite crystal lattice. These 

filler atoms can “rattle” in the over-sized void to scatter phonons. Yang et al. [124] 

calculated the resonant frequencies of alkaline-earth filler, and determined that Ca and La 

have a resonant frequency of about 90 cm-1 and 70 cm-1 respectively. These two distinct 

domains of resonant frequencies are believed to scatter a broader spectrum of heat-

carrying phonons. As a result, the Ca-La double filling provides remarkable reduction in 

lattice thermal conductivity as compared to un-filled CoSb3 (c-micron). Meanwhile, for 

sample f-micron, substitution of Co by Fe in the lattice introduced additional point defects 

to scatter phonons and further reduce the lattice thermal conductivity. Finally, in the F-C 

nanocomposite samples, there are three means of reducing the thermal conductivity: 

filling, doping and nano-inclusions.  
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Figure  5.4-8: Temperature dependences of experimental total thermal 

conductivity (a), experimental lattice thermal conductivity (b) for the  

nanocomposite samples with various amounts of nano-inclusions with 

undoped CoSb3 as nano-inclusions and filled skutterudite 

La0.35Ca0.35Fe1.5Co2.5Sb12.03 as micron-sized matrix. 

 

6.4.5 Figure-of-merit ZT value 

With the electrical resistivity, Seebeck coefficient and thermal conductivity results, 

the dimensionless figure of merit, ZT values for the samples were calculated and 

presented in Figure 5.4-9. The highest ZT value of 0.39 was attained at about 500 °C for 

f-c nano 5%. As compared to the bulk sample, the value has increased by 6%. This 
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improvement is comparable with Mi’s and Alboni’s results. In their work, samples with 

10wt% (for Mi’s work) and 5wt% (for Alboni’s work) of CoSb3 nano-inclusions  

possessed the best ZT value with an improvement of less than 10% comparing with the 

micron-sized matrix of Yb-filled and La-filled skutterudite [125,126]. Comparing with 

the improvement of ZT value for C-C improvement, the increase in ZT for F-C system is 

not obvious. This is because, for the thermal conductivity of the filled skutterudite-based 

nanocomposites, whose thermal conductivity of matrix is already relatively low due to the 

rattling of the filler atoms, the reduction in the absolute value of total thermal 

conductivity (from 3.2 Wm-1K-1 of bulk to 2.8 Wm-1K-1 of nano 20% for F-C system) 

through this nanocomposite approach is not as significant as our previous work in which 

the matrix is pure CoSb3 (from 8.1 Wm-1K-1 to 7.1 Wm-1K-1 of nano 20% for C-C system). 

Furthermore, the electrical properties of filled skutterudites are already very excellent due 

to the filling atoms, and the improvement by adding nano-inclusion is not so remarkable 

as that for unfilled skutterudites.  
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Figure 5.4-9: Temperature dependences of figure-of-merit ZT value with 

various nano-inclusions for the nanocomposite samples with undoped CoSb3 

as nano-inclusions and filled skutterudite La0.35Ca0.35Fe1.5Co2.5Sb12.03 as 

micron-sized matrix. 
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5.5 Comparison and conclusions 

5.5.1 Comparison―electrical properties 

The dependences of carrier concentration and electrical resistivity on weight 

percentage of nano-inclusions of three types of nanocomposites at room temperature are 

shown in Figure 5.5-1 for comparison. It is clearly seen that the carrier concentration 

(shown in Figure 5.5-1(a)) of the nanocomposite increased when the carrier concentration 

of the nano-inclusion is larger than that of matrix and decreased when the nano-inclusion 

is of lower carrier concentration. The electrical resistivity (shown in Figure 5.5-1(b)) 

decreases with content of nano-inclusion of lower electrical resistivity and increases with 

content of nano-inclusion of higher electrical resistivity. When the micron-sized matrix 

and nano-inclusion have very distinct carrier concentrations (C-C and C-Z nanocomposite 

systems) and electrical resistivity, the variation rate of carrier concentration and electrical 

resistivity versus the weight percentage of nano-inclusion are bigger than that of 

nanocomposite system whose micron-sized matrix and nano-inclusion have comparable 

carrier concentration or electrical resistivity (F-C nanocomposite system). The higher 

carrier concentration of nano-inclusion will increase the carrier concentration and 

meanwhile decrease the overall electrical resistivity of nanocomposite samples. Among 

these three types of nanocomposite systems, the C-C nanocomposite system whose carrier 

concentration (electrical resistivity) of nano-inclusion is much higher (lower) than that of 

micron-sized matrix possesses the most improvement in reducing the electrical resistivity.  
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Figure 5.5-1: The dependence of carrier concentration (a) and electrical 

resistivity (b) versus the weight percentage of nano-inclusions at room 

temperature for C-C, C-Z and F-C nanocomposite systems. 

