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Abstract

Ther moedaerctdiircsatt gmpenaeutre di fference or heat
on the basis of the Peltier and Seebeck effect,
mitigating environmental i mpactelardrbuwi Imhitreg i a |
primarily wused in niche applications such as s
with ongoing research and devel openeatih € apdrvoadnuccetd
of reofrfel citemf gctciowser iaenndd| gcot her moel ectri c devi

thermoelectric materials is crucial for expandi
to more everyday scenarios | i kweponabladbd ¢ awntdd mme
et c. I n recent year-metal médimbbal obgéehiedéesacT P E:t
reported to be great potential thermoelectric |
to its |laongéf BeebadKydtosreodm t e FplSraataufrfeer s si
sustainability advantages. 't i sefkfneoovni feo,r demg
noaoaritical el ements, and | ightweight.

With this motivati on, the main work obasgweyd Ph

thermoelectric material s wiia hdigfofoadr et ithtees dnfoizd @y i
is based on the relativel y,mwdtder ivaln, dvwehi cWaad sn ¢

—

species as intercal ani(sklei®Em nploiwsnkivear Ki ngr bnc

o O

to 0.05 were -pi gpaperd ruesd mitgi an sarnd dspar k pl as

-

on cations are served as the electron donor,

—
0

e meanti me, structur al di sorder octawmstelie biyeduca

l attice ther mal conductivity in the direct

o O
—

ntribution is |Iimited in the direction perpe.
mi ni mize itsdulattidceg 1 mertnmael pceamendiopwl ar
gineered transitionztnoetiardt rsoudyfdi edresst n{@lm gf tNibdl & &
mpositi-xams wihteh pTiiSnary phase, suppl emented by

—
o S5 O O

omi se for reducing | attice thermal conducti vi

o T O o
-~

ontinues with the odutromyremdgicersemiong i ralemd.y
his woelke merutl tchapedi @l S, with Y and Nb,i tLteas,and

—*

were investigated to further explore the poten
perpendicular direction. The | attice ther mal C
the increased di veelsdmeynto bd oepeephoeTn t&net il aymenaa thted arpui
strategy enables the reduction of |l attice the
compromising its |l arge power factor.

I'n summary, froyx uBRlkeB weu Hteasii pgadidnegd Tt ISer moel ectr i c

Abstract Xl



findings indicate that intercalation effectively
direction, thereby notably enhancing the figure
perpendicular direction, peotmrepywgengrategyndgoe meni
thermal conductivity while maintaining the integr

Xl Abstract



Zusammenfassung

Thermoel ektri k kann direkt einen Temperaturunt
und umgekehrt, basurd e 8eeflhiaedkkt de Di Pel zieé gt ein
Linderung von Energiestressyrkanmngeneundngarmu nAgu
nachhaltigen Gesell schaft. Ther moel ektrische

Ni schenanwendungen wie Raumfahrzeugen oder Spe

fortl aufender Forschung uhdrtBEochwi tkl unoche e Ma
Designstrategien jedoch die Produktion effizi
t hermoel ektrischer Ger ate. Die WeiterentwickI u

ent scheidend, nugneni hirbeer AnNWiesncdhue nanwendungen wi e

allt2aglichere Szenarien wie tragbare und medi
Power Pot us w. auszudehnen. I n den l etzten Jal
l bergangbméekapgkdi de (TMDCs) , als vielversprecht
Anwendungen im mittleren Temperatur bkoefifcihz ibenti
(naiBOEOVKYH bei Raumt emperatur bietet Ti S auch
bekannt fer seine Umwel tfreundlichkeit, Kosten
l eicht .

Mi t di eser Moti vati onDadksttordired e Ha u pdti eer bHee rts t red il

basierter thermoel ektrischer Materi al i en mi t
verschiedener Strategien. Die erste Stircktengidee s
geschi Tih#atemi al s, die eine Vielzahl von Spezi

s
di eser Arbeit wurden,Ted/egbhi mdemlga®ini erittei sTi &, 0L
Ver wendung -Fdigndessimgr®akt i on und Funkeepl asmabi ¢

interkalierten Ei senkationen di enen al s El ekt
Verringerung des el ektrischen Wi derstands. Gl
verursachte strukturelle deor@nutngr wesmatl ¢i th? b
parall el zur Pressrichtung bei. |l hr Beitrag i s
Der zweite Ansatz besteht dari n, die Gitterw?ar
Desi oqin entderngd@ineeerten | bergangsmetallsulfiden (T
punktuell e Defekte in der Ebene einzuf g ghren. Di

durch eine geringe Dotierungwdmi melZei t Nbhuogkeila,

wa@ hrend der hohe Leistungsfaktor erhalten bl ei

Engineering fort, jedoch watdemuBSékerbhUEhSmé mige f
di eser Ar bueligtli e wdeantdieenrMeg eTii Rl i en mi t Y wbnel Nien
und SeSteedfl eh untersucht, um das Potenzi al zur

Zusammenfassung Ul



senkrechten Richtung weiter zu erkunden. Es wurde

der zunehmenden Vi el-élaé ndeoutte rer Eleenmén tSe ipm omuletsisi v
i st dass di e -eSternieotnetige e u ndhe kd iineEunh Rad e r Gitter war me
unabh?2ngig ermPglicht, ohne den groCen Leistungsf

Zusammenf assend konzentriert si ch mei hasDekt oer ar |

t hermoel ektrischer Materialien. Di e Ergebni sse
Gitterw2rmeleitf2higkeit in derupahaldiel ¢éei Rt ahgs
di eser Ri chtung erheblich verbesser4£ngi meeldeignegns a

Strategie als vielversprechend zur Mi ni mi erung

Richtung, w2hrend rdiisec hlemt eTgraints®ptord ersa herleenks er hal t e

XV Zusammenf assung



1. Introduction and motivation

Todaywortlhdke faces substanti al energy consumptior
helal] There is a growing realization of the i mpo
maxi mi zing energy efficiency and mitigati[2g en\
3] Thermoelectric (TE) technology offers a un
di fferences or heat flow into electricity, and
and Seebgdk 8BMafsd et sheat can be harvested and c

through ther nmoheilrceh¢ tyr oo deermesel ectric materi al s

generation efficiency is primarily determined
incl utten®eebeck ,coeelfefcitcriiechatl (aeoaddt e wj]icy] cAonn d u c
i deal t hermoelectric materi al requires both a
to achieve high power generation. Simultaneous
preserve the temperatuapdgcalddesidbset wEk@'Ydhmeh
of a thermoelectr®t "YWaM,ervvYatsh t he défioh @lfire ats heemp

ealm of thermoelectric research®’'Yyatuesti sfseha

-

ignificant camrsitderadao e oesnicefnité mei ovelf8ft Aevaamiset
f promi sing candg®dat §slPe] Pblgleju@eallied PH&Iufs[]1e3r]s
kutt é¢daddliatehst,ajt 2isnt[l 1,6hcdxe e been extensively

hermoel ectric potential. However, in today's

w o o

—

that we need to expand ou®d'¥fad diwtss ibse yboencdo njiunsgt ia
i mportant to also consider the sustainability

composition, fabrication methods, usage, and r ¢

Titanium )i ,sud fmameb drTingft alheditataalsd d g erhiadse b e(eThM
gaining gr owi nyapautktieen tdiso no vaecrr otslse past t wo de
thermoel ectri[&FQT Itiat adwyrsges ,i retattenti on i s att:H
physical properties, as wel |l -edd eictt9d veewietsiase, a lan oand
and-fecoendly [cZRFwogi ttihemranoel ectird cr amppWwrnedtdonag
tempentayme esemi conductor with a small band gap
ar oiu3n0kV Klat room temperature, demonstrating pro
thermoel eclt2246d iBatystiadll $ zes in a | agyecempesrnog
SITiS subl ayer s, see Figure 1.1. Each sublayer
sandwi ched between two hekldgonabl asherd samnd &rra
and evenly sgpaxcxied, afl oatgartilyeg tfaeh®@edr a organi zed
packing arrangdmhé&nts.ubWiatyleirs , t lme o is are connect
wher eas bseubMeaeynertsh,e bondi ngS iwar acdrl i Waaalesd (bwd W
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Experi ment al resul ts have repeatedly confirmed

significantly disti nctpltarnaen-safinddrato eprdod7ertttdtBga dal on g

the stroni@ bowalseconTiri bute to the higher el ectri
observed -pl amg diheecnhi on compialradetdi 4 dathiceak boBhied
exhibits superior TE performance in the direction
t he par al[l2"MRedanmrlezthidpmoms tSr at es a comparable p OV
temperature in the perpendiculleRE thatectaba,tappha
ar ounwc 7 2L However, attributed to its light &ele

thermal condu'tkili mipySeés &.BidVhanadtuiesn owotiabsy surp
f Tt 1 ."B'[WM , 6 CoBn2sjequently, considerable efforts
reducing the thenhgltreonmgdbhetnii nigtaym diont @TmpS ehtethai inm(

o

c

nderl ying mechani sms [p¥386honon transport propert

X =7r, Y,Nb, La, Ta; M =Fe, Co, Ni, Ag, etc.
Figal@rystal strucyuretefs phateteldnBéaFti S5doped Ti S

The main approach for reduernmhagndeep @ihmtn oche fimeatn o a a
intercal ation or el emental doping, as depji)kcted in
all ows for various species to be accepted as inte
Ag, Co, [ &Q,] eltkcal)i d ttli,omMsd O Na ,[ ME)nedc ud tersuct ur al b
MSM= Pb, [Bjawhisxnh) aids in phonon scattering by in:
stacking faults. Il ntercal ation with Cu, Ag, and C
reducing | atticéeé YihnesTmado rc emxdungit theyfi rtaosymd S&Kibe aNane

foxxr0 to ™ffoxsMIn 1 at room temper attlisS8.THnha se | beeneenn toabl s
doping, the introduced octahedral distortion and/
or nonequi val ent substitution also play a <cruci e

Il nvestigations hahe beemspontupregpgeohi es of diff e

(@]

ompositions with Ta, Nb, Cr, V, Zr, or Mg substi:
si[t3e3 4 7HPHping with heavy el ements such as Ta, Nb,

