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ABSTRACT

EFFECT OF TRANSITION METAL SUBSTITUTION ON HIGH -
TEMPERATURE PROPERTIES OF THERMOELECTRIC MATERIALS

G¢nex, Mur at
Ph.D., Micro and Nanotechnology
Supervisor : Prof . Dr. A. Macit ¥zenback

Co-Supervisor : Prof. Dr. Mehmet Parlak

August 2014178 pages

The objective of the present dissertation is to improve the thermoelectric efficiency
(ZT) of CasCoyOy metal oxide with a focus on nanostructuring, porosity and
elemental substitution altering the electrical and thermal transpgrénpies at high
temperature ando establish a unique high temperature Seelmficient and

electrical resistivityneasurement system.

An instrument for the high temperature measurement of Seebeck coefficient and
electrical resistivity of one anar two bulk samples over a temperature range of 300

i 1100 K is designed and implemented in our laboratory. Duringngidlation of

the system,five inventions have been made. These are; 1) doider effect
eliminated triple beadless thermocouples, 2) magnetic field and furnace eliminated
micro-heaters, 3) differential temperature measurement specialty, 4¥ample
simutaneous measurement feature 5) -destructive axial foupoint probe
electrical resistivity measurement conduction. Due to the above mentioned major
accomplishmentswhile cost and size is reduced, measurement accuracy and
sensitivity is further enhanced’he total estimated data error for the Seebeck
coefficient and resistivity measurementseiss than 2.6 % and 1 %, respectively.

\Y



In order to investigate the effect of nanostructuring pabsity on thermoelectric
properties of C& 0,09 oxide, samples of the material are synthesizactitrate sol

gel method with different average grain sizes ranging ft8m30, 68 nm anéd nm.

A considerable increase in electrical resistivity is obskri@owever, Seebeck
coefficient is not much suppressed. It is investigated thmantal conductivity is
substantially lower for nansized samples due to grain boundary scattering. Porosity
further contributes to reducing this value leading to increasthendensity of
scattering regions. Thermal conductivity is decrealsgd23 % with the help of
nanostructuring and porosity. The enhancemerTovalue is 61 % and it reaches
0.29 at 1000 K for 18 nm sample.

Polycrystalline Ca,CrCoO9 (x = 0.0, 0.01, @3, 0.05 and 0.07) thermoelectric
samples are prepared. Cr substitution to-sffa leads to the spientropy
enhancement and this caused increase in the Seebeck coefficient with up to x = 0.03
Cr substitution. Power factor is enhanced by 30 %. The theectdel performance

Is the most significant in x = 0.03 sample wi&f value of 0.26 at 1100 K. The
enhancement idT value is 33 %.

Keywords: Thermoelectris, Ca&Co,0Oy, Nanostructuring and Porosity,

Cr-substitution ThermoelectricPropertiesMeasuremerBystem
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TERMOELEKTRKK MALZEMELERKN Y! KSEK SIC
¥ZELLKKLERK !|Q@ERKINEMETALK KATETKKSEANI N

G¢nex, Mur at
Doktora, Mikro ve Nanoteknoloji
Tez Y°neticii sRrof. Dzenl®ak Maci t ¥
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AjJ ust o 478sayal 4 ,

Bu -al @eékmanén a ma c e3Co0Ogy terincelekirik meak akkitl € k t a
malzemelerirZ T olarak bilinen termoelektrik verimi, nano yapeée, g°®zen
elementakkatk e | amaya odakl anarak elektrik ve &:
Il yinmk ive ©°zg¢n bir y¢gksek sécakl ék Sex

°l -¢m si st emi Kur makt ér .

Bir ve/veya iKki °rnejin SeebeckllOR Kt say € s

sécakl ek aral ejénda ayne anda °l -ebil e
| aboratuvar eémeéz3liast eynaip € | knérku léu mu SEérase.|
ger -ekl ekBumlidmi kK-fldr ma @] ukt ki si ni ortada

boncuksuz s-éilf,2)lmamgt i k al an ve f emkie@€eétpddc @aldam
di feransiyel sécakl ek °1-¢m¢g ©°zevkeb)iji, 4
t ahr ieksanes%mo kt a el eko%lrm JCszeellYdi e eddada belir
°neml i bakarmalaryan vel ayat ke¢e-¢l ¢rken,
hassasiyet.i ol dSackeclratygagieedseén Vv e kitg mi.epl an
ver i shatatée&éyd%ldendaha azdér .
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Nanove § zenekl i a@ekare& nm&lazemel erin termoel el

czerine etkilerini i nN0c68 hne ve@ km ky @ yeu tel, a r°érnndeak | e
sitrat sokj e | met odu kul | aama@byatlu @ k n e lkebhektrdasd e ndi . N
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kaynakl anan ol duk-a d¢kegk e elenglfed kenl i k

sa-él ma b°l gel eak nswrogtuinylug uée aglt éirimet kenl i J i
kat kéeda dag? mhdauolpsuéklt iirl.et kenl i k nano ve g°zen
il e % 23 or aBledredeaeraz al8meéenkm ebroyut 1%u6l1°r nek i - i
0l i k b0.26d eajrdaréik@ eat @€k a Kk m

Kat kél amanéen et ki $iCRGoOq(=0) 001y ©.R30.Qbree r e, Ca
0.07) t er mkeli eskttarli k ° rknaetkll & r hazérl anméxkter.
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do!l aly@@s &y ebeck kat sayéséneén art masena ned
performansta en °nemklidedelrF@m@83F1&O00° Knégdende
gzl enZzhd et erindeki arték % 33 oO0dg¢r.
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CHAPTER 1

INTRODUCTION TO THERMOELECTRIC RESEARCH

Thermoelectricity is defined as the science and technology associated with
thermoelectric power generation and refrigeratiduaring the last decadee number
of significant advances in thermoelectric area has increased drastioaligcent

years, therdavebeen significant developments in the field thermoelectricity.

The main reasons can be tdemandof renewable energy sources for lelifg
electrical power sources because of the increasing detrimental effect eh@€3ion

on global warming that is approaching critical levels. Indeed, the minimizing of the
electronics and moving parts in the enesygtems are other important factors. As
the issue is meeting these requirements imeetd above, the thermoelectric
materials as an environmentally friendly method can be key solution [1].

Thermoelectric power generation technology is now expected to dvaome

global warming and climate change issues by recovering and converting waste heat
directly into electricity irrespective of source size and without the use of moving
parts or production of environmentally deleterious wastes, thus improving #he tot
efficiency of energy utilization and suppressing the consumption of fossil fuels that

are supposedly the major sources of, E@ission P].

In thelast decadesubstantial progress has beead® in establishing thermoelectric
materials for waste heat recovery from automobile industry as energy sources.
Indeed, different kind of segmented thermoelectric modules/devices such-filsrthin
generating, cooling, and sensing devices are also emplfmyeghower source
applications [1]. However, the materials for above mentioned applications, which
satisfy the requirements, have still not bdeand The main reasons are that the
material should have high conversion @fncy, made up of netoxic and
abundantly available elements with high chemiaatl thermal stability in air at
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temperatures of 8001000 K.Environmentally friendly thermoelectric materials are
believed to be a promising technology with respect to waste heat energy conversion.
A good thermoelectric material needs to demonstrate a low electrical resistivity and
thermal conductivity and have &h thermoelectric poweCaC0,09 (C-349)is one

of the pronmsing materials among all othexides with its high thermpower, low
thermal conductivity and resistivity values at high temperatures. Moreové49C

also shows featured thermoelectric propsrtas metal oxide has been found
thermodynamically stable at elevated temperatures, nontoxicswgblied, easy to
fabricate and cheafd]. Thus, it is necessato improve their efficiencyor energy

conversion from waste heat in thie.

For any reapractcal use in power generat@T needs to be higher than@hoosing

C-349 based oxide materials as a model system, the presemtaties is aimgo
investigate and understand how the thermoelectric properties such as electrical and
thermal transparonesare affected and tuned by the structural engineering which are

carried out through material synthesis and processing.

C-349 oxide material is a base material the electrical and thermal propérrbgh

could be enhanceda nanostructuringlt would be an effective way to reduce the
lattice thermal conductivity through phonon scattering at interfaces. Besides, lattice
thermal conductivity could further be reduced with the contribution of porosity
which will help to increase the scattering ar@aother way for enhancingT is
elemental substitution.|&mental substitutions could be used to increase the Seebeck
coefficient and electrical conductivity of -89 oxide material by spientropy
mobility enhancement, respectively. In the main body a$ ttissertation, the
structure and thermoelectric properties of nanostructur@d9Coxide system are
examined and evaluated via experimental works and the obtained results are

evaluated based on physical and mathematical modalthe literature.

As for other scientific areas, the area of thermoelecttamn also bealivided in two

sections t hat ar e At he devel opment of t he
systemso and fAthe thermoelectric materi al d e
materials with different electrical and thermal properties is discovered. Since these

both areas should progress synchronously, innovation in metrology science is

inevitable. Therefore, the thermoelectparameteraneasurement systems should
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satisfy the necessary conditions for evaluation of the thermoelectric properties of the
materials. Fotthis reason, the aim of developingesie systemss to present better
measurement conditions in order to contribute to the measurement science and to

enhance the measurement accuracy for the highest quality results.

The next sectionpast and recent delepments in the area of thermoelectric will be
summarizedor better understanding. And thehgtfundamentals of thermoelectric
effect are explained. The basics and applications of thermoelectrics that are known as
the Seebeck effect and figure of merie also provided in the aspect of physical
parameters.Additionally, high temperature thermoelectric materials and their
thermoelectric properties are presented better understandingrhe requirements
placed onsuchoxides as thermoelectric materialg alemonstrated in the aspect of

an increasing emphasis on the development of advanced thermoelectric materials for
the high temperature energy conversior349 based thermoelectric materials with

the advantages of high conversion efficignegrth abundare andaffordability;

being nontoxic, high chemical and temperature stability in air at temperatures of
1000 K are highlighted. An example 0f339 oxide system is briefly reviewed with

its structural and thermoelectric properti@he established measurent device
sensitive athigh temperatureand doing accurate measurements of Seebeck
coefficient and electrical resistivityis introduced Highly new innovative
measurement configurations are applied and true solutions for several challenging

source of ewrs are presented in detall.

As it has been introducethe significant number of research in thermoelectric area
focues on enhancing thed "Yreducing the phonon thermal conductivity.
Accordingly, a detailed description of the key structural enginegmogessess
essential to manipulate thermal transport propertresuding nanostructuring and
porosity. Chapter s be devoted to the description of these techniques that are

employed in the experimental research.

Chapter 3is be devoted to the desgtion of the methods and techniques that are
employed through the experimental work. These are; the synthesis of oxide powders,
calcination and sintering processes, various structural characterizations, including
XRD, TG / DTA, BET, density and particle z& analysis, FESEM and the



measurements of thermoelectric properties, including Seebeck coefficient, electrical

resistivity and thermal conductivity.

Thermoelectric materials with higéd “are necessary for practical applications of
thermoelectric modulus not onljor power generation, but alsfor cooling
applications. Two of the most significant thermoelectric properties such as Seebeck
coefficient, electrical resistivity measurements amavoidable for evaluation i "Y

For this reasonreliable, accurate, and consistent thermoelectric measurements are
significant characterizationtechniques Chapter 4 presents the simultaneous
measurements of Seebeck coefficient and electrical regis8ystem which is
developed in our laborataryfhe system has unique properties with eliminatbn
possible source of errors such asdduhger effect, external magnetic field and new
measurementeftures such as beadless thermocouples, micro heatdrseference
sample measurement option 1100 K under any desired atmospheric condition.

Chapter 5mainly focugson the nanostructuring processes eB49 thermoelectric
material. Basically, this chapter explains the applied synthesis methods in order to
produce nanostructured materials in different particle size and their structural
characterizations and thermoelectric analyses. Results of experimental work are
compared with the theoretical models. The effect of porosity is also discussed and

achievementare compared with thenes in thditerature.

The elemental substitution effect is detailed arsdussed ifChapter 6. In this work,

Cr element is substituted for G#e of G349 thermoelectric material in different
amount and their structural and theetextric properties are discussed. Several
structural characterizations including XRF, XPS andSEM hase been done in

order to understand the substitution level and its mechanisms. The results are

confirmed with Rietveld refinements.

The overall studieare discussed and summarized as a final step in Chapter 7. All the

achievements are listed and future plans are presented in this chapter.



1.1. Thermoelectric Applications and Theoretical Background

A well-established application is the radioactive thernuigtegenerators for deep
space probes (NASAOG6s Vo3 angCuriosity asdvelldlas si ni
Nowadays, thermoelectric energy conversion devices can be installed on vehicles to
recover the automobile exhaust heat into useful electrical eremgythereby
increase the fuel efficiencys]. Most of the applications of thermoelectriare
represented in figure 1.1. K. Holmbe#®] flaimsthat almost 30 % of the fuel energy

is used to overcome friction in the engine, transmission, tiresbiaads in typical
passenger cars. The result shows that only 21.5% of the fuel energy is used to move
the car. On the other hand, solid state gefiating devices, which utilizéhe
thermoelectricor Peltier cooling function, havieeen widely applied in smadicale
cooling in computers, infrared detectors and optoelectronic deviégs |
Thermoelectric car seat climate control system has also been commercidlized [
There are also somesgent applications including thiermoelectriesolar hybrid

systems foenergy conversion and power generatigjn [
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Figure 1.1 Some currently used and future planned thermoelectric applications.

Similarly, as an environmentally friendly method, thermoelectrics could be useful

tool for the electricity generation from emitted waste heat such as automobiles,



factories and similar sources. Although waste heat could be considered as high

quality energyits source amountgebeing small and widely disperse#].|

1.2 Literature Survey

The currentstate of the art bulk thermoelectric materialgiésnonstrated in figure
12 [11. ZT is illustratedas a function of temperature and yéar n- and ptype
materialsin this figure Thermoelectricss classified in threstagesaccording to their
thermoelectric efficiency values this figure, first generatiothermoelectrics have
their ZT of about 1.0BesidesZT from 1.0 to 1.7 i;xamedas the seond geneation
thermoelectrics and the third generation thermoelectrics Zitrom 1.8 to 2.2 is
titled as [L1].

Lt |

A PbTe-Pbsepb&Bi s, PbTe-SrTe
25 Ba,GasgGen PbTe-PbS Z
CoSbs-Ba,La,Yb G PbS-CdS
AgPb,,SbTe.. / i
20 g \2—\L \—l SiggGezg
% PbSnTe-PbS PbSe-CdS

TI-PbTe

N 1.5 BiSbTe CoSb;-5r,Ba,Y
CsBisTeg | | Mg;Sig 35ng7
1.0 Hf Ti,CoSbo gSng »
11,260 25NiSNg 635bg 01
0.5

200g —— T
yea,_ 2072 300 T

Figure 1.2 Current state of the art bulk thermoelectric matefial$.

Commercial hermoelectriomaterials which are used in real lifapplicationscould
be classifiednto three groupingaccording to theipperation temperaturdable 1.1
shows these commercial thermoelectric materials and theirkn@iin properties.
Bismuth based alloygn combinationwith antimony, tellurium, and seleniutakes
the first place abbw-temperature materials, eBi,Tes. The application temperature
of these alloys is around 450 Kheseuniversal materialsare best known and

commerciallyemployed in thermelectric refrigeratiorsystems.The intermediate
6



temperaturgange up to around 850 K is filled witbad telluride such as PbBad
Te/Ag/Ge/Sh(TAGS) thermoelectric materials. The last group of thermoelectrics
employed at the highest temperaturesiicon germanium alloys (SiGe) 1300 K
operation temperaturdlthough these three groups of materials are commercially
available they unfortunately could not be commercialized widely duetheir
shorage such as poorontinuity at high temperature in air, high coshd low
abundancef the containing elements withigh toxicity as shown ifigure 13 [12].
Therefore, oxide thermoelectric could take the place of these materials due to their

properties compared table 1.1.

| | | | | | I | I | | |
| | |

I

| | | | | | | | |
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silicides e environmental
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oxides SrTi0 3, NaCo,0,, Ca,Co,0,

Figure 1.3 Typical waste heat and operating temperature ranges of various
thermoelectric materiald ).



Table 1.1 General comparison of conventiotlaérmoelectrianaterialsncluding
oxides.

Bismuth Based Lead Telluride SiGe Alloys Oxides

(BioTes) Based (PbTe)
Terg‘;ir;‘;”re ° 450 K ° 850 K °©1300K  © 1300 K
Durability Poor Poor Poor Rich
Toxicity Toxic Toxic Toxic Non-Toxic
Oxidation High High High -
Abundance Low Low Low High
Cost High High High Low

1.3 Oxidesas Thermoelectric Materials

Terasakiet al [13] reported that the sodium cobalt oxide,8&,04 has shown large
thermoelectric power (0.1 mV/K) coexisting with low electrical resistivity (0.2
g .cm) at 300 K The layered cobaltigg Na,Co,0O, and C-349 have been intensively
studied as a potential application for clean heat conversion at high temggratu
These cobaltite thermoelectmgaterialsexhibit good thermal and chemical stability

at high temperaturesn air whereas intermetallic compoundsdo not The
thermoelectric conversion at high temperature will allow thases of exhaust heat
from autonobiles and plants. The thermoelectric oxides are chemically stable high
temperature with low toxicity compared to the intermetallic alldysbaltbased
oxides with layered structures have been repoiteshow good not only p-type
thermoelectric properties but also Hype thermoelectric propertiesat high
temperature inthe air. Comparison of gtablished thermoelectric materials which are
employed in commercial applications and thermoelectric metal oxides can be plotted

dependent upon the tempieng range of operation as showrfigure 14.

In order to understand why metal oxides show excellent thermoelectric properties we
need to look atheir basic conceptMetal oxides are ionic compounds consisting of
metal cations and oxygen anions alternately placing with the Coulomb attracting

interaction between thenmMetaloxygen bonds arénighly polarized Therefore,
8



conducting electrons tend to localize on the peslyi charged metal cations.
Additionally, atomicor bi t al sd over | ap psmallgrtharethainre e n
compoundswith covalent bondsThis is the reason whthe carrier mobility of
oxidesis typically 2 - 3 folds lower than other covalent compalsaTo give more
details, large bonding energies of the ionic bonds and the small atomic mass of
oxygen give a high velocity of the elastic waves propagating the crystal lattice of
oxides, which results ina high lattice thermal conductivityg,n. Becauseof this
innatecharacteristic electronic structure roktal oxideswvhich is clearlyagainstthe
conventional guiding principles for high2&if, metal oxides have been disregarded in
the history of thermoelectric materials until 1990airing this time establishing
featuredguiding principles stimulated thscientistto investigatenovel materials
including oxides due to the global environment issues. Because of several significant
properties that are mentioned abowxide materials became one of the sno
significant candidates for practical applications of thermoelectric matgt#ls

15 LN N LN N G BN N A SN BN N BN SN N R SR NN SN LN L L

p-Zn, Sb~a, p~TAGS-85

p—CeFes. 5000‘58 blz

|

n—-CoSba
0.9

T

0.6

0.3

400 600 800 1000 1200
Temperature (K)

Figure 1.4 Figure of merit ZT) as a function of temperature for several high

efficiency bulk thermoelectric materigl$5)].



Figure 15 demonstrates the history of oxide thermoelectric materials. Due to
significant effortwhich has been made on oxide thermoelectrics ethiesignificant
enhancement iZT that is almost 1The presentlay thermoelectric modules are
based on the work thad carried out during the late 1950s and the early 1960s on
bismuth telluride and its alloys. Since that time, there have been significant advances
in materials for thermoelectric generatjdout at all temperatures the efficiency of
energy conversion using thermocouples has fallen far short of that expected for an
ideal thermodynamic machine. At last, with the advent of nanostructured
thermoelements, there is the promise that substant@nads will be made. The

basic principles of thermoelectric devices havebssnchanged over the yearsy.
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Figure 1.5 Time line of oxide thermoelectric materials with the higlzes[14].

To illustrate thethermoelectricbehavior ofC-349 materials crystallographic and

structural concepts of it are presenteadre in detailn the next section.
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1.4 CaCo409 Oxide Thermoelectrics

Conventional thermoelectric materials are not stable atteigiperatures. However,
C-349 shows promisinthermoelectrigoroperties, such ahermodynamically stable

at elevated temperatures, nontoxic, velpplied, easyand cheap to fabricate
Therefore it is necessary to impve their efficiencyfor energy conversion from
waste heain theair. In order to reach this aim, an attempt to introduce gaained
bulk materials to achieve phongnattering at grain boundaries and as a result,
reducing thermal conductivitywithout degrading electricalconductivity or

suppressing thermopowely(, ) to increas&T is necessary.

Sodiumcobalt oxide (N&C0,0,4) showed extraordinary thermoelectric properties as a
metal oxide wherit was discoveredoy Terasakiet al[13], it [16, 17]. C-349 is one

of the pronmsing materials among all other oxides with its high Seebeck coefficient,
low thermal conductivity and low electrical resistivity values at high temperatures.
This compound belongs to the family of misfit cobalt oxides (see fig@jednd the
structure 6 the crystal can be described as an alternate stacking along [001] of
distorted rocksalttype slabs [C#00;] and of [CoQ] layers displaying a distorted
Cdl-type structure 18]. In these layers, CoOnanosheets that possess a strongly
correlated electron system and,CaO; misfit layers which serve as electronic

transport layers act as potential phonon scattering redi®27.

Co0,

Subsystem

Ca,Co0;

Subsystem

Co0,

Subsystem

Figure 1.6 Schematic illustration of the crystal structureds849oxide [16)].
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Table 1.2 introduces the literature survey of the developments -@49C
thermoelectric metal oxide. The table shows material, synthesis method and sintering
treatrrents, Seebeck coefficient, thermal conductivity, electrical resistivity, power

factor, figure of merit and the temperature at which these parameters are obtained.
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Table 1.2 Thermoelectric properties of-849samples from the literature.

Author Material Synthesis Method j| A =| ” 1 ,
K) (OV/(W/mK) ( mg. (mW/mK®
Solgel
Lu et. al Ca.xBaC0,0Og SPS
_ 700 183 1.9 4.28 - 0.4
[23] (x=0~0.4) 1073 K, 10 min, 50 MPa
1073 K, 2 h
Wet chemical
Wanget. al  Ca xEwC04Og4 SPS
_ 1000 194 1.7 6.5 - 0.3
[24] (x=0.3) 973 K, 10 min, 50 MPa
1173 KinQ, 36 h
Wet chemical
Wanget. al  Ca «DyxC04Og4i SPS
_ 1000 190 1.64 8 - 0.27
[25] (x=0.3) 973 K, 10 min, 50 MPa
1173 KinQ, 36 h
Solid state
Nonget. al CaCos kGaOoqy
Cold Press 1200 205 15 7.5 5.5 3.8
[26] (x=0.05)

1223 KinQ, 24 h




Table 12 (cont@) Thermoelectric properties of-849 samples from the literature.