 

However, the nanocomposite effect on the Seebeck coefficient is more 

complicated. Since the filter effect always does good to Seebeck coefficient, here, we 

mainly consider the effect of carrier concentration on Seebeck coefficient. The 

dependence of Seebeck coefficient on weight percentage of nano-inclusions for each type 

of nanocomposite system at room temperature are shown in Figure 5.5-2 and the carrier 
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concentration is also displayed for comparison. Combining the relationship between 

carrier concentration and weight percentage of nano-inclusion discussed before, for the  

C-C and C-Z nanocomposite systems whose micron-sized matrix and nano-inclusion have 

distinct carrier concentration, at room temperature, the variation in Seebeck coefficient 

are mainly attributed by carrier concentration and has the opposite trend to the carrier 

concentration. However, for the F-C nanocomposite system, due to the comparable carrier 

concentration of micron-sized matrix and nano-inclusion, the Seebeck coefficient values 

of the nanocomposite samples change moderately and without remarkable trend.  

 

 

 

 

 

 

 

Figure 5.5-2: The dependence of Seebeck coefficient versus the weight 

percentage of nano-inclusions at room temperature for C-C, C-Z and F-C 

nanocomposite systems. Inset is the carrier concentrations for these three 

systems, which is provided for comparison purposes. 

 

The dependences of overall power factor on the weight percentage of nano-

inclusions of three types of nanocomposites at room temperature are shown in          

Figure 5.5-3 for comparison. From the point of view of power factor, comparing with the 

micron-sized matrix, the most improvement happens in the nanocomposite samples 
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whose nano-inclusion possesses much higher carrier concentration (much lower electrical 

resistivity) than that of micron-sized matrix i.e. sample c-c nano 10% in C-C 

nanocomposite system. Hence, the nano-inclusion with much higher carrier than that of 

micron-sized matrix is the best candidate to improve the overall electrical property 

(power factor) of nanocomposite samples. 
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Figure 5.5-3: The dependence of power factor versus the weight percentage 

of nano-inclusions at room temperature for C-C, C-Z and F-C 

nanocomposite systems. 

 

5.5.2 Comparison―thermal properties 

For thermal properties, nanocomposite is an effective method to reduce both the 

lattice and total thermal conductivity due to the introduction of nano-inclusions which 

have high density of grain boundaries to scatter phonons more effectively. Both total 

thermal conductivity and lattice thermal conductivity decrease with increasing amount of 

nano-inclusions which are in a good agreement with the theoretical predictions. 

After studying the thermal conductivity of nanocomposites, we tried to find a 

model or equation to predict the effective thermal conductivity for the nanocomposites. 
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Since the exact total thermal conductivity of ZrO2 nano-particles used in session 5.3 is not 

clear, the quantitative analysis on total thermal conductivity of C-Z nanocomposite 

system will not be studied here. In order to predict the effective thermal conductivity of 

nanocomposites, several models were applied. Based on the results of C-C and F-C 

nanocomposite system, the effective thermal conductivity of nanocomposites can be best 

estimated by the following equation [127,128]: 
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11
       (5.6) 

here, κE is the effective thermal conductivity of the mixed composite, κM is the thermal 

conductivity of the micron-sized matrix (e.g. κM=3.18 W/m·K for sample f-micron at 

50 °C), κI is the thermal conductivity of the nano-inclusion (e.g. κI=2.02 W/m·K for 

sample c-nano 100% at 50 °C), VI is the inclusion particle volume fraction (since the 

matrix and the nano-inclusions are of the same phase, the volume percentage is equal to 

the weight percentage) and n is the empirical shape factor (in this work, the nano-

inclusion are assumed to be spheres, therefore n=3). Figure 5.5-4(a) and (b) show the 

comparison between the experimental results and the data calculated using equation (5.6) 

for the F-C and C-C system, respectively. Overall, the agreement is satisfactory which 

indicates that Equation (5.6) can predict the final κE of the nanocomposite samples. From 

Equation (5.6) and experimental results for nanocomposites with both filled skutterudite 

and pure CoSb3 as matrix, one can see that the final κE of the mixtures falls between the 

value of κM and κI. It is also noted that according to Equation (5.6), κE decreases with the 

increasing value of (κM-κI) with the same inclusion particle volume fraction.  
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Figure 5.5-4: Comparison of experimental and calculated total thermal 

conductivity for the nanocomposite samples with various amounts of nano-

inclusions with (a) undoped CoSb3 as nano-inclusions and filled skutterudite 

La0.35Ca0.35Fe1.5Co2.5Sb12.03 as micron-sized matrix and (b) with undoped 

CoSb3 as both nano-inclusions and micron-sized matrix. 

 

It should be noted that for the F-C nanocomposite system, the calculated data are 

higher than the experimental results, while for the C-C nanocomposite system, the 

calculated data are smaller than that of experimental results. From Figure 5.5-5(a) the 

deviations between the two values increased with increasing nano-inclusion contents. 

This may be due to the effect of porosity. The densities of all the samples are in the range 
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of 88% to 92% of the theoretical value and decreases with increasing nano-inclusion 

content since the nano phase are more difficult to densify. From our previous calculation, 

when the densities of the samples fall within a narrow range, the effect of porosity on the 

thermal conductivity is not obvious. Conversely, the calculated data for C-C 

nanocomposite system is smaller than that of measured results. Equation (5.6) is applied 

on the insulator, and electrical thermal conductivity contributed by carriers which is equal 

to κe=LT/(peμ) is not considered. For C-C nanocomposite system, after introducing nano-

inclusions, the electrical thermal conductivity has greatly increased due to the great 

increase in carrier concentration. Since the thermal conductivity is mostly contributed by 

lattice thermal conductivity, the deviation caused by the carriers is in the acceptable range. 