-2- Chapter 1 I ntroduction
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o

wering | attice ther mal conductivity, wher eas
|l ocity due to its lighter weight. However, r
oper tJihas ipmimMaS i |l yefemeseddopi sgnhgWwieth -1 i mit
ement doping.

e intercalation strategy is particularly int
tercalation in the van der Waal s Igatptsh eiremtarl o d
nductivity. Secondly, the intercal ated metals
nductivity. Therefore, in the first wor k, ou

tercal ation on ptriog ean pifFeest woafp iTeSt & @atnes ¢ od, 4 en otno
xicity, and abil ictoynptaos efdurt mi €u monrde AglBeecsti tdbeess
spired by high entropy alloys, entropy engi ne
phonons ,amd t®tbdéedetvehbepf oomahceigher moel ectr

aditional Eoprogypatbwadyese.nl ipkeoppsesefdorama nac eg €
reening potential multicomponent thermoel ect
t cleangepbyess | attice ther mal conductivity or/

crease t he [Se&]bTehcek ecfooerfef,i dine rnsth ewes eecxopnl do raendd ttht
entropy ealgemertri dgpimudg tin reducing 2t hethatt
regeéidi peandi cul ar to the pressing direction. I
at The sliatetsi,ice t her maelngcionnedeweesd wliitghpi 6 f camt ¢
expected, but the high valence of Ta and Nb
e to the gencaerarsieeri 10 ceheagnenat iy p neMee neexnptl od cepdi
troducing equival en aé¢lkene mnaamldd itaoewaenlde e t, s hi
and Nb, La and Ta, to maintain a balanced che
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2. Scientific background

I n dhhaiptve rmtd uacred dti Be ufssndament als and basic pri
findings of the present thesis and .dhrearwe tiowse ,g ht
chapteraspumenadritteedatas est avinalviclointvyetilsre memoerl geyec t r
t her moe(lTeEmptat iec i a$ st adlmgdobd tee rfiodlEappl i cati ons,

fundamentals, ongoing endelTatmer 6 or madcehal |l enge:c

2.1 Sustainability in energy conversion
2.1.1Global energy crisis

Ener gy hdaesmabiedagc r oss many countries globally sin
in Figure 2.1(a), driven by gl obdl4.&fcpuldémmigo n of
2018 | EA Wor bdwiEtile bgyp ®bpbe ckraguebkbyg tLacmoder
syst ems ,neaanrdbywlilt.ihbn more expecthey 2a0s5 (gt diien pwp ud |
grows, the imperative to supply sufficli®z2ht =Shler
This gl obal energy crisis is capturing the int
det ai |l at what sources provide this energy fro
remain the predominagret theurgoad uafl amdrogy,i nde sofi

nucl ear, hydropower, wind, solar, modern biofue

The -o@kirance on traditional ener gy soeoamicesi oresf.
Reports ind2jlcaa esttahgage riinn g2 08i9s% ioofn sg Iwebrael aGQ r i b
and indust[rbizgdg Whatei viraidés i onal energy has 1long
action has been taken in the past. Only in rece
niche technologies to taking th¥hislpetiéeégéadwallse

shows promise, it is not yet prépa3ifRaf ooefweél yga
out traditional energy, we must first establi sl
I n addition to the factors outlined above, unex
by di srupnfimagstmweatgyr é, decreasing energy produ
energy transportation, and more.

It is evident that gl obal energy consumption hc¢
and the dynamic changes in global energy consun
Gl obal energy consumpmtjiexcn ooont ibruuesati tas su pwa mad
to 2% pe9]UYrelaess countered by enhancements i n e
demand will -pwmep@pet watoewt Wedm gl obal energy <con

demand poses a significant <chal Ifernogre ftoos stirla nfsuiet
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| ooovar bon sources. To addaebsesntéadnsergphasdbenges me svt

growing demand but also compete with existing fos

(a) ober (c) Q) Human snergy quest
120,000 Twh e I/'(;""
f 9
100,000 TWh \ \ f\‘
80,000 TWh { C\ J/
(f) / N P——
'\‘\" \ »
h ‘ \/\ / \ ./ \v fh'\. < > e
LY AN VLA 4 58 b
y N (VAR RV || R e ot
0% \‘l/J I‘\
29 le i Motive P
1966 1970 1980 1990 2000 2010 2022 Electricity %7
Figate@l obal energy demand and energy conversion.
sou[rdac%®e] ( b) annual change in4,PJranndar(yc)e nseahgeymactoincs uirr
converting primary enerfgy4fyesources into energy s
Figure 2.1(c) depiptacdpirg mafy yi @®akei rrgiymersegyoil ocrees
such as dhealtoirn dmeghhtani c al wor k. There i s an ar gume
energy flows | ike solar, wi nd, and Hpawveeepowet 6k
essenti al to recognize that any system of energy
environment. Achieving a sustainable energy futur
l'ife cycle of ceoenaecemphisshddi shrcawmgh vari ous mese
renewabl e ener gye nseocugrycveesr,s i eonnh aenfcfiincgi ency, and i mp
recycling materials used in energy conveémgieesns. R
in reducing carbon footprint compared to fossil f
future energy |l andscape. Absolutely, tramsiits$onin
crucial to remain mindful of the carbon footprint
peri od. Whil e we work towards integrating more r

mitigate the enviraement aluchmpact mpt ovemgiilmmer gy
carbon capture and storage t-eechniohggfesl sandema@an
This balanced approach ensures that we continue t

emi ssions 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 fir s
Environment and Devel] p]ndehnrto u(gWMCED)s ilna nld,87n k pu

Brundtl and Report or "Our Common Future," the V
sustainabl e devel opment. This report famously
sustai edbpeedévy ASustainable devel opment is de\
without compromising the ability of future ger

growing concerns for environmentadéemandtacl agnae e
i mportance of sustainable devel opment. Sustaina
encompasses three key pill ar[s5.6]ddo neommpihca,sierewi r
har moni ous balance between t hetser m| &adneaarttsa gvéns | @
growth that safeguards both the environment an
l'i ke recycliwcyg, eaehdrgpwpodkefhessensustainability

encompass a broader spectrum of considerations

SUSTAINABLE ™ &
DEVELOPMENT 7=«..:’ALS

L] GO0D HEALTH QUALITY CLEAN WATER
POVERTY AND WELL-BEING EDUCATION AND SAKITATION

it

DECENT WORK AND 1 REDLCED
ECONOMIC GROWTH INEQUALITIES

1 CLIMATE

‘I PEACE, JUSTICE 'I PARTHERSHIFS
ACTION

AND STRONG FOR THE GOALS

INSTITUTIONS .ﬁ“ ”}‘

3 - -

v -
an

)

-

Fi g22le7 Sustainabl e Devel opment Goals ([$BD/Gs) wi

The United Nations (UN) has established 17 goal

Goals (SDGs) , which ser \eé&.7Risgua eurRi. Rerdsiasilpl aylsl
Devel opment Goals (SDGEhesetgbgl shai ni 6o eendapao
and ensure peace and prosperity for all peopl e.
part of the 2030 Agenda. These goals are inte:¢
outmes in others, and they emphasize the need f
economic sustainability.
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Soci al sustainability is about making sure that ¢

people have a goatsquabbuy ombkl nfesutre that futur
good quality of Iife that we enjoy. Environment al
to maintain i ts natur al resources andmodleirmat e.

corporations balance their operatibnsttetprboehs:c
purisi ng sustainahhlterdaValsgpenna,stmwmuldhiegyl craml enel p de
cosefficient aanldf yd rewidrl oyn mmeantter i al, a n dvd ntthr i thiug e d fof it
promotion of a circular economy, where resources

thereby minimizing environment al i mpact and foste

2.1.3 Pathways for a sustainable future in energy conversion

Transitioning to a sustainable energy system for

including i ntegrating renewabl e energy sources,
minimizing |ifecycl esii-fngathhsc s pl asi dmetre iBi nocommpl
pat hways towards a sustainable future in energy ¢

the above mentioned three aspects.

2.1.3.1 Integrating renewable energy sources
I'n Junthe2&22rgy Institute (EI) publ i sheds.8tfhe 202

According Revibw, nasweptotted in Figure 2.3(a), th
fuels for energy consumption, even as[ 5%]frewablees
2.3(b) shows the proportion of energy sources in
20p89]The year 2022 saw the | argest increase eve
capacity. The combined contribution of sol ar and
electricity generation, surpagsigngwhbhcliearepewabl
energlyated emissions have once again increased. E
energy use rose by 0.9% from 2021, reaching a re
equivalent. dhsesetemeds8owsot the total gl obal em

(a) (b)

Renewables 7.5% 50%
{excluging hydro) AN

e Hydroelectricity 6.7% '
Nuclear 4.0%

40%

o 316% ) T

30%

20%

10%

Cual 235%
0%
2008 2010 2012 2014 2016 2018 2020 2022

* Natural Gas 26.7% o ————— Coal - Gas - Qil  —— Renewables (excluding hydro)

Fi gA3Eener gy consyrmmptijl{ah &ysesbaim energy c,ongmdnpti on

the increasing share of renewables of gl obal powe
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One pathway to reduce gl obal emissions is to re

Ssystems. I ncreasing the integration of diverse
power, and others,msntanelkebpi aghieeaeegyhisygsgeal
sources, we can decrease greenhouse gas emi ssiC
sustainabl 6.6 hTelrigsy pfrudaaueases ent ail s bui Bdwlinrgd i nf
turbines, and i mplementing technologies to harr
devel oping smart grids and energy storage solu
generation and ensur ey asurpeplliyab | @f amaurssteabliet e

v

i nvest ment and government support to facilitate

2.1.3.2 Improving energy conversion efficiency

| mproving energy conversion efficiency is esser
reducing energy waste, and minimizing environm
met hods such as technoltoigmicadt iaarmn,a ntclreenens es , o0 fp rco

systems, energy management -efydtcd man,t aemd [terisd natd c

Efficiency improvements | ead to a decrease in
reductaisermcimted environment al i mpact s. Enhance
and transportation, of fers subst a[nG.2]aHo rr eidnusctta
measures i ke buil ding i nsul ati on and i mpr ove

significantly to these savings.

Onapprodch mptrivevi nger all energy <conversion is
competition, environment al restrdioteossyveanddas
proactively seeking solutions to heaatnetstse yanau rr
rel ease into| 6t3njAsenmnvhier emmargty fl ow diagram gi v
process primarily consumes energy, with only a
as eff ec[tbd]é mpmevgyng the optimization of contrc

be prioritized to focus on reducing avoidabl e

When optimization is no |l onger tteedlrmitcalahy bandt
through methods | i ke heat exchanger s, heat pun
avoiding energy |l osses proves chal-dietng, nagi t hdr

heati ng/dcsooolri nbgy gcroinv er[t6ibnégsi di spl ayeldsddnh &Ecguy
a variety of technol ogies that can be wused f
thermoelectric deviOtgani citCRaimeipo®@RC) p | spwpnwserrc r i
plants, absorption chillers, and heat pumps. I r
t hat have the potenti al to be i nitretgax atehi dlind oe
i mprove fuyiehtefdti cérnsystemMore detaeée |l waaboe alha i

be found in.the next section
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(a) Primary energy Unrecoverable waste heat

consumption Waste heat energy

Effective energy

Waste heat recovery potential

/‘ ~ ™~
Avoidable [ Recoveryas | KConversionto\‘

waste heat thermal energy mechanical/
Optimization of: Through district | | electrical power
Production proces heating and Waste heat to
Control system cooling, other power

\ thermal usem/ N\

(b)

1000
£ 900 . .
g 200 A. Stirling engine
§ 700 C. Steam power plant
I
5 600 . . e
£ jgg B B. Thermoelectric device plant
o —— ()
E 300 D. OCR I
E
= 200
@ mabsorptionetier T e
0 power output, MW
1kw 10 kW 100 kw MW 10MW 100MW
Figkda€he potenti al in impfoévicngneynwer §pn) c&Gneepgygi @

evaluating waste [h6dajtandec(obv)ery pwmmarty abf techno
r e c o[veebr]y

2.1.3.3 Minimizing lifecycle impact

Lifecycle thinking encompasses assessing the envi
and consumpti be agctbgsosmbbpevs materi al extraction a
di sposal . Il ncorporating | ife cycl e amaskd sngmehnetl p(sL (

identify opportunities to reduce environment al

suqtadii 1 ity throughout t he [e66IQ]r Ehild fepmEryacd eh odn se
sustainability considerateil@ansedaraecti nt egeatedr bmt
devel opmedti fteo neannda ge ment , contributing to a more

energy manageéemanti .n I Qiewmi cui.gth t he comparison of

and processes, LCA <can provide insights into 0]
performance of energy conversion processes, and e
ener gy ctoencvherrcslioogni es t hat are more environmental | )
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impact

indicators

|
l process description process description process description

rocess description

. input | output | process
I input output |process tlows. | flows | parame
I flows parameters
e.g. eq. '
energy temperature
tant current o |
clriciy G M densit process description
i 1 O input | output | process |
information costs meta data Tlows | o]l Ba assess
E'?' alternative 3
L rererences process chains |

evaluation & feedback loop

Figas&ener al model system strGikJtud]le for | ife cy

2.14 Sustainability of thermoelectric candidateTiS;

This thesis aims to make a contribonhieownft ohehe

recovery technol ogies, by studying Weh ésotggmiskt @i n
delicate balance betweenf smatTarinalbodt ef ywandayper
the maweerélrdsesse not only meet the necmissiamgl p
environment al i mpact .ltnh rmoautgehroiuatl tsheelierc tliiofne csyucs
encompass a range of factor s, including resour
environmental emissions, RBRasegodomnthasde foonsicedse
i nvestigat esmatuesrtiadlnsa bfl er Tt ISei r JniaBteerrmoael | se catrrei cc
sustainabl e ebecaarmswi rohmetnht al | ¢ f fferciteinvddinyeis @ @alt un
composi tas@nsf recycling

Since t hehds 7a0tst,r aldtSed a | dte adfi nigntter eas tp | @&ft hroa st
topics from structur al studies to appl] &/Ht]i ons,
From t he p e reslpeencetmtugelo soift itohne, the composed el eme
not in dangerAsofdi a ps @y edlyotnhi $kiguarned 2S 6el ement s
unl i ke Te, which ©klTset hbseethoehecommer maaér Bal s an
t he next[ 71800s oy,e alris .a n dt oSx i acr eiTrb @nt aHte wridaem. nsdcahhma n | n
(HHI1) is often used to assess mar ket concentr e

influence mat er[i7a9,.s &euplpll it falnedti Ipatiefe alhmo HiHI al |
fi88telements in timel oedieihagdrpa totalduticlde) o f ( &lelt i ng
speci fic geelpeomarnti,csasofwelhle as g)f,orb atsieedweonntd & Ip o 5 €
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t hat <coul d baes pgriovceedbscsiench Fi lgiug e p@isntc oonfp osieew,of Tiad u
el ements THHdahd1$PpOwhkH{o7T0A608naé&and 1000, respect.i

val ues i ndicate the | ow mar ket cdetTEnmatéernal s Col
whiHHdar e 5300HKEAad e2$®®,0 and 4900, f girs Bmuam dmdre
environmentally sustainabl e.

(@) Ths 2% it st st sk op Syt (b)| This work CS, ——S,, Ca$ = C

(Fenog-|-»@.oa-j-»@z)—ﬂ—a

FeS CO,CO, CainCaCl,

Kol C, Cl, MgCl,
r . - ; .
Pr::t:ess'l @-IOZJCOi,COETICI4) Mg

L
FFC CamBridge ~ 110 1 g
& OS Process Ca in CaCl,

HHI
Production Reserve

Abundance
(Scarcity, C)

gl La Ce Pr Nd gyl Sm Eu Gd Tb Dy Ho Er Tm Yb

HHI 0 2000 4000 6000 8000 10000
Abundance (ppm) 100 000 1000 10 0.1 0.001
Scarcity, £ (ppm) 10 0.001 0.1 10 1000

Figebea) The periodic tapbT7,&] (obf)l etohdeangéer ed eof emeén:
procle83Jasntdhe(rcp)odi ¢ table indicating el emental scar
i ndfi 8]

I'n the fabzi aat iwerd akfar Rw8h2ch involves solid pha
phase synthesis, and gas phase synthesissc,alsome o
production with contrdlilguijder coetaasti eachndsmebbkan
No nmatwket her the synthesi scamdbesimndmplietge draotcerse
t emp e rbaetl oM SWhkK ch suggests a | ow energy consumpt i
TiBdaerials have found wide applications in energy
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their |l arge specific surface area, tunable tra
' ight absorption, which cont2rO]dhtee hdesbotshib@st
environment al sustainabuslageg nfdarmpyn ¢ ther apgeer spred |

Mor eoveod,i feenrdie Smoel ectric materials can be ea
recycled for Ti production] 83 oploeswmn ian meit @u i e i
for Ti prodiauctTéi®n bear@&@dBced to Ti powder by
simnéeobas el ect-Cakbyessliwtst hnt heCa&si dual sul fur in
| ow as 0. OT2ele amas so%S .rswuyp@loirng Tih® circalllaaor eco

i mpoftamtfireustai nable material s.
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2.2 Thermoelectric effect

I n the dwbhdmawtngrs, the foundational background o
focus on the discovery of TE techniqgues, the mate
of TE materials with high momluy ess eod fmaebritcatFiuon hr

materials and effective strategies for enhancing

2.2.1Thermoelectric effect: theory and historical perspectives

Thermoelectricity is a technidqguearvherrosuigohn wohfi chhe aw
electricity or vice ver $88B3opasedoghnltyhdapipenmoeloe
when subjected to a temperature difference or whe
thermoel ectric effect is a gener al term for thre
T h csnoenf f[ 8®dt, 8 7]

The early history of thermoelectricity dates bacl
Vol ta studied " amelmddlvaedad enettrail si,t wr"atehred t han ani m
generati NgB.8eh ele®&timan yphysi ci st ThRrepuoakatdod amang rBesteib
compass can be deflected when positioned near a c|

two junctions at[ 8dALf ftemaetntt itreenpehathbelkiseved that

caused by the magnetism induced by a temperatur
ither momagneti smo. Dani sh physicist Hans Christia
ter it her mole9,wlhtrect hgdSeebeck effect is stildl nan
honor of tA® idlilscotvrediteedoli naFtclgosed 2. oop made of

when there i s a YYefYp éYbettuweee nd itfwfoerjeumcce i ons, the c
from the hot side to the cold side, t husYao nducing
is proportional toYYatse temperature difference

Yo Y Y'Y %)

The proport'Yyosalmety meaicd adbeflieded as the Seebeck ¢
VK. ilatlt so known as thermopower. |Its mageVKiude for
Yis negatiype Bemiconductors (electrons pagpeéehe doi

semiconductors (holes as the dominant carriers).

Thirteen years | ater, in -LBfhdysaciFstencbheamt €hamnak
Peltier, discovered an [%91EHea fionuwned steh aato whheen Saene be
is forced to flow through an isothermal junction
depending on the direction of the current. Pel tie
Jole effect. I n 1838, the Russian physicist Heinr,]

of the effect anad odheomoorusst rpahtyesd 8iat] S goshlebnmo neemeo ne f f e ¢
as the Peltier ef#,ecftor Aas cslhooswend ilno oFp gmardee 20.f t wo
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el ectri ®@ad apuplrieend, it wildt gtemee rjau rec toiro re xpg aiarctt
extracted hedtWOp esr puriptordfi otniathé&atso: t he applied
Q0 o
oo c®

andare the Peltier coefficients ofs tnheeg attwov ems:
absorbing heat and positive when releasing heat

In 1854, the British physicist and engineer Wil
di scovered a thi[rd3.,t tsdnmoel eettrhe eéfFease or at
current flows through a homogeneous conductor

Figuhefdr a closed |l oop made of one c¥VYiducthoer ,
materi al an® duwrer egmtn dfulca ws wi | | not onlyngener
with the surroundi n@dQo Sher dpartt iexi@dnantg@ nipledr ect
di f f &tyasic e

Qn .,

EbTQY €]

fis the Thomson coef ffiicd emeagatwiver whhen urndlte adi
absorbing heat.

Seebeck effect Thomson effect: heat absorption

TD+aT‘ - —— To

Heat s Charge Heat

Peltier effect Thomson effect: heat evolution

+
To a_‘\.T' ¢ — Ty
Charge ) Heat Heat
Fige@ar@chematic illustrations of the thermoel ect

and Thomson[ ®5fect (right)

Besides the Thoms ®nx pd fafi metd, tThlreomedmmtdlons hi ps of

as the Ke] 96hwhiedhatdaroensgi ven bel ow:
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LYY 8
Y .
QY C

The Kelvin relations demonstrate that the ther ma
determine all of them once we know any ohéeof the

Seebeck teffheieasiest to obtain experimentally.

2.2.2Thermoelectric materials: criteria, advancements, and applications

On the basis of the SazeblRekmaalde Pterlith eg emedif @tcdr i €
coo(l BE€Can be designed without any moving parts, c
relying on the transport of 99k atsr dnspadmBgaephaomoirrs
Fi gu8(es)RPows a basic pri,wbermpteyep eptaynpdeel EEsmadel eonn.
series with metal i nterconnect s, forming a cl oseiq
|l eads and wires. In the power generation mode, h
mai ntai ning erteaimee ractr ursle) Odjihfefe moelluy,e in the refr
electricity flow can be converted to heat flow to
modul e. I n this thesis, we only focus on the powe
or hdsdoe such TE couples need wtidhbene¢laé ctcroindallclt x
sealed in terammiaiplatesafficiently [ a&a0Ge ®wWBR]age
shown i n8(bi)gure 2.

(a) Active cooling Heat source (b)

\

Thermoelectric module

P n

(I

— — [~

Heat rejection Heat sink

i~
>

“—0
0

e
-~

. Negative
(-)end

)

Ceramic plates

I " Conductors (copper)

! e p-type
- I + — /\/\/\/\ semiconductor
1] n-type
semiconductor
Refrigeration mode Power generation mode

Positive (+) end

FigeB8chematic depiction of t fhreir moied la@ecdt rhiea moe d @ Ic ¢
modul e for refrigeration mode [ 8 ELC3nasmdbepawerc ge

di agram of a typical modul e with many thermocoupl

The primary focus in this field is consistently o
researchers activel yl@wd®bkiimg maxiamdamoé hfaiscligemd ys
gi vdrL 0o&sd

Y p
Y
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The efficiency is |im¥VtyedThy sbdeolCdrpatt edfith

the di mensi onld swhfiicghuries oa kneeyr iptar amet er r el at

I't is given HyoOt’rHe expression as

e “Yn o

whetYies the SeebecK!,caeftfhieciedretctirn ¢MIK sc @ haeu athiew
conducti VK't yad¥hd Wme absol utdéYy it ® mplee ad weremvwyer Ka l
the temper at u¥a&n'.anTghee bpeotwi@ere nfda@ dii'"@iYd, aasnd it i s

an i mportant parameter to assess the TE perforr
0.8
Geothermal/organic Rankine
07
Geothermal/Kalina Carnot cycle
>
2 o6l Cement/organic L ZT=20"
3 Rankine ~ .~~~ et Curzon-
£ Coal/Rankine __..oeeree=" Nuclear/ _— - — ==—| Ahlborn
£ - .
@ 05 | | | s e @ _ - Brayton + Rankine limit
S i Ly vt -
-g 04l /Stlrlmg e = olar/Brayton 7T=4 —
52 ® ..y Nuclear/Rankine //_-
$ 03 / Akine .-~ @ pisi e T Zhi=2=
T / mgty __________
% 02 JE R
o
ZT=0.5 4
0.1
| 1
400 600 800 1,000 1,200 1,400

Heat source temperature (K)

Fi g@9Teher moel ectric power generation efficiency
cold temperature of 300 K, and the efficiency

conversion t@®&lhnol ogi es

Nowadays, the power generation e6f haeritenicl nmnoat eTr
is aroph@492Pp% andeecendatly realized a high exp
efficiency ofenl3ophpawetdembht ghi als. Still, the T

enecgnpversion technwml’Yagi eéls sgluay 8d TihheerFelfgowree, 2t.c
high gewerati on efficiency,0’'Yal is @fssEBt0al ertioa
necessitates a material "Ywi thhi gsh ledregd, rsealh d cchom
t her mal cllon d @va wggvhihdirye typically observed in cr
small band dapstywhicheél kkawlsd arl \ § d #i3rimarincenei, at e
of Apdhlowsdeecctrryosnt al 6 ( PGEC) was plr9ogplbss€4BEHvbpnp Bhaao
these three physicalrepat acdetwert s @mre hsot bregl v as
22. 3, heavily do[pleldd &Jedni come uc 0 ojplsleX L Jonrad ecli @ s

satisfying the aforementioned criteria ap8]are
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Reg
Fig
i nc

res

arding the advancements in TE materials, the f
utd e c3a. primarily focusliiengantia P#lela®®dZ 3]y Thdeo ped
orporation of all oying or battithemmdlutd¢ @amdu cctain

ulting ®dOMfa ampuh&@umB2 hlce t hen, extensive resec

on this topliec,alanody thhaes Bsit ood as the most wi del y
applicati pph28univb®] eowwvhegapnaemowombmadmdt ors with t
properties prove efémpei ateuirfserialp@iloimc@ammpdoiwt i on 0
heavy and highly toxic el ements, such as Te and
sustainable devel opment . The -1s%%0sn,d pardovnaontceedmelmy
concepts of gonanbonon EPGECI3IMd melléhtelsree new concepts |
experimental efforts in nanostructural engineerin
TE materials, skukéehaldi tdeysicéms hr at[elsh,,-18BPR Zi nt |
Thé'Yal ue can be doubled by realizing the compl exi
t her mal conductivity, from atomic disorder and co
and complex|[Bdibsttrhert morsex FEndian grti@alisnalriede mor
such as S9nSeCu[ P B Tloday, ©®¥ athiugh of around -3 can be
typaobred SnSe, although the thermall 138hbi bhoyt ofi
order to broaden the applications of ther-moelectr
performance TE nfartiean dall-esf & ehdattc sagte eco
. (a) Typical n-type TE materials o Bi,Te,, Se == (C)
o InSe,
o iate e Bi,Te,
¢ Mg,Ge, Sn 25| O SiGe
+ MgSi Sn ’ > Pb(Te,Se)
o PbTe # Half-Heusler
o PbSe @ CoSby &
o BaGa, Ge, o Clathrates +
* (Hf,Zr)NiSn S T N -
? @ LaTe, = + Cuy(S,Se,Te) o
L . y L = SiGe % @ Zintl phases B>
300 600 900 1200 E = Mgy,(Si,Sn,Ge) o
L — N ® In Se, >
. (b) Typical p-type TE materials : LagFﬁ;?COSbﬂ e | Qu.mm;;;g;"mm : +:
a TAGS o8 o
> PbSe Semiconductors T
—————————— © PbTe off o*
+ ZnSb, T | RSN SRS B ok - - - -
T I .
T i 7 S © CulnTe, e b
o Cu,Se
: o FeNbSb bl P ©
. s . A Si Ge . 2 y
300 600 900 1200 = Yb, MnSb,, 1940 1960 1980 2000 2020
TIK Year
FiglI@he devel opment of t hermioyeplee cTtE inta tnegptiearlisa, |l s(.b
type TE materials, and (c[)8]the evolution trend of
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\ectﬁcity generyy;

S M e

N

U
:l medical monitoring

solar energy  geothermal : i~
energy
H g —

S —
% e = ‘(.h wearables

p—
XV
‘ local cooling

Y
[~
&
=P
| .
~—
]
(=P]
=

S
$10suzs yuoa

industries

portable medical refrigerators

refrigerators
bottle coolers

. <
€rmoelectric O
Figar®pplications of thermoelectric materials i

Thanks to recent scientific and tlkehpotlt egt ical
in various fields 1ln, todalybaswwnbtde ( Reguree2ov
el ectronbodhlemmomelsect ri ¢ cowvéressd allbacbei auistey oafn dt
without any5mdudi29d4spdri spl ay e d nien oFi gthree maj or pr
is the TEGs for electricity iperpoadcuecftfisohno rien pel xattrfe

dessertas ¢gapgr ataen rel i able power over a |l ong
exploration, spacecraft such as Voyager and Or
generators (RTGs) with | ow mass andl oedxgtsrteamec er
mi ssions. Another interesting application of T
generator that doubles as a cooking pot. The Pc
el ectronic deviater byCampamgedoti d i agmpact sol ar
reliable since it can generate power anyti me a
installed in automobil es, aircrafts, nasdtoehrpsy
|l ots of waste heat in industries. For exampl e,
of the |l ost ther mal energy for battery chargin

10%. Further apmplcilauaati onmsrofgehEGati on for- sens
powered wrist watches aptd43nedilFdualt hmo miotr @r, i NTge C

potenti al for cooling without refrigerant gas .

Chapter 2 Scientific background -19-



environmenflflady commcebemsf ound in portable and medic
and electroni Eveobpl &rEsymead gwe lbseodrouddi liyn | i fe me
applications, making | ife more convenient and com

2.2.3Electron and phonon transport mechanisms

As mentioned earlier, the energy conversion of TI
phononishhwi tnhat eri als, and thencoude sgondiendGeEbepg&l
Y el ectric,gl anadndwetr imigil tuyd da n dnad teil wi tdyet er mi ne t he

this section wild.l briefly introduce the fundament
semi conductor s, and for those interested in delvi
a tkekaok on solid state physics.

2.2.3.1 Electrical transport
Based on the Boltzmann transpost debheomynedhbyeta

carri er cetamae rtthreatciabafsiledr5 ] mobi |l ity
. €9 &y

whe®Qes the el enmeamtdaap bbarc@é.cul at ed fwhoinc ht haer eHa |

obtained directly from Hal/l measurements, accordi
. P
€ — &
oy C
LY ¢pm

The theoreticalYécoaomend ake ognisvemobnygy sol ving the Bol

with the single parabolic band4G$PB) assumption a

N
y 'rQ | EO_—
Q- : 9.“0 B Qe
C —
‘ ¢CaQY |
e ¢ — O _ - P ¢
-
Q. o . 1
Co— 1 = QY — ¢po
o a
whe®e,i,,Q4“,2,f, aade the Boltzmann constant, reduced
Fer mi inte@raar ofenreffefadautciede Phasick constant, car

reduced energy, 1 éGpamdciavne lbye. eXddietsiscerda lalsy:,
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0 - Q-
B p AP - @ T
(0]
T oY @ v
Notabl vy, the isbheawserdiifg efr@aaotorval ues for Mdr £f e
speci fica3N?%,for ionized impurity scattering, 1

il/2 for acoustfit4plhonohescaseemwmnifngnost TE mat e
mechani sm above room temperat ubeiih2.acCauamssi de mpi
SPB model under acousAPS8) phomenSeséaadlkbeogi B
als148]

~

l.u‘ 'Q . “ —

Y —
o ¢ Yo @ o

According to the above foMemguarea hargeg@&eebdeck

and | ow charge &avirsi ecrl ocscenl cye nrterl aattaeodh tcaa nt e hkeaxm
as:

P p AOTQ
whe®ies the carWiert kamewagwe anect or. Therefore, o

ma $x§t hrough band structure engineeringlY consequ

2.2.3.2 Heat transfer

The essence of heat transfer is the result of
mi croparticles. Tlhies tdheepremmadl e ncto nodnu ctthievittryansport
vi brations; hence, it c¢ dnmsnidstas | aaft tallnf &e3ldepentt rra rbiuc

I can be calcul ated aEcandihgwtoas hgi Weedleymanhhe

Il 0,"Y P Y

b0is the Lorenz factor, gefWYK® |whiaohthanraemgealo

X . B U i 3
Q! CO— l CO— &
L Ko (S S o . & P w
l EO_— l EO_-
o o
I n 2Kiledt, al . proposed a simple eqguwamitomedy ansa

the experi mentwalbihn TWOK@amii avedd, gi[vE49Jas
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. SR 3
0 p® Agp— T
p 5 p o c]

l can be calculated according to thgplEDhetic theor

P. .
I 50 Ok & p

whed¢ & a@amrde the vol umetheever hgat velpaiti jpgh@mfnomhonon

mean free path, respectively.

Above the Debye ttheempveorlautnuertiraipcp rhbeaath esk g thet tDhuil nintg,
showing mini mal tedmpehan aunr emedaadp sfnpeear enma ti h'y i nf | u
scattering procehvaeonssachtaerphgnamd | attice def
specific mechanisms |ike normal processes (N proc
as scatterinmednebhWanmiasmeoausotattice defects such
di sl ocations, grain boundaries, plas aebadel bagvaaryi e s ,
modklkan be chlbBbl] ated as

T 0 . —. . oqQ ..
o 5 Y T 0—~Aw C& ¢

W = cg o

wherenfdare phonon frequency and phonon relaxation

Different scattering mechanfiismhicdhnti rsi Wette rtmo ntelde
the relaxation rates in dcléd®rldance with the Matth

T T t t E C& T
Thus, introducing additional scattering mechanism

In 1992, [Ca5h3hebr eti @adl.ly predicted the mini mum t

| owest possible value achievable in a crystal, wh
I _or o — 22 s &
. _ H — . v
" ¢ — Q p

whetuies the speed of sound from three so®umd trhedes
number density—io$ thems;utahfd frequency for eac
0 oFQ ¢ & T.

-22- Chapter 2 Scientific



2.2.4Strategies for enhancing thermoelectric performance

As the p¥Yr ardiatder € heor et irrcall dtye ds,t raotntgd mptcso t o e
parameters generally result 1950&€e wieth eaver ofia
coll ective ef forts, vari ous strategies have b
comprise among these three coupled parameter s,

review the sommbrbyessed the TE field in the st

2.2.4.1Donor- and acceptodoping

As di splayed2( an, Filger d idfdrse inft rimeat ¢l y rel at
concent8batTyegmcal ly, a carrier cohlt@fntsr actoinosn diemn
suitable for achieving good TE performance. The

tuning carrier concentrati ars idsoptaowtridghedrr ndudef @

|l i ke vacanci es, i nterstitilxlbyg, dalrbds (Ecx)tt e rsd it wee , wWa
been done on this topic, making it challenging
Additionally, t hrough deeper exploration, new

structure engineeernggandotemt obpwhendi mee sti

strategies of doping and alloying. Therefore, v

Dopi,ngcl uding substitutional doping and inter st

adjusting the carrier concentration ofeg v®biTeus

hal f Heusl er s, perovskites, SnSe, and ot hers.
212(d), diverse elements, including alkali metal
nitrogen groups, as well as halogen el ement s,

concentlrbabt]Cmeang C(ChHBaBgp ed S Se wintyhpdBrSrnBe makyest
overl apping interlayer Zcihfargepprdexnismdtyel mchi &vart
mat eri al sV,kcompabhdsV(V = Group V @rlcecunmenMis €eSlbe me
Se and Te), intrinsic point defects al splpbhy a
Binary compéeagamawn offr o/m stoichiometric melts tyyg

el ements due to the precipitation of Group VI

volatility, parti dAe) aill y usSt roat eSe .t hFei gwarei a2.i on
concentration as a funct it BT esfy sttedné htewna It hTee ac
tellurium (Te) content i's bel owei6Rg &t agthhp(é intdg
behavior, accompanied by a rapid decline in hol
at higher Te content, the ingmottypmeanddmrducdctichiatry
point defects play a duel rol e, effectively cu
scattering centers for charge carther sl emenaeb)
advancements in doping strategies go beyond uni
such as modul ation doping and X¥fads e8pediobi agl |
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uni for m,
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carri

2.2.4.2 Band structure engineering

Band

al teri

ng

structure
t he

rel ati ve

er

engineering
energy

enhanci

mod & i(ogn

Electron-phonon interaction

—_

Electron scale

ng

engineering

st rkantoenmni €€ omeart elre ail mp Ib

of el ectroni
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that resonate with the host, achieved tHrldudh r
We i sol at e ebnagn dn esetrriuncgt rreocm doping strategies a
their paramount significance in enhanc2 figt tihe ¢
well known that a high Seebeck coefficient is f
a*,  wi‘t B Ta’, whieirse the band ddegetbbaagneidect i ve

Therefor e, di fferent approaches, ahdkédahdndohle
increlasi@agadopted to engineer the band struct L
engineering the bandfsitecti mgeeifhmhelctdeacheée egrdi
structure with those of tthe hosathsmatseriioanl otf o che
energies, and the incorporatiinodmucefd reemeomantl elve
conduction or valence band of the host materi al

Concerning bansit fuatuareeai agloppbldat®ibdes ciomfd'a med
of Oblmend due to the hydsrtiadiezsa-sa nddi &HdBtawmede nc olnav e r
proves effective in increasing band degeneracy
energy W'Y hThefewpical approaches for band conv
through alloying or changing the temperature, &
a |l arger valley degemearpa®p.TeF arh giprosditgdicke ¢ & raihil ey s
the energy gap at room tRogpEtsa&aobeead ahi §heswnoin
temperature increasesdoenhermectasc hahrege ommeah .valHee
convergence to a desired temperature can be ac'tl
Mn , Mg ,[ 1a8nBd5 |Frur t her mor e, a systematic rise in
degenmtryapee PbTe with nanosized grains -forl trean aig
effladadte,, B&7]depi ctixhg. i Thé&i gpueseerRce of resonant
significantly contribute to the enhancement of
such-deospeAdd Pb-S8epealdig BHEB, 169]

2.2.4.3 Nanostructure engineering

Minimizing the | athtoethbegmahtesndectienttyyoss
high TE performance, and tHhe nmastgiefefne ontait veer i wad
nanostructure engineering to form multiscale |
guantum clohT0 neMahlpostructure engineering can b
milling or mel ting spinning with hot press (H
structured bulk TE materials with a higlRadens:i
precipitates or microsftto2tutAégl38]di spt h§2e hat me ki

increased grain boundaries play an i mportant ro
frequency, l eadi ng t o -tae nepuehiisatt aurttieigepl e i ramadyu ea li D0
decrease slightly in some material s, resulting
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or infévédacd@h®e] formati on of nanoscale precipitate

contribute tofsegueaciynghmedinsm etfefnepcetllifpvietiye suppr
Thi s phenomenon is-depedplPbffeag®Minh esmuhmama &y , nanos

engineering allows for the simneclrtooarceades phomniowna tsic
mechani s ms, enabl i ngl ttihreoumpahki tmae iredarcpéoat iodn of
scale scattering, as & thematically shown in Figur

2.2.4.4 Entropy engineering
Entropy engineering strategies have r escteanbtillyi zeende r
higemhtropy TE materials, drawing inspé#B8atil@dB, fdaa]

With an increase in the number of el ement species,
facilitating t-éoet fopynamawoear iodl shiwiht h over- five pi
stabili-peradseasisatgd ect t hesrlaomge parederr vef atomic arra
phaksceundary electron scattering, thereby maintaini

ti me,r smhpatdi sendeopiyn mhtghi als ari ses Hwethe sev
mi smatch of i oni c naass sdi sspilzaey,e2dd il dh O jFdhngdu dsetsaltoed,t e d |

significant-dar rsyciang epso rheemas, l eading to a substanr
condudtoifvidinygmopy [ m80er &k i ncrease in the confi
been reported effective i n enemtnrcaplyg sSIyEs tparsf, orinr
(Culs®@eg()Se/ TeX Cu/ Agy (I n( &a/) Ge/ Pb/ Mn) Te, (Pb/ Na/ Cd
(Pb/ Sb/ Saipu@S/ 36/0Te )l 78pr 1B dheid@dBr opyn ( Pb/ Na/ Cd) ( ¢
system, the introduction of a complex el ement comj
incorporating point defect s, pl anar defect s, nan

scatteominsgapghonss all-efreqgpencPlkesSbl8nh(8hSe/ Te) s
preserved high electrical tralnspdret Zferadomeerstdivees ea n
found to double when the-ecommps$Es Bbon ceritdrrgdeys f r
Pb &b S8SeTse. S5 25 Ther ef oerneg,i neeretrrimpgy st ands out as a

enhance TE performancesby integrating other strat
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.
2.3 Titanium disulfide

Titanium d) susf adeembie Bmeotfalt hdei cthraa ncsoigteinoind es (7
chemical ffowmelra MXi s a transition metal atom
the periodic tablfeO0O]Bwmd Xoitheir Ski wear sTee physi
garnered significant r eseafrlc®qh8 .6 |nltrertelsits otvhleas itsh,
f ocus foonr TiitSs t her moel ectric application. There
the crystal structures ahgonoviadeparcompoekensics

advancements and embagindg TEhamatengas sin Ti S

2.3.1 Crystal structures and band structure of titanium disulfide

TiBRas an anisotropic struddéipr,e and hcan texigotnal
represents trigonal) or [21HB 7(]JAds r ckips relsaild &) hretxiaég
primary distinchip®md-PEwweaeat thes 1iTs the | ocal
transition metal Ti. The 1T phase Hplhasd nfad atsu ri
trigonal pri & 818 1Tihee sltTr upchtausree i s consi dernjedat he
conclusi on supported by both theorefiléfl. a48D¢
Regarding the | ayer stacki nlg kc)o)n,f oaarad uloantsi cAMs ¢
AA configuration i s more favorabl e, wher ein a

corresponding si[tle&8]Jof the bottom | ayer

(@) o () . JJ -
- P - 4 () o O JQ d og )

; J O ! 'l | AA
€ X 2 =N 4
: ki : % O 198§
p o --) O . S 7 ..) - O ( o) | O O
1T-TiS, 2H-TiS, Q2| £ £
) ) 2. e e
Q QA A A P TAB
o J o]
) Of (8] o (O |0 QO ;’d} pr’ ud )

(©) (d)

a=b=3.407 A
o (80 RIS
© STO 0 . O B J Atoms
O m‘ d Organic molecules
c=5.695 A \ A} Q Sl:lﬂm'e blocks
c T .
PUDIIIR

FigIrIErystal staxutbalur PlfaadadT&REB8YibS AA and AB | a
conformha8@8lpay ungtl9dédlnld dfd)Tilyered structure
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e
The most commonmn fDbigSncaofy shuwlll i ZpdSI kien sd rluay aeirr eed ¢ ©dnl

SiTiSsubl ayers, each made up of one hexagonally pac
hexagonal sheet gTi6f sBbhaypemes @dAhesost &8cked parall el
thcaxi s, charasharisagtddb$df acarranged in a hexagon
t héTiS subl ayers, atoms are bounded by strong cova
bondi ng iBsvwaakled®tWsWa ail st\Wer awxitlilonchITy,56di s huss t hesi
referred t pohesnicneflioyd dahs aTir®l ati vely simple trigonal
|l attice par ampet earnsd a¢, —allBd=bB3n d Ol7ein,g tahs osfh o2wn3 2i n Fi
231l¢1L91The interlayer spaci ng dosf itehghoepspaommet uansi ttyh et c
accapvrariety of siprectittes WS ngaeps.al amitss i ncl udes a
struct yrde3,bllM@2h s 1d8Bdi ct3ed) | nwiri glhur wi 2. 1be el abor a
DOS (states/eV)

4 -
| M(L) ’\
v I
g I
e
M(L)]
r'(A) ’I
/7 ML /,\"

M K r A

FigetdBand strucetu(fae)s mdndli St 00dil(rbe dfhebulensTity
project edh napesr IBTit a8 s J[fldrd Jabnud k( cT)i St ha 9B¢é¢r mi contout

The band structure is highly imponRamtatedunhtiensy

el ectr esnircuchtaunrde cal cul ations i s t hedbarmass ifrog mafn gt
mu tvtail | ey structures with sl-pxoismtalwi tehienc ttrhoen hpeoxcakget
zoneas displ ayed94,n BERypree 2edttensive efforts fr
computati onal studi es, conflicting results have
semi met al or semiconductor, a toplizhxBPOBt] Themai ns

controversy on the semimetali®r isemmieahidugtorehat
stoichiometry issue resulting from sulfur wvolati/l
procestsendlsi St or igohedw®fra Siient phase wivtahc adnecfyeot ser st i
Tiowas initiaklw pempoeosaductor with 4drkapathfdpbap of
ZrjS200]Thomp gamalguead .t hat explaining the Seebeck
considerabl ) ssicmmlse rd eir fe dTWaSnmge [tei® dladlecn tmlayt ecdmdl.ude d

on Density Functional Theory (DFT) cal cul ations
(STM/ STS), thati stan glnpdbisredmitco nbiu®t or with a band
0.5 eV, They further argued that its high conduc
semi metallicity.
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2.3.2 Fabrication methodsof titanium disulfide

2.3.2.1 Synthesis of TiS

The manufacturichg pabeesal oft ipiScally includes
subsequent shaping to form bul k structures o]
compositions afd&E sntatect ad ssriemquTir®s a thoughtfL
Ti2Single crystals are grown using the chemical
iodine as[ B9&,araA@2g hgwms5(ian ,Fitcher eor2.clur sor s ar e
seadmploul e in a high vacuum, and theosiealhodi azmp
furnace with the precur s dr2s0 3l}otc antiegdh atte nipheer ahtoutr
are volatilized and transported along with the
precursors are then deposited and crystallized
al] 2ptepared singhe eccpbtmpkeasydh@Fa temperature ¢
104231 K3al othnhge ampoul e. They succdsdKfeulclry sdlatl asi
sever al millimeters across and some-atssnstefd @i\
was applied in the growtlh kef pmit@&rdahdsa l©odbF0@ 4ae €
The resulting microstructures were observed to
in Fi &ubr)e. 2Cdmmonly wused for ensuring stable co
traditional met hesdisatlei kree ancetlitoinnsg Bars )sdolsipd aphée d

hig@ority precursors are placed in an evacuated
mel ti ngomponTaEhgt erFi al s, thedemehsbrag smétellocd aics i or
precursors r eakdawdwmert,hei nspsl ti ledf sesensee €oefd TavnSd he T a p
unmeduedng the synthesi s, sloelaiddiwnagmotro ridiaso tdildans s
| i gwdamor reaction in sealed tubes has become t
based thermoelectric material s due -etfof eicttsi3\eeansees
205Gui |l mgeavesearch group has suc-aagddfdwpleldy - saynrdt K
intertapPatwwddr7s, 45, TWBltey 20&6thbi ned this synthesi
sintering to produce dense pellets and invest
Whi t thaloeorks symtmasolkzeldt sSTi i th controll avt ep sul
met hod, as giSviem0 71 Jhfhi¢sywhutrhee s2h.zleé dc d n B o0 txEidS Tti hSe

second step by adding moKFceer Tnarmposwsdreu c tiunr itnhge osbej

Il i ke wet chemiegtgryy mercch amiighl all oying are.empl c
As shown i5pdFpogtecer 8ofls are sealed in a pressul
above the boiling temperature of the solvent t ¢
and high vapor pressures, precurlseadi mnag ttha nt hteh e

of crystal nucl ei ,[ 208) Wwthieldi] zbiyn gc rtyhsitsa | megtrhoomt he r
crystals to achieve relatively complete crysta

mi crometers and mimiigmapgr agegd © meg artad foemrrred t o as
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sol vent) or solvothermaTi:§dmor cmdshewerseo | yyemtt 159 s iszye
al] 2lvOla hydrothésmal t eenti hid & Ju sni-uRg egaulSies &tchle s or
andH®Ti aBiprtdeur sor, 4widtf liIKrhd &8t hogr st

(a)

Temperature controlier

Acid/ Rotate Precursors
(d) ’/Alkalme (C) (f)
Tis,
Surfactant * % 0

Tiand S powder 5 J

: T
'l .’ "';:;'d Fum\:e Sealed quartz ampule

Precursor 2 Glass wool plug

NUDG o

Precursor-1
- Precursor-2 EQ%\ - - -
Products.
. Ball-. ?

(g) (h) Heater Products

Source P 4 % 0

N
53 Materials / et N Substrates
sy
......) .......... .)
— ——— c'w_\mr
Q Gas Substrates Chemical
Vapor
R Deposition
. Gas Flow Region
(1)
Sulfur Ti+ N"'q (j ) Sublimation Zone Hot Zone
‘ P} 21232132133202322
A "’f’* Art 2 -
T=250°C T=225°C =450°C a . Path

Vemu/l growth of TiS, -plane growth of Tis, I JIIIITIIIIIIIIIIR
N\

FigetBSynt hesi s (@afy Bichematic of chemical vapor tr
grow2m3](b) different massiost[e2d)dcAgdrdlreesmabtyi cs udrrfaawien g
s ol ii cqwd o r met hod in sealed tubes, -€édér gyl balthe
mil |l 2hf) f) syasantahneoshiesl tosf [T20SE fagt) eerchi & luibzat i on mec han
t o 2biyS we-mi Iblailng 2dR2d(che)ssschematic drawing of che
(CVDP211]1(C1i) synimasogRebdt]amdcShemat isc repC¥eBent at i c
furphatd]
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Figubee)2.ill [ ustrates a process of mechanical al

precursors are sealed in a contsatieneelr, muaidteh oa |
atmosphere such as Ar or Wiptolm @ hgolcwoént sfon wé
powders become trapped between t hem, all ewing
energy ball milling. Mor eover, bal l milling 1is
t o dpurcee fine powder s, thereby redBoiungt 2@6]gr a
synt hesdopeddf MNTd 18 el ement al powders by milling f
pl anetary bayhtmédilzedhpowaders exhibited a | ow
small grain size compar ed ubbe lpwsvdtemislpXx]lg pabedi Tie
fromanhidOS with tetrahydrofur am |(ITHFR) pasoca sssal VI
representation of pr efpagrnat ilonn tihse st d @it pnsgn t pér iocee
Ti@nd genervaatleentthemdtoad | i ¢ titanium spudeétdouefsqr mh
Ti S. The obtained TisSlIpfausd ey s ot ¢y Zhabrmv icTalS evxatproa
(CVD) is anotherdmet bodnmepbivgerd|l f TE material s,
depicted %m)RFi glwrreée n3y. * he synthesis process, a
to one or mor e Twhelsat iplreecpuresourss ournsd.er go a reac
Ssubstrate surface, resulting in the desired dep
Vol at-pl edbgt s are occasionally generaliemhi mat & c €
gas flow throughGaadbel? Baleiwi-simzraneindsentered isgh i n
generating titani umecchulresirde hasmat he agdasxyediihest:
addi ttilNeHCOf promoter can reawtt evh t-ththas es pbunMdfeu rsi
reaction into a CMD eprcoocnetsrso,l |tahbusl ienya bolvienrg t he
TiBanoshelehtesy al so observed different growth pat
oniOBL Si @mdniengrowth Oehgpeapabdadpbepoated the syn
nanofl akes-madien CVd, whimeha cceonsi sts of a quartz t
as shown B(nj )Fi gluhree f2i.rlst zone i sulésmmgneadef chrott
for the growth of maosbizakeIi powtlbrswhpesoabksdrh
sul fur vapor jnredel CVIDgTfiunnt@l @.ngarnoowtlha koefs ha ng htlf
of the Ti powder .

2.3.2.2 Shaping of Tig

Polycrys;bal ksnar € o mmorpley lwesged nas haen assembl y
appropriate sintering techniques &@he Bempbseaty
obtabmulTKk S i s through conypawdeinsil & isalnleys sdallgdt n o
high pressure, seéalildgl amnmiatpedp artza tt wrbees ijamala mu
shown i n6(Fal)@utmgeer m2-t imgper at ure annealing during t
results in the formation of. |Raangaek rgifsdhbrba na ieate da |
96 % depsempllieS by convaetntaffaBral2 4s ihnt ewiitnhg i ni ti al
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hi gh pressure of 600 MPa. The relative density ca
of Semahdahiimher sintel@l2d EHEempatandeeh). dbi gtuiren (
2.6@db) schematically shows another widely used met'

pressing (HP), wherein temperature and pressure
through conduction and cVWenlvuescd & fodlu2t]Ad | me ot iao wed €
milling procepewdeor P,r epragpeteFasL-driepmr mdt powder s at
for 10 min with the asduljftuarensbbdwrab(igfp&t gambea®@ma o
sintering (SPS) has recently becomeTHBnad emad satl sg o mm

it enables rapid heating and coolAisng I datse¢g,atpmerdo\Vvin

2 6(1c) , di fferertlifescomnHRP,NntR D al heat generation s
t hrough t.heA nastbearsiéadl TSTE mat er i al s, i nch udiisngveddp e
as MhiaSrocomposites, bhyavePSheamd sriaopgenrteald t o demon.

proppkEBV7i eg2.06Se EBEep|lawly.ed SPS;atnad dernwsisfty ghit®d i nf

sintering condtidii omisomet tyheamdnt her moel ectric pr o]

det ai | inTeegticomc2u8ed. that mini mi zi ngr esud frug | o
sintering at | ow temperatures, .particularly with
(a) l (b) Load (C) Thermocouple
Upper Punch Graphite Mold
. Heating coil - Pulsed Fa—
Hydraulic] P! se
pn:d‘h:rn;.:m:e Groupe C\E,Ccm Thermocouple
Graphite die ‘\ C\I;;:‘l:}r:r
@ Lower Punch
(d) e T SIS,
TiS, Al R —
> ML
1
» HZO —
—_— PEDOT:PSS TISZ
-L._‘ Nanosheet SI'O\.H‘E.vaporation e - A 34.
Collect ¢ " p yacuum

- ,\ d a :

Figi@&haping dofchTeinmati ¢ chinavgerna mso nafl (sa)mgt 2% 7]ng, (b
(c) spark dl2dasifandsi(ndt)erfilnggill laenfd DK et lait m omi-lpmo® c e s s
nanoslesetmbl ed fl exi Bt e & hiinsks ftihl egrsa euasd ey eSTNS S

TiScan also be processed into flexible thin fil ms
designed to collect Fhgatéled)2oihl It het rhautmeasn & ofdggybr i c a
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fl exible thin film, where a flexible[ 58bsstat

synt hesliaregdanliicS superl attice by using a combina

exchange processes, and produced a hybrid fl exi
solution onto the surface oft sa fCekxiabtutbaayypartigd. t F
superlattice to the surfacmeasb@irghgssheéubesi sii
der Pauw meéehdédl ms were confiramédghe obkbabbgbty
resistivity under beh@ilrBeyp odretfeodr nea tiedad.ian 4y hoatue tndi ta

produce axnfanoxsahbedeetmdli &d fi Il m byragumpluy asddiungo

the standard vacuum filtre@ae) pon Theé mihwigtsipwalcest o
to be abllienkt ot hcer onsesar by sheets during the film
of the fil m. Meanwhi |l e, the power f3dicanosr iwm salitm

the electronic struetaures of the wel ded nanoshe

2.3.3 Thermoelectric transport properties of titanium disulfide

In 2001, 2fnjaripsdettresd] .t he TE phoitgehnltiigahlt ionfg Tai Sl ar g
coef f(i2cdhieveKtat 300 K) ,r elsoivwg tiieftcrarhyd ti ¢ 3 0 Or eKl)a t ibvuetl ya
t her mal c o8& dWi''tait v itdyh (K6d.di t i on, ani sotropic tra
in bot-cirsstnall eand phayedymabéti abs Tpordifnegr rteod tohre
along the pfé3si ®pecifectaildry, a higher power f:
perpendicul ar to phaeanprdssingidon)ectiompat¢tied to

the pressingfptanecdioec({oon) , idn g trles udt sonaq
pl ane el ectrSicrade ctomalructawdrt ytt he | ast two decad
on i mproving its TE performance th2888h composi

Compositional Design Map for TiS,

H He
@ dopant intercalation E @
MS layer (M= B1, Sn, Pb) [E@.
BB () (E8) (mn) (781 (68) (N @) 20 | 6o ce | 45 88) Br )
(Ro)(sr][ v | (28 @8)(Mo)[ Tc |[Ru][Rn](pa]AG) @) n |(Sn](sb](Te ][ 1 ][xe)
[+ 89w )[Re 05 J(e)[au) g 1) (B8] (Bi] o ) ¢ n)
[Rf){oo](sg](Bn][Hs] Mt (o] Ra] on [nn] 7 o v |[7s  og]

Figa@l@he compositi onaflordeesnhgann cmriampg oTfE TpeSr f or man

——
—

| —
——
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We have suomom@mpogiedi anal fgleasd ggdh ama pt feorelTe e nt a

di splayed 7 nAFfigareai. $ee, in order j®xt enpgiowe
research has expRFomreidn vytaan oa,s dypitregisel @menCdad, s
and aMid, i ntercal ati on e, eamedasslo M8 kieaN#r, BbCu ,BiCo, S
as structural Dblocks for Momttedealaat isocanhbeef bae
Tab2l & proviary @f stumen strategies, compositions,
in fabr pltadlebhagt g1 iSal s, along with tHeOKRachi eaed
system. This tabl e off elrisB aas esdt rnaantddhrd iiflaab risheEnnt A ad v
morce@mpr ehensi verbaserdy TEwimat ebie Aprsovi ded i n the
covering both composisttiodrcahli omdetsi yg,n qwehgt.i,t un o
nanocomposites) and fabrication desi g na sassipsetcetds

shear exfoliation, and sintering).

2.3.3.1 Compositional design

I n order to adjust the carrier concentration an
extensive compositional desigystham, bwlinc-hc airme¢
stoichiometry, substituti on, i nter caltahta ode b atn
regarding the semimetal >dror s esmiveoirasd u cd eocsaedreyst U
stoichiometry, with challendés-cabl edatlTée Sil &li srgw
various TaveS lrean oseported to exhibit a wide
conductivity, and t ksdromalhi @onred u o/t ii wi toyf. gTrheea to fif
di screpancies i n Gl |teeagnzsPptolepapedpasmsampbesesowit
xfrom 0O to 0.05. 8a)showe eheEtgplcaher@&isi s¢tiivon
a more conducting Rkehanwd oa -twd dhghp e entcanreta sélnegct r i ¢
observed in the headi | whidolpeids coimmioluad @To ¢t he

intercal aTkd iTnBercal ation of Ti and its induc
HRTEM (see the inset). Al so, the intercal ated
conductivity, parsteiec uFliafrbldyg ,t2hbet claautste coef psatrrte n(gt
resulting fr Gmil me d B Pabliilssoompdielred | i teratulie dat e
pl aSheeebeck @ade f3f@iOc i&Ke mMtuxicnt1kInin asf di s pl aplecd) .i nT hFei
absol ut ¢ hSeead bueec kofcoef fi ci ent i s foxcrohttdandSd e air e a

ranging frewvKdonoumda3d 0§ si »26h il emetVkihfcaonT i liog h |
ofsft oi chi omet r[i3c4,c M@p/ds i212i8we meslo[M2yeStPeiaSh.i bi t s i
high Seebeck cdifegViKCi evinti chf uadeumgdes a rieducti
VKL n1s%i Zhan@oOépoal ed aebdeeckr ehaosten iprer$endi cul al
pressing xcoméentom x&s €axé&d O0f b 6.
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The carrier concentration is one of t ey arhawset. cr it

FigumlBee)2.di splays the r el atidonnds hciapr rh estrw ecesnn ctehnet r rad
based materials, which 3i0§gTsemenboreegedmayy Zdbaundi es |
to substituting other el ements at both Ti and S s
carrier concentration. At the same ti me, it i s &
cnpductivity owing to the formed structur al di sord
fluctuati on. Regarding substituti on, researchers
sol uti ons, includingrthgosat wi hé Tia,[s4blie ;2B Se At ,
For exampl e, ukleS,t hteh es esroileisd osfolTiisi dmuhidmit ® bf &a& I

PD48]JA |'inear evolution ofxvaelyl ngarf ament &r & oi D . ah
Fi gumief )2,. iwhi ¢c hMSsomntfd hrenkr alhedi st ortion du® to the
(0.p)05arM OTigdd8 The doped Ta dcoannorac tpraosvialn negl eecxttrraan

maki ad &lsihow a more metallic behavior. This can be
bet ween the atomic orbitals @&fdmephobsswhea dbaede
Ti@8ndoz9Td. 95 from which we can see the increase of
Th234The authors also concluded that the binding
i n txhaeS,sTe rwheesn Ta concentration increases. On the
mass fluctuation effects induced by Ta doping mad
conductivity. Similar olwsatsvatrepsnvhEdtenadsgher Ti p
However, in the case of Mg substitution, the | igh
acoustic velocity, thereby |l eald2:h@] to enhanced | a
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mat e[rd,Aa]llcsh)ematic illustration of the | omigdftiutdi
(MS)« TH9mat e[rd,Aa]l k) electrical trambepodeéed pwiopler
nanopdr2t3i5d(llld)su st rati ng t hsec adies(PobiSongSht onegf omaho
grain bloanhTamndecm) | atticdi8hkeSsmAhocommupResSt]i @st y

I ntercal ation is designed to mi;ei mceet hbhei haet
introduce structur al di sorder and increase phoi

metallic atomBi ,( Cait,c Ay, a&lok)a,lFieo rcgganiocn smaolNecul es
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e
(MSM= Pb, Bi , Sn), can be i nte8r7galdadt,. d tkei8n kx 23t6Ha c e (

of intercalated Fe at omsSTwaM ivmasgueas!rlyys iTgssiBoniebde by |
given ing(g)l)gumde?2eltwo intergrown regions without

obse[ra8]d n rtehgendoer Aal ated Fe atoms are randomly di
of Fe and vacancies forms the superstructure in r
properties ofwiithh eCec,al AgedandSCo wef 839l The hor ou
interl ayer spacing can be isniczree aosfe dt hoer idnetcerrecaasleadn, t
of ciotvsal ency to the nCeli,ghtbgo,r ianmgd SCoa aiyretresr cal ant s
efficient for reducing tHHegmad hrohducCuviand, Ags ¢

increased phonon scattering from structur al di sor
Ag, and Co species exist in the formeofieicgaghbomnisng
Ti2S1 abs, thus remarkably increasing the MSarrier ¢

into the vdWsa gmpt wrfalTisSuperl attice structure can
compouwMsds TdoS The i MiSerd aygleat ecdbul d behave as a pho
substantially reduce thermal 8 oWMAMCTNIat gr i aAlss di
exhekttemely low lattice thenNmKIatc r0dDu Kt iewietny | amwde
the predicted minimum ther nRi)SeTHSYgusit e tyl twas ob
l ow t her malwacso i dpuartdi itadtlyy ori gi nate from the soft
a

|l attice wave due t,o awse askh oiwnB(ejril.aFyi egru rbeo n2d.iln g

Nanocomposite design is another promi sing appr oe
sacritfhiecilnagr ge poweYi farcd oWamgdsTirSesearch group ha
to investigating t henatnhroacrmafp2o2sdi, te2sd2per BFB B sstB 7 [T iud
intercal attleed sTe Sond phavvel i dntnmedued eiaceTit®h e carr
the stable second phase whkrmdt rbiex rraaatdlroenl yt tda rs tirn theu
vdWs gaps. Secondly, the dispersion of a nanoscal
filtering effect of carriers, |l eading to an enhan
nanoparticles with a wide siZegdiodgt rpihbbintwioah evd darh
wave |l engths, thereby reducing the |l attf2z25]}t her ma
observed a | ahBeelbewxck easetbtbhiunck emter ami cTi &mbedded
nanoparticles, which is attributed to emnaenrdgy f i |t
PbS.ZDliPd SlrMamocomposi tesTiBrefFir§ude, twalss ghr®atl y e
as compaxaed S{.ODNiSSdue t o the barri erPbpStiemtte rafla cfeo
energy filte[r22iTncoZ pamgtee thieBloPar t i cisesndtigmteo mi cr

Ti8eramics and investigated their t8lanspbhe probg
regions, rich in Pb and Sn (such as Poi;zgtaidlh were
boundaries. The hiwgls mpmawert ai.8eldBm Ao d d @& vpiotsh t e s

no more than 1 mol %, despite the decrease in el ec

-38- Chapter 2 Scientific



coefficient. The decreased electrical conduct i

of ther mal conductivi 8ym) ,Asas Iflarsttrlae edat ni de ¢
nanocompositePwSstsho@ehée molwest value, since the
naAa® subsmialremsIpRdt i cl es can more effectively
those with aPhiSmiser content of

2.3.3.2 Fabrication design

To enhance the T,E plee fobalmaincat iobn TpSocess can b
including powdgnmrocesistihregsi 50 @lottdhiem nftiere nmo wdlehr
commonly used syndphoewsdiesr mebtihgebdepdbsoorl ri®@iast i on i n
Neverthel ess, TEeosmenaurnci hteyrt shiaiérnt etahhes bif ve mpetpa@ads ng
Koumot ¢ 28d3¢eJvaell.oped a centri fugal h e a t-h ansge da plpualr k
ceramics, as il B(uashithrea treadw ipmo wkliegurng x2 ut e was e
subjected to centrifugal f,ande buhkt sel rddi aland
when heated at a centrifugal acceleration of 10
produced at a centrifugal aacécied e raas i tomato fo f8 0DMC
acceleration, while the Seebeck coeflreddntt re
Yamamot[o2 Z7t]ludi ed t he pproenpdaerra tbiyo ns,yodfwalid irSz.igmd¢g hTIiCS
Fi gu®Bed)2.di spigaayss itshamorCesS ef fici entcampar ¢gdl f ar
gas. A singkenpbesebohi hief at 1073 K, paccvederds n
preparedubfuiCiSzati on at a t elni2p/e3r akt ufroer i4&f e h(eFirg
Bouret [sApbr]lepardeodpedMpdowdBer directly by mddhdteanmisc al
prepared powders underwent repeated welding, fr
in a much smaller grain size c¢ompabednTehoeh phd wydhe |
density of grain boundaries and stacking faults

conductivity.

As we know, the rel atyi vedmpossenp | ef sltirghct uele od

effective phonon scattering. Ther é&fhi®eE eperofner mdn
of ,TsSto decrease its l|lattice thermal conducti
approach, researchers are al pooweskimg oo iredao
l'i ke balll mialsilsi 34 edn d h(eLbAguBEe o, f ot lhiearteiboyn mi nailmi z i r
conducti-enéygy Hbaghl mi | | i ntgr e ast noefntte nmeut sheodd afsor a
powder s, in order to obtain fdamer gpyowddaelrls niolrl is
severe amorphization, aigognl,omtelh a$ i o®sulamidngs pihe

texturing and electrical t r anhsafin@rdte d predhEamrt izead .i
proceabso caddiedt dd qsunedar exfoliation (LASE), w

si @ amarrow the size dist®igbhutwihdan,e arsaiditsap lna ynege
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[
and -phaped mp2pBipdmgpul veri zed powder s, highly t

Lotgering factors (LFs) exceeding 0.6 were obtain
a significant enharec @mevretr dfdcttdoeMm essc lgiinvvge nl it Fi
292f). With the | attice thermal conductivity reduc
phonon scatteri nigWwasa aecmaekad, yumingd 0.[72224] 673 |
combined the LASE met hod with i onitAzgeShtSiemp mpir oives
the TE perfor Manscéd owh 9Thn)S,Fiag usr0e% 2h.ilgher carri er m
due to the highlyi ntheextme aemrdt isme,uctttueg ei, ntarnadduced i o
enhanced the Seebeck coef feineirgrnyt clhay rd elrescd iTheelyy f9g
maxi rignD . 78 at 673 K as .barsemdewmd errdadrsd for Ti S

As we discussed earlizptayshanst mpohtametryl ef i Wi

Al t hough it is typical to observe some sul fur | os
mi ni mize and controYamdmotdoitZeftided.f a samdlulkS A mssnt
powder when;byi EBlitthedrdidrig i ToinS of a small ampowtdeof sul
prevents sul fur deficiency imathensisfi b@icdmiéame np ac

Tiogcomposition. As @@(c)pdsalyierdt @ rne dFivgiutrhe &£ .vit % of a
showed a higher absolute value of Seed&echteoetlfic
withoutSeweaeth[f 2iic6oln c | u dheed faiuhhaad | at i | | zaaneobied et itvhesl yTi
supprwerited D wKks i gatsiaght sil dt e i-d ckgge dGoWC mol d, as di s
Figu®Bei )2.. 1IFurt her mor e, acmpgomhei sgl imet hodats @s ir € dt
l ower temper 3tjuy ecdsi.s Fli gws et Rerellblué tks demrss daliiedcatodd Tu
sintering pressure acros@mtbeé3wERBygl agppleipple gait ur er ir
pressure of 5s0tOoiMPalp Etietimcear bul k density of 97.
eved78wiKtoh dnet ect abl e sul fur | osses.
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FigwfiéFabrication design for enhanebage dl Emat trearni
fabricated by a centrifugal heating techmrRi3@ge a
(c) the Seebeck coefficient of sampbkR8ds8f)siandar dd
freeergy changes forowihéeaf@yRRuZx7]za) i ¥ RDoondfeT TSIOS
prepaC®dulbfyur idzdaficeomndaf 2 2 mfskcrhegejmadgscamd f or t he n
exfoldfabt@im8 its enhanc[e2d3 9T|(Eh )petrHe® reanamltienati on C
i mpurity[] 22daltiter sogemati c drawing of gr[aZplh6i]t e
and (j) the obtained bul k ddmnsli6t]li es with differ
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