1 # 1 4

Author Material Synthesis Method . ,
(K)Y (OV/(W/mK) ( mq. (mW/mK®?
Solid state
Nonget. al CagixiyAgxLUyC04O00+i
Cold Press 1118 235 1.42 7.2 - 0.61
[27] (x=0.05, y=0.15) _
1223 KinQ, 24 h
Solid state
Nonget. al
(28 Ca.gLUg 2C 04004 Hot press 1073 190 1.2 9.5 3.8 0.36

1123K, 2 h, 60 MPa

VT

Citrate soi gel

Zhanget. al BaAgyCa 5 yCuOg
SPS 973 172 1.41 7.2 - 0.29

[29] x=y=0.1 _
1073K, 5 min, 60 MPa
. Citrate sal gel
Liu et. al )
(30 Cay.95Big.05)3C 0409 SPS 973 179 1.81 6.8 - 0.25
1073K, 5 min, 60 MPa
. Soli gel
Peiet. al
(31) Ca 7Er5 3C 04004 Hot press 1073 191 15 10 3.6 0.28

1173K, 10h, 35 MPa




Table 1.2 ¢ o n)tTBedmnoelectric properties of-849 samples from the literature.

1 # 1 4

1

Author Material Synthesis Method . ,
(K)Y (OV/(W/mK) ( mq. (mW/mK®?
Soli gel
Lim et. al
3 Ca.dK.1CyOg CIP 1050 174 1.1 8 - 0.19
(32 1173K, 12h
Solid state
Suet. al ) o
33 Ca./Bip3C040q Seltignition 973 189 19.5 0.64 - 0.27
133 1193 K, 20 h
Solid state
Wang et. al )
» CaC03.dF& 10044 Cold-high pressure 1000 257.3 9.7 1.77 0.39
(34 1173 K, 12 h
Solid state
Wang et. al )
24 CaCo3.9Mng 109+ Cold-high pressure 1000 2405 1.79 14.8 - 0.22
(34 1173 K, 12 h
Solid state
Wang et. al )
(34 CaC03.oCUy 100+ Cold-high pressure 1000 1749 1.68 7.76 - 0.24

1173 K, 12 h




Table 1.2 ¢ o n)tTlBedmoelectric properties of-849 samples from the literature.

1 # 1 IF4

9T

Author Material Synthesis Method . ;
K) (OV/(WmK) ( mg. (mW/mK®?
Solid state
Xu et. al _
(35 CaCo03.7Ti0.309 Cold press 1000 280 1.8 16.7 - 0.3
1173K, O,, 48h
Ball milling
Delorme
‘ |[36] (C&),gg5sro,oo§3CO409 SPS 1000 173 1.77 7.9 3.95 0.22
et. a
1123 K, 5min, 70 MPa
Wet chemical
Liu et. al
3 Ca7Y03CxO0g + i SPS 1073 172 15 8 3.75 0.22
137 973K, 8h
_ Solid state
Li et. al .
(38 Ca sBigsCoOg + Cold press 973 160 1.14 9.5 - 0.2
1233 K,12h
_ Solid state
Songet. al  (Ca.oBi0.05)3Cu0q/
SPS 1023 197 - 7 55 -

[39 0.1Ag )
1023 K, 5min, 50 MPa




1.5 Thermoelectric Effect

The thermoelectric effect takes place when a temperature difference arises between
the two ends of the material. Under condition that different temperature is applied to
each side, @otential differences createdThis is known ashe Seebeck effect. On

the other hand, if voltage is applied the ends of the samplat creates the
temperature gradient that is known as the Peltier effectthe macroscopic point of

view, for Seebeck coefficientemperature gradient cawssthe charge carrisrto

diffuse from hot side to the cold side, the condition, which is similar to the classical

expansion of the heated gas; hence, the thermally induced current.

There are numerous applications of Seebeck effect: electricity generation,
temperature measuremertooling or heating. Additional significant feature of
thermoelectric mechanisms is their effective temperature control, with the voltage
polarity as a defining factor of temperature heating or cooling. Therefore,
thermoelectric mechanisms are successfiglgd as temperature controllers.

In general, the Seebeck effect can be understood as the means of converting
temperature differences directly into electricity. As for the definition of the term, it is
the development of an electromotive force (EMF) acmssaterial, which takes

place as a result of a temperature diffeeen

The equation below represents the Seebeck effect as the proportion of a voltage
difference ww to the temperature difference between two ends of a
material w Y.

Y (1.1)

k<<| L

The Seebeck coefficien¥i s knowim iamls @&t her of ficial

thermopower in the physics context.

For the physical point of view, Seebeck effect can be explained as fdtlcany
thermoelectric materighere exist free electrons or holes containing certain charge
and heat, with gasimilar behavior in a thermoelectric semiconductor. To illustrate,

molecule behavior under the above mentioned conditions, when uncharged gas

17



placed in a box within a temure gradient with two sides of opposite temperature
(hot and cold) gas molecule behavior at both ends will differ crucially. Molecules at
the hot end will move faster, thus diffusing further than the ones at the cold end
resulting in a higher density afolecules here. The molecule distribution is shown in
figure 17. The molecules will be attracted to diffuse back to the hot end. There will
not be any homogeneous molecule buildup because of two effects, the effect of the
density gradient and the effedttbe temperature gradient, will work in opposition to
each other. Under the condition that the molecules are charged, a repulsive
electrostatic force (electric potential) will be created at the cold end in order for
charges to migrate to the hot end. lmstcase temperature difference produces
voltage, known as the Seebeck effect, while proportionality constant is defined as the

Seebeck coefficient.

Depending on the type of the materialtype or ntype) and whether the charge is
positive or negative, thexcesschargedistributionwill produce positive or negative

potential on the cold side, respectivedy. [
w . YUY YUY QY (1.2)

“Yis the Seebeck coefficient of the metal A, whiis the Seebeck coefficient of

the metal B as functions of temperature. Al%6,denotes the temperature of the hot
side, while”Y denotes the temperature of the cold one. The primary conditions
which the Seebeck coefficient is nttnear depend on aras follows: molecular
structure, the conductors' absolute temperature and the material. Provided that
Seebeck coefficients are constant for the measured temperature range, the following

formula is derived.
® Y Y8 Y (1.3)

formula carnbe approximated.
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Figure 1.7 The Seebeck effect illustratioB][ (a) Electrons at hot side with higher
energy move to the direction of the cold side; (b) Balance due to the creation of
internal electric ld, as a result of electrons moving from hot to cold side preventing

further diffusion.

From physical perspective, the Seebeck coefficient is the heat carried by carriers per
charge per temperature, or simply the entropy per catlmethe present work,
several expressions, which derived from some Seebeck coefficient units and

parameters, will be introduced in more detail in the way they are introduced in

literature.

The first important unit of the Seebeck coefficient igh0 ,

WX —X ) (1.4)

which corresponds to its physics expression, (1.4)
Y= -— (1.5)

whereQis the electronic charge) and® are the electronic heat capacity for one

electron and the whole system, respectively, @rigd the number of electrons in the
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system. The following is the electronic heat capacity [10], using the free electron
model for metals and degenerated semicomusict

5 — (1.6)

with Y as the total electronic thermal kinetic energy. In the classical electron gas

model the Seebeck coefficient is abowt 87 OV / K'Q"W;ias énergy of
eachelectron. In case of metals or degexted semiconductorsp () (Y is the

Fermi temperature) [10] electrons aftected by the temperature and are conductive
at temperaturel because the only electrons that can be thermally excited and
participate to the conduction are those with earergy QY of the Fermi level.

Consequently, the total electronic thermal kinetic energy equals

Y o G— Q'Y (1.7)

If the equation above is substituted back to equation 1.6, the following is obtained;

~

5 0Q— (1.8)

It should be taken into account that the Fermi temperature and Fermi energy are
related by equation (1.8)

~

o QY (1.9)

If the equations (1.8) and (1.9) above are united and substituted back to (1.5), the

result is

Y o-— — — (1.10)

In the literature the equation is usually recognized as the expression of Seebeck

coefficient for metalsq]. According to equation 1.10, only the fraction of conductive

electrons, which makes the Seebeck coefficiensiptes is (— ).

It is also significant that Fermi energy and the effective midssoncentratiort are

interconnected as,
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o}

Er= 0" &~ (1.11)

Additional important expression which is commonly uséd degenerate

semiconductors for Seebeck coefficiefd][can presented, (1.11)
Y —?c'x Yo' & T (1.12)

wheret is the carrier density is the Planck constanty “ is the effective mass and

Qis the electron chargét can be derivedrom the equation 1.2 that the higher the
Seebeck coefficient is the higher effective mass it requires together with the small
carrier concentration. Seebeck coefficient and temperature interdependence may not
be quite easy to define because other paramate also related to temperature and
depend on it. If nomegenerateemiconductors are dealt with, the primary condition
upon which charged carriers become a part of the conduction process is then being

excited across the band g&p,

Accordingly, kelow is the expression, which represents the Seebeck coefficient for

semiconducting material5],

Y- — — (1.13)

with ( — ) representing the Seebeck coefficient for a classical electron gas. The

central parameter denotingetithermoelectric property of a material is the figafe
merit ZT, it is also the characteristics of electrical and thermal transport properties of

the material. It is described as
WY —"Y (1.14)

wher Y denotes the Seebeck efficient introduced befqgreis the electrical
conductivity, Il represent thermal conductivity as the sum of latticeand
electrical I thermal conductivities, respectivelylYis defined as absolute

temperature, depends on both carrier concentratioand mobility* as,

, &0 (1.15)
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The result of 'Y, mul ti plication is commonly known as
factoro or simply fApower factoro. It can be
is the characteristics for the electrical transport properties. The equation 1.14
demonstrates that high figure of merit requires large power faetpr Nevertheless,

as equations 1.15 and 1.12 further illustrate, while electrical conductigiyg,

Sedeck coefficient decreases with carrier concentrationo,Ads it is shown in

figure 18, power factor gets to its maximum under the condition that the carrier

concentration reaches its optimized value.

0
1018 1019 1020 1021

Carrier concentration (cm—3)

Figure 1.8 lllustration of the carrier concentration dependence of electrical
conductivity, Seebeck coefficignt thermal conductivity, power factor , and
W "Y4AQ].

The balance between Seebeck coefficient and electrical resistivity is undasstood
explained inthe electronic density of states studigs This study shows that, higher

the Seebeck coefficient means higher the asymmetry of density of states (or
differential electrical resistivity)s in respect of the Fermi level. Nevertheless, such

asymmetry is reduced with increased amount of doping in the material because
22



doping moves the Fermi level deeper into the band eti¥Btal. In order to make
the balance between Seebeck coefficient andtradal resistivity to find good
thermoelectric materials, the semiconductor must have améneot type of charge
carriers €lectrons or holgs Other thanthat if the contribution to electrical
conduction is coming from electrons (above the Fermi lemet) holes (below the
Fermi level) the asymmetry of differential conductivity is reduced and so is Seebeck

coefficient.

The third most significant parameter for thermoelectric materials is thermal
conductivity. The thermal conductivity is desirad low as necessary to enhance
thermoelectric performance. It is well known fact that fundamentally, not only
charge carriers (electrons or holes), but also phonons are responsible for thermal
transport. The phonon contributions are lattice or phonon thermal congull

and carrier thermal conductivity carrier, respectively, which is written in the

expression below,
[ I (1.16)

where the electronic contributidn is related to electrical conductivity via Lorentz

factor 0,
I 0, "YEQ' DY (1.17)

whered is basically taken as 2.48 x $0?/K2C? for metals and 2.0 x T0F/K>C? for
degenerate semiconductor®].[ With equations 1.16 and 1.17, the thermal
conductivity Il increases with carrier concentrationAccording to equation 1.14,
the possible highest thermoelectric figure of mexit obtained as shown in figure
1.8. The result is achieved as the ratioYof power factor over thermal conductivity
Il is reduced with respect to the carrier concentratiorThe carrier concentration is

typically taken in the range of ¥tto 10°* carriers per crh[40].

One of the most efficient approaches for higtiYalue is the phonon thermal
conductivity reduction becse low electrical resistivity requires large carrier
concentration whereas low thermal conductivity requires reduced carrier

concentration. The reduction in phonon thermal conductivity (I in figure 1.9

leads to the doubling @b "YAs illustrated in figure 19, the® "6ptimized with dll
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of 0.8 W/mK, shown as the point (1), increases up to point () adecreases down

to 0.2 W/mK. Moreover, minimizing the lattice thermal conductivity reoptisihe
carrier concentratioa (reduced), results in smaller electronic thermal conductivity
I (I in figure 1.9) and high Seebeck coefficieilY The figure of meritc "Ys

optimized to a higher value that is shown at point (3).

3)
2k .
o, = 0.2~ \{_2}
’ A
—
N Y
\\\\x“
e
T— —_—
o
i
= =0.8
= L_______J__Jd_/____ Mz EE ]
-
= 0.2

C%[}‘B 1[]'.19 1:[]20 1021
Carrier concentration (cm—3)

Figure 1.9 The thermoelectric figure of merit by reducing lattice thermal

conductivity vs. carrier concentratiofd].

Typically, thermoelectric module is basically composed of a pair- @nd ptype
thermoelectric materials usually called thermoeleacoaaple as illustrated in figure
1.10. Thermoelectric applications are achieved by making these single or multiple
modules. In the cooling mode, electrical field forces a current flowing through the
thermoelectric couples. Because holes drift along thewcufiow direction whereas
electrons drift in the opposite direction, both holes and electrons are moving away

from top side towards the base side, as shown in figure (A). Recalling these
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charge carriers carry heat, electrons and holes are movimgtifre top size under
cooling, the place where the heat sink is developed. FiglitgB) demonstratethe

power generation mode of a thermoelectric module. In this mode, electrons and holes
gain more energy at heat input side and therefore diffuse tuaeeside. Therefore,

a flow of current is going through the thermoelectric couple to the base side wher
power output occurs. df vide range of applications and increasing the overall
efficiency of thermoelectric systenasthermoelectric modulés madein different
geometric configuration, structure and the number of thermoelectric couples.
Nevertheless, since this subject is not a part of this present dissertatioreddetail
information carbe found in the literature [9.1].

(a) Heat absorbed

Substrates ‘

Thermoelectic

elements = —___Extemal
e electrical

connection

Figure 1.10 (a) The direction of charge flow fdyoth cooling and power generation
[40Q] of (b) a commercial thermoelectric modul?] and(c) specializednodules

developed for various power generations enoling applications43].
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Heat source Active cooling

Heat flow, Q
Heat flow, Q

Heat sink

Heat rejection
Current flow, /

O Current flow, /
j=}

Power generation mode Active refrigeration mode
Power Generation Cooling / Heating
(Seebeck effect ) (Peltier effect )

Figure 1.11 Schematiagepresentatioof power generation (A) and cooling (B)

modes in a traditional thermoelectric moduléd]|

The idealized maximum energy conversion efficiency for power generation mode of

a thermoelectric system is given ],

- —— (1.18)

"Y is the temperature at whictb “Ms maximized. Thereforep Y'Y basically
corresponds to the Carnot efficiency which is the maximum efficiency of a heat
engine operating between two temperatures. As it is shown irefigl@, with the

input values of Y = 1273 K and'Y = 500 K, equation 1.18 is calculated and plotted
as a function o> “YMaterials with the energy conversion efficiency are about 12.3
%, where the corresponding ™of around1.0 is thought of pssessing excellent
thermoelectric propertiegmportantinformation coming from that equation 1.18 and

figure 112 is that energy conversion efficiency monotonically increases dwiti
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This is the main point of thermoelectric research from the matsadence
perspective. To conclude, maximizing of values is required for the higher

performance of energy conversion.

25

20

15

10

Power generation efficiency (%)

T —

l 1 I L ! il I A ]

oo 05 10 15 20 25 30 35 40
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Figure 1.12 Plot of power generation efficien@s a function oZT. (The energy

conversiorefficiencycorrespondingo ZT of 1.0 is indicated on the plot}$)].
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CHAPTER 2

THE METHODS FOR ENHANCEMENT OF FIGURE OF MERIT (4 4)

This partfocuses on the enhancement of thermoelectric oxides thrauagiostructure
engineering, porosity and elemental substitution approach. Nanostructuring as an
effective approach to break the link among Seebeck coefficient, resistivity and
thermal conductivity is introduced. The degree of lowering the lattice thermal
conductivity via nanostructuring is presented. Porosity contribution for further
lowering the laice thermal conductivity and thereby enhance the overall
thermoelectric properties, is shown. Another way to improve the thermoelectric
properties is elemental doping or substitutior349 based oxide thermoelectrics
have a wide range of substitution awes in order for tuning the electrical and
thermal transport properties as well as altering the strucfline. effect of

substitution to thermoelectric materials is also presented.
2.1 Nanostructuring Approach

During the last decade, the nanostructured naschiave been attracted by scientists
due to their novel mechanical, electdicmagnetic, catalysis and optical properties.
These properties are highly distinct from that of the conventional bulk counterparts
because of the quantusize effects, smaBize effects and large fraction of grain

boundaries [1, 2].

The efficiency of thermoelectric materials investigated by measurinthree
parameters; Seebeck coefficient, electrical resistivity as well as thermal conductivity.
Good hermoelectric materials are considered as materials vidaiedlow electrical
resistivity and low thermal conductivity. However, these two parameters; resistivity
and thermal conductivity, are interconnected. That is, when the resistivity decreases,
the thermal conductivityincreases drasticallgue to the change in microstructure of
the material Therefore, it is highly attractive researchto differentiate those
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parameters individually in order to enhance the efficiency of the thermoelectric
materials fora crystalline system {8]. Nanostructuring could be a promising
solution to break théond between resistivity and thermal conductivity. Therefore,
thermal conductivity could be lowered providing some new scattering mechanisms
such as grain boundaries, psulattice structures and porosity to enhance the
scattering of mediumand longwavelength phonons while remaining electrical
resistivity in the acceptable rangg-11]. Figure 2.1: (ad) shows minimizing
dimension: (a) bulk, (b) thin film, (c) nanowir@]) atomic cluster. {e&) show pure

and mixture structures from micro to nano scale: (e) rgcamed bulks, (f) fine and
coarse grains, (g) nargrained bulks, (h) amorphousi Iji show composites: (i)
normal composites, (j) nartdispersions located irdg grains / at grain boundaries,
(k) nanecinclusions / nanodots, modification of boundary, () alloying / atomic
doping, and vacancies. As it is demonstrated in the figure 2 M)areduction in
dimension could be a more attractive point to tunedhieermoelectricvariables
individually [12]. As the size decreases and reaches to thesw@®morephonors

could be scattered. In figure 2.1-i{§ the structure of micro and naiscale phases
and their illustration ipresentedFigure 2.1 @) illustrates the composite structures
including elemental doping and alloying. Elemendalping would contribute to

creaton of some defects to increase the phonon scattering regions.

In order to decrease thermal conductivity without causing inaleadectrical
resistivity, the size of the particles should smaller than the meanee path of
phonons and larger than the mdeee path of electrons or hol€Bhis waythermal
conductivity would be reducedby boundary scattering without affecting electrical
transprt properties[3, 13]. This ideahas been applied to many materials such as
bismuth antimony telluride [11], silicon germanium alloy [14] and yi$tebilized
zirconia [15] in order to reduce the thermal conductivity. Among other experimental
studies SITiO3 system could be given as eaxample for bulk oxids with nanometer
sized graingl6, 17]. Figure 2.2 demonstrates the grain size dependent phonon mean
free path for micro and nano scale Srlycrystalline ceramics including bulk
single crystal. lis clearly seen that as the grain size of the material decr¢hses

mean free path of phonons decreases drastically.
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Figure 2.1 A list of thermoelectrics structures from macto nanoscale. [12].
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Figure 2.2 Phonon mean free path vs. grain size for micro and nano scale;SrTiO

polycrystalline ceramics and bulk single crystal [10].

35



As it is also seen from the figure 2.3, significant reduction in thermal condugsivity
observed when the grain size decreases from the micrometer to nansineter
However, the ain size of 50 nm could not glown to the alloy limit due to thiact

tha length scale is larger than the mean free path of phonon [10]. Indeed, one of the
major issues is grain growth that occurs generally duringaghm@ication athigh
temperature. Therefore, the reduction of thermal conductivity by grain boundary
scatterings compromised or even lost with time. To conclude, it isllyignportant

to synthesizenanasized particles thkengthscales of which arelose to the unit cell

to have coarseningesistant nanostructures.

Thermal conductivity, kK (Wm™" K')

\ | \ | ) Small glrained ) |

200 400 600 800 1000
Temperature, T (K)

Figure 2.3 The temperature dependence of the thegoabluctivity of micro and

nanascale SrTi@polycrystalline ceramics and bulk single crystal [10].

2.2 Porosity Approach

There are a number of factors that must be taken into accowartirggy thermal
transportproperties. First of all, thermal conta@monggrainsis affectedby the

36



guality of grain boundaries ande contactareathroughout the bulk. This means that

it might bedueto the porosity within the bulkAccordingly, mrosity could reduce

the thermal conductivity due to the presence of air in the pbsvork as an
insulator layeramong the grains in the bulk sample. Generally, the presence of
porosity is expected to decrease the conductivity of the system. The measuhg actua
depends on the fraction of porosity. Various models have been proposed to calculate

the effect such as mixture approaches.

Due to the porositythere are more insulating interfaces. It is expkdteat in
nanocrystalline €349 porosity would addition&} limit the mean free path of some

of the phonon modes and thusontribute to a further decrease in thermal
conductivity [18]. The offered model by Litovslat. al [19] is valid in the whble

range of porosity for a twphase structure with a continuous solid phase and
porosity. In this model, structure is considetedbea composite which consists of

two phases. These phases are nanocrystalline grains and porosity. The lattice thermal

conductivity can be determined bging the following derived model [19];

T of o of (2.1)

This equation, which is an interpolation formula, relates the effective thermal
conductivity of the compositd, to the thermal conductivities dkiconstituent solid

'Q  and poreQ phases and their volume fractions, andw

Figure 2.4 shows a heterogeneous material in which the two components are
distributed randomly, with neither phase being necessauityirmious or dispersed.
These components can be considered as nanocrystalline and pore in our case. Either
component may form continuous heat conduction pathways, depending on the
relative amounts of the components, or therefore this structure is untoaseds its
components. The effective conductivity of this type of structure can therefore be
calculatedwell by the Effective Medium Theory (EMT) equation given above (Eq.