The effective of porosity for C-C nanocomposite system is not obvious, because this 

effect is already offset by that of carrier concentration.  

Therefore, based on this work, we can see that Equation (5.6) can be widely used 

to calculate the effective thermal conductivity of nanocomposites. The deviation between 

the calculated and experimental results is reasonable.  It provides a general rule to choose 

the nano-inclusions for the nanocomposite method to further reduce the thermal 

conductivity in thermoelectric materials. 

5.6 Effect of grain size of nano-inclusions on the 
thermoelectric properties of nanocomposites 

The size, morphology and distribution of the nano-phase can indeed play very 

important roles on the final properties of thermoelectric nanocomposite system. However, 

in this work, CoSb3 skutterudite is a body-centred cubic crystal structure, and there is no 

preferred orientation during its crystal growth, which means that it is difficult to obtain 

1D nanostructures such as nanowires or nanotubes via wet chemical route. Therefore, the 

study on the effects of morphology was not investigated in this work. Most 
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nanocomposites with nano-inclusion evenly dispersed in the matrix were obtained in film 

or layer-structured materials obtained by molecular beam epitaxy system, plasma laser 

deposition and so on. Due to the experimental limitation and design, the precise control of 

the distribution of the nano-phase in our as-synthesized nanocomposites could not be 

achieved. Here, we will only study the size effect of the nano-inclusions on the properties 

of thermoelectric nanocomposite.  

The nano-particles of p-type undoped CoSb3 were synthesized via polyol method 

and the detailed experimental procedures were presented in Chapter 3. In the 

nanocomposite system with pure CoSb3 acting both as nano-inclusion and micron-sized 

matrix, the effect of carrier concentration difference between nano-inclusion and micron-

sized matrix will overweight that of grain-size on the final thermoelectric properties of 

nanocomposites. Hence, the La- and Ca- filled skutterudite La0.35Ca0.35Fe1.5Co2.5Sb12.03 

with comparable carrier concentration to that of nano-inclusions is chosen as the matrix of 

this nanocomposite system to limit the effects of electrical properties difference between 

the nano-inclusions and matrix on the final thermoelectric properties of the 

nanocomposites. Nanocomposite sample with 5wt% of nano-inclusion were prepared 

since sample f-c nano 5%’s best thermoelectrical properties among the F-C 

nanocomposite system. Samples are named as f-c xx, where f-c means that the micron-

sized matrix is filled-skutterudite and the nano-inclusion is CoSb3, and xx indicates the 

size (nm) of the nano-inclusions. The hot press condition for sample f-c 50 was 500 °C, 2 

h, and 100 MPa, while ahot press condition of 500 °C, 4 h, and 100 MPa was applied for 

sample f-c 120 to increase the grain size of the nano-inclusions. The FESEM image 

(Figure 5.6-1 (a)) shows that the average grain size of the nano-inclusions in sample f-c 

50 is around 50 nm. From FESEM observation (Figure 5.6-1 (b)), the average grain size 

of the nano-inclusions in sample f-c 120 with longer dwelling time of 4 h is around 120 

nm, which is much larger than that in sample f-c 50. 
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Figure 5.6-1: Typical FESEM images of the fractured surfaces of (a) f-c 50 

and (b) f-c 120. 

 

 Figure 5.6-2 shows the electrical resistivity of two nanocomposite samples whose 

nano-inclusions are of different grain sizes. Both samples show a metallic behavior, i.e. 

the electrical resistivities increases with increasing temperature, which is in agreement 

with that of the micron-sized matrix (f-micron, shown in Figure 5.6-2). The samples with 

smaller grain size of nano-inclusions possesses a higher resistivity. According to MS 

theory [129], these nano-inclusions with smaller size lead to the presense of more grain 

boundaries, which means that the carriers are scattered by these grain boundaries and 

hence a reduction in their mean free path of carriers as well as increase in electrical 

resistivity.  

 

a b 
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Figure 5.6-2: Temperature dependences of resistivity for the micron-sized 

matrix and the nanocomposite samples with different grain size of nano-

inclusions. 

 

 Figure 5.6-3 shows the Seebeck cofficient of these two nanocomposite samples 

whose nano-inclusions are of different grain sizes as well as the micron-sized matrix. 

Here, the effect of carrier concentration on the Seebeck coefficient is not considered, 

since the micron-sized matrix and nano-inclusion have comparable carrier concentration. 

From the experimental results, the Seebeck coefficient values of sample f-micron and f-c 

120 are very similar but lower than that of f-c 50. This phenomenon is due to the filter 

effects of grain boundaries. When the length of grains is small (i.e. the density of grain 

boundaries is high), the possibility of carriers with relatively high energy passing through 

the potential barrier of these high density grain boundaries are much higher that of 

carriers with relatively low energy. This leads to the increase in Seebeck coefficient as the 

length of grains decreases.  
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Figure 6.5-3: Temperature dependences of Seebeck coefficient for the 

micron-sized matrix and the nanocomposite samples with different grain size 

of nano-inclusions. 

