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Abstract 

Oxide thermoelectric materials have been drawing extensive attention as 

substitutes for conventional thermoelectric materials due to their low cost, nontoxicity, 

and high stability. Currently, the most promising p-type and n-type oxides are layered 

cobaltates (including NaxCoO2 and Ca3Co4O9) and donor-doped SrTiO3, respectively. 

Major enhancement of the thermoelectric properties of these materials relies on the 

reduction of thermal conductivity and the improvement of electrical conductivity 

through doping technology, compositing, nanotechnology, etc. We demonstrated the 

successful fabrication of p-type Na0.8Co1-xFexO2 and (1-x)Na0.77CoO2/xCa3Co4O9 

composites by means of spark plasma sintering (SPS) technique. The thermoelectric 

properties were improved with small amount of Fe doping (x ≤ 0.01). A significant 

enhancement of Seebeck coefficient was achieved in (1-x)Na0.77CoO2/xCa3Co4O9 

composites, approximately 17% higher than that of Ca3Co4O9 at 680 °C. The electrical 

resistivities of the composites were higher than the theoretical values. The increase in 

the Seebeck coefficient and the electrical resistivity of the composites is most likely 

associated with the compressive strain in Ca3Co4O9 grains due to the mismatch of 

thermal expansion coefficients between Na0.77CoO2 and Ca3Co4O9. Most importantly, 

the chemical stability of Na0.77CoO2 was improved by adding up to a 30 vol.% fraction 

of Ca3Co4O9 without deteriorating its thermoelectric performance.  

A typical thermoelectric generator consists of p-type and n-type semiconductors 

which form p-n junctions to convert the wasted heat from exhaust gases to useful 

electricity. Therefore, apart from the p-type thermoelectric oxides, we also investigated 

the thermoelectric performance of n-type SrTiO3. We examined the solubility of Y and 

La in Sr1-1.5xMxTiO3 (M = Y, La) and the corresponding thermoelectric properties. After 

determination of the proper amount of dopants (Y and La), the effects of Sr content on 

the phase composition, microstructure, and thermoelectric properties of SrxY0.04TiO3 

(0.92 ≤ x ≤ 1) and SrxLa0.12TiO3 (0.82 ≤ x ≤ 0.90) were studied. Finally, the effects of Y 

and Nb co-doping on the thermoelectric properties of stoichiometric or TiO2 excess in 

the formula Sr0.96Y0.04Ti1+z-xNbxO3 were determined. SrO Ruddlesden-Popper phases 

that existed in Sr0.96Y0.04TiO3 and Sr0.88La0.12TiO3 could be eliminated by decreasing Sr 

content and increasing oxygen deficiency, thus achieving improved electrical 

conductivity. A further decrease in Sr content resulted in the formation of TiO2 Magnéli 
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phases, which blocked the electrical conduction path. The absolute value of the Seebeck 

coefficient of Sr0.96Y0.04TiO3 with excess Sr was increased due to the decreased carrier 

concentration, whereas that of Sr0.88La0.12TiO3 with excess Sr was reduced possibly due 

to the deterioration of band degeneracy. The electrical conductivity and the Seebeck 

coefficient of both stoichiometric and TiO2 excess Sr0.96Y0.04Ti1-xNbxO3 increased with 

increasing Nb content. For a certain doping content, excess TiO2 improved the electrical 

conductivity, but showed no obvious influence on the Seebeck coefficient possibly due 

to its minor amount.  
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Chapter 1  Introduction 

1.1  Background 

Fossil fuels are the primary energy source for power generation and have an 82% 

share in the total energy consumption in 2012 [1]. They are natural resources containing 

hydrocarbon and include petroleum, coal, and natural gas. The emission of CO2 from 

the combustion of fossil fuels has become the major source of greenhouse gases, 

resulting in a devastating effect on global warming and other environmental concerns. 

As a result, new energy generation technologies with low environmental impact are 

highly desirable, such as renewable energy and nuclear energy. One method to utilize 

the renewable energy is to generate electricity from solar thermal energy by the use of 

thermoelectric generators. The thermoelectric generators can also be used for waste heat 

recovery from industries and vehicles where only approximately 30% of the fuel energy 

is used for power generation and the rest is released as waste heat. The thermoelectric 

generators are highly reliable, scalable, and modular, indicating of little requirement for 

maintenance and low cost due to feasibility of mass production. Solid-state refrigeration 

can be achieved by thermoelectric coolers where electricity is converted to temperature 

difference. 

Low energy conversion efficiency is detrimental to the extensive application of 

thermoelectric devices. The conversion efficiency of a state-of-practice radioisotope 

thermoelectric generator such as PbTe, AgSbTe2-GeTe (TAGS), or SiGe alloys for 

deep-space missions and planetary surface operation is about 6.5% [2]. A high 

beginning-of-life efficiency of about 15% has been demonstrated in the segmented 

thermoelectric couples [2]. A flat-panel solar thermoelectric generator utilizing 

nanostructured Bi2Te3 alloys shows a peak efficiency of 4.6% under AM1.5G 

conditions [3]. However, these conversion efficiencies are still too low compared with 

other renewable energy, such as commercialized solar cells with an efficiency of about 

15%. Therefore, more effort is required to improve the conversion efficiency of 

thermoelectric devices.  

The conversion efficiency of a thermoelectric device is determined by the 

temperature difference between the heat source and sink and the figure-of-merit (ZT) of 
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the materials. High ZT is essential to achieve high conversion efficiency. ZT is defined 

as ZT = σS
2
T/κ = σS

2
T/(κe+κL), where σ is the electrical conductivity, S is the Seebeck 

coefficient, T is the absolute temperature, and κ is the thermal conductivity consisting of 

the electronic contribution (κe) and the lattice or phonon contribution (κL). The highest 

ZT value of Bi2Te3-Sb2Te3 alloys is about 1.56 at 25 °C [4]. PbTe and AgSbTe2-GeTe 

(TAGS) alloys operate in mid-temperature range with a ZT of 1.5 at about 450 °C [5-7]. 

ZT of p-type and n-type SiGe alloys is 0.95 and 1.3 at 900 °C, respectively [8,9]. 

Although ZT values of these alloys are relatively high, the mass production is limited by 

their high cost and toxicity. For example, the price of tellurium rose from US$ 5 per kg 

in 2000 to US$ 158 per kg in 2014 [10]. The price of germanium was US$ 1875 per kg 

in 2013 [11]. The toxicity of Te, Sb, and Pb poses risks during manufacturing and 

handling. Furthermore, low stability of the materials including oxidation and 

decomposition at high temperatures is an issue for certain applications. In contrast, 

thermoelectric oxides have the advantages of low cost, nontoxicity, and high general 

stability. However, oxides generally show inferior ZT to the aforementioned materials. 

Therefore, it is necessary to develop thermoelectric oxides with high ZT. 

NaxCoO2 is a promising p-type thermoelectric oxide with high Seebeck 

coefficient (100 µV/K at 27 °C) and low electrical resistivity (in-plane: 200 µΩcm at 

27 °C) [12]. ZT of NaxCoO2 single crystals is as high as ~ 1 at 527 °C [13]. NaxCoO2 

has a layered crystal structure with alternating Na
+
 layers and two-dimensional edge-

sharing CoO6 octahedra. The low lattice thermal conductivity of NaxCoO2 is due to the 

highly vacant and randomly distributed Na
+
 in Na

+
 layers. The high Seebeck coefficient 

originates from the low-spin state of Co
3+

 [14]. One approach to improve the electrical 

properties of NaxCoO2 is substituting Co with other transition metal ions. Although 

NaxCoO2 is found to possess high ZT, it is unstable in air. It reacts with moisture and/or 

CO2 from the ambient environment, forming insulating Co(OH)2 and/or CoCO3 [15]. 

Co(OH)2 and CoCO3 further decompose to insulating Co3O4 and CoO upon heating [16]. 

The poor stability remains an issue for the realistic application of NaxCoO2.  

In contrast to the instability of NaxCoO2, Ca3Co4O9 is less sensitive to 

compositional changes and is more stable in air. It is a p-type thermoelectric oxide with 

high Seebeck coefficient (125 µV/K at 27 °C) and low electrical resistivity (in-place: 

700 µΩcm at 27 °C) [17]. Similarly, Ca3Co4O9 has a layered crystal structure in which 

the rock-salt type Ca2CoO3 and edge-sharing CoO2 are stacked alternately. Ca3Co4O9 
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has a lower thermal conductivity than NaxCoO2 due to the complexity of the rock-salt 

layers [18]. The high Seebeck coefficient is caused by the strong electron-electron 

correlation due to the low-spin state of Co
3+

 sites [14]. The thermoelectric properties of 

Ca3Co4O9 can be adjusted by doping strategy. Bi-doped Ca3Co4O9 shows improved 

electrical conductivity and Seebeck coefficient due to increased mobility. The reduced 

thermal conductivity with Bi doping is due to the large ionic radius and atomic mass of 

Bi [19-21]. ZT is improved from 0.20 to 0.27 at 700 °C by doping Bi (Ca3-xBixCo4O9 

with x = 0.2) [21]. A substantial increase in ZT is achieved in Lu-doped Ca3Co4O9 with 

Ag nanoinclusions, from 0.20 to 0.46 at 700 °C [22]. 

The thermoelectric generators consist of both p-type and n-type thermoelectric 

legs. Therefore, it is also important to develop n-type oxide materials with compatible 

thermoelectric performance. Pure SrTiO3 has a cubic perovskite crystal structure. It has 

a wide bandgap and is thus an insulator at room temperature. Donor-doped SrTiO3 is an 

n-type thermoelectric oxide and shows high electrical conductivity after sintering in a 

reducing atmosphere. The Sr
2+

 sites are usually doped with lanthanide elements, while 

the Ti
4+

 sites could be doped with Nb
5+

 [23-25]. For example, La-doped SrTiO3 

(Sr0.9La0.1TiO3) sintered at 1600 °C in argon exhibits a high electrical conductivity (190 

S/cm) and Seebeck coefficient (-200 µV/K) at 600 °C [25]. ZT values of donor-doped 

bulk SrTiO3 are in the range from 0.14 to 0.33 at 600 °C [26]. Enhanced thermoelectric 

properties have been demonstrated in SrTiO3/SrTi0.8Nb0.2O3 superlattices with a 

Seebeck coefficient of -480 µV/K at room temperature [27]. It has been indicated that 

the electrical conductivity of donor-doped SrTiO3 is highly sensitive to A-site 

stoichiometry [28-30]. However, the reports regarding the thermoelectric properties of 

Sr-deficient donor-doped SrTiO3 are limited. Therefore, it is worthwhile to study the 

effects of donor concentration on the thermoelectric properties of Sr-deficient SrTiO3. 

Furthermore, it is necessary to study the effects of Sr content on the donor-doped 

SrTiO3 with a certain amount of dopant.  

1.2  Objectives and overview 

The general objective of this thesis is to develop NaxCoO2 and donor-doped 

SrTiO3 with compatible thermoelectric performance. The electrical resistivity and the 

Seebeck coefficient of NaxCoO2 are closely related to its Co
3+

/Co
4+

 ratio which can be 

altered by changing Na content or substituting Co with other transition metal ions. In 
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this study, Fe
3+

 was introduced to Co sites to manipulate the electrical properties and 

improve its thermoelectric performance. The stability of NaxCoO2 was improved by 

forming composites with Ca3Co4O9 without deteriorating its thermoelectric properties.  

The effects of Y and La doping on the structural and thermoelectric properties of 

Sr-deficient SrTiO3 have been investigated. With the determined solubility of Y and La 

in SrTiO3, the effects of Sr content on the structural and thermoelectric properties of Y 

or La doped SrTiO3 were examined. In order to further improve the thermoelectric 

performance of SrTiO3, the thermoelectric properties of Y and Nb co-doped 

stoichiometric and TiO2 excess SrTiO3 were compared. 

The thesis is structured as follows: 

 Chapter 2 gives the literature review about the thermoelectric theories, the 

properties of NaxCoO2, Ca3Co4O9, and SrTiO3 in terms of crystal/electronic 

structure, defect structure, and thermoelectric properties. 

 Chapter 3 introduces the experimental methods, including synthesis 

methods and characterization methods. 

 Chapter 4 and Chapter 5 present the investigation of p-type thermoelectric 

materials. Chapter 4 focuses on the thermoelectric properties of Na0.8Co1-

xFexO2 prepared by spark plasma sintering. Chapter 5 describes the effects 

of spark plasma sintering conditions (temperature and time) and 

compositions (x) on the thermoelectric properties and chemical stability of 

(1-x)Na0.77CoO2/xCa3Co4O9 composites.  

 Chapter 6 to Chapter 8 present the SrTiO3-based n-type thermoelectric 

materials. Chapter 6 presents the effects of Y and La content on the crystal 

phase, microstructure, and thermoelectric properties of Sr-deficient Sr1-

1.5xMxTiO3 (M = Y, La). Chapter 7 further describes the influences of Sr 

content on the thermoelectric performance of SrxY0.04TiO3 (0.92 ≤ x ≤ 1) 

and SrxLa0.12TiO3 (0.82 ≤ x ≤ 0.9). Chapter 8 compares the effects of Y and 

Nb co-doping on SrTiO3 and SrTi1.01O3. 

 Chapter 9 concludes the new findings of this work and an outlook on future 

work is proposed. 
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Chapter 2  Literature review 

2.1  Thermoelectric phenomena 

2.1.1 Thermoelectric effects 

The thermoelectric effects include the Seebeck effect, Peltier effect, and 

Thomson effect. Among these, the Seebeck effect is related to the conversion of thermal 

energy into electrical energy, while the Peltier effect and Thomson effect are associated 

with the change in heat content as a result of the flow of an electric current. 

 

Figure 2-1 A metal subject to a temperature gradient.  

The Seebeck effect was discovered by German Physicist Thomas Johann 

Seebeck in 1821. The Seebeck effect is a phenomenon in which a net source of 

electromotive force is induced due to a temperature gradient between pairs of points in 

any individual electrically conducting material. The schematic Seebeck effect is 

depicted in Figure 2-1. The absolute Seebeck coefficient S is introduced to gauge the 

magnitude of this effect and is defined as the potential difference developed per unit 

temperature difference, as indicated in Equation 2-1. 

𝑆(𝑇) = lim
∆𝑇→0

Δ𝑉

Δ𝑇
=
𝑑𝑉

𝑑𝑇
 Equation 2-1 
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Figure 2-2 The Seebeck effect. A thermoelectric circuit composed of two 

different materials, A and B. 

The relative Seebeck electromotive force is developed when two dissimilar 

electrical conductors are connected, with the shared junction at temperature Tm and both 

termini at temperature Tr as shown in Figure 2-2. The corresponding relative Seebeck 

coefficient is  

𝑆𝐴𝐵(𝑇𝑚, 𝑇𝑟) = 𝑆𝐴(𝑇𝑚, 𝑇𝑟) − 𝑆𝐵(𝑇𝑚, 𝑇𝑟) Equation 2-2 

 

Figure 2-3 The Peltier effect. A thermoelectric circuit composed of two different 

materials, A and B. 

The Peltier effect was discovered by J.C.A. Peltier in 1834. The Peltier effect 

suggests that when an electric current flows across a junction of two different 

conductors, as shown in Figure 2-3, heat is liberated or absorbed depending on the 

direction in which the current flows. The Peltier effect is defined as the change in 

reversible heat content when unit current flows across a junction of two dissimilar 

conductors. The Peltier heat is proportional to the magnitude and duration of the 

external current and is expressed as  

𝑑𝑄𝑝 = 𝜋𝐼𝑑𝑡 Equation 2-3 
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where π is the Peltier coefficient.  

Thomson (1855) predicted and demonstrated a third thermoelectric effect. He 

concluded that when an electric current passes through a homogeneous conductor in 

which a temperature gradient exists, the reversible evolution or absorption of heat 

occurs. This Thomson heat is proportional to the current I passing for a time dt.  

𝑑𝑄𝑇 = 𝜏𝐼𝑑𝑡𝑑𝑇 Equation 2-4 

where τ is referred to as Thomson coefficient. The three thermoelectric coefficients are 

related to each other according to the Kelvin relation, as shown in Equation 2-5 and 

Equation 2-6.  

𝜋 = 𝑆𝑇 Equation 2-5 

𝜏 = 𝑇
𝑑𝑆

𝑑𝑇
 Equation 2-6 

In real devices, apart from the reversible Peltier effect and Thomson effect, two 

irreversible effects take place, namely Joule heating and heat conduction. The rate of 

Joule heating is given by Equation 2-7, and moreover the rate of heat conduction at a 

unit cross section is depicted in Equation 2-8. 

𝑄𝐽 = 𝜌𝐽
2 Equation 2-7 

𝑄𝐹 = −𝜅
dT

dx
 Equation 2-8 

where ρ is the electrical resistivity, J is the current density, and 𝜅  is the thermal 

conductivity.  
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2.1.2 Thermoelectric devices 

 

Figure 2-4 Illustration of thermoelectric devices. (a) A cooler and (b) a power 

generator. 

There are two types of thermoelectric devices, i.e., coolers and power generators, 

both made from alternating n-type and p-type semiconductors connected by metallic 

conductors, as shown in Figure 2-4. When a power source is supplied (Figure 2-4a), a 

current flows from the n-type to the p-type semiconductor in series. The electrons in n-

type and the holes in p-type semiconductor leave the cold side in parallel, and therefore 

the heat energy carried by the electrons and holes is moved away from the cold junction, 

acting as a cooler. It is illustrated in Figure 2-4b that the charge carriers are heated at the 

hot junction by a heat source, and thus they are driven to the cool side through diffusion, 

creating a current flowing in the external circuit to do useful work. This thermoelectric 

device acts as a power generator, converting thermal energy into electrical energy.  

Many of the cooling or power generator units can be interconnected with 

conducting materials to compose a thermoelectric cooling or power generator module, 

as seen in Figure 2-5. The module is typically mounted between two ceramic substrates 

which provide both mechanical protection and electrical insulation. The thermocouples 

are connected electrically in series and thermally in parallel. When a voltage is applied 

across the device, a temperature difference could be developed between the two sides. 

When the two sides of the module are heated to different temperatures, a voltage will be 

built up and extracted from the device.  
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Figure 2-5 Schematic of a thermoelectric cooler or power generator [31].   

The thermoelectric solid-state energy conversion has its unique advantages. For 

example, there are no moving parts inside the modules. Therefore, they have high 

reliability and little requirement for maintenance. A typical application is the 

radioisotope thermoelectric generators for spacecraft. Moreover, the modules could be 

made into a miniature with a flexible shape. Therefore, it could be used for spot cooling 

or heating for photon detectors or electronic devices. Silent operation can also be 

achieved in these devices. Most importantly, it is environmentally friendly since it can 

utilize solar thermal energy or waste heat from automobile engines and industries. For 

example, energy in the form of waste heat (0% efficiency) that would normally be lost 

may be converted into useful electrical energy (≥ 7% to 8% efficiency) using a 

thermoelectric power generation device [32]. The disadvantages of thermoelectric 

devices include relatively low conversion efficiency and high cost.  

The efficiency of a thermoelectric power generator is defined as the energy 

supplied to the load divided by the heat energy absorbed at the hot junction. According 
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to Ioffe (1957) [33], the optimum efficiency of a thermoelectric power generator with 

respect to the load resistance and geometry is given by 

𝜂 =
𝑇ℎ − 𝑇𝑐
𝑇ℎ

∙
√1 + 𝑍�̅� − 1

√1 + 𝑍�̅� + 𝑇𝑐/𝑇ℎ
 Equation 2-9 

where 

�̅� = (𝑇ℎ + 𝑇𝑐)/2 Equation 2-10 

and 

𝑍𝑇 = [
𝑆n − 𝑆p

(𝜌n𝜅n)
1
2 + (𝜌p𝜅p)

1
2

]

2

𝑇 Equation 2-11 

where Sn,p is the Seebeck coefficient, ρn,p is the electrical resistivity, κn,p is the thermal 

conductivity of the n and p arms, and ZT is the figure of merit of the couple. The 

optimized efficiency is achieved when 𝛾𝑛/𝛾𝑝 = (𝜌𝑛𝜅𝑝/𝜌𝑝𝜅𝑛)
1/2
 , where γn and γp are 

the ratio of area to length for the n and p arms. It is indicated in Equation 2-9 that the 

efficiency of a thermoelectric device is limited by the Carnot efficiency (the first term), 

since the Carnot efficiency is less than unity. The Carnot efficiency could only be 

approached by increasing the Z value.  

The figure of merit is a function of material constants of both arms that form a 

thermoelectric power generator. However, in order to compare the thermoelectric 

properties of materials, the figure-of-merit (ZT) is defined for a single material as  

𝑍𝑇 =
𝑆2𝜎𝑇

𝜅
 

Equation 2-12 

where σ (σ = 1/ρ = neμ) is the electrical conductivity, n is the carrier concentration, and 

μ is the carrier mobility. S
2
σ is referred to as power factor.  
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 The performance of a thermoelectric cooler is described by the coefficient of 

performance (COP). COP is defined as the heat absorbed divided by the electric power 

input. The maximum COP can be calculated by [34] 

𝐶𝑂𝑃𝑚𝑎𝑥 =
√1 + 𝑍�̅� − Th/𝑇𝑐

√1 + 𝑍�̅� + 1
 Equation 2-13 

The maximum temperature difference is given by 

𝑇ℎ − 𝑇𝑐 =
1

2
𝑍𝑇𝑐

2 Equation 2-14 

 It is obvious that the maximum COP and temperature difference depend on the 

figure-of-merit Z. Therefore, thermoelectric materials with high Z are required for high 

energy conversion efficiency.  

2.1.3 Requirements for thermoelectric materials 

It is shown in Equation 2-12 that a high figure of merit can be achieved in a 

material with a high absolute value of Seebeck coefficient |S| for a high voltage output, 

a high electrical conductivity σ for a low Joule heat, and a low thermal conductivity κ 

for maintaining a large temperature difference. Maximum ZT can be achieved by 

adjusting the carrier concentration in the range from 10
19

 cm
-3

 to 10
21

 cm
-3

 [31]. 

However, it is difficult to achieve a further improvement in ZT, since all these properties 

are strongly related to each other through the effective mass m*, carrier mobility µ, and 

scattering factor r, etc.  

2.1.3.1  Metals and degenerate semiconductors 

The Seebeck coefficient is the entropy per mobile charge carrier [35]. It is 

assumed that the band has a parabolic density-of-state distribution and that the carriers 

obey classical statistics. The Seebeck coefficient for metals and degenerate 

semiconductors can be expressed as 
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𝑆 = ∓
𝜋2

3

𝑘𝐵
𝑒

(𝑟 + 3/2)

𝜂
 Equation 2-15 

where kB is the Boltzmann constant, e is the elementary change, r is the scattering factor, 

η is the reduced Fermi energy EF/kBT. r equals -1/2 if the charge carriers are 

predominantly scattered by the acoustic-mode lattice vibration. r equals 3/2 if the 

dominate scattering is due to ionized impurities. Equation 2-15 can be rewritten as  

𝑆 = ∓
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗ (

π

3n
)

2
3
(𝑟 + 3/2) Equation 2-16 

where m* is the effective mass of the carrier, n is the carrier concentration, h is the 

Planck constant.  

The electrical conductivity (σ) is given by 

𝜎 = 𝑛𝑒𝜇 Equation 2-17 

in which 

𝜇 =
𝑒𝜏𝑜(𝐸𝐹)

𝑟 

𝑚∗
 Equation 2-18 

where τo is a constant for a given scattering process. 

Electrons are dominant heat carriers in a metal or a degenerate semiconductor, 

since the electrons carry both heat and electricity. The electrical conductivity (σ) and the 

electronic thermal conductivity (κe) are interrelated by the Wiedemann-Franz 

relationship 

𝜅 ≈ 𝜅𝑒 = 𝐿𝜎𝑇 =
𝜋2

3
(
𝑘𝐵
𝑒
)

2

𝜎𝑇 Equation 2-19 

where L is the Lorenz number and L = 2.44× 10
-8

 WΩ/K
2
 for the free electrons in a 

metal. 
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The figure-of-merit (ZT) is therefore expressed as 

𝑍𝑇 =
𝑆2𝜎

𝜅𝑒
𝑇 =

𝑆2

𝐿
 Equation 2-20 

ZT is determined mainly by the Seebeck coefficient as shown in Equation 2-20. 

The Seebeck coefficients of metals and degenerate semiconductors are usually smaller 

than kB/e (86.2 µV/K) since EF is much larger than kBT. Therefore, metals and 

degenerate semiconductors are not suitable for thermoelectric power generation. 

2.1.3.2  Non-degenerate semiconductors and insulators 

2.1.3.2.1  Broad-band semiconductors 

The Seebeck coefficient of semiconductors and insulators is larger than that for 

metals. The Seebeck coefficient of an extrinsic semiconductor with charge carriers of 

one sign is written as 

𝑆 = ∓
𝑘𝐵
𝑒
[𝜂 − (𝑟 +

5

2
)] Equation 2-21 

Equation 2-21 can be rewritten as 

𝑆 = ∓
𝑘𝐵
𝑒
{ln [

2(2𝜋𝑚∗𝑘𝐵𝑇)
3
2

𝑛ℎ3
] + (𝑟 +

5

2
)} Equation 2-22 

The electrical conductivity of a non-degenerate semiconductor can be expressed 

as Equation 2-17. The carrier concentration and mobility are given by 

𝑛 = 2 (
2𝜋𝑚∗𝑘𝐵𝑇

ℎ2
)
3/2

exp (𝜂) Equation 2-23 
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𝜇 =
4

3𝜋
1
2

Γ (𝑟 +
5

2
)
𝑒𝜏𝑜(𝑘𝐵𝑇)

𝑟 

𝑚∗
 Equation 2-24 

where the gamma function is such that  

Γ(𝑛 + 1) = 𝑛Γ(𝑛) Equation 2-25 

Heat is carried by electrons and quantized vibrations of the lattice (phonons). 

The lattice thermal conductivity is higher than the electronic component in non-

degenerate semiconductors. The thermal conductivity is  

𝜅 = 𝜅𝑒 + 𝜅𝐿 = 𝐿𝜎𝑇 + 𝜅𝐿 = (
𝑘𝐵
𝑒
)
2

(𝑟 +
5

2
)𝜎𝑇 + 𝜅𝐿 Equation 2-26 

where κL is the lattice thermal conductivity.  

The figure-of-merit (ZT) can be described in terms of reduced Fermi energy  

𝑍𝑇 =
𝑆2𝜎𝑇

𝜅𝑒 + 𝜅𝐿
=

[𝜂 − (𝑟 +
5
2
)]
2

(𝛽 exp(𝜂))−1 + (𝑟 +
5
2
)
 Equation 2-27 

where β is a material parameter and is defined as 

𝛽 = (
𝑘𝐵
𝑒
)
2 𝜎𝑜𝑇

𝜅𝐿
  Equation 2-28 

in which  

𝜎𝑜 = 2𝑒𝜇 (
2𝜋𝑚∗𝑘𝐵𝑇

ℎ2
)
3/2 

 Equation 2-29 

ZT is a function of β, reduced Fermi energy, and scattering factor, as indicated in 

Equation 2-27. For certain Fermi energy and scattering mechanism, we can obtain the 

following expression 
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𝑍𝑇 ∝ 𝛽 ∝
𝜇(𝑚∗)

3
2

𝜅𝐿
 Equation 2-30 

Equation 2-30 shows that a large effective mass, a high mobility, and a low 

lattice thermal conductivity are desirable for a high ZT value. The aforementioned 

effective mass m* refers to the density-of-states effective mass. Several methods could 

be employed to increase m*. For example, m* could be increased by the quantum size 

effects in low-dimensional materials due to the creation of sharp features in density of 

states [27,36]. A local maximum density of state and a resonant level can be created by 

introducing nanoinclusions [37] or impurity energy levels into the conduction or 

valence band [5]. Moreover, high effective mass could be found in a multi-valley 

semiconductor with a low inertial mass [38]. Furthermore, energy filtering can improve 

the Seebeck coefficient by scattering low energy carriers [39].  

A semiconductor with a large effective mass usually exhibits a small carrier 

mobility, thus imposing a limitation on the improvement in ZT. However, the exact 

relationship between mobility and effective mass depends on the carrier scattering 

mechanism which is governed by the electronic band structure and the chemical 

bonding of the material. If the charge carriers are scattered by ionized impurities, ZT 

increases with increasing m*, since µ(m*)
1/2

 is a constant. If the charge carriers are 

scattering by acoustic phonons, ZT decreases with increasing m*, since µ(m*)
5/2

 is a 

constant. Therefore, ZT could be improved if the carrier scattering is dominated by 

ionized impurities.  

2.1.3.2.2  Narrow-band semiconductors 

In ionic or highly polar crystals such as transition metal oxides, strong electron-

phonon coupling exists due to the Coulomb interaction between charge carriers and 

lattice ions. The charge carrier together with its self-induced polarization is called a 

polaron. When the polarization is confined to a volume of the order of a unit cell, the 

polaron is called a small polaron. The small polarons are localised or self-trapped. The 

transport of small polarons thus includes moving of both the charge carriers and their 

polarization. The carrier mobility is low and increases with increasing temperature. The 
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motion of small polarons occurs via thermally-activated hopping. These materials have 

narrow bandgaps, thus called narrow-band semiconductors.  

The electrical conductivity for a simple cubic lattice of lattice constant ‘a’ is [40] 

𝜎 =
𝑐(1 − 𝑐)𝑒2

𝑎𝑘𝐵𝑇
𝜏𝑜
−1exp (−∆𝐺/𝑘𝐵𝑇) Equation 2-31 

where c is the carrier concentration per site, ΔG is the activation (Gibbs free) energy 

and is equal to the work required for the lattice to adjust such that the site at which the 

charge is located and that to which it jumps are degenerate.  

Each electron can only occupy one site in a system with strong on-site Coulomb 

repulsion. Each electron may have states of spin up or spin down. The Seebeck 

coefficient is expressed as 

𝑆 = −
𝑘𝐵
𝑒
[ln
2(1 − 𝑐)

𝑐
+
∆𝑆𝑅
𝑘𝐵
] Equation 2-32 

where ΔSR is the entropy change due to the trapping of a charge carrier. Equation 2-32 

is called the Heikes formula. At sufficiently high temperature, the Seebeck coefficient 

becomes temperature-independent due to the constant carrier concentration per site. The 

simplest form of the Heikes formula doesn’t take the spin degrees of freedom into 

account, and is expressed as [41] 

𝑆 = −
𝑘𝐵
𝑒
[ln
(1 − 𝑐)

𝑐
] Equation 2-33 

Since the electrons can have states of spin up and spin down, Equation 2-33 is 

modified as 

𝑆 = −
𝑘𝐵
𝑒
[ln
(2 − 𝑐)

𝑐
] Equation 2-34 

When the electron-electron repulsion is large, only one electron can occupy a 

single site. Equation 2-34 is modified as 
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𝑆 = −
𝑘𝐵
𝑒
[ln
2(1 − 𝑐)

𝑐
] Equation 2-35 

The thermal conductivity of a narrow-band material is dominated by the lattice 

contribution. There is no net flow of charges, since they are localized. Equal and 

opposite amount of external work or heat is required to remove/add a change from/to its 

site. Therefore, the electronic thermal conductivity is zero.  

The figure-of-merit (ZT) of a narrow-band or mixed-valency semiconductor is 

written as 

𝑍𝑇 =
𝑘𝐵
𝜅𝐿𝑎

[
∆𝑆𝑅
𝑘𝐵

− ln
𝑐

2(1 − 𝑐)
]
2

𝜏𝑜
−1𝑐(1 − 𝑐)exp (−∆𝐺/𝑘𝐵𝑇) 

 Equation 2-36 

By setting ΔGR, ε, and ΔG to zero, ZT is a function of c. The optimum c value for the 

maximized ZT is approximately 0.12. In fact, ε is not zero. Moreover, a zero ΔGR results 

in a large electrical conductivity but a low Seebeck coefficient. By setting ∆SR/kB to a 

certain value, maximum ZT can be achieved by optimizing the c value.  

2.1.3.2.3  Bipolar Effects 

  Both electrons and holes appear in a broad-band semiconductor at high 

temperatures as it becomes more intrinsic. Moreover, both types of carriers could exist 

in narrow-band semiconductors as they can be excited from the valence band to 

conduction band. Bipolar effects occur when both types of carriers are present. The 

electrical conductivity is a sum of the respective conductivity (σ = σn + σp). The Seebeck 

coefficient is a weighted average of the respective Seebeck coefficient (Sn, Sp) as shown 

in Equation 2-37. Due to the opposite signs of Sn and Sp, the Seebeck coefficient is 

supressed (Equation 2-37).  

𝑆 =
𝑆𝑛𝜎𝑛 + 𝑆𝑝𝜎𝑝
𝜎𝑛 + 𝜎𝑝

 Equation 2-37 
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Both types of carriers transfer heat, although the net electrical current is zero. 

The total electronic thermal conductivity (κe) is 

𝜅𝑒 = 𝜅𝑛 + 𝜅𝑝 +
𝜎𝑛𝜎𝑝
𝜎𝑛 + 𝜎𝑝

(𝑆𝑛 − 𝑆𝑝)
2
𝑇 Equation 2-38 

It is clear that the total κe is the sum of the respective electronic thermal 

conductivity and a bipolar thermal conductivity. The bipolar contribution can be much 

larger than either κn or κp. Thus, it is important to reduce the bipolar effect in order to 

improve the Seebeck coefficient and reduce the thermal conductivity. This effect can be 

restrained in heavily doped thermoelectric materials or by introducing nanostructures to 

selectively scatter the minor carriers [42].  

2.1.3.3  Reduction of the thermal conductivity 

It is obvious that thermoelectric materials require low thermal conductivity to 

maintain the temperature difference between the hot and cold ends and thus reduce the 

heat loss. The thermal conductivity is composed of electronic and lattice contribution. In 

heavily doped semiconductors, the charge carriers inevitably contribute to the total 

thermal conductivity. Alternatively, we can minimize the lattice thermal conductivity to 

improve ZT, as indicated in Equation 2-30 and Equation 2-36. 

Lattice thermal conductivity can be qualitatively understood employing the 

classical kinetic theory of gases formula 

𝜅𝐿 =
1

3
𝐶𝑣𝑙𝑣 Equation 2-39 

where Cv is the specific heat at constant volume, l is the mean free path, v is the velocity 

of sound in the material. At low temperatures Cv is proportional to T
3
, whereas at high 

temperatures Cv reaches 3R (R is the ideal gas constant). The mean free path is affected 

by the scattering events, including scattering with phonons, point defects, charge 

carriers, and grain boundaries. The sound velocity is independent of temperature. At 

low temperatures the phonon mean free path is usually long and independent of 

temperature at the presence of rough surface. The major scattering event is phonon-
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boundary scattering. Therefore, at low temperatures the lattice thermal conductivity is 

proportional to T
3
. At high temperatures, the mean free path is decreased due to the 

increased phonon-phonon scattering. Therefore, the lattice thermal conductivity 

decreases as 1/T. 

2.1.3.3.1  Point defects 

Equation 2-39 indicates that the lattice thermal conductivity could be decreased 

by reducing phonon mean free path. Phonons can be scattered by point defects present 

in the crystals caused by the local changes in density and elastic constants. More 

specifically, the local changes in density correspond to the mass fluctuation, i.e. atomic 

mass difference between isotopes, alloy elements, dopants and host atoms, lattice 

vacancies, etc. For example, a reduced thermal conductivity has been achieved in alloys 

such as SiGe and Pb1-xSnxTe. On the other hand, the local changes in elastic constants 

could be caused by the difference in ionic radii or bond types between dopants and host 

atoms. According to Klemens [43,44], the ratio of the lattice thermal conductivity of a 

material that contains defects to that of a pure and perfect material is proportional to a 

disorder parameter, Γ. Γ is given by 

Γ =∑Γ𝑖
𝑖

=∑𝑥𝑖[(
Δ𝑀𝑖
𝑀
)
2

+ 2((
Δ𝐺𝑖
𝐺
) − 6.4𝛾(Δ𝛿𝑖/𝛿))

2

]

𝑖

 Equation 2-40 

where xi is the fractional concentration of the impurity of mass Mi, Gi is the average 

stiffness constant of the nearest-neighbor bonds from the impurity to the host atom, δi is 

the cube root of the atomic volume for the ith impurity in its own lattice, γ is the average 

anharmonicity of the bonds, ΔMi = Mi - M, ΔGi = Gi - G, Δδi = δi - δ. Furthermore, 

nanoinclusions or nano-precipitates act as phonon scattering centers if the size of the 

precipitates matches the wavelength of the primary phonon density of states. The short-

wavelength phonons are preferentially scattered by the point defects. 

2.1.3.3.2  Grain boundary/Interface scattering by nanostructuring 

approach 

At low temperatures, phonons usually have long mean free path and low 

vibrational frequency. The phonons can be scattered by the interfaces or grain 
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boundaries of crystals under such condition. Even though the number of low-frequency 

phonons is small, the scattering of such phonons can effectively reduce the thermal 

conductivity. For instance, grain boundaries contribute a 9% increase in the thermal 

resistance of SiGe alloys with a grain size ~ 40 µm [45]. Nanostructuring approaches 

have been implemented to obtain even lower lattice thermal conductivity. Such 

approaches include the synthesis of nanocomposites, superlattices, and nanowires. Due 

to the nano-size crystal grains, the mid- to long-wavelength phonons can be effectively 

scattered. For instance, SiGe nanocomposites have a reduced thermal conductivity (2.5 

W/m/K at 50 °C) compared with that of a bulk sample (5 W/m/K at 50 °C), for the 

density of interfaces and grain boundaries are increased [8].  

2.1.4 Thermoelectric materials 

2.1.4.1 Alloys 

Thermoelectric materials have been developed since the 1960s, for example, 

Bi2Te3-Sb2Te3 alloys, PbTe alloys, (AgSbTe2)100-x(GeTe)x (TAGS-x) alloys, and SiGe 

alloys. Figure 2-6 shows the temperature dependent ZT of some conventional 

thermoelectric materials. The Bi2Te3-type materials have mainly been used for the 

application of refrigeration, operating near room temperature. ZT of p-type BiSbTe 

alloys can be enhanced via high-energy ball milling followed by hot pressing, reaching 

1.4 at 100 °C, due to the significant reduction in the thermal conductivity caused by the 

interface or grain boundary scattering [46]. By improving the synthesis technique (melt 

spinning combined with spark plasma sintering), ZT of BiSbTe is increased to 1.56 at 

room temperature [4]. CsBi4Te6 is another material that operates at low temperatures, 

peak ZT reaching 0.82 at -48 °C [47].  

PbTe, TAGS, (AgSbTe2)-m(PbTe) (LAST-m), CoSb3, and CeFe4Sb12 operate in 

the mid-temperature range (227°C to 627 °C). ZT of bulk PbTe was approximately 0.6 

at 400 °C in the 1960s. ZT of PbTe has been enhanced to ~ 1.5 at 400 °C via band 

structure engineering or nanostructuring approaches [5,6]. The nanostructured TAGS-75 

has a maximum ZT ~ 1.53 at 447 °C as a result of the low lattice thermal conductivity 

due to the existence of nanoscale domains [7]. LAST has the same rock-salt crystal 

structure as TAGS, showing ZT values higher than 1 [48,49]. The lattice thermal 

conductivity of LAST is reduced due to the inhomogeneity in the nanoscale 
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microstructure. CoSb3 and CeFe4Sb12 have skutterudite crystal structure. Enhanced 

thermoelectric performance of these materials can be reached by inserting “rattler” 

atoms in the voids provided by the cage-like crystal structure. The unfilled CoSb3 has a 

high power factor but also a high lattice thermal conductivity. The crystal structure of 

CoSb3 allows a void space in the body-centered position of the eight corner-shared XY6 

(X = Co, Rh, Ir; Y = P, As, Sb) octahedra. Partial void filling by small and heavy atoms 

results in a reduction in the lattice thermal conductivity and an improvement in ZT. A 

thermal conductivity as low as 2.6 W/m/K and a ZT as high as 1.7 at 577 °C have been 

reported in the CoSb3 with multiple cofillers of Ba, La, and Yb [50].  

 

Figure 2-6 Temperature dependence of ZT for (a) n-type and (b) p-type 

thermoelectric materials [51]. 
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SiGe alloys, Ba8Ga16Ge30, Yb14MnSb11, and ZrNiSn-based half-Heusler 

compounds operate at high temperatures (T > 627 °C). Figure 2-6 shows the 

temperature dependent ZT of the bulk SiGe that was developed in the 1960s. By using 

the high-energy ball milling and hot pressing technique, SiGe nanocomposites have 

been prepared. The ZT values of p-type and n-type SiGe nanocomposites are 0.95 and 

1.3 at 900 °C, respectively [8,9]. Ba8Ga16Ge30 is one of the n-type clathrates, showing a 

ZT value ~ 1.63 at 827 °C [52]. In clathrates, the guest atoms are filled into the voids 

provided by the frameworks consisting of tetrahedrally coordinated Ga, Si, Ge, or Sn. 

Yb14MnSb11 is a high-performance Zintl compound with ZT ~ 1 at 950 °C [53]. It has a 

very low thermal conductivity, ~ 0.8 W/m/K in the temperature range 27 °C ≤ T ≤ 

1000 °C, resulting from its complex crystal structure and heavy atomic mass. Materials 

with half-Heusler structure show large Seebeck coefficient and electrical conductivity. 

However, their thermal conductivity is relatively large (κ ≈ 5 W/m/K at 500 °C) [54]. 

By applying nanostructuring strategies, n-type Hf0.75Zr0.25NiSn0.99Sb0.01 half-Heusler 

nanocomposites show maximum ZT ~ 1 at 600 °C-700 °C [55], while ZT of p-type 

Zr0.5Hf0.5CoSb0.8Sn0.2 nanocomposites reach 0.8 at 700 °C [56]. La3Te4 is another n-type 

thermoelectric material for high-temperature operation. La-deficient La2.74Te4 has a 

peak ZT ~ 1.05 at 927 °C [57].  

Although the thermoelectric performance of conventional thermoelectric 

materials is relatively high, most of them contain rare metals such as Te and Ge, and 

toxic elements like Sb and Pb. The scarcity and toxicity limit the mass production and 

operation of the thermoelectric modules. Furthermore, sublimation and oxidation of 

these materials at high temperatures have deleterious effects on the long-term operation 

of thermoelectric modules. On the contrary, oxide thermoelectric materials possess the 

advantages of high general stability, nontoxicity, and low cost. Therefore, oxides have 

been intensively studied as substitutes for the conventional thermoelectric materials.  

2.1.4.2 Oxides 

Cobalt-based layered oxides including NaxCoO2, Ca3Co4O9, and their derivative 

compounds are typical p-type thermoelectric materials with high power factor and low 

thermal conductivity. Polycrystalline NaxCoO2 could reach a ZT of 0.8 at 682 °C [58]. 

Similarly, a ZT of 0.61 has been achieved in polycrystalline Ca3Co4O9 at 845 °C [22]. In 

contrast, n-type oxide materials demonstrate inferior thermoelectric properties to those 
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of the p-type oxide materials. (Zn1-xAlx)O obtained by solid-state reaction between ZnO 

and Al2O3 exhibits a peak ZT of 0.3 at 1000 °C [59]. CaMnO3 doped with Yb on Ca site 

or Nb on Mn site exhibit ZT ~ 0.2 at 700 °C [26,60]. Donor-doped SrTiO3 is a 

promising n-type oxide with maximum ZT ~ 0.37 at 727 °C [61]. Although the power 

factor of donor-doped SrTiO3 is high, their thermal conductivity is high due to the 

simplicity of crystal structure and light atomic mass. Therefore, recently the efforts have 

been made on nanostructured SrTiO3 to achieve reduced thermal conductivity [62].  

2.2  NaxCoO2 and Ca3Co4O9 

2.2.1 Crystal structure  

NaxCoO2 exhibits several interesting properties depending on the Na content, x. 

Superconductivity has been found in the hydrated form of Na0.35CoO2 (Tc = 4.5 K) [63]. 

Although NaxCoO2 has low electrical resistivity over a wide range of x, Na0.5CoO2 is an 

insulating phase at low temperatures possibly due to the charge ordering of holes with 

Na
+
 [64]. A large Seebeck coefficient and a low electrical resistivity have been obtained 

in NaxCoO2 with x ~ 0.7 due to the transport of spin entropy by strongly correlated 

electron hopping [12]. Furthermore, magnetic ordering has been observed in Na0.75CoO2 

[65]. These various properties are closely related to the crystal structure of NaxCoO2.  

NaxCoO2 has a layered structure where the Na ions are intercalated between 

sheets of two-dimensional (2D) edge-sharing CoO6 octahedra (Figure 2-7a). The degree 

of filling of the Na layers determines the number of charge supplied to the CoO2 layers. 

There are four crystallographic phases for NaxCoO2 according to the sodium content (x), 

including α-NaxCoO2 (0.90 ≤ x ≤ 1.0), α’-NaxCoO2 (x = 0.75), β-NaxCoO2 (0.55 ≤ x ≤ 

0.60), and γ-NaxCoO2 (0.3 ≤ x ≤ 1) [66]. Depending on the stacking sequence of the 

oxygen layers, α, α’, and β phase NaxCoO2 possess three CoO2 layers per unit cell, 

while γ phase NaxCoO2 possesses two CoO2 layers per unit cell. The crystal structure is 

strongly related to both Na content and Na
+
 coordination especially for the three-layer 

systems.  

Pure γ-phase NaxCoO2 can only be prepared by conventional thermodynamic 

methods with 0.60-0.65 ≤ x ≤ 0.75-0.80 [67]. It indicates that the stoichiometric 

Na0.5CoO2 doesn’t exist, even though Na evaporation is completely prevented. 

Additionally, it was proved by Sakurai et al.(2004) that γ-NaxCoO2 is formed only in the 
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narrow range of 0.70 ≤ x ≤ 0.78 [68]. Furthermore, it is suggested that x = 0.75 or x = 

2/3 turns out not to be the most stable phase among x > 1/2, and that x = 0.71 exhibits a 

clear superstructure formed by Na
+
/vacancy ordering of special stability [69]. It was 

also proposed by Shu et al.(2010) that oxygen vacancies are important in stabilizing the 

superlattice structure, and that Na2/3CoO1.98 has nearly identical Na superstructure and 

magnetic properties as Na0.71CoO2 due to the generation of oxygen defects [70]. γ-phase 

NaxCoO2 with x < 0.60 or x > 0.80 can be synthesized by chemical deintercalation or 

intercalation method [66,71].  

 

Figure 2-7 Schematic illustration of crystal structure of (a) γ-phase NaxCoO2 and (b) 

Ca3Co4O9 [72]. 

The schematic illustration of γ-phase NaxCoO2 is shown in Figure 2-7a. The 

compound consists of alternating CdI2-type CoO2 triangular layers and Na layers. Na 

site splits into Na(1) and Na(2) with each of them containing three equivalent positions. 

Both Na sites form trigonal prisms with oxygen atoms. Na(1) prisms share faces with 

CoO6 octahedral while Na(2) prisms share edges with CoO6 octahedral. Na(1) and Na(2) 

sites have occupancies approximately 0.21 and 0.49, respectively [72]. Na(2) is more 

energetically stable than Na(1) due to the longer Co-Na(2) distance than Co-Na(1). The 

Na ions and vacancies are statistically located in Na(1) and Na(2) sites. The disordering 

of Na vacancies reduces the thermal conductivity by enhancing phonon scattering. 

Ca3Co4O9 is also a promising p-type thermoelectric material with similar crystal 
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structure (Figure 2-7b). The Na layers are substituted with layers of three-layered rock-

salt type CaO-CoO-CaO structure. The lattice parameters of rock-salt layers and CoO2 

layers are incommensurate along b-axis, resulting in a misfit layered structure. 

Therefore, Ca3Co4O9 is better to be written as [Ca2CoO3]p[CoO2] where p equals b-axis 

length of CoO2 divided by b-axis length of Ca2CoO3 and p ~ 0.62.  

2.2.2 Electronic structure 

 

Figure 2-8 (a) Local density approximation (LDA) paramagnetic band structure 

and (b) the magnification of T2g manifold of Na0.5CoO2 [73].  
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Figure 2-8 shows the band structure of Na0.5CoO2 predicted by local density 

approximation (LDA). The Co 3d band splits into a doubly degenerated upper eg and 

triply degenerated lower t2g levels in the octahedral O environment. The O 2p band is 

located between approximately -7 ~ -2 eV. The t2g manifold extends across the Fermi 

energy (0 eV). The eg orbitals extend above the Fermi energy, ~2.5 eV above the t2g 

manifold [73]. The t2g manifold further splits into a single-degenerate a1g level and a 

doubly degenerated eg’ levels, since the octahedral CoO6 is distorted rhombohedrally. 

The a1g band forms large cylindrical hole (less electron occupation) Fermi surfaces 

around the Γ point, while the eg’ band forms small hole pockets along the Γ-K direction. 

It is suggested that the large Seebeck coefficient is owing to the a1g band with localized 

carriers, while superconductivity and susceptibility are owing to the eg’ band [73]. The 

small hole pockets have been obtained from the LDA calculation; however, it is not 

observed experimentally by angle-resolved photoemission spectroscopy (ARPES) [74], 

possibly due to the presence of Na disorder or strong correlation in real samples. The 

Seebeck coefficient of Na0.5CoO2 can be calculated by Mott formula using values from 

the LDA prediction, and is 110 µV/K at 27 °C. It agrees well with the Seebeck 

coefficient of the single-crystalline Na0.5CoO2 (γ phase) measured experimentally which 

is  100 μV/K at 27 °C [12].  

The rock-salt type Ca2CoO3 and CdI2 type CoO2 layers are incommensurate 

along the b direction of Ca3Co4O9, or (Ca2CoO3)(CoO2)1.62, leading to difficulties in 

modelling and the theoretical calculation of its electronic structure [75,76]. However, 

according to its ARPES spectra, Ca3Co4O9 has similar electronic structure to NaxCoO2 

in the vicinity of the Fermi level, i.e., consisting of a1g and eg’ bands from the CoO2 

layers [77]. Moreover, the Ca2CoO3 layers provide holes to the CoO2 layers, and the 

holes are conducted along the CoO2 layers [78]. 

2.2.3 Thermoelectric properties of single-crystalline NaxCoO2 and Ca3Co4O9 

The in-plane (ab direction) and out-of-plane (c direction) electrical resistivity of 

single-crystalline NaxCoO2 (x = 0.5) versus temperature are shown in Figure 2-9a. The 

resistivity of NaxCoO2 is anisotropic. A lower in-plane electrical resistivity (200 μΩcm 

at 27 °C) compared with the out-of-plane resistivity is observed in single-crystalline 

Na0.5CoO2 [12]. Furthermore, the in-place resistivity shows metallic behavior, while the 

out-of-plane resistivity shows a mixed metallic-semiconducting behavior. Ca3Co4O9 
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with similar crystal structure possesses much higher electrical resistivity than NaxCoO2, 

which is probably due to the random potential scattering of the conduction electrons by 

the misfit structure [79]. Similarly, the electrical resistivity of Ca3Co4O9 is highly 

anisotropic (ρab << ρc) [17].  

 

Figure 2-9 Temperature dependence of the (a) electrical resistivity (ρ) of 

NaxCoO2 along in-plane (ab) and out-of-plane (c) direction, ρ of Ca3Co4O9 along ab 

direction and (b) Seebeck coefficient (S) of NaxCoO2 and Ca3Co4O9 along ab direction 

[12,18].  

Both NaxCoO2 and Ca3Co4O9 exhibit high Seebeck coefficient at room 

temperature (Figure 2-9b). It is suggested that the origin of the large Seebeck coefficient 

is due to the strong electron-electron correlation in this material [14]. The Seebeck 
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coefficient can be expressed by the generalized Heikes formula which could be 

generated from the Hubbard model. The Seebeck coefficient of a cobalt oxide is 

𝑆 = −
𝑘𝐵
𝑒
ln (
𝑔3
𝑔4

𝑥

1 − 𝑥
 ) Equation 2-41 

where g3 and g4 are the numbers of the configuration of Co
3+

 and Co
4+

, respectively, x is 

the concentration of Co
4+

 ions. The valence state of Co in Na0.5CoO2 is +3.5, thus the 

concentration of Co
4+

 is 0.5. Both Co
3+

 and Co
4+

 are in low spin state according to the 

magnetic measurement, and therefore g3/g4 equals 1/6 [14]. According to Equation 2-41, 

the Seebeck coefficient is 154 µV/K. It has been indicated that in a strongly correlated 

electron system the Seebeck coefficient is not obviously varied with temperature as the 

temperature is larger than the nearest-neighbor hopping integral [80]. Although the 

value (154 µV/K) calculated by the Heikes formula is the value at the high temperature 

limit, it can be viewed as the Seebeck coefficient at room temperature. It is in good 

agreement with the LDA prediction and the measured value [12,73]. Furthermore, it 

implies that Seebeck coefficient is not only affected by carrier concentration, but also 

spin and orbital degeneracies. The Seebeck coefficient of Ca3Co4O9 is higher than that 

of NaxCoO2 (Figure 2-9b).  

 

Figure 2-10 Thermal conductivity of NaxCoO2 and Ca3Co4O9 along the in-plane 

direction measured by the Harman method [81].  
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NaxCoO2 and Ca3Co4O9 show rather low thermal conductivity with respect to 

other oxides. The in-plane thermal conductivity of the layered cobaltates is determined 

by the block layers, i.e., Na
+
 layers or Ca2CoO3 layers, and the more complex block 

layer shows the lower thermal conductivity [18]. In NaxCoO2, the highly vacant and 

disordered Na layers are responsible for the low thermal conductivity owing to the 

increased phonon scattering. On the other hand, the nonperiodicity and the associated 

modulated potential arise from the misfit structure of Ca3Co4O9, leading to a partial 

localization of the phonons dispersion and thus a reduction in the thermal conductivity 

[82]. Therefore, Ca3Co4O9 possesses lower thermal conductivity than NaxCoO2 (Figure 

2-10). ZT of NaxCoO2 single crystals has reached ~ 1 at 527 °C [13]. ZT of single-

crystalline Ca3Co4O9 is about 0.87 at 700 °C [83]. 