2.1) [18].

Figure 2.5 shows the lattice thermal conductivity as a function omlwaction of
nanocrystalline zirconias calculated based on a model [19]. In the figure, each

sample is indicated with volume fraction and grain size. As it is clearly seen from the
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figure, lattice thermal conductivity decreases with indrepporositybecause higher
volume fraction means higher insulation area and greater phonon interface scattering

atgrain boundaries

Figure 2.4 Schematic diagram of a material made up of a random dispersion of
nanocrystalline and pore [18].
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Figure 2.5 Lattice thermal conductivity vs volume fraction of nanocrystalline
zirconia [19].
38



2.3 Grain-SizeDependent Thermoelectric Properties Based on Theoretical
Models

In this part, the grain size and porosity dependence of the power factor, lattice
thermal conductivity, andd “Walue of G349 samples are explained based on the
offered models. Basically, most simulations of these properties are obtained by
deriving the Boltzman transport equations to their compositions. The objective of
this part is to explain our experimental results that are Seebeck coefficient, electrical
resistivity and total thermal conductivity based on theoretical models with respect to

the nanostructumg and porosity.

Recently, a theoretical study on phonons boundary scattering for amorphous
materials indicates that micron and submicron grains could be highly beneficial in
order to decrease the lattice thermal conductivity without much lowering tteoele
mobility [20]. Moreover, Zhenget al. [21] have developed another model showing
that the bulk thermal conductivity is significantly reduced by decreasing the grain
sizes when the grain diameter is less than 500 nm. Concerni@g3@compound,
Zhouet al.[22] have shown that the optimum power factor iny(§B& 4)C0sOq thin

films is reached for 100 nm grairR. Z. Zhang and K. Koumoto [23heoretically
investigated the thermoelectric (TE) performance of S§BID superlattice cemaics
(STO-3D) with gas grain boundaries (GBs). The grain size dependence of the power
factor, lattice thermal conductivity, and figure of merit vadwecalculated by using
Boltzmann transport equations.i$t found that nanostructured STO ceramics with
smaller grain size have larg&T value. This is because the energy filtering effect
and interfacial phonon scattering at GBs become stronger with decreasing grain size,

resulting in lower lattice thermal conductivity.

The followings are the derived equats of the model:

. 2.2)

% (2.3)

where &g, Os), S, and S are the GB thickness, grain size, electrical conductivity, and

Seebeck coefficient, respectively,pSs and sopec are experimentally investigated.
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Boltzmann transport equations based on the relaxation time approxinseigolied

in order to obtain thermal conductivity equation;

Yo o h n — (2.4)

wherete, p, E, Egg, |, anddg, are the carrier relaxation time, probability of an
electon being scattered by the GB, electronic energy, GB potential barrier height,
electronic mean free path and grain size, respectively. Another variable is the GB
potential barrier heightgg. Electrons with energy less th&gag cannot transport
across theGB potential barrier, which is well known as tbeergy filtering effect
Equation 2.4 indicates that electrons with energy higher thanvwill not be
scattered by GBs, while electrons with energy lower thanh&ve a probability) of

being scatteredybGBs, which is determined by the ratio of carrier mean free path to
grain size. According to the model given above, as the grain size increases and
becomes much larger than the carrier mean free path, not all the electrons can be
scattered by the GB. Thadbre, higher power factomust be observed as it is seen
from the figure 2.6 (a). This trend can be attributed to two reasons. First of all, the
contribution of the Gl to the power factor of STBD becomes larger with increasing
grain size according to 8q2.2 and 2.3Due to the quantum confinement effect at
GBs, the power factor of GBs is much larger than that of the GI. Therefore, as the
grain size increases, the volume ratio of the Gl increases, resulting in a decreasing
power factor. Even increasittige volume ratio of GB by increasing the GB thickness

is not effective. This is because when the GB thickness increases, the quantum
confinement effect becomes weaker. Therefore, -SDDQvith oneunit-cell GBs and

the smallest grain size has the largest grofactor. Secondly, the distance between
GB potential barriers becomes larger with increasing grain size. This means that
fewer electrons are filtered by the GB potential barrier, resulting in a weaker energy
filtering effect and hence a lower power factm other words, the energy filtering
effect in ceramics with larger grain size is not as effective as that in ceramics with
smaller grains. According to these simulation results, it is concluded that for the
power factor to be clearly increasénl be more than 10 %, grain size should be
smaller than 15 nm, which corresponds to a distance five times larger than the

electronic mean free path for STO [23].
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The lattice thermal conductivity can be determined by using the following equation
[24]

I — (2.5)

wherell and & are thephononthermal conductivity and the grain size of STO

3D, respectivelyll is the lattice thermal conductivity of bulk single crystal, &id

the interfacial thermal resistance that are obtained experimentally. Figure 2.6 (b)
shows the calculated lattice thermal conductiMlity of STO-3D as a function of
grain size using equation 2.5. The obtained lattice thermal conductivity c39Ti®

much smaller than that of single crystal [25]. This is because the interface phonon

scattering effect occurring at GBsatreduces the phonand latticemean free path.
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Figure 2.6 (a) Power faabr, (b) lattice thermal conductivity asfunction of grain
size [23].
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2.4 Elemental Substitution Approach

Substitution could be a way for decreasing thermal conductivity by introducing the
increase amount of optical phonon modes. Similarly, structures waklyvbound

or outof-site atoms can create ratting modes, which interfere with the heat
conduction. T h e phonom glassdebtroniccryseald ¢ BGEEY O n
which it is proposed that crystal structures containing weakly bound atoms or
molecd es that #dArattleo within an atomic cage t
modes that strongly scatter the heat carrying acoustic modes of the material.
Therefore crystatlike electricity conduction however,glasslike heat conduction

could be achiewt [26]. The PGEC material has an open semiconducting or semi
metallic framework (electron crystal) containing loosely bound guest atoms (phonon
glass). Substitution with large atoms could be helpful in order to decrease the
magnitude of thermal conductiyitwithout reducing electrical conductivity to

improve the thermoelectric performance of materials [27].

Partial substitution of heavier elements for constituent elements generally results in a
reduction ofl  due to reduction of phonon group velocity enhancement in umklapp
scattering of phonons [28] and scattering probability enhancement [29,30].
Nevertheless, the introduced disordering by such element substitution mostly leads to
an increase in electrical ws8vity. Therefore, the selection of the substitution
element is highly significant in order to gain a large enhancement in dimensionless

figure of merit [31].

Another way to enhance tlZ is actually increasing the Seebeck coefficient using a
substituthng element. Many recent works suggested that the spin entropy plays a
highly significant role in enhancing the Seebeck coefficient 332 Particularly,
Wang et al. [36] discovered a suppression of the Seebeck coefficient under a
longitudinal magnetic fie in NaCaO, metal oxide thermoelectric material at low
temperatures. In his research, it is investigated that the spin ensrdpg main
source for the observed high Seebeck coefficient. Indeed, G. @&amd [37]
provided an evidence for significaspin entropy contribution to Seebeck coefficient

as a function of temperature for cobalt oxides.
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2.5Conclusion

In this chapter, sever@T enhancingpaths like nanostructuring, providing porosity
and elemental substitution are introduc8ttuctural modications can leadhot only

to the decreasef thermal conductivity, but also tine enhance power factor at the
same time. In order to reach this goal, an attempt to introducegnamed bulk
materials with porosity contribution for reducing phonoantribution to total
thermal conductivity by phonescattering at grain boundaries and interfaces leading
to reduction in thermal conductivitywithout severely degrading electrical
conductivity or suppressing Seebeck coefficient cdddighly efficient. Because

the thermal conductivity of etnermoelectrianaterial can be decreased by increasing
boundary scatteringthermoelectric device is expected to maintain a large
temperature difference across its two sides leading to an improvement in its
performane. On the other hand, Seebeck coefficient and electrical resistivity could
be enhanced via elemental substitution tesa of G349 thermoelectric materials.
The most effective way cadilbe Casite substitution because the-€ite is mainly
usedto chan@ the charge carrier concentration or mobility. Therefore, elemental
substitution to this site may lead to a great change in electrical conduckiisty,

the spirentropy contribution to the Seebeck coefficient is related with the spin
entropy current and the population of free spins, which depends largely on“*he Co

concentration and the degeneracyhef €o ions.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

In this chapter, chemical synthesis of oxide powders and sintering of solid pellet
samples will be described in detail. This will be followed by the structural
characterization methods and techniques which are employed in this Ph.D. research
study, includingdifferential thermal analysi$DTA), thermal gravimetric analysis

(TG) X-ray diffraction (XRD), true density measurements, BET analysigicle

size analygis, field emission scanning electron microscopy 5EM) with Energy
dispersive Xray Spectrometer (EDS), andrdy photoemission spectroscopy (XPS).

In orderto obtainthe figure of merit, the measurements of Seebeck coefficient,
electrical resistivity ad thermal conductivity as a function of temperature are
necessary. For this reason thermal conductivity measurements will be also described
in detail in this chapter. The detad description of Seebeck coefficient and

resistivity measurements are provdda chapter 4.
3.1 Chemical Synthesis ofC-3490xide Powders

As a start, stoichiometric mixtures of highrity commercial nitrate salts having the
chemical formula Ca(Ng),.4H,O and Co(N@Q),.6H,O are dissolved in an aqueous
solution of citric acid in the range of 0.01 molar ratio and stirred uniformly. The
stages of the synthesaseillustrated in fgure 3.1. A few organic fuels aaelded into

the following mixed solutionsPEG 400 ad citric aed. These chemicalg@used as

a dispersant and a complexion agent in the nitrate solution dimenfprmation of

sol precursoland eventually converted the mixed solution liquid into gel in which
different species of ionarekept to the designated ra$i. Indeed, strong aggregation
of the particles is supposed to be prevented in the colloidal solution by this way. The
resulting solutions heated up and held at 353 K with continuairsisg. During this
process,reflux is applied for 2 h in orderot prevent evaporation before the
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completion of the dissolution. After that, the refisxemoved in order to obtain the
gel. Then, the gel of violet color dried initially in the low temperature drying
furnace at 393 K for 12 h. The dried gelcrushed ad ground into small particles
using agate mortar ball It is further calcined in air at a ramp rate of I'min in a
programmable box furnace (Protherm) for 2 h at temperature of 823 K, for residual
carbon and organic compounds to be removed anehstited chemical reactions
occur. As a result, pure-849 phase powdés formed. This wet chemistry technique

is applied in order to provide uniform mixture of added dissimilar ions in the atomic
or molecular level. Moreover, this method provides a gafjdsament of chemical

composition. Table 3.1 provides the properties of chemicals used in synthesis

procedures.
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Figure 3.1 Synthesis stages of819 metal oxide powders.

Table 3.1 Desciption of chemicals used in synthesis procedure

i Cobalt Citric Pure
Calcium | | PEG-400
Nitrate Nitrate Acid Water
Chemical
Ca(NGy),. Co(NGs).. CsHsO.
Formula 4H,0 6H,0 H,0 HO(CH,O)H H;0O
Molecular
Weight (g/mole) 236.15 291.03 210.14 - 18
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3.2 Sintering Treatments

Finally, synthesized powder is grinded in agate mortar and this fine powder is cold
pressed into a pellet of 16 x 20 x 20 mm size and then conven#ianahling is
applied at 1123 K for 2 h again to obtain pure849phase. The sintering and
compressing parameteaeeillustrated in figure 3.2. The applied pressig@20 MPa

for 10 min following 60 MPa for 5 min. As a result, the materials have been
corsolidated into bulk pellets by cold compaction and sintering. This pellet is cut
into a disk in 15.84 mm radius for thermal conductivity measurements. In order to
carry out Seebeck coefficient and electrical resistivity measurements, the pellet is
again ctinto a bar in 3 x 3 x 12 mm size in order to specify the heat flow direction

and to make¢hermoelectriaoneasurement® bein the same direction.
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Figure 3.2 lllustration of(a) sintering andb) pressure pofiles.
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Whereas the holding parametesr kept the same for all the sample preparation

procedures, the sintering parameters such as target temparattimanged up to the

different material thais going to be produced. Table 3.2 provides the general steps

and properties for synthesis of339 samples. Also, figure 3.3 shows pictures of

furnace, oven and ball mill that are used during the synthesis processes in our

laboratory.

Table 3.2 General description of the synthesis procedures step by step.

Caflirate  Colitrate  peg 400 Citric Acid
Solution Solution
VA 0 -0 0
M'X'”Q 15 ml. 20 ml. Y% 1-% 10 of 2 % of total
Proportion total volume volume
Synthesis 671 8h at 353 K on hot plate
Drying 12 h at 393 K in furnace
Calcination 17 2hat823 Kin oven
Sintering 2hat1023 K/ 1123 K in oven
Grindi 17 6 hin agate mortar /
finding 107 30 min 300 cycle in ball mill
16 x 20 x 20 mm size
Pellet Feature 120 MPafor 10 min
60 MPa for 5 min
Measurement 3 x 3 x 12 mm rectangular in shape
sample

Figure 3.3 Pictures ofa) furnace,(b) oven andc) ball mil.
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3.3 Structural Characterization

In order to reach pure phase for3@9 materials, the annealing temperature is
selected based on the Setaram LabsysDI@ differential thermal analyzer at
METU Central Laboratory. These measuremamngzioneunderroom temperature to
1100 K in the air.

X-ray diffraction analysisis performed using Rigaku Ultime/ powder
diffractometer. Xray diffractogramsarerecorded at room temperature using @uK
radiation source in order to get information about the structure and phase
composition. The phasewe andyzed and identified using Rigaku Qual Analysis
software including ICDD PDF databadg it METU METE Xray Laboratory.

Gravimetric method of porosity measuremisnised to determine the density of the
specimens. True density of the sampless investigatd by Quantachrome
Ultrapycnometer 1000He |l i um Pycnomet er based on Ar
Boyle lawwith the error less thad03 % at METU Central Laboratory.

Surface area and pore size distribution characterizations or so called BET arsalysis,
carried out using Quantachrome Corporation Autoseéb under nitrogen gas
atmospherat METU Central Laboratory.

Malvern Mastersizer 2000 following the Mie scattering princijsassed for particle
size analysis. The measuremeatsobtained after sonicating for at least three hours
prior to analysis and resulere compared and acquireda different methods at
METU Central Laboratory.

Quanta 400F field emission scanning electron microscope system attached to a JXA
8230 detector isised for micro and nano structural analysis at METU METE SEM
Laboratory. Microstructures of sintered oxide pellat® examined under Field
Emission. The crossections of samplesreprepared and ground and polished down

to 0.50m. Variable pressure mo@ad gold coatingareapplied in some cases when

conducting is a matter.

Bruker S8 TIGER ECO »ay fluorescence Xay is used for supporting elemental
analysis. Xray photoemission spectroscopy (XPS) experimarggarried out on a

PHI 5000 VersaProbe spectrometer equipped with a monochromatized Alréa X
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source. The overall energy resolutim0.6 eV. Before each measurement an Ar
etchingion gunis used to clean the sample surfaces at METU Central Laboratory.

3.4 The Measurementof Thermoelectric Properties

The thermal conductivity of samplesmeasured by Flash Laser method at Istanbul
Technical University Corrosion Laboratory. A reference sample such as pyroceramic
material with ~1 W/mK thermal conductivity vauat room temperature thermal
conductivity of which is very close to-849 materialis chosen for reliable
measurement. The thermal conductivity of samjdesalculated by followingthe

standard relation
I |10°Q (4.2)

where| , 6 and Q are thermal diffusivity, specific heat capacity and density,

respectively. The heat flow direction of the thermal conductivity is equal to the

direction that is chosen for Seebeck coefficient and electrical resistivity.

The Seebeck coefficient amdsistivity measuremerare condud¢ed using a system
which is setup in our laboratory anis descriptionin detail is introduced in chapter
4.
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CHAPTER 4

THERMOELECTRIC PROPERTIES MEASUREMENT SYSTEM

In this chapter, the relevant measurement techniques and apparatus designs required
to effectively manage uncertainty, while also providing a reference resource of some
previous advances in high temperature thermoelectric metralegymmarized and
compaed. Labview 8.0 softwareis used for measurements. Software for
measurements iprovided in Appendix A and Appendix B In this work, many
progressive and unique contributions to the metrology sci@mmemonstrated. The

aim of the work, whiclarenot pesented in the other reports in literature, is to show

i. how the measurement accuracy of thermoelectric materialsbean
enhanced by beadless thermocouple,

ii. how the external magnetic fields eliminated by extraordinarily
designednicro heaters,

iii. how thedifferential temperature measurement option could be applied

iv. how Seebeck coefficient and resistivityeasurementsan be performed
with areference sample,

v. how to performaxial 4point probe resistivity measurement

vi. howto disusemainheater or furnace
The answers for above questi@rsintroducedand explained next sections.

Thermoelectriamaterials in the form of bulk and thin film with high efficiency are
necessary for practical applications such as power generation and cddimg.
efficiency ofthermoelectriamaterials is evaluated limensionless figure of merit

ZT, which is introduced in chapter 1,

OY — (4.1)

57



where S is the Seebeck coefficient,is the electrical resistivity, and is the total
themal conductivity.Measurements dbeebeck coefficienelectrical conductivity
resistivity and thermal conductivity ateavoidable for evaluation &T. Besides,

due to signifiant improvements inthermoelectricarea for renewable energy
applications, great attention has been given to the measurements of high temperature
Seebeck coefficient and resistivity for power factor calculations [1, 2]. For the
practical application othermoelectric materials, reliable, accurate and consistent
measurements of these two are necessary. In the literature, along with many earlier
reports [221], there are recently published research-Z2PconcerningSeebeck
coefficient and/or resistivity mesaurements of bulk materials providing their
capabilities and limitations of measurement systems. A recent detailed overview of
the challenges and influence thiermoelectrianetrology on bulk materials for high

temperature range has been given by Matal. [26].

There are several possible sources of errors that negatively affect measurement of
Seebeck coefficienat high temperature. One of the frequent sources of error is
related with a poor thermal contact between a sample surface and thermocouples,
leading to systematic errors as reported in the studies [6, 24, 29, 30]. Another source
of error might be the distee between the measurement points of the temperature
gradient andhermoelectricv oI t a g e, cofHingec effecb e d Thie t hi r d
contribution could be unexpected external magnetic field created by current carrying
resistive wires in the furnace haere the sample probe is inserted for Seebeck
coefficient and electrical resistivity measuremenftlermoelectricproperties are

rather sensitive to the applied magnetic field for some kind of materials such as
bismuth - antimony alloys [28] and this effecan be eliminated by some simple
modifications (detail description is given in section 4.5.1). In addition, resistivity and
thermoelectric power measurements should be performed on the same sample in
order to avoid potential inconsistencies which coutddue to unintentional and
inhomogeneous doping [6]. Therefore, a 1d@structive type of contacts for the

measurements will be substantial for proper characterizations of samples.

Usually, scientists prefer thermocouples to measure both potential nitéesnd
temperature on the sample. Therefore, thermocouples should be speséitally

to prevent any interaction between the sample and the temperature sensors especially
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at high temperature [26, 29]. For different types of thermoelectric materidsedt
kinds of temperature sensors are recommended considering chemical reaction and

oxygen resistance sensitivity [31].

In the present study, we designed and implemented a device to m&asineck
coefficient differential temperature and resistiviby one and/or two bulk samples
simultaneously in the range of 300 to 1000 K in any desired inert atmosphere or
vacuum. Our system is constructed to address problems mentioned abové with :
new kind of sample probé&) the beadless thermocouples plas&te by sideiii) the
magnetic field eliminated micro heater amylaxial force contacts in a water cooled

vacuum chamber.

In order to minimize the colfinger effect, the beadless thermocouple desggn
performed, and the design allows user to replace the thermocouples without
dispatching the whole sample probe and/or the system itself because it has modular
structure. Besides, undesired mechanical forces caused by the bead of the
thermocouple are alsdiminated by this design. Nedestructive good electrical and
thermal contacts are provided between the sample and the thermocouples by
mechanical forcehat is applied iraxial direction Moreover, the proposed type of
connection configuration also givéise user the advantage of making two Seebeck
coefficient measurements at different points on the same face of the sample. Micro
heaters are specifically designed and placed in order to eliminate the magnetic field
that surrounds the sample. On the othendhadifferential temperature gradient
measurement is proposed in order to reduce the error contribution that comes from
the number of thermocouples and the uncertainties of the temperature measurement
[32]. Providing axial contact configuration, the resisy of the bulk samples can be
measured by applying foymoint probe method. Finally, the thermoelectric properties

of two samples as well as one sample can be analyzed at the same time with this

system.
4.1 General Requirements for Seebeck Coefficient Measement

The spatial arrangement of the probes may affect the result if the Seebeck coefficient
is not geometry dependent (for isotropic materials), the two primary arrangements
developed in part from early thermal conductivity measurements [33], as both
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guantitiesSandar equi r e t he mendes anrapphed axial heat fluxp
By measuring the electric potential, the Seebeck coefficemtecalculated. There

are two contact techniques for measurements:

i.  Axial-flow technique (twqprobe): In the axiaiflow technique, the
temperature difference and the electric potential are measurgde probes
which are in direct contact with the ends of the specimen. This is the
arrangement preferred by Goldsmid and Tritt for improved thermal and
electical contact [3436]. However, many Seebeck coefficient apparatus also
concurrently measure resistivity, requiring additional voltage contacts away

from the ends of the sample.

ii. Potentiometric arrangement (fogrobe): In the potentiometric
arrangement, hie temperature difference and the voltage difference are
measured at two pointen the sample(or inserted within the sample)
equidistant from the hot and cold sinks and on the axis parallel to the thermal

gradient.

To maintain accuracy, the diameter atk temperature/voltage probe must be much
smaller than the effective distance between them. There is some debate as to which
method provides the most accurate determination of temperature and voltage
difference at the same points. Wof8] compared the mailts of thermocouples
presseditthe ends of a sample with those obtained by inserting them in holes drilled
in the sample. For the temperature and the material evaluated, the egsults

consistent within the measurement uncertainty.