 

Based on the Seebeck coefficient and electrical resistivity results, the power factor 

(α2/ρ) of these samples were calculated (see Figure 5.6-4). Comparing with the micron-

sized matrix, the power factor does not change too much after introducing 5wt% of nano-

inclusion with a size of 50 nm. The power factors of sample f-c 50 are higher than that of 

f-c 120 due to its relatively high Seebeck coefficent. Among all these three samples, 

sample f-c 50 possessed the best electrical property with a maximum power factor of 

1.56×10-3  Wm-1K-2 at about 500 °C.  
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Figure 5.6-4: Temperature dependences of power factor for the micron-sized 

matirx and the nanocomposite samples with different grain size of nano-

inclusions. 

 

Figure 5.6-5 (a) shows the temperature dependences of the total thermal 

conductivity of these two samples with different nano-inclusion sizes. The lattice thermal 

conductivity κl for the samples obtained by subtracting κc from κ was also determined 

(


 LT
c   and L=2.45×10-8 V2K-1), and the results are shown in Figure 5.6-5 (b). As 

expected, both total and lattice thermal conductivities decrease with decreasing grain size 

of nano-inclusions, which is a result of the increased density of grain boundaries to scatter 

more phonons. Essentially, the phonons are scattered by the grain boundaries. These grain 

boundaries scatter and impede the movement of phonons. The mean free path of phonons 

is reduced by these introduced grain boundaries and lead to further reduction in both 

lattice and total thermal conductivity.  For the same weight percentage of nano-inclusions 

in the nanocomposite, the nano-inclusions with smaller grain size introduce more grain 

boundaries and lead to more reduction in the lattice and total thermal conductivity. 
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Figure 5.6-5: Temperature dependences of total thermal conductivity (a) and 

lattice thermal conductivity (b) for the micron-sized matrix and the 

nanocomposite samples with different grain size of nano-inclusions. 

 

 With the electrical resistivity, Seebeck coefficient and thermal conductivity results, 

the dimensionless figure of merit, ZT values for these two nanocomposite samples with 

different grain size of nano-inclusions are calculated and presented in Figure 5.6-6.  Even 

though these there samples have very similar value within the measurement temperature 
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range, sample f-c 50 possesses the best ZT value of 0.4 at around 500 °C. The increase in 

ZT value of sample f-c 50 benefits from the increase in Seebeck coefficient as well as the 

reduction in both the total and lattice thermal conductivity due to the smaller nano-

inclusions.  
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Figure 5.6-6: Temperature dependences of figure-of-merit ZT value for the 

micron-sized matrix and the nanocomposite samples with different grain size 

of nano-inclusions. 

 

Based on this study, it can be concluded that with the same percentage of nano-

inclusions, the nano-inclusions with a smaller size gives a better performance on the final 

thermoelectric properties of nanocomposites. 

5.7 Conclusions  

In this chapter, 3 types of p-type nanocomposites have been prepared. 

1. For the all these 3 types of nanocomposites, both total thermal conductivity and 

lattice thermal conductivity decrease with increasing amount of nano-inclusions which 

are in a good agreement with the theoretical predictions. Based on the experimental 
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results from both session 5.2 and 5.4, a general rule for the choice of the nano-inclusions 

is provided. In order to reduce the effective thermal conductivity of the mixed 

nanocomposite, the thermal conductivity of the nano-inclusions must be lower than that 

of the matrix, and preferably much lower than the matrix phase. 

2. The carrier concentration was found to be very sensitive to the amount of nano-

inclusion, when the matrix and nano-inclusion have distinctly different carrier 

concentration. When the carrier concentration of nano-inclusion is much higher (lower) 

than that of micron-sized matrix, the carrier concentrations of nanocomposite increase 

(decrease) greatly after introducing nano-inclusions. When the micron-sized matrix and 

nano-inclusion have comparable carrier concentrations, the carrier concentrations of 

nanocomposite samples change moderately.  

3. For the electrical resistivity, combining the results from session 5.2, 5.3 and 5.4, 

the overall electrical resistivity of the nanocomposite increased when the electrical 

resistivity of the nano-inclusion is larger than the matrix and decreased when the nano-

inclusions is of lower electrical resistivity which shows the same trend as that of carrier 

concentration.  

4. Carrier concentration is the dominating effect on the final Seebeck coefficient, 

i.e. the Seebeck coefficients decrease with the increasing carrier concentration. 

Comparing with the nanocomposite samples with undoped CoSb3 as the micron-sized 

matrix, the nano-inclusions in F-C nanocomposite system have insignificant effect on the 

Seebeck coefficient of the composite samples with filled skutterudite as matrix due to 

unapparent variation in carrier concentration. Besides carrier concentration, the filter 

effects introduced by the nano-inclusion always have a good effect on Seebeck coefficient. 
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5. For the overall electrical properties evaluated by the power factor, the cases are 

more complicated. When the carrier concentration (resistivity) of nano-inclusion is much 

lower (higher) than that of the micron-sized matrix (e.g. in the C-Z nanocomposite 

system), the nano-inclusion has a negative effect on the power factor of the 

nanocomposite samples. When the nano-inclusion and micron-sized matrix have 

comparable carrier concentration or resistivity (e.g. in the F-C nanocomposite system), 

the improvement in the power factor is not significant. However, when the carrier 

concentration (resistivity) of nano-inclusion is much higher (lower) than that of micron-

sized matrix (e.g. in the C-C nanocomposite system), the power factor of the 

nanocomposite increased significantly as compared to that of the micron-sized matrix. 

Hence, in order to improve the electrical properties, the nano-inclusion must possess 

much higher carrier concentration or much lower resistivity than that of the micron-sized 

matrix. 

6. For the overall thermoelectric properties (ZT value), due to the great 

improvement on the electrical properties of the nanocomposite samples whose carrier 

concentration (resistivity) is much higher (lower) than that of micron-sized matrix as well 

as the reduction in thermal conductivity, the highest ZT value of the C-C nancomposite 

system nearly doubled that of the matrix. Here, we can conclude that nanostructures with 

much higher (lower) carrier concentration (resistivity) and much lower thermal 

conductivity than that of micron-sized matrix are the most suitable for use as nano-

inclusions. However, the amount of nano-inclusion cannot be decided qualitatively, it 

depends on the both electrical and thermal properties difference between nano-inclusion 

and micron-sized matrix. 
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7. For the nanocomposites with the same percentage of same type of nano-

inclusions, the nano-inclusions with a smaller size gives a better performance on the final 

thermoelectric properties of nanocomposites. 
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Chapter 6  
Preparation and Characterization of n-
type CoSb3-based nanocomposites 

6.1 Introduction 

A TE device needs both p- and n-type materials to function. Having attained an 

improved figure-of-merit ZT value for p-type nanocomposites in Chapter 5, we will 

improve the thermoelectric properties of the corresponding n-type material. In this 

chapter, we focus mainly on the preparation and characterization of the thermoelectric 

properties of n-type nanocomposites.  

Based on the result of Mi’s work, n-type Te-doped CoSb3 (Te0.03Co0.97Sb3) 

prepared through traditional solid state reaction was chosen as micron-sized matrix and 

mixed with various amount of nano-inclusions [77]. According to the conclusion of p-

type nanocomposites (Chapter 5) that nanostructure materials with higher carrier 

concentration or low resistivity than that of matrix is suitable to use as nano-inclusions, 

nanostructured Ni1.25Co6.75Sb24 synthesized in Chapter 4 are chosen as the nano-inclusion 

due to its highest carrier concentration, lowest resistivity and highest ZT value among the 

Ni-doped nanostructures. This kind of nanocomposite is so called T-N system for short. It 

is expected that the nano-inclusion with very low resistivity may have a positive effect on 

the electrical resistivity and improve the overall thermoelectric property of the final 

nanocomposite samples. Since for the p-type nanocomposite C-C and F-C system, the 

nanocomposite samples which possess the best thermoelectric properties are the 10wt% 

and 5wt% of nano-inclusions respectively, the weight percentage of nano-inclusion was 

varied from 5% to 15%, in interval of fives for this work. 
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6.2 T-N nanocomposite system	

6.2.1 Phase analysis 

Figure 6.2-1 shows the XRD pattern of the hot-pressed pellets obtained from the 

n-type nanocomposites with various amount of nano-inclusions with Ni1.25Co6.75Sb24 as 

the nano-inclusions and Te0.03Co0.97Sb3 as the micron-sized matrix. The samples are 

named t-n nano XX%, where XX indicates the weight percentage of nano-inclusions in 

the sample， t-n means that the micron-sized matrix is Te-doped CoSb3 and nano-

inclusion is Ni-doped CoSb3. The sample t-micron means Te-doped CoSb3 with no extra 

nano-inclusions added. The XRD results indicated that sample t-micron and t-n 5% are in 

the pure skutterudite phase. The trace peaks attributed to Sb only appears in the sample   

t-n nano 10% and t-n nano 15% with relative high content of nano-inclusion. This is 

because the amount of Sb introduced by nano-inclusion for sample t-n 5% is too little for 

the XRD to detect. 
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Figure 6.2-1: XRD pattern of the hot pressed n-type nanocomposite sample 

pellets with Ni1.25Co6.75Sb24 as nano-inclusions and Te0.03Co0.97Sb3 as micron-

sized matrix.  
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6.2.2 Microstructure analysis 

Figure 6.2-2(a) shows a typical FESEM image of the fracture surface of sample t-

micron indicating that the sample consists of only micron-sized grains.                  

Figures 6.2-2(b), (c), (d) correspond to sample t-n nano 5%, t-n nano 10%, t-n nano 15%, 

indicating that the samples contain both nano-sized and micron-sized grains. They have 

similar microstructures except for the amount of nano-inclusions distributed among the 

micron-sized matrix. Similar to that of the p-type nanocomposites, most of these nano-

inclusions exist as clusters residing mainly between the micron-sized particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2-2: The typical FESEM images of the fracture surface of                 

t-micron (a), t-n nano 5% (b), t-n nano 10% (c), t-n nano 15% (d). 
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6.2.3 Electrical properties 

6.2.3.1 Carrier concentration 

The dependence of the carrier concentration versus the weight percentage of nano-

inclusions for the nanocomposite with Ni1.25Co6.75Sb24 as nano-inclusions and 

Te0.03Co0.97Sb3 as micron-sized matrix at room temperature is as shown in Figure 6.2-3. 

All the carrier concentration values are negative indicating that all the samples are of n-

type conduction. The carrier concentrations of micron-sized matrix and nano-inclusion 

are 8.52×1019 cm-3 and 5.06×1020 cm-3 respectively. The carrier concentration of nano-

inclusion is moderately higher than that of micron-matrix. The carrier concentrations of 

nanocomposite samples with Ni-doped CoSb3 nano-inclusions increased as the amount of 

nano-inclusions increases and are in the level of 1020 cm-3. Similar to the results of p-type 

F-C nanocomposite systems, the carrier concentration of nanocomposite samples is very 

close to that of matrix due to their comparable carrier concentration between the micron-

matrix and nano-inclusions. This agrees with the results of the p-type nanocomposite that 

the carrier concentration of nanocomposite samples increases after introducing nano-

inclusion whose carrier concentration is higher than that of matrix and varies moderately 

when the micron-sized matrix and nano-inclusion have comparable carrier concentration. 
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Figure 6.2-3: The dependence of the carrier concentration versus the content 

of nano-inclusions for the n-type nanocomposite samples with Ni1.25Co6.75Sb24 

as nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix at room 

temperature. 

 

6.2.3.2 Electrical resistivity 

The electrical resistivity plotted as a function of temperature for the 

nanocomposite samples with various amount of nano-inclusions with Ni1.25Co6.75Sb24 as 

nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix are as shown in Figure 6.2-4. 

The electrical resistivity of all the samples are observed to increase with temperature for 

the whole temperature range measured, which indicates a metallic behaviour. After 

mixing, the composite samples (t-n nano 5%, t-n nano 10% and t-n nano 15%), decreases 

with increasing nano-inclusion contents whose electrical resistivity is smaller than that of 

micron-sized matrix. In general, the resistivity displays the same trend as the carrier 

concentration. Similar to the results of carrier concentration, the n- and p-type 

nanocomposites have the same conclusion that the overall resistivity decreases with 

content of nano-inclusion when the nano-inclusion has lower resistivity than that of 

micron-sized matrix and varies moderately when the nano-inclusion and micron-sized 

matrix have comparable electrical resistivity.  
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Figure 6.2-4: Temperature dependences of resistivity for the n-type 

nanocomposite samples with various amount of nano-inclusions with 

Ni1.25Co6.75Sb24 as nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix. 

 

6.2.3.3 Seebeck coefficient 

The Seebeck coefficient plotted as a function of temperature for the 

nanocomposite samples with various amount of nano-inclusions with Ni1.25Co6.75Sb24 as 

nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix are as shown in Figure 6.2-5. 

The negative values indicate that the samples are n-type which is in good agreement with 

the carrier concentration results. The absolute Seebeck values of all the metallic 

behaviour samples are observed to increase with increasing temperature within the 

measured temperature range. The n-nano 100% sample possesses the lowest absolute 

Seebeck coefficient value due to its highest carrier concentration and the impurity of 

elemental Sb discussed in Chapter 4. Normally, there are three factors to affect the 

Seebeck coefficient of the final nanocomposite samples, carrier concentration, the 

Seebeck coefficient value of nano-inclusion and filter effect of nano-inclusions [122]. For 

our case, the previous two factors have a negative effect on the Seebeck coefficient due to 

the nano-inclusions having higher carrier concentration but lower absolute value of 

Seebeck coefficient than that of micron-sized matrix which was already discussed in 



137 
 

Chapter 4. However, the filter effect of nano-inclusion can scatter electron with low 

energy and increase the absolute value of Seebeck coefficient. The final Seebeck 

coefficient values of the nanocomposite samples are the results of combining all these 

three factors. However, these three factors cannot be quantitatively separated. Overall, the 

nanocomposite samples have very similar Seebeck coefficient values without obvious 

trend. And similar to the case of p-type F-C nanocomposite system, the Seebeck 

coefficient values of these nanocomposite samples are closer to the micron-sized matrix 

than that of nano-inclusion indicating that the high Seebeck coefficient of micron-sized 

matrix is kind of maintained. Among the composite samples, the t-n nano15% sample 

possesses the lowest Seebeck coefficient, especially at high temperature range. Here, one 

can see that further increasing the amount of nano-inclusion does not have a good effect 

on the Seebeck coefficient. 
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Figure 6.2-5: Temperature dependences of Seebeck coefficient for the n-type 

nanocomposite samples with various amounts of nano-inclusions with 

Ni1.25Co6.75Sb24 as nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix. 
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6.2.3.4 Power factor 

Based on the Seebeck coefficient and electrical resistivity, the power factor (α2/ρ) 

of these samples are calculated and are shown in Figure 6.2-6. Due to its relatively low 

electrical resistivity but high Seebeck coefficient, the sample t-n nano 10% possesses the 

best electrical property with a maximum power factor of 3.71×10-3 Wm-1K-2 at about 

450 °C. This value is much higher than the value of around 1×10-3 Wm-1K-2 reported for 

the nanocomposite samples with the same composition of matrix but undoped n-type 

CoSb3 as nano-inclusion in Mi’s work [77]. Comparing with the nanocomposites in Mi’s 

work, even though the two matrix possess very similar electrical resistivity value, our 

nano-inclusion with lower electrical conductivity than that of micron-sized matrix 

reduced electrical resistivity of nanocomposite samples and improve the overall power 

factor. But for the n-nano 100%, even though it possesses lowest electrical resistivity 

among all the samples, their carrier concentrations are too high to obtain high Seebeck 

coefficient and power factor. 
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Figure 6.2-6: Temperature dependences of power factor for the n-type 

nanocomposite samples with various amount of nano-inclusions with 

Ni1.25Co6.75Sb24 as nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix. 
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6.2.4 Thermal properties 

Figures 6.2-7(a) and (b) show the total and lattice thermal conductivity for the n-

type nanocomposite samples with various amounts of nano-inclusions as a function of 

temperature. After mixing, both the total and lattice thermal conductivity decrease with 

increasing amount of nano-inclusions within the measured temperature range which  

indicates the increased phonon scattering by grain boundaries through the introduction of 

the nano-inclusions. As compared to the results of Mi’s work, the reduction in the total 

thermal conductivity after nanocompositing in our work is not so obvious. This is due to 

the high total thermal conductivity of our nano-inclusions. According to Equation (5.6), 

the much lower thermal conductivity of nano-inclusion than the matrix, the more obvious 

is the reduction in the final thermal conductivity of nanocomposite samples. Comparing 

with the thermal conductivity of nano-inclusion in Mi’s work (~2 Wm-1K-1), the total 

thermal conductivity of sample n-nano 100% is nearly doubled and too high to reduce the 

overall total thermal conductivity of nanocomposite samples. The densities of all the 

samples are in the range of 90% to 92% of the theoretical value and decreases with the 

increasing nano-inclusion content. From our previous calculation, the effect of similar 

porosity on the thermal conductivity will not be significant. 
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Figure  6.2-7: Temperature dependences of experimental (a) total thermal 

conductivity  and (b) lattice thermal conductivity for the n-type 

nanocomposite samples with various amount of nano-inclusions with 

Ni1.25Co6.75Sb24 as nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix. 

 

6.2.5 Figure-of-merit ZT value 

With the electrical resistivity, Seebeck coefficient and thermal conductivity results, 

the dimensionless figure of merit ZT values for the samples are calculated and presented 

in Figure 6.2-8. The highest ZT value of 0.71 was attained at about 450 °C for the            

t-n nano 10% sample which is much higher than that of 0.57 in Mi’s work [77]. To the 

best of my knowledge, this is the highest ZT value of unfilled CoSb3. As compared to the 

t-micron sample, whose highest ZT value is 0.59, the value has increased about 20%. The 

improvement is comparable with other n-type nanocomposite system [125,126]. The 

reduction in the electrical resistivity as well as maintaining the Seebeck coefficient leads 

to the remarkable improvement in electrical property. Meanwhile, nano-inclusion also 

resulted in a reduction in the thermal conductivity. Hence, due to the improvement in both 

the electrical and thermal properties, the ZT values of the T-C nanocomposites are greatly 

increased.  
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Within a relatively low content of nano-inclusion (≤10wt%), the ZT value 

increased with the increasing content of nano-inclusion. However, with the content of 

nano-inclusion further increased, the increase in ZT value was not as obvious as that of 

the relatively low content nano-inclusion samples (sample t-n nano 10% and t-n nano 15% 

have almost same ZT value within the measurement temperature range). Further 

increasing the amount of nano-inclusion can slightly decrease the thermal conductivity, 

but the power factor also decrease (the power factor of sample t-n nano 15% is lower than 

that of t-n nano 10%). The improvement of thermal conductivity is offset by the reduction 

in the power factor and cannot further increase the overall figure-of-merit ZT value. 
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Figure 6.2-8: Temperature dependences of Figure-of-merit ZT value of the n-

type nanocomposite samples with various amount of nano-inclusions with 

Ni1.25Co6.75Sb24 as nano-inclusions and Te0.03Co0.97Sb3 as micron-sized matrix. 

 

6.3 Conclusions 

1. N-type nanocomposites of Te-doped skutterudite matrix (Te0.03Co0.97Sb3) with 

Ni-doped CoSb3 nano-inclusions (Ni1.25Co6.75Sb24) have been prepared. The ZT value has 
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reached to 0.71 at 450 °C for the nanocomposite sample with 10wt% nano-inclusions 

which is the highest figure-of-merit of unfilled CoSb3 so far.  

2. For the electrical properties, the results are very same as that of p-type 

nanocomposite samples. The overall electrical properties of the nano-composite samples 

mostly depend on the property difference between the micron-sized matrix and nano-

inclusions. When the electrical resistivity of the nano-inclusion is lower than that of 

micron-sized matrix, the overall resistivity will decrease with the increasing content of 

nano-inclusion. For nanocomposite samples, Seebeck coefficient did not change too much 

and the high value of Seebeck coefficient of micron-sized matrix is kind of maintained. 

3. For the nano-composite with nano-inclusions whose total and lattice thermal 

conductivity are smaller than those of the micron-sized matrix, both total thermal 

conductivity and lattice thermal conductivity decrease with the increasing amount of 

nano-inclusions which are in a good agreement with the theoretical predictions.  
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Chapter 7 
Conclusions and future work 

7.1 Conclusions 

The goal of this work is to improve the overall thermoelectric properties i.e. 

Figure-of-merit ZT value of CoSb3-based materials through nanocomposite method. Both 

p- and n-type CoSb3-based nanocomposites were prepared. The results showed that the 

nanocomposite approach is effective in reducing thermal conductivity through the 

introduction of nano-inclusions with high density of grain boundaries. Meanwhile, it was 

found that the difference in electrical properties between the nano-inclusion and micron-

sized matrix can play an important role on the final properties of the nanocomposite 

samples. The main conclusions are reached as followed:  

Nano-particles were first synthesized to be used as the nano-inclusions in the 

nanocomposites. High purity p-type undoped CoSb3 nanoparticles were successfully 

synthesized via a polyol process at a relative low temperature, which is a rapid, one-pot 

synthesis route. The optimized reaction conditions were determined to be at a temperature 

of 195 °C for 15 mins. The average particle-size of as-synthesized nano-powders is 

around 30 nm which is smaller than the reported particle-size of around 100 nm obtained 

by solvothermal method. The polyol method was also applied to synthesize doped CoSb3. 

N-type Ni-doped CoSb3 nanoparticles were successfully synthesized under the same 

reaction conditions. After doping, the electrical resistivity has been greatly reduced with 

major carrier changed. The electrical resistivity of sample Ni1.25Co6.75Sb24 is as low as 

5×10-6 Ω·m which is comparable with the value of metal (×10-7 Ω·m). However, 

comparing with the electrical resistivity, doping has less impact on absolute value of 

Seebeck coefficient. In addition, due to the introduced dopants, the lattice thermal 

conductivity of the Ni-doped samples was also reduced as compared to the undoped 
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samples. And the lowest lattice thermal conductivity of sample Ni1.5Co6.5Sb24 is          

0.64 W/m·K which is very near the lowest theoretical lattice thermal conductivity of   

~0.3 W/m·K. As a result, the highest ZT value of sample Ni1.25Co6.75Sb24 reached 0.33, 

which is nearly 4 times higher than that of undoped CoSb3 (highest ZT value is only 

0.067).   

To investigate the effect of nano-inclusion on the final thermoelectric properties of 

nanocomposite, three different types of p-type nanocomposites were prepared. For 

thermal properties, both total thermal conductivity and lattice thermal conductivity 

decrease with increasing amount of nano-inclusions. In order to reduce the effective 

thermal conductivity of the mixed nanocomposite, the nanostructure with lower thermal 

conductivity than that of the matrix, and preferably much lower than the matrix phase is a 

good candidate to be used as nano-inclusion. For the overall electrical properties of 

nanocomposite, the cases are more complicated. When the carrier concentration 

(resistivity) of nano-inclusion is much lower (higher) than that of micron-sized matrix, the 

nano-inclusion has a negative effect on the power factor of nanocomposite samples. 

When the nano-inclusion and micron-sized matrix have comparable carrier concentration 

or resistivity, the improvement in the power factor is not obvious. However, when the 

carrier concentration (resistivity) of nano-inclusion is much higher (lower) than that of 

micron-sized matrix, comparing to the matrix, the values of power factor of 

nanocomposites have increased greatly. Hence, in order to improve the electrical 

properties, the nano-inclusion must possess much high carrier concentration or much 

lower resistivity than that of micron-sized matrix. Combined with thermal properties, we 

can conclude that the nanostructures with much higher (lower) carrier concentration 

(resistivity) and much lower thermal conductivity than that of micron-sized matrix are the 

most suitable for use as nano-inclusions. For the nanocomposites with the same 
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percentage of same type of nano-inclusions, the nano-inclusions with a smaller size gives 

a better performance on the final thermoelectric properties of nanocomposites. 

Besides p-type nanocomposite, N-type nanocomposite was also prepared. The 

results of n-type nancomposite are in a good agreement with the conclusion of p-type 

nanocomposites. The highest ZT value has reached to 0.71 at 450 °C for the n-type 

nanocomposite sample with 10wt% nano-inclusions which is the highest figure-of-merit 

of unfilled CoSb3 so far.  

7.2 Future work 

This work has illustrated the interests of following works: 

1. Multiple doping 

The results of Ni-doped CoSb3 indicate both electrical resistivity and lattice 

thermal conductivity have been greatly reduced after substitution of Co by Ni. The dopant 

can bring extra electron to the conduction band and meanwhile cause point defect in 

lattice to improve both electrical and thermal properties.  In addition to n-type doping, Fe 

is a promising p-type dopant substituting at Co site, since it has one less electron than Co 

at outer shell but similar valence radii and electronegativities. Similar to substitution at 

Co site, doping at Sb site can also reduce the electrical resistivity and lattice thermal 

conductivity in the same way. Furthermore, substitution of Co and Sb at the same is even 

more effective to improve the overall thermoelectric properties of CoSb3. Meanwhile the 

introduction of second dopant may compensate the distortion caused by the first dopant 

and result in a more stable crystal structure.  The multiple doping can be achieved by 

polyol method. 

2. Thick film nanocomposite 
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Besides bulk materials, thick film also shows great potential for the application of 

thermoelectric device. Based on our study, the thick film nanocomposite is promising to 

improve the thermoelectrical properties of CoSb3-based materials. Pulsed laser deposition 

(PLD) has already been proven to be a successful processing in high-quality film 

preparing. The nano-inclusion can be periodically and uniformly embedded into the 

micron-sized matrix film by controlling the deposition condition.  The weight percentages 

and distribution site of nano-inclusion need to be optimized in order to achieve high TE 

performance of CoSb3-based thick film nanocomposites. 
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