2.2.4 Thermoelectric properties of polycrystalline NaxCoO2 and Ca3Co4O9 

NaxCoO2 is highly anisotropic in electrical resistivity (ρab < ρc), as indicated in 

Figure 2-9a. Therefore, polycrystalline NaxCoO2 possesses a much higher electrical 

resistivity than the single-crystalline NaxCoO2 due to the anisotropy and the increased 

grain boundary resistivity (Figure 2-11a). The resistivity of single crystalline NaxCoO2 

at room temperature is a little higher than the value in Figure 2-9a. It is likely due to the 

fact that the electrical resistivity is affected by both Na content and oxygen 

nonstoichiometry. Furthermore, the electrical resistivity of polycrystalline Ca3Co4O9 is 

higher than that of NaxCoO2. The Seebeck coefficient is less anisotropic than the 

electrical resistivity, as shown in Figure 2-11b. The difference between the Seebeck 

coefficient of single-crystalline and polycrystalline NaxCoO2 may be caused by the 

variation in Na content, structural change and anisotropy [13]. Polycrystalline Ca3Co4O9 

shows higher Seebeck coefficient compared to NaxCoO2. 

The thermal conductivity of single-crystalline and polycrystalline NaxCoO2 at 

room temperature is ~ 5 and ~ 1.8 W/m/K, respectively (Figure 2-10 and Figure 2-11c). 

The polycrystalline sample shows lower thermal conductivity due to the grain boundary 

scattering and the anisotropy effect [13]. Polycrystalline Ca3Co4O9 has similar thermal 

conductivity as polycrystalline NaxCoO2. The polycrystalline NaxCoO2 shows lower ZT 

values than the single crystalline sample. It is mainly due to the relatively high electrical 

resistivity in polycrystalline NaxCoO2 as a result of the high anisotropy in conductivity, 

microstructure and stoichiometric variations of the materials. The highest ZT of 
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polycrystalline NaxCoO2 is 0.8 at 682 °C according to Ito et al. (2003) using 

polymerized complex method followed by pressureless sintering [58]. The highest ZT of 

polycrystalline Ca3Co4O9 is 0.61 at 845 °C after doping with Lu and Ag nanoinclusions 

prepared by spark plasma sintering [22].  

 

Figure 2-11 Temperature dependence of the (a) electrical resistivity (ρ), (b) 

Seebeck coefficient (S) of single-crystalline (in-plane) NaxCoO2, and polycrystalline 

NaxCoO2 and Ca3Co4O9 [13,22], and (c) thermal conductivity (κ) of polycrystalline 

NaxCoO2 and Ca3Co4O9 [13,22]. 



 

31 

Various doping elements have been introduced into NaxCoO2 in order to 

enhance the thermoelectric properties of this material. The thermoelectric properties of 

Na-site doped NaxCoO2 have been studied, for example, K, Ca, Sr, Y, Nd, Sm, and Yb-

doped NaxCoO2 [84,85]. Moreover, the thermoelectric performance of Co-site doped 

NaxCoO2 has been investigated with dopants including Cu [86,87], Zn [88,89], Ni [88], 

Ga [90], Mn [90], Ti [91], Ag [92,93], Fe [94], etc. However, most of the experiments 

have indicated that the improvement in ZT of NaxCoO2 by doping technique is 

negligible [85,88,93]. Only one exceptions is found in Cu-doped NaxCoO2 in which ZT 

is twice as high as the undoped sample [86]. In addition, there are some doping studies 

with incomplete measurement of the thermoelectric properties [84,87,89,92,94-96].  

Although the thermoelectric performance of NaxCoO2 is promising, it has the 

disadvantage of poor chemical stability. NaxCoO2 reacts with moisture and CO2 in air 

and becomes insulating upon heating [15]. This problem has to be solved for realistic 

application. On the contrary to the high volatility of Na and instability against humidity, 

Ca3Co4O9 has much higher stability. However, Ca3Co4O9 possesses higher electrical 

resistivity than NaxCoO2. It is interesting to know whether the thermoelectric 

performance and chemical stability could be improved in the NaxCoO2/Ca3Co4O9 

composites. 

2.3  SrTiO3 

2.3.1 Crystal structure 

SrTiO3 belongs to the transition metal oxides with ABO3 stoichiometry and has 

a cubic perovskite crystal structure at room temperature (Figure 2-12). The A-site 

cations usually have larger ionic radii than the B-site cations. A-site cations could be 

Na
+
, Sr

2+
, Ca

2+
,Ba

2+
, etc, while B-site cations could be Mn

4+
, Cr

3+
, Ti

4+
, Ga

3+
, etc. In 

SrTiO3, each Ti
4+

 ion is coordinated by 6 O
2-

 ions, forming one TiO6 octahedron. Each 

TiO6 octahedron shares corners with other TiO6 units, forming a network of TiO6 

octahedra, with Sr atoms sit at the center of a cube formed by eight corner-shared TiO6 

octahedra. Alternatively, the center of the cubic unit cell can be a Ti
4+

 ion, forming an 

octahedron with 6 O
2-

 ions located at the face-center positions, and 8 Sr
2+

 ions in the 

corners of the cube. The perovskite structure is capable of tolerating structural 

distortions and thus allows substitution and defects. A Goldschmidt tolerance factor t is 
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introduced to estimate the degree of distortion under an assumption of ionic bonding 

and is expressed as 

𝑡 =
𝑟𝐴 + 𝑟𝑂

√2(𝑟𝐵 + 𝑟𝑂)
 Equation 2-42 

where rA, rB, and rO are the ionic radii of A, B, and O ions, respectively. SrTiO3 has the 

ideal cubic crystal structure, since its tolerance factor equals 1. Deformed crystal 

structure and lower symmetry appear as t deviates from 1. Illmenite structure occurs as t 

< ~0.81, e.g. MgTiO3 and FeTiO3. Orthorhombic structure has been proved in GdFeO3 

(t = 0.81), SrZrO3 (t = 0.94), CaTiO3 (t = 0.97), etc. With t > 1 BaNiO3 possesses 

hexagonal structure. Note that the factors affecting the distortion of crystal structure are 

complex, and t is just an estimate.  

 

Figure 2-12 Schematic crystal structure of SrTiO3. 

Apart from the lowered symmetry, a distortion could be accompanied by the 

formation of layered derivatives of the perovskite structure, e.g. the Ruddlesden-Popper 

(RP) phases. The RP phases of Sr-Ti-O is a natural superlattice and can be written as 

SrO(SrTiO3)n (1 ≤ n ≤ ∞). SrTiO3 corresponds to SrO(SrTiO3)n wherewith n = ∞. The 

crystal structure of SrO(SrTiO3)n consists of intergrowth of perovskite layers (SrTiO3)n 

and rock salt layers SrO along the c-axis (Figure 2-13). The value n could be integer or 

noninteger depending on the disorder in the stacks. Two different Ti-O bonds are found 

in SrO(SrTiO3), whereas three different Ti-O bonds are found in SrO(SrTiO3)2. 
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Figure 2-13 Schematic crystal structures of SrO(SrTiO3)n [97]. (a) n = 1, 

Sr2TiO4 and (b) n = 2, Sr3Ti2O7. 

2.3.2 Electronic structure 

Experiments and theoretical calculations have been carried out to study the 

electronic structure of SrTiO3 [98-101]. It has been confirmed experimentally by 

vacuum ultraviolet spectroscopy that the direct and indirect bandgap of SrTiO3 are 3.75 

and 3.25 eV, respectively [99]. Ab initio band structure calculation has been employed 

to describe the electronic band structure of undoped and electron-doped SrTiO3. Figure 

2-14 shows the density of states of stoichiometric SrTiO3 (a), oxygen-deficient SrTiO3 

(b), and La-doped SrTiO3 (c), respectively, by ab initio calculation [98]. The bandgap of 

the stoichiometric SrTiO3 is ~ 2.5 eV and is lower than the experimental values due to 

the limitation of the local-density approximation. The upper valence bands from -7 ~ -

2.5eV are dominated by the O 2p states and hybridized with Ti and Sr states. The 

conduction bands are primarily Ti 3d t2g and eg bands. Therefore, the undoped SrTiO3 is 

an insulator (Figure 2-14a).  
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Figure 2-14 (a) Total density of states (DOS), Partial DOS (PDOS) of Ti d and 

O p in SrTiO3. (b) PDOS of Ti d, O p, and empty sphere (ES) in SrTiO2.875. (c) PDOS of 

Ti d, O p, and La in Sr0.875La0.125TiO3. [98] 

Extra electrons can be doped into SrTiO3 by introducing oxygen vacancies or 

dopants. Two electrons are generated by each oxygen vacancy (SrTiO3-δ), while one 

extra electron is generated by substituting Sr
2+

 with La
3+

. With the addition of extra 

electrons, the Fermi level shifts into the conduction band progressively (Figure 2-14b 

and c). Therefore, the electron-doped SrTiO3 exhibits metallic conduction. The 



 

35 

conduction band of La-doped SrTiO3 can be described by the rigid-band model; 

however, it becomes different in oxygen deficient SrTiO3. The rigid-band model is 

applicable for the small concentration of oxygen vacancies (Figure 2-14b). If the 

concentration of oxygen vacancies is large, i.e., δ ≥ 0.25, a localized midgap forms at 

the bottom of the conduction band due to the vacancy clusters [98]. It indicates that the 

number of electrons contributed by each δ could be lower than 2δ.  

2.3.3 Defect chemistry of donor doped SrTiO3 

 

Figure 2-15 Phase diagram of SrO-TiO2 binary system [102]. 

According to the phase diagram of SrO-TiO2 (Figure 2-15), pure SrTiO3 can 

only be obtained with the stoichiometric composition. Excess SrO or TiO2 results in the 

formation of secondary phases. Although a dispute exists about the solubility of excess 

SrO or TiO2 in SrTiO3, it is generally accepted that the solubility of excess SrO and 

TiO2 are less than 0.2 and 0.5 mol%, respectively [103]. Ruddlesden-popper phases 

appear with the addition of excess SrO, while Rutile or Magnéli phase TiO2 appears in 

the TiO2 excess compositions. 
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An n-type dopant has more cationic charges than the host cation in SrTiO3. 

Common dopants for SrTiO3 include lanthanide elements for Sr sites [25,104-106], Nb 

or Ta for Ti sites [24,61,101,107,108], and oxygen vacancies for O sites. Charge 

neutralization has to be achieved by either the uptake of excess oxygen in an oxidizing 

atmosphere or the formation of mixed Ti
3+/4+

 couples in a reducing atmosphere. Under 

oxidizing condition, the excess oxygen could be accommodated into the crystal 

structure with the formation of Sr vacancies. For example, in a La-doped SrTiO3 (Sr1-

xLaxTiO3),  

(1 − 𝑥)SrO +
𝑥

2
La2O3 + TiO2 → Sr1−32𝑥

(VSr
′′ )𝑥
2
La𝑥TiO3 +

𝑥

2
SrO Equation 2-43 

The produced ordered SrO layers together with SrTiO3 form the RP phases. The 

starting composition could be adjusted to avoid the formation of RP phases 

(1 −
3

2
𝑥)SrO +

𝑥

2
La2O3 + TiO2 → Sr1−32𝑥

(VSr
′′ )𝑥
2
La𝑥TiO3 Equation 2-44 

In a strongly reducing atmosphere, the extra electrons are neutralized by the 

formation of Ti
3+

 ions, 

(1 − 𝑥)SrO +
𝑥

2
La2O3 + TiO2 → Sr1−𝑥La𝑥Ti𝑥

′ Ti1−𝑥O3 +
𝑥

4
O2 Equation 2-45 

However, it has been indicated that the completion of reduction is hard even in a 

strongly reducing atmosphere for the stoichiometric composition [28,109]. The reaction 

could be written as 

(1 − 𝑥)SrO +
𝑥

2
La2O3 + TiO2

→ Sr
1−
3𝑥
2 +

𝑦
2

(VSr
′′ )𝑥
2−
𝑦
2
Y𝑥Ti𝑦

′ Ti1−𝑦O3 + (
𝑥

2
−
𝑦

2
) SrO +

𝑦

4
O2 

 Equation 2-46 
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Therefore, in order to avoid the formation of RP phases in this case, excess TiO2 

has to be added to the starting composition. However, the amount of TiO2 depends on 

both the doping concentration and the oxygen deficiency of this material. TiO2 in its 

various forms of Magnéli phases could be easily formed under this condition. 

2.3.4 Thermoelectric properties of SrTiO3 

Pure SrTiO3 possesses a wide bandgap and is an insulator. Donor doped SrTiO3 

sintered under a reducing atmosphere exhibits promising thermoelectric properties 

[25,109-111]. The common dopants for SrTiO3 are lanthanide ions for Sr
2+

 sites, Nb
5+

 

for Ti
4+

 sites, and oxygen vacancies for O
2-

 sites. The oxygen deficiency is sensitive to 

the sintering conditions, including temperatures, duration, and atmosphere. Therefore, it 

is hard to compare the thermoelectric properties across different studies due to the 

difference in the sintering conditions. The electrical conductivity of lanthanide ions 

doped SrTiO3 are shown in Figure 2-16a [25]. The electron concentration is contributed 

by both donors and oxygen vacancies. Due to similarity in electron concentration, the 

electrical conductivity and the Seebeck coefficient of these materials are almost the 

same (Figure 2-16a and b).  

In contrast, obvious difference in thermal conductivity has been observed with 

various dopants (Figure 2-16c). Phonon-phonon scattering dominates the thermal 

conductivity for all the samples. The single-crystalline stoichiometric SrTiO3 exhibits a 

high thermal conductivity due to the simplicity in crystal structure and light atomic 

weight. After introducing dopants, the thermal conductivity of single-crystalline 

Sr0.95La0.05TiO3 is reduced. It is caused by the reduced phonon mean free path due to 

lattice defects. The thermal conductivity is further reduced in the polycrystalline 

samples. The thermal conductivity of Sr0.9M0.1TiO3 decreases with decreasing ionic 

radii of M ions except Y ions due to its smaller atomic weight than Yb ions. It indicates 

the strain field scattering is important for the reduction of the thermal conductivity of 

SrTiO3. 

Moreover, nanostructuring approaches have been applied to SrTiO3. The 

Seebeck coefficient can be enhanced in the SrTi0.8Nb0.2TiO3/SrTiO3 superlattices (-480 

µV/K) compared with the value of bulk SrTi0.8Nb0.2TiO3 (-108 µV/K) at 300 K [27]. In 

addition, the nanocomposites consisting of Sr0.95La0.05TiO3 grains and Nb-doped 
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Sr0.95La0.05TiO3 grain boundaries show improved Seebeck coefficient due to the energy 

filtering effect [112]. The thermal conductivity could be reduced in the SrTiO3 with 

grain size in nano-range [62,113]. 

 

Figure 2-16 Temperature dependence of the (a) electrical conductivity (σ), (b) 

Seebeck coefficient (S), and (c) thermal conductivity (κ) of polycrystalline Sr0.9M0.1TiO3 

(M = La, Sm, Gd, Dy, Y) [25]. Two extra lines in (b) are κ of single-crystalline SrTiO3 

and Sr0.95La0.05TiO3 [110]. Only one curve is present in (b) due to the similarity between 

different dopants. 
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Chapter 3  Experimental methods 

3.1  Sample preparation 

3.1.1 Na0.77CoO2  

Na0.77CoO2 was synthesized by conventional solid-state reaction combined with 

spark plasma sintering (SPS) technique. The starting materials, Na2CO3 (99.8%, Ajax 

Finechem) and Co3O4 (99.7%, Alfa Aesar), were baked in oven at 150 °C for 3 h to 

eliminate moisture. The powders were mixed according to a molar ratio of Na:Co = 

0.77:1. The precursor powders were mixed using parallel ball milling in ethanol with 

zirconia balls in a glass jar for 12 h at a rotation rate of 90 rpm. The slurry was dried at 

120 °C for 3 h followed by hydraulic uniaxial pressing into pellets. The pellets were 

then directly put into a tube furnace preheated at 800 °C and sintered for 16 h in air.  It 

has been reported that the decarbonation and Na evaporation of Na2CO3 and Co3O4 

mixture occur over the temperature range from 500 to 750 °C [114]. Therefore, a 

sintering temperature of 800 °C and “rapid heat-up” technique were chosen in order to 

obtain the single-phase Na0.77CoO2 with accurate control of Na content. The sintered 

pellets were ground into powder, ball milled, and dried. The Na0.77CoO2 powder was 

subsequently consolidated into 20 mm-diameter pellets using spark plasma sintering (Dr. 

Sinter SPS-825, Syntex, Inc., Japan). All sintering was carried out under a uniaxial 

pressure of 50 MPa in vacuum. After SPS, the sintered pellets were polished to 

eliminate the graphite foil. The schematic illustration of the experimental procedure of 

Na0.77CoO2 and SrTiO3 is shown in Figure 3-1. 

3.1.2 SrTiO3 

The donor-doped SrTiO3 was synthesized by conventional solid-state reaction 

method. The starting powders included SrCO3 (99.9%, Sigma Aldrich), TiO2 (Puriss 

grade, Sigma Aldrich), Y2O3 (99.99%, Sigma Aldrich), La2O3 (99.99%, Prochem Inc), 

and Nb2O5 (99.9%, Sigma Aldrich). La2O3 was dried in furnace at 900 °C for 2 h before 

use, while the other powders were all baked in oven at 150 °C for 3 h. The powders 

were mixed by ball milling in a planetary ball mill machine (Retsch, PM400) at 150 rpm 

for 6 h in ethanol with zirconia balls. After drying, the powder was calcined at 1300 °C 

for 6 h in 5% H2/Ar. The powder was then ground and subjected to ball milling again. 
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After drying, the powder was compacted into 20 mm pellets with cold pressing machine 

under a pressure of 200 MPa with the aid of PVA binder. The pellets were annealed at 

500 °C for 0.5 h in air to eliminate the binder. Finally, the pellets were sintered at 

temperatures between 1400 °C and 1600 °C for 5-11 h in 5% H2/Ar. 

 

Figure 3-1 Schematic illustration of experimental procedure for (a) Na0.77CoO2 

and (b) SrTiO3.  

3.1.3 Spark plasma sintering 

The spark plasma sintering (SPS) system employs the punch/die concept, as 

shown in Figure 3-2. The powder is placed in the graphite die which is wrapped by the 

graphite foil. A thermocouple is inserted into the hole at the surface of the die to 

measure the temperature. During sintering, the punches simultaneously supply pulsed 

direct current and pressure to the graphite spacers/die/powder. Apart from the Joule heat 

provided by the pulsed direct current, spark plasma, spark impact pressure, and an 

electrical field diffusion effect in the gap between the two electrodes are also present 

during sintering process [115]. It is proposed that the plasma has a cleansing effect on 
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the surface of the particles and therefore promotes sintering process [116]. Moreover, a 

local temperature increase could be induced by the plasma, and thus necks are formed 

around the contact area of the powder particles due to the vaporization and melting of 

the particles. The heating rate of SPS can approach 1000 °C/min [116]. The use of SPS 

enables the enhanced densification of powder at a lower temperature and in a shorter 

duration. The parameters of pulsed direct current and sintering conditions can be 

adjusted to control the SPS. The most important parameters for SPS include the 

sintering temperature, dwell time, and pressure. The sintering temperature and time are 

directly related to the final microstructure and grain size. The pressure-assisted sintering 

is necessary for the densification of nanopowders due to its ability of rearrangement and 

destruction of agglomerates. The pulsing and heating rate have little influence on the 

densification and grain growth of the sintered powder [117].  

 

Figure 3-2 Schematic of spark plasma sintering (SPS). 
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3.2 Structural characterization 

3.2.1  X-ray diffraction 

Powder X-ray diffraction (XRD) (Panalytical X’pert MPD) was carried out at a 

voltage of 45 kV and a current of 40 mA, using Cu Kα radiation (λ = 1.54 Å). Powder 

XRD of Na0.77CoO2 and SrTiO3 were collected with a step size of 0.013° in a 2θ range 

from 12° to 70° and from 20° to 130°, respectively. Besides, the chemical stability of 

Na0.77CoO2/Ca3Co4O9 composites was examined by XRD of the pellet samples. The 

lattice parameters were calculated by Rietveld refinements using PANalytical-

HighScore Plus software or Jana 2006 [118]. The refinement parameters included zero 

shift, lattice parameters, and peak profile. The pseudo-Voigt function was chosen as the 

peak profile function. The refinement of Na0.77CoO2 was based on Na0.77CoO2 with 

space group P63/mmc [71]. The refinement of cubic and tetragonal donor-doped SrTiO3 

was performed using SrTiO3 with space group Pm 3̅m and I4/mcm, respectively 

[119,120]. 

3.2.2  Scanning electron microscopy 

The microstructure was examined by scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS) with FEI Nova NanoSEM 230 field-

emission scanning electron microscope. Prior to SEM, the samples were polished and 

thermal etched at a temperature lower than the sintering temperature for 0.5 h. The 

samples were coated with chromium for SEM micrographs and graphite for EDS 

analysis. The SEM images were obtained under an accelerating voltage of 5 kV using 

Through the Lens Detector (TLD) detector or under an accelerating voltage of 10 kV 

using Everhart-Thornley detector. EDS analysis was taken at lower magnifications and 

higher voltages (10 kV to 15 kV). 

3.2.3  Transmission electron microcopy 

The TEM images and selected area electron diffraction (SAED) patterns were 

taken by transmission electron microscopy (TEM) (Phillips CM200) operated at 200 kV. 

The samples for TEM analysis were prepared by focused ion beam (FIB) (XT Nova 

Nanolab 200).  
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3.3 Electrical resistivity and thermopower measurement 

Temperature dependence of the electrical resistivity and the Seebeck coefficient 

were simultaneously measured with a bar sample using the ULVAC-ZEM3 system. The 

schematic illustration of the measurement is shown in Figure 3-3. The measurement is 

carried out in a temperature-controlled furnace under a low-pressure helium atmosphere. 

The bar sample is placed between two Pt electrodes. The electrical resistivity is 

measured by the direct current four-point method. The thermocouples are pressed 

against the side of the sample. The voltage drop dV between two contact points with a 

distance L is therefore measured by the two thermocouples. A constant current I is 

supplied to the Pt electrodes from the upper one to the lower one and vice versa in order 

to cancel out the thermo-electromotive force. The electrical resistivity (ρ) is calculated 

by 

𝜌 =
1

𝜎
=
d𝑉

𝐼

𝐴

𝐿
 Equation 3-1 

where A is the cross-sectional area of the sample and σ is the electrical conductivity.  

When measuring the Seebeck coefficient, a temperature difference is introduced 

by heating the bottom end of the sample through the heater inside the lower block. The 

thermocouples measure the temperatures at the two contact points and the voltage or 

thermo-electromotive force between the two points. The Seebeck coefficient (S) is 

expressed as 

S =
dV

dT
 Equation 3-2 
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Figure 3-3 Schematic of ULVAC-ZEM3 system. 

3.4 Thermal conductivity characterization 

Thermal conductivity describes the ability of a material to conduct heat. It is 

defined as the heat flux density (heat energy flow per unit area per unit time) divided by 

the temperature gradient. The thermal conductivity can be measured using steady-state 

and non-steady state techniques. The steady-state measurement is performed when the 

sample is in complete equilibrium. The steady-state methods include unguarded or 

guarded hot plate/cylinder, hot wire, heat flow meter, comparative method, and direct 

heating. However, the steady-state methods have the disadvantages including the 

complexity of the experimental set-up and the long time required to achieve equilibrium, 

for example, the guarded hot/plate/cylinder method. Moreover, high uncertainty exists 

with the heat flow meter and comparative methods. Direct heating is used for materials 

with high thermal conductivity, e.g., metals. Therefore, non-steady state methods are 

widely used for the measurement of thermal conductivity due to the straightforward 

experimental set-up and short measurement duration. Transient hot wire method is 

useful for thermal conductivity measurement of liquid, foam, gases, and powders. 

Modified hot wire method can be used to measure solids, whereas the mathematical 

simulation is insufficient for the calculation.  

In our study, the laser flash method has been employed for the determination of 

thermal conductivity. It is a widely used non-steady state method due to its high 
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accuracy and capability of measurement of a variety of materials over a broad 

temperature range. Temperature dependence of the thermal conductivity (κ) is obtained 

from the product of the temperature dependent density (d), the specific heat capacity 

(Cp), and the thermal diffusivity (a) as shown in Equation 3-3. Thermal diffusivity (with 

the unit mm
2
/s) measures the speed of heat conduction in a material when the 

temperature changes with time.  

𝜅(𝑇) = 𝑑(𝑇) × 𝐶𝑝(𝑇) × 𝑎(𝑇) Equation 3-3 

The principles of measurements of temperature dependent density, specific heat 

capacity, and thermal diffusivity are introduced in 3.4.1, 3.4.2, and 3.4.3, respectively. 

3.4.1  Dilatometry 

The temperature dependent density d(T) of a specimen is expressed as  

𝑑(𝑇) =
𝑑𝑜

(1 +
∆𝐿(𝑇)
𝐿𝑜

)
3 Equation 3-4 

where do is the density of the specimen at 20 °C, ΔL is the change of the length of the 

specimen as a function of temperature, and Lo is the original length of the specimen at 

20 °C. The linear thermal expansion, ΔL(T)/Lo, was measured by a push rod dilatometry 

method using NETZSCH DIL402C in this study (Figure 3-4). 

Dilatometry is a technique for measurement of thermal expansion or shrinkage 

of materials as a function of temperature or time by the use of a push rod with a 

negligible load. During measurement, both the sample (with a dimension of 3 mm × 3 

mm × 16 mm) and the push rod are along the central axis of the tube. The sample is 

clamped between the push rod and the close end of the tube in a controlled atmosphere. 

The temperature is controlled by the thermocouple near the sample. As the temperature 

increases, the displacement of the push rod and the sample is transmitted to a linear 

variable displacement transducer (LVDT). A standard specimen, i.e. Al2O3 with the 

same dimensions as the sample, is used for the correction of the thermal expansion of 
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the push rod. Furthermore, the coefficient of the linear thermal expansion (α) can be 

obtained by 

𝛼 =
1

𝐿𝑜

𝑑𝐿

𝑑𝑇
  Equation 3-5 

where dL/dT is the temperature derivative of the change in length of the specimen. 

Apart from the thermal expansion coefficient, the dilatometry could be applied to 

examine the glass transition temperatures and the change in dimensions caused by 

sintering or chemical reaction.  

 

Figure 3-4 Schematic of NETZSCH DIL402C. 

3.4.2  Differential scanning calorimetry 

The specific heat capacity is measured by heat flux differential scanning 

calorimetry (DSC) using NETZSCH DSC 404C. DSC can also be used for 

determination of glass transition, melting, crystallization, and other phase transitions. As 

shown in Figure 3-5, the sample and reference pans are placed symmetrically in the 

same atmosphere controlled furnace. Platinum pans are used for measurement in order 

to achieve high accuracy. Three measurements with the same temperature/time program 

and atmosphere are required to obtain the specific heat of a specimen. The heating rate 

used for all measurements was 5 °C/min, and the temperature range was from 30 °C to 

750 °C. The measurement of p-type thermoelectric materials like NaxCoO2 was carried 

out under an oxygen atmosphere, while that of donor-doped SrTiO3 was conducted 

under Ar. The measurements include measurement of empty pans, calibration sample 
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(sapphire), and the specimen. During measurement, the furnace exchanges heat with the 

reference side and the sample side. The temperatures of both sides are measured under 

the respective pans with respect to time and temperature. The temperature difference 

between the two sides corresponding to the heat flow rates (DSC signal) is also recorded.  

After obtaining the DSC signals of the three measurements, the specific heat of a 

sample (Cp,s) can be calculated by 

Cp,s =
mc
ms
 
DSCs − DSCo
DSCc − DSCo

Cp,c Equation 3-6 

where mc and ms are the respective mass of the calibration sample (sapphire) and sample, 

DSCo, DSCc, and DSCs are the respective DSC signals of the baseline (empty pans), 

calibration sample, and the sample, Cp,c and Cp,s are the respective specific heat of the 

calibration sample and the sample.  

 

Figure 3-5 Schematic of NETZSCH DSC 404C [121]. 
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3.4.3  Thermal diffusivity measured by laser flash method 

The laser flash method is intensively used for the measurement of thermal 

diffusivity. In this study, NETZSCH LFA427 was applied for the measurement. The 

schematic of the experiment set-up is shown in Figure 3-6. The square sample with a 

dimension of 10 mm × 10 mm × 3 mm is placed on the top of the sample carrier inside a 

furnace. The sample is coated with graphite to improve the absorption and emissivity. 

The temperature of the sample is measured by the thermocouple at the same height. 

After stabilizing at a measurement temperature, the pulsed laser irradiates the bottom of 

the sample. The heat is conducted to the top of the sample, and the temperature rise is 

detected by the infrared (IR) sensor as a function of time. The thermal diffusivity is then 

calculated by a mathematical model. In this study, the Cape-Lehmen and pulse 

correction were employed for the calculation. If the heat is conducted in one direction 

under adiabatic condition, the thermal diffusivity (a) is determined by 

𝑎 = 0.1388
𝑙2

𝑡0.5
 Equation 3-7 

where l is the thickness of the sample, t0.5 is the time to the half of the maximum of the 

temperature rise.  

 

Figure 3-6 Schematic of NETZSCH LFA427. 
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3.5 Thermogravimetric analysis 

 

Figure 3-7 Schematic of NETZSCH STA 449 [122]. 

 Thermogravimetric analysis (TGA) is a method in which the mass of a material is 

measured as a function of temperature or time in a controlled atmosphere. It is widely 

used to determine the mass gain or loss due to decomposition reactions, reactions with 

atmospheric gases, second-order phase transitions, or Curie temperatures of magnetic 

transitions. To imply the basic function, a TGA requires a sample pan supported by a 

thermocouple and precision balance, and a programmable furnace. The mass gain or 

loss during experiment is recorded as a function of time and temperature. 

NETZSCH STA 449 (Figure 3-7) was employed to carry out the TGA. The 

weight increase of donor-doped SrTiO3 was determined at elevated temperatures in 

flowing oxygen (50 ml/min). The powder sample was heated from 40 °C to 1000 °C at 

a heating rate of 5 °C/min and kept at 1000 °C for 20 h until equilibrium was reached. 

The oxygen deficiency of SrTiO3-δ was determined by Equation 3-8. 



 

50 

𝛿 =
∆𝑚/𝐴o
𝑚ox/𝐴STO

 
Equation 3-8 

where δ is the oxygen deficiency per formula unit, mox is the weight of the oxidized 

sample after annealing, Δm is the weight gain after annealing the sample in oxygen, Ao 

is the atomic weight of oxygen, and ASTO is the atomic weight of the SrTiO3. NETZSCH 

STA 449 can also be used for simultaneous TG/DSC by changing the sample carrier. 
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Chapter 4  Thermoelectric properties of Na0.8Co1-xFexO2 

prepared by spark plasma sintering 

4.1  Introduction 

NaxCoO2 is a promising p-type thermoelectric material due to its high Seebeck 

coefficient and low electrical resistivity [12]. A figure-of-merit (ZT) ~ 1 at 527 °C has 

been achieved for NaxCoO2 single crystals [13]. NaxCoO2 has a layered crystal structure 

with alternating stacks of Na ions and two-dimensional CoO2. A CoO2 layer is a 

network of edge-sharing CoO6 octahedra and a conduction path for holes. The electron 

transport properties of NaxCoO2 are determined by the Co
3+

/Co
4+

 ratio [123]. The 

Co
3+

/Co
4+

 ratio could be altered by varying Na content or by substituting Co with other 

transition metal ions. The electrical properties could be adjusted by doping transition 

metal ions to the Co sites of the CoO2 layers. For example, Cu substituted Na0.5CoO2 

shows enhanced coupling between the conduction-electron and the magnetic fluctuation 

[124].  

Ca3Co4O9 is also a p-type thermoelectric oxide, in which the low thermal 

conductive layer of [Ca2CoO3] is sandwiched between the electrically conductive [CoO2] 

layers. Such a complex incommensurate monoclinic misfit structure consists of two 

subsystems, which share the common lattice parameters of a, c and beta with different b.  

Therefore, it can also be written as [Ca2CoO3]0.62[CoO2]. In order to enhance the 

electrical conductivity and the Seebeck coefficient of [Ca2CoO3]0.62[CoO2], small 

amount of Fe was strategically introduced into [CoO2] layer to improve its electronic 

conductivity [125,126]. In this case, the chemical formula of the Fe doped 

[Ca2CoO3]0.62[CoO2] can be rewritten as [Ca2CoO3]0.62[Co1-yFeyO2]. However, the 

thermoelectric properties deteriorate when higher amount of Fe is doped into 

[Ca2CoO3]0.62[Co1-yFeyO2], for the electron conduction path is disturbed and the 

activation energy is increased [125,127]. Although studies regarding Fe-doped NaxCoO2 

have been reported, the study about high-temperature thermoelectric properties of 

NaxCoO2 with Fe content lower than 5% has been limited. Considering the similarity in 

the crystal structure between NaxCoO2 and Ca3Co4O9, it is intriguing to know whether 

minor amount of Fe doping has positive effects on the thermoelectric properties of 

NaxCoO2. 
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The objective of the study is to investigate the effects of minor amount of Fe 

doping on the thermoelectric properties of Na0.8CoO2. In this work, Na0.8Co1-xFexO2 (x = 

0, 0.25%, 0.5%, 1%, 3%) were prepared by solid-state reaction followed by spark 

plasma sintering (SPS). Thermoelectric properties of Na0.8Co1-xFexO2 were investigated. 

The results showed, with moderate Fe doping, that the electrical resistivity and the 

Seebeck coefficient were improved, and that the thermal conductivity was reduced. The 

overall values of ZT were increased in the Fe-doped Na0.8CoO2. 

4.2  Experimental procedure 

Na0.8Co1-xFexO2 (x = 0, 0.25%, 0.5%, 1%, 3%) was synthesized by conventional 

solid-state reaction. Stoichiometric amount of Na2CO3 (99.8%, Ajax Finechem), Co3O4 

(99.7%, Alfa Aesar), and Fe2O3 (99%, Sigma Aldrich) were mixed in a planetary ball 

mill machine (Retsch, PM400) at 150 rpm for 6 h in ethanol with zirconia balls. After 

drying, the mixtures were pelletized and directly put into a tube furnace at 850 °C for 24 

h with intermittent grinding. Subsequently, the samples were ground into powder and 

ball milled at 150 rpm for 5 h in ethanol with zirconia balls. After drying, the powder 

was subjected to spark plasma sintering at 760 °C under a uniaxial pressure of 50 MPa 

for 5 min in vacuum. In order to eliminate the graphite, the samples were annealed in air 

at 800 °C for 2 h. The densities of the samples were measured by the Archimedes’ 

principle. X-ray diffraction (XRD) measurement (Panalytical X’pert X-ray 

diffractometer) was carried out to determine the crystalline phase of the pellets. Scans 

were conducted using Cu Kα radiation over the range of 12° ≤ 2θ ≤ 90°. 

The sintered pellets had a diameter of 20 mm and thickness ~3 mm. The pellets 

were cut into a square of 10 mm × 10 mm × 3 mm and a rectangular bar of about 15 mm 

× 3 mm × 3 mm. The electrical resistivity and the Seebeck coefficient were 

simultaneously measured with the rectangular bar using the ULVAC-ZEM3 system. 

Thermal conductivity κ was obtained from the product of the measured density 

(NETZSCH DIL 402C for the thermal expansion, bar samples), the specific heat 

capacity (NETZSCH DSC 404C), and the thermal diffusivity (NETZSCH LFA427, 

square samples). In addition, scanning electron microscopy (SEM) characterization was 

performed on sintered pellets with Nova NanoSEM 230. Prior to SEM characterization, 

the cross-sections of the samples were polished and annealed at 700 °C for 15 min.  
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4.3  Results and discussion 

The powder XRD pattern shown in Figure 4-1 verified the formation of pure 

Na0.8CoO2, which was synthesized with solid state reaction in a tube furnace. All pellets 

sintered by SPS showed the existence of impurity phases as justified by the diffraction 

peaks at ~ 14.8°, 35.1°, and 35.7°. Furthermore, an additional diffraction peak at 2θ ~ 

33.178° in the XRD spectra of the sample with x = 3% prepared by SPS indicates a tiny 

trace of impurity phase, which may be resulted by the excess Fe in Na0.8Co1-xFexO2. The 

lattice parameters remain unchanged after doping Fe due to the similarity of the ionic 

radii between Fe and Co. The relative density is improved with increasing Fe content.  

 

Figure 4-1 XRD patterns of Na0.8Co1-xFexO2 (x = 0, 0.25%, 0.5%, 1%, 3%). The 

star (*) and cross (x) indicate unknown peaks. 

The SEM micrographs (Figure 4-2) of the cross-sections of the samples 

confirmed that the samples were almost fully densified. It is also noted that the average 

grain size was significantly increased with increasing Fe content. However, the 

mechanism behind it is not clear at this stage. The Scherrer equation which could be 
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used to calculate the crystallite size is B(2θ)=Kλ/(Lcosθ), where B is peak width, K is a 

dimensionless shape factor, λ is the X-ray wavelength, L is the crystallite size, and θ is 

the Bragg angle, respectively. The Scherrer equation is suitable to calculate the size of 

nanocrystallites using the XRD data. However, the grain sizes in this study are in the 

range from 1 μm to 10 μm. Hence, the Scherrer equation cannot be used for this study. 

 

 

Figure 4-2 SEM micrographs of Na0.8Co1-xFexO2. (a) x = 0, (b) x = 0.25%, and (c) 

x = 1%. 

Figure 4-3a shows the temperature dependence of the electrical resistivity (ρ) of 

Na0.8Co1-xFexO2. For all of the samples, ρ increases with increasing temperature, 

exhibiting metallic conduction. Below 500 °C, ρ increases with increasing Fe content. 

However, above 500 °C, this relation is reversed and the undoped sample shows the 

highest ρ.  

Figure 4-3b shows the Seebeck coefficient (S) of Na0.8Co1-xFexO2 versus 

temperature. The positive S indicates Na0.8Co1-xFexO2 is a p-type thermoelectric oxide. 
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In addition, S goes up with increasing temperature. S increases with increasing Fe 

content until x = 1%, and is slightly decreased in the sample with x = 3%. 

 

Figure 4-3 Temperature dependence of the (a) electrical resistivity (ρ) and (b) 

Seebeck coefficient (S) of Na0.8Co1-xFexO2 (x = 0, 0.25%, 0.5%, 1%, 3%). 

Doping Fe into Na0.8Co1-xFexO2 increases both the electrical resistivity and the 

Seebeck coefficient. ρ and S for a two-dimensional metal are given by Equation 4-1 and 

Equation 4-2 
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𝜌 =
1

𝑒𝑛𝜇
=
1

𝑒2
1

𝜏

𝑚∗

𝑛
 Equation 4-1 

𝑆 =
𝜋𝑘𝐵

2𝑇

2𝑒ℏ2𝑑𝑐

𝑚∗

𝑛
 Equation 4-2 

where e is the elemental charge, τ is the average scattering time, m* is the effective 

mass, n is the carrier concentration, and dc is the interlayer spacing. From Equation 4-1 

and Equation 4-2, it is speculated that m*/n goes up with increasing Fe content, that is, 

an increase in m* and/or a decrease in n. Moreover, a decrease in τ or an increase in 

scattering rate may also increase ρ. However, S starts to decrease with Fe doping level > 

1%. It is likely that the improvement of m*/n is suppressed at higher doping level [124].  

Above 500 °C, ρ decreases with increasing Fe substitution, which is attributed to 

the improved relative density of Na0.8Co1-xFexO2 with increasing x. In this study, the 

measurement of ρ and S were carried out in a low-pressure helium atmosphere at 

elevated temperatures. The lattice oxygen of cobaltates could be removed with 

increased temperature and decreased oxygen partial pressure [70,128-130]. It has been 

found that NaxCoO2 tends to lose oxygen at ~500 °C in inert atmosphere [130]. 

Furthermore, the lattice oxygen is easier to be removed from porous structure under the 

same condition due to the large surface area that exposes to environment. Consequently, 

the samples with higher Fe content tend to lose less lattice oxygen due to their higher 

relative densities. ρ increases with increasing oxygen vacancies, since the hole 

concentration is reduced by the free electrons introduced by the oxygen vacancies.  
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Figure 4-4 Temperature dependence of the (a) measured thermal conductivity 

(κ), (b) calculated thermal conductivity for dense Na0.8Co1-xFexO2 (κDense), and (c) ZT of 

Na0.8Co1-xFexO2 (x = 0, 0.25%, 0.5%, 1%, 3%). 
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The thermal conductivity (κ) of Na0.8Co1-xFexO2 versus temperature is plotted in 

Figure 4-4a. Accounting for the difference in relative density, the thermal conductivity 

of the fully densified samples are calculated by Equation 4-3 [131] 

𝜅𝐷𝑒𝑛𝑠𝑒 = 𝜅/(1 −
3

2
𝜙) Equation 4-3 

where κDense is the thermal conductivity of the fully densified sample, κ is the measured 

thermal conductivity, and Φ is the relative porosity (Φ = 1 - Relative density). κDense 

versus temperature is shown in Figure 4-4b. κDense of the undoped sample is higher than 

the Fe doped samples. The samples with 0.25% ≤ x ≤ 1% exhibit similar κDense, while the 

sample with x = 3% shows increased κDense. This result suggests doping Fe is effective 

in reducing the thermal conductivity of Na0.8CoO2. Substituting Co with Fe is likely to 

induce disorder in the Na layers and thus increases the phonon scattering. Similar 

observation has been reported in 5% Fe doped Na0.5CoO2 at temperature range of 75 – 

300 K [132].  

Figure 4-4c illustrates ZT of Na0.8Co1-xFexO2 as a function of temperature. ZT is 

calculated from equation ZT = (S
2
T)/(ρκ). ZT is increased with increasing temperature. 

ZT is improved with increasing Fe content until x = 1% and starts to decrease with x > 

1%. The highest ZT (ZT ~ 0.4) is achieved at 680 °C with x = 1%. 

4.4  Summary 

The thermoelectric properties of Na0.8CoO2 with moderate Fe doping prepared 

by solid-state reaction and spark plasma sintering were studied. The resistivity and the 

Seebeck coefficient of Na0.8Co1-xFexO2 increased with increasing Fe content. It might be 

due to an increase in the effective mass and/or a decrease in the carrier concentration 

induced by Fe doping on the Co sites. The thermal conductivity of Na0.8Co1-xFexO2 was 

effectively reduced in the range of 0.25% ≤ x ≤ 1%. ZT of Fe-doped samples were 

improved over the un-doped sample. The maximum ZT, ~ 0.40 at 680 °C, was obtained 

in the Na0.8Co1-xFexO2 with x = 1%.  
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Chapter 5  Thermopower and chemical stability of 

Na0.77CoO2/Ca3Co4O9 composites 

5.1  Introduction 

Composite structures have been widely used to optimize the properties of 

materials for structural, thermal and electrochemical applications. For example, the 

micromechanics and mechanical behavior of structural materials can be improved by 

making ceramic matrix composites, such as SiC enforced Al2O3 and Si3N4 [133,134]. 

Moreover, eletroceramic composites have been intensively investigated and have been 

used in a wide range of applications as resistors [135], sensors [136], and transducers 

[137]. By simply manipulating the mixing ratio and the microstructures, many 

properties of a two-phase mixture can be tailored. For instance, Ni/ZrO2-Y2O3 mixtures 

exhibit mixed ionic-electronic conduction, depending on the volume ratio of each 

component [138].  

The composite concept has recently been applied to thermoelectric systems, 

especially in alloy matrix, such as CoSb3/C60 [139], CoSb3/ZrO2 [140], and 

YbxCo4Sb12/Yb2O3 [141]. It has been found that both charge carrier scattering and 

phonon scattering are increased by incorporating ZrO2 or Yb2O3 into the host materials, 

leading to the reduction of both electrical and thermal conductivity. On the other hand, 

the Seebeck coefficient can be enhanced by the carrier filtering effecwt caused by the 

interfacial energy barrier in nanocomposites or even bulk polycrystalline composite 

systems [142]. Furthermore, the Cu/Bi/Ni composites, which consist of the materials 

with extremely different thermal conductivities, have demonstrated enhancement of the 

Seebeck coefficient [143].  

NaxCoO2 and Ca3Co4O9 are p-type layered cobaltate thermoelectric materials 

with promising figure-of-merit (ZT) values, e.g. ZT ~ 1 at 527 °C for NaxCoO2 single 

crystals [13] and ZT ~ 0.87 at 700 °C for Ca3Co4O9 single crystals [83]. The crystal 

structures of the two materials are similar and both contain CoO2 planes. To the best of 

our knowledge, no systematic research has yet been carried out on the transport 

properties of bulk NaxCoO2/Ca3Co4O9 composites. In the present work, 

Na0.77CoO2/Ca3Co4O9 composites were fabricated by spark plasma sintering (SPS). The 
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effects of sintering temperature, dwell time, and composition on the structural and 

thermoelectric properties of these composites were investigated. 

Although NaxCoO2 possesses superior thermoelectric performance to other 

oxide-based materials, its application has been limited caused by the degradation due to 

the existence of moisture in air. It decomposes into the insulating Co(OH)2 and/or 

CoCO3 by absorbing moisture and/or CO2 from the ambient environment [15]. Upon 

heating, both Co(OH)2 and CoCO3 decompose further into insulating Co3O4 and CoO 

[16]. Therefore, it is important to explore the chemical stability of NaxCoO2 by using 

the “composite effect”, i.e., adding certain amount of Ca3Co4O9. In this study, we 

demonstrated the improved chemical stability of NaxCoO2 by adding up to a 30 vol.% 

fraction of Ca3Co4O9 without impairing its thermoelectric properties. 

5.2  Experimental procedure 

Both Na0.77CoO2 and Ca3Co4O9 powder were synthesized by conventional solid-

state reaction method. The starting materials for Na0.77CoO2 were Na2CO3 (99.8%, Ajax 

Finechem) and Co3O4 (99.7%, Alfa Aesar), at a molar ratio of 0.77:1 (Na:Co). The 

precursors were mixed by parallel ball milling in ethanol using zirconia balls in a glass 

jar for 12 h at a rotation rate of 90 rpm. The slurry was dried at 120 °C for 3 h, followed 

by hydraulic uniaxial pressing into pellets. The pellets were then put directly into a tube 

furnace preheated at 800 °C and sintered for 16 h in air. Ca3Co4O9 was similarly 

prepared from CaCO3 (99.0%, Sigma-Aldrich) and Co3O4 (99.7%, Alfa Aesar). The 

precursors were mixed and ball milled in ethanol with zirconia balls for 12 h. After 

drying the slurry, the mixture was calcined at 900 °C for 40 h in air with intermittent 

regrinding. X-ray diffraction (XRD) (Panalytical X’pert MPD) was carried out on the 

sintered powders of Na0.77CoO2 and Ca3Co4O9. They were verified as the individual 

pure phases without any impurity.  

Subsequently, different ratios of (1-x)Na0.77CoO2 and xCa3Co4O9 powders were 

mixed (volume ratio x = 0, 0.3, 0.5, 0.7, 1), again by ball milling. The powders were 

then consolidated into 20 mm diameter pellets using the SPS technique. All sintering 

was carried out under a uniaxial pressure of 50 MPa in vacuum. For the composition 

with x = 0.5, two parameters of SPS were studied: sintering temperature (500, 600, 

700 °C), and dwell time (10, 30, 60 min). From our preliminary results, a sintering 
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temperature of 700 °C and a dwell time of 10 min were chosen to sinter the (1-

x)Na0.77CoO2/xCa3Co4O9 powders. The phase formation of the as-sintered materials was 

characterized by XRD analysis of powders from ground pellets. Rietveld refinements 

were performed on the 0.5Na0.77CoO2/0.5Ca3Co4O9 samples using Jana 2006 [118]. The 

lattice parameters of Na0.77CoO2 within the 0.5Na0.77CoO2/0.5Ca3Co4O9 samples were 

thus estimated from the Rietveld refinement (space group 𝑃63/𝑚𝑚𝑐). For a reference, 

the composite with a nominal composition of 0.5Na0.77CoO2/0.5Ca3Co4O9 was also 

prepared by pressureless sintering. The sample was cold pressed under 160 MPa 

followed by conventional sintering (CS) at 700 °C for 12 h in air. To evaluate the 

chemical stability, Na0.77CoO2 and 0.7Na0.77CoO2/0.3Ca3Co4O9 pellets were put in 

ambient atmosphere for 14 days. XRD was applied to characterize the samples during 

the stability testing.  

The bulk densities of the as-prepared materials with a diameter of ~20 mm and 

thickness of ~3 mm were evaluated with Archimedes’ principle. Theoretical densities of 

Na0.77CoO2 and Ca3Co4O9 were 4.61 g/cm
3
 from JCPDS 30-1182 and 4.68 g/cm

3
 [17], 

respectively. The Na0.77CoO2/Ca3Co4O9 composites can be viewed as binary oxide 

mixtures, since no inter-diffusion was evidenced from the XRD analysis and Rietveld 

refinements. Therefore the theoretical densities of (1-x)Na0.77CoO2/xCa3Co4O9 

composites were given by the sum of the products of the theoretical densities of each 

phase and their respective volume fractions. Each pellet was cut into a square of 10 mm 

× 10 mm × 3 mm and a rectangular bar of about 15 mm × 3 mm × 3 mm. Electrical 

resistivity ρ and Seebeck coefficient S were simultaneously measured with the bar 

samples using the ULVAC-ZEM3 system. Thermal conductivity κ was obtained from 

the product of the measured density (NETZSCH DIL402C for the thermal expansion, 

bar samples), the specific heat capacity (NETZSCH DSC 404C), and the thermal 

diffusivity (NETZSCH LFA427, square samples). In addition, scanning electron 

microscopy (SEM) characterization was performed on Na0.77CoO2, 

0.5Na0.77CoO2/0.5Ca3Co4O9, and Ca3Co4O9 sintered by SPS at 700 °C for 10 min with 

an FEI Nova NanoSEM 230 field-emission scanning electron microscope. 
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5.3  Results and discussion 

5.3.1  Phase and Structural characterization 

Table 5-1 shows the relative densities of 0.5Na0.77CoO2/0.5Ca3Co4O9 and the 

lattice parameters of Na0.77CoO2 within the composites sintered by SPS at various 

temperatures and durations. The relative density of the samples was improved by 

increasing the sintering temperature and the dwell time. All composites sintered by SPS 

at 700 °C exhibited > 92% of the theoretical density, and nearly full densification was 

achieved by extending the sintering duration. In these 0.5Na0.77CoO2/0.5Ca3Co4O9 

composites, the lattice parameters of Na0.77CoO2 remains similar by changing the SPS 

sintering parameters, implying limited reaction between Na0.77CoO2 and Ca3Co4O9 

during the sintering.  

Table 5-1 Sintering methods and parameters, relative densities, lattice 

parameters of Na0.77CoO2, and goodness of fit (GOF) of 0.5Na0.77CoO2/0.5Ca3Co4O9. 

Sintering 

method 

Sintering 

temperature 

(°C) 

Dwell 

time 

(min) 

Relative 

density  

a of 

Na0.77CoO2 

(Å) 

c of 

Na0.77CoO2 

(Å) 

GOF 

SPS 500 10 0.79 2.8239(3) 10.893(3) 2.62 

600 10 0.83 2.8263(5) 10.896(1) 2.48 

700 10 0.95 2.8267(8) 10.884(4) 2.13 

700 30 0.97 2.8271(5) 10.890(3) 2.15 

700 60 0.99 2.8276(4) 10.889(3) 2.60 

Single-phase Na0.77CoO2 and Ca3Co4O9 were successfully fabricated with solid-

state reaction as shown in Figure 5-1. (1-x)Na0.77CoO2 and xCa3Co4O9 powders were 

mixed by low-energy parallel ball milling with different volume ratios of x = 0, 0.3, 0.5, 

0.7, and 1. The XRD pattern of the mixture with x = 0.5 is shown in Figure 5-1, in 

which the peaks can be assigned to Na0.77CoO2 and Ca3Co4O9, respectively. The 

subsequent SPS processes have very limited influence on the structure of the 

0.5Na0.77CoO2/0.5Ca3Co4O9 composites. This has been demonstrated by the minimal 

change of the XRD spectra for the SPS processed samples. 

However, an additional peak at 2θ ~16.4° appeared in the XRD patterns of 

0.5Na0.77CoO2/0.5Ca3Co4O9 sintered by SPS at 700 °C, as shown in Figure 5-1. It has 

been reported that this additional peak is found in XRD patterns of NaxCoO2 with lower 

x values due to the volatility of sodium [144]. The SPS temperature was controlled by a 



 

63 

thermocouple which was inserted into the graphite die. The temperature of the powder 

compact was higher than that measured by the thermocouple in the case of conducting 

powder [145]. Therefore, the peak was not present in the samples sintered by SPS at 

lower temperatures (i.e. 500, 600 °C) and by the CS method at 700 °C. However, it is 

very difficult to achieve a relative density of more than 70% using the CS method. 

Therefore, the main advantage of using the SPS technique in this research was to 

improve the relative density of the composites, thus enhancing both the mechanical and 

electrical properties of the materials. 

 

 

Figure 5-1 XRD patterns of Na0.77CoO2 and Ca3Co4O9 after solid-state reaction, 

the mixture of 0.5Na0.77CoO2/0.5Ca3Co4O9 after mixing by ball milling, 

0.5Na0.77CoO2/0.5Ca3Co4O9 sintered by SPS at various temperatures for different 

durations,  0.5Na0.77CoO2/0.5Ca3Co4O9 sintered by the CS method at 700 °C for 12 h in 

air. 

The XRD patterns of (1-x)Na0.77CoO2/xCa3Co4O9 with various x processed by 

SPS are shown in Figure 5-2. Since Na0.77CoO2 and Ca3Co4O9 share similar crystal 

structure, the XRD patterns are very difficult to be separated. 
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Figure 5-2 XRD patterns of (1-x)Na0.77CoO2/xCa3Co4O9 (x = 0, 0.3, 0.5, 0.7, 1) 

sintered by SPS at 700 °C for 10 min. 

The microstructures of Na0.77CoO2, 0.5Na0.77CoO2/0.5Ca3Co4O9 and Ca3Co4O9 

sintered at 700 °C for 10 min were characterized by SEM, as shown in Figure 5-3. The 

samples are all densely compacted, and exhibit a fine microstructure with a similar grain 

size of between 0.5 and 1 µm. Therefore, it is beneficial to use SPS technique to prepare 

a highly densified sample with a fine microstructure. Moreover, the grain sizes of the 

composite are increased by extending the sintering duration to 60 min. 
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Figure 5-3 SEM micrographs of (a) Na0.77CoO2, (b) 0.5Na0.77CoO2/0.5Ca3Co4O9 

composite, (c) Ca3Co4O9, sintered by SPS at 700 °C for 10 min, and (d) 

0.5Na0.77CoO2/0.5Ca3Co4O9 sintered by SPS at 700 °C for 60 min. 

 

5.3.2  Effects of sintering temperature and dwell time on 

0.5Na0.77CoO2/0.5Ca3Co4O9 

 

Figure 5-4 Temperature dependence of figure-of-merit (ZT) for 

0.5Na0.77CoO2/0.5Ca3Co4O9 sintered at 500, 600, 700 °C for 10 min and at 700 °C for 

30 and 60 min. 
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The samples listed in Table 5-1 were used to evaluate the effects of sintering 

temperature and dwell time on the transport properties of 0.5Na0.77CoO2/0.5Ca3Co4O9 

composites. It is noted that all the samples possess similar ZT values below 400
 
°C. 

However, ZT as a function of temperature presents a different trend when the 

temperature is over 400 °C, as shown in Figure 5-4. The ZT values of the composites 

sintered at 700 °C for 10, 30 and 60 min increase significantly with increasing 

temperature; however, this trend is less pronounced for the samples sintered at 500 and 

600 °C. This difference is most likely associated with the change in resistivity ρ with 

increasing temperature (Figure 5-5) because ZT is inversely proportional to ρ.  

 

Figure 5-5 Temperature dependence of electrical resistivity (ρ) for 

0.5Na0.77CoO2/0.5Ca3Co4O9 sintered at 500, 600, 700 °C for 10 min and at 700 °C for 

30 and 60 min. 

Both Na0.77CoO2 and Ca3Co4O9 are prone to losing oxygen at high temperatures. 

For instance, it has been reported that Ca3Co4O9 tends to lose oxygen at ~447–457 °C in 

air [146] and at ~347–357 °C in an inert atmosphere [147]. Consequently, 400 °C 

appears to be a critical temperature for both the ZT and ρ of the composites in the 

present study. With the loss of oxygen, free electrons are introduced, thus decreasing the 

main charge carrier (hole) concentration through their recombination. Oxygen can be 

removed more easily from porous samples than from dense samples in an inert 
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atmosphere due to the larger surface area that is exposed to the environment. This 

explains the rapid upsurge in ρ (above 400 °C) of low-density samples (i.e., sintered at ≤ 

600 °C) compared with the composites sintered at 700 °C (Figure 5-5). This observation 

is instructive to the practical application because the dense samples with high relative 

density (≥ 92% in this case) possess not only superior ZT values but also good stability. 

Therefore, it is of interest to investigate the behaviors of composites sintered at a 

temperature of 700 °C.  

 

 

5.3.3  Effects of different compositions on (1-x)Na0.77CoO2/xCa3Co4O9 

(1-x)Na0.77CoO2/xCa3Co4O9 (x = 0, 0.3, 0.5, 0.7, 1) samples were sintered at 

700
o
C for 10 min. All samples exhibit a relative density of ≥ 92% (Table 2). In 

particular, the sample with a composition of 0.3Na0.77CoO2/0.7Ca3Co4O9 was almost 

fully densified.  

Table 5-2 Sintering methods, nominal compositions, sintering parameters, 

theoretical densities and relative densities of (1-x)Na0.77CoO2/xCa3Co4O9. 

Sintering 

method 

x Sintering 

temperature 

(°C) 

Dwell time 

(min) 

Theoretical 

density 

(g/cm
3
) 

Relative 

density 

CS 0.5 700 720 4.65 0.61 

SPS 0 700 10 4.61 0.92 

0.3 700 10 4.63 0.92 

0.5 700 10 4.65 0.95 

0.7 700 10 4.66 0.99 

1 700 10 4.68 0.92 



 

68 

Electrical resistivity of (1-x)Na0.77CoO2/xCa3Co4O9 

 

 

Figure 5-6 (a) Electrical resistivity (ρ) of (1-x)Na0.77CoO2/xCa3Co4O9 (x = 0, 0.3, 

0.5, 0.7, 1) versus temperature, and (b) ρ of (1-x)Na0.77CoO2/xCa3Co4O9 versus nominal 

composition x at 480 °C and 580 °C, respectively. 
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The electrical resistivity (ρ) of (1-x)Na0.77CoO2/xCa3Co4O9 versus temperature 

and ρ versus volume fraction (x) of Ca3Co4O9 are shown in Figure 5-6a and b, 

respectively. ρ increases linearly with increasing x. The boundary between the metallic 

and semiconducting conduction is found in the composite with x = 0.5. At temperatures 

lower than 450 °C, the resistivity of 0.5Na0.77CoO2/0.5Ca3Co4O9 is nearly independent 

of temperature. The increased resistivity with increasing temperature over 450 °C is due 

to the oxygen loss during measurement in vacuum. 

In 1952, Landauer [148] proposed a model for the calculation of electrical 

resistivity of a random binary metallic mixture. It is assumed in this model that two 

phases in the mixture are randomly distributed and completely fill the space. In addition, 

the voltage drop across the grain boundaries is ignored, assuming good contact between 

the grains. In this case, the composites that we prepared are in good agreement with 

these assumptions, even though our composites are not fully densified. Based on this 

model, a modified equation for the calculation of the theoretical electrical resistivity of 

(1-x)Na0.77CoO2/xCa3Co4O9 considering the relative density (voids existing in the 

composites) is proposed as: 

 

Equation 5-1 

 

where x1 and x2 are the product of the relative density and the respective molar ratio of 

Na0.77CoO2 and Ca3Co4O9. ρ1 and ρ2 are the respective resistivity of Na0.77CoO2 and 

Ca3Co4O9. ρm is the resistivity of the mixture. By solving Equation 5-1, the resistivity of 

the mixture can be determined by: 

 

Equation 5-2 

 As shown in Figure 5-7b, the theoretical values derived from Landauer’s model 

are lower than the experimental results.  
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Figure 5-7 (a) Schematic diagram of a resistor network representing (1-

x)Na0.77CoO2/xCa3Co4O9 samples and (b) the experimental and calculated electrical 

resistivity (ρ)of (1-x)Na0.77CoO2/xCa3Co4O9 versus nominal composition (x) at 580 °C. 

Moreover, a 3-D resistor network model (Figure 5-7a) is constructed by 

considering the compositions of (1-x)Na0.77CoO2/xCa3Co4O9 and the relative density to 
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verify the ideal electrical resistivity of the composites. The assumptions used to derive 

this model are similar to those in Landauer’s work. To simplify the calculation, we 

further assume that the composites have the same size of cubic grains of Na0.77CoO2 and 

Ca3Co4O9 and voids with a cubic unit. In each unit there are six resistors, each of which 

is connected to the one in the adjacent unit sharing the same facet. The resistance of 

each resistor is set to be half the value of the resistivity of the material. The 3-D matrix 

consists of N
3
 cubic units. The resistance of the matrix from one side to the opposite 

side times N yields the resistivity of the composite material. SPICE is used to calculate 

the total resistance of the network. Furthermore, MATLAB is applied to generate the 

input file for SPICE, which contains over 10
4
 resistors. The calculated resistivity is also 

lower than the experimental results, as shown in Figure 5-7b. In summary, resistivity 

values calculated from both Landauer’s model and the resistor network model deviate 

from the experimental results, implying the existence of other factors that influence the 

resistivity. Moreover, the insufficiency of both models should also contribute to the 

deviation. Equation 5-1 is derived based on the assumption of spherical grains and 

uniform electrical field within the composites. Similarly, the resistor network model 

oversimplified the shapes of the grains and voids. These assumptions about grain shapes 

may partially cause the deviation, since the electrical resistivities of Na0.77CoO2 and 

Ca3Co4O9 is highly anisotropic between in- and out-of-plane directions [12]. However, 

as will be shown in the next section, both of the abnormal increase of the electrical 

resistivity and the Seebeck coefficient appeared in the composites implies that the 

interface effect is most likely to be the main influence factor. 

Strain induced enhancement of Seebeck coefficient 

The Seebeck coefficient (S) of (1-x)Na0.77CoO2/xCa3Co4O9 as a function of 

temperature and S versus volume fraction of Ca3Co4O9 (x) are shown in Figure 5-8a and 

b, respectively. The composites, especially 0.3Na0.77CoO2/0.7Ca3Co4O9, exhibit a larger 

S than the individual Na0.77CoO2 and Ca3Co4O9 at ~ 400 °C and above. Figure 5-9a 

shows the experimental and theoretical predictions of S as a function of temperature for 

0.3Na0.77CoO2/0.7Ca3Co4O9. The theoretical values of S of the composite are calculated 

based on the equation proposed by Bergmann and Levy [149]. The experimental results 

show larger S, and there is a monotonic increase in the difference between the 

experimental and theoretical S with increasing temperature. 
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Figure 5-8 (a) Seebeck coefficient (S) of (1-x)Na0.77CoO2/xCa3Co4O9 (x = 0, 0.3, 

0.5, 0.7, 1) versus temperature (b) S of (1-x)Na0.77CoO2/xCa3Co4O9 versus nominal 

composition x measured at 480 °C and 580 °C, respectively. 

The enhancement of the Seebeck coefficient mainly originates from the unique 

properties of the composites. A similar enhancement of S (13% increase over that of 

single-phase Ca3Co4O9) was also observed in the superlattice structure 

Na0.66CoO2/Ca3Co4O9 (0.25Na0.77CoO2/0.75Ca3Co4O9) [150]. As reported by Odahara 

et al. [143], the large variation in the thermal conductivity of two components in a 

composite leads to an uneven thermal gradient and hence the enhancement of the 
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Seebeck coefficient. However, this mechanism is ruled out here as Na0.77CoO2 and 

Ca3Co4O9 possess similar thermal conductivity (Figure 5-10). Additionally, both 

experimental and theoretical studies indicate that the Seebeck coefficient can be 

affected by the strain present in the materials, which can be induced by lattice mismatch 

[151] or external pressure [152]. 

 

Figure 5-9 (a) Theoretical and experimental Seebeck coefficient (S) versus 

temperature for 0.3Na0.77CoO2/0.7Ca3Co4O9. (b) Thermal expansion dL/Lo of single-

phase Na0.77CoO2 and Ca3Co4O9 versus temperature. 
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A previous study by Matsubara et al. [151] on (Ca2CoO3)xCoO2 thin films 

demonstrated a 9% improvement on S due to compressive strain within the crystal 

structure induced by misfit lattice parameters. Figure 5-9b shows that the thermal 

expansion coefficient (dL/Lo) of Ca3Co4O9 is higher than that of Na0.77CoO2 from 100 to 

700 °C. Therefore, the Ca3Co4O9 grains are subjected to the compressive strain exerted 

by the neighboring Na0.77CoO2 grains with a smaller thermal expansion at elevated 

temperatures. Moreover, such an effect would become more pronounced as the 

temperature increases, which is in good agreement with Figure 5-9a. In addition, it is 

reported that the compressive strain leads to an increase in ρ [151]. This is also 

consistent with the observation of ρ behavior in our study, showing that the 

experimental resistivity is higher than the calculated and modeling ρm values. Therefore, 

the interfacial effect, specifically the compressive strain, should be mainly responsible 

for the enhancement of the Seebeck coefficient.  

Thermoelectric properties 

With the calculation, we find that power factor (PF = S
2
/ρ) deteriorates with 

increasing amount of Ca3Co4O9. Moreover, the PF of Na0.77CoO2 is similar to that of 

0.7Na0.77CoO2/0.3Ca3Co4O9 at temperatures higher than 200 °C. Figure 5-10a and b 

show that thermal conductivity (κ) does not change significantly with different 

compositions. Basically, the trend of κ is the same as that of the relative densities of the 

samples. The thermal conductivity of 0.3Na0.77CoO2/0.7Ca3Co4O9 exhibits the highest κ 

because of its highest relative density.  



 

75 

 

Figure 5-10 (a) Thermal conductivity κ of (1-x)Na0.77CoO2/xCa3Co4O9 (x = 0, 

0.3, 0.5, 0.7, 1) versus temperature and (b) κ of (1-x)Na0.77CoO2/xCa3Co4O9 versus 

nominal composition x measured at 480 °C and 580 °C, respectively. 
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Figure 5-11 (a) ZT of (1-x)Na0.77CoO2/xCa3Co4O9 (x = 0, 0.3, 0.5, 0.7, 1) versus 

temperature, and (b) ZT of (1-x)Na0.77CoO2/xCa3Co4O9 versus nominal composition x at 

480 °C and 580 °C, respectively. 

Na0.77CoO2 and 0.7Na0.77CoO2/0.3Ca3Co4O9 samples exhibit similar ZT [ZT = 

S
2
T/(ρκ)] values, both achieving 0.35 at 680 °C (Figure 5-11a and b). The overall value 

of ZT decreases with increasing volume fraction of Ca3Co4O9 when x exceeds 0.3.  
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5.3.4  Chemical stability 

As the moisture absorption would be limited at temperatures above 100 °C, 

therefore, it is of interest to investigate the chemical stability of Na0.77CoO2 and 

0.7Na0.77CoO2/0.3Ca3Co4O9 samples in air. Figure 5-12a shows that the Na0.77CoO2 

sample starts to decompose after 7 days. The impurities were most likely to be Na2CO3 

(JCPDS 86-0289) and Co(OH)2 (JCPDS 45-0031). After 14 days testing, the diffraction 

peaks corresponding to Na0.77CoO2 phase had almost disappeared, indicating the 

degradation as a result of the moisture. The major phases existing in the composites 

were Co3O4 (JCPDS 80-1542), Na2CO3 (JCPDS 86-0289), and Co(OH)2 (JCPDS 45-

0031). In contrast, only a trace amount of impurity phase presented in the XRD patterns 

of 0.7Na0.77CoO2/0.3Ca3Co4O9 after 7 days of testing (Figure 5-12b). Even after 14 days, 

the major phase was still Na0.77CoO2, with limited amounts of Na2CO3 (JCPDS 86-0289) 

and Co(OH)2 (JCPDS 45-0031). Therefore the chemical stability of Na0.77CoO2 can be 

improved significantly by compositing it with Ca3Co4O9. 

  

Figure 5-12 XRD patterns of pellets of (a) Na0.77CoO2 and (b) 

0.7Na0.77CoO2/0.3Ca3Co4O9 before stability test, after testing for 7 days and after testing 

for 14 days, respectively. 
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Na0.77CoO2 is highlighted for its good thermoelectric properties. However, due 

to its moisture-sensitive nature, the application of Na0.77CoO2 is limited. This 

observation is promising for the development of Na0.77CoO2 thermoelectric materials for 

practical applications, because the chemical stability of Na0.77CoO2 could be 

significantly improved by compositing with Ca3Co4O9 (up to 30 vol.% fraction) while 

retaining its thermoelectric performance. 

5.4  Summary 

Na0.77CoO2/Ca3Co4O9 composites have been successfully synthesized by SPS 

and their thermoelectric properties have been studied. No solid-state reaction between 

Na0.77CoO2 and Ca3Co4O9 has been observed with increasing sintering temperature up 

to 700 °C and sintering duration up to 1 h. With increasing relative density up to ~92%, 

ZT of the composites could be improved. We applied a modified Landauer’s model and 

a resistor network model to calculate the theoretical electrical resistivity of the 

composites. The experimental resistivity is larger than the calculated data. Furthermore, 

the Seebeck coefficient of the composites is enhanced by 17% at 680 °C compared with 

that of single-phase Ca3Co4O9. Both phenomena are attributed to the compressive strain 

on Ca3Co4O9 originating from the mismatch of thermal expansion coefficients between 

Ca3Co4O9 and Na0.77CoO2. Above all, the chemical stability of Na0.77CoO2 could be 

improved by adding up to a 30 vol.% fraction of Ca3Co4O9 to form composites without 

affecting the thermoelectric performance. The present study is promising as it opens the 

way for the practical application of such thermoelectric materials. 
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Chapter 6  Effects of Y and La content on the crystal phase, 

microstructure, and thermoelectric properties of Sr-deficient 

Sr1-1.5xMxTiO3 (M = Y, La) 

6.1  Introduction 

Donor-doped SrTiO3 appears to be a promising n-type thermoelectric oxide due 

to its unusually high power factor [27], low cost, low toxicity, and high thermal and 

chemical stability at high temperatures. The thermoelectric properties of SrTiO3 can be 

adjusted by introducing cationic doping and oxygen vacancies. A common doping 

strategy is to substitute Sr with lanthanide ions or to substitute Ti with Nb
5+

 ions [23-25]. 

Additionally, stoichiometric Sr1-xYxTiO3 and Sr1-xLaxTiO3 sintered under a reducing 

atmosphere exhibits high Seebeck coefficient and low thermal conductivity [25,153]. It 

has also been reported that the Sr-deficient compositions have higher electrical 

conductivity than the stoichiometric compositions [28-30]. However, the reports in the 

thermoelectric properties of Sr-deficient Sr1-1.5xMxTiO3 (M = Y, La) are limited.  

The thermal properties of materials may also be tailored by introducing dopants 

or a secondary phase. The secondary phase can act as phonon-scattering centers to 

reduce the lattice thermal conductivity when it is embedded inside the grains [154]. For 

example, the thermal conductivity of Nb-doped SrTiO3 has been reduced by introducing 

nanosized yttria stabilized zirconia into grains and triple junctions [155]. Moreover, the 

secondary phase that locates at grain boundaries plays an important role in the 

mechanical properties, electrical properties, and thermal stability of ceramics [156]. It 

has been found that excessive doping of Y into SrTiO3 results in the formation of a 

secondary phase, Y2Ti2O7. Since Y2Ti2O7 is grown in-situ during sintering, it is 

expected that its distribution is uniform within the composites. Therefore it is 

worthwhile to study the distribution and effects of Y2Ti2O7 on the thermoelectric 

properties of Y-doped SrTiO3. 

In contrast to the limited solubility of Y in SrTiO3 (x ≈ 0.08), up to 40 at.% (x ≈ 

0.4) of La can be doped into SrTiO3 [157]. It is necessary to study the thermoelectric 

properties of Sr1-1.5xMxTiO3 within and beyond the solubility of dopants. Therefore, in 

this study, we have examined the structural and thermoelectric properties of Y and La 



 

80 

substituted strontium titanates with nominal compositions of Sr1-1.5xMxTiO3 (M = Y, La; 

x = 0, 0.02, 0.03, 0.04, 0.06, 0.08, and 0.15 for Y; x = 0, 0.04, 0.08, 0.12, 0.25, and 0.40 

for La).  

6.2  Experimental procedure 

Sr1-1.5xYxTiO3 (x = 0, 0.02, 0.03, 0.04, 0.06, 0.08, and 0.15), Y2Ti2O7, and Sr1-

1.5xLaxTiO3 (x = 0, 0.04, 0.08, 0.12, 0.25, and 0.40) were synthesized by conventional 

solid-state reaction method. The starting powders were SrCO3 (99.9%, Sigma Aldrich), 

TiO2 (Puriss grade, Sigma Aldrich), Y2O3 (99.99%, Sigma Aldrich), and La2O3 (99.99%, 

Prochem Inc). Except for La2O3 dried in furnace at 900 °C for 2 h, the other powders 

were all baked in oven at 150 °C for 3 h before use. The powders were then mixed 

according to the aforementioned nominal compositions. The mixture was ball milled in 

a planetary ball mill machine (Retsch, PM400) at 150 rpm for 6 h in ethanol with 

zirconia balls. After drying, the powder was calcined at 1300 °C for 6 h in 5% H2/Ar. 

The powder was then ground and subjected to ball milling again. After drying, the 

powder was compacted into 20 mm pellets with cold pressing machine under a pressure 

of 200 MPa with the aid of PVA binder. The pellets were annealed at 500 °C for 0.5 h 

in air to eliminate the binder. Finally, the pellets were sintered at 1400 °C for 11 h in 5% 

H2/Ar.  

Powder X-ray diffraction (XRD) measurement was carried out employing 

Panalytical X’pert MPD scanning 2θ from 20° to 130°. Rietveld refinements were 

performed using PANalytical-HighScore Plus software. Density of the pellets was 

evaluated by Archimedes’ principle. The microstructural analysis was conducted using 

scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

(FEI Nova NanoSEM 230 FESEM). Prior to SEM, the samples were polished and 

thermal etched at 1300 °C for 0.5 h in5% H2/Ar. The bright-field images and selected 

area electron diffraction (SAED) patterns were taken by transmission electron 

microscopy (TEM) (Phillips CM200). The samples for TEM analysis were prepared by 

focused ion beam (FIB) (XT Nova Nanolab 200). Electrical conductivity σ and Seebeck 

coefficient S were simultaneously measured by the ULVAC-ZEM3 system. Thermal 

conductivity κ was obtained from the product of the measured density (NETZSCH 

DIL402PC for the thermal expansion), the specific heat capacity (NETZSCH 

DSC404C), and the thermal diffusivity (NETZSCH LFA427). Thermogravimetric 
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measurement was carried out employing thermogravimetric analysis (NETZSCH 

STA449). The oxygen deficiency was determined by the weight increase upon 

annealing samples at 1000 °C for 20 h in oxygen atmosphere (50 ml/min). Both 

physical and chemical properties of Ti
3+

 and Ti
4+

 are similar, and therefore, it is hard to 

determine the Ti
3+

 concentration via experiments. In the donor-doped SrTiO3 system, 

defect chemistry method with the charge neutrality is the common method for the 

determination of Ti
3+

 concentration. Therefore, this method is applied in the thesis. 

6.3  Results and discussion 

6.3.1   Effects of Y content and Sr deficiency on the crystal phase, microstructure, 

and thermoelectric properties of Sr1-1.5xYxTiO3 (0 ≤ x ≤ 0.15) 

The XRD patterns shown in Figure 6-1  indicate that the samples of composition 

0 ≤ x ≤ 0.06 were single-phase perovskite structure with space group Pm3̅m. Diffraction 

peaks corresponding to the Y2Ti2O7 phase appeared in the XRD patterns with x ≥ 0.08 

(insert in Figure 6-1a), indicating the solubility limit of Y in Sr1-1.5xYxTiO3 between 6-

8%. Rietveld analysis of the XRD patterns shows a linear decrease of lattice parameter 

(a) with increasing Y content up to x = 0.08 (Figure 6-1b). It indicates a successful 

substitution of Sr
2+

 with Y
3+

 due to the smaller ionic radius of Y
3+

 compared to Sr
2+

. 

The lattice parameter remains unchanged above the solubility limit of Y
3+

 in SrTiO3 

(0.08 ≤ x ≤ 0.15). All samples showed > 94% of the theoretical density. 
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Figure 6-1 (a) XRD patterns and (b) lattice parameter a versus x, for Sr1-

1.5xYxTiO3 (x = 0, 0.02, 0.03, 0.04, 0.06, 0.08, 0.15). Insert in Figure 6-1a shows the 

XRD pattern over 25° to 45° for the composition with x = 0.08. 

 

Figure 6-2 SEM micrograph and elemental distribution of Sr, Y, and Ti from 

EDS mapping of Sr1-1.5xYxTiO3 with x = 0.15. The scale bar indicates 5 μm.  
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Detailed SEM and EDS analysis have been carried out to examine the 

microstructure of Sr1-1.5xYxTiO3. The samples with 0 ≤ x ≤ 0.06 show the well-defined 

polygonal grains with homogeneous grain sizes, while the samples with x ≥ 0.08 contain 

both polygonal grains and liquid-like grains. Figure 6-2 shows the microstructure and 

EDS mapping of the sample with x = 0.15. It is noticed that Sr and Y elements are not 

uniformly distributed, while Ti element is homogenously distributed in the micrograph. 

The grains with uneven distribution of Y and Sr elements appear to be impurity phase 

and have been further examined by TEM analysis. The bright-field image and selected 

area electron diffraction patterns of this sample confirm the impurity phase as Y2Ti2O7 

(Figure 6-3). Grain 1 in Figure 6-3a is indexed based on Y2Ti2O7 with a = 0.915±0.003 

nm, while grain 2 is indexed based on SrTiO3 with a = 0.320±0.001 nm. The lattice 

parameter a of a cubic structure is calculated by 

𝑎 = dhkl × √ℎ
2 + 𝑘2 + 𝑙2 Equation 6-1 

 

Figure 6-3 (a) Bright-field image, (b) SAED pattern of grain 1, and (c) SAED 

pattern of grain 2 of Sr1-1.5xYxTiO3 with x = 0.15. 

The temperature dependence of the electrical conductivity of Sr1-1.5xYxTiO3 is 

shown in Figure 6-4a. The samples appear semiconducting below 150 °C and metallic 

above 200 °C. Below 150 °C, the electrical conduction of Sr1-1.5xYxTiO3 is contributed 

by the electron hopping between Ti
3+

 and Ti
4+

 via an oxygen ion. The mobility of 

electron-hopping process is thermally-activated; therefore, the electrical conductivity 

increases with increasing temperature. Above 200 °C, the electrons become delocalized 

and act as free electrons, leading to the metallic conduction. The electrical resistivity is 

also plotted as a function of the square of the absolute temperature as shown in Figure 
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6-4b. Above 200 °C, the resistivity versus temperature is well-characterized by a linear 

relationship, ρ = ρo + AT
2
. The quadratic temperature dependence indicates that the 

electron-electron scattering dominates the electron-phonon scattering process [158]. 

 

Figure 6-4 (a) Electrical conductivity (σ) versus temperature and (b) electrical 

resistivity (ρ) versus the square of the temperature (T) for Sr1-1.5xYxTiO3 (x = 0.02, 0.03, 

0.04, 0.06, 0.08, 0.15). 

The increasing electrical conductivity with increasing Y content above 200 °C is 

attributed to the increase in carrier concentration. The charge carriers for the electrical 

conduction are contributed by both Y substitution and oxygen vacancies in Sr1-

1.5xYxTiO3 sintered in a reducing atmosphere. Each YSr
•  generates one electron, while 

each oxygen vacancy (VO
•• ) generates two electrons. In order to maintain charge 
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neutrality, the released electrons are transferred to Ti
4+

 ions, forming mixed Ti
3+

/Ti
4+

 

ions. Therefore, the charge carrier concentration should be equal to the concentration of 

Ti
3+

, which could be expressed as 𝑛 = [Ti3+] = [YSr
• ] + 2[VO

••]. The concentration of 

oxygen vacancies could be calculated based on Equation 6-2. 

[VO
••] = 𝛿 =

∆𝑚/𝐴o
𝑚ox/𝐴YSTO

 
Equation 6-2 

where δ is the oxygen deficiency per formula unit, mox is the weight of the oxidized 

sample after annealing, Δm is the weight gain after annealing the sample in oxygen, Ao 

is the atomic weight of oxygen, and AYSTO is the atomic weight of the Sr1-1.5xYxTiO3. 

For a clear comparison, oxygen deficiency, charge carrier concentration (i.e., [Ti
3+

]), 

and electrical conductivity as a function of Y content are plotted in Figure 6-5. It is clear 

that in the range 0.02 ≤ x ≤ 0.08 the electrical conductivity increases proportionally to 

[Ti
3+

]. Although a further increase in x leads to an increase in [Ti
3+

], the electrical 

conductivity decreases. It is due to the presence of Y2Ti2O7 which blocks the conduction 

path as it possesses a much lower electrical conductivity [159]. 

 

Figure 6-5 Oxygen deficiency δ, concentration of Ti
3+

, and the electrical 

conductivity (σ) at 680 °C of Sr1-1.5xYxTiO3 (x = 0.02, 0.03, 0.04, 0.06, 0.08, 0.15). 
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Figure 6-6 (a) Seebeck coefficient (S) versus temperature and (b) concentration 

of Ti
3+

 and the absolute values of S (|S|) at 680 °C versus x for Sr1-1.5xYxTiO3 (x = 0.02, 

0.03, 0.04, 0.06, 0.08, 0.15). 

The values of the Seebeck coefficient are negative over the entire temperature 

range (Figure 6-6a), indicating of n-type conduction. The absolute value of the Seebeck 

coefficient (|S|) initially decreases with increasing x up to x = 0.08 due to the increased 

carrier concentration, as shown in Figure 6-6b. A further increase in x has no effect on 

the Seebeck coefficient. This is due to the fact that the main conducting phase in the 

compositions with 0.08 ≤ x ≤ 0.15 is almost the same, which has been evidenced by the 

XRD analysis. 
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Figure 6-7 (a) Thermal conductivity (κ) and (b) lattice thermal conductivity (κL) 

versus temperature for Sr1-1.5xYxTiO3 (x = 0.02, 0.03, 0.04, 0.06, 0.08, 0.15). For a 

comparison, the data for Y2Ti2O7 is also included in Figure 6-7. 

Temperature dependence of the thermal conductivity (κ) and lattice thermal 

conductivity (κL) of Sr1-1.5xYxTiO3 are shown in Figure 6-7a and b, respectively. The 

thermal conductivity decreases with increasing temperature, indicating of lattice 

scattering dominated thermal conductivity. The electronic thermal conductivity can be 

calculated from the Wiedemann-Franz law, κe = σLT, where L is the Lorenz number (L 

= 2.44 × 10
-8

 WΩK
-2

). The lattice thermal conductivity (κL) can be obtained by κL = κ - 

κe. Since the electrical conductivity of Y2Ti2O7 is very low, the electronic thermal 

conductivity of it could be neglected in the calculation, i.e. κL = κ. The lattice thermal 

conductivity is reduced with increasing x, as shown in Figure 6-7b.  
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Within the solubility limit of Y
3+

 in SrTiO3, the decreased lattice thermal 

conductivity with increasing Y content is attributed to the increase of lattice straining 

due to Y doping and oxygen vacancies. The decreased lattice thermal conductivity with 

increasing Y content is associated with the increased lattice straining. Lattice distortion 

is introduced into SrTiO3 by doping Y due to their different ionic radii, as verified by 

the change in lattice parameter (Figure 6-1b). Disorder parameter (Γ) is used to depict 

the effect of lattice distortion on the lattice thermal conductivity as shown in Equation 

6-3.  

𝜅L
𝜅OL

∝
1

Γ
 Equation 6-3 

where κL is the disordered lattice thermal conductivity due to point defects, and κOL is 

the ordered lattice thermal conductivity without defects. The disorder parameter Γ is 

affected by the mass scattering parameter and the strain scattering parameter, as shown 

in Equation 6-4 [44].  

Γ = ∑ Γ𝑖 i
 where Γi = 𝑥𝑖[(

∆𝑀

𝑀
)
2
+ 휀 (

∆𝛿

𝛿
)
2
] Equation 6-4 

where Γ is the disorder parameter, xi is the fractional concentration of the component i 

(Y) of the material, M and ΔM are the atomic weight and atomic weight difference 

between the dopant and original lattice atom, δ and Δδ are the ionic radii and ionic radii 

difference between the dopant and original lattice atom, ε is an adjustable parameter. It 

is evident that the strain scattering parameter is increased with increasing Y content, 

resulting in a reduced lattice thermal conductivity.  

On the other hand, the reduction in lattice thermal conductivity with increasing 

Y content could also be attributed to the enhanced phonon scattering with oxygen 

vacancies. It has been demonstrated that oxygen vacancies can effectively scatter 

phonons in La-doped SrTiO3 due to the comparable size of oxygen vacancies and 

wavelength of the phonons [160,161]. As indicated in Figure 6-5, the oxygen deficiency 

increases with increasing x. Therefore a decrease in lattice thermal conductivity with 

increasing Y content is expected.  

It is interesting to note that even though the concentration of dopants and oxygen 

vacancies remain almost unchanged in the compositions with 0.08 ≤ x ≤ 0.15, the lattice 
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thermal conductivity is further decreased. It is due to the formation of Y2Ti2O7 in Y-

doped SrTiO3 above the solubility limit. Y2Ti2O7 possesses significantly low thermal 

conductivity (Figure 6-7) and therefore results in a decrease in the lattice thermal 

conductivity. 

 

Figure 6-8 Thermoelectric figure of merit (ZT) versus temperature for Sr1-

1.5xYxTiO3 (x = 0.02, 0.03, 0.04, 0.06, 0.08, 0.15). The dash line (Sr0.9Y0.1TiO3) is cited 

from work of others [162]. 

ZT values of Sr1-1.5xYxTiO3 were calculated by ZT = σS
2
T/κ. Temperature 

dependence of ZT is shown in Figure 6-8. ZT increases with increasing x up to x = 0.08, 

and decreases with a further increase of x above 300 °C. Although Y2Ti2O7 is effective 

in reducing the thermal conductivity, it deteriorates the electrical conductivity and 

therefore results in a decrease in ZT. The sample with the nominal composition 

Sr0.88Y0.08TiO3 exhibits the highest ZT, ~0.20 at 680 °C. At 600 °C, ZT of 

Sr0.88Y0.08TiO3 is increased by 35% over that of Sr0.9Y0.1TiO3 prepared by polymerized 

complex method combined with hot pressing [162].  
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6.3.2   Effects of La content and Sr deficiency on the crystal phase, microstructure, 

and thermoelectric properties of Sr1-1.5xLaxTiO3 (0 ≤ x ≤ 0.4) 

Sr1-1.5xLaxTiO3 with 0 ≤ x ≤ 0.12 are found to be single-phase cubic perovskites 

with space group Pm3̅m, as shown in Figure 6-9. Peak splitting at 2θ ~46.5° and ~77.2° 

appears in the compositions with higher La content (0.25 ≤ x ≤ 0.40), indicating of a 

decreased lattice symmetry from cubic to tetragonal due to distorted TiO6 octahedral 

[109,163]. It has been reported that La2Ti2O7-like lamellar impurities with chemical 

composition La4Srn-4TinO3n+2 appear in Sr1-xLaxTiO3 with 0.15 < x ≤ 0.4 due to the 

segregation of overstoichiometric La and oxygen atoms.  

 

Figure 6-9 XRD patterns of Sr1-1.5xLaxTiO3 (x = 0, 0.04, 0.08, 0.12, 0.25, 0.40). 

Insert shows the XRD patterns over 46° to 47° and 76.5° to 78°, respectively. 

The lattice parameters of the samples were calculated by Rietveld refinement. 

The refinement of compositions with 0 ≤ x ≤ 0.12 and 0.25 ≤ x ≤ 0.40 were performed 

with space group Pm3̅m and I4/mcm, respectively. The structural parameters from the 

refinement are shown in Table 6-1.  
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Table 6-1 Structural parameters from Rietveld refinements of powder XRD data 

of Sr1-1.5xLaxTiO3 (x = 0, 0.04, 0.08, 0.12, 0.25, 0.40). 

Sample x = 0 x = 0.04 x = 0.08 x = 0.12 x = 0.25 x = 0.40 

Symmetr

y 
Pm3̅m Pm3̅m Pm3̅m Pm3̅m I4/mcm I4/mcm 

z 1 1 1 1 4 4 

a (Å) 3.90511(1) 3.90588(1) 3.90712(1) 3.90770(1) 5.52082(5) 5.5185(1) 

b (Å) - - - - - - 

c (Å) - - - - 7.8222(1) 7.8006(2) 

V (Å) 59.5525(3) 59.5877(3) 59.6445(3) 59.6710(3) 238.417(4) 237.56(1) 

Rp/% 2.48 2.47 2.56 2.44 4.51 5.62 

Rwp/% 3.51 3.56 3.73 3.35 5.66 7.13 

g.o.f 1.61 1.84 1.86 1.62 1.18 1.26 

 

Figure 6-10 Molar cell volume (Vm) as a function of x for Sr1-1.5xLaxTiO3 (x = 0, 

0.04, 0.08, 0.12, 0.25, 0.40). 

Although La
3+

 possesses a smaller ionic radius than Sr
2+

, the lattice parameter (a) 

increases systematically with increasing La content up to x = 0.12 (Table 6-1). For the 

simplicity of comparison between different crystal symmetries, the molar cell volume is 

defined as Vm=Vcell/z, where Vcell is the unit cell volume and z the number of formula 

units in the unit cell. It is interesting to note that the molar cell volume increases with La 

content up to x = 0.25 and then decreases with a further increase in La content (Figure 

6-10). The mechanisms are discussed in the following. 

The charge neutrality in La-doped SrTiO3 sintered in reducing atmosphere is 

achieved by the formation of mixed Ti
3+

/Ti
4+

 ions. Ti
3+

 has a larger ionic radius than 
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Ti
4+

; therefore, the unit cell volume is influenced by the concentration of both La
3+

 and 

Ti
3+

. The formation of Ti
3+

 is promoted by both the La substitution (LaSr
• ) and the 

oxygen vacancies (VO
••). The Ti

3+
 concentration can therefore be written as 

[Ti3+] = [LaSr
• ] + 2[VO

••] Equation 6-5 

 

Figure 6-11 Oxygen deficiency (δ) versus x for Sr1-1.5xLaxTiO3 (x = 0, 0.04, 0.08, 

0.12, 0.25, 0.40). 

The ionic radii of 12-fold coordinated La
3+

 and Sr
2+

 are 1.36 and 1.44 Å, 

respectively, while the ionic radii of 6-fold coordinated Ti
3+

 and Ti
4+

 are 0.67 and 0.605 

Å, respectively. It is obvious that the molar cell volume increases with increasing 

oxygen deficiency, since the Ti
3+

 produced by La substitution almost cancels out each 

other. Besides, the SrTiO3 with more oxygen deficiency tends to have a larger unit cell 

volume due to the reduced Coulumbic force [164]. The oxygen deficiency can be 

calculated from the weight increase of samples annealed in oxygen by Equation 6-6. 

[VO
••] = 𝛿 =

∆𝑚/𝐴o
𝑚ox/𝐴LaSTO

 
Equation 6-6 

where δ is the oxygen deficiency per formula unit, mox is the weight of the oxidized 

sample after annealing, Δm is the weight gain after annealing the sample in oxygen, Ao 

is the atomic weight of oxygen, and ALaSTO is the atomic weight of the Sr1-1.5xLaxTiO3. 

As shown in Figure 6-11, the oxygen deficiency increases with La content up to x = 
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0.25, and remains almost unchanged at higher La content. Therefore, in the range 0.04 ≤ 

x ≤ 0.12 the oxygen deficiency is the major influencing factor dominating the molar cell 

volume, whereas in the range 0.25 ≤ x ≤ 0.40 the La substitution is the major factor. 

Consequently, the molar cell volumes increases with x up to x = 0.25, and then 

decreases with a further increase in x.  

 

Figure 6-12 Relative weight change of Sr1-1.5xLaxTiO3 (x = 0, 0.04, 0.08, 0.12, 

0.25, 0.40) on heating in flowing oxygen as a function of (a) temperature and (b) time. 

The thermogravimetric results for the calculation of oxygen deficiency are 

plotted as a function of temperature and time in Figure 6-12a and b, respectively. It is 

obvious that the oxidation starts a lower temperature for samples with a higher x, i.e. 

~700 °C for sample with x = 0.04 to ~400 °C for sample with x = 0.40 (Figure 6-12a). 

Moreover the thermodynamic equilibrium of samples with 0.25 ≤ x ≤ 0.40 is achieved at 
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a lower temperature for a shorter duration than the samples with lower x values (Figure 

6-12b). Different oxidation behaviors were observed in the samples with 0.04 ≤ x ≤ 0.12 

and 0.25 ≤ x ≤ 0.40, which confirmed the presence of La2Ti2O7-like lamellar 

compounds in SrTiO3 with 0.25 ≤ x ≤ 0.40 [163]. The generation of lamellar 

compounds is promoted by increasing La concentration, from point defects at low La 

concentration to short-range planar defects at high La concentration.  

 

Figure 6-13 SEM micrographs of LaxSr1-1.5xTiO3. (a) x = 0.04, (b) x = 0.08, (c) x 

= 0.12, (d) x = 0.25, and (e) x = 0.40. 
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SEM micrographs in Figure 6-13 show that all compositions show high relative 

density. Moreover, the average grain size for the samples with 0 < x ≤ 0.12 are similar, 

while it becomes much larger for the samples with 0.25 ≤ x ≤ 0.40.  

 

Figure 6-14 Electrical conductivity (σ) versus (a) temperature and (b) La content 

(x) for Sr1-1.5xLaxTiO3 (x = 0.04, 0.08, 0.12, 0.25, 0.40).  

Temperature and La content dependence of electrical conductivity are shown in 

Figure 6-14a and b, respectively. The compositions with 0.04 ≤ x ≤ 0.25 show 

semiconducting-metallic transition in the electrical conduction, while the composition 

with x = 0.4 show metallic conduction over the whole temperature range. The 

semiconducting conduction is induced by the thermally-activated electron hopping 

between Ti
3+

 and Ti
4+

 ions. Above a certain temperature, the electrons become 

delocalized and act as free charge carriers, thus exhibiting metallic conduction.  
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Figure 6-15 Concentration of Ti
3+

, the electrical conductivity (σ) at 680 °C, and 

the absolute values of Seebeck coefficient (|S|) at 680 °C versus x for Sr1-1.5xLaxTiO3 (x 

= 0.04, 0.08, 0.12, 0.25, 0.40). 

The electrical conductivity of Sr1-1.5xLaxTiO3 increases with x up to x = 0.25 and 

decreases at higher x values as shown in Figure 6-14b. The electrons in Sr1-1.5xLaxTiO3 

are contributed by both La substitution and oxygen vacancies. The Ti
3+

 concentration 

estimated by Equation 6-5 increases with increasing x as shown in Figure 6-15, leading 

to an increase in the electrical conductivity. However, discrepancy appears in the 

composition with x = 0.4. It is likely due to the formation of the highly resistive lamellar 

compounds [163]. Therefore the actual Ti
3+

 concentration of compositions with 0.25 ≤ x 

≤ 0.40 might be lower than the values plotted in Figure 6-15, which is due to the 

presence of La-rich lamellar phases.  

Temperature and La content dependence of the Seebeck coefficient of Sr1-

1.5xLaxTiO3 is shown in Figure 6-16a and b, respectively. The negative values of the 

Seebeck coefficient indicate the major charge carriers are electrons. The absolute value 

of the Seebeck coefficient (|S|) decreases with increasing x up to x = 0.25 due to the 

increased Ti
3+

 concentration, as shown in Figure 6-15. |S| becomes almost unchanged 

with x above x = 0.25. It is likely due to the saturation of La in SrTiO3 above x = 0.25. 

The secondary lamellar phase is highly resistive and thus doesn’t contribute to the 

Seebeck coefficient.  
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Figure 6-16 Seebeck coefficient (S) versus (a) temperature and (b) La content (x) 

for Sr1-1.5xLaxTiO3 (x = 0.04, 0.08, 0.12, 0.25, 0.40). 

Temperature dependence of the thermal conductivity and lattice thermal 

conductivity of Sr1-1.5xLaxTiO3 is shown in Figure 6-17a and b, respectively. The 

thermal conductivity decreases with increasing temperature for the compositions with 

0.04 ≤ x ≤ 0.25, indicating of phonon scattering dominated behavior. However, the 

composition with x = 0.4 remains almost unchanged with temperature. Introducing La 

into SrTiO3 with 0.04 ≤ x ≤ 0.25 is effective in reducing the thermal conductivity over 

the temperature range 100 °C ≤ T ≤ 400 °C. The lowest thermal conductivity is 

achieved in the composition with x = 0.4, possibly due to the presence of lamellar 

compounds. It implies that the La-rich lamellar compounds exhibit both low electrical 

and thermal conductivity. The lattice thermal conductivity has been calculated by 
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Wiedemann-Franz law and is shown in Figure 6-17b. The lattice thermal conductivity 

decreases with increasing La content.  

 

Figure 6-17 Temperature dependent of the thermal conductivity of Sr1-

1.5xLaxTiO3 (x = 0.04, 0.08, 0.12, 0.25, 0.40). 

Comparison has been made between the lattice thermal conductivity of Sr1-

1.5xLaxTiO3 and Sr1-1.5xYxTiO3 as shown in Figure 6-18. The lattice thermal conductivity 

is more effectively reduced in the Y-doped SrTiO3 compared with La-doped SrTiO3 of 

the same doping concentration. According to Equation 6-3 and Equation 6-4, it is due to 

the larger strain scattering parameter of Y-doped SrTiO3 caused by the larger ionic radii 

difference between Y and Sr. 
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Figure 6-18 Temperature dependence of the lattice thermal conductivity of Sr1-

1.5xLaxTiO3 and Sr1-1.5xYxTiO3 (x = 0.04 and 0.08).  

 

Figure 6-19 Temperature dependent of ZT of Sr1-1.5xLaxTiO3 (x = 0.04, 0.08, 0.12, 

0.25, 0.40).  

Temperature dependence of ZT of Sr1-1.5xLaxTiO3 is shown in Figure 6-19. ZT 

increases with increasing temperature for all compositions. Above 200 °C, ZT increases 

with increasing La content in the range 0.04 ≤ x ≤ 0.12. Highest ZT ~0.23 at 684 °C is 

obtained in the composition with x = 0.12. ZT remains unchanged with x = 0.25 and is 

reduced in the composition with x = 0.4. It indicates that although the existence of 

lamellar phases has no effect on the Seebeck coefficient, it results in a more substantial 
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decrease in the electrical conductivity than the thermal conductivity. Therefore a 

deteriorated ZT is observed in the composition with x = 0.4. 

6.4  Summary 

Sr1-1.5xYxTiO3 (x = 0, 0.02, 0.03, 0.04, 0.06, 0.08, 0.15) were systematically 

investigated with respect to the crystal phase, microstructure, and thermoelectric 

performance. Up to x ~0.08 of Y could be doped into SrTiO3 as justified by the XRD 

analysis. The formation of Y2Ti2O7 in Sr1-1.5xYxTiO3 with x ≥ 0.08 was verified by 

SAED. The concentration of Ti
3+

 increases with increasing x up to x = 0.08, leading to 

the increase in both the electrical conductivity and the Seebeck coefficient. The lattice 

thermal conductivity was reduced with increasing Y content due to the increased strain 

scattering parameter and oxygen deficiency. The deteriorated thermoelectric 

performance of the compositions with x > 0.08 is attributed to the existence of Y2Ti2O7, 

which possesses very poor electrical conductivity. The highest ZT value of 0.20 was 

achieved at 680 °C for Sr0.88Y0.08TiO3. 

The structural and thermoelectric properties of Sr1-1.5xLaxTiO3 (x = 0, 0.04, 0.08, 

0.12, 0.25, 0.4) were also studied. The compositions with 0 < x ≤ 0.12 exhibited cubic 

structure, while the symmetry was reduced to tetragonal for the compositions with 

higher x possibly due to the appearance of La2Ti2O7-like lamellar compounds. The 

molar cell volume was closely associated with the oxygen deficiency. The difference in 

oxidation behavior in the composition with 0 < x ≤ 0.12 and 0.25 ≤ x ≤ 0.4 verified the 

presence of lamellar compounds. Both the electrical conductivity and the Seebeck 

coefficient increased with increasing La content due to the increase in Ti
3+

 

concentration. The composition with x = 0.4 exhibited low electrical and thermal 

conductivity due to the lamellar compounds. Maximum ZT of ~ 0.23 at 684 °C was 

obtained in the composition with x = 0.12. 
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Chapter 7  Thermoelectric properties of SrxY0.04TiO3 (0.92 ≤ x 

≤ 1) and SrxLa0.12TiO3 (0.82 ≤ x ≤ 0.9) 

7.1  Introduction 

The general stability and doping flexibility of SrTiO3 facilitate its investigation 

in fields of capacitors, photocatalysts, solid oxide fuel cells, and thermoelectricity. 

SrTiO3 belongs to the transition metal oxides with ABO3 stoichiometry and perovskite-

type crystal structure. Pure SrTiO3 possesses a wide bandgap and is an insulating 

material at room temperature. After introducing donor atoms and oxygen vacancies, 

SrTiO3 becomes a promising n-type thermoelectric material. Superior thermoelectric 

performance has been demonstrated in lanthanide or niobium doped SrTiO3 

[25,104,107].  

SrTiO3 is known to be influenced by the cation nonstoichiometry (Sr/Ti ratio) in 

terms of microstructures [139,165,166], defect chemistry [103,167,168], dielectric 

properties [169], electrical conductivity [28,30,170], etc. It is generally accepted that the 

solubility of excess TiO2 in SrTiO3 is less than 0.5 mol% [103,165]. TiO2 is 

incorporated into SrTiO3 by the formation of Sr vacancies and O vacancies. Rutile or 

Magnéli TiO2 retains in SrTiO3 as a secondary phase above the solubility limit. Excess 

Sr in SrTiO3 results in the formation of Ruddlesden-Popper phases in which the SrTiO3 

layers are interleaved with SrO layers [171]. Moreover, the electrical conductivity of 

SrTiO3 depends on both A/B ratio and sintering atmosphere. High electrical 

conductivity could be achieved in the Sr-deficient (A/B < 1) donor-doped SrTiO3 

sintered in a reducing atmosphere [30].  

To the best of our knowledge, there has been no systematic study regarding the 

effects of Sr/Ti ratio on the structural and thermoelectric properties of donor-doped 

SrTiO3. Therefore, the objective of the study is to investigate the influences of Sr 

content on the thermoelectric properties of Y- and La-doped SrTiO3. The solubility of Y 

in SrTiO3 sintered at 1400 °C in a reducing atmosphere is ~ 4 at.% [29]. Hence, 

SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 0.98, 1) were prepared for the current study. 

According to our previous study, 12 at.% La in SrTiO3 exhibits a high power factor. 

Therefore, SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.9) were synthesized. 

Oxygen vacancies have been reported to influence the electrical and thermal properties 
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of oxides [160,172]. Here, we adjusted the oxygen deficiency by sintering SrxLa0.12TiO3 

under a reducing atmosphere at different sintering temperatures. The oxygen deficiency 

was found to increase with increasing sintering temperature. We have demonstrated 

how Sr content affects the microstructure, phase constituents, and thermoelectric 

properties of SrxY0.04TiO3 and SrxLa0.12TiO3. A significant enhancement in ZT has been 

achieved in Sr-deficient compositions (0.92 ≤ x ≤ 0.95 for Y; 0.82 ≤ x ≤ 0.87 for La).  

7.2  Experimental procedure 

SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 0.98, 1) were synthesized by 

conventional solid-state reaction method. The Sr-deficient or TiO2 excess compositions 

are SrxY0.04TiO3 with 0.92 ≤ x ≤ 0.95, while the Sr-excess compositions are SrxY0.04TiO3 

with 0.98 ≤ x ≤ 1. The starting powders were SrCO3 (99.9%, Sigma Aldrich), TiO2 

(puriss grade, Sigma Aldrich), Y2O3 (99.99%, Sigma Aldrich), and La2O3 (99.99%, 

Prochem Inc). The powders were dried and mixed according to the nominal 

compositions. The mixture was ball milled in a planetary ball mill machine (Retsch, 

PM400) at 150 rpm for 5 h in ethanol with zirconia balls. After drying, the powder was 

calcined at 1300 °C for 6 h in 5% H2/Ar. The calcined powder was ball milled at 150 

rpm for 5 h in ethanol with zirconia balls. After drying, the powder was compacted into 

20 mm pellets under a uniaxial pressure of 250 MPa with the aid of PVA binder. The 

pellets were annealed at 500 °C for 0.5 h in air to remove the binder, and then sintered 

at 1400 °C for 11 h in 5% H2/Ar.  

SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.9) were prepared with similar 

methods. The Sr-deficient or TiO2 excess compositions are SrxLa0.12TiO3 with 0.82 ≤ x 

≤ 0.87, while the Sr-excess compositions are SrxLa0.12TiO3 with 0.885 ≤ x ≤ 0.9. Except 

for La2O3 dried in furnace at 900 °C for 2 h, the other powders were all baked in oven at 

150 °C for 3 h before use. After the same calcination, ball milling, and pressing process, 

the pellets were sintered at 1400 °C or 1600 °C for 6 h in 5%H2/Ar. 

Powder X-ray diffraction (XRD) (Panalytical X’pert MPD) was carried out to 

verify the phase composition. Lattice parameters of Y-doped SrTiO3 were obtained 

from Rietveld refinements using PANalytical-HighScore Plus software. Density of the 

pellets was evaluated by Archimedes’ principle. The microstructure was examined by 

scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
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(FEI Nova NanoSEM 230 FESEM). The samples were polished and thermal etched at 

100 °C lower than the sintering temperature for 0.5 h in 5% H2/Ar. The microstructure, 

EDS, and selected area electron diffraction (SAED) patterns were taken by transmission 

electron microscopy (TEM) (Phillips CM200). The samples for TEM analysis were 

prepared by focused ion beam (FIB) (XT Nova Nanolab 200). Electrical conductivity σ 

and Seebeck coefficient S were simultaneously measured by the ULVAC-ZEM3 system. 

Thermal conductivity κ was obtained from the product of the temperature dependent 

density (NETZSCH DIL 402C), specific heat capacity (NETZSCH DSC 404C), and 

thermal diffusivity (NETZSCH LFA 427). Thermogravimetric measurement was 

carried out employing thermogravimetric analysis (NETZSCH STA 449). The oxygen 

deficiency was determined by the weight increase upon annealing samples at 1000 °C 

for 20 h in oxygen atmosphere (50 ml/min).  

7.3  Results and Discussion 

7.3.1  Thermoelectric properties of SrxY0.04TiO3 (0.92 ≤ x ≤ 1)  

The XRD analysis indicates that the compositions with 0.92 ≤ x ≤ 0.96 show a 

single-phase perovskite structure (Figure 7-1). A weak diffraction peak at 2θ ~29.2° is 

observed in Sr-excess compositions, which is likely to be Y2O3 (JCPDS 43-0661). The 

values of lattice parameter a were calculated by Rietveld refinements of the XRD 

patterns using space group Pm m and are listed in Table 7-1. It is clear that introducing 

Y
3+

 into SrTiO3 leads to a decrease in the lattice parameter a due to the smaller ionic 

radii of Y
3+

 compared with that of Sr
2+

. However, it is noteworthy that the Sr-deficient 

compositions (0.92 ≤ x ≤ 0.95) show little difference in the lattice parameter, which is 

very close to that of Sr0.96Y0.04TiO3. On the other hand, for the Sr-excess compositions, 

the lattice parameter a increases with increasing Sr content due to the progressive 

decrease in Y substitution concentration (Table 7-1). It is difficult to determine the 

concentration of Y2O3 in the Sr-excess compositions by carrying out Rietveld 

refinements on the XRD patterns, since the amount of Y2O3 is too small and falls within 

the margin of the error of XRD (±5%). In general, the radius of Y
3+

 is smaller than Sr
2+

.  

Therefore, the increase of lattice parameter a with increasing x (x ≥ 0.96) indicates that 

more Sr
2+

 ions replace Y
3+

 ions in SrTiO3, thus facilitating the formation of Y2O3. It 
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implies that Sr
2+

 rather than Y
3+

 has the preference to occupy A-sites when there are less 

available A-sites in SrTiO3.  

 

Figure 7-1 XRD patterns of SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 0.98, 1). 

Insert shows the XRD patterns (over 26° to 35°) of SrxY0.04TiO3 with x = 0.98 and 1. 

Table 7-1 Nominal composition, constituents in molar ratio, lattice parameter a, 

sintered densities, theoretical densities, and relative densities of SrxY0.04TiO3 (x = 0.92, 

0.94, 0.95, 0.96, 0.98, 1). 

x Constituents in molar ratio a (Å) 

Sintered 

density 

(g/cm
3
) 

Theoretical 

density 

(g/cm
3
) 

Relative 

density 

0.92 0.96 Sr0.96Y0.04TiO3/0.04 TiO2 3.90292(1) 4.82 5.106 0.94 

0.94 0.98 Sr0.96Y0.04TiO3/0.02 TiO2 3.90292(1) 4.90 5.116 0.96 

0.95 0.99 Sr0.96Y0.04TiO3/0.01 TiO2 3.90276(2) 4.94 5.121 0.97 

0.96 Sr0.96Y0.04TiO3 3.90325(1) 4.45 5.125 0.87 

0.98 0.99 Sr0.98Y0.02TiO3/0.01 Y2O3 3.90501(1) 4.49 5.117 0.88 

1 0.98 SrTiO3/0.02 Y2O3 3.90697(2) 4.70 5.110 0.92 

Appearance of a Ti-rich phase in the SEM and EDS micrographs (Figure 7-2) of 

the Sr-deficient compositions indicates the existence of an impurity phase, although the 

Sr-deficient compositions are of single-phase, as shown in the XRD patterns. The Ti-

rich phase has been clearly observed in the composition with x = 0.92 by SEM (Figure 
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7-2 and Figure 7-4a). Further examination by bright-field image (Figure 7-3a) 

confirmed that Grain 1 has a uniform distribution of Sr and Ti elements, while Grain 2 

is deficient in Sr and rich in Ti. The SAED pattern of Grain 1 was indexed based on 

cubic SrTiO3 and its a = 0.364±0.003 nm. The SAED pattern of Grain 2 is best fitted 

with anorthic Ti4O7 and therefore is indexed based on Ti4O7 with a = 0.5593 nm, b = 

0.7125 nm, c = 1.2456 nm, and α = 95.02°, β = 95.21°, γ = 108.73° (JCPDS 72-1722). 

Ti4O7 is a reduced form of TiO2 and one of the Magnéli compounds. It is reasonable 

since all samples were sintered at 1400 °C in a strongly reducing atmosphere.  

 

Figure 7-2 SEM micrograph and elemental distribution of Sr, Y, and Ti from 

EDS mapping of Sr0.92Y0.04TiO3. 

Based on the XRD and microstructural analyses above, all the samples studied 

could be treated as composites except the stoichiometric composition, Sr0.96Y0.04TiO3. 

Their constituents are listed in the second column of Table 7-1. The theoretical densities 

were calculated from the total mass per mole of composites divided by the total volume 

per mole of composites. Theoretical densities of TiO2 and Y2O3 are 4.23 g/cm
3
 from 

JCPDS 01-1292, and 5.14 g/cm
3
 from JCPDS 43-0661, respectively. High relative 

densities are achieved in the Sr-deficient and Sr-excess samples, in good agreement 
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with the SEM observation (Figure 7-4). This is due to the fact that excess TiO2 or SrO 

promotes densification of SrTiO3 during sintering [166,173].  

 

Figure 7-3 (a) Bright-field image and Sr, Ti, and Y distribution from EDS line 

scanning, (b) SAED pattern of Grain 1, and (c) SAED pattern of Grain 2 of 

Sr0.92Y0.04TiO3. 
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Figure 7-4 SEM micrographs of SrxY0.04TiO3. (a) x = 0.92, (b) x = 0.94, (c) x = 

0.95, (d) x = 0.96, (e) x = 0.98, and (f) x = 1. Ti-rich grains in (a) are labeled by white 

arrows. 

Temperature and Sr content dependence of the electrical conductivity (σ) of 

SrxY0.04TiO3 are shown in Figure 7-5a and b, respectively. The Sr-deficient 

compositions exhibit similar high conductivity (σ = 65 S/cm at 680 °C) and show a 

transition from semiconducting to metallic conduction at 150 °C. The stoichiometric 

composition has an intermediate conductivity (σ = 6 S/cm at 680 °C) and show a 

semiconductor-metal transition at 500 °C. However, the Sr-excess compositions possess 

low conductivity (σ = 0.17 S/cm at 680 °C for x = 1) and show semiconducting 

conduction over the whole temperature range from 50 to 680 °C. The conduction 

behavior of these samples is discussed in the following.  
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Figure 7-5 Electrical conductivity (σ) of SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 

0.98, 1) versus (a) temperature and (b) Sr content (x).  

For Y-doped SrTiO3 sintered in a reduced atmosphere, the electrical conduction 

is contributed by electrons which are generated from (1) substituting Sr
2+

 with Y
3+

 

(Equation 7-1), and (2) oxygen vacancies (Equation 7-2).  

Y2O3
SrTiO3
→    2YSr

• + 2e′ + 3OO
× Equation 7-1 

OO
× → VO

•• + 2e′ +
1

2
O2 Equation 7-2 

In order to maintain charge neutrality, it is generally accepted that the electrons 

are transferred to Ti
4+

, forming intermediate values of Ti
3+/4+

 [174]. Therefore, the 

concentration of Ti
3+

 ([TiTi']) equals the electron concentration (n) and could be 

expressed as  

[TiTi
′ ] = n = [YSr

• ] + 2[VO
••] Equation 7-3 

The oxygen deficiency can be determined by the thermogravimetric analysis and 

can be calculated by  

[VO
••] = 𝛿 =

∆𝑚/𝐴o
𝑚ox/𝐴YSTO

 Equation 7-4 

where δ is the oxygen deficiency per formula unit, mox is the weight of the oxidized 

sample after annealing, Δm is the weight gain after annealing the sample in oxygen, Ao 

is the atomic weight of oxygen, and AYSTO is the atomic weight of the SrxY0.04TiO3. It 

should be noted that the calculated oxygen deficiency corresponds to the difference in 

oxygen content between the as-sintered samples and the samples in equilibrium under 

oxygen atmosphere at 1000 °C. The calculated oxygen deficiency is probably higher 

than the real oxygen deficiency, since the donor-doped SrTiO3 tends to uptake excess 

oxygen in oxidizing atmosphere.  
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Figure 7-6 Sr stoichiometry (x) dependence of the (a) oxygen deficiency (δ) and 

concentration of Ti
3+

 ([TiTi']) and (b) [TiTi'], electrical conductivity (σ) at 680 °C, and 

Seebeck coefficient (S) at 680 °C of SrxY0.04TiO3-δ (x = 0.92, 0.94, 0.95, 0.96, 0.98, 1). 

Based on the measured values of the oxygen deficiency and Y doping content, 

Ti
3+

 concentration was calculated and plotted in Figure 7-6a against Sr content (x). It is 

obvious that the Sr-deficient compositions possess higher electrical conductivity due to 

the increased Ti
3+

 concentration. Moreover, the charge carrier concentration, [Ti
3+

], has 

a significant influence on the conduction behavior (Figure 7-5a). The electronic energy 

level of perovskite SrTiO3 is related to the covalent interaction between Ti 3d and O 2p 

orbitals [175,176]. The overlap of the wave functions or p-d-orbital mixing is small 

when the carrier concentration is low. Consequently, the orbitals are localized and 

exhibit semiconducting conduction. Therefore the semiconducting conduction is 

observed in the Sr-excess samples over the whole temperature range (Figure 7-5a). 

However, when the carrier concentration is beyond a certain level, the Fermi level shifts 
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into the conduction bands, resulting in the metallic conduction [176]. This is the case for 

the compositions with 0.92 ≤ x ≤ 0.96 (Figure 7-5a). 

It is noted that the electrical conductivity exhibits a sudden decrease as the 

composition changes from Sr-deficient to stoichiometric value, as shown in Figure 7-5b. 

This is partially due to the decrease of Ti
3+

 concentration as mentioned before. More 

importantly, it is closely related to the defect structure of Sr0.96Y0.04TiO3. Under an 

oxidizing atmosphere, the extra charge introduced by Y substitution will be neutralized 

by uptaking more oxygen atoms. The extra oxygen is accommodated into the crystal 

lattice sites by the formation of Sr vacancies and SrO layers between the SrTiO3 layers 

according to Equation 7-5 [177]. The resultant alternate layers of SrO/SrTiO3 belong to 

the Ruddlesden-Popper phases [178].  

0.96SrO + 0.02Y2O3 + TiO2 → Sr0.94(VSr
′′ )0.02Y0.04TiO3 + 0.02SrO  

Equation 7-5 

Under a reducing atmosphere, the electrons could be electronically compensated 

by the formation of mixed Ti
3+/4+

 ions. However, previous studies [28,109,177] 

confirmed that SrO could not be depleted completely in the stoichiometric composition 

even under strongly reducing atmosphere. The reaction can be expressed as Equation 

7-6. It has been reported that the effective conduction band offset could be increased 

after introducing SrO layers into SrTiO3 [179]. Therefore, the stoichiometric 

composition shows lower electrical conductivity with respect to the Sr-deficient 

compositions due to the increased number of potential barrier layers, which is resulted 

from the presence of SrO layers. It is discernable that the composition with x = 0.98 and 

1 should have the same defect structure (i.e., the existence of SrO layers) as the 

stoichiometric composition. This is the main reason that the three compositions (x = 

0.96, 0.98, and 1) possess similar values of the electrical conductivity (Figure 7-5b), 

although there is a big difference in the charge carrier concentrations (Figure 7-6). 
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0.96SrO + 0.02Y2O3 + TiO2

→ Sr
0.94+

𝑦
2
(VSr
′′ )
0.02−

𝑦
2
Y0.04Ti𝑦

′ Ti1−𝑦O3 + (0.02 −
𝑦

2
) SrO +

𝑦

4
O2 

Equation 7-6 

 

Figure 7-7 Electrical conductivity (σ) of SrxY0.04TiO3 (x = 0.92, 0.94, and 0.95) 

versus temperature. 

In the Sr-deficient compositions, it is assumed that (Sr + Y) / Ti = 1 / z, where z > 

1. The excess TiO2 reacts with SrO, as written in Equation 7-7. It demonstrates the 

absence of the SrO potential barriers due to the complete depletion of SrO layers by the 

excess TiO2 as a result of the formation of SrTiO3, thus leading to a significantly higher 

electrical conductivity for the Sr-deficient samples (i.e., x = 0.92, 0.94, and 0.95). The 

remaining TiO2 resides in the samples as Magnéli compounds. As indicated in Table 7-1, 

the Sr-deficient compositions could be viewed as Sr0.96Y0.04TiO3/TiO2 composites. It is 

noted that limited amount of TiO2 secondary phase are beneficial for the electrical 

conductivity (Figure 7-7). However, a little bit more TiO2 will block the conduction 

path [170], leading to a reduction in the electrical conductivity.  
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0.96SrO + 0.02Y2O3 + 𝑧TiO2 → 

Sr0.94+𝑦
2

(VSr
′′ )
0.02−

𝑦

2
Y0.04Ti𝑦

′ Ti1−𝑦O3 + (0.02 −
𝑦

2
) SrTiO3 +

𝑦

4
O2 + (𝑧 − 1.02 +

𝑦

2
) TiO2  

Equation 7-7 

 

Figure 7-8 Seebeck coefficient (S) of SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 

0.98, 1) versus (a) temperature and (b) x.  

The negative values of the Seebeck coefficient (Figure 7-8) indicate that the 

major charge carriers are electrons in all the compositions. It is interesting to note that 

the Sr-deficient and stoichiometric compositions possess almost the same values of the 

Seebeck coefficient due to the same major phase (Sr0.96Y0.04TiO3) in these samples, as 
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listed in Table 7-1. For the Sr-excess compositions, the absolute value of the Seebeck 

coefficient increases with increasing x (Figure 7-8). This is attributed to the decrease in 

the charge carrier concentration with increasing x (Figure 7-6). 

 

Figure 7-9 Temperature dependence of the (a) thermal conductivity κ and (b) 

lattice thermal conductivity κL of SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 0.98, 1). 

The thermal conductivity (κ) (Figure 7-9a) decreases with increasing 

temperature, indicating that the lattice contribution is dominant in all the compositions. 

The lowest thermal conductivity is obtained in the stoichiometric composition. The Sr-

deficient compositions exhibit similar thermal conductivity which is higher than the 

other samples. For the Sr-excess compositions, the thermal conductivity increases with 

increasing x. Due to the huge difference in the electrical conductivity between the 

samples, the lattice thermal conductivity was calculated and plotted in Figure 7-9b. The 

lattice thermal conductivity (κL') can be calculated by subtracting the electronic 

contribution (κe) from the total thermal conductivity (κ). According to the Wiedemann-
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Franz law, the electronic thermal conductivity κe = σLT, where L is the Lorenz number 

and is assumed to be 2.44 × 10
-8

 WΩK
-2

. Moreover the lattice thermal conductivity is 

corrected for porosity according to Equation 7-8 [131].  

𝜅L  =
𝜅L
′

1 −
3
2
(1 − 𝑅𝐷)

 
Equation 7-8 

where RD is relative density. It is clear from Figure 7-9b that Sr0.96Y0.04TiO3 possesses 

the lowest lattice thermal conductivity. This is attributed to the existence of SrO layers 

and point defects. It has been reported that phonons could be effectively scattered by 

SrO/SrTiO3 interfaces [180,181]. Furthermore, point defects including Sr and O 

vacancies scatter phonons and thus reduce the lattice thermal conductivity [160,182]. 

Therefore, due to the elimination of SrO, the Sr-deficient samples show higher lattice 

thermal conductivity than the stoichiometric sample. For the Sr-excess compositions, 

the lattice thermal conductivity increases with increasing x. It is associated with the 

reduced phonon scattering due to the decreased concentration of Y content and oxygen 

vacancies. Substitution of Sr with Y induces a lattice strain due to their difference in 

ionic radii. The Y doping concentration is reduced with increasing x, thus decreasing the 

phonon scattering associated with the lattice strain. Therefore, it is reasonable that an 

increase in the lattice thermal conductivity is observed in the Sr-excess samples.   

 

Figure 7-10 Temperature dependence of the thermoelectric figure-of-merit (ZT) 

of SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 0.98, 1). 
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All Sr-deficient samples possess much higher ZT values compared with the 

stoichiometric and Sr-excess compositions (Figure 7-10). Among these samples, 

Sr0.94Y0.04TiO3 has the highest ZT value (0.183 at 390 °C), which is nearly 8 times as 

high as that of the stoichiometric composition, Sr0.96Y0.04TiO3. This observation reveals 

an effective way to improve the thermoelectric properties of donor-doped SrTiO3 

system by incorporating an optimal amount of excess TiO2. 
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7.3.2  Thermoelectric properties of SrxLa0.12TiO3 (0.82 ≤ x ≤ 0.9) 

Figure 7-11a and b show the XRD patterns of SrxLa0.12TiO3 sintered at 1400 °C 

and 1600 °C, respectively. The Sr-deficient compositions sintered at both temperatures 

are found to be single-phase and have cubic crystal structure with space group Pm3̅m.  

Appearance of the additional reflection peaks in the Sr-excess compositions 

sintered at both temperatures is likely due to the formation of SrO(SrTiO3)2, 

corresponding to JCPDS 11-0663. Ruddlesden-Popper (RP) phases (nSrTiO3•SrO) have 

been reported to exist in the Sr-excess SrTiO3 or the donor-doped stoichiometric SrTiO3 

prepared in high oxygen partial pressure conditions [171,178,183]. Therefore, it is 

expected that the formation of RP phases is promoted with increasing amount of excess 

Sr in SrxLa0.12TiO3. In addition to the RP phases, another impurity phase is observed in 

the compositions with x = 0.9 sintered at 1400 °C and x = 0.885 sintered at 1600 °C, 

possibly corresponding to La2O3 according to JCPDS 24-0554. The exclusion of La2O3 

in the samples is possibly associated with the fact that Sr has the preference of 

occupying both A-sites of SrTiO3 and SrO layers. It is also difficult to determine the 

concentration of La2O3 in the aforementioned samples using the XRD technique since the 

samples are the composites composed of SrTiO3 and SrO(SrTiO3)2 with diffraction peaks 

overlapping each other. 

It is also interesting to note that the stoichiometric samples show different phase 

compositions under different sintering temperatures. Cubic SrTiO3 together with 

tetragonal RP phases are formed in the sample sintered at 1400 °C as justified by the 

additional peaks, whereas single-phase cubic SrTiO3 is obtained for the same 

composition sintered at 1600 °C. It is associated with the variation in the oxygen 

deficiencies of samples sintered at different temperatures. The oxygen content in 

SrxLa0.12TiO3 determines the crystal structure and phase composition. The mechanism is 

explained in the following. 
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Figure 7-11 XRD patterns of SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.9) 

sintered at (a) 1400 °C and (b) 1600 °C. The inserts show the XRD patterns over 31.5° 

to 33.3° and 57° to 58.5°. 
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For Sr0.92La0.12TiO3 sintered in a strongly reducing atmosphere, the extra charge 

introduced by substituting Sr
2+

 with La
3+

 is neutralized by controlled valency, i.e., the 

formation of mixed Ti
3+

/Ti
4+

 ions (Equation 7-9) 

0.88SrO + 0.06La2O3 + TiO2

→ Sr0.88La0.12Ti0.12
′ Ti0.88O3 + 0.03O2 

Equation 7-9 

However, it has been suggested that both controlled valency and self-

compensation mechanism are present in stoichiometric donor-doped SrTiO3 sintered in 

a strongly reducing atmosphere [28,177]. Usually, the self-compensation mechanism 

occurs in donor-doped SrTiO3 prepared in an oxidizing atmosphere. In this case, the 

extra charges are compensated by the uptake of excess oxygen. The excess oxygen 

atoms are accommodated into the crystal structure by the formation of Sr vacancies and 

RP phases in the form of alternating stacks of SrO and SrTiO3 (Equation 7-10) 

0.88SrO + 0.06La2O3 + TiO2

→ Sr0.82(VSr
′′ )0.06La0.12TiO3 + 0.06SrORP Equation 7-10 

Since both compensation mechanisms present in the composition sintered in a 

reducing atmosphere as mentioned above, electrons are compensated by both the 

formation of Ti
3+

 and the Sr vacancy model (Equation 7-11). In this case, RP phases 

appear as a result of incomplete reduction. 

0.88SrO + 0.06La2O3 + TiO2 →

Sr0.82+𝑦
2

(VSr
′′ )
0.06−

𝑦

2
La0.12Ti𝑦

′ Ti1−𝑦O3 + (0.06 −
𝑦

2
) SrORP +

𝑦

4
O2  

Equation 7-11 

It is clear from Equation 7-11 that the crystal structure and phase composition of 

Sr0.88La0.12TiO3 are closely related to its oxygen deficiency. Thermogravimetric analysis 

has been conducted to confirm the oxygen deficiencies of the samples. The oxygen 

deficiency can be calculated from the weight increase of samples annealed in oxygen by 

Equation 7-12. 
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[VO
••] = 𝛿 =

∆𝑚/𝐴o
𝑚ox/𝐴LaSTO

 
Equation 7-12 

where δ is the oxygen deficiency per formula unit, mox is the weight of the oxidized 

sample after annealing, Δm is the weight gain after annealing the sample in oxygen, Ao 

is the atomic weight of oxygen, and ALaSTO is the atomic weight of the SrxLa0.12TiO3.  

The oxygen deficiencies of SrxLa0.12TiO3 sintered at 1400 °C and 1600 °C are 

plotted in Figure 7-12a as a function of x. Similar oxygen deficiency is obtained in the 

compositions with x = 0.82 and 0.86 sintered at 1400 °C. The oxygen deficiency is 

further reduced with increasing x. All compositions show an increase in oxygen 

deficiency by increasing the sintering temperature. According to Equation 7-12, the 

concentration of SrO is proportional to (0.06 – y/2) where y/2 is equal to the oxygen 

deficiency (δ). Therefore, the concentration of SrO in stoichiometric composition can be 

estimated. The concentration of SrO is increased with increasing amount of excess Sr. 

Moreover, the concentration of SrO is reduced as excess TiO2 is added to the 

stoichiometric composition (Equation 7-13). The amount of the remaining RP phases in 

TiO2-excess compositions depends on the oxygen deficiency and amount of excess TiO2.  

SrORP + TiO2 → SrTiO3 Equation 7-13 

The concentration of SrO is therefore estimated and plotted versus x in Figure 

7-12b. By comparing Figure 7-11 and Figure 7-12, it is clear that the cubic crystal 

structure observed in the compositions with 0.82 ≤ x ≤ 0.86 sintered at 1400 °C and with 

0.82 ≤ x ≤ 0.87 sintered at 1600 °C is due to the absence of SrO RP phases. The Sr-

excess compositions sintered at both temperatures and the stoichiometric composition 

sintered at 1400 °C show additional reflection peaks due to the presence of SrO. The 

compositions with intermediate concentration of SrO (x = 0.87 sintered at 1400 °C and x 

= 0.88 sintered at 1600 °C) show cubic structure possibly owing to the fact that the 

amount of SrO is not high enough to be observed by XRD.   
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Figure 7-12 (a) Oxygen deficiency (δ) and (b) concentration of SrO ([SrO]) of 

SrxLa0.12TiO3-δ (x = 0.82, 0.86, 0.87, 0.88, 0.9) versus x sintered at 1400 and 1600 °C. 

Table 7-2 Bulk densities of SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.90) 

sintered at 1400 °C and 1600 °C. Theoretical density is assumed to be 5.12 g/cm
3
 

(JCPDS 73-0661). 

x 1400 °C 1600 °C 

Bulk density 

(g/cm
3
) 

Relative 

density 

Bulk density 

(g/cm
3
) 

Relative 

density 

0.82 4.94 0.96 5.09 0.99 

0.86 4.64 0.91 5.07 0.99 

0.87 4.42 0.86 5.00 0.98 

0.88 3.62 0.71 4.88 0.95 

0.885 3.75 0.73 5.08 0.99 

0.90 3.95 0.77 5.07 0.99 

The bulk densities of of SrxLa0.12TiO3 are shown in Table 7-2. At both sintering 

temperatures, the lowest bulk densities are found in the stoichiometric compositions. It 
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is in good agreement with previous studies reporting that excess TiO2 or SrO promotes 

densification of SrTiO3 during sintering [166,173]. 

 

Figure 7-13 SEM micrographs of SrxLa0.12TiO3 sintered at 1400 °C. (a) x = 0.82, 

(b) x = 0.86, (c) x = 0.87, (d) x = 0.88, (e) x = 0.885, and (f) x = 0.9. 

 

Figure 7-14 SEM micrographs of SrxLa0.12TiO3 sintered at 1600 °C. (a) x = 0.82, 

(b) x = 0.86, (c) x = 0.87, (d) x = 0.88, (e) x = 0.885, and (f) x = 0.9. 
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The SEM micrographs of SrxLa0.12TiO3 sintered at 1400 and 1600 °C are shown 

in Figure 7-13 and Figure 7-14, respectively. At a sintering temperature of 1400 °C, 

only the compositions with 0.82 ≤ x ≤ 0.86 show high relative densities. The other 

samples show reduced relative densities and grain sizes. The relative densities of these 

samples are much improved by increasing sintering temperature to 1600 °C. At both 

sintering temperatures, the compositions with the appearance of RP phases, i.e., 0.87 ≤ x 

≤ 0.9 sintered at 1400 °C and 0.88 ≤ x ≤ 0.9 at 1600 °C, show smaller grain sizes 

relative to the compositions without RP phases. 

 

Figure 7-15 (a) Electrical conductivity (σ) versus temperature and (b) σ at 

675 °C versus Sr content (x) for SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.9) 

sintered at 1400 and 1600 °C.  
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As shown in Figure 7-15a, both the compositions with 0.82 ≤ x ≤ 0.86 sintered at 

1400 °C and the compositions with 0.82 ≤ x ≤ 0.88 sintered at 1600 °C exhibit high 

electrical conductivity (σ ~200 S/cm at 680 °C) and metallic conduction above 150 °C. 

The sample with x = 0.87 sintered at 1400 °C show intermediate electrical conductivity 

(σ ~57 S/cm at 680 °C) and mixed semiconducting-metallic conduction. With a further 

increase in x, the electrical conductivity is dramatically reduced and shows 

semiconducting behavior. The electrical conductivity of most of the samples is 

improved by increasing the sintering temperature (Figure 7-15b). The electrical 

conduction mechanisms are discussed in the following.  

The electrical conduction in La-doped SrTiO3 sintered in a reducing atmosphere 

is contributed by both La substitution and oxygen deficiency, as indicated in Equation 

7-14 and Equation 7-15. 

La2O3
SrTiO3
→    2LaSr

• + 2e′ + 3OO
× Equation 7-14 

OO
× → VO

•• + 2e′ +
1

2
O2 Equation 7-15 

The electrons are neutralized by coupling with Ti
4+

 ions, forming mixed 

Ti
3+

/Ti
4+

 ions. The Ti
3+

 concentration ([Ti
3+

] or [TiTi
’
]) is therefore equal to the carrier 

concentration, which can be written as  

[TiTi
′ ] = n = [LaSr

• ] + 2[VO
••] Equation 7-16 

Combining the oxygen deficiencies indicated in Figure 7-12a, the Ti
3+

 

concentration of SrxLa0.12TiO3 is calculated and plotted versus x, as shown in  

Figure 7-16.  

Both the Ti
3+

 concentration of the compositions with 0.82 ≤ x ≤ 0.86 sintered at 

1400 °C and the compositions with 0.82 ≤ x ≤ 0.87 sintered at 1600 °C are higher than 

the other samples, resulting in enhanced electrical conductivity. With increasing x above 

these values, the electrical conductivity is reduced. It is due to both the decrease in Ti
3+
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concentration and the presence of insulating SrO layers, which increases the effective 

conduction band offset of SrTiO3 in these compositions [179].  

 

Figure 7-16 Electrical conductivity (σ) at 680 °C and Ti
3+

 concentration ([Ti
3+

]) 

versus x for SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.9) sintered at (a) 1400 °C 

and (b) 1600 °C. 

The semiconducting behavior in the compositions with low electrical 

conductivity is caused by the low Ti
3+

 concentration. A smaller Ti
3+

 concentration 

results in a smaller overlap of the Ti 3d and O 2p orbitals and thus localized orbitals. As 

the Ti
3+

 concentration exceeds a certain value, the orbitals are delocalized, and thus the 

electrical conductivity are metallic [176]. By increasing sintering temperature, the 

electrical conductivity of almost all compositions is improved. It is partially due to the 

increased oxygen deficiency, as indicated in Figure 7-12a. Moreover, the improved 
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relative density (Table 7-2) contributes to the improvement of the electrical conductivity. 

However, the electrical conductivity of the composition with x = 0.82 is reduced by 

increasing sintering temperature. The trend is easily to be observed in temperature 

dependence of the electrical conductivity of the Sr-deficient compositions sintered at 

both temperatures, as illustrated in Figure 7-17.  

 

Figure 7-17 Temperature dependent of the electrical conductivity (σ) of 

SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87) sintered at 1400 °C and 1600 °C. 

The composition with x = 0.86 exhibits the highest electrical conductivity 

between 100°C and 625 °C among the samples sintered at 1400 °C. However, the 

sample with x = 0.87 exhibits the highest electrical conductivity of all compositions 

sintered at 1600 °C. According to Figure 7-12b, almost no SrO is present in these two 

compositions. It means that excess TiO2 is retained in SrTiO3 if x is lower than the two 

values. The electrical conductivity decreases with increasing amount of TiO2, since 

Magnéli TiO2 could block the electrical conduction path [170]. Therefore, the electrical 

conductivity of the composition with x = 0.82 is decreased with increasing sintering 

temperature due to the increased amount of TiO2. It implies that improved electrical 

conductivity can be achieved by optimizing the amount of excess TiO2. 
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The Seebeck coefficient of La0.12SrxTiO3 as a function of temperature is shown 

in Figure 7-18. The negative Seebeck coefficient indicates electrons are major charge 

carriers. Although  

Figure 7-16 indicates the decreased carrier concentration with increasing x, the 

absolute value of the Seebeck coefficient decreases with increasing x (Figure 7-19). It 

appears to be due to the existence of SrO. It was reported that the distortion of TiO6 

octahedra becomes stronger with increasing amount of SrO, resulting in a reduced 

absolute value of the Seebeck coefficient due to the deterioration of band degeneracy 

[181].  

 

Figure 7-18 Seebeck coefficient (S) versus temperature for La0.12SrxTiO3 (x = 

0.82, 0.86, 0.87, 0.88, 0.885, 0.9) sintered at (a) 1400 and (b) 1600 °C. 
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Figure 7-19 Absolute values of the Seebeck coefficient (|S|) versus x for 

La0.12SrxTiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.9) sintered at 1400 and 1600 °C. 

 

Figure 7-20 Thermal conductivity (κ) versus temperature for La0.12SrxTiO3 (x = 

0.82, 0.86, 0.87, 0.88, 0.885, 0.9) sintered at 1400 and 1600 °C. 
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Temperature dependence of the thermal conductivity of La0.12SrxTiO3 is shown 

in Figure 7-20. The thermal conductivity decreases with increasing temperature, 

indicating of the domination of lattice thermal conductivity. Large variation in κ of the 

samples sintered 1400 °C is observed due to the difference in relative densities shown in 

Table 7-2. The thermal conductivity is increased by increasing the sintering temperature 

as a result of improved relative densities. The samples sintered at 1600 °C show similar 

κ, indicating that the influence of excess TiO2 or SrO on κ is not obvious.  

Figure-of-merit ZT as a function of temperature is shown in Figure 7-21. ZT 

increases with increasing temperature. ZT values of the TiO2 excess samples are higher 

than the stoichiometric and SrO excess samples sintered at both temperatures. 

Furthermore, ZT is improved by increasing sintering temperature except the 

composition with x = 0.82. It is clear that ZT is largely affected by σ. Highest ZT is 

achieved in La0.12Sr0.87TiO3 sintered at 1600 °C, ~ 0.245 at 586 °C. At both sintering 

temperatures, ZT could be improved by adding proper amount of excess TiO2 in the 

starting compositions. 

 

Figure 7-21 Thermoelectric figure-of-merit ZT versus temperature for 

La0.12SrxTiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.9) sintered at 1400 and 1600 °C. 
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7.4  Summary 

SrxY0.04TiO3 (x = 0.92, 0.94, 0.95, 0.96, 0.98, 1) have been prepared and their 

thermoelectric properties have been studied. The electrical conductivity of the TiO2 

excess compositions (0.92 ≤ x ≤ 0.95) was much higher than that of the stoichiometric 

and Sr-excess compositions. The Seebeck coefficient was not influenced by the addition 

of excess TiO2, whereas it decreased with increasing amount of excess Sr. Although the 

stoichiometric composition exhibited the lowest lattice thermal conductivity, its ZT 

values were very low. All these properties are strongly related to the Ti
3+

 concentration 

and the defect structure of Sr0.96Y0.04TiO3. Among all the samples prepared under the 

same condition, Sr0.94Y0.04TiO3 possessed the maximum ZT of 0.183 at 390 °C, which 

was 8 times as high as that of Sr0.96Y0.04TiO3. 

SrxLa0.12TiO3 (x = 0.82, 0.86, 0.87, 0.88, 0.885, 0.90) have been synthesized at 

two different sintering temperatures. The microstructure and thermoelectric properties 

have been investigated. At both sintering temperatures, the electrical conductivity of the 

TiO2 excess compositions (0.82 ≤ x ≤ 0.87) was much higher than that of the 

stoichiometric and Sr-excess compositions. Furthermore, the electrical conductivity is 

closely related to the formation of TiO2 secondary phase and defect structure of this 

material. The absolute Seebeck coefficient decreased with increasing x, possibly due to 

the appearance of SrO. The generation of oxygen vacancies were promoted with 

increasing sintering temperature, leading to a significantly enhanced electrical 

conductivity of the compositions with x = 0.87 and 0.88 due to the depletion of SrO. 

The thermal conductivity was greatly affected by the microstructure of the samples. 

Maximum ZT has been achieved in La0.12Sr0.87TiO3 sintered at 1600 °C, ~ 0.245 at 

586 °C. 
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Chapter 8 Effects of Y and Nb co-doping on the 

thermoelectric properties of SrTiO3 and SrTi1.01O3: a 

comparative study 

8.1 Introduction 

SrTiO3 is intensively studied as an n-type thermoelectric oxide due to its high 

Seebeck coefficient [27]. However, the figure of merit is limited by its high thermal 

conductivity caused by its simple cubic crystal structure and light atomic mass. One 

effective way to reduce its thermal conductivity is to induce a lattice distortion by 

substituting Sr
2+

 sites with rare-earth elements that possess small ionic radii [25,106]. 

For example, doping Y
3+

 into Sr
2+

 is found to decrease the thermal conductivity. 

However, the electrical conductivity of Y-doped SrTiO3 is lower than that of the other 

rare-earth element doped samples [104,106]. It is important to maintain its electrical 

conductivity while decreasing its thermal conductivity. Nb-doped SrTiO3 is reported to 

show high electrical conductivity and figure of merit [107]. Therefore, Y and Nb 

codoped SrTiO3 has been prepared in this study.  

The electrical conductivity of donor-doped SrTiO3 could be further enhanced by 

adding excess TiO2 into the starting composition [28,30]. According to our previous 

study, the thermoelectric performance of donor-doped SrTiO3 can be significantly 

improved by incorporating excess TiO2. Therefore, excess TiO2 was added into the 

samples, with nominal composition Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 0.04, x = 0.1, x = 

0.2; z = 0, 0.01). Comparison of the thermoelectric properties between the 

stoichiometric and TiO2 excess compositions was made. Maximum ZT was obtained in 

the TiO2 excess composition with nominal composition of Sr0.96Y0.04Ti0.91Nb0.1O3, 

reaching ~ 0.26 at 685 °C.  

8.2 Experimental procedure 

Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 0.04, x = 0.1, x = 0.2; z = 0, 0.01) were 

synthesized by conventional solid-state reaction method. The starting powders were 

SrCO3 (99.9%, Sigma Aldrich), TiO2 (puriss grade, Sigma Aldrich), Y2O3 (99.99%, 

Sigma Aldrich), and Nb2O5 (99.9%, Sigma Aldrich). The powders were all baked in 
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oven at 150 °C for 3 h before use. The powders were then mixed according to the 

aforementioned nominal compositions. The mixture was ball milled in a planetary ball 

mill machine (Retsch, PM400) at 150 rpm for 6 h in ethanol with zirconia balls. After 

drying, the powder was calcined at 1300 °C for 6 h in 5% H2/Ar. The powder was then 

ground, and subjected to ball milling again. After drying, the powder was compacted 

into 20 mm pellets with cold pressing machine under a pressure of 200 MPa with the aid 

of PVA binder. The pellets were annealed at 500 °C for 0.5 h in air to eliminate the 

binder. Finally, the pellets were sintered at 1400 °C for 6 h and annealed at 1450 °C for 

10 h in 5% H2/Ar.  

X-ray diffraction (XRD) measurement was carried out on the ground powder 

employing Panalytical X’pert MPD. XRD data were collected between 20° ≤ 2θ ≤ 120°. 

Rietveld refinements were performed using PANalytical-HighScore Plus software. 

Density of the pellets was evaluated by Archimedes’ principle. Electrical conductivity σ 

and Seebeck coefficient S were simultaneously measured by the ULVAC-ZEM3 system. 

Thermal conductivity κ was obtained from the product of the measured density 

(NETZSCH DIL402PC for the thermal expansion), the specific heat capacity 

(NETZSCH DSC404C), and the thermal diffusivity (NETZSCH LFA427). 

Thermogravimetric measurement was carried out employing thermogravimetric analysis 

(NETZSCH STA 449). The oxygen deficiency was determined by the weight increase 

upon annealing samples up to 1300 °C in flowing oxygen (50 ml/min). 

8.3 Results and discussion 

Powder XRD patterns presented in Figure 8-1a confirmed that all compositions 

have a cubic perovskite structure with the space group Pm 3̅m. Small amount of 

impurity phase has been observed in the compositions with nominal composition 

Sr0.96Y0.04Ti0.9Nb0.1O3, Sr0.96Y0.04Ti0.91Nb0.1O3, and Sr0.96Y0.04Ti0.8Nb0.2O3. However, the 

impurity phase could not be determined due to the limited intensity of the diffraction 

peaks.  

The lattice parameters have been calculated by performing Rietveld refinement 

on the XRD patterns. As indicated in Figure 8-1b, the lattice parameter linearly 

increases with increasing Nb content for both stoichiometric (z = 0) and TiO2 excess (z 

= 0.01) compositions, which is due to the slightly higher ionic radii of Nb
5+

 and Ti
3+
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compared with Ti
4+

. Ti
3+

 is formed as a result of charge neutralization when Nb
5+

 is 

introduced to Ti
4+

 sites of SrTiO3 sintered in a reducing atmosphere. Moreover, the 

lattice parameter shows almost no difference between stoichiometric and TiO2 excess 

compositions.  

(a) 

 

(b) 

 

Figure 8-1 (a) XRD patterns and (b) lattice parameter (a) versus x for 

Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 0.04, x = 0.1, x = 0.2; z = 0, 0.01). 
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The thermogravimetric curves are shown in Figure 8-2a. The oxidation starts 

from approximately 400 °C and ends up at 1000 °C. The mass remains unchanged after 

reaching the equilibrium state. The oxygen deficiency was calculated by the weight 

increase of a sample after oxidation to an equilibrium state. Introducing Nb into SrTiO3 

promotes the formation of oxygen vacancies as shown in Figure 8-2b. Furthermore, the 

oxygen deficiency is not obviously affected by the different amount of TiO2.  

 

Figure 8-2 (a) Thermogravimetric curve in oxygen (50 ml/min) versus 

temperature and (b) oxygen deficiency (δ) versus x for Sr0.96Y0.04Ti1+z-xNbxO3-δ (x = 0, x 

= 0.04, x = 0.1, x = 0.2; z = 0, 0.01). 
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The theoretical densities were calculated under the assumption of no oxygen 

deficiency. The typical SEM micrographs are shown in Figure 8-3. The average grain 

size is improved with the addition of excess TiO2. It is attributed to the fact that excess 

TiO2 enhances the bulk diffusion during sintering [166]. 

Table 8-1 Lattice parameter a, theoretical density, bulk density, and relative 

density of Sr0.96Y0.04Ti1+z-xNbxO3-δ (x = 0, x = 0.04, x = 0.1, x = 0.2; z = 0, 0.01). 

 x a (Å) Theoretical 

density (g/cm
3
) 

Bulk density 

(g/cm
3
) 

Relative 

density 

z = 0 0 3.90323(1) 5.127 4.89 0.95 

 0.04 3.90898(2) 5.154 5.04 0.98 

 0.1 3.91707(4) 5.197 4.83 0.93 

 0.2 3.93079(6) 5.266 4.86 0.92 

z = 0.01 0 3.90293(1) 5.128 4.9 0.96 

 0.04 3.90822(3) 5.158 4.97 0.96 

 0.1 3.91630(1) 5.200 4.97 0.96 

 0.2 3.92962(3) 5.271 5.05 0.96 

 

Figure 8-3 SEM micrographs of Sr0.96Y0.04Ti1+z-xNbxO3. (a) x = 0, z = 0, (b) x = 

0.1, z = 0, (c) x = 0, z = 0.01, and (d) x = 0.1, z = 0.01. 
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Figure 8-4 The electrical conductivity (σ) of Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 

0.04, x = 0.1, x = 0.2; z = 0, 0.01) versus (a) temperature and (b) Nb content (x).  

Most compositions show semiconductor-metal transition in electrical 

conductivity (Figure 8-4a). The electrical conductivity is improved by increasing Nb 

content (Figure 8-4b). With the addition of excess TiO2, the electrical conductivity is 

further increased. The electrical conduction is contributed by electrons in donor-doped 

SrTiO3. The carrier concentration n can be approximated by 

n = [TiTi
′ ] = [YSr

• ] + [NbTi
• ] + 2[VO

••] 
Equation 8-1 
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The concentration of oxygen vacancies is equal to the oxygen deficiency shown 

in Figure 8-2b. The carrier concentration is therefore calculated and plotted in Figure 

8-5. The carrier concentration increases with increasing Nb content, leading to an 

improved electrical conductivity. Furthermore, it turns out that no obvious difference in 

the carrier concentration is observed in the stoichiometric and TiO2 excess compositions.  

 

Figure 8-5 Concentration of Ti
3+

 versus x for Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 

0.04, x = 0.1, x = 0.2; z = 0, 0.01). 

The TiO2 excess compositions possess higher electrical conductivity than the 

stoichiometric compositions, which appears to be due to both the change in 

microstructure and the reduced Ruddlesden-Popper (RP) phases containing SrO 

potential barriers. The average grain size and relative density are greatly improved in 

the TiO2 excess compositions (Figure 8-3), and thus induces an increase in the electrical 

conductivity. On the other hand, the charge compensation in donor-doped 

stoichiometric SrTiO3 sintered in air is achieved by the formation of Sr vacancies and 

RP phases. Moreover, controlled valency compensation occurs when donor-doped 

SrTiO3 is sintered in a reducing atmosphere. Both compensation mechanisms exist 

when the reducing atmosphere is not strong enough. It has been indicated that even 

sintering of donor-doped SrTiO3 in a strong reducing atmosphere cannot completely 

remove the RP phases SrO [28]. The reaction is expressed in Equation 8-2. The SrO is 

depleted with the addition of excess TiO2. Therefore, the electrical conductivity is 
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increased in the TiO2 excess compositions partially due to reduced SrO potential 

barriers.  

0.96SrO + 0.02Y2O3 + (1 − 𝑥)TiO2 +
𝑥

2
Nb2O5 →

Sr
0.94−

3

2
𝑥+

𝑦

2

(VSr
′′ )
0.02+

3

2
𝑥−

𝑦

2

Y0.04Ti𝑦
′ Ti1−𝑥−𝑦Nb𝑥O3 + (0.02 +

3

2
𝑥 −

𝑦

2
) SrORP +

𝑦

4
O2  

 Equation 8-2 

  

 

Figure 8-6 Temperature dependence of the Seebeck coefficient (S) of 

Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 0.04, x = 0.1, x = 0.2; z = 0, 0.01). 

The negative values of the Seebeck coefficient (Figure 8-6) indicate all 

compositions are n-type semiconductors with electrons being the dominant charge 

carriers. With increasing doping concentration, the carrier concentration is increased 

(Figure 8-5), leading to a decrease in the absolute values of the Seebeck coefficient. 

Moreover, the Seebeck coefficient is not affected by the excess TiO2. 
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Figure 8-7 Temperature dependence of the thermal conductivity (κ) of 

Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 0.04, x = 0.1, x = 0.2; z = 0, 0.01). 

As shown in Figure 8-7, the thermal conductivity of all compositions decreases 

with increasing temperature, indicating the dominated contribution from lattice thermal 

conductivity. The thermal conductivity was corrected for porosity according to Equation 

8-3 [131].  

𝜅𝑐  =
𝜅

1 −
3
2
(1 − 𝑅𝐷)

 
Equation 8-3 

where the RD is relative density. The electronic contribution to the thermal conductivity 

was calculated by the Wiedemann-Franz law (Lorenz number is assumed to be 2.44 × 

10
-8

 WΩK
-2

). The lattice thermal conductivity is therefore obtained by subtracting the 

electronic part from the total thermal conductivity. The calculation results are shown in 

Figure 8-8. The thermal conductivity is increased, while the lattice thermal conductivity 

is reduced with increasing Nb content. The decrease in the lattice thermal conductivity 

is likely due to the point defects induced by oxygen vacancies and Nb dopants 

[160,182].  
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Figure 8-8 Thermal conductivity κc of Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 0.04, x 

= 0.1, x = 0.2; z = 0, 0.01) versus (a) temperature and (b) Nb content (x). Lattice thermal 

conductivity κcL versus (c) temperature and (d) Nb content (x). All values were 

corrected for porosity. 

 

Figure 8-9 Temperature dependence of figure-of-merit ZT of Sr0.96Y0.04Ti1+z-

xNbxO3 (x = 0, x = 0.04, x = 0.1, x = 0.2; z = 0, 0.01). 
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ZT of the stoichiometric compositions increases with both increasing 

temperature and Nb content. ZT of Sr0.96Y0.04Ti1.01O3 reaches the maximum at 480 °C. 

ZT of the other TiO2 excess compositions increases with increasing temperature. ZT is 

improved by adding excess TiO2 into the starting compositions. Below 500 °C, 

Sr0.96Y0.04Ti0.97Nb0.04O3 exhibits high ZT values. Maximum ZT ~ 0.22 at 685 °C is found 

in Sr0.96Y0.04Ti0.91Nb0.1O3.  

8.4 Summary 

The thermoelectric properties of Sr0.96Y0.04Ti1+z-xNbxO3 (x = 0, x = 0.04, x = 0.1, 

x = 0.2; z = 0, 0.01) prepared by conventional solid-state reaction were studied. The 

electrical conductivity increased and the absolute value of the Seebeck coefficient 

decreased with increasing Nb content due to increased carrier concentration. 

Incorporation of excess TiO2 improved the electrical conductivity of Sr0.96Y0.04Ti1+z-

xNbxO3 due to the change in microstructure and the reduced SrO potential barrier. 

However, no change in the Seebeck coefficient was observed with different TiO2 

content. The lattice thermal conductivity was decreased with increasing Nb content, 

which is attributed to the increased point defect scattering due to increased oxygen 

deficiency and Nb dopants. Maximum ZT was obtained in Sr0.96Y0.04Ti0.91Nb0.1O3, ~ 

0.22 at 685 °C.  
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Chapter 9  Conclusions and future work 

9.1  Conclusions 

In this thesis, the structural and thermoelectric properties of p-type NaxCoO2 and 

n-type SrTiO3 have been examined. NaxCoO2 was synthesized by solid-state reaction 

combined with spark plasma sintering. Nearly full densification was achieved by the use 

of spark plasma sintering. The effects of spark plasma sintering temperature and dwell 

time on the thermoelectric properties of NaxCoO2/Ca3Co4O9 composites were 

determined. The thermoelectric properties and chemical stability of NaxCoO2/Ca3Co4O9 

with different volume ratios were compared. Moreover, the thermoelectric properties of 

NaxCoO2 were adjusted by doping transition metal ion (Fe
3+

) into Co sites. On the other 

hand, donor-doped SrTiO3 was synthesized by conventional solid-state reaction method. 

The influences of Y and La content on the structural and thermoelectric properties of A-

site deficient SrTiO3 were investigated. Furthermore, the Y and La-doped SrTiO3 with 

different Sr content were studied in terms of crystal phase, microstructure, and 

thermoelectric properties. The thermoelectric properties of Y and Nb co-doped SrTiO3 

and SrTi1.01O3 were compared. 

Single-phase Na0.8Co1-xFexO2 with high relative density were successfully 

prepared by solid-state reaction and spark plasma sintering. Both the electrical 

resistivity and the Seebeck coefficient of Na0.8Co1-xFexO2 were increased with 

increasing Fe content, which is likely caused by an increase in the effective mass and/or 

a decrease in the carrier concentration induced by Fe doping on Co sites. Na0.8Co1-

xFexO2 with 0.25% ≤ x ≤ 1% exhibited a decrease in thermal conductivity. ZT was 

improved by substituting Co with Fe, reaching ~0.40 at 680 °C in Na0.8Co0.99Fe0.01O2. 

Although NaxCoO2 possesses good thermoelectric properties, its poor chemical 

stability in air poses a limitation on its realistic application. We have found out that the 

chemical stability of Na0.77CoO2 could be improved while maintaining its thermoelectric 

performance by adding up to 30% volume fraction of Ca3Co4O9. Moreover, the 

electrical resistivities of the composites were compared with the theoretical values from 

the modified Landauer’s model and a resistor network model. The experimental values 

were larger than the theoretical values. Furthermore, an enhanced Seebeck coefficient 

was observed in the composites, which were higher than the Seebeck coefficient of both 
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single-phase Na0.77CoO2 and Ca3Co4O9. The behavior of both the electrical resistivity 

and the Seebeck coefficient is attributed to the compressive strain on Ca3Co4O9 

originating from the mismatch of the thermal expansion coefficients between Ca3Co4O9 

and Na0.77CoO2. In addition, the effects of spark plasma sintering temperature and time 

on the thermoelectric properties of Na0.77CoO2/Ca3Co4O9 composites were studied. No 

solid-state reaction was observed between the two phases during spark plasma sintering 

up to 700 °C and 1 hour. The thermoelectric properties of the composites were 

improved by increasing sintering temperature (500 °C – 700 °C) due to improved 

relative density. The dwell time (10 min – 60 min, at 700°C) had no obvious effect on 

the thermoelectric performance of the composites. 

The thermoelectric properties of Sr-deficient Y or La-doped SrTiO3 with 

nominal composition Sr1-1.5xMxTiO3 (M = Y, La) were studied. High relative densities 

were obtained in all compositions. ZT was found to increase with increasing dopant 

content up to x = 0.08 and x = 0.12 for Y and La, respectively. Below these two values, 

the electrical conductivity and the Seebeck coefficient increased with increasing doping 

content due to increased concentration of Ti
3+

 contributed by both dopants and oxygen 

vacancies. Y2Ti2O7 was formed in Sr1-1.5xYxTiO3 with x ≥ 0.08, which led to a decrease 

in both the electrical and thermal conductivity. The crystal structure of Sr1-1.5xLaxTiO3 

changed from cubic to tetragonal as x was increased above x = 0.12 possibly due to the 

formation of La2Ti2O7-like lamellar compounds. Decreased electrical and thermal 

conductivity were observed in Sr0.4La0.4TiO3, which appeared to be due to the lamellar 

phases. The highest ZT values of 0.20 and 0.23 were achieved at ~ 680 °C for 

Sr0.88Y0.08TiO3 and Sr0.82La0.12TiO3, respectively. 

The Sr/Ti cationic ratio influences the phase composition, microstructure, and 

thermoelectric properties of Y and La doped SrTiO3. The existence of Magnéli phases 

TiO2 was confirmed in the Sr-deficient SrxY0.04TiO3 (0.92 ≤ x ≤ 0.95). Y2O3 was found 

in the Sr-excess compositions, indicating that Sr has the preference to occupy A-site of 

SrTiO3. The Sr-deficient compositions showed much higher electrical conductivity than 

the stoichiometric (x = 0.96) and Sr-excess (0.98 ≤ x ≤ 1) compositions. The Seebeck 

coefficient of the Sr-deficient and stoichiometric compositions were similar and 

decreased with increasing amount of excess Sr. The carrier concentration or Ti
3+

 

concentration remained similar in the Sr-deficient and stoichiometric compositions and 

decreased with increasing x above x = 0.96. The low electrical conductivity in 
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stoichiometric composition was likely due to the presence of Ruddlesden-Popper phases 

SrO. Highest ZT was obtained Sr0.94Y0.04TiO3, reaching 0.183 at 390 °C, 8 times as high 

as that of Sr0.96Y0.04TiO3. 

The thermoelectric properties of SrxLa0.12TiO3 (0.82 ≤ x ≤ 0.90) sintered at 

1400 °C and 1600 °C were studied. The formation of SrO Ruddlesden-Popper phase 

was confirmed in the compositions with 0.88 ≤ x ≤ 0.90 sintered at 1400 °C and 0.885 ≤ 

x ≤ 0.90 sintered at 1600 °C. Therefore the electrical conductivity of the Sr-deficient 

compositions was much higher than that of the Sr-excess compositions. Furthermore, 

the electrical conductivity was reduced with increasing excess TiO2 in Sr-deficient 

compositions. The absolute value of the Seebeck coefficient decreased with increasing x, 

which is likely due to the deterioration of band degeneracy caused by the SrO phases. 

The oxygen deficiency was increased with increasing sintering temperature, leading to 

significantly enhanced electrical conductivity of compositions with x = 0.87 and 0.88 

due to the depletion of SrO. Highest ZT was found in La0.12Sr0.87TiO3 sintered at 

1600 °C, ~ 0.245 at 586 °C. 

The structural and thermoelectric properties of stoichiometric and Ti-excess 

Sr0.96Y0.04Ti1+z-xNbxO3 were compared. An increase in the electrical conductivity and the 

Seebeck coefficient was observed with increasing Nb content. The Ti-excess 

compositions showed higher electrical conductivity than the stoichiometric 

compositions due to the change in microstructure and the reduced SrO potential barrier. 

The Seebeck coefficient was not influenced by the Ti content. Nb dopants were 

effective in reducing the lattice thermal conductivity, which is associated with the 

increased point defects from the oxygen vacancies and Nb substitution. The highest ZT 

was found in Sr0.96Y0.04Ti0.91Nb0.1O3, reaching 0.22 at 685 °C. 

9.2  Future work 

Both p-type NaxCoO2 and n-type SrTiO3 show promising thermoelectric 

performance. The temperature dependent electrical conductivity and Seebeck 

coefficient of NaxCoO2 and SrTiO3 were measured in low-pressure helium atmosphere, 

in order to protect parts of the furnace chamber which are prone to be oxidized at 

elevated temperatures. The lattice oxygen tends to lose with both increasing temperature 

and reducing oxygen partial pressure. The measured results can be used for comparison, 
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since all samples were prepared with the same preparation method and measured with 

the same program. Nonetheless, it is important to understand the transport properties as 

a function of oxygen partial pressure, since oxygen nonstoichiometry has a significant 

effect on the chemical and physical properties of thermoelectric oxides [70,128-

130,172]. Further measurement of their thermoelectric properties in air is needed to 

examine their suitability for operation in air. 

Although the lattice thermal conductivity of SrTiO3 was effectively reduced by 

substituting Sr
2+

 with Y
3+

, there is still room for reducing the thermal conductivity 

through improving synthesis methods and nanostructuring approach. Different synthesis 

methods, e.g., sol-gel method combined with spark plasma sintering, might be explored 

as a way to reduce the thermal conductivity due to the fine grain size. It is also 

interesting to know the effects of nanosized-TiO2 dispersion on the thermoelectric 

properties of donor-doped SrTiO3.Further study is required to examine the physical and 

mechanical reliability related to high operation temperatures and thermal cycling for the 

application of such materials. For example, it is worthwhile to investigate the 

degradation of thermoelectric properties due to continuous high-temperature exposure 

and thermal cycles. Furthermore, high mechanical strength, especially the compressive 

strength, is required to avoid the mechanical failure during assembly and operation of 

thermoelectric modules. Therefore, it is interesting to carry out mechanical testing of the 

thermoelectric materials and improve the synthesis methods to achieve high mechanical 

strength.   
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