It would be usefuto evaluate these arrangements over a broad temperature range and
for a variety of materials. Considering the diversity of research materials in both
geometry and contact resistance, the potentiometric arrangement may benefit longer,
lower crosssectionalarea specimens, while the axilw arrangement may benefit
shorter or diskshaped specimens, provided the thermal resistance of the sample is
larger than the thermal resistance of the contact interface. Thus, a versatile and
flexible apparatus would nainly enable comparative measurements on materials
with different contact resistances, thermal conductivities, and heat capacities, but
also expand the practical range of sample geometries.
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The primary requirements for dagpodo Seeb

1. the spatially synchronous measurement of voltage and temperature, that is,
the voltage and temperature must be measured at the same laoal#irihe

same time;
2. very good thermal and electrical conthetween the probe anide specimen;

3. the acaisition of low voltages (microvoltages) with minimal extraneous

contributions.

Since at high temperature thermocouples are used to determine the temperature
difference, where one pair of identical wiresn used to measutiee thermoelectric
voltage, measurement of the Seebeck coefficient is essentially a practice in low
voltage measurements. The various methods are defmetheasure Seebeck
coefficient: integral and differential methods. These methods will be explained in the

next section.
4.1 Methods for Measuring Seebeck Coefficient

There are two primary techniques used to measure the relative Seebeck coefficient:
the integral and the differential methods (see figure 4rljhe integral mode, the
temperature gradient between the two endb@fsample could exceed to 460 K,
whereas this gradient should be less than 10 K. The information about these two

measurement methods are explained in detail with some mathematical formulas.

Integral Method (Large AT) | Differential Method (Small AT)
///

=
& z Q/
E ) /
S - Qw 2 | o W w

Q'Y / w Y

1 Qo
'1'] Tz T T
Temperature (T) Temperature (T)

Figure 4.1 Theillustration ofintegral(left) and differentialright) methods

comparison chart [26].
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4.2.1 The Integral Method

T I'n the i ntegr aT), onaend bfehd spécmen id naintgired aipa
fixed temperaturdc while the opposite end is varied througg=Tc+ &, the
temperature range of interest [4,-39]. Integral method is used normally for

long metal wire specimens.

1 For materiala whose junctions are Ohmic and isothermal with matéxidloth
of which arechemically and physically homogeneous and isotropic, the electric

potential is defined as [37],
@ "YRY Y YQUY Y'Y YUY QY (4.2)

An appropriate analytic approximation is selected and applied to the entire data
setVas( Th, Tc), (A and B are two metals that are introduced in previous section

1.1.1)then differentiated with respect ¢, where Eq(4.2) becomes

YUY YUY Yty —— (4.3)
In orderto evaluate the Seebeck coefficient value reliable curve fitting is necessary.
The fitting method must comprise the data set with minimal oscillations, as small

random and biased errors will be amplified in the derivative.

Moreover various curve fittingtechniques have been explored. One common
analytical repesentation is to continuously approximate the data by a series of

orthogonal coefficients with the order selected by-dest [4]

Other curve fitting approaches such as

a. Walking polynomial
b. Splinefit
c. Global leastsquares fits of varying order

d. Orthogonal coefficient decrease

Powell et al. [40] warn that Ftest can sometimes give misleading results "if some
particular coefficient happens to be accidentally low." Since this problem has not

been encountered in many applications, and the methods generally produce the best
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results of all, this methods selected by many scientists who use integral

measurement method.

However, it is difficult to maintainflci s ot her mal t hr ©at gigho ut
temperatures, requiring additional corrections, and even more difficult to obtain a
satisfactory fit forcomplexSag (T), where the Seebeck coefficient may have many
more components than simple carrier diffusion. Furthermore, there are no objective

criteria to evaluate the accuracy of the obtained derivative.
4.2.2 The Differential Method

For the reasons dedoed above, the differential method (or sneallf comprises the
majority of high temperature Seebeck coefficient characterizations. In this technique,
a small thermal gradiertpTis applied across a specimen maintained at the mean
temperature of intere3t, = (Tc+T)/2, whereTc = Tol T /fatiTy = To+ T B2

38]. By expanding the Seebeck coefficiem Y in a Taylor series with centdy,

and integrating, Eq. (4.2) becomes,

<

(4.4)

Y oY YY Y (4.5)

Therefore, in the differential technique, the Seebeck coefficient is given exclusively
by the ratio of the electric potential and the temperature difference, provided
PTT, 1 andp®s/ S 1, whenVag ¢ T, and the latter term in Eq. (4.4) can be
neglected. In addition, the linearity itY Y observed for typical metals cannot be
expected in semiconductors, where larger thermal gradients would effectively
average the structure iilY “Y and reduce measurement resolutionTinHere,
observation time is defined as the interval required to iexqane voltage
measurement (assuminfs, Ty, and w are measured simultaneously) and is

therefore instrumentation dependent.

Differential methods can be categorized into three conditions: sttatdy (dc),

guaststeadystate (gdc), and transientjaassuming the observation time scale.

63

t



4.2.2.1The steady state condition

Under steadygtate conditions, differential methods often calculate the Seebeck
coefficient from the linear fit of multiple electric potential/temperature difference
data points rather than one. This practice avoids the assumption that the curves
intersect the ordinate/gg = 0, gl = 0), effectively eliminating the offset voltages
arising fom thermocouple inhomogeneignd norequilibrium contact interfaces

(the entire series of interfaces between thermocouple wires and the voltmeter).
However, the selected temperature differences must be acutely incremental, such that
the total range satisfies the assumption of linearityig( T ). In addition, the
temperature foSag ( Tavg) Must represent the average for the collection of steady
stateT,. Depending on temperature, and sample lertgdgrmal gradients between 5

and 20 K and the measurement range be arranged betwe&A0and 130K for

this method. The resulting slope of each line can be used to calculate the Seebeck
coefficient,and theestimatedaccuracy could be iN5 eV/K.

4.2.2.2The quaststeadystate condition

Although the steadgtate condition succeeds in reducing toatribution of offset

vol tages, the time burden to Tpmappeer |l y
impractical and inefficient. To enable rapid measurements of the Seebeck coefficient
the quasisteadystate conditions introduced [4343]. This condition isnultaneously
measures multiple electric potential/temperature difference data points but employs a
continuously increasing heat flux rather than multiple static, steadya Tées .
However, to propeimplemenation these dynamic (or gradient sweep) tegues
requires multiple high impedance navatmeters (voltage meters witincertainty

< 100 nV). There is also a question of how to select the appropriate time rate of
c h a n g B Unfortungtely, this is rarely stated in the literature making compariso

of data quality a challenge. One modern embodiment of the differential technique
under the quasi steadyate condition is given by Wood [3[he base temperature is

also increasing at a steady rate rather than stabilized at each temgpefanterest.

In our study5 K/min. ramp rates preferred.
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4.3The Methods for Measuring Electrical Resistivity

Among other resistivity measurement methods, a configured axiaptnt probe
methodis applied in our measurement system. Generally} fmint probe metho

an electrical resistivity measuring technique that uses separate pairs of-current
carrying and voltage sensing electrodes in order to nma&ee highly accurate
measurements than tiidnal two-point probe methadTypically, a constant current

is applied to two probes and the voltage drop on the other two probes is measured
with a sensitive voltmeter. The advantage of fquuint probe methods that the
separation of current and vadfe leads eliminates the impedance contribution of the
contact resistances and wiring. In foint probe method, theeasured voltage is at

its terminalsand not across the component. Therefore, the voltage drop across the

connectiorleads is also includkin the resistivitycalculation.
4.3.1 DevelopedVan der Pauw Technique

On the other hand, the Van der Pauw technique is one of widely used in the
semiconductor industry to determine the resistivity of uniform samples [44, 45]. In
this technique, four very smiahmic contacts placed preferably in the corners of the
sample and resistivity is derived from these four points using specific configurations.
Volumeresistivity is a measurement of the resistivity of a material perpendicular to
the plane. It is also dald bulk resistivity because it is a measure of the resistivity

across a defined thickness.

In our study,Van der Pauw method as a configuration for axial-fmint probe
resistivity measurementss used. Since both methods are combined in one
configuration, wide range of sample with different sizes and properties can be
measured with the high accura®etailed description of the measurement setup has
been explained in the section 4.5.

4.4The Measuremeat Error Estimation

When the measurement is repeated with a sensitive instrument, slightly different
results can be obtained. The measurement error is the deviation of the outcome of a
measurement from the true value. It is the difference between a nteasilue of
quantity and its true value [46]. It is well known that an error is not a mistake. There

are two types of errorsg} systematic errowhich always occurs with the same value,
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when the instrument is used in the same way and in the samé)cessedom error

which may vary from observation to observation and cannot be controlled due to
some unknown factors or condition¥here are two different kinds of error
contribution which are coming from both instruments and wires in our system. These
contributions for Seebeck coefficient and resistivity measurements separately need to
be considered carefully.

All the uncertaintiesare estimated based on the uncertainties of each instrument in
our study. Since each instrument has its own measurement umgyertaach

contributionis evaluated for both Seebeck coefficient and resistivity measurements
and showed below. In the part below, we summarized our uncertainty estimation

procedure for the measurement system.
4.4.1 Error Estimation of the System

There are twodifferent kinds of error contribution which come from both
instruments and wires in our system. These contributions for Seebeck coefficient and

resistivity measurements separately need to be considered carefully.
4.4.1.1Error Estimation for Seebeck Coefficient Measurements

First of all, error contribution of instruments can easily be estimated considering
device itself. Each device has their own measurement conditimse changes
dependhg on the environment and signal level. For instamt&eebeck coefficient
measurement, errors are coming from the Keithley 2182 (K2182) nanovoltmeter and

thermocouple itself.
a.) Error Estimation of K2182 Nanovoltmeter
For K2182 Nanovoltmetegrror estimation can be explained as given below.

For instancefor 10 mV range,50 ppm of reading and4 ppm of rangewill be
obtained Generallyfor a measurement af 5 Vs i g nhelnéertainty is50.10
®x 5.10°V + 4.10%°x 10%v=290 nanovolts0 . 29. OV

i. Aninstrumental uncertainty 80 . 2 9for €a¢h point thais measure.

ii. dVvs.dT can be plotteéhcluding this error$= dv/dTNO . 2 9. OV
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b.) Error Contribution of Thermocouple Wires

The temperature error of thermocouples is larger (typically 1Krkfut that will not
change the Seebeckefticient becauséne slopedV/ dT) is being calculated

4.4.1.2Error Estimation for Resistivity Measurements

There are three basic error sources in resistivity measurement which are K2182
nanovoltmeter, Keithley 238 (K238) current source and thermocouple itself.

Source | (current) Mode, Manual Ohms:Total uncertainty % source accuracy ¥

measure accuracy-#ire remote sense).

I. Thermocouple error, which can be expressed as lead wire contribution to the
resistivity measurement, is eliminated by current reversal gmuirt probe

method.
4.4.2 Standard Deviation Calculations

According to the statistics and probabilitheory, thestandard deviation(SD)
demonstrated how much variation or dispersion from the average exists [47]. It is
represented by the Greek letter siginaA low standard deviation indicates that the
data points tend to be very close to the meanishedlled expected value whereas a
high standard deviation indicates that the data points are spread out over a large

range of values.

In order to obtain standard deviati@®8 measurementareperformed and a part of it

is shown in figure 4.2. AmeandB3 3. 4 wWiVt/l/K a standard devi a
are obtained. A measurement error B0 . 2 9  i©ndeagstred Multiplying this

standard deviation with the number of 3 and adding the measurement error, the
sampling error of the measurementsfagl . 7 0 i® dalcilated. Adding and
subtracting the sampling error to the mean value, we obtained the specification limits

as the interval withirl 2 8 . 7 0to D¥ 8 K1 0 Théry wekneed to know how

many of the observations the obtained interval should include. Aouprdo

statistical theory, Chebyschew asserts 88 of the observations should lie within

this interval. However, if measured data follows a Gaussisinitttion, it could

infer that 99.7 % of the observations must be within this interval. Therefore,
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Anderson Darling normality tess performed to data, and obtained a p_value of
0.773. As a result, it can be inferred that data follows a normal distribution with high
confidence, and corresponding normality test that cannot be rejected at any
acceptable ignificance level. Mean calculation for the standard deviat®ms

follows.
Mean=Average® 3*standardleviation (° *calculatecerrorof the system)

i. Data strongly supports normal data at any acceptable significance level.
ii. According to the statisticdheory, it can be safely asserted that 99.7% of the

measurements are within lower and upper limits.

Measured Seebeck coefficient at room temperature for3ad® s amp |l e
0.29 OV/K, 131.60 N 0.29 OV/K, 132.80

133.
0.

N

00C
2

These 33 data points have the mean (average)

The normality test for the data is as follows:

Ho: Data follows Normal Distribution
Ha: Data does not follow Normal distribution
p_value=0,773

The summary and result of standard deviation calculations for samp#9 @

demonstrated in table 4.1. RT represents room temperature.

The AndersofDarling Normality test [48] is used to test the evaluation a sample of
data came which came from a popigla with a specific distribution. Since the data
obtained follow the Normal Distribution, the Andersbarling test could be applied.
The result of this test is presented in the figure 4.2 providing the information that

data has a specific distribution.
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Table 4.1 Standard deviation calculations for sampl843.

Calculations Results at
1. Measurement 133.0
2. Measurement 131.6
3. Measurement 132.8
33. Measurement 135,5
Mean 133.4
Std_dev 1.47
3*Std_dev 4.41
Measurement Error °0.29
Total Error 4.70
Lower 128.70
Upper 138.10

Anderson Darling Normality Test
Normal

Mean 1334
StDev 1471
N 5
AD 0,195
P-Value 0,773

Percent

1:;0 lél léZ 13I3 11;:4 lé5 1é6 12;:7
Cl1

Figure 4.2 Normality test of Seebeck coefficient values 6849 for 33 data points.
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4.5 Description of the Measurement Seup

The system basically consists of a vacuum charf\bg), a vacuum pump, a sample
probe (SP), two micro heaters (Mhs) and electronics (see figure 4.3). VC is built in
order to eliminate the environmental effects and to provide tguogerature control
under any desired inert atmosphere and/or vacuum while measuring the TE
properties of materials. VC has four standard KF 25 gates which provide wide range
of connections from electronics to the SP via vacuum tight connectors. These
conrectors are for thermocouples and power cables of the heaters. Indeed, with
watercooled wall, an independent temperature control from outside environment is
provided.Vacuum pump is connected to the VC via vacuum hose and pressure inside

the VC is contribed by a vacuum gauge.

(®)

Figure 4.3 (a) The layout otthe vacuum chamber; 1) thermocouples placed for two
samples option, 2) thermocouples, 3) sample probe, 4) spring, 5) screw, 6) KF25
standard ports for gas inlet / outlet tube, 7) valve, 8) clamp, 9) géskBeal image

of the vacuum chamber.

The image ad enumerated components of the sample probe are illustrated in figure
4.4. The SP consists of two sample holders (SHs) (12) and two sample probe blocks
(SPBs) (7). Sample (1) is mounted between the SHs. Each SHs has been achieved by
introducing 7bore alumina isolator (7Al) (3) into a stainless steel tube (SST) (5)
tightly in order not to allow 7Al to move on undesired axis. They are placed

mutually and are centered by SPBs. 7Al tubing is used for isolating each
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thermocouple wire (2) and for their stableunting. The thickness and length of
SSTshave been designed small enotglpreventheat loss away from the sample by
conduction.The sample holder screws (9) which are placed in order to keep 7Al and
SST together have the advantages of replacing themditeuples and of
maintenance purposes without orderoffythe whole system. These two SPBs are
perfectly oriented along the horizontal axis of the sample probe to provide a
homogeneous pressure on the sample, made of a brass material. They are mounted
using downsample probe block screws (10) that are on the brass support (11) and
they can be moved forward and backward with the help of a sled when the sample is
large enough to fit. There are also two-&gmple probe block screws (8) on top of

the SPBs fotthe purpose of adjusting sample holders at a specific distance for the
mounting and removal of the sample before and after the measurements. Two springs
(6) are located inside the SPBs, where axial force is applied by these springs on both
ends of the sapte through the SPs. The material of the spring does not lose its
strength and the spring applies gradually the same force on the specimen from room
temperature to 1200 K; therefore, poor mechanical and electrical contact leading to
significant errors aravoided [2, 6]. Sample heating is provided by mutually placed
Mhs (4). Each Mh is attached firmly on the each 7Al. Detail description about Mhs is

given in section 4.5.1.

7. Sample probe blocks (SPBs) 1. Sample
8. Top sample probe block screws 2. Triple Beadless thermocouple
9. Sample holder screws 3. 7-bore alumina isolator (7Al)
10.Down sample probe block screws 4. Micro Heaters (Mhs)
11 Brass support 5. Stainless steel tube (SST)

6

12.Sample holders Springs

Figure 4.4 Generalcrosssectional viewof the sample probe.
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The electronic part, which is shown in figure 4.5 (a), consists of the Lakeshore 336
(LS336) temperature controller unit for controlling and monitorirgy tdmperature

and micro heaters. K2182 digital nanovoltmeter is used to measure the voltage.
Current is provided by K238 current source unit for resistivity measurement and
switcher is used to switch the wires to adjust the wire configurations. In trder
provideinert atmosphere (see figure 4.5 Xl the camber nitrogen, helium or any
other desired gas may be attached to the vacuum chamber. Thermocoupkeravires
directly connected to the LS336, whereas electrical connedi@rmmade using the

switcheras it is shown in figure 4.5 (c).

Figure 4.5 Devices that are used in high temperature Seebeck coefficient and

resistivity measurement system.

4.5.1 Elimination of Magnetic Field by Micro Heater Design

Two micro heatersare designed in order to eliminate the magnetic field created
generally by heaters itself (figure 4.6). There are two micro heaters (Mhs) controlled
by LS336 that hee two independentproportionalintegratderivative (PID)
controllers. Both micro heaters fit over the sample holders completely so that
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temperature convection across the sample is minimized to obtain higher temperature

measurement accuracy.

Figure 4.6 The image of a micro heater with applied current follow direction.

\) |\
Figure 4.6 shows the micro heater, wherand |, show the directions of the applied
\J \J
current on the resistive wire, andand B, are directions of the magnetic field

\% v
created by the currentg and,, respectively. In order teliminate the effect of

magnetic field, micro heaters are given a spiral form. Alayer spiralis formed to
eliminate this magnetic field by twisting a 15 mm long wire leftwards and moving
counter clockwise, then rightwards and moving clockwise, resulting in a micro heater

of 11 mm in radius.

Since the resistive wire is twisted and bended backwtresnagnitudes of currents

become equal‘,lj =‘I\z‘; however, it is directed in the opposite directidp=-1,.
|9 O
Therefore, even if the magnitude of the magnetic fields are ehiﬂaﬂ:,‘Bz‘, the

| O o O
directions of them Wi be oppositeB, =- B,, cancel each othefBl‘- ‘Bz‘ =0. By

this way, magnetic field around the sample is eliminated.
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4.5.2 Triple Beadless Thermocouple Design

Some source of errors during the TEP measurements are studieckpamted
elsewhere [26]. Among them, contact issue which is one of the most problematic
one, should be considered while setting up a device. Basic contact types with their
advantages and disadvantagessummarized in a recent research by Iwarstgal.

[24]. In this study, along with various features of device, Crossed Wire Junction
(CWJ) design offeredinoedr t o mi ni mi z&€i sgecaéefekdcfioot dat
of the problematic issues in Seebeck coefficient measurements. Moreover, unwanted
mechanical forces occurring due to the ball shaped bead of the thermocouples can
also be eliminated by this way. However, since the thermal exqpacsefficients of
thermocouple legs are different, there might be a contact problem between the
thermocouple wires themselves at the junction point at high temperature.
Furthermore, with this configuration only twamint probe resistivity measurement is
possible and some additional modifications might be necessary for thediour

probe resistivity measurement to eliminate lead resistance. However, this can be
proposed for this configuration only by inserting wires into the sample by drilling or

by unaxial mechanical forces if the sample is not fragile to withstand the force that

is applied. Considering these issues, we offer newly designed beadless thermocouple
in our system. Mostly, thermocouples are formed in a way that the wires are arranged
and wetled side by side (figure 4.7 (a)) leading to a big bead junction. These big
beads cause some measurement errors such as unwanted mechanical force [26].
Reducing the size of the bead that is built using this technique will lead to poor
mechanical strength2fl]. The specialty of beadless thermocouple is that mutually
placed wire ends of the thermocouple wires (figure 4.7 (b)) are welded in a different
way in which the radius of the bead of the thermocouples is reduced to the radius of
the wires of thermocoue$ (figure 4.7 (c)). One of the advantages of this design is
that when the size of the bead is reduSedbeck coefficierdnd temperature can be
measured almost at the same point limiting this distance to several micrometers
(figure 4 coldfifgelpfflead t Bumi nfimi zed. I ndeed, due
the thermocouple is flattened to a smooth surface instead of beadgsiouctive
homogeneous mechanical force and thus, good thermal and electrical contact

between the thermocouples and the dansggprovided.
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The second advantage of the design is that each thermocouplelfillsvo holes on

an Al in our design. Therefore, three thermocouples can be inserted into 7Al in order
to provide two more contact points at the same end of the samplepdiatiprobe
resistivity and differential temperature difference can be measured at once along with
Seebeck coefficienineasurement without drilling the sample or wrapping the
thermocouple wires on the sample using this configuration (described in section
4.5.3). Therefore, -Beadless thermocouples can be inserted adjusting the junction

point of thermocouples to e the middle (figure 4.7 (e)) into the 7Al.

Thermocouple
wires

(d) (e)

Figure 4.7 (a) The form of common thermocouple weldirfg) The form of
mutually placed thermocouple welding) A picture of a beadless thermocouple.
(d) Contact diagram showing the measurement points for voltages and temperature
on the sample whefe Temperaturey ; Voltage corresponding to temperature

(V(+) andv(-) correspond to positive+) and negativg-) thermocouple wires,

respectively)(e) 3-beadless thermocouple design.
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The third advantage of this design is tBa&ebeck coefficierdnd resistivity of two
samples with the same size can be measured simultaneously. The benefit of this
configuration is that it gives the opportunity to use @f the samples as reference

sample for environmentally sensitive materials to obtain more accurate results.
4.5.3 Contact Design and Measurement Configuration

Seebeck coefficient, differential temperature and -fmaint probe resistivity
measurements of the samples can easily be done with the given contact configuration
shown in figure 4.8. Woodt al.[6] pointed out that there is no significant difference
between soldering a wire to the sample and direct contact to the sample. In our
system, instead of damaging the sample by drilling, thedestructive direct contact

type is preferred to make measurements.

The system has two measurement options accordirfgetaumber of samples to be
measured. First one ike singlesample configuration optior86C); that is; only the
Seebeck coefficient and resistivity of one sample can be measured. The possible
types of contacts between the thermocouples and sample in tord@easure
Seebeck coefficient, resistivity and differential temperatui®S€ is givenn figure

4.8 (a) and 4.8 (b). In this figure, each number represents the junction point of a
beadless thermocouple.

In SSC configuration, both contacts of 1 ando#,2 and 3 forSeebeck coefficient

and contacts of 1, 2, 3 and 4 for resistivity measurements can be used (see figure 4.8
(a)). The connectionpoints of theSeebeckvoltage measuremestould be also the

points where the temperature is going to be measti@d configuration gives the

user an advantage during the Seebeck coefficient measurements. That is, the user can
make two Seebeck coefficient measurements from two different points on the sample
at the same time. By comparing these two measurementstehid user can study

local propertiegi.e. structural). Differential temperature difference can be measured
only by using contacts of 5 and 6 (figure 4.8 (b)). A thin mica sheet as an insulator is
placed between the mutually placed beadless thermocoaptethe sample in order

to prevent electrical contact during the differential temperature measurement. The
sample size of 3 up to 30 mm in length, and from 3 up to 8 mm in radius can be

measured by 1SC.
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Accuracy inSeebeck coefficiemheasurement reliemn determining the temperatures

of hot side;T, and cold sidell., precisely at the location of the voltage probés,

and V., respectively. Thus, beadless thermocouuletacts of 1 and 4 are used as

current source; contacts of 2 and 3 are used to measure teeninédbV ) for

Seebeck coefficienand voltage Yz) for resistivity calculations or vice versa.
Temperature differencel],) is calculated by subtracting the temperatures read

from hot side {,;) and cold sid¢T;) of the sampleY"Y "Y Y (figure 4.8 (b)).

As seen in figure 4.8 (a), three pairs of thermocouplbg;h are enumerated from 1

to 6 according to the type of measurement, are mutually connected to the sample.
Negative {) legs of thermocouples (enumerated as 5 and 6) are shorted; thus,
positive (+) wires of thermocouples are used for direct measurerhdiftesential
temperatureY’Y QY.

Second measurement option d@ouble sample configurationsDSC). Seebeck
coefficientandelectricalresistivity measurements f&SC are given in figure 4.8 (c,

d). Unlike SSC, in DSC, voltage created by appliedirrent o ) and Seebeck
voltage ¥w) are measured by beadless thermocouples that are inserted into an
additionally placed <bore alumina isolator (4Al) (figure 4.3 and figure 4.8 (d)).
Springs are placed externally to the VC in order to maintaicahéacting pressure

of 4Al (see also figure 4.3 (4)peebeck coefficierdf each sample can be measured

by contacts of 1 and 4. In this configuration, the physical properties of the sample
can be measured sensitively when the other sample positionaseéplith a known
reference material. In this case, toint probe method for measuring resistivity can

be applied using only those contacts of 1 and 4. Howeverpfaat probe resistivity
measurement of two samples is possible using additionally pfefdedigure 4.8 (c,

d)). Here, beadless thermocouple contacts of 1 and 4 are used as current source;
contacts of 2 and 3 are used to measure theem#l(Yc) for Seebeck coefficient

and voltaged ) for resistivity calculations, respectively.
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Beadless Thermocouple

I a mica

(a) Y e |
TAI
2 .

—— TE Voltage o—nou—
(AV)

(b)

T(‘old AV’ VIR
T
2 3
4Al
*) T )
[ | Sampl C EEE4 <]

(d)

— Positive (+) wire - Negative (-) wire

Figure 4.8 (a) and(b) the type of contacts and configurations for Seebeck coefficient
and differential temperature measurementsSS®C, respectively(c) and(d) the type
of contacts and configurations for Seebeck coefficient anddount probe

resistivity measurements f&XSC, respectively.
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The measurement of resistivity ithermoelectric materials presents unique
difficulties [26]. One of them is thermaimf presented in the circuibat can be
cancelled out by current reversing and averaging of the measured resistanices [6].

order to conduct a resistivity measurement, current flowing atmregedge of the

sample (e.ds,) and the voltage across the opposite edge (in this \éageijs
measured (see figure 4.8 (a) and 4.8 (d)). The measured potentia¥.grapnsists

of the resistive voltag¥y at currentl,, andVg, that is the contribution of thermal
emf resulting in an equation o¥;, =V +Vge. A further improvement in the
accuracy of the resistance values can be obtained by repeating the resistance

measurements after switching polarity of the current sourgg'(negative)

immediately to measum® @ . This provides the elimination of the

offset voltagessuch aghermoelectrigpotentials due to the Seebeck effect, will be
cancelled out. From these two values, average resistance (for this ex&nple,

can be calculated [50] using the expression;

Risss =V34 - V34i — (Vir *Vewe) - (Vg +Veue) =Vi (4_6)
2l i |

|
av PP PP av

Van der Pauw showed that the resistance of samples can be determined from two of
these resistancesone measured along a vertical edggs,, and acorresponding

one measured along a horizontal edRjg,;. The total resistance of the sample can be

calculated by averaging these measured resistance data as given below;

R= R12,34+ R23412 R34,12+ R4l23 (47)

The proposed fodpoint probe system will also be very beneficial for investigation
the effect of structural changes in the resistivity of composites such as carbon fibre
epoxy laminates [49]. In this study, for instance, the resigtibghavior would
depend on whether the composite between the electrisdesidirectional or
multidirectionaland if unidirectional whether it oriented perpendicular or parallel

to the direction of largest conductivity in a carbon fibre composite. thdéehe

structure is unidirectionally oriented to the low resistivity direction, this system
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would permit exploration of the changes in potential difference at different locations
aroundtwo points where currenis being introduced. The measurement efior
estimated by using uncertainties of each instrument for Seebeck coefficient and

resistivity measurements [50].

4.6 Thermocouple Tests and Temperature Calibration of the System

Relative Seebeck coefficient is calculated using the slope in whiclvaitege
difference vs. temperature difference is plotted. In order to avoid miscalculation,
these two factors should be measured correctly. If there is any miscorrelation
between them, the Seebeck coefficient will be measured wrongly. For instance, if
the user measures the temperature wrongly, the voltage difference will also be
wrong. As it is illustrated in figure 4.9, even if the temperature differences are the
same in both Test and TesR measurements, the voltage differences are different
on the sara sample. As a result of the Seebeck coefficient calculations, there is a
distinct difference between both measurements. This is due to wrong calibration of
thermocouples or bad contact. It is also highly significant for resistivity
measurements. Durinbe resistivity measurements, the temperature between the two
ends of the sample should exactly be the same in order to have accurate
measurement. The temperature difference will cause théremaf and this will
contribute to the voltage negatively. Forsthieason, the best way for testing the
accuracy of the device is to do temperature calibration of both thermocouples and to

do temperature measurements of both side of the sample vs. time.

Thermocouple calibration for our system is done using the calibittchigh
temperature. Ice bath or other low temperature calibration methods are not suitable
for this setup because of the high temperature measurements. Temperature
calibration needs to be made at a temperature range where the measurements are
conductedAfter the calibration, thermocouples are connected to the LS366 and both
heaters on it are set to 500 and 1000 K. As it is clearly seen from the figure 4.10,
there is highly good correlation between the thermocouples. The difference between
both measurenms is less than 2 and 30 mK at 500 and 1000 K, respectively.

80



I ! I ! I ! I ! |
600 - E Test -1: Seebeck Coefficient= 125 microV/K
Test -2: Seebeck Coefficient= 136 microV/K
500 -
% 400-
=+
1)
= 300
= i
-
200 -
100 -
I I I I 1

Temperature Gradient ( K)

Figure 4.9 The different Seebeck coefficient measurements results on the same

sample.
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Figure 4.10 Temperature measurement results of thermocouples The Input C and

Input Drepresenthermocoupleghat are attached thesample

In addition to this, linear voltage measurements need to be observed while the
pulsing at a st temperature and during heating and cooling. Figure 4.11 shows the

short (1" pulse) and long (2 pulse) pulsing. In highly sensitive measurement
devices, the response of the sample is correlated with the pulsing. Therefore, as soon

as the temperature gradient is created, the voltage difference should occur. During

this treatment, the voltage differc e ( V) i s measured and da
in order to investigate the accuracy of the calibration (figure 4.12). It can be seen that

81



voltage difference is recorded as cycle. These cycles are correlated with the
temperature gradient. When the tesrgiure gradient increases, the voltage
difference increases and vice versa as it is expected. The quick response of the
sample demonstrates the highality contact between the sample and the

thermocouples.

301

300+

299+

298+

T, &T, (K

297

296+

295+

0 200 400 600 800 1000 1200
Time (sec)

Figure 4.11 Temperature gradient created by pulsing one of the micro heaters.

It is obvious that there is expected correlation as can be seen below in figure 4.13. In
this figure, it is illustated that the time to create temperature gradient is 55 s and 57 s
during heating and cooling at 400 K, respectively. Actually, the time difference is
rather low and 2 s difference occur due to heat absorbed by the alumina ceramics. In

order to decreasait time, the length of the alumina ceramic is shortened.
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Figure 4.12 Differential voltage drop vs. differential thermal gradient is plotted as

multiple measurements to calculate Sc. Inset shows the closer view of the graph.
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Figure 4.13 Temperature gradient created by pulsing the micro heater during heating

and cooling.
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4.7 Temperature Profile Options for Measurements

Temperature profile of the sample as a function of time duringnigeahd cooling

cycles at room temperature is shown in figure 4.14 (a). A temperature gradient of 5
to 10 K is applied [24](figure 4.14 (b)). Because the sample space is quite small, the
heating and cooling rates are almost equal during the Seebeck -coefficient
measurements. After stabilization of the temperature at the set point temperature,
temperature gradient is createdvibetn two ends of the sample by heating one of the
Mhs. Alternatively, since the Mhs give fast response, one of the Mhs can be heated
up and the other one can be cooled down in order to create desired temperature
gradient to obtain voltage difference [24].

4.7.1 Differential Temperature Measurement

The measurement of a temperature gradient by using the differential thermocouple
arrangement is more accurate than direct subtraction of temperatures measured
between two ends of the sample because each thermocospits leavn error and
relative error in two temperature measurements is more pronounced as compared to
the differential temperature measurements. Using one of the mutual thermocouple
wires (preferably the middle one) differential temperature can be megsorgdcts

of 5 and 6 as shown in figure 4.8 (d)). The points where thermoelectric voltage and
temperature difference measurements are taken on the edge of the sample should be
as adjacent as possible [1, 24, 26]. kbeadless thermocouple configuration,
differential temperature measurement might not be a good idea for Seebeck
coefficient calculations due to the distance between two thermocouples on Al that is
about 0.5 mm. However, this option might be used for other beneficial information
such as homogeitg of a sample. For instance, temperature gradient can be
measured either by direct subtraction of hot side and cold side temperatures or by
differential method using-Beadless thermocouples configuration. User can use both
measurement data for Seebeadbefticient calculations. These two temperature
gradient data (direct subtraction and differential) are taken at the same axial
direction; however, from different lateral points on the edge of the sample. Thus, if
the sample is structurally not homogenoughas direction, the measurements of
these two temperature gradients might be slightly different depending upon the

degree of homogeneity that might slightly effect the Seebeck coefficient calculations.

84



1000} .
[ (@ N —T. ]
900

T

T

800

700

T

T

600

500

T

Temperature (K)

400

T

T

300

(b)
905

DT ~ 5K

Temperature (K)

900

Time (h)

Figure 4.14 (a) Temperature profile of a sample duri8gebeck coefficierand
resistivity measurements during heating and cooling cycles as a function aftime.

the closer view of figure 6,8K temperature gradient during heating and cooling.
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Figure 4.15 The comparison demperature gradient data measured via differential

method OT,) and the subtraction of hot and cold side temperatddés)(

4 8Reference Measurement Results

The accuracy and the reliability of the system has been tesiegl pure Pt and Nb
reference samples. Seebeck coefficient and resistivity measurements of these
reference samples are conducted from 300 K to 1000 K under vacuum. The obtained

results are compared with theoretical values from the literature.
4.8.1 SeebeckCoefficient Measurements

Two measurement techniques which are differential and integral methods [29] that
differ in the magnitude of the temperature gradient are mainly used in order to
measure the Seebeck coefficient of the materials. Since there arersovbacks of
integral method [26], in which the reasisrdetailed in the section 4.2.1, steestgte
differential method is preferred for our systefhe description of the apparatus and

instrumentation for high temperature implementation of the diffedlesteadystate
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method has already been provided detail [1, 2, 26] The measurements result
carried out by using the improvements as explained in section 4.5 will be given here.
TypeK thermocouples (chromealumel) 0.125 mm thick are used f&eebeck
voltageand temperature measurements. In our system, platinum wire (0.8 mm radius
and 12 mm long) and niobium rod (3 mm radius and 12 mm long) are chosen as
reference materials. In order to check the reliability and the accuracy of the system
and to understand arsgructural and/or electrical changes in the sampleS#abeck
coefficient measurements during heating and cooling cycles are significant. If the
accuracy of the system is good, a significant differencBeabeck coefficienand
resistivity measurementsom heating and cooling modes would indicate a change in
the sample. The reason can be a change in the oxidation state of the sample during
the measurement [30]Obtained Seebeck coefficiendata points for reference
samples are different by abotit0.10and® 0. 15 OV/ K than the r
theoretical for Pt [2, 30] and for Nb data [51], respectively. Such differences are
quite smallwhen compared within the experimental uncertainty and with other

reported resultgs2].

Thermoelectricvoltage was meaured from the positive (chromel) legs of the
thermocouples thatvere mutually placed at the both ends of the sample. Time
dependent temperature gradiedl(/ dt) andthermoelectriovoltage dV/dt) were

recorded synchronolysduring the measurement, during heating and cooling cycles

using a software written in our laboratory. Typical measurements of the
thermoelectriovoltage plotted against temperature gradientlanedr fitting of these

data to& place at room temperature in relat&eebeck coefficierfor platinum wire

and niobium rod shown in figure 4.16 (a) and figure 4.16 (b), respectively. The

i ntercept should ideally be null but wusu.

[30]. Both error bars for voltage and temperature are indicated with red color

The absolute valuevas calculated by adding tigeebeck coefficieraf the chromel
leg of TypeK (Table 4.2) thermocouple at each temperature interval from the

relative one considergnthe measurement uncertainties in the intercdptat OK .
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Table 4.2 Seebeck coefficient values of chromel leg of F¥pthermocouple at each
100 K temperature interval.

Temperature (K) Seebek coefficientofch r o me | |
300 29.25
400 27.46
500 25.69
600 23.85
700 21.98
800 20.07
900 18.12
1000 16.13
1100 14.11

Seebeck coefficient measurements were repeated at least 3 times at each temperature
level. Seebeck coefficient of platinum wire and niobium rod were measured at every
interval of 100 and 50 K, respectively from 300 to 1000 K as seen in figure 4.17. The
reaults of the Seebeck coefficient measurements conducted in this study are in very
good agreement with the reference data [2] over the whole temperature range. The
total error in the Seebeck coefficient measurements for any given temperature is
estimated tdoe less than 2.6 % for both platinum and niobium samples.
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4.8.2 Resistivity Measurements

A four-point probe techniquavas used for resistivity measurements under the
conditions given in section 4.3. In our design, the tempergtadient between two

ends of the sample is less than 0.05 K for each temperature i@ngée applied
current is typically from 1 to 100 mA depending on the electrical conductivity of the
sample. A direct current for short time (0.1 se@s applied in order to avoid the
Peltier effect [26]. Wiresvere twisted to avoid magnetic field coupling [50Jhe
resistivity measurement is, in general, less prone to errors than thermopower
measurementResistance measuremenigre repeated at least-tBnes at each
temperature interval to ensure the reliability of the measurements. The measurement

uncertaintyis estimated for resistivity measurement is less than 1 %.

90



Table 4.3 Resistvity values of platinum wire. Percentage difference of
measurements is calculated based on each earlier report and represented by their

reference numbers.

Burkov  Powell Martin Our Ref.[2] Ref.[53] Ref.[54]
T(K) [2] [53] [54] Result
r (G .cm) (%) Difference

273 - 9.9 9.76 - - - -
300 10.96 10.95 10.8 11.02 0.54 0.63 1.99
400 14.75 14.78 14.6 14.82 0.47 0.26 1.48
500 1845 18.37 18.28 18.52 0.37 0.80 1.29
600 22.04 2195 21.84 22.09 0.22 0.63 1.13
700 2552 2542 25.3 25.61 0.35 0.74 1.21
800 28.85 28.76 28.64 28.96 0.37 0.69 1.10
900 32.05 3196 31.87 3211 0.18 0.46 0.74
1000 35.12 3544 3498 35.23 0.31 0.59 0.70

The result of the resistivity measurement of platinum wire that is conducted in our
laboratory is in good agreement with the reference data performed independently by
Burkov et al.[2], Powellet al.[53], and Martinet al.[54] over the same temperature
rangewith less than 2 % differen@es given in table 4.3 he resistivity measurement
result of niobium rod is demonstrated in table 4.4. This result shows that the
measurement result of niobium is in good agreement among individual

measurements preseniediterature [55, 56] with less than 0.7 % difference.
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Table 4.4 Resistivity values of niobium rod. Percentage difference of measurements
wascalculated based on the earlier report and represented by its reference number.

K. D. Mag OurResult r

T(K) r (@ cm) & cm) (%) Difference
300 15.08 15.06 0.13
350 -- 17.57 --
400 19.75 19.64 0.56
450 -- 21.76 --
500 23.95 23.83 0.50
550 -- 25.83 -
600 27.92 27.75 0.61
650 -- 29.69 -
700 31.69 31.65 0.12
750 -- 33.33 --
800 35.28 35.11 0.48
850 -- 36.90 -
900 38.72 38.57 0.38
950 -- 40.24 --
1000 42.02 41.99 0.07

4.9 Conclusion

A detailed description of a system thvads designed to measure thigermoelectric
properties of one and/or tweamples at high temperatuvdgth good accuracy is
presented. Seebeck coefficient, fqaint probe resistivity and differential
tempeature gragent can be measureghder controlled vacuum and/or any inert
atmosphere. The main features of the system are accuracy and precision with the
help of the beadless thermocouple design and improved contact configurations.
Moreover, external magnetic fieldocand the sample is eliminated by micro heaters
that response quickly and effectively for good temperature control. The device is
easy to operate and suitable for bulk samples with a broad range of physical types
and shapes. Since the system is modulasigde allows user to replace the
temperature sensors without dispatching the whole sample probe and/or the system

itself. The evaluation of the results is presented in detail in chapter 7.
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CHAPTER 5

THE EFFECT OF NANOSTRUCTURING AND POROSITY ON C a3C0409
METAL OXIDE

In this part of the thesis, the variation®éebeck coefficient, electrical resistivity and
thermal conductivityvalues individually via low dimensional systems on cobalt
oxide thermoelectric material is present@tie size and porosity effebtave been
proven to enhancdigure of merit of cobalt oxide materiaNanograined structure
helpsto reduce phonon contriban to the thermal conductivity by phongoattering
at grain boundaries and interfaces leadimgeduce the totahermal conductivity
without severely degrading electrical conductivity or suppressBegpbeck

coefficient

A significant amount ofeseatch has been performeah thermoelectris to improve
their efficiency for industrial and automobibgpplicationg[1]. Interest has grown in
this areadue toincreasing awareness of the deleterious effedossil fuels which
are supposedly the major sources of,@issiors and lead tglobal warming [2].
Over the last decadéhe demand for renewable energy sources, suchEgshas
increased for longjfe electrical power sources [3[.hermoelectrianaterials which
exhibit high conversionefficiendes and contaimontoxic and abundantly available
elements with high chemical stability in air even at temperatures of 8000 K

mustbe used effectivelfor the efficient conversion of heatto electricity[4, 5].

The performance of thermoelectriomaterial is characterized by the dimensionless
figure of meritZT=S°T/r / whereS,T,r and x representSeebeck coefficient,

absolute temperature, electrical resistivity and thermal conductivity, respecfively.
good thermoelectricmaterial shouldexhibit a large thermopower, low electrical
resistivity, and low thermal conductivity [6, 7]. However, in mositenials, high

electrical conductivity is generally accompanied by high thermal conductivity
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according tahe WiedemanrFranz law. HenceDresselhaugt al. [8] proposed that

it is possible to varyhe values ofS r, and & individually using low-dimensional
systemsby introducing interfaces, which scatter phonons more effectively than
electrons or serve to scatter out the low energy electrdhe structural
modificationsmayleadnot onlyto a decreas@f thethermal conductivityout alsoto

an enhance power factor.To achievethis goal, an attempt/as madedo introduce
nanegrained bulk materials toeduce the phonon contribution to the thermal
conductivitythroughphononscattering at grain boundariaed interfacedeadingto

a reductionof the thermal conductivitywithout severely degradinthe electrical
conductivity or suppressinghe thermopower %s) [9]. Because the thermal
conductivity of athermoelectricomaterial can be decreased by increasing boundary
scattering, athermoelectricdevice is expected to maintain a large temperature

difference across its two sides, leading to an improvement in its performance.

Severalreviewshave provided insight intthe properties of nanocrystallifgd] and
nanostructure regions[11] and interfaes [12] inbulk thermoelectriomaterials.A
recent studyperformed by Nong et al. demonstrateé that metallic nansized
inclusionsare promisingfor enhancingthe Seebeck coefficient and reducirige
electrical resistivity [13]As anexample ofthe numerais theoretical studies related
to the size effect of the propertiestbérmoelectrianaterials [8-16], a recent study
[17] illustrated that thesehermoelectricproperties are size dependent. Althowgh
ceramic witha grain size of 6.4 nnexhibited aZT of approximately1.13 at 300 K
[18], it is very difficult to synthesize ceramics with such small grain ss{4€).
Therefore, thehermoelectricperformance of ceramics as a function of grain size
shouldbe evaluatetb better understand tredfect of thegrain size orthermoelectric

performance.

Another possibleapproacho reducethe thermal conductivitynvolvesthe porosity.

The mrosity can be proportional tthe thermal conductivity; that isa porous
structure can contribute tihe reduction of the Hermal conductivity as a thermal
barrier (resistance). It is investigated thabtew the density ofh nanocomposite
changes by only a few percent, the effect of porosity on the electrical conductivity of
the materialchanges by orders of magnitude [Blowever, porosity may produce

different effects for different materials;for example experimental resulton
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nanograined SiGe hawevealedthat porosity causesa significantincrease in the
resistivity, which results in a loweZT [20]. The positive contributiorof porosity to
decreasingthe thermal conductivity has also beabserved For instance
nanoporous [2-25] and mesoporous @ structures were introduced as new
approachks to further contribute to enhaaT. The results were attrilited tothe
reductionof the phonon mean free path grtlus, the lattice thermal conductivity.
Furthermore, it was also asserted that a possible incre@Secan be achievedue

to the 30 % increase in the ratio of electrical conductivity to thermabgotivity
obtained using a micro-sized porous structure [4. Similar resultshave been
observed in thin films [230]. Therefore, kctrical and structurabptimization of
electron and phonon transports must be very effective to improve their conversion

efficienciesusingthe aforenentioned techniques (nanostructuring and porosity)

Cobalt oxides (N&o,04), which were first considered &lsermoelectricmaterials

by Terasaki et al. [31], exhibit extraordinatiyermoelectricproperties as metal
oxides.These metal oxides are thermodynamically stable at elevated temperatures,
nontoxic, abundant, easy to fabricate and economical [32, 3802, (C-349) is a
promising material among these oxides due to its high Seebeck coefficient, low
thermal conductity and low electrical resistivity values at high temperatures. This
compound belongs to the family of misfit cobalt oxides, and the structure of the
crystal can be described as an alternate stacking along [001] of distorteshitock
type slabs [C#0G0;] and [CoQ] layers, resulting in a distorted Cdigpe structure

[34]. In these layers, the CeManosheets contain a strongly correlated electron
system and a G&o0; misfit layer, which serves as an electronic transport layer

acting as a potential phonocastering region [338].

Further developments requir@ better understanding of the mechanism of the
aforementioned unique behaviors. However, no detailed reports are availdh&
C-349 thermoelectricmetal oxide concerningthe combined nanostructureand
porosity In this work, the effect of nanostructuring and porosity on the thermal and
electrical properties of 349 ceramicss reported. Our goal is to optimize these two
featuredo decrease the total thermal conductivity withsiginificantlydegeding the
Seebeck coefficienr electrical conductivityTo attain this objectiveC-349 metal

oxide thermoelectricmaterials with average grain sizes ranging fra8nt® 18 nm
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were synthesized vidhe citrate solgel methodand their thermoelectricand
structural properties were compared wttlose oftheir bulk counterparts with 2m
average grain sizeA great enhancement &I wasachievedn the nanostructured

materials
5.1 Experimental Procedure

The CaCo,O9 composition can be obtained by sedithte[39-42] coprecipitation of
oxalates [43] or various sglel methods [4416]. The solgel method is one of the

best synthesis methods that yield homogeneous nanoparticles [47, 48]. In this study,
the citrate sebel process [49] was applied to synthesiz&40 thermoelectric
materials with particle sizes ranging from the nanoscale to the microscale. First,
stoichiometric mixtures of higpurity calcium nitrate and cobalt nitrate salts with the
chemical formulas Ca(Ng».4H,O and Co(N@)..6H,O, respectively, were
dissolved in an aqueous solution of ~0.01M citric acid. PEG 400 and citric acid were
used as a dispersant and complexion agent, respectively, in the nitrate solution during
the formation of the sol precursor; strong aggregation of the particleppgesad to

be prevented in the colloidal solution. Then, 3, 5 and 7 % PEG 400 was added to the
C-349solutions to produce particles with different sizes. Another sample with a 2
mm average grain size was synthesized using the same method withB&GH00
addition. A reflux was applied for 2 h to prevent evaporation before the completion
of the dissolution. Then, the resulting solution was heated at 353 K with continuous
stirring, removing the reflux for gelation. Then, the viatetored gel was dried
initially at 393 K for 12 h before being further calcined in air at a ramp rate of 10
“C/min in a programmable box furnace (Protherm) at 1023 K for 2 h to remove any
organic compounds and to yield pure3@9 phase powder samples. Finally, the
synthesized powats were ground in an agate mortar. These fine powders were cold
pressed into a pellet shape of 16 x 20 x 20°%nsime, and then, conventional
annealing was applied at 1123 K for 2 h to obtain a puBd¥phase. The samples
were consolidated into bulk pets by cold compaction and sintering. These pellets
were cut into disks with diameter of 15.84 mm for the thermal conductivity
measurements. To perform the Seebeck coefficient and electrical resistivity
measurements, the pellets were again cut into bdhrsdimensions of 3 x 3 x 12

mm® to specify the heat flow direction and to conduct tthermoelectriqproperties
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measurements in the same direction. Finally, four samples with average grain sizes
of 18, 30 and 68 nm andrin were successfully synthesizedddabeled as S7, S5

and S3 and SO, respectivelyhe sizes were measured for the powder after the first
annealing.Table 5.1 showshe amount of chemical used for the synthesis-G4&

materials.

Table 5.1 The amount of chemical used for the synthesis-8#& materials.

: Ca-Nitrate Co-Nitrate Citric
Sample  Molarity Solution Solution PEG-400 Acid
0,
SO 001M  15ml 20 ml %000 4700
volume
%3 of volume
S3 0.01 M 15 ml 20 ml 1.4709 g
1.05 ml
%5 of volume
S5 0.01 M 15 ml 20 ml 1.4709 g
1.75 ml
%7 of volume
S7 0.01 M 15 ml 20 ml 1.4709 g
2.45 mi

For continuous reading and for better understanding the achievements and
conclusion are introduced with the obtained results. This section is divided in t

parts:structural characteriion and thermoelectric analgse
5.2 Structural Characterizations

To obtain a pure phase for the3@9 materials, the annealing temperature was
selected based on the I A analysis. The results of the TG and DTA analysis of
the dried gl are presentenh figure 51. The G349 phase can be seen at 1040 K,
according to the analysis of the TG and DTA curvEse wide endothermic peaks at
533 and 560 K accompanied by the weight loss of 12.3 % originate from the
decomposition of excess ¢dracid and nitrate salts. Two successive exothermic
peaks are observed near 633 and 684 K and are accompanied bgtapgweeight

loss of 16.1 %; these peaks are assigned to the decomposition of the citrate complex
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into C0O, and CaCQ The endothermicgak over the range of 10091040 K is
associated with the decomposition of Ca@w CaO- CaO reaction with CG,.
Therefore, a sintering temperature of 1123 K was selected, which enables us to

obtain pure €349 powders.
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Figure 5.1 The results of TG and DTA analyses.

X-ray diffractograms show thal of the peaks can be indexed tie CaC0,0q
phase with monoclinisymmetry [%], which indicatesthat G349 materialswere
prepared successfully usitige citrate sebel method gee fgure 52). No observable
traces of extraneous phasasimpurities were detected. Due tioe particlesizes
falling in thenancerange forthe S3, S5 and S7 samplesplader diffraction peaks are

observed compared withe micro-structured 8 sample.

The particles in this figure have spherical shapes. In figure 5.3, the particle size of
the samples is plotted as a function of the quantity of PEG 400, which was measured

from the FESEM images. Sample SO has an average patrticle size of approximately 2
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nm with a density of 80 % without the PEG 400 addition, while the addition of 3, 5
and 7 % PEG 400 resulted in decreases in the density and average particle size to
74.2 %/~%-70 nm, 72.5 %/~385 nm, and 66 %/~185 nm, respectively, as
observed in figures 5.4(b), 5.4(c) and 5.4(d), respectively. The particle size of the C
349 samples was observed to decrease significantly with increasing quantities of
PEG 400. Interestinglyexcept for the coarsgrained SO sample, the other samples
exhibit similar structures.

Intensity (a.u.)

2q (degree)
Figure 5.2 XRD patterns ofc-349 compounds.

When the particle size measurements and calculations (BET and Scherrer formula)
are compareavith FE-SEM images, the sizes of the particles are not different. It is
difficult to distinguish such small particles due to charging during the analysis. Pt or
Au coatings are also not helpful because these coatings cover these strongly
aggregated partiek, and therefore, the particles cannot be observed using this
approach. Strong aggregation is observed, which is due to the formation of covalent
or metallic bonds that cannot be easily disrupted on the nanoscale [57]. Therefore,
the particle size obserdefrom FESEM images is compared with the techniques

discussed later to confirm the results.
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The Mie scattering principles is used for particle size analysis and results are given in
table 5.2. The results, which were obtained after sonicating for at3dadiefore
analysis, are more accurate and also consistent with other results acquired using
different methods. For instance, the average particle size of the povedeulated

using the Scherrer formula s 17 nm, whereas the Mie scattering principle result

indicates an average particle size-df8 nmfor sample S7.
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Figure 5.3 The particle sizef the samples calculated using-BEM images vs %
PEG 400 in solution.

The mrticle size results for all the samples obtainsihg the Mie scattering
principle andScherrer formulare listed in table 5.2f nanoparticles exist in a dry
powder in an aggregaté form, such as the materials used in thesearch a
reasonable primary particle size may be obtained by calculdwgmyerage particle
diameter using a measured BET surface dpeavder surface areasarying from
3.98 to 66.08 mg" were de¢rmined using BET analysisAn average particle
diameter was calculated assumipgrous spherical particles artde theoretical

density of the individual materiald&Vithout presentingthe entire derivation, the
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equation for calculating the average partidiameter in nanometers is 6G(BET
surface area in ffg) x (density in g/cr). The calculated particle sizes frahe BET
analysis are in good agreement with other results obtaisied other experimental
methods asshownin table 5.2 The slightlylarger particlesizes observedsing the

BET analysisare due tdhelow surface areavhich indicates strong aggregation and
high porosity Although PEG 400s usefulin reducingthe materialdimensions othe
particles,its inclusiondid not sufficiently prevent the aggregation of particldisis

rather challenging to obtain such small particles in ceramic materials. However,
particle sizes in these ranges can be obtained using a very low molar ratio (0.01 M),
enough PEG and citric acid, and an optimigedering time and temperaturEhese
resuls indicate thatvariousquantites of PEG 400 in aqueous solutigield various
nanasized particles usinthe citrate solgel method As demonstrated itable 5.2,

all the results are in good agreement withrésults of the particle size analysis and

most of the FESEM images.

Table 5.2 The result of measured and calculated particle size and density values of
all samples. Samples are entitled as SO, S3, S5 atiS3orresponds to the
percentage of PEG 400 addition.

SO S3 S5 S7
PEG-400(%) 0 3 5 7
Density (g/cc) 3.72 3.47 3.3 3.08
BET (m?%qg) surface area 3.98 2523 50.27 66.08

Calculated Avg. Particle
Size from BET

Particle SizeAnalysis 1.98mm 68 nm 30nm 18 nm

2.3mm 69 nm 36 nm 30 nm

Scherrer formula - 67nm 29nm 17 nm

In order to investigate the atomic percentage (at. %) of each atom corresponds to the
stoichiometry of the nominal composition 0f339, the quantitative EDS analyses
with and without oxygen for all the sampla®investigated and shown igtire 5.5

and 5.6, respectively.The results ofthe EDS analysiswere consistentith the

stoichiometry of €349.During EDS analyses, elemental composition is obtained in
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atomic % concentratioi.he atomic percentage of Ga€o is 0.75. According to the
table 5.3, mesured atomic ratio of all the samples are very close to the label ratio of

C-349. These experimental results coincide with the stoichiometry3afoC

Table 5.3 Atomic percentaggaluesof Ca to Co for €349 composition from EDS

analysis.
Samples SO S3 S5 S7
Atomic % of Ca/Co 0.71 0.77 0.73 0.73

Figure 5.4 FE-SEM images of €349 compounds of SO, S3, S5 and S7 samples.
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5.3Electrical and Thermal Transport Properties

In this part, the thermoelectric properties that are Seebeck coeffielestrical
resistivity, and thermal conductivity of-849 thermoelectric materials have been
studied to investigate the thermoelectric efficiency. The result of these measurements
and their effect on @349 are follow.Seebeck coefficient and electricabistivity
measurements are performed with a device build in our laboratory of which

introduced in chapter 4.

The thermoelectric properties including the Seebeck coefficient, electrical
resistivity, and thermal conductivityof the C-349 materials were examined to
determine thar thermoelectric efficienades The typical temperaturg@ependent

Seebeck coefficient values tife C-349 material, which exhilstp-type conduction,

are presented ifigure 5.7 The microstuctured SO and nanostructured S3, &%l

S7 samples=xhibit the same trenibr the Seebeck coefficient values, which slightly
increase with the temperatuiiéhe Seebeck coefficieabf all the samplesonly dffer

by611 OW/ K. The highest Seebecwasobtaned fi ci e
for the micro-sized sample (S0) at 1000 Khe absolute values of the Seebeck
coefficient starting from the | owest val
temperature and reach a maxi mum of 132.
results match with thosergsented in the literature [58] and imply that the
nanostructuring combined with porosity does not have a considerable effect on the
Seebeck coefficient. As previously reported, when the size of the grain decreases, the
Seebeck coefficient should increatige to the energy filtering effect [17]. However,

in our study, the Seebeck coefficient decreased due to the effect of porosity being
dominant, which leads to an increase in the density of the scattering region. It can be
concluded that while nanostructogi has a positive contribution on the Seebeck
coefficient, the effect of porosity is negative. Therefore, it is observed that the
Seebeck coefficient does not degrade as much as intended. While the Seebeck
coefficient is rather low for the narsized mateal with porosity, it is possibly

higher than that of the maesized material with porosity.
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Figure 5.7 The results of Seebeck coefficient measurements as a function of

temperature. Error bars are indicated with each representing color for each sample.

The heat flow direction of the thermal conductivity is the directionilzsselected

for the Seebeck cdécient and electrical resistivity. The total thermal conductivity
values of allthe samples arg@resentedn figure 5.8(@). The thermal conductivity
curvesexhibit similar behavior with the temperatydeowever these valuegxhibit
weaktemperature depelence. It is of interest that as the grain size of the samples
decreases, the values tife thermal conductivities decrease significantly. the
present study, the total thermal conductivity values of 0.91, 0.66, 0.43 and 0.32
W/mK were obtained at 300 Kor samples SO0, S3, S5 and S7, respectivEhe
thermal conductivity value of 0.41 W/mK ftie S7 materiameasuredht 1000 K is

34 % lower than the value of 1.2 W/mK reported in the literatudg [Bhe nane

sized S3, S5 and Samples clearly exhibihuch lower thermal conductivity values
than the micresized SO sample due to the increasing amount of interface phonon
scattering occurring ahe grain boundarieswhich reduces the phonon mean free
path [60]. The lattice thermal conductivity increaseshwncreasing grain size,
becausea larger grain size means fewer grain boundaries 4842 and weaker
phonon interface scattering #ite grain boundariesMoreover, it is expected that
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porosityadditionallylimits the mean free path of some of the phommudes and thus
contributes to a further decreasetire thermal conductivity in nanocrystalline-C
349 asobservedn figure 5.8a).
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Figure 5.8 Temperature dependence(aj the thermal conductivityk, (b) the

phonon thermal conductivityk ,,,, (c) the ratio ofk ,,, / k (%), (d) the carrier

thermal conductivityX. and(e) the ratio ofk./k (%), of all the G349 samples.
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The carrier thermal conductivitk, and the phonon thermal conductivity,,
contribute to the total thermal conductivity of the materi#s; &, + k,,,, which

allows us toconsider each component of the thermal conductivity independently. To
explain the decrease of the total thermal conductivity of the materials due to the
phonon scattering at grain boundaries, the main contribution to the thermal
conductivity must be the pimon thermal conductivity. By implementing the
WiedemanrFranz  law|l 0, Y where 0 is the Lorenz number,
(2.45% 10°WWK %) and S is the electrical conductivity, the carrier contribution

can be calculated. The phonon contributidn, () can be determined by subtracting

the carrier contributionk,) from the total thermal conductivityx(), and then, the
temperature dependences/of, and k,,,/ k (%) can be plotted, as shownfigure
5.8(b) andfigure 5.§c), respectively. In addition, the temperature dependencks of
and k./k (%) can be plotted as shown in figure 5.8 (d) and figure 5.8 (e),

respectively. k,, (%) is approximately 92 %, whereas the ratio &f(%) is

approximately 8 % for all the samples at 300 K. d&ghsn these results, it can be

inferred that phonons dominate the thermal conduction processes for all samples at
300 K. Nevertheless, thé&,, (%) values decrease to 68.4 % for S3, 64.6 % for S5

and 59.6 % for S7, whereas this value is 78.6 % for sample 3008t K. This

finding could be due to the decreased phonon contribution to the total thermal
conductivity because of phonon scattering at boundaries leading to a significant
decrease in the total thermal conductivity at 1000 K. This result also implies tha
nanostructured samples exhibit significant enhancement in phonon scattering at the
grain boundary regions, resulting in a lower total thermal conductivity for t849C
system. However, this substantial decrease in the lattice thermal conductivity cannot
be explained based only on nanostructuring models when these data are compared
with the values in the literature [3, 61, 62].

In addition to the results provided above, the contribution of the porosity to further
decreasing the thermal conductivity canbe ignored Therefore, it is beneficial to
investigate the degree of the effect of porosity on the lattice thermal conductivity.

Among the most popular analytical models that are available to predict the bulk
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thermal conductivityk  of a twophasematerial, the MaxwelEucken equation is

one of the most powerful methods if the pores are spherical and dispersed in the
ceramics [63, 64]. Therefore, the matrix can be defined as acdmwponent
composite medium of B49 solid grains and pores [65]hdeffect of porosity on

the total thermal conductivity can be estimated by solthigywelkknown equation,

which wasderived in a similar analysis by Mit al. [66] and Adachiet al. [67],

given as kzkov/(1+b(1- v)), where v is the volume fraction (i.e., the relative

density) of the materialy is the measured total thermal conductivity with porosity,

k, is the bulk thermal conductivity ang is the pore shape factor. Among several

possibilities for this factor,p=2/3 indicates randomly dispersed cylindrical pores
and this selection fits our conditioBensities of 79.5, 74.2, 72.5 and 66.0 % were
derived based on the true densities of the S0, S3, S5 and S7 saalplesd @,
respectively, using the theoretical den$#.677 g/cc).

The bulk thermal conductivities of all the samples are listed with respect to volume
fraction intable 5.4 The bulk thermal conductivity values for the SO, S3, S5 and S7
samples are calculated as 1.3, 1.0, 0.7 and 0.5 W/mK at 300 Kreahiher than

the measured values as presented earlier. This result indicates that the degree of
porosity plays a substantial role in the reduction of thermal conductivity.

Table 5.4 The bulk thermal conductivity values with respect to volume fraction.

Sample 1 3 (-%g/cc) 3(%g/cc) k(WIMK) ket (WIMK) &/ ket (%)

SO 2/3 0.205 0.795 0.91 1.3 30.1
S3 213 0.258 0.742 0.66 1.0 36.7
S5 2/3 0.275 0.725 0.43 0.7 38.7
S7 2/3 0.34 0.66 0.32 0.59 46.2

To clarify the reason for this thermal transport behavior, the effestiaues are

plotted as a function of reciprocal temperaturefigure 5.9 The sample size of

lattice thermal conductivity was extrapolated to obtain better results. Figure 5.9
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demonstrates that the value for the €349 sample exhibits a strong linear
dependency on 100D/in a specific temperature range. This finding means tha
characteristic phonephonon scattering, the Umklapp process [60], is predominant

in the G349 bulk polycrystalline samples. This process effect is predominant until
approximately 600 K forthe 349 sampl e with a grain size o
inferred that certain phonephonon scattering processes can drastically affect the
thermal conductivity. Umklapp processes, for which the total momentum of the
interacting phonons is not conserved, are capable of affecting the conduction of heat
[68]. In contrasta nonlinear region exists from approximately 400 K to an elevated
temperature above which the temperature dependency is linear. This finding signifies
an additional effect on phonon scattering in addition to phqiamon interactions.

This effect is grai boundary scattering due to the smaller grain size and higher
porosity which increase the density of the scattering medium [69]. Moreover, as the
grain size decreases, the nonlinear range widens, which means that grain boundary
scattering remains effectun restricting phonon propagation at higher temperatures,
where the phonon mean free path is even shorter due to enhanced-phonon

scattering.

Figure 5.10llustratesthe temperature dependerafethe electrical resistivity values

of all the samplesAccording to the graph, all the sampéeshibit similar behaviorA
dlight reductionof the resistivity starts at 300 K and ends at approximately 420 K for
samples S5 and Stepresenting semiconductlike behavior. Within this
temperaturgange,the systemexhibits metalike transport up tat75 K. However,

the curve shiftsowardhigher temperature by 75 K ftte nanostructured S3 sample.

In these regions, theransport behavior changes agaiith a decrease inthe
resistivity with increasingemperature up ta4000 K. The resistivity othe micro-
sized SO sample is higher thtrat inearlier reported works 8 62, 70] due tothe

increasd porosity.
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Figure 5.10also indicates that the nas@ed S3, S5 and SSamples exhibihigher
resistiviltesthanthemicro-sized SGample There are considerable gaps betwten
resistivities of the samples at 300 K, whereas at high temperataralistinct
differenceis not observed According to the measurement resuthe 20 msized
sample (SOgxhibited the lowestesistivity, 1 5. 6 mqg. ¢cm at thatGD 0
the 18-nm-sized sample (SAvas1l 8 . 4  nildpe resistivities for amples S3 and
S516 and 16. 7 mgqrespeativel,tall irl theOiddl& range. The
decreasing resistivity and transformation from metallicsemiconducting behavior
associated with the firgirder phase transitiopmwhich lead to the enhancement of the
thermoelectrigroperties at high temperaturég®]71], are due tdhe decrease ithe
density andthe random orientation distribution dhe grains in the ceramics
Moreover, the charge carrgeare scattered more severelythie nanasized porous
materials thanin the macroscale porous materials duethie higher density of

scattering sites.

The power factar (PF=S%/r) of the C-349 samplesre presentedn figure 5.11

All of the samples exhibit the sanf@F value characteristicswith the values
increagng with increasingtemperature. The PF valuebtainedfor the nanasized
samples are lower thahe values for thenicro-sized oneThe calculated PF value of
S0 is 0.09mW/mK? at 300 K and reachés18 mW/mK at 1000 K. The PF values
are 0.16, 0.14 and 0.12 mW/rhfor samplesS3, S5 and S7 at 106Q respectively.

Figure 5.12presents the temperatulependenkZT for the nanostructured and miero
structured C-349 samples.The ZT values tend to increase with increasing
temperature, as clearbpservedn figure 5.12 The graplrevealsthatthe nanesized

S3, S5 and S3amples exhibihigherZT values tharthe micro-sizedS0sample The

ZT value reaches 0.29 fone S7 samp and 0.18 fothe SO sample at 1000 Krhe
increase inZT at high temperaturas due to several factors. Firdhe thermal
conductivity is already low and remains const&gcond the Seebeck coefficient
increases with temperatyrbowever, theelectrical transport behavior change and
resistivity decreasanear 420 K which substantially contributes to the enhancement
of ZT at high temperatures]l, 72, 73].
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Although theZT values are nasufficiently high for practical applications, this study
demonstratethatthe nanostructuring approadombined withhigh porosity is fairly
effective for improvinghe ZT of the C-349 systemTheresults indicat¢hat for high
temperature applications of&19 metal oxide materiglnanostructuring could be a
significant starting pointlt would be beneficial toinvestigatethe mechanical
properties othis conventionally sintered higéfficiency but lowdensity materiato
determine itapplicability [74].

5.4 Conclusion

In this research, 349 metal oxidehermoelectrianaterials with various grain sizes
ranging from 18 nm to 2 tamasolgel methodancht hesi zed
theirthermoelectrigroperties were compared at high temperatures ranging from 300
K to 1000 K. Particle size measurements were conducted using different techniques,
and the results corresponded well with each otliée synthesied nanesized
samples exhibited higher electrical resistivity due to the quantity of pores, which
increased the carrier scattering at boundaries, and the lower thermal conductivity due
to phonon boundary scattering at the increased number of interiaewsas
enhanced due to tlsribstantial decreasetime thermal conductivity despite the great
increase in resistivityThe total thermal conductivity reduction was experimentally
observed to be larger for smaller grain sizes and higher poro8iteause th size

and morphology of materials strongly affefT values, the growth of grains on the
nanascale can therefore be achieved by adjusting the quantity of PEG 400. Nano
sized G349 may be a promisinghermoelectricmaterial for high temperature

practicalapplicationsThe evaluation of the results is presented in detail in chapter 7.
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CHAPTER 6

THERMOELECTRIC PROPERTIES OF Cr SUBSTITUTED C a3C040g9
METAL OXIDE

In this part of the thesipolycrystalline Cr substituted €zCrCo0,09 (X = 0.01, 0.03,
0.05 and 0.07dhermoelectric samples andsubstituted one (349) areprepared by
citrate solgel process and their thermoelectric propertescarefully studied at
temperatures from 300 up to 1100 K. The improvement of thermoelectric
performance is the most significant in=X0.03 Cr substituted sample withiT value

of 0.26 at 1100 K.

For any real practical usd thermoelectric materiala power generatoZ T needs to

be higher than J1]. At present, widely studied conventional materials with the
highest thermoelectric performance are intermetallic compounds, suchTas, Bi
CoSh. However, theyare easily decomposed or oxidized at high temperatures in air,

which limits their industrial applicatiofg].

Not only some early discovered oxides such asCN@, [3], but also newly
discovered promising thermoelectric materials such asSBICuSeO [4] have
shown extraordinaryhigh thermoelectric properties that makes oxides potential
candidates for thermoelectric applications. Due to their good stabilislevated
temperatures, being nontoxic, wslipplied, easy to fabricate and chehpy can be
used as thermelements in oxidizing conditions up to 1073% 6]. C-349 is one of
themostpromising materials among all other oxides with its high thepower, low
thermal conductivity and electrical resistivity values at high tenpers since it is
composed of CoPnanosheets possessing a strongly correlated electron system and
calcium cobalt oxide misfit layersvhich serve as electronic transport layers,
potential phonon scattering regiofig 10]. One of the ways for optimizing both
these layers byloping and substitutionswust be very effective to improve their
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conversion efficienciefl1i 14]. Partial substitution that can take place either at Ca
site or at Cesite of some elements int6-349 in order to improveSeebeck
coefficient and to reduce electrical resistivity and thermal conductivity
simultaneously can also heseful. Excellent review demonstratesfferent types of
oxides and their thermoelectric properties through both transition and rare earth
elemental doping and substitutiftb]. There have been some experimental studies
on partial substitution at Csite [16i 24], but very few studies reported Seebeck
coefficient, resistivity and thermal conductivity measurements together at high
temperaturg17, 18, 22] The effect of partial substitution at Sde is mainly to
change the charge carrier concentration or mobility. Therefore, elemental substitution
to this site may lead to a great change in electrical conducfbty26] Also, the
spinentropy contribution to the Seebeck coefficient is related with ghreentropy
current and the population of free spii2¥], which dependsargely on the C8
concentration and the degeneracy of the Co [@8% For instance, a theoretical
model gives strong evidence that the enhanced Seebeck coefficient mainly originates
from enhancement of the spin entrof@®]. Experimental findings show that the
substitution of Ca sites can suppress th&" €oncentration leading to enhancement

of Seebeck coefficieriB0, 31] In addition,it has been reported thporosity is one

of the ways for lowering the total thermal conductivity which positively affee

figure of merit [16]. In this respect, understanding the microscopic mechanisms by
which substitution affects the spin entropy can pave an effective way to improve the
Seebeck coefficient for thermoelectric materials. Moreover, due to the difference
between the substitution and substitute elements (i.e. ionic radii), some structural
changes are also cause significant changes on electrical and|tpeomerties of

materials [15].

The goal of this research is to study the effect of Cr substitutiorCéoon the
microstructure and high temperature thermoelectric properties 9fCG&04,0Oq
prepared by the citrate sgél method. In this study, we investigated a set of
thermoelectric properties (Seebeck coefficient, resistivity and thermal conductivity)
at high temperature in order to disclose the effect of Cr substitution on the spin
entropy and over all thermoelectric properties. Therefore, the concentrations of the
substituted Cr metal vary as=x0.01, 0.03, 0.05 and 0.07 and thae compared

with unsubstituted one.
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6.1 Experimental Procedure

In this study, citrate sajel proces$32] is applied to synthesize-849 samples. Cr
substituted CaCrCo/0O9 (X = 0.01, 0.03, 0.05 and 0.0y Ca and one
unsubstituted €349 particle are prepared by mixing appropriate amounts of
Ca(NG;)2, Co(NGs)2, Cr(NGgs)sin the rangeof 0.2 M and 5% PEE&O00 (99%) added

to the aqueous solution of citric acid, whighthen heated to the desired reaction
temperature in a oil batfsee figure 6.1)In most caes the temperature raised to

353 K and held there for 4 h with continuous stirring in order to obtain thédgel
further advantage, the polyol medium is complexthg surface of the particles
efficiently. Consequently, the particle growthlimited. Furthermore, agglomeration

of the particlesis prevented in the colloidal solution. The obtained igetiried
initially at 393 K for 12 h and further heat treated in air at a ramp rate d/bGin

in a programmable box furnace (Protherm), atperatures 1023 K for 2 h and
cooled down naturally in order to remove organic compounds and to form powder
samples with pure 349 phase. As a result, pure3@9 particles with the size range

of ~ 30- 50 nm powdersreproduced. Obtained powdease ball milled to prevent
possible agglomeration, and then pressed into a disk shape with a diameter of 16 mm
and athickness of ~ 2.5 mm. Since ®ased oxide is easy to disintegrate at high
temperature over 1193 K, obtained samplessubsequently annealed &t?B K for

2 hin air to eliminate oxygen deficiency. In this process, PEG 400 and citric acid as

dispersant and complexing agen¢éused, respectively.

Table 6.1 Stoichiometric amounts of ingredients of;Q@r,Cos0O9 Samples.

Molarity Nitrates (g) PEG-400 Citric

(M) % / volume Acid (g)

Caz«CryCo040g Ca Co Cr
x =0.00 0.2 3.036 4.989 - 0.5 2.94196
x=0.01 0.2 3.026 4.989 0.017 0.5 2.94196
x=0.03 0.2 3.005 4.989 0.051 0.5 2.94196
x=0.05 0.2 2.985 4.989 0.085 0.5 2.94196
x=0.07 0.2 2.965 4.989 0.120 0.5 2.94196
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6.2 Structural Characterizations

Microstructural characterizations have demonstrated that all the Cr has been
incorporatednto C-349 structure and no secondary phases have been investigated.
XRD patterns illustrate that unsubstituted and Cr suhstt samples are pure and
identical (see figure 6.8nd of match with the standard JCPDS cardCe349(8].

This result indicates thatll of the samplesre prepared successfully using citrate
sokgel method.In order to determine the cheral composition of the prepared
specimens, xay fluorescence spectroscapysed. The results show that the ratio of

Ca, Cr, Co and O for x = 0.07 Cr and unsubstituted samples are 2.94:0.06:3.99:9.2
and 2.99:3.99:9.3, respectively, which matches the malngomposition 3:4:9 well.

The oxygen nonstoichiometns caused by the oxygench atmosphere itheair.
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Figure 6.1 XRD patterns of Gsubstituted samples and unsubstituted one. No

observable traces ektraneous phases and impurities are detected.

Figure 6.2 demonstrates thalk densities of the annealed samples as a function of
Cr substitutioncontent,x. Apparent density measurements have shown that as the
amount of Cr increases, the relative dengédlues increases from 69 to 77 % of the
theoretical one indicating that Cr addition does affect the densification. This
observationhas shown that all samples possess relatively high degree of porosity,
where a general representative view of the x = @OBample is displayed, which

cause lover thermal conductivifg6]. It is claimed that the reason of a relatively
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high degree of porosity is the highly big gradient between low temperature stability
of C-349 phase and the liquid phase temperatures #wilts in a very slow
densification process at the sintering temperatl28gdnd also less pressure while

pellet is made.
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Figure 6.2 Relative densities of the-849 samples as a function of Cr substitution

content Xx.

The FESEM images and EDS anaiysesults of each sampeegiven in difference
figures. For instance, figure 6.3 demonstrates th& EMl images and EDS analyses

of x = 0.01and x= 0.03 of Cr substituted €349 sample In this figure, general
surface morpholdgs are represented in figure 6.3 (and (b). EDS arlgses are
presented for x 0.01 andx = 0.03 in figure 6.3 (a.1) and (b.1), respectively. It can
be inferred that there is no clear grain orientation of both samples. This low
substitution does not seem to affect grain siEegire 6.4 demonstrates the-SEM
images and EDS analyses 0£0.05 and x= 0.07 Cr substitute@-349 samples. In

this figure, general surface morphologies are represented in figure 6.4 (a) and (b).
EDS analyses are presented for .05 and x= 0.07in figure 6.4 (a.1) and (b.1),
respectively. It can be inferred that there is clear grain alignment of both samples.

Indeed, grains in x 0.07 sample arenuch bigger tharones inx = 0.05 sample.

131



Because both samples are prepared in the same conditian,be concluded that Cr

substitution causggrain growth.

um
METU-METE

co co
co
0
co Ca ca
c Co
[
Cr cr T ocr
1.00 2.00  3.00 4.00 5.00 6.00  7.00 8.00 ke 1.00 200 3.00 400 5.00 .00 7.00  8.00 eV
Element We % At % K-Ratio 2 A F Element Wt % At ¥ K-Ratio Z A F

CakK 30.85 39.59 0.3063 1.0749 0.9077 1.0175 CaK 27.70 36.00 0.2747 1.0787 0.9026 1.0184
CrK 0.64 0.63 0.0062 0.5808 0.9113 1.0790 CrK 0.78 0.78 0.0076 0.9843 0.9167 1.0854
CoK 68.51 59.78 0.6372 0.3%637 0.9651 1.0000 CoK 71.52 63.22 0.6695 0.9672 0.95678 1.0000
Total 100.00 100.00 Total 100.00 100.00

Figure 6.3 (a) and(b) are the FESEM images an¢a.1) and(b.1) are the EDS
analyses results of the x = 0.84d x= 0.03Cr substituted sammerespectively.

Weight percentage of each element o La,Co,09 samples obtained from EDS
analyses results in table 6.2.id well known that EDS analysis not a very good
method for weight percentage analysis, but gasd enough to give generalidea.

For this reason, EDS analyses result are gathered in one table to show the amount of
Cr in the structures. It can be seen that the values are quite different than the
substitutions. However, it is relativelgcreasingas the Cr content increases from

x =0.01 to x= 0.07. Additionally,
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5pm
MNanoSEM  METU-METE

C ca
co ° co
of
< e 1 ST oer
w40

1.00 2,00 3.60 4.00 5.00 600  7.00  8.00 xev 100 200 3 o 500 600 7.00 5.00 xev
Element Wt % At ¥ K-Ratio z A F Element Wt % At ¥ K-Ratio z P F
cak 29.70 38.27 0.2944 1.0763 0.9051 1.0178 cakK 29.83 38.43 0.2958 1.0761 0.9054  1.0178
CcrK 0.86 0.86 0.0083 0.9820 0.9126 1.0807 crk 0.97 0.97 0.0094 0.9819  0.9123  1.0802
CoK 69.44 60.87 0.6470 0.9649 0.9655  1.0000 CoK 69.19 60.61 0.6443  0.9647 0.9652  1.0000

Total 100.00 100.00 Total 100.00 100.00

Figure 6.4 (a) and (b) are the FEEM images and (a.1) and (b.1) are the EDS

analyses results of the=x0.05 and x= 0.07 Cr substituted samples, respectively.

Table 6.2 Weight percentage of elements@d «Cr,C0o,09 Samplesbtained from

EDS analyses results.

Weight (%)
Caz«CryCo409 Ca Co Cr
x=0.01 30.85 68.51 0.64
x=0.03 27.70 71.52 0.78
x=0.05 29.70 69.44 0.86
x =0.07 29.83 69.19 0.97
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Figure 6.5 FE-SEM images of the surfa¢@) and cross sectional vie{B) of
unsubstituted (x = 0.0) and the surf€g and cross sectional vie{ld) of 0.07
Cr- substituted pellet sample.

Figure 65 (A) and (D) are the surface images (parallel to pressure axis), whereas, (B)

and (C) are the cross sectional imagesiresubstituted and x = 0.07 Cr substituted

bulk samples, respectively. As illustrated in figur® 6C), Crsubstituted sample

possessslarge micres i zed st r uct ur eor sheeike @ams withnd pl at e
relatively higher orientation, which amot observed in every substituted sample
whereas unsubstituted sample shows smaller
orientation. In addition, the grains in x = 0.07 Cr substituted sample (D) aligned

relatively better than unsubstituted (B) one. The reswitals that substitution of Cr

for Ca in G349 sample has substantial effect on the grain growth.
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An attempt has also been madeto reveal the chemical composition of the
microstructural features of substituted ,G&r100C0s0O9 Sample using energy
dispersive spectrometer (EDS) that is attached teéSEM. Figure & illustrates
guantitative maps of main constituents of the sample. In this figure, the pictures show
the distribution of each element in the structure: the dark Amessthat the element
does not exist or is present only in trace amounts. In color mappings Ca
represented by green, Co by yellow and Cr by white color. This figure proves that Cr
is substituted to €49 material with no accumulation. Considering thscdssion

and XRD patterns, XRF results, it can be concluded that all the elements exist in one
phase with homogeneous distribution as observed in EDS maps.

Figure 6.6 Quantitative maps of main constituentdcium(a), cobalt(b), chromium
(c) and FESEM image(d) of x =0.07 Cr sample. Major phases are identifiable by

comparing concentrations in the individual maps.
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The full XPS spectrums of all the samples are presentéidure 6.7 The Co 2p
XPS spectrum for Ga GrCo,O9 where x=0.01, 0.03, 0.05, 0.07 and unsubstituted
one are presented in the figure8.6In order to undetand the sphentropy
mechanism and to determine the variation of‘Gmbncentration induced by Cr
substitution, Co 2p spectaae computetfitted thatis performed after Shirley baek
ground subtraction by a ndimear leastsquare fitting method using Gaussian

Lorentzian product function.

M

Intensity (a.u.)

1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 6.7 Full XPS spectra of GaCr,Co,0O9 samples (x = 0.0, 0.01, 0.03, 0.05,
0.07)

Peaks around 778.32 eV and 780.22 eV are observed, which reveals®thandCr
Cr** ions do coexist in this composition series, respectively. This indicates that the
Coi O rocksalt layers in the CCO structure have similar'Cand C8* low spin

configuration as that of the €O triangular layer§34].
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It can be seen from the figure 6.8 that ratios of fitting peak areas*dtcthe total

Co sites for each composition decreases through Cr substitution as it is illustrated in
table 63. This implies that Csubstitution makes the &oconcentration decrease. It

can be understood that €a@oncentration decreases with increasing €ontent to
balance the total valence from the standpoint of charge balancés asvistigated

for Gd substitution to Gaiteby G. Tanget. al.[35]. The XPS spectra of Cr for €a
CrCos0y are presented in figure 6.9. Peaks of*Quresent in the substituted

samples and are in good agreement with those reported by BigS@pger

Co 2P Co 2P,

172 3/2
4+

+ 3+ Co
satalite co” Co' satalite Co
x=0.07

M x=0.03
M /A x=0.01

AN\ /A x=00

810 800 790 780 770
Binding Energy (eV)

Intensity (a.u.)

Figure 6.8 Co 2p XPS spectra of gZr,Co,09 samples (x = 0.0, 0.01, 0.03, 0.05,
0.07)
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Table 6.3 Ratioof Co*" and C3" in Ca.xCrCo:Og calculated from XPS spectra.

Samples Co* co**
Amount (%)
x=0.0 49.89 50.11
x=0.01 46.44 53.56
x =0.03 45.89 5411
x =0.05 44,72 55.28
x =0.07 42.52 57.48
Cr2p,

Intensity (a.u.)

M
582 580 578 576 574 572
Binding Energy (eV)

Figure 6.9 XPS spectrum of Cr region for €a&rCo,09 samplegx = 0.01, 0.03,
0.05, 0.07)
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The powder diffraction data were refined by a profile analysis using the GSAS
program package with all the capabilities and notations to show the changes in lattice
parametersResultsare proposed according to a Rietveld refinement associating X

ray diffraction data of the main phase. Before refinement of Cr substitut8d9C
samples, instrument parameters are concerned. In order to investigate the instrument
parameters, Si standard crystal is refined. Cell parameters are taken from ICSD No:
01-073-2534. Ater refinement, instrument parameters demonstrated in figure 6.10.
Moreover, to show the accuracy of refinement ©ilue and correspondirggaphs

are shown in figure 6.11 and figure 6.12, respectively.

74 EXPGUI interface to GSAS: S|_STD_ND.EXP =B8] =&
File Options Powder Xtal Graphs Results Calc Macro Impeort/Export Help
expnam | expedt | genles | powpref | powplot | Istview | liveplot |

LS Controls | Phase | Powder | Scaling Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH Pre k)

Select a histogram |7Hist 1 -- Phase 1 (type 5) =
h# type bank ang/wave Damping 7 —i | Peak cutorff[o.00100 Change Typel
1 xc 1 1.54050 Samp |

GU I [0149350E+01 GV [~ [-0.816975E+01 GW I~ [-0.598585E+01
GP [~ [0980234E+01 LX I [0174440E+01 LY I [0209455E+01
SiL [ [0.337118E-01 HIL I [0.316245E-01 trns ¥ [0.210607E+00
shit @ [0.205184E+01stec I [0.503793E+01 ptec [~ [-0.174440E+01
sfec [~ [0.000000E+00 D1 I~ [0.196960E-01

I | JJ =]

Figure 6.10 Instrument parameters for-8iystal standard sample.

r

B C\Windows\system32\cmd.exe - Ci/gsas/expgui/gsastclbat C\gsas\exe\genles.exe SLSTD_ND |£|Eléj

C:vgzas\Myllork>C:\gsas\exesgenles .exe SI_STD_ND

Restraint data statistics:
Mo restraints used

Pouwder data statistics Fitted —Bknd Average
Bank Ndata Sun{wsd==2> uRp Rp wRp Rp Dild Integral

Hstgm 1 PEC 1 378@ 5@84.2 9.34A0 B.2142 B.3482 A.1937 1.853 A.934
Powder totals 3788 5884.2 9.3400 B.2142 B9.3482 A.1937 1.853 H
Cyclel242 There were 3788 observations. N
Total hefnre_curle CHI==2 (offsets/sig) = 5H.BB42E+B3 ¢ 1.4133E+81>

{ Reduced CHI==2 = 1.325 for 4 variahles
1 Columns of the 4 Column matrix are B.0
CPU times for matrix build B.86 sec; matrix inversion 8.88 se
Final variahle sum{{(shift-sesdd>==2)> for cyclel242: B.88 Time:

Convergence was achieved and
STOP GEMLES terminated successfully statement executed

[
B.86 sec

C:wgzas\Myllork>pause
Press any key to continue . . .

Figure 6.11 CHI? value for Sicrystal standard sample.
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Figure 6.12 Original and calculated plofer Si-crystal standard sample.

After that, Xray diffraction patterns for usubstituted and Gsubstituted €349
samples are indexed using two subsystems with cell paranieters®y oo é
dépRHBI w M T é pH p.YThe [CaCoO; system was
chosen as a referencéhe superspace group was supposed t€den(1] ,0)sQ
Refined structural parameters are givertahle 6.4.The corresponding calculated

and observed diffractiopatterns are shawin figure 6.13.The excellentaigreement
between the observed and calculated athtained CHI? valuefor each refinement

is less than 1.5. It could be inferred from the table 6.4 that there is no clear structural
modifications in Cr substitutesamplesit appears that the Cr substitution does not

change the lattice parameters in a great exfepbssible reason is because of their
closeionic radii.
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Table 6.4 Refined cell parameters { from X-ray diffraction data

Sample a(nm) by (nm) ¢ (nm) a b(A) g

Reference 4.8376 4.5565 10.8330 90.00 98.06 90.00
C-349 4.8390 4.5530 10.8579 90.00 98.11 90.00
x=0.01 4.8365 4.5666 10.8531 90.00 98.10 90.00
x=0.03 4.8358 4.5659 10.8498 90.00 98.09 90.00
X =0.05 4.8335 4.5646 10.8420 90.00 98.09 90.00
X =0.07 4.8327 45578 10.8076  90.00 98.06 90.00

% repct T T T T T W T e
Elle Options Magnification Peak Gen Help

CRT-18-08 oycle 99 Hist 1

Figure 6.13 Original and calculated plots fonsubstituted €349sample.

6.3 Electrical and Thermal Transport Properties

The temperature dependence of Seebeck coefficient and electrical resestevity
measured using a hosmeade system set up in our laboratory in the temperature
interval from 300 K to 1100 K37]. The detail of the saip has been described in
chapter 4.

141



The typical temperature dependence Seebeck coefficient values34® @aterial
which indicate holeg-type) conduction are presented in figure46.The values of
the Seebeck coefficient exhibit the same trends which slightly increase with the

temperature for all the samples.
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Figure 6.14 Seebeck coefficient vs temperature of Cr substituted@aC0,0q
(x =0.01, 0.03, 0.05, 0.07) samples and unsubstituted (x = 0.0) one.

The absolute value of Seebeck coefficient of unsubstituted sample is measured as

119.7 OW K at 300 K that increases with the
value of 158.80W/ K at a 1100 =&01ar®am03 Gr substitdted  x
samples show Seebeck coefficient value of
However, the maxi mum Seebeck coefficient V E
X = 0.03 Cr substituted sampleislg her t han the valwue of ~167
the x= 0.07 Cr substituted sample at 1100 K. The increase in Seebeck coefficient

could be attributed to the spantropy enhancement [30]. Nevertheless, the decrease

in the value of Sd®eck coefficient over x 0.03might be due to the larger grains.

142



The temperature dependence electrical resistivity values of all the samples are
illustrated in figure 6.3. According to the result of measurements, the resistivity of
every sample does vary significantly throughout the measurement temperature from
300 to 700 K. A slight increase of resistivity starts at 300 K and ends at about 400 K
for all the samples represting metalike behavior.After these temperaturabe
system exhibits semiconductdike transport up to900 K where the resistivity
decreases with temperature. Over these regions;ahgpbrt behavior changes again

to very slight increase in resisitly with increasing temperature up to 1100 K. The
resistivity value of unsubstituted sample (1,3 . ¢ m a } is cBristentkvith

the earlier reported worK8, 44, 45]

16 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
x=0.0
—— X=0.01

—~—x=0.03
159 x=0.05 |
_ x=0.07 |
1“' ’\ _
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Figure 6.15 Resistivity measurements of Gubstituted and unsubstituted samples
from 300 K to 1100 K.

The result of resistivity measurements indicate that the Cr substituted samples show
lower resistivity values than unsubstituted sample. Indeed, as the Cr content
increases, the resistivity decreases drasticdlhe x = 0.07 Cr sample shows the

| owe st resistivity value of 12.2 mg.cm
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hi ghest resistivity K &isamplesowith xd G.03 @ gl. ¢ m
x=005stays in the middle range with the
K, respectively.Total chance in resistivity is around ~6.1 %. The reason can be
explained in the following wayf the C&* arereplaces bylominant valence state of

Cr* ion, it woud result in a reduction in the concentration of holes, and higher
resistivity [26]. Our experimental results imply that there exists another factor which
affects the eletrical resistivity. In this case, two possible explanations might be very
helpful to understand this phenomenon. First possible interpretation can be the
improvement of the carrier mobility by €rsubstitution[46, 47] It has been
indicated that the increase in conductivity is attributed to an increase in carrier
mobility rather than carrier concentration, because an increase in carrier
concentration tends to lead to a decrease in the Seebeck coeffiend9]
However, in our results Seebeck coefficient values increased together with Cr
substitution to the level of x 0.03. Thereforewe can imply that the Cr substitution
leads to an increase in carrier mobility to a definite level when it is substituted to Ca
site. Secondly, it has been indicated that improvements in the electrical conductivity
have also been attributed to differenceshe microstructure§l5, 50] This ide
matches our result since Cr substitution leads to the higher degree of grain alignment
along with larger grains and higher densities than unsubstituted one as it is
demonstrated ifigure 6.5 Therefore, we can assume that Cr substitution to Ca site
not only highly influential on the microstructural properties but also affects
electronic properties.

The elementary chargeansport process mechanism of the349 system is the
hopping of a hole from C6to Co™ in these layered misfit oxide compoun&4].
According to the polaron theorp?2], the electrical conductivity of small polaron
hopping conduction mechanism can be written as

, €0 0j'YA@DPOjQ"Y (6.1)

where¢, GO, and A are the carrier concentration, the electron charge of carrier,

the intersite distance of hopping, the activation energy, and-expaential term
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related to the scattering mechanism, respectiv@lyis the Boltzmann constant, and

T is the abslute temperature.

As shown in figure 64 (a), linear relationships between JA) and 1000/Tare
obtained in the temperature range above 500 K, indicating a small polgppmg
conduction mechanism in this system. The activation energy can be obtained from a
plot of log(, T) vs 1000/T, as shown in figure 6.1b). The activation energies for
various Cr substitution levelarenoted to be almost independent of substitution. The
differences in the activation energi®sslightly larger than 0.02 eV, indicating that

the transport properties did change slightly with the amount of Cr substifbiipn

As it is introduced in section 1.€-349 is made up of a single Ceigpe CoQ layer

and an alternating stack along thexis of triple rocksalttype CaCoQO; layers.
Whereas this agb-shared Co@layers are responsible for the electrical conduction,
the rocksalttype CaCoG; layers are considered to be charge reservoirs to supply
charge carriers to the Celayers[51]. Therefore, if the Cr substitutes for the-€ite

in the CoQ layer, the defect might be brought into the conduction path leading to a
significant influence on the activation energy. Nevertheless, due to a very slight
influence on the activation ergy, Cr substitution is in the g200; layers and
therefore the conduction path might slightly be disturbed bectugsionic radii of

Cr (63smallgrt mae the radii of Ca (0.99 ).

Thermal conductivity measurement results are presented in figlife Bhe heat

flow direction of the thermal conductivity is equal to the direction that is chosen for
Seebeck coefficient and electrical resistivity. Thermal conductivity measurements of
substituted (for x = 0.07: 1.2 W/mK at 1100 K) and unsubstitutedx(foi0.0: 0.91
W/mK at 1100 K ) samples show no significant difference in value and nearly steady
trend as a function of temperature is observed. Thermal conductivity results are in a
good agreement with recently reported resefizéh The increase in these results is

due to larger grains which reduce grain boundary scattering at intef58cé&d }
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Figure 6.17 Thermal conductivity of Cr substituted £&rCos0Og9 (x = 0.01, 0.03,
0.05, 0.07) samples and unsubstituted (x0) one.
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Figure 6.18 Temperature dependence(aj the phonon thermal conductivitk ;. ,
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The phonon contribution A(,;,), the carrier contribution A.), the temperature
dependences of,, and k&, / kK (%) can becalculated with the same method used

in section 5.3 anglotted, as shown ifigure 6.18 Based on these results, it can be
inferred that phonons dominate the thermal conduction processes for all samples at
300 K.

The power factor of Cr substituted andsubstituted samples are shown in figure
6.19. It can be seen that all of the samples exhibit the same characterisHEs of
values which increase with the temperat&e values of samples are increasing with
the Crsubstitute.PF values of unsubstitutednd x = 0.01 Cr samples are almost

same in the measured temperature range.
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Figure 6.19 Power Factor of Cr substituted £&r,C0sO9 (x = 0.01, 0.03, 0.05,
0.07) and unsubstituted (x = 0.0) samples.

The calculatedPF value of unsubstituted sample reached 0.19 mW/maad
x = 0.01 Cr sample has ttRF values of 0.20 mW/mKat 1100K. However, &PF
values of x= 0.05 and x= 0.07 samples show similar trend but slightly larger than

those of unsubstituted anxi = 0.01 samples with the value of 0.22 and 0.23
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mW/mK? that occursmainly because of their higher conductivities. T value
obtained for sample x=0.03 Cr is the highest with the values of 0.25 m¥\&mK

1100 K due to its higher Seebeck coefficient value.

Figure 620 demonstrates the temperature depend&htfor unsubstituted and
substituted samples from 300 to 1100K. The figure of merit values tend to
increase with increasing temperature. Thepgrahows that all Cr substituted
samples show high&fT values than tat of unsubstituted sampl&T value reaches
0.24 and 0.20 for x= 0.01 and x= 0.05 Cr samples at 1100 K, respectivélire
highestZT calculated as 0.26 forx 0.03 Cr samplesdicate that Cr does affect

a great extent, the -@49 conduction band.The improvement of thermoelectric
performance is most significant in x 0.03 Cr substituted sample due to no
considerable change in thermal conductivity valése most attractie aspect of Cr
substituted samples is their considerably low resistivity and thermal conductivity.
This study indicated that elemental substitution idyfaffective for improvingZT

of C-349 system.
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Figure 6.20 ZT of Cr substituted GaCr,Co,Og (x = 0.01, 0.03, 0.05, 0.08amples
and unsubstituted (% 0.0) one. The inset preserd$ values at different Cr content.
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6.4 Conclusion

The effects ofCr substitution on structural, electrical and thermal properties3d49C

have beerstudied. The grain size of x0.07 Cr substituted sample is much larger
than that of unsubstituted sample, indicating that Cr substitution promotes the growth
of grains which results in lower resistivity and higher thermal conductiVine
increase of total thermal conductivitgkesplacebecause of the increase in density
and grain growth that reduces the grain boundary scatterings at bound&&es.
results confirm that Cr substitution improves the spin entropy3dthat results in
higher Seebeck coefficiemtilues to a definitpoint (x=0.03) becausef dominance

effect onthe grain growth. The higher figel of merit is observed for x 0.03 Cr
substitution sample revealing the limit of amount ofsGbstitution.The evaluation

of the results is presented in detail in chajter
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CHAPTER 7

SUMMARY, CONCLUSION AND FURTHER SUGGESTIONS

As a final chapterthe significance of the improvements on electrical measurement
system, structural and thermoelectricintlings of G349 basedthermoelectric
materials will be summarizednd concludedFuture workin this subject will be

suggested.
7.1The Properties of Electrical Measurement System

The improvements in thermoelectripropery measurement systemare the

followings.
1. Beadless thermocouple:

a. The unstable thermocouple junctionwould cause electrical noise.
However, beadless thermocouple is a unique thermocouple with its
featured properties. Such as, beadless structure and its stable junction
point decreases the measurement uncertaintieshbgting the contact

distance betweetihe sample andhe probes.

b. Estimated masurement uncertainty for Seebeck coefficient measurement

is 2.6 % which is lowethan theother studies reported in literature.

c. User cannot make differential temperature and -fmint probe

resistivity measurementssing any other measurement systems
2. Micro heaters:

a. Undesiredmagnetic fieldsdue to the heater wiresvhich can cause
incorrect measurement resulgse eliminated by our micro heaters. Due

to thefact thatmicro heaters respea fast and can reach up 00 K,
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b. There is no need to have a main heater and this reduces the size of the
system.

c. There is no need to have one more temperature controller which

decreases the cost.

d. The measurements conducted using micro heaters deatedst
significant accuracgo that temperature convection across the sample is

minimized.

e. Micro heaters are located the nearest plac® the thermocouples for
the possibility offast responseThermal anchoring, similar tthe one
used for the sensordds, is included so that any heat transfer does not

warm the load when the heater is not running.

f. The lead wires are twisted to minimize noise coupling between the

heaters and the other leads in the system.
3. Differential temperature measurenent

a. Differential temperature measurement which many devices do not
provide in their measurement systems along with Seebeck coefficient

and resistivity measurements.

b. It is the most accurate way for the measurement of temperature that is
possible with the helpf additional beadless thermocouple occupying

two holes at the middle of the alumina isolator.
4. Axial four-point probe resistivity measurements

a. There are many well designed devices developed for resistivity
measurements of the thermoelectric materiatsvidmg two or four
point probe resistivity measurements. However, none of them provide

nondest r uct ipaingproberasistizity measuements.

b. This design satisfies some other necessities during thermoelectric
measurements such as good eleatriand thermal contact with the
sample, nordestructive technique and good temperature control.
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c. The installed Seebeck coefficient and resistivity device is very small,
compact and modular as it is compartd other homemade and

commercialdevices.

In most commercial thermoelectric properties measurement systems (e.g. Linseis
LSR, ZEM3) there are top and bottom contacts in order to apply electrical current to
create temperature gradient. Furthermore, there will be two thermocouples located on
one si@ of the sample that measures voltage drop and temperature to calculate
Seebeck coefficient at each temperature interval. However, these thermocouples are
a possible heat connection to the environment. For instance, if these thermocouples
are connected tially to the outside of the measurement system, theysarlleas

a heat sink called cold finger. This leads to miscalculation of Seebeck coefficient.
The reason why scientists create heated environment around the sanolerito
thermalize the thernmmuples and other connections. Because we do use both
beadless thermocouples and micro heatersnargide contacts, there is no need to

use furnace foexternal heatingAs a result, better electrical and thermal conduct and
high measurement accuracy isheeved. Indeed, the whole measurement system is

much smaller than the commercial or other measurement systems.

Therefore, the work presented in this dissertafiopvidesbetter conditions for the
Seebeck coefficient and resistivity measurementsbidk thermoelectric samples.
The summary of improvements on high temperature Seebeck coefficient and

resistivity measurement device is listed in the table 7.1.
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Table 7.1 The summary of improvements on higimperature Seebeck coefficient

and resistivity measurement device

High Temperature Seebeck Coefficient & Resistivity
Measurement Device

SySteF" Achievements
Properties
Seebeck Coefficient \%
Measurements : L
ElectricalResistivity \%
Differential Temperature \%
Range Low { 77 K with some modifications
Minimization 1 Cold-finger effec_t is limited to the thicknes
of the contact wire
Error L
o 1 External magnetic field
Elimination .
9 Thermal & electrical contact
Vacuum \%
Atmosphere
Inert gas \
1 Reference Sample measurement
1 Simultaneously Zample measurement option
_ 1 2- and 4point probe resistivity measurement
Differences
& 9 Large contact area
. 1 Axial contactfor good thermal &electrical contact
Achievements
1 Modular
1 Software control
i Easyto use

Triple Beadless
thermocouple
design

Thermocouple
Design

V=
a1
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7.2Phonon Scattering Enhancement by Porosity and Nanostructure
Engineering

1.

It is investigated that as the amount of PEI® increases in the chemical
solution, thesize of the particles decreases and reaches several tens of nano

meters.

The nanesized samples show higher electrical resistivity due to quantity of

pores which increase carrier scattering at boundaries

. Reduction in latticeghermal conductivity due to pimon boundary scattering at

increased number of interfaces.

. Due to the increasng in carrier scattering, electronic contribution to total

thermal conductivity is also reduceand this results in further thermal

conductivity reduction.

. Due to moresubstantal fall in thermal conductivitythan electrical resistivity.

ZTis enhanced by 61 %.

. In figure 7.1, it is observed that nanosized, @8 68 nm) G349 samples show

lower Seebeck coefficient, higher electrical resistivity and thus, lower power
factor as it is compared with their

higher porosity which is observed in nanosized samples.

. Additionally, the energy filtering &ct can be effective only in nanostructured

ceramics with very small grains.

. According to the result shown in figure 72T increases as the sidecrease

becausef the effect of grain size. It is due to the thermal conductivity that is
getting lower as the size decreases along with increase in porosity,
thermoelectric parameters are optimized and ther@®ralue is increased.

159



—=— 300K
03049 4 400K )
— A 500K
% 0.25 ] 600K |
£ V2T 700K o
E —»— 800K / P
= |—e—900K - |
fg 0209 _o 1000 /’:f/é;/
g ety
5 0.154 A ]
E L
0.10 o oS ]
: |30nm|
L D e e /j// T |
0 10 20 30 40 50 60 2000

Grain Size (nm)

Figure 7.1 Power factor values as functions of grain size f840@ samples.

0.5 . .
0.4 - BOnm‘ |58nm\ -
_ *E _
034 A —e— 1000K]
\1\‘“‘%* —e— 900K
S vt el [ > 800K |
N B -
0.2- ~l, | \ % |« 700K 1
_'_'__— \
A "\\L ., |—v— 600K |
ol T —a— 500K
0-11 . —e— 400K |
Y —=— 300K 1
0.0 T T T T T T T T 74 T T T
10 20 30 40 50 601995 2000 2005

Grain Size (nm)

Figure 7.2 ZT values as functions of grain sifog C-349 samples
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Structural characterizations and thermoelectrieasurements are summarized in
table7.2.

Table 7.2 Summarize of sefjel derived nanstructuring effect.

Material C-349

Samples SO S3 S5 S7
Method Citrate Sol-Gel
PEG-400(%) - 3% 5% 7%
Average grain size ~2 O ~68nm ~30nm ~18nm
FE-SEM \% \ \% \%
XRD \% \ \% \%
TG /DTA \% \% \% \%
Density \% Vv \ Vv
{ (OV/IK) 1432 1391 1345 1324
z w«(mg.cm) 15.6 16 16.7 18.4
4 L (W/mK) 0.93 0.6 0.45 0.41
F3 v (mwmk? 0.18 016 014 0.2
L 018 026 027 0.9

7.3Spin-Entropy Enhancement by Cr substitution to Casite of C-349 Metal
Oxide

1. Cr substituted GaCrCosO9 (x = 0.01, 0.03, 0.05 and 0.07) samples have
been prepared successfully.

2. Larger grains are observed as the amount of Cr increases in the composition.

3. Cr substitution to Gaite leads to the spiantropy enhancement and this
results in increase in the Seebeck coefficient ufhéorange ok = 0.03 Cr

substitution.

4. Over x = 0.03 value, Seebeck coefficient tends to decrease due to the
dominance effect of the larger grains, which caused the resistivity reduction

about 6.1 %, over spientropy effect on Seebeck coefficient.
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5. A slight increase in the magnitude of the thermal conductivity values from
0.9 tol.2 W/mKis measured at 1100 K for unsubstituted and .07 Cr

sample, respectively.

6. The improvement of thermoelectric performance is the most significant in
X = 0.03Cr substituted sample witiT value of 0.26 at 1100 K.

Table7.3 lists the obtained thermoelectric measurement results for all the samples at
300 and 1000 K for better comparison.

Table 7.3 The list of thermoelectrics measurements including Seebeck coefficient,

electricalresistivity, thermal conductivitygpowerfactor and figure of merit values for

all the samples.

Caz«CryCo040g
C-349 Xx=0.01 x=0.03 x=0.05 x=0.07

| «(OVv/IK) 1197 120.6 127.1 122.3 124.3
1 «(OV/IK) 1586 160.0 175.0 167.4 167.0
Z wt(mg.cm 153 15.0 13.9 13.0 12.8
Z w(mgq.cnm 130 12.7 12.5 12.4 12.2
4 L (W/mK) 0.85 0.98 1.06 1.13 1.23
4 1 (W/mK) 0.91 0.94 1.01 1.17 1.2
F5 «(mwmk?  0.09 0.1 0.11 0.11 0.12
e v

(mW/mK 0.19 0.20 0.25 0.22 0.23
Ld 0.033 0.032 0.033 0.031 0.029
Ly 0.24 0.25 0.26 0.20 0.21
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7.4 0Outlook for the Future Work

7.4.1 Nano-doping

1

Nanostructuring and elemental doping offer great opportunity for

altering the thermoelectric properties.

On one hand, the thermal conductivity can significantly be reduced by
introducing increased amount of interfaces and/or grain boundaries using

nanagsized structures.

On the other hand, enough amount of dopant to the appropriaite thiee
structureis ako helpful to tune the electronic structure by creating donor

states close to the conduction band edge.

Accordingly, these twparametersnanostructuring and dopingould be

helpful when they are appligimultaneouslyn one system.

With proper tuning of structure and composition, not only thermal
conductivity reduction, but also Seebeck coefficient enhancement could
be possible in order to enhange for practical application even at room

temperature.

Due to good thermoelectric amhvironmental properties;-349 based

oxides could be one of the best candidates.

7.4.2 Nano-texturing

1

It is well known that microstructural properties, such as grain size and
porosity, affect electrical and heat transport. The orientation affects the
thermoeletric performance of the material if the structure of the material

is layered [1].

As it is introducedthe micro structure of-349 metal oxideds layered
and therefore properties are anisotropiicerefore, texturinghe lamellar
structurecould highly be advantageoufor thermoelectric performance
becausdahe thermoelectric properties tifese kinds of metal oxidese

highly anisotropid1].
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1 If the materialwere synthesized in nanscale with textured structure,
both Seebeck coefficient and electticanductivity would be enhanced

and thermal conductivity would bevered.

1 These kinds ofmaterials could be preparéy pressing [24], rolling [5]
or by means ofcontrolled deposition [6]. Using spark plasma sintering
technique (SPS), the size of tharficles could also be controlled and kept

at nanescale.

1 Nevertheless, SPS is expensive and not suitable for mass production.
Accordingly; a new synthesis technique could be offered which is

effective, economic and good for fabrication.
7.4.3 Micro -Nano Composite

Although lattice thermal conductivity could be reduced by introducing several
scattering mechanisms, electrical conductivity is affectedat these scattering
regions.Accordingly, if these regiongereselected by carriers using new scattgrin
mechanisms, electronic transport could not be affected while thermal conductivity
would be reduce&. The mechanisnof micro-nano mixed composite structure is
demonstrated as it is theoretically modeiedigure 7.3 (a)7]. In this work, micro
particlesnetwork are used for electron transport whereas nanoparticles are dispersed
to scatter the phonenFigure 7.3 (b)demonstrateT as a function of weight
fraction of fine particles (%)As a result, a the volume fraction of fine particlés
about 60 %,ZT value reachegshe maximum value of about 0.66 for ,Bé&;
thermoelectricmaterial [7]. That means/T would be tuned by optimizing the

volume percentage of fine particles.

From this point of view, €349 samples could also be prepared as rmarm mixed

composite and T would be enhanced by this way.
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Figure 7.3 (a) lllustration of micrenano mixed composite structure afilas a

function of weight fraction of fine particles (%) [7].

7.4.4 Elemental Substitutions of Bi and K for Casite of C-349

One dopant commonly used wit®-349 is bismuth, which has been shown to
increase both the electrical conductivity and Seebeck coefficient as well as decrease
the thermal conductivity. The increase in conductivity is attributed to an increase in
carrier mobility rather than carrier conceniva, which is generally desired in
thermoelectric materials, since an increase in carrier concentration tends to lead to a
decrease in the Seebeck coefficient. However, improvements in the conductivity
have also been attributed to differences in the reiomoture. The decrease in
thermal conductivity has been attributed to the larger size and mass of bismuth as
compared to calcium. The thermoelectric measurement regulis349 doped with
bismuth and potassium that are taken from the literature are shdigare 7.4. The
Ca /Bip3C0,09 material illustrates the highe&fT as ~0.4 at around 1000k8]. On
the other handpotassiunmsubstitutionwith calcium demonstrates the lowest thermal
conductivity value. The substitution at the’Csite of K* could also cause the site to
act as a phonon scattering point to reduce the thