
  

Technische Universitªt Darmstadt, Germany 

s

s

s

s

s 

 

 Thermoelectric properties and transport mechanisms of 

sustainable TiS2-based materials  

  M. Sc. Jinxue Ding 

  Prof. Dr. Anke Weidenkaff (Supervisor) 

  Materials and Resources, Department of Materials and Earth Sciences 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  





  

 

 

 

Submitted in fulfilment of the requirements for the degree of Doctor rerum naturalium 

Thermoelectric properties and transport mechanisms 

of sustainable TiS2-based materials 

 

M. Sc. Jinxue Ding  

 
 

 

 

 

Referee: Prof. Dr. Anke Weidenkaff 

Co-referee: Prof. Dr. Hongbin Zhang 

 

 

 

Fachbereich Material- und Geowissenschaften 

Technische Universitªt Darmstadt 

Date of submission: 13.09.2024 

      Date of oral examination: 04.11.2024 

Darmstadt 2024 

D 17 

 



 

 

Thermoelectric properties and transport mechanisms of sustainable TiS2-based materials 

Thermoelektrische Eigenschaften und Transportmechanismen nachhaltiger TiSі-basierter Materialien 

 

Genehmigte kumulative Dissertation von M. Sc. Jinxue Ding 

Fachbereich Material  und Geowissenschaften  

Darmstadt, Technische Universitªt Darmstadt  

Jahr der Verºffentlichung der Dissertation auf TUprints: 2025 

URN: urn:nbn:de:tuda-tuprints-296592 

Urheberrechtlich gesch¿tzt / In Copyright: https://rightsstatements.org/page/InC/1.0/ 

 

 

 

Tag der Einreichung: 13.09.2024  

Tag der m¿ndlichen Pr¿fung: 04.11.2024 

 

 

 

 

 

 

 



  

 

Declaration 

 

M. Sc. Jinxue Ding 

Peter-Gr¿nberg-StraÇe 2 

64287 Darmstadt 

 

Declaration 

The main work of this thesis was carried out at the Department of Materials- and Earth Sciences, 

Technical University of Darmstadt during the period October 2021 to October 2024. This thesis 

represents the authorôs original work, except where otherwise stated, and no part of it has been submitted 

for a degree at any other university. Prior to the submission of this thesis, some work has been published 

as described in the relevant chapters herein. 

Eidesstattliche Erklªrung 

Hiermit erklªre ich an Eides statt, dass ich die vorliegende Dissertation selbststªndig und nur mit den 

angegebenen Hilfsmitteln angefertigt habe. Von mir wurde weder an der Technischen Universitªt 

Darmstadt noch einer anderen Hochschule ein Promotionsversuch unternommen. 

 

 

 

 

 

Darmstadt, den 13.09.2024 

 

M. Sc. Jinxue Ding 

 

 





  

 

Erklärungen laut Promotionsordnung  

 

§8 Abs. 1 lit. c PromO 

Ich versichere hiermit, dass die elektronische Version meiner Dissertation mit der schriftlichen 

Version übereinstimmt. 

§8 Abs. 1 lit. d PromO 

Ich versichere hiermit, dass zu einem vorherigen Zeitpunkt noch keine Promotion versucht wurde. 

In diesem Fall sind nähere Angaben über Zeitpunkt, Hochschule, Dissertationsthema und Ergebnis 

dieses Versuchs mitzuteilen. 

§9 Abs. 1 PromO 

Ich versichere hiermit, dass die vorliegende Dissertation selbstständig und nur unter Verwendung 

der angegebenen Quellen verfasst wurde. 

§9 Abs. 2 PromO 

Die Arbeit hat bisher noch nicht zu Prüfungszwecken gedient. 

 

 

Darmstadt, den 13.09.2024  

 

 

                         

(Jinxue Ding)  





  

 

 

 

 

The presented cumulative dissertation summarizes the essential scientific findings, which were reported 

to the scientific community in the following peer-reviewed journals. Copies of the published studies 

below are enclosed in the Chapter Cumulative Publications of this thesis.  

  

1. Ding, J., Tian, C., Li, W., et al. Tuning anisotropic thermoelectric properties of TiS2ïŭ compounds via 

intercalating iron [J]. Journal of the European Ceramic Society, 2024, 44(5): 2972-2981. 

2. Ding, J., Li, W., Thiem, M., et al. Entropy engineering in transition metal sulfides for thermoelectric 

application [J]. Open Ceramics, 2024, 17: 100535. 

3. Ding, J., Li, W., Thiem, M., et al. Achieving low thermal conductivity and high quality factor in 

sextuple-doped TiS2 [J]. Acta Materialia, 2025, 283, 120548. 

 

 

 

 

 





  

 

Contents 

Declaration .............................................................................................................................................. I 

ErklŅrungen laut Promotionsordnung .............................................................................................. III 

Contents .............................................................................................................................................. VII 

List of figures .......................................................................................................................................... I 

List of tables ........................................................................................................................................ VII 

List of abbreviations ............................................................................................................................ IX 

Abstract ................................................................................................................................................ XI 

Zusammenfassung ............................................................................................................................ XIII 

1. Introduction and motivation ................................................................................................... - 1 - 

2. Scientific background .............................................................................................................. - 5 - 

2.1 Sustainability in energy conversion ........................................................................................ - 5 - 

2.1.1 Global energy crisis .............................................................................................................. - 5 - 

2.1.2 Sustainable development and the concept of sustainability ................................................. - 7 - 

2.1.3 Pathways for a sustainable future in energy conversion ...................................................... - 8 - 

2.1.3.1 Integrating renewable energy sources ............................................................................ - 8 - 

2.1.3.2 Improving energy conversion efficiency ........................................................................ - 9 - 

2.1.3.3 Minimizing lifecycle impact ........................................................................................ - 10 - 

2.1.4 Sustainability of thermoelectric candidate TiS2 ................................................................. - 11 - 

2.2 Thermoelectric effect ............................................................................................................. - 14 - 

2.2.1 Thermoelectric effect: theory and historical perspectives .................................................. - 14 - 

2.2.2 Thermoelectric materials: criteria, advancements, and applications .................................. - 16 - 

2.2.3 Electron and phonon transport mechanisms ....................................................................... - 20 - 

2.2.3.1 Electrical transport ....................................................................................................... - 20 - 

2.2.3.2 Heat transfer ................................................................................................................. - 21 - 

2.2.4 Strategies for enhancing thermoelectric performance ........................................................ - 23 - 

2.2.4.1 Donor- and acceptor-doping......................................................................................... - 23 - 

2.2.4.2 Band structure engineering .......................................................................................... - 24 - 

2.2.4.3 Nanostructure engineering ........................................................................................... - 25 - 

2.2.4.4 Entropy engineering ..................................................................................................... - 26 - 

2.3 Titanium disulfide .................................................................................................................. - 27 - 

2.3.1 Crystal structures and band structure of titanium disulfide ................................................ - 27 - 

2.3.2 Fabrication methods of titanium disulfide ......................................................................... - 29 - 

2.3.2.1 Synthesis of TiS2 .......................................................................................................... - 29 - 

2.3.2.2 Shaping of TiS2 ............................................................................................................ - 31 - 

2.3.3 Thermoelectric transport properties of titanium disulfide .................................................. - 33 - 

2.3.3.1 Compositional design ................................................................................................... - 35 - 

2.3.3.2 Fabrication design ........................................................................................................ - 39 - 



  

 

2.3.4 Challenges in the thermoelectric enhancement of titanium disulfide................................. - 42 - 

2.4 Scope of this work................................................................................................................... - 43 - 

3. Cumulative part of the thesis ................................................................................................ - 44 - 

3.1 Tuning anisotropic thermoelectric properties of TiS2ςɻ compounds via intercalating ironΧΧ- 45 - 

3.1.1 Experimental section .......................................................................................................... - 45 - 

3.1.2 Results and discussion ........................................................................................................ - 47 - 

3.1.2.1 Structural characterization and microstructure analysis ............................................... - 47 - 

3.1.2.2 Electrical transport properties ...................................................................................... - 52 - 

3.1.2.3 Thermal transport properties ........................................................................................ - 55 - 

3.1.2.4 Figure of merit .............................................................................................................. - 57 - 

3.1.3 Conclusion .......................................................................................................................... - 58 - 

3.2 Entropy engineering in transition metal sulfides for thermoelectric application ............. - 59 - 

3.2.1 Experimental section .......................................................................................................... - 59 - 

3.2.1.1 Sample preparation ....................................................................................................... - 59 - 

3.2.1.2 Characterization ........................................................................................................... - 59 - 

3.2.2 Results and discussion ........................................................................................................ - 60 - 

3.2.2.1 Structural analysis ........................................................................................................ - 60 - 

3.2.2.2 Transport property ........................................................................................................ - 64 - 

3.2.3 Conclusion .......................................................................................................................... - 70 - 

3.3 Achieving low thermal conductivity and high quality factor in sextuple-doped TiS2 ...... - 71 - 

3.3.1 Experimental section .......................................................................................................... - 71 - 

3.3.1.1 Synthesis and sintering ................................................................................................. - 71 - 

3.3.1.2 Structural characterization............................................................................................ - 71 - 

3.3.1.3 Transport property measurements ................................................................................ - 72 - 

3.3.2 Results and discussion ........................................................................................................ - 73 - 

3.3.2.1 Phase composition and microstructure analysis ........................................................... - 73 - 

3.3.2.2 Electrical transport property ......................................................................................... - 76 - 

3.3.2.3 Thermal transport property ........................................................................................... - 79 - 

3.3.2.4 Figure of merit .............................................................................................................. - 85 - 

3.3.3 Conclusion .......................................................................................................................... - 85 - 

4. Conclusions and outlook ........................................................................................................ - 87 - 

4.1 Conclusions ............................................................................................................................. - 87 - 

4.2 Outlook .................................................................................................................................... - 89 - 

5. References ............................................................................................................................... - 91 - 

Acknowledgements ........................................................................................................................ - 109 - 

Curriculum vitae ........................................................................................................................... - 111 - 

Publications and patents (2021 ~ 2024) ....................................................................................... - 113 - 

Statement of Personal Contribution ............................................................................................ - 115 - 

 



  

List of figures                                                                                                                                          I 

List of figures 

Figure 1.1 Crystal structure of pristine TiS2, intercalated TiS2, and multi-element doped TiS2. ........ - 2 - 

Figure 2.1 Global energy demand and energy conversion. (a) Global primary energy consumption by 

source[49], (b) annual change in primary energy consumption[49], and (c) schematic illustration of 

converting primary energy resources into energy services[54]. .......................................................... - 6 - 

Figure 2.2 17 Sustainable Development Goals (SDGs) within the United Nations 2030 Agenda[57]

 ........................................................................................................................................................ é.- 7 - 

Figure 2.3 Energy consumption system[59]. (a) Global energy consumption by fuel type (2022), and (b) 

the increasing share of renewables of global power generation. ......................................................... - 8 - 

Figure 2.4 The potential in improving energy conversion efficiency. (a) Energy flow diagram for 

evaluating waste heat recovery potential[64], and (b) a summary of technologies for waste heat 

recovery[66]. ..................................................................................................................................... - 10 - 

Figure 2.5 General model system structure for life cycle assessment (LCA)[70]. ........................... - 11 - 

Figure 2.6 (a) The periodic table of endangered elements[78], (b) the illustration of Ti production 

processes[82], and (c) the periodic table indicating elemental scarcity and the HHI (production, reserves) 

indices[81]. ........................................................................................................................................ - 12 - 

Figure 2.7 Schematic illustrations of the thermoelectric effects: the Seebeck and Peltier effects (left) 

and Thomson effect (right)[95]. ........................................................................................................ - 15 - 

Figure 2.8 Schematic depiction of thermoelectric modules. (a) basic principles of a thermoelectric 

module for refrigeration mode (TEC) and power generation mode (TEG)[87], and (b) a schematic 

diagram of a typical module with many thermocouples. .................................................................. - 16 - 

Figure 2.9 Thermoelectric power generation efficiency versus heat source temperature, with a constant 

cold temperature of 300 K, and the efficiency comparison of thermoelectricity and other energy-

conversion technologies[108]. .......................................................................................................... - 17 - 

Figure 2.10 The development of thermoelectric materials. (a) typical n-type TE materials, (b) typical p-



  

II                                                                                                                                             List of figures 

type TE materials, and (c) the evolution trend of TE materials[8]. ................................................... - 18 - 

Figure 2.11 Applications of thermoelectric materials in a wide range of fields. .............................. - 19 - 

Figure 2.12 Strategies for enhancing thermoelectric performance. (a), (b, c) schematic of intrinsic and 

extrinsic defect doping[154], (d) possible doping elements in SnSe[155], (e) the relationship between 

room temperature carrier concentration and Te defects in Bi2Te3 materials[156], (f) schematic of 

undoped, uniform, modulation and gradient doping[157], (g) band convergence in PbTe[158], (h) 

energy-filtering effect for low energy carriers[159], (i) schematic of multiscale phonon scattering[8], 

and (j) schematic of entropy engineering[160].................................................................................. - 24 - 

Figure 2.13 Crystal structures of TiS2. (a) 1T and 2H phases of TiS2[188], (b) AA and AB layer stacking 

conformations[188], (c) unit cell of TiS2[191], and (d) layered structure for intercalation............... - 27 - 

Figure 2.14 Band structures of TiS2. (a) band structure of bulk TiS2[194], (b) the density of stated 

projected over Ti 3d and S 3p orbitals for bulk TiS2[194], and (c) the Fermi contours[195]. ........... - 28 - 

Figure 2.15 Synthesis of TiS2. (a) schematic of chemical vapor transport (CVT) for single crystal 

growth[203], (b) different microstructures by surface-assisted CVT[204], schematic drawing of (c) 

solid-liquid-vapor method in sealed tubes, (d) solvothermal synthesis, and (e) high-energy ball 

milling[211], (f) synthesis of TiS2 nanobelts in sealed tubes[207], (g) materialization mechanism of TiO2 

to TiS2 by wet ball-milling process[212], (h) schematic drawing of chemical vapor deposition 

(CVD)[211], (i) synthesis of TiS2 nanosheets[213], and (j) schematic representation of CVD 

furnace[214]. ..................................................................................................................................... - 30 - 

Figure 2.16 Shaping of TiS2. Schematic diagrams of (a) conventional sintering, (b) hot pressing[217], 

(c) spark plasma sintering[211], and (d) flexible TE thin films[211], and (e) fabrication process of TiS2-

nanosheet-assembled flexible thin films using Al3+ to cross-link the nearby TiS2 nanosheets[218]. - 32 - 

Figure 2.17 The compositional design map of TiS2 for enhancing TE performance. ....................... - 33 - 

Figure 2.18 Compositional design. (a-c) transport properties of the Ti1+xS2 series[226], (d) charge 

density map of TiS2 and Ti0.75Ta0.25S2[234], (e) the relationship of  ZTmax and charge carrier concentration 

in the TiS2-based materials[30], (f) lattice parameters versus Ta content in the Ti1ïxTaxS2 solid 



  

List of figures                                                                                                                                          III  

solutions[45], (g) [100] HAADF-STEM image of FexTiS2[28], (h) thermal conductivity as a function of 

x in CuxTiS2 and AgxTiS2 series[226], (i) lattice thermal conductivity of misfit (MS)1+x(TiS2)2 

materials[34], (j) schematic illustration of the longitudinal and transverse sound velocities of misfit 

(MS)1+x(TiS2)2 materials[34], (k) electrical transport properties of TiS2 embedded with PbS 

nanoparticles[235], (l) illustrating the distribution of nano-scale PbSnS3 (bright regions) locally along 

grain boundaries[225], and (m) lattice thermal conductivity of TiS2-xPbSnS3 nanocomposites[225]é..

 ........................................................................................................................................................... - 37 - 

Figure 2.19 Fabrication design for enhancing TE transport properties. (a, b) TiS2-based materials 

fabricated by a centrifugal heating technique and their corresponding electrical transport properties[238], 

(c) the Seebeck coefficient of samples sintered by SPS with or without sulfur addition[238], (d) standard 

free-energy changes for the sulfurization of TiO2 with CS2 and H2S[227], (e) XRD of TiS2 powders 

prepared by CS2 sulfurization at different temperatures[227], (f,g) schematic diagram for the mechanical 

exfoliation of TiS2 and its enhanced TE performance[239], (h) the combination of LASE and ionized 

impurity scattering[224], (i) schematic drawing of graphite and WC/Co molds during sintering[216], 

and (j) the obtained bulk densities with different sintering conditions[216]. .................................... - 41 - 

Figure 3.1 (a) XRD patterns of as-synthesized TiS2ïŭ and ball-milled powders with Fe, (b) XRD patterns 

of FexTiS2ïŭ after sintering, (c) Rietveld refinements of Fe0.04TiS2ïŭ, (d) powder and bulk XRD patterns 

of Fe0.04TiS2ïŭ, (e) unit cell parameters a and c vs x value in FexTiS2ïŭ. ............................................ - 48 - 

Figure 3.2 SEM images of the fractured surface of Fe0.02TiS2ïŭ along the (a) perpendicular direction and 

(b) parallel direction. ......................................................................................................................... - 49 - 

Figure 3.3 SEM images of the fractured surface of FexTiS2ïŭ (x = 0, 0.01, 0.02, 0.03, 0.04, and 0.05) 

along the perpendicular direction. ..................................................................................................... - 50 - 

Figure 3.4 XPS spectra of Fe0.05TiS2ïŭ. (a) Survey and (b) O 1s spectra. (Note: We hypothesize that Ca 

is surface contamination from the polishing paper used prior to XPS measurements.) .................... - 50 - 

Figure 3.5 (a) Ti 2p, (b) S 2p, (c) Fe 2p XPS spectra, (d) Mºssbauer spectrum of sample Fe0.05TiS2ïŭé

 ........................................................................................................................................................... - 51 - 

Figure 3.6 Temperature dependence of (a, b) electrical conductivity, (c, d) Seebeck coefficients, (e, f) 



  

IV                                                                                                                                            List of figures 

power factor of FexTiS2ïŭ (0 Ò x Ò 0.05) along the perpendicular and parallel direction, respectivelyé..

 ........................................................................................................................................................... - 53 - 

Figure 3.7 The charge carrier concentration, electrical conductivity, and mobility of FexTiS2ïŭ (0 Ò x Ò 

0.05) along the (a) perpendicular and (b) parallel direction. ............................................................. - 54 - 

Figure 3.8 (a) Comparison of electrical conductivity (ů) and power factor (PF) at 300 K of TiS2ïŭ and 

Fe0.04TiS2ïŭ along both perpendicular and parallel directions (inset: the ratio of ůperp/ůpara (black line) and 

PFperp/PFpara (red line) vs. x in FexTiS2ïŭ); (b) PF in the perpendicular direction at 625 K of FexTiS2ïŭ 

compared to other TiS2-based compounds from literatures [30, 37-39, 45, 46, 206, 223, 227]. ....... - 54 - 

Figure 3.9 Temperature dependence of (a, b) total thermal conductivity, (c, d) lattice thermal 

conductivity along the perpendicular and parallel direction. ............................................................ - 56 - 

Figure 3.10 Schematic diagram of phonon scattering in FexTiS2ïŭ. .................................................. - 57 - 

Figure 3.11 Temperature dependence of figure of merit along the (a) perpendicular and (b) parallel 

direction. ............................................................................................................................................ - 57 - 

Figure 3.12 (a) Powder XRD patterns of as-synthesized samples before SPS and (b) enlarged image of 

the XRD patterns in (a); (c) powder XRD patterns of SPS-sintered samples and (d) enlarged image of 

the XRD patterns in (c)...................................................................................................................... - 61 - 

Figure 3.13 Rietveld refinement of the TNTS sample after SPS. ..................................................... - 62 - 

Figure 3.14 BSE image and corresponding EDX maps of SPS-sintered TZNTS-001 sample. ........ - 62 - 

Figure 3.15 BSE image and corresponding EDX maps of spark plasma sintered TNTS sample. ... - 63 - 

Figure 3.16 BSE image and quantitative EDX dots analysis of spark plasma sintered TTS sampleéé

 ........................................................................................................................................................... - 64 - 

Figure 3.17 EDX mapping and dots analysis of TTS powder sample before spark plasma sintering.

 ...................................................................................................................................................... é.- 64 - 

Figure 3.18 Temperature dependence of electron transport properties in entropy-engineered sulfides: (a) 

electrical conductivity, (b) Seebeck coefficient, (c) power factor and (d) electrical part of thermal 



  

List of figures                                                                                                                                          V 

conductivity. ...................................................................................................................................... - 66 - 

Figure 3.19 The electrical conductivity and charge carrier concentration of entropy-engineered sulfides 

at 300 K. ............................................................................................................................................ - 66 - 

Figure 3.20 (a) Configurational entropy and scattering parameter of entropy-engineered sulfides; 

temperature dependence of (b) thermal diffusivity, (c) total thermal conductivity, and (d) lattice thermal 

conductivity in entropy-engineered sulfides. .................................................................................... - 67 - 

Figure 3.21 (a) ZT values and (b) the comparison of ZTavg and ZTmax of TS and TZNTS-001. ....... - 69 - 

Figure 3.22 XRD characterization of multi-element doped TiS2. (a) powder XRD patterns of SPSed 

multi-element doped TiS2, (b, c) magnified views of these patterns, (d) a comparison of XRD patterns 

of samples TS and TSS before (solid lines) and after SPS (dashed lines), (e) variation of unit cell 

parameters with composition a representative, and (f) Rietveld refinement analysis for TZYNSS sample.

 ........................................................................................................................................................... - 73 - 

Figure 3.23 XRD patterns in reflection geometry collected from the surface in two directions: (a) 

parallel and (b) perpendicular to the pressing direction. ................................................................... - 75 - 

Figure 3.24 Microstructure characterization of multi-element doped TiS2. BSE images and EDX 

mappings for the samples (a) TZYNSS and (b) TZYNLTSS. ........................................................... - 76 - 

Figure 3.25 (a) Room-temperature Seebeck coefficient of multi-element doped TiS2 before and after 

SPS, and (b) schematic diagram for band structures of TiS2ïŭ and TiSe2ïŭ. ...................................... - 77 - 

Figure 3.26 Electrical transport properties. Temperature-dependent (a) electrical conductivity, (b) 

Seebeck coefficient, (d) weighed mobility and quality factor of multi-element doped TiS2; (c) room-

temperature charge carrier concentration and Hall mobility of multi-element doped TiS2. .............. - 78 - 

Figure 3.27 Temperature-dependent power factor of multi-element doped TiS2. ............................ - 79 - 

Figure 3.28 Thermal transport properties. (a) Total thermal conductivity, (b) electronic thermal 

conductivity, and (c) lattice thermal conductivity of multi-element doped TiS2, (d) decreasing room-

temperature ‖ÌÁÔ and increasing scattering parameter ῲ with increasing element diversity. ............ - 81 - 

Figure 3.29 A comparative analysis of the lattice thermal conductivity between multi-element doped 



  

VI                                                                                                                                             List of figures 

TiS2 and previously reported TiS2-based materials in the literature.[30, 37, 38, 45, 46, 224, 225, 237]

 ....................................................................................................................................................... é- 82 - 

Figure 3.30 Scattering mechanisms analysis. (a) Comparison of fitting parameter ὃ  and calculated 

parameter ῲ for multi-element doped TiS2, (b) the phonon relaxation time vs. frequency for TZYNSS at 

400 K, and (c, d) visual comparisons of spectral lattice thermal conductivity for TS and TZYNSS.- 84 - 

Figure 3.31 Thermoelectric figure of merit. (a) The temperature-dependent ὤὝ of multi-element doped 

TiS2 in the temperature range from 300 K to 625 K, and (b) the average ZT values of multi-element 

doped TiS2 in the measured temperature range ................................................................................. - 85 - 



  

List of tables                                                                                                                                          VII  

List of tables 

Table 3.1 Unit cell parameters, Lotgering factor, the chemical composition obtained from ICP-OES, and 

bulk density for FexTiS2ïŭ. ................................................................................................................. - 49 - 

Table 3.2 Refined parameters of transition metal sulfides ................................................................ - 60 - 

Table 3.3 Charge carrier concentration (n), mobility (ɛ), electrical conductivity (ů), Seebeck coefficient 

(S), power factor (PF), lattice thermal conductivity (əlat), and ZT of entropy-engineered sulfides at 300 K.

 ........................................................................................................................................................... - 65 - 

Table 3.4 The calculated configurational entropy and scattering parameters of entropy-engineered 

sulfides. ............................................................................................................................................. - 69 - 

Table 3.5 The actual composition from ICP-OES, sulfur deficiency, measured density, calculated 

specific capacity ὅÐ, and Lotgering factor (LF) of multi-element doped TiS2 after SPS. ................ - 72 - 

Table 3.6 Rietveld refinement results of multi-element doped TiS2. ................................................ - 74 - 

Table 3.7 Parameters derived from fitting the experimental data of lattice thermal conductivity to the 

Debye-Callaway model, along with disorder scattering parameters determined from mass and strain field 

fluctuations. ....................................................................................................................................... - 83 - 





  

List of abbreviations                                                                                                                               IX 

List of abbreviations 

TE Thermoelectric 

TEGs Thermoelectric generators  

TECs Thermoelectric coolers 

TMDCs Transition metal dichalcogenides 

SPS Spark plasma sintering 

XRD X-ray diffraction 

SEM Scanning electron microscopy 

BSE Backscattered electrons 

EDX Energy-dispersive X-ray spectroscopy 

XPS X-ray photoelectron spectroscopy 

MS Mºssbauer spectroscopy 

ICP-OES Inductively Coupled Plasma-Optical Emission Spectroscopy 

PPMS Physical properties measurement system 

LFA Laser flash analyer 

PF Power factor 

ZT Dimensionless thermoelectric figure of merit 

S/Ŭ Seebeck coefficient 

ů Electrical conductivity 

m* Effective mass 

n Charge carrier concentration 

RH Hall constant  



  

X                                                                                                                                 List of abbreviations  

ɛ Hall mobility 

ɛw Weighted mobility 

ə Thermal conductivity 

əlat Lattice thermal conductivity 

əe Electrical thermal conductivity 

D Thermal diffusivity 

Cp Specific heat capacity 

d Density  

L Lorenz number 

at% Atomic percent 



  

Abstract                                                                                                                                                   XI 

Abstract 

Thermoelectrics can directly convert a temperature difference or heat flow into electricity and vice versa, 

on the basis of the Peltier and Seebeck effect, thereby showing great potential in alleviating energy stress, 

mitigating environmental impact and building a sustainable society. Thermoelectric materials have been 

primarily used in niche applications such as spacecrafts or specialized industrial processes. However, 

with ongoing research and development, advanced materials and design strategies enable the production 

of more-efficient, cost-effective and eco-friendly thermoelectric devices. Advancing sustainable 

thermoelectric materials is crucial for expanding their applications beyond niche uses such as spacecraft 

to more everyday scenarios like portable and medical cooling applications, wearables, outdoor PowerPot, 

etc. In recent years, a member of the transition-metal dichalcogenides (TMDCs) family, TiS2, has been 

reported to be great potential thermoelectric material for medium temperature applications. In addition 

to its large Seebeck coefficient (close to ï300 ɛVKï1) at room temperature, TiS2 also offers significant 

sustainability advantages. It is known for being environmentally friendly, cost-effective, composed of 

non-critical elements, and lightweight.  

With this motivation, the main work of my PhD thesis is to fabricate sustainable TiS2-based 

thermoelectric materials with good thermoelectric properties via different strategies. The first strategy 

is based on the relatively wide van der Waals gaps of layered TiS2 material, which can accept a variety 

of species as intercalants. In this work, iron intercalated TiS2 (FexTiS2) compounds with x varying from 

0 to 0.05 were prepared using a solid-liquid-vapor reaction and spark plasma sintering. The intercalated 

iron cations are served as the electron donor, leading to a substantial decrease in electrical resistivity. In 

the meantime, structural disorder caused by iron intercalation significantly contributes to the reduction 

of lattice thermal conductivity in the direction parallel to the pressing direction. However, its 

contribution is limited in the direction perpendicular to the pressing direction. The second approach is 

to minimize its lattice thermal conductivity in the perpendicular direction by designing entropy-

engineered transition metal sulfides (Ti/Nb/Ta/Zr)S2 to introduce strong in-plane point defects. The 

composition with TiS2 as the primary phase, supplemented by minor doping of Zr, Nb, and Ta, holds 

promise for reducing lattice thermal conductivity while preserving its high power factor. The third work 

continues with the entropy engineering strategy but introduces more elements on both Ti and S sites.  In 

this work, multi-element doped TiS2 materials, with Y and Nb, La and Ta on Ti sites, and Se on S sites, 

were investigated to further explore the potential for reducing the lattice thermal conductivity in the 

perpendicular direction. The lattice thermal conductivity was observed to decrease progressively with 

the increased diversity of elements in multi-element doped TiS2. Importantly, the multi-element doping 

strategy enables the reduction of lattice thermal conductivity independently, without significantly 

compromising its large power factor. 

In summary, my PhD work focuses on designing sustainable TiS2-based thermoelectric materials. The 
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findings indicate that intercalation effectively reduces lattice thermal conductivity in the parallel 

direction, thereby notably enhancing the figure of merit in this direction. Conversely, for the 

perpendicular direction, entropy engineering emerges as a promising strategy for minimizing lattice 

thermal conductivity while maintaining the integrity of the electrical transport framework. 
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Zusammenfassung 

Thermoelektrik kann direkt einen Temperaturunterschied oder Wªrmefluss in Elektrizitªt umwandeln 

und umgekehrt, basierend auf dem Peltier- und Seebeck-Effekt. Dies zeigt ein groÇes Potenzial zur 

Linderung von Energiestress, zur Verringerung der Umweltauswirkungen und zum Aufbau einer 

nachhaltigen Gesellschaft. Thermoelektrische Materialien wurden hauptsªchlich in 

Nischenanwendungen wie Raumfahrzeugen oder speziellen industriellen Prozessen eingesetzt. Mit 

fortlaufender Forschung und Entwicklung ermºglichen fortschrittliche Materialien und 

Designstrategien jedoch die Produktion effizienterer, kosteng¿nstigerer und umweltfreundlicherer 

thermoelektrischer Gerªte. Die Weiterentwicklung nachhaltiger thermoelektrischer Materialien ist 

entscheidend, um ihre Anwendungen ¿ber Nischenanwendungen wie Raumfahrzeuge hinaus auf 

alltªglichere Szenarien wie tragbare und medizinische K¿hlanwendungen, Wearables, Outdoor-

PowerPot usw. auszudehnen. In den letzten Jahren wurde TiS , ein Mitglied der Familie der 

¦bergangsmetalldichalkogenide (TMDCs), als vielversprechendes thermoelektrisches Material f¿r 

Anwendungen im mittleren Temperaturbereich berichtet. Neben seinem groÇen Seebeck-Koeffizienten 

(nahe ï300 ɛVKï1) bei Raumtemperatur bietet TiS  auch erhebliche Nachhaltigkeitsvorteile. Es ist 

bekannt f¿r seine Umweltfreundlichkeit, Kosteneffizienz, besteht aus unkritischen Elementen und ist 

leicht. 

Mit dieser Motivation ist die Hauptarbeit meiner Doktorarbeit die Herstellung nachhaltiger TiS-

basierter thermoelektrischer Materialien mit guten thermoelektrischen Eigenschaften mittels 

verschiedener Strategien. Die erste Strategie basiert auf den relativ breiten van der Waals-L¿cken des 

geschichteten TiS-Materials, die eine Vielzahl von Spezies als Interkalanten aufnehmen kºnnen. In 

dieser Arbeit wurden eiseninterkalierte TiS  (FexTiS )-Verbindungen mit x von 0 bis 0,05 unter 

Verwendung einer Fest-Fl¿ssig-Dampf-Reaktion und Funkenplasmasintern hergestellt. Die 

interkalierten Eisenkationen dienen als Elektronendonatoren und f¿hren zu einer erheblichen 

Verringerung des elektrischen Widerstands. Gleichzeitig trªgt die durch die Eiseninterkalation 

verursachte strukturelle Unordnung wesentlich zur Reduktion der Gitterwªrmeleitfªhigkeit in Richtung 

parallel zur Pressrichtung bei. Ihr Beitrag ist jedoch in Richtung senkrecht zur Pressrichtung begrenzt. 

Der zweite Ansatz besteht darin, die Gitterwªrmeleitfªhigkeit in der senkrechten Richtung durch das 

Design von entropie-engineerten ¦bergangsmetallsulfiden (Ti/Nb/Ta/Zr)S  zu minimieren, um starke 

punktuelle Defekte in der Ebene einzuf¿hren. Die Zusammensetzung mit TiS  als Hauptphase, ergªnzt 

durch eine geringe Dotierung mit Zr, Nb und Ta, verspricht, die Gitterwªrmeleitfªhigkeit zu reduzieren, 

wªhrend der hohe Leistungsfaktor erhalten bleibt. Die dritte Arbeit setzt die Strategie der Entropie-

Engineering fort, jedoch werden mehr Elemente sowohl auf Ti- als auch auf S-Stellen eingef¿hrt. In 

dieser Arbeit wurden multi-element-dotierte TiS-Materialien mit Y und Nb, La und Ta auf Ti-Stellen 

und Se auf S-Stellen untersucht, um das Potenzial zur Reduzierung der Gitterwªrmeleitfªhigkeit in der 
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senkrechten Richtung weiter zu erkunden. Es wurde beobachtet, dass die Gitterwªrmeleitfªhigkeit mit 

der zunehmenden Vielfalt der Elemente in multi-element-dotiertem TiS  progressiv abnimmt. Wichtig 

ist, dass die Strategie der multi-element-Dotierung die Reduktion der Gitterwªrmeleitfªhigkeit 

unabhªngig ermºglicht, ohne den groÇen Leistungsfaktor wesentlich zu beeintrªchtigen. 

Zusammenfassend konzentriert sich meine Doktorarbeit auf das Design nachhaltiger TiS-basierter 

thermoelektrischer Materialien. Die Ergebnisse zeigen, dass die Interkalation die 

Gitterwªrmeleitfªhigkeit in der parallelen Richtung effektiv reduziert und dadurch die Leistungszahl in 

dieser Richtung erheblich verbessert. Im Gegensatz dazu erweist sich die Entropie-Engineering-

Strategie als vielversprechend zur Minimierung der Gitterwªrmeleitfªhigkeit in der senkrechten 

Richtung, wªhrend die Integritªt des elektrischen Transportrahmens erhalten bleibt.
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1. Introduction  and motivation 

Today, the world faces substantial energy consumption, yet a significant amount of energy is lost as 

heat[1]. There is a growing realization of the importance of waste heat recovery as a crucial strategy for 

maximizing energy efficiency and mitigating environmental impact in various industries and sectors[2, 

3]. Thermoelectric (TE) technology offers a unique solution by directly converting temperature 

differences or heat flow into electricity, and vice versa, through the phenomenon known as the Peltier 

and Seebeck effects[4, 5]. Waste heat can be harvested and converted into usable electrical power 

through thermoelectric devices which rely on thermoelectric materials to function effectively. The power 

generation efficiency is primarily determined by the physical properties of thermoelectric materials, 

including the Seebeck coefficient (Ὓ), electrical conductivity („), and thermal conductivity (‖)[6]. An 

ideal thermoelectric material requires both a high Seebeck coefficient and high electrical conductivity 

to achieve high power generation. Simultaneously, it should possess minimal thermal conductivity to 

preserve the temperature gradient between the hot and cold sides. The dimensionless figure of merit, ὤὝ, 

of a thermoelectric material, is defined as ὤὝ Ὓ„ὝȾ‖, with Ὕ as the absolute temperature[7]. In the 

realm of thermoelectric research, scientists have prioritized materials with high ὤὝ values, often without 

significant consideration of their critical element composition, over the past few decades[8]. A variety 

of promising candidates, including Bi2Te3[9], SiGe[10], PbTe[11], GeTe[12], half-Heuslers[13], 

skutterudites[14], clathrates[15], Zintl phases[16], etc., have been extensively studied for their 

thermoelectric potential. However, in today's context of sustainability, there is a growing recognition 

that we need to expand our focus beyond just achieving high ὤὝ values. It is becoming increasingly 

important to also consider the sustainability of thermoelectric materials in terms of their elemental 

composition, fabrication methods, usage, and recycling.  

Titanium disulfide (TiS2), a member of the transition-metal dichalcogenides (TMDCs) family, has been 

gaining growing attention across various fields over the past two decades, including batteries, 

thermoelectrics, catalysts, etc.[17-20]. This surge in attention is attributed to its versatile and tunable 

physical properties, as well as its sustainability stemming from its cost-effectiveness, non-critical nature 

and eco-friendly compositions[21-23]. For thermoelectric application, TiS2 is renowned as a medium-

temperature n-type semiconductor with a small band gap of ~0.5 eV, and has a large Seebeck coefficient 

around ï300 ɛVKï1 at room temperature, demonstrating promising potential in advancing sustainable 

thermoelectric materials[24-26]. TiS2 crystallizes in a layered structure resembling CdI2, composing of 

SïTiïS sublayers, see Figure 1.1. Each sublayer consists of a hexagonally packed sheet of Ti atoms 

sandwiched between two hexagonal sheets of S atoms. The SïTiïS sublayers are arranged parallelly 

and evenly spaced along the c-axis, featuring face-sharing TiS6 octahedra organized in a hexagonal 

packing arrangement. Within the SïTiïS sublayers, atoms are connected by strong covalent bonds, 

whereas between the sublayers, bonding is facilitated by weak SïS van der Waals (vdWs) interactions. 
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Experimental results have repeatedly confirmed that the anisotropic crystal structure leads to 

significantly distinct transport properties along the in-plane and out-of-plane directions[27, 28]. Indeed, 

the strong covalent TiïS bonds contribute to the higher electrical conductivity and thermal conductivity 

observed along the in-plane direction compared to that along the out-of-plane direction. TiS2, therefore, 

exhibits superior TE performance in the direction perpendicular to the pressing direction, as opposed to 

the parallel direction[27]. Remarkably, TiS2 demonstrates a comparable power factor at room 

temperature in the perpendicular direction to that of commercialized Bi2Te3 TE materials, approximately 

around 20 ɛWcmï1Kï2[29-31]. However, attributed to its light element composition (Ti, S), the high 

thermal conductivity of 6.8 Wmï1Kï1 in TiS2 poses a limitation on its ὤὝ values, notably surpassing that 

of Bi2Te3 at 1.6 Wmï1Kï1.[24, 32] Consequently, considerable efforts have been dedicated towards 

reducing the thermal conductivity in TiS2 by strengthening phonon scattering and comprehending the 

underlying mechanisms of phonon transport properties[33-36]. 

 

Figure 1.1 Crystal structure of pristine TiS2, intercalated TiS2, and multi-element doped TiS2. 

The main approach for reducing the phonon mean free path is to enhance point defect scattering through 

intercalation or elemental doping, as depicted in Figure 1.1. The relatively large interlayer spacing (5.6 ¡) 

allows for various species to be accepted as intercalants in the vdWs gaps, such as metallic atoms (Cu, 

Ag, Co, Bi, etc.)[37-40], alkali cations (Na, K)[41, 42], organic molecules[43], and structural blocks 

(MS, M = Pb, Bi, Sn)[44], which aids in phonon scattering by introducing structural disorder and/or 

stacking faults. Intercalation with Cu, Ag, and Co has been reported as a highly effective strategy for 

reducing lattice thermal conductivity (‖ ) in TiS2. For example, a decrease in ‖  from 3.0 Wmï1Kï1 

for x=0 to 1.7 Wmï1Kï1 for x=0.1 at room temperature has been observed in CuxTiS2[37]. In elemental 

doping, the introduced octahedral distortion and/or mass fluctuation resulting from extrinsic equivalent 

or nonequivalent substitution also play a crucial role in suppressing lattice thermal conductivity. 

Investigations have been conducted on the transport properties of different solid solutions, including 

compositions with Ta, Nb, Cr, V, Zr, or Mg substituting at the Ti site, as well as Se substituting at the S 

site[33, 45-47]. Doping with heavy elements such as Ta, Nb, and Se, has been noted to contribute to 



  

Chapter 1 Introduction and motivation                                                                                                  - 3 - 

lowering lattice thermal conductivity, whereas Mg substitution has been observed to elevate acoustic 

velocity due to its lighter weight. However, research on the impact of elemental doping on transport 

properties in TiS2 has primarily focused on single-element doping, with limited exploration into multi-

element doping.  

The intercalation strategy is particularly intriguing to us because it offers a dual benefit. Firstly, 

intercalation in the van der Waals gaps introduces structural disorder, which reduces lattice thermal 

conductivity. Secondly, the intercalated metals function as electron donors, thereby enhancing electrical 

conductivity. Therefore, in the first work, our investigation focused on exploring the impact of Fe 

intercalation on the anisotropic transport properties of TiS2. Fe was selected due to its affordability, non-

toxicity, and ability to furnish more electrons compared to Cu and Ag in the +1 oxidation state. Besides, 

inspired by high entropy alloys, entropy engineering offers new opportunities to decouple the transport 

of phonons and electrons, and to develop novel high-performance thermoelectric materials beyond 

traditional doping pathways. Entropy has been proposed as a gene-like performance indicator for 

screening potential multicomponent thermoelectric materials, through which one can distort crystal 

lattice to largely depress lattice thermal conductivity or/and enhance the crystal structure symmetry to 

increase the Seebeck coefficient[48]. Therefore, in the second and third works, we explored the potential 

of entropy engineering/multi-element doping in reducing the lattice thermal conductivity of TiS2 in the 

direction perpendicular to the pressing direction. Initially, we employed equal mole doping of Nb and 

Ta at Ti sites. The lattice thermal conductivity of entropy-engineered TiS2 was significantly suppressed 

as expected, but the high valence of Ta and Nb (+5) had a detrimental effect on the Seebeck coefficient 

due to the increase in charge carrier concentration. Subsequently, we explored multi-element doping, 

introducing equivalent elements (Zr and Se), higher-valence and lower-valence elements in pairs, e.g., 

Y and Nb, La and Ta, to maintain a balanced charge carrier concentration. 
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2. Scientific background 

In this chapter, we introduce and discuss the fundamentals and basic principles underlying the scientific 

findings of the present thesis and draw insights from the latest research developments. Therefore, this 

chapter presents a summarized literature review on sustainability in energy conversion, thermoelectricity, 

thermoelectric (TE) materials, and sustainable TiS2 materials for TE applications, covering 

fundamentals, ongoing endeavors, and challenges in enhancing TE performance. 

2.1 Sustainability in energy conversion 

2.1.1 Global energy crisis 

Energy demand has been rising across many countries globally since the Industrial Revolution, as shown 

in Figure 2.1(a), driven by global population growth and economic advancement[49]. According to the 

2018 IEA World Energy Outlook, with 775 million people currently lacking access to modern energy 

systems, and with nearly 1.7 billion more expected to join us on the planet by 2050 as the population 

grows, the imperative to supply sufficient energy for the future becomes increasingly apparent[50, 51]. 

This global energy crisis is capturing the interest and concern of people worldwide. If we look in more 

detail at what sources provide this energy from Figure 2.1(a), we note that coal, oil, and natural gas 

remain the predominant sources of energy, despite the gradual unlocking of new energy sources such as 

nuclear, hydropower, wind, solar, modern biofuels, and other renewables.  

The over-reliance on traditional energy sources definitely contributes significantly to CO2 emissions. 

Reports indicate that in 2021, a staggering 89% of global CO2 emissions were attributed to fossil fuels 

and industrial activities[52]. While traditional energy has long been recognized as problematic, little 

action has been taken in the past. Only in recent years have renewables emerged from being considered 

niche technologies to taking the spotlight as the inevitable future of energy. While renewable energy 

shows promise, it is not yet prepared to fully replace traditional energy sources[53]. Before we can phase 

out traditional energy, we must first establish a solid foundation for the transition to renewable energy. 

In addition to the factors outlined above, unexpected weather events can worsen the global energy crisis 

by disrupting energy infrastructure, decreasing energy production, increasing energy demand, impeding 

energy transportation, and more.  

It is evident that global energy consumption has been on a nearly upward trend for over half a century, 

and the dynamic changes in global energy consumption from year to year are displayed in Figure 2.1(b). 

Global energy consumption continues its upward trajectory, but at a slowing pace, averaging around 1% 

to 2% per year[49]. Unless countered by enhancements in energy efficiency elsewhere, the escalating 

demand will perpetuate year-on-year growth in global energy consumption. This escalating energy 

demand poses a significant challenge to transitioning our energy systems away from fossil fuels towards 
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low-carbon sources. To address this challenge, new low-carbon energy sources must not only meet the 

growing demand but also compete with existing fossil fuels in the energy mix. 

 

Figure 2.1 Global energy demand and energy conversion. (a) Global primary energy consumption by 

source[49], (b) annual change in primary energy consumption[49], and (c) schematic illustration of 

converting primary energy resources into energy services[54]. 

Figure 2.1(c) depicts the typical conversion process of primary energy resources into energy services 

such as heat, light, cooling, or mechanical work. There is an argument suggesting that only renewable 

energy flows like solar, wind, and wave power should be deemed sustainable.[54] However, it is 

essential to recognize that any system of energy conversions entails some footprint and impact on the 

environment. Achieving a sustainable energy future involves minimizing impacts throughout the entire 

life cycle of conversions. This can be accomplished through various means, such as transitioning to 

renewable energy sources, enhancing energy conversion efficiency, and implementing practices for 

recycling materials used in energy conversions. Renewable energy indeed offers significant advantages 

in reducing carbon footprint compared to fossil fuels and is widely regarded as a key component of the 

future energy landscape. Absolutely, transitioning to renewable energy cannot happen overnight, so it is 

crucial to remain mindful of the carbon footprint associated with fossil fuel usage during this transition 

period. While we work towards integrating more renewable sources into our energy mix, efforts to 

mitigate the environmental impact of fossil fuels, such as improving energy efficiency, implementing 

carbon capture and storage technologies, and transitioning to cleaner-burning fuels, remain important. 

This balanced approach ensures that we continue to make progress towards reducing greenhouse gas 

emissions while meeting our current energy needs. 
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2.1.2 Sustainable development and the concept of sustainability 

The concept of sustainable development was first brought to the forefront by the World Commission on 

Environment and Development (WCED) in 1987[55]. Through its landmark publication known as the 

Brundtland Report or "Our Common Future," the WCED outlined a comprehensive vision for achieving 

sustainable development. This report famously provided the most widely recognized definition of 

sustainable development: ñSustainable development is development that meets the needs of the present, 

without compromising the ability of future generations to meet their own needs.ò Given the ever-

growing concerns for environmental and climate change, nowadays everyone seems to agree on the 

importance of sustainable development. Sustainability, often synonymous with sustainable development, 

encompasses three key pillars: economic, environmental, and social[56]. It emphasizes achieving a 

harmonious balance between these elements while understanding the long-term advantages of economic 

growth that safeguards both the environment and society. While commonly associated with practices 

like recycling, energy efficiency, and eco-friendliness, sustainability extends beyond these actions to 

encompass a broader spectrum of considerations and initiatives. 

 

Figure 2.2 17 Sustainable Development Goals (SDGs) within the United Nations 2030 Agenda[57]. 

The United Nations (UN) has established 17 goals, collectively known as the Sustainable Development 

Goals (SDGs), which serve as a universal call to action[57]. Figure 2.2 displays the Sustainable 

Development Goals (SDGs) set by the United Nations. These goals aim to end poverty, protect the planet, 

and ensure peace and prosperity for all people. They were adopted by all UN member states in 2015 as 

part of the 2030 Agenda. These goals are integrated, meaning that progress in one area influences 

outcomes in others, and they emphasize the need for development to balance environmental, social, and 

economic sustainability.  
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Social sustainability is about making sure that communities are fair, diverse, and connected, and that 

people have a good quality of life. It is also about making sure that future generations have the same 

good quality of life that we enjoy. Environmental sustainability is responsibly interacting with the planet 

to maintain its natural resources and climate. Economic sustainability deals with how modern 

corporations balance their operations with both social and environmental concerns. In the process of 

pursuing sustainable development, material scientists also play a crucial role. They can help develop 

cost-efficient and environmentally friendly materials with high efficiency, and contribute to the 

promotion of a circular economy, where resources are utilized more efficiently, reused, and recycled, 

thereby minimizing environmental impact and fostering sustainable practices. 

2.1.3 Pathways for a sustainable future in energy conversion 

Transitioning to a sustainable energy system for the future requires embracing a variety of approaches, 

including integrating renewable energy sources, improving energy conversion efficiency, and 

minimizing lifecycle impact, as there is no one-size-fits-all solution to this complex challenge. The 

pathways towards a sustainable future in energy conversion are summarized in this subsection through 

the above mentioned three aspects. 

2.1.3.1 Integrating renewable energy sources 

In June 2023, the Energy Institute (EI) published the 2023 Statistical Review of World Energy[58]. 

According to the newest Review, as plotted in Figure 2.3(a), the world remains heavily reliant on fossil 

fuels for energy consumption, even as renewables like solar and wind continue rapid growth[59]. Figure 

2.3(b) shows the proportion of energy sources in global power generation spanning from 2008 to 

2022[59]. The year 2022 saw the largest increase ever recorded in new wind and solar production 

capacity. The combined contribution of solar and wind power achieved a record 11.7% share of 

electricity generation, surpassing nuclear power as a source. Despite strong growth in renewables, global 

energy-related emissions have once again increased. Experiencing a notable rebound, emissions from 

energy use rose by 0.9% from 2021, reaching a record high of 34.4 billion tons of carbon dioxide 

equivalent. These emissions constituted 87% of the total global emissions. 

 

Figure 2.3 Energy consumption system[59]. (a) Global energy consumption by fuel type (2022), and (b) 

the increasing share of renewables of global power generation. 
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 One pathway to reduce global emissions is to reduce the heavy reliance on fossil fuels in today's energy 

systems. Increasing the integration of diverse renewable energy sources, such as solar, wind, geothermal 

power, and others, into existing energy systems can help achieve this goal. By diversifying our energy 

sources, we can decrease greenhouse gas emissions, mitigate climate change, and move towards a more 

sustainable energy future[60]. This process entails building infrastructure, such as solar panels and wind 

turbines, and implementing technologies to harness energy from these sources. Additionally, it requires 

developing smart grids and energy storage solutions to manage the variability of renewable energy 

generation and ensure a reliable and stable energy supply. Of course, it also requires increased 

investment and government support to facilitate the transition towards renewable energy. 

2.1.3.2 Improving energy conversion efficiency 

Improving energy conversion efficiency is essential for maximizing the utilization of energy resources, 

reducing energy waste, and minimizing environmental impacts. This can be achieved through various 

methods such as technological advancements, process optimization, the use of combined heat and power 

systems, energy management systems, and the adoption of energy-efficient equipment and practices[61]. 

Efficiency improvements lead to a decrease in the amount of energy supply required, along with a 

reduction in associated environmental impacts. Enhanced energy efficiency, particularly in buildings 

and transportation, offers substantial reductions that translate into cost savings[62]. For instance, 

measures like building insulation and improved air conditioning and water heating contribute 

significantly to these savings. 

One approach of improving the overall energy conversion is that in response to intense global 

competition, environmental restrictions, and escalating energy expenses, energy-intensive industries are 

proactively seeking solutions to harness and repurpose the significant amount of heat they currently 

release into the environment[63]. As the energy flow diagram given in Figure 2.4(a), the industrial 

process primarily consumes energy, with only a portion of it, typically less than 40%, being considered 

as effective energy[64]. Improving the optimization of control systems and production processes should 

be prioritized to focus on reducing avoidable waste heat among the potential for waste heat recovery. 

When optimization is no longer technically and economically effective, waste heat can be utilized onsite 

through methods like heat exchangers, heat pumps, heat storage, and absorption cooler systems. If 

avoiding energy losses proves challenging, the final option is to reuse waste heat off-site, either through 

heating/cooling grids or by converting it into electricity[65]. As displayed in Figure 2.4(b)[66], there are 

a variety of technologies that can be used for waste heat recovery, such as Stirling engines, 

thermoelectric devices, steam power plants, Organic Rankine Cycle (ORC), supercritical CO2 power 

plants, absorption chillers, and heat pumps. In this thesis, our focus is solely on thermoelectric products 

that have the potential to be integrated into cellphones to enhance battery life, into vehicle engines to 

improve fuel efficiency, into other systems to reuse waste heat. More details about thermoelectrics can 

be found in the next section. 
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Figure 2.4 The potential in improving energy conversion efficiency. (a) Energy flow diagram for 

evaluating waste heat recovery potential[64], and (b) a summary of technologies for waste heat 

recovery[66]. 

2.1.3.3 Minimizing lifecycle impact 

Lifecycle thinking encompasses assessing the environmental impacts of energy generation, distribution, 

and consumption across all life cycle stages, from raw material extraction and manufacturing to use and 

disposal. Incorporating life cycle assessment (LCA) into energy planning and decision-making helps 

identify opportunities to reduce environmental impacts, optimize resource use, and promote 

sustainability throughout the entire life cycle of energy systems[67-69]. This approach ensures that 

sustainability considerations are integrated into energy-related activities, from initial design and 

development to end-of-life management, contributing to a more holistic and responsible approach to 

energy management. As depicted in Figure 2.5[70], through the comparison of different technologies 

and processes, LCA can provide insights into opportunities for improving the environmental 

performance of energy conversion processes, and encourage innovation and the development of new 

energy conversion technologies that are more environmentally sustainable. 
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Figure 2.5 General model system structure for life cycle assessment (LCA)[70].  

2.1.4 Sustainability of thermoelectric candidate TiS2 

This thesis aims to make a contribution to the field of thermoelectric technology, one of the waste heat 

recovery technologies, by studying the sustainable thermoelectric material TiS2. We hope to strike a 

delicate balance between sustainability and performance of materials. Therefore, we have to ensure that 

the materials we choose not only meet the necessary performance criteria but also have minimal 

environmental impact throughout their life cycle. In material selection, sustainability considerations 

encompass a range of factors, including resource availability, energy consumption, carbon footprint, 

environmental emissions, and potential for recycling or reuse. Based on these considerations, this thesis 

investigates sustainable TiS2 materials for their thermoelectric potential. TiS2 materials are considered 

sustainable because of their environmentally friendly nature, cost-effectiveness, non-critical 

compositions, and ease of recycling. 

Since the 1970s, TiS2 has attracted a lot of interest of researchers, leading to a plethora of papers covering 

topics from structural studies to applications, mainly thanks to its environmental sustainability[71-77]. 

From the perspective of the elemental composition, the composed elements should be accessible and 

not in danger of a supply risk. As displayed in Figure 2.6a, both Ti and S elements are plentiful supply, 

unlike Te, which is used in commercial Bi2Te3 thermoelectric materials and is facing serious threat in 

the next 100 years.[78] Also, Ti and S are both non-toxic in nature. The Herfindahl-Hirschman Index 

(HHI) is often used to assess market concentration, taking into account of geopolitical factors that 

influence materials supply and price[79, 80]. Gaultois et al.[81] calculated the HHI of almost all of the 

first 83 elements in the periodic table, including both for elemental production (HHIP), reflecting the 

specific geopolitics of the element, as well as for elemental reserves (HHIR), based on known deposits 
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that could be processed, as given in Figure 2.6c. In this point of view, TiS2 is composed of abundant 

elements Ti and S, with HHIP of 1100 and 700, and HHIR of 1600 and 1000, respectively. The low HHI 

values indicate the low market concentration. Compared to the commercial Bi2Te3 TE materials, in 

which HHIP are 5300 and 2900, HHIR are 6000 and 4900, for Bi and Te, respectively, TiS2 is much more 

environmentally sustainable.  

 

Figure 2.6 (a) The periodic table of endangered elements[78], (b) the illustration of Ti production 

processes[82], and (c) the periodic table indicating elemental scarcity and the HHI (production, reserves) 

indices[81]. 

In the fabrication of TiS2, as we reviewed later in 2.3.2, which involves solid phase synthesis, liquid 

phase synthesis, and gas phase synthesis, some of them allow for a simple process and large-scale 

production with controllable costs, such as the solid-liquid-vapor reaction and mechanically alloying. 

No matter whether the synthesis and sintering processes of TiS2 can be completed at relatively low 

temperatures below 1073 K, which suggests a low energy consumption in the fabrication. Besides that, 

TiS2 materials have found wide applications in energy storage, electronic devices, and catalysis due to 
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their large specific surface area, tunable transport properties, adjustable band gaps, and good visible 

light absorption, which contributes a lot to the sustainable energy[20]. Therefore, TiS2 also shows its 

environmental sustainability from the perspective of usage for energy storage and regeneration. 

Moreover, end-of-life TiS2 thermoelectric materials can be easily reused for other applications or 

recycled for Ti production. As shown in Figure 2.6b, Suzuki et al.[82] proposed a metallurgical process 

for Ti production via TiS2. TiS2 can be reduced to Ti powder by calciothermic reduction and 

simultaneous electrolysis in a CaS-CaCl2 melt, with the residual sulfur in the obtained titanium being as 

low as 0.021 mass%S. The ease of recycling TiS2 supports the circular economy, which is also an 

important feature of sustainable materials. 
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2.2 Thermoelectric effect 

In the following subchapters, the foundational background of thermoelectricity will be outlined, with a 

focus on the discovery of TE techniques, the materials criteria for TE applications, and the development 

of TE materials with high figures of merit. Furthermore, the commonly used fabrication methods for TE 

materials and effective strategies for enhancing TE performance will be summarized. 

2.2.1 Thermoelectric effect: theory and historical perspectives 

Thermoelectricity is a technique through which we can realize the direct conversion of heat into 

electricity or vice versa, based on the thermoelectric effect[83-85]. It mostly happens to a semiconductor 

when subjected to a temperature difference or when an electrical current is applied. To be specific, the 

thermoelectric effect is a general term for three different effects: Seebeck effect, Peltier effect, and 

Thomson effect[86, 87].  

The early history of thermoelectricity dates back to the 1780s when the Italian professor Alessandro 

Volta studied "animal electricity" and believed that metals, rather than animals, were responsible for 

generating electricity[88]. In 1821, a German physicist Thomas Johann Seebeck reported that a magnetic 

compass can be deflected when positioned near a closed loop consisting of two dissimilar materials with 

two junctions at different temperatures[89]. At that time, he believed that the observed defection was 

caused by the magnetism induced by a temperature difference and misinterpreted the effect as 

ñthermomagnetismò. Danish physicist Hans Christian Ïrsted later rectified the mistake and coined the 

term ñthermoelectricityò[90], while the Seebeck effect is still named after Thomas Johann Seebeck in 

honor of the discoverer. As illustrated in Figure 2.7, for a closed loop made of two materials A and B, 

when there is a temperature difference ЎὝ Ὕ Ὕ between two junctions, the charge carriers diffuse 

from the hot side to the cold side, thus inducing an electric current. The generated voltage gradient Ўὠ 

is proportional to the temperature difference ЎὝ as: 

Ўὠ Ὓ ЎὝ ςȢρ 

The proportionality factor Ὓ, sometimes labeled ‌, is defined as the Seebeck coefficient with the unit of 

VKï1. It is also known as thermopower. Its magnitude for semiconductors is on the order of 100 ɛVKï1. 

Ὓ  is negative for n-type semiconductors (electrons as the dominant carriers) and positive for p-type 

semiconductors (holes as the dominant carriers). 

Thirteen years later, in 1834, a French watchmaker and part-time physicist, Jean Charles Athanase 

Peltier, discovered an effect inverse to the Seebeck effect[91]. He found that when an electrical current 

is forced to flow through an isothermal junction of dissimilar metals, the junction is heated or cooled, 

depending on the direction of the current. Peltier failed in trying to correlate this phenomenon with the 

Joule effect. In 1838, the Russian physicist Heinrich Friedrich Emil Lenz figured out the physical origin 

of the effect and demonstrated it as an autonomous physical phenomenon[92]. Still, the effect is named 

as the Peltier effect. As shown in Figure 2.7, for a closed loop made of two materials A and B, when an 
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electrical current Ὅ is applied, it will generate or extract heat ὗ at the junction points. The generated or 

extracted heat per unit of time ὨὗȾὨὸ is proportional to the applied current Ὅ as: 

Ὠὗ

Ὠὸ
    Ὅ ςȢς 

  and   are the Peltier coefficients of the two materials, with the unit of W/A.   is negative when 

absorbing heat and positive when releasing heat. 

In 1854, the British physicist and engineer William Thomson, also known as Lord Kelvin, predicted and 

discovered a third thermoelectric effect[93, 94]. It can involve the release or absorption of heat when a 

current flows through a homogeneous conductor subjected to a temperature difference. As depicted in 

Figure 2.7, for a closed loop made of one conductor, when there is a temperature difference ЎὝ in the 

material and current flows Ὅ, the conductor will not only generate Joule heat but also exchange heat ή 

with the surroundings. The heat exchange rate ὨήȾὨὸ is proportional to the current Ὅ and temperature 

difference ЎὝ as: 

Ὠή

Ὠὸ
‍ὍɝὝ ςȢσ 

‍ is the Thomson coefficient, with the unit of V/K.  ‍ is negative when releasing heat and positive when 

absorbing heat. 

 

Figure 2.7 Schematic illustrations of the thermoelectric effects: the Seebeck and Peltier effects (left) 

and Thomson effect (right)[95]. 

Besides the Thomson effect, Thomson also explained the relationships of these three coefficients, known 

as the Kelvin relations[96], which are given below: 
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ɩ ὛὝ ςȢτ 

‍ Ὕ
ὨὛ

ὨὝ
ςȢυ 

The Kelvin relations demonstrate that the thermoelectric effects are interrelated, allowing us to 

determine all of them once we know any one of the three coefficients. Among the three coefficients, the 

Seebeck coefficient Ὓ is the easiest to obtain experimentally. 

2.2.2 Thermoelectric materials: criteria, advancements, and applications 

On the basis of the Seebeck and Peltier effects, a thermoelectric generator (TEG) or a thermoelectric 

cooler (TEC) can be designed without any moving parts, converting heat into electricity or vice versa, 

relying on the transport of electrons and phonons within materials[97-99], as displayed in Figure 2.8(a). 

Figure 2.8 (a) shows a basic principle of the TE module, where n-type and p-type legs are connected in 

series with metal interconnects, forming a closed circuit with an external source/load through metal 

leads and wires. In the power generation mode, heat flow can be converted to electricity flow by 

maintaining a temperature difference across the module[100]. Conversely, in the refrigeration mode, 

electricity flow can be converted to heat flow to cool down one side by applying a current through the 

module. In this thesis, we only focus on the power generation mode, that is the TEG. Generally, tens of 

or hundreds of such TE couples need to be electrically connected in series with metal conductors and 

sealed in ceramic plates to obtain a sufficiently large voltage for practical applications[101, 102], as 

shown in Figure 2.8 (b). 

 

Figure 2.8 Schematic depiction of thermoelectric modules. (a) basic principles of a thermoelectric 

module for refrigeration mode (TEC) and power generation mode (TEG)[87], and (b) a schematic 

diagram of a typical module with many thermocouples. 

The primary focus in this field is consistently on enhancing power generation efficiency, with numerous 

researchers actively working towards this goal[103-105]. The maximum efficiency –  of a TEG is 

given as[106]: 

–
ɝὝ

Ὕ

ρ ὤὝ ρ

ρ ὤὝ
Ὕ
Ὕ

ςȢφ 
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The efficiency is limited by the Carnot efficiency ɝὝȾὝ. The second part of the formula depends on 

the dimensionless figure of merit ὤὝ, which is a key parameter related to the properties of TE materials. 

It is given by the expression as[107]: 

ὤὝ
Ὓ„

‖
Ὕ ςȢχ 

where Ὓ is the Seebeck coefficient in VKï1, „ is the electrical conductivity in Smï1, ‖ is the thermal 

conductivity in Wmï1Kï1, and Ὕ is the absolute temperature in K. ὤὝ  is the average value of ὤὝ over 

the temperature range between Ὕ and Ὕ. The power factor ὖὊ is defined as ὖὊ Ὓ„, and it is also 

an important parameter to assess the TE performance of a material. 

 

Figure 2.9 Thermoelectric power generation efficiency versus heat source temperature, with a constant 

cold temperature of 300 K, and the efficiency comparison of thermoelectricity and other energy-

conversion technologies[108]. 

Nowadays, the power generation efficiency of TE modules made of most state-of-the-art TE materials 

is around 10%[109-112]. Jiang et al.[12] recently realized a high experimental energy conversion 

efficiency of 13.3% with high-entropy GeTe-based materials. Still, the TE efficiency is lower than other 

energy-conversion technologies due to the low ὤὝ, as displayed in Figure 2.9. Therefore, to achieve 

high power-generation efficiency, it is essential to maximize the ὤὝ value of TE materials. A high ὤὝ 

necessitates a material with a large Seebeck coefficient Ὓ , high electrical conductivity „ , and low 

thermal conductivity ‖. Large Ὓ and high „ are typically observed in crystalline semiconductors with 

small band gaps, while low  ‖ is typically observed in non-crystalline materials[113]; hence, the concept 

of ñphonon-glass-electron-crystalò (PGEC) was proposed by Slack in the mid-1990s[114]. Even though 

these three physical parameters are strongly correlated with each other, as will be explained in section 

2.2.3, heavily doped semiconductors[115-118] and some complex materials[119-121] come close to 

satisfying the aforementioned criteria and are found to be good TE materials, as shown in Figure 2.10[8]. 
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Regarding the advancements in TE materials, the first stage occurred in the late 1950s, as displayed in 

Figure 2.10 (c), primarily focusing on heavily doped Bi-Te and Pb-Te alloys[122-125]. The 

incorporation of alloying or solid solutions can effectively reduce the lattice thermal conductivity, 

resulting in a maximum ὤὝ of around 1[126, 127]. Since then, extensive research has been conducted 

on this topic, and the Bi-Te alloy has stood as the most widely used TE material for industrial 

applications until now[128, 129]. While these narrow band-gap semiconductors with tunable transport 

properties prove effective for room and low-temperature applications, their composition often includes 

heavy and highly toxic elements, such as Te and Pb, raising concerns about their compatibility with 

sustainable development. The second advancement began in the mid-1990s, promoted by the new 

concepts of quantum confinement and PGEC structure[130, 131]. These new concepts have led to 

experimental efforts in nanostructural engineering strategies and sparked increased interest in complex 

TE materials, like half Heuslers, skutterudites, clathrates, and Zintl phases, to name a few[15, 132-134]. 

The ὤὝ value can be doubled by realizing the complexity at multiple length scales to largely reduce the 

thermal conductivity, from atomic disorder and complex unit cell structures to substructure approaches 

and complex nanostructures[85]. Furthermore, TE materials are expanding to include more compounds, 

such as SnSe, Mg2Si, Cu2Se, etc.[135-137]. Today, a high ὤὝ value of around 3 can be achieved in n-

type Br-doped SnSe, although the thermal stability of this material remains a concern[138]. In short, in 

order to broaden the applications of thermoelectricity, there is still a long way to go to develop high-

performance TE materials that are eco-friendly and cost-effective. 

 

Figure 2.10 The development of thermoelectric materials. (a) typical n-type TE materials, (b) typical p-

type TE materials, and (c) the evolution trend of TE materials[8]. 
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Figure 2.11 Applications of thermoelectric materials in a wide range of fields. 

Thanks to recent scientific and technological breakthroughs, TE materials have the potential to be used 

in various fields in todayôs world (Figure 2.11), such as waste heat recovery, electricity generation, 

electronic sensors, and thermoelectric coolers, because of their versatile scalability and reliability 

without any moving parts[5, 139-142]. As displayed in Figure 2.11, one of the major present applications 

is the TEGs for electricity production in extreme environments (i.e., in space, on offshore platforms, in 

deserts), as they can generate reliable power over a long period with less maintenance. In space 

exploration, spacecraft such as Voyager and Orbiter are equipped with radioisotope thermoelectric 

generators (RTGs) with low mass and extreme reliability to provide electricity for long-distance 

missions. Another interesting application of TEGs is the design of the PowerPot, a portable electric 

generator that doubles as a cooking pot. The PowerPot provides campers with the ability to charge their 

electronic devices by using boiling water. Compared to compact solar panels, a PowerPot is much more 

reliable since it can generate power anytime and anywhere. Besides, thermoelectric modules can be 

installed in automobiles, aircrafts, and ships for exhausted heat recovery and built up in plants to recycle 

lots of waste heat in industries. For example, integrating TE modules in automobiles to harness a portion 

of the lost thermal energy for battery charging can potentially enhance overall fuel economy by about 

10%. Further applications of TEGs include microgeneration for sensors and electronics, like body heat-

powered wrist watches and medical monitoring devices[143, 144]. Furthermore, TECs offer the 

potential for cooling without refrigerant gas, which has attracted much attention due to growing 
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environmental concerns. They can be found in portable and medical refrigerators, wine bottle coolers, 

and electronic coolers as well. Eventually, TE materials might be found in our daily life medical 

applications, making life more convenient and comfortable. 

2.2.3 Electron and phonon transport mechanisms 

As mentioned earlier, the energy conversion of TE materials relies on the transport of electrons and 

phonons within the materials, and the corresponding TE parameters, including the Seebeck coefficient 

Ὓ, electrical conductivity „, and thermal conductivity ‖, ultimately determine the TE efficiency. Hence, 

this section will briefly introduce the fundamental mechanisms of electron and phonon transport in TE 

semiconductors, and for those interested in delving deeper, comprehensive knowledge can be found in 

a textbook on solid state physics. 

2.2.3.1 Electrical transport 

Based on the Boltzmann transport theory, the electrical conductivity „  is determined by the charge 

carrier concentration ὲ and the carrier mobility ‘ as[145]: 

„ ὲὩ‘ ςȢψ 

where Ὡ  is the elementary charge. ὲ  and ‘  can be calculated from the Hall coefficients, which are 

obtained directly from Hall measurements, according to the equations given below: 

ὲ
ρ

ὩὙ
ςȢω 

‘ „Ὑ ςȢρπ 

The theoretical correlations among Ὓ, ὲ, and ‘ can be given by solving the Boltzmann transport equation 

with the single parabolic band (SPB) assumption and can be written as[146]: 
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where Ὧ, –, ὶ, Ὂ, άᶻ, ᴐ, †, and ‐ are the Boltzmann constant, reduced Fermi energy, scattering factor, 

Fermi integral of order Ὥ, carrier effective mass, reduced Planck constant, carrier relaxation time, and 

reduced energy, respectively. Additionally, Ὂ– and – can be expressed as: 
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Notably, the scattering factor ὶ  shows different values for different scattering mechanisms. More 

specifically, ὶ is 3/2 for ionized impurity scattering, 1/2 for optical phonon and alloying scattering, and 

ï1/2 for acoustic phonon scattering[147]. In the case of most TE materials, the dominant scattering 

mechanism above room temperature is acoustic phonon scattering, with ὶ being ï1/2. Considering the 

SPB model under acoustic phonon scattering (SPB-APS), the Seebeck coefficient Ὓ can be simplified 

as[148]: 

Ὓ
ψ“Ὧ

σὩὬ
άᶻὝ

“

σὲ
ςȢρφ 

According to the above formula, a large Seebeck coefficient Ὓ requires a large carrier effective mass άᶻ 

and low charge carrier concentration ὲ. άᶻ is closely related to the band structure and can be expressed 

as: 

ρ

άᶻ
ρ

ᴐ

ÄὉὯ

ÄὯ
ςȢρχ 

where Ὁ is the carrier energy and Ὧ is the wave vector. Therefore, one can increase the carrier effective 

mass άᶻ through band structure engineering, consequently enhancing the Seebeck coefficient Ὓ. 

2.2.3.2 Heat transfer 

The essence of heat transfer is the result of energy transfer within a material due to collisions among 

microparticles. The thermal conductivity ‖ is dependent on the transport of charge carriers and lattice 

vibrations; hence, it consists of an electronic contribution ‖ and a lattice contribution ‖[131]. 

‖ can be calculated according to the Wiedemann-Franz law, as given by the equation: 

‖ ὒ„Ὕ ςȢρψ 

ὒ is the Lorenz factor, generally in the range of 1.45~2.44Ĭ10ï8 WÝKï2, which can be calculated by:   
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In 2015, Kim et al. proposed a simple equation as a satisfactory approximation for ὒ entirely in terms of 

the experimentally determined Ὓ with ὒ in 10ï8 WÝKï2 and Ὓ in ɛVKï1, given as[149]: 
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ὒ ρȢυ ÅØÐ
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‖ can be calculated according to the kinetic theory of gases, as given by the equation[150]: 

‖
ρ

σ
ὅὺӶὰ ςȢςρ 

where ὅ, ὺӶ, and ὰ are the volumetric heat capacity, the average velocity of phonons, and the phonon 

mean free path, respectively.  

Above the Debye temperature —, the volumetric heat capacity ὅ approaches the Dulong-Petit limit, 

showing minimal temperature dependence. The phonon mean free path ὰ  is primarily influenced by 

scattering processes such as phonon-phonon scattering and lattice defect scattering. This includes 

specific mechanisms like normal processes (N processes) and Umklapp processes (U processes), as well 

as scattering mechanisms formed by various lattice defects such as point defects, alloy scattering, 

dislocations, grain boundaries, phase boundaries, nanostructures, etc. According to the Debye-Callaway 

model, ‖ can be calculated as[151]: 
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where .and † are phonon frequency and phonon relaxation time, respectively ‫ 

Different scattering mechanisms contribute to the relaxation time †, which is determined by summing 

the relaxation rates in accordance with the Matthiessenôs rule[152]: 

† † † † Ễ ςȢςτ 

Thus, introducing additional scattering mechanisms can effectively reduce lattice thermal conductivity. 

In 1992, Cahill et al.[153] theoretically predicted the minimum thermal conductivity to explore the 

lowest possible value achievable in a crystal, which is given as: 
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where ὺ is the speed of sound from three sound modes (two transverse and one longitudinal); ὲ is the 

number density of atoms; and —  is the cutoff frequency for each polarization with —

ὺᴐȾὯ φ“ὲ Ⱦ. 
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2.2.4 Strategies for enhancing thermoelectric performance 

As the parameters Ὓ, „, and ‖ are theoretically strongly correlated, attempts to enhance one of these 

parameters generally result in the decrease of the other two. Since the 1950s, with over half a century of 

collective efforts, various strategies have been developed and proven effective in alleviating the 

comprise among these three coupled parameters, thereby enhancing TE performance. We will briefly 

review the commonly used strategies in the TE field in the subsections. 

2.2.4.1 Donor- and acceptor-doping 

As displayed in Figure 2.12(a), the figure of merit, ὤὝ  is intricately related to the carrier 

concentration[85]. Typically, a carrier concentration in the range of 1019 to 1021 cmï3 is considered 

suitable for achieving good TE performance. The most straightforward and widely adopted approach for 

tuning carrier concentration is to introduce neighboring elements as dopants or/and other point defects 

like vacancies, interstitials, and antisites, as shown in Figure 2.12(b) and (c)[154]. Extensive work has 

been done on this topic, making it challenging to provide a comprehensive overview of this strategy. 

Additionally, through deeper exploration, new mechanisms have been summarized, including band 

structure engineering and entropy engineering, both of which are still rooted in the fundamental 

strategies of doping and alloying. Therefore, we will address them separately below.  

Doping, including substitutional doping and interstitial doping, has proven to be highly effective in 

adjusting the carrier concentration of various TE materials, including but not limited to Bi2Te3, PbTe, 

half Heuslers, perovskites, SnSe, and others. For example, in the case of SnSe, illustrated in Figure 

2.12(d), diverse elements, including alkali metals, transition metals, elements from the boron and 

nitrogen groups, as well as halogen elements, can be employed for doping to adjust the carrier 

concentration[155]. Cheng Chang et al.[138] doped SnSe with Br to make n-type SnSe crystals with 

overlapping interlayer charge density, achieving a peak ZT of approximately 2.8 at 773 K. In some TE 

materials, notably V2VI3 compounds (V = Group V elements Sb and Bi, and VI = Group VI elements S, 

Se and Te), intrinsic point defects also play an important role in tailoring the carrier concentration[156]. 

Binary compounds of V2VI3 grown from stoichiometric melts typically exhibit an excess of Group V 

elements due to the precipitation of Group VI elements, primarily Te, as a secondary phase or their 

volatility, particularly S or Se. Figure 2.12(e) illustrates the variation in charge carrier type and 

concentration as a function of the actual Te content within the Bi2Te3 system[156]. When the actual 

tellurium (Te) content is below 62.8 at% (indicating Te deficiency), a Bi2Te3 ingot exhibits p-type 

behavior, accompanied by a rapid decline in hole concentration as excess Te is introduced. Conversely, 

at higher Te content, the ingot manifests characteristics consistent with n-type conductivity. However, 

point defects play a duel role, effectively customizing the carrier concentration while also acting as 

scattering centers for charge carriers, thereby impairing their mobility. To address the dilemma, recent 

advancements in doping strategies go beyond uniform doping and incorporate sophisticated approaches 

such as modulation doping and gradient doping, as illustrated in Figure 2.12(f)[157]. Specifically, the 
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approach of modulation doping ensures the retention of high carrier mobility, and gradient doping is 

employed to guarantee good TE performance in the entire temperature range. 

 

Figure 2.12 Strategies for enhancing thermoelectric performance. (a), (b, c) schematic of intrinsic and 

extrinsic defect doping[154], (d) possible doping elements in SnSe[155], (e) the relationship between 

room temperature carrier concentration and Te defects in Bi2Te3 materials[156], (f) schematic of 

undoped, uniform, modulation and gradient doping[157], (g) band convergence in PbTe[158], (h) 

energy-filtering effect for low energy carriers[159], (i) schematic of multiscale phonon scattering[8], 

and (j) schematic of entropy engineering[160]. 

2.2.4.2 Band structure engineering 

Band structure engineering strategies can be implemented in widely well-known TE materials by either 

altering the relative energy of electronic bands through alloying or introducing impurity energy levels 
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that resonate with the host, achieved through resonant doping or a combination of these approaches[161]. 

We isolate band structure engineering from doping strategies and address them individually here, given 

their paramount significance in enhancing the Seebeck coefficient. According to the Equation 2.16, it is 

well known that a high Seebeck coefficient is favored by a large density of states (DOS) effective mass 

άᶻ, with άᶻ ὔ
Ⱦ
άᶻ, where ὔ is the band degeneracy, and άᶻ is the single-band effective mass. 

Therefore, different approaches, like band flattening for enhancing άᶻ , and band convergence for 

increasing ὔ  are adopted to engineer the band structure. Besides that, alternative possibilities for 

engineering the band structure include the energy-filtering effect, achieved by aligning the added band 

structure with those of the host material to selectively hinder the transmission of charge carriers at lower 

energies, and the incorporation of resonant levels, where impurity-induced energy levels lie in the 

conduction or valence band of the host material. 

Concerning band flattening, band-structure calculations in La-doped PbTe confirmed an increased άᶻ 

of the ὒ band due to the hybridization between La f/d-states and Pb p-states[162]. Band convergence 

proves effective in increasing band degeneracy, where multiple bands have the same or comparable 

energy with a few ὯὝ. The typical approaches for band convergence include converging different bands 

through alloying or changing the temperature, as well as modifying the symmetry of crystals to achieve 

a larger valley degeneracy. For instance, in narrow-gap PbTe compounds, the higher valley ὒ determines 

the energy gap at room temperature, as shown in Figure 2.12(g)[158]. The ὒ band shifts down as the 

temperature increases, whereas the lower valley   does not change much. The manipulation of band 

convergence to a desired temperature can be achieved through alloying with specific elements, such as 

Mn, Mg, and Sr[163-165]. Furthermore, a systematic rise in the Seebeck coefficient was observed in 

degenerate n-type PbTe with nanosized grains or nanoinclusions, attributed to the energy-filtering 

effect[166, 167], as depicted in Figure 2.12(h). The presence of resonant levels was also reported to 

significantly contribute to the enhancement of the Seebeck coefficient in various doped TE materials, 

such as Al-doped PbSe and Sn-doped Bi2Te3[168, 169]. 

2.2.4.3 Nanostructure engineering 

Minimizing the lattice thermal conductivity ‖ to the greatest extent possible is crucial for achieving 

high TE performance, and the most effective way to reduce the ‖ in a given material is employing 

nanostructure engineering to form multiscale phonon scattering centers, based on the concept of 

quantum confinement[170, 171]. Nanostructure engineering can be achieved either by combining ball 

milling or melting spinning with hot press (HP) or spark plasma sintering (SPS) to obtain nano-

structured bulk TE materials with a high density of grain boundaries, or by introducing nanoscale 

precipitates or microstructures in the matrix materials[172, 173]. As displayed in Figure 2.12(i), the 

increased grain boundaries play an important role in scattering the phonons ranging from low to medium 

frequency, leading to a substantial reduction of low-temperature ‖ . High-temperature ‖  may also 

decrease slightly in some materials, resulting from the induced atomic disorder at the grain boundaries 
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or interfaces[174, 175]. The formation of nanoscale precipitates and microstructures can significantly 

contribute to scattering medium-frequency phonons, effectively suppressing low-temperature ‖[176]. 

This phenomenon is exemplified in the Sr-doped PbTe system[177]. In summary, nanostructure 

engineering allows for the simultaneous activation of nano and sub-microscale phonon scattering 

mechanisms, enabling the maximal reduction of ‖ through the incorporation of atomic and electron-

scale scattering, as schematically shown in Figure 2.12(i). 

2.2.4.4 Entropy engineering 

Entropy engineering strategies have recently emerged as a novel approach to produce entropy-stabilized 

high-entropy TE materials, drawing inspiration from the concept of high entropy alloys[48, 178, 179]. 

With an increase in the number of element species, the mixing entropy in a material system rises rapidly, 

facilitating the formation of high-entropy materials with over five principal elements. The entropy-

stabilized single-phase structures can preserve the long-range order of atomic arrangement with weak 

phase-boundary electron scattering, thereby maintaining the electrical transport framework. At the same 

time, short-range disorder in high-entropy materials arises due to severe lattice distortion caused by the 

mismatch of ionic mass, size, and bond state, as displayed in Figure 2.12(j)[160]. The distorted lattice 

significantly scatters heat-carrying phonons, leading to a substantial reduction in the lattice thermal 

conductivity ‖ of high-entropy materials[180, 181]. The increase in the configurational entropy has 

been reported effective in enhancing TE performance in some high-entropy systems, including 

(Cu/Ag)8Ge(Se/Te)6, (Cu/Ag)(In/Ga)Te2, (Sn/Ge/Pb/Mn)Te, (Pb/Na/Cd)(S/Se/Te) and 

(Pb/Sb/Sn)(S/Se/Te)[48, 160, 179, 182, 183]. For instance, in the high-entropy (Pb/Na/Cd)(S/Se/Te) 

system, the introduction of a complex element composition led to the formation of hierarchical structures, 

incorporating point defects, planar defects, nanoprecipitates, and mesoscopic precipitates, enabling 

scattering phonons across all frequencies. In high-entropy (Pb/Sb/Sn)(S/Se/Te) system, due to the well-

preserved high electrical transport properties and significantly reduced ‖, the reported ZT values were 

found to double when the composition changes from low-entropy Pb0.89Sb0.012Se to high-entropy 

Pb0.89Sb0.012Sn0.1Se0.5Te0.25S0.25. Therefore, entropy engineering stands out as a promising approach to 

enhance TE performance by integrating other strategies. 
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2.3 Titanium disulfide  

Titanium disulfide (TiS2) is a member of the transition-metal dichalcogenides (TDMCs) family with 

chemical formula MX2, where M is a transition metal atom from the group IVb, Vb or VIb columns of 

the periodic table, and X is S, Se or Te[20]. Due to their diverse physical properties, TDMCs have 

garnered significant research interest over the past few decades[184-186]. In this thesis, we will only 

focus on TiS2 for its thermoelectric application. Therefore, in the following subsections, we will present 

the crystal structures and transport properties of TiS2, and also provide a comprehensive overview of the 

advancements and emerging challenges in TiS2-based TE materials. 

2.3.1 Crystal structures and band structure of titanium disulfide 

TiS2 has an anisotropic structure with a trigonal space group, ὖσάρ  , and can exist in either 1T (T 

represents trigonal) or 2H (H represents hexagonal) phase[187]. As displayed in Figure 2.13(a), the 

primary distinction between the 1T-TiS2 and 2H-TiS2 structures is the local coordination type of the 

transition metal Ti. The 1T phase coordinates in an octahedral structure, while the 2H phase features a 

trigonal prismatic structure[188]. The 1T phase is considered the most stable structure of TiS2, a 

conclusion supported by both theoretical calculations and experimental observations[189, 190]. 

Regarding the layer stacking conformations AA and AB (Figure 2.13(b)), calculations indicate that the 

AA configuration is more favorable, wherein all sites of the top layer sit directly on top of the 

corresponding sites of the bottom layer[188].  

 

Figure 2.13 Crystal structures of TiS2. (a) 1T and 2H phases of TiS2[188], (b) AA and AB layer stacking 

conformations[188], (c) unit cell of TiS2[191], and (d) layered structure for intercalation. 
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The most common form of bulk TiS2, 1T-TiS2, crystallizes in a layered CdI2-like structure composed of 

SïTiïS sublayers, each made up of one hexagonally packed sheet of Ti atoms sandwiched between two 

hexagonal sheets of S atoms. These SïTiïS sublayers are stacked parallelly and equally spaced along 

the c axis, characterized by face-sharing TiS6 octahedra arranged in a hexagonal packing pattern. Within 

the SïTiïS sublayers, atoms are bounded by strong covalent interactions, while between the sublayers, 

bonding is weak SïS van der Waals (vdWs) interactions. We will only discuss 1T-TiS2 in this thesis, 

referred to simply as TiS2 henceforth. TiS2 has a relatively simple trigonal structure, with experimental 

lattice parameters a = b = 3.407 ¡, and c = 5.695 ¡, and TiïS bond length of 2.32 ¡, as shown in Figure 

2.13(c)[191]. The interlayer spacing is the same as the unit cell parameter c, offering the opportunity to 

accept a variety of species as intercalants in the vdWs gaps. This includes atoms, organic molecules, and 

structure blocks[43, 192, 193], as depicted in Figure 2.13(d), which will be elaborated in section 2.3.3. 

 

Figure 2.14 Band structures of TiS2. (a) band structure of bulk TiS2[194], (b) the density of stated 

projected over Ti 3d and S 3p orbitals for bulk TiS2[194], and (c) the Fermi contours[195]. 

The band structure is highly important to understand the transport properties of TiS2. Revealed through 

electronic band-structure calculations is the crossing of the Fermi level by a primary Ti 3d band, forming 

multi-valley structures with six small electron pockets around the L-point within the hexagonal Brillouin 

zone, as displayed in Figure 2.14[194, 195]. Despite extensive efforts from both experimental and 

computational studies, conflicting results have been reported regarding whether it behaves as a 

semimetal or semiconductor, a topic that remains the subject of ongoing debate[26, 196-199]. The 

controversy on the semimetal or semiconductor nature of bulk TiS2 is, in reality, related to the off-

stoichiometry issue resulting from sulfur volatilization. It is well accepted that, during the preparation 

process, TiS2 tends to grow a Ti-rich or S-deficient phase with Ti interstitial and/or S vacancy defects. 

TiS2 was initially proposed as a semiconductor with a band gap of 0.9 eV, extrapolating from HfS2 and 

ZrS2[200]. Thompson et al.[201] argued that explaining the Seebeck coefficient and resistivity is 

considerably simpler if TiS2 is considered a metallic material. Wang et al.[26] recently concluded, based 

on Density Functional Theory (DFT) calculations and scanning tunneling microscopy/spectroscopy 

(STM/STS), that stoichiometric TiS2 is an indirect-gap semiconductor with a band gap of approximately 

0.5 eV. They further argued that its high conductivity is attributed to intrinsic defects rather than 

semimetallicity. 
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2.3.2 Fabrication methods of titanium disulfide 

2.3.2.1 Synthesis of TiS2 

The manufacturing process of TiS2 TE materials typically includes the synthesis of powders and 

subsequent shaping to form bulk structures or thin films. Successfully achieving the desired 

compositions and structures in TiS2 TE materials requires a thoughtful synthesis technique. For example, 

TiS2 single crystals are grown using the chemical vapor transport (CVT) method in the presence of 

iodine as a carrier gas[196, 202]. As shown in Figure 2.15(a), the precursors are placed in one end of a 

sealed ampoule in a high vacuum, and the sealed ampoule is then placed in a two/three-zone horizontal 

furnace with the precursors located at the hot temperature end[203]. At high temperatures, the precursors 

are volatilized and transported along with the transport agent iodine to the reaction zone. The reacted 

precursors are then deposited and crystallized in the growth zone (cold temperature end). Pawula et 

al.[28] prepared single crystals of Fe-intercalated TiS2 employing a temperature gradient ranging from 

1073 to 1173 K along the ampoule. They successfully obtained large platelet-like crystals measuring 

several millimeters across and some tens of micrometers thick. Additionally, a surface-assisted CVT 

was applied in the growth of microscale plates and flower-like patterns of TiS2 on the Ti substrate[204]. 

The resulting microstructures were observed to strongly depend on the reaction temperatures, as shown 

in Figure 2.15(b). Commonly used for ensuring stable compositions of polycrystalline TE materials are 

traditional methods like melting or solid-state reactions, as displayed in Figure 2.15(c). In this process, 

high-purity precursors are placed in an evacuated and sealed quartz tube and heated typically above their 

melting points. For many TE materials, the melting method is described as a solid-state reaction, as the 

precursors react in the solid state. However, in the case of TiS2, sulfur is melted and evaporated with Ti 

unmelted during the synthesis, leading to its classification as a solid-liquid-vapor reaction. The solid-

liquid-vapor reaction in sealed tubes has become the most widely used method for fabricating TiS2-

based thermoelectric materials due to its ease of operation, high productivity, and cost-effectiveness[35, 

205]. Guilmeauôs research group has successfully synthesized a series of Nb- and Ta-doped, and Cu-

intercalated TiS2 powders[37, 45, 46, 206]. They combined this synthesis method with spark plasma 

sintering to produce dense pellets and investigated their thermoelectric properties. Hawkins and 

Whittaker-brooks synthesized TiS2ïx nanobelts with controllable sulfur vacancies using a two-step 

method, as given in Figure 2.15(f)[207]. They first synthesized TiS3 and converted TiS3 to TiS2ïx in the 

second step by adding more Ti powder in the sealed tube. For nanostructuring objectives, techniques 

like wet chemistry and high-energy mechanical alloying are employed to produce ultrafine nanopowders. 

As shown in Figure 2.15(d), the precursors are sealed in a pressurized vessel with a solvent and heated 

above the boiling temperature of the solvent to achieve a high vapor pressure. Under high temperatures 

and high vapor pressures, precursors within the vessel can dissociate into ions, leading to the formation 

of crystal nuclei, followed by crystal growth[208, 209]. Utilizing this method enables the synthesized 

crystals to achieve relatively complete crystallization, with controllable dimensions up to hundreds of 

micrometers and minimal agglomeration. This process is referred to as hydrothermal (when water is the 
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solvent) or solvothermal (for other solvents) synthesis. TiS2 nanorods were synthesized by Nabi et 

al.[210] via hydrothermal synthesis (see the inset in Figure 2.15(d)), using thio-urea as the S precursor 

and C12H28O4Ti as the Ti precursor, with heating at 453 K for 18 hours. 

 

Figure 2.15 Synthesis of TiS2. (a) schematic of chemical vapor transport (CVT) for single crystal 

growth[203], (b) different microstructures by surface-assisted CVT[204], schematic drawing of (c) 

solid-liquid-vapor method in sealed tubes, (d) solvothermal synthesis, and (e) high-energy ball 

milling[211], (f) synthesis of TiS2 nanobelts in sealed tubes[207], (g) materialization mechanism of TiO2 

to TiS2 by wet ball-milling process[212], (h) schematic drawing of chemical vapor deposition 

(CVD)[211], (i) synthesis of TiS2 nanosheets[213], and (j) schematic representation of CVD 

furnace[214]. 
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Figure 2.15(e) illustrates a process of mechanical alloying achieved by ball milling. In this procedure, 

precursors are sealed in a container made of tungsten carbide or stainless-steel, with a protective 

atmosphere such as Ar or with a solvent for wet ball milling. Upon the collision of two balls, some 

powders become trapped between them, allowing for the rapid synthesis of products through high-

energy ball milling. Moreover, ball milling is also frequently used as a step after sealed tube synthesis 

to produce fine powders, thereby reducing the grain size of the sintered bulks. Bourg¯s et al.[206] 

synthesized Nb-doped TiS2 from elemental powders by milling for 48 h at a speed of 600 rpm in a 

planetary ball mill. The as-synthesized powders exhibited a low degree of crystallization and relatively 

small grain size compared to powders synthesized in a sealed tube. Veluswamy et al.[212] prepared TiS2 

from TiO2 and S with tetrahydrofuran (THF) as a solvent via a wet ball-milling process. The schematic 

representation of preparation is shown in Figure 2.15(g). In the milling process, sulfur helps to reduce 

TiO2 and generate the low-valent metallic titanium species, which further interact with the sulfur to form 

TiS. The obtained TiS was pyrolyzed with extra sulfur powders to form TiS2. Chemical vapor deposition 

(CVD) is another method employed for designing low-dimensional TE materials, such as thin films. As 

depicted in Figure 2.15(h), during the synthesis process, a wafer serves as the substrate, being exposed 

to one or more volatile precursors. These precursors undergo a reaction and decomposition on the 

substrate surface, resulting in the desired deposition under suitable temperature and gas flow conditions. 

Volatile by-products are occasionally generated in the process, which can be effectively eliminated by 

gas flow through the reaction chamber. Gao et al.[213] grew large-size TiS2 nanosheets through in situ 

generating titanium chloride as the gaseous precursor, as schematically illustrated in Figure 2.15(i). The 

addition of the NH4Cl promoter can react with Ti powders and switch the solid-phase sulfurization 

reaction into a CVD process, thus enabling the controllability over the size, shape, and thickness of the 

TiS2 nanosheets. They also observed different growth patterns on different substrates, with vertical grow 

on SiO2/Si and in-plane growth on mica substrate. Dehghan et al.[214]s reported the synthesis of TiS2 

nanoflakes using a home-made CVD furnace, which consists of a quartz tube with two heating zones, 

as shown in Figure 2.15(j). The first zone is designed for the sublimation of sulfur, and the hot zone is 

for the growth of nanoflakes. In this process, micron-sized Ti powder was used as the precursor to absorb 

sulfur vapor in the CVD furnace, resulting in the growth of highly packed TiS2 nanoflakes on the surface 

of the Ti powder. 

2.3.2.2 Shaping of TiS2 

Polycrystalline TiS2 bulks are commonly used as an n-type leg in the assembly of TE modules; therefore, 

appropriate sintering techniques are necessary to achieve a highly dense TiS2. The simplest method to 

obtain TiS2 bulks is through conventional sintering, where TiS2 powders are initially cold-pressed under 

high pressure, sealed in a quartz tube, and finally annealed at high temperatures in a muffle furnace, as 

shown in Figure 2.16(a). Long-term high-temperature annealing during the sintering process typically 

results in the formation of large grain sizes in the sintered samples. Ramakrishnan et al.[35] obtained a 

96% dense TiS2 sample by conventional sintering at 973 K for 24 h, with initial cold pressing under a 
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high pressure of 600 MPa. The relative density can be increased to 99% by introducing a small amount 

of Sn and employing a higher sintering temperature (1123 K) for an extended duration (72 h). Figure 

2.16(b) schematically shows another widely used method to fabricate dense TE materials, known as hot-

pressing (HP), wherein temperature and pressure are applied simultaneously, and heat is transferred 

through conduction and convection. As mentioned earlier, Veluswamy et al.[212] utilized a wet ball-

milling process to prepare TiS2 powders, and they then hot-pressed the as-prepared powders at 473 K 

for 10 min with the addition of a small amount of sulfur, as shown in Figure 2.15(g). Spark plasma 

sintering (SPS) has recently become the most commonly used technique for densifying TE materials, as 

it enables rapid heating and cooling rates, providing a very fast sintering process. As illustrated in Figure 

2.16(c), different from HP, SPS relies on internal heat generation supplied by an electric field passing 

through the materials. A lot of TiS2-based TE materials, including doped and intercalated TiS2, as well 

as TiS2 nanocomposites, have been sintered by SPS and reported to demonstrate favorable TE 

properties[37, 206, 215]. Sever et al.[216] employed SPS to densify TiS2 and investigated influence of 

sintering conditions on the non-stoichiometry and thermoelectric properties, which will be discussed in 

detail in section 2.3.3. They concluded that minimizing sulfur loss is achievable through high-pressure 

sintering at low temperatures, particularly with a tightly fitting WC/Co mold.  

 

Figure 2.16 Shaping of TiS2. Schematic diagrams of (a) conventional sintering, (b) hot pressing[217], 

(c) spark plasma sintering[211], and (d) flexible TE thin films[211], and (e) fabrication process of TiS2-

nanosheet-assembled flexible thin films using Al3+ to cross-link the nearby TiS2 nanosheets[218]. 

TiS2 can also be processed into flexible thin films, making it suitable for use in wearable devices 

designed to collect heat from the human body. Figure 2.16(d) illustrates a fabrication procedure of a 
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flexible thin film, where a flexible substrate is often needed. For example, Wan et al.[18] first 

synthesized TiS2/organic superlattice by using a combination of electrochemical and subsequent solvent 

exchange processes, and produced a hybrid flexible thin film by dropping the ultrasonically pulverized 

solution onto the surface of a CaF substrate. They also evaluated its flexibility by attaching the hybrid 

superlattice to the surfaces of glass tubes with different radii and measuring the resistivity using the van 

der Pauw method. The films were confirmed to be highly flexible, with a slight change of electrical 

resistivity under bending deformation. Zhou et al.[218] reported a facial chemical-welding method to 

produce a flexible TiS2-nanosheet-assembled film by simply adding the Al3+ aqueous solution during 

the standard vacuum filtration filming process (see Figure 2.16(e)). The multivalent Al3+ ions were found 

to be able to cross-link the nearby sheets during the film deposition process, thus enhancing the stability 

of the film. Meanwhile, the power factor was improved thanks to the multifunctional Al3+ ions in altering 

the electronic structures of the welded nanosheets. 

2.3.3 Thermoelectric transport properties of titanium disulfide 

In 2001, Imai et al.[24] first reported the TE potential of TiS2, highlighting a large value of Seebeck 

coefficient (ï251 ɛVKï1 at 300 K), low metallic resistivity (1.7 mɋ cm at 300 K), but a relatively high 

thermal conductivity (6.8 Wmï1Kï1 at 300 K). In addition, anisotropic transport properties are observed 

in both single-crystal and polycrystalline TiS2-based materials owing to the (00l) preferred orientation 

along the pressing direction[27, 28]. Specifically, a higher power factor can be obtained in the direction 

perpendicular to the pressing direction (in-plane direction), compared to that in the direction parallel to 

the pressing direction (out-of-plane direction), since the strong covalent bonding results in higher in-

plane electrical conductivity. Since then, over the last two decades, many researchers have been focused 

on improving its TE performance through compositional or/and fabrication design[219-222]. 

 

Figure 2.17 The compositional design map of TiS2 for enhancing TE performance. 
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We have summarized a compositional design map for TiS2 based on the elemental composition, as 

displayed in Figure 2.17. As we can see, in order to improve the TE performance of TiS2, extensive 

research has explored various systems. For instance, doping elements such as Zr, Nb, Ta, V, Cr, Cd, Mg 

and Ni, and intercalation elements like Fe, Cu, Co, Ag, and Al, along with MS layers (M = Pb, Bi, Sn) 

as structural blocks for intercalation, have been investigated. More details can be found in section 2.3.3.1. 

Table 2.1 provides a summary of the strategies, compositions, synthesis, and sintering methods utilized 

in fabricating TiS2-based TE materials, along with the achieved transport properties at 600 K in each 

system. This table offers a straightforward overview of TiS2-based materials and their TE potential. A 

more comprehensive overview of TiS2-based TE materials will be provided in the following subsections, 

covering both compositional design (e.g., non-stoichiometry, substitution, intercalation, and 

nanocomposites) and fabrication design aspects (e.g., powder synthesis, ball milling, liquid-assisted 

shear exfoliation, and sintering). 

2.3.3.1 Compositional design 

In order to adjust the carrier concentration and introduce some structural disorder for TE improvements, 

extensive compositional design has been carried out in the TiS2 system, which includes non-

stoichiometry, substitution, intercalation, and nanocomposites. As we mentioned earlier, the debate 

regarding the semimetal or semiconductor nature of TiS2 for several decades is closely tied to 

stoichiometry, with challenges in controlling defects and doping. The so-called TiS2 materials with 

various Ti/S ratios have been reported to exhibit a wide range of Seebeck coefficient, electrical 

conductivity, and thermal conductivity. The off-stoichiometry is of great importance in explaining the 

discrepancies in TE transport properties. Guilmeau et al.[226] prepared a series of Ti1+xS2 samples with 

x from 0 to 0.05. As shown in Figure 2.18(a), the electrical resistivity in the in-plane direction exhibits 

a more conducting behavior with increasing x, and a temperature-independent electrical resistivity is 

observed in the heavily doped compound Ti1.05S2, which is similar to the behavior of alkali or metal 

intercalated TiS2. The intercalation of Ti and its induced local disorder were further confirmed by 

HRTEM (see the inset). Also, the intercalated Ti layers show high efficiency in reducing thermal 

conductivity, particularly the lattice part (see Figure 2.18(b)), because of strengthened phonon scattering 

resulting from local disorder. Guilmeau et al.[226] also compiled literature data to summarize the in-

plane Seebeck coefficient at 300 K as a function of x in Ti1+xS2, as displayed in Figure 2.18(c). The 

absolute value of the Seebeck coefficient is found to decrease with the increase of x content in Ti1+xS2, 

ranging from around 300 ɛVKï1 for nearly stoichiometric TiS2[226] to less than 100 ɛVKï1 for highly 

off-stoichiometric compositions[34, 227, 228]. As reported by Thompson et al.[229], TiS2 exhibits its 

high Seebeck coefficient of around ï270 ɛVKï1, which undergoes a reduction of about fivefold to ï60 

ɛVKï1 in Ti1.05S2. Zhang et al.[30] reported a decrease in Seebeck both perpendicular and parallel to the 

pressing direction as x content increased from x = 0.111 to x = 0.161.  
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The carrier concentration is one of the most critical physical parameters in determining the ὤὝ value. 

Figure 2.18(e) displays the relationship between the maximum ὤὝ and carrier concentration of TiS2-

based materials, which is summarized by Zhang et al.[30]. Therefore, many studies have been dedicated 

to substituting other elements at both Ti and S sites to form solid solutions, aiming to adjust the charge 

carrier concentration. At the same time, it is also possible to largely minimize the lattice thermal 

conductivity owing to the formed structural disorder resulting from octahedral distortion and/or mass 

fluctuation. Regarding substitution, researchers have studied the transport properties of various solid 

solutions, including those with Ta, Nb, Cr, V, Zr, or Mg at the Ti site, or Se at the S site[45-47, 230-233]. 

For example, in the series of Ti1ïxTaxS2, the solid solution limit of Ta in TiS2 is found to be as high as x 

= 0.4[45]. A linear evolution of cell parameters is observed with x varying from 0 to 0.4, as shown in 

Figure 2.18(f), which confirms the MS6 octahedral distortion due to the different ionic radius of Ti4+ 

(0.605 ¡) and Ta4+ (0.68 ¡). The doped Ta can act as an electron donor, providing extra electrons, thus 

making Ti1ïxTaxS2 show a more metallic behavior. This can be explained by the increase of the overlap 

between the atomic orbitals of metals when doped with Ta. Figure 2.18 (d) plots the charge density of 

TiS2 and Ti0.75Ta0.25S2, from which we can see the increase of the orbital overlap after doping with 

Ta[234]. The authors also concluded that the binding character of the metal/metal interaction increases 

in the TixTa1ïxS2 series when Ta concentration increases. On the other hand, the structural disorder and 

mass fluctuation effects induced by Ta doping made a major contribution to decreasing lattice thermal 

conductivity. Similar observations on transport properties were also reported in the Ti1ïxNbxS2 series[46]. 

However, in the case of Mg substitution, the lighter weight of Mg compared to Ti caused an increase in 

acoustic velocity, thereby leading to enhanced lattice thermal conductivity[230]. 
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Figure 2.18 Compositional design. (a-c) transport properties of the Ti1+xS2 series[226], (d) charge 

density map of TiS2 and Ti0.75Ta0.25S2[234], (e) the relationship of  ὤὝ   and charge carrier 

concentration in the TiS2-based materials[30], (f) lattice parameters versus Ta content in the Ti1ïxTaxS2 

solid solutions[45], (g) [100] HAADF-STEM image of FexTiS2[28], (h) thermal conductivity as a 

function of x in CuxTiS2 and AgxTiS2 series[226], (i) lattice thermal conductivity of misfit (MS)1+x(TiS2)2 

materials[34], (j) schematic illustration of the longitudinal and transverse sound velocities of misfit 

(MS)1+x(TiS2)2 materials[34], (k) electrical transport properties of TiS2 embedded with PbS 

nanoparticles[235], (l) illustrating the distribution of nano-scale PbSnS3 (bright regions) locally along 

grain boundaries[225], and (m) lattice thermal conductivity of TiS2-xPbSnS3 nanocomposites[225]. 

Intercalation is designed to minimize the lattice thermal conductivity of TiS2 since the intercalants can 

introduce structural disorder and increase phonon scattering. As mentioned above, various species like 

metallic atoms (Cu, Ag, Co, Fe, Bi, etc.), alkali cations (Na, K), organic molecules, and structural blocks 
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(MS, M = Pb, Bi, Sn), can be intercalated into the vdWs gaps of TiS2[37, 44, 228, 236]. The existence 

of intercalated Fe atoms was visually proved by HAADF-STEM images in single-crystal FexTiS2, as 

given in Figure 2.18(g), where two intergrown regions without (A) and with (B) superstructure can be 

observed[28]. In region A, the intercalated Fe atoms are randomly distributed, while the local ordering 

of Fe and vacancies forms the superstructure in region B. The crystallographic structures and transport 

properties of intercalated TiS2 with Cu, Ag, and Co were all thoroughly investigated[37-39]. The 

interlayer spacing can be increased or decreased, depending on the size of the intercalants and the degree 

of its covalency to the neighboring S layers. Cu, Ag, and Co intercalants were reported to be very 

efficient for reducing thermal conductivity, as visualized in Figure 2.18(h) for Cu and Ag, due to the 

increased phonon scattering from structural disorder and/or stacking fault. Besides, the intercalated Cu, 

Ag, and Co species exist in the form of cations in the vdWs gaps to provide electrons to the neighboring 

TiS2 slabs, thus remarkably increasing the carrier concentration. When intercalating one layer of MS 

into the vdWs gap of TiS2, a natural superlattice structure can be formed, referred to as misfit layer 

compounds (MS)1+x(TiS2)2. The intercalated MS layer could behave as a phonon blocking layer and 

substantially reduce thermal conductivity. As displayed in Figure 2.18(i), (MS)1+x(TiS2)2 materials 

exhibit extremely low lattice thermal conductivity and a value of 0.3 Wmï1Kï1 at 700 K even lower than 

the predicted minimum thermal conductivity was obtained in the (BiS)1.2(TiS2)2 system[34]. The ultra-

low thermal conductivity was found to partially originate from the softening of the transverse modes of 

lattice wave due to weak interlayer bonding, as shown in Figure 2.18(j). 

Nanocomposite design is another promising approach to reducing thermal conductivity without 

sacrificing the large power factor of TiS2. Yifeng Wangôs research group has devoted significant efforts 

to investigating the transport properties of TiS2 nanocomposites[224, 225, 235, 237].  Firstly, unlike 

intercalated TiS2, the second phase introduced in TiS2 would not increase the carrier concentration, as 

the stable second phase will be randomly distributed in the TiS2 matrix rather than intercalated into the 

vdWs gaps. Secondly, the dispersion of a nanoscale second phase has the potential to activate the energy 

filtering effect of carriers, leading to an enhancement of the Seebeck coefficient. Thirdly, the introduced 

nanoparticles with a wide size distribution can strengthen the scattering of phonons with multi-scale 

wave lengths, thereby reducing the lattice thermal conductivity as well. For instance, Wang et al.[235] 

observed a large increase in the Seebeck coefficient in TiS2 bulk ceramic embedded with PbS 

nanoparticles, which is attributed to energy filtering induced by the band gap offset between TiS2 and 

PbS. The ZT of PbS/TiS2 nanocomposites, referred to as LS-TiS2 in Figure 2.18(k), was greatly enhanced 

as compared to TiS2 and (PbS)1.18(TiS2)2, due to the barrier potential formed at the TiS2/PbS interface in 

energy filtering. Zhang et al.[225] incorporated p-type PbSnS3 nanoparticles into micro-scale n-type 

TiS2 ceramics and investigated their transport properties. As displayed in Figure 2.18(l), the bright 

regions, rich in Pb and Sn (such as Point 1) were observed to be mainly dispersed along the TiS2 grain 

boundaries. The high power factor of TiS2 was maintained in the TiS2-xPbSnS3 nanocomposites with x 

no more than 1 mol%, despite the decrease in electrical conductivity and the increase in the Seebeck 
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coefficient. The decreased electrical conductivity definitely contributed to lowering the electrical part 

of thermal conductivity. As illustrated in Figure 2.18(m), as for the lattice thermal conductivity, the 

nanocomposite with 0.5 mol% PbSnS3 showed the lowest value, since the homogenously distributed 

nano-to submicron-scale sized PbSnS3 particles can more effectively scattering phonons, compared to 

those with a higher content of PbSnS3.  

2.3.3.2 Fabrication design 

To enhance the TE performance of TiS2, the fabrication process can be designed across different stages, 

including powder synthesis, post-processing to obtain fine powders, and then sintering. The most 

commonly used synthesis method for TiS2 powder is the solid-liquid-vapor reaction in a sealed tube. 

Nevertheless, researchers in the TE community have also tried alternative methods for preparing TiS2. 

Koumoto et al.[238] developed a centrifugal heating apparatus to directly fabricate TiS2-based bulk 

ceramics, as illustrated in Figure 2.19(a). The raw powder mixture was enclosed in a capsule and 

subjected to centrifugal force in the radial direction of the rotor, and bulk solids can only be obtained 

when heated at a centrifugal acceleration of 1000 g or higher. The electrical conductivity of the specimen 

produced at a centrifugal acceleration of 8000 g was nearly twice as high as that of 2000 g centrifugal 

acceleration, while the Seebeck coefficient remained almost unchanged, as shown in Figure 2.19(b). 

Yamamoto et al.[227] studied the preparation of TiS2 powder by sulfurizing TiO2 powder with CS2 gas. 

Figure 2.19(d) displays that CS2 gas is more efficient as a sulfurizing agent for TiO2 compared to H2S 

gas. A single phase of TiS2 can be obtained at 1073 K, according to the XRD patterns of TiS2 powders 

prepared by CS2 sulfurization at a temperature in the range of 973ï1273 K for 4 h (Figure (2.19(e)). 

Bourg¯s et al.[206] prepared Nb-doped TiS2 powder directly by mechanical alloying synthesis. The as-

prepared powders underwent repeated welding, fracturing, and rewelding of powder particles, resulting 

in a much smaller grain size compared to powders synthesized using the sealed-tube method. The high 

density of grain boundaries and stacking faults made a major contribution to reducing the lattice thermal 

conductivity. 

As we know, the relatively simple structure of TiS2, composed of light elements, is not conducive to 

effective phonon scattering. Therefore, one of the primary strategies for enhancing the TE performance 

of TiS2 is to decrease its lattice thermal conductivity. Apart from the previously mentioned intercalation 

approach, researchers are also working on incorporating powder post-processing to reduce grain size, 

like ball milling and liquid-assisted shear exfoliation (LASE), thereby minimizing the lattice thermal 

conductivity. High-energy ball milling is often used as a post-treatment method for the synthesized 

powders, in order to obtain fine powders for sintering. However, high-energy ball milling can cause 

severe amorphization, agglomeration, and spheroidization, thus resulting in the deterioration of 

texturing and electrical transport properties. Given that, a simple ethanol-based shear pulverization 

process, also called liquid-assisted shear exfoliation (LASE), was employed to reduce the average grain 

size and narrow the size distribution, as displayed in Figure 2.19(g) while maintaining high crystallinity 
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and plate-shaped morphology[239]. From pulverized powders, highly textured bulk ceramics with 

Lotgering factors (LFs) exceeding 0.6 were obtained after SPS. The pronounced anisotropy resulted in 

a significant enhancement of the in-plane power factor, reaching 1.6ï1.8 mWmï1Kï2, as given in Figure 

2.19(f). With the lattice thermal conductivity reduced by about 20% from the intensified grain boundary 

phonon scattering, a remarkably high ὤὝ was achieved, up to 0.7 at 673 K. Similarly, Gu et al.[224] 

combined the LASE method with ionized impurities scattering by introducing nano-AgSnSe2 to improve 

the TE performance of TiS2. As shown in Figure 2.19(h), a 50% higher carrier mobility was obtained 

due to the highly textured structure, and in the meantime, the introduced ionized impurity scattering 

enhanced the Seebeck coefficient by selectively scattering low-energy carriers. They finally achieved a 

maximum ὤὝ of 0.78 at 673 K as a renewed record for TiS2-based materials. 

As we discussed earlier, the stoichiometry of TiS2 plays an important role in transport properties. 

Although it is typical to observe some sulfur loss during the sintering process, efforts can be made to 

minimize and control the extent of sulfur loss. Yamamoto et al.[227] added a small amount of extra S 

powder when sintering TiS2 by SPS. The addition of a small amount of sulfur powder to the TiS2 powder 

prevents sulfur deficiency in the sintered compact, resulting in the formation of a near-stoichiometric 

Ti1.008S2 composition. As displayed in Figure 2.19(c), Ti1.008S2 sintered with 4 wt% of additional sulfur 

showed a higher absolute value of Seebeck coefficient in both directions, compared to Ti1.031S2 sintered 

without sulfur. Sever et al.[216] concluded that the sulfur volatilization in the TiS2 can be effectively 

suppressed up to 1073 K by using a gas-tight sintering mold, like Co-doped WC mold, as displayed in 

Figure 2.19(i). Furthermore, a promising method for reducing the sulfur losses is to densify the TiS2 at 

lower temperatures. Figure 2.19(j) displays the bulk densities of TiS2 pellets consolidated under different 

sintering pressure across the whole temperature range from 773ï1073 K. By applying a high sintering 

pressure of 500 MPa, the near-stoichiometric Ti1.005S2 with a bulk density of 97.6% can be achieved 

even at 773 K with no detectable sulfur losses. 
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Figure 2.19 Fabrication design for enhancing TE transport properties. (a, b) TiS2-based materials 

fabricated by a centrifugal heating technique and their corresponding electrical transport properties[238], 

(c) the Seebeck coefficient of samples sintered by SPS with or without sulfur addition[238], (d) standard 

free-energy changes for the sulfurization of TiO2 with CS2 and H2S[227], (e) XRD of TiS2 powders 

prepared by CS2 sulfurization at different temperatures[227], (f,g) schematic diagram for the mechanical 

exfoliation of TiS2 and its enhanced TE performance[239], (h) the combination of LASE and ionized 

impurity scattering[224], (i) schematic drawing of graphite and WC/Co molds during sintering[216], 

and (j) the obtained bulk densities with different sintering conditions[216]. 

 






















































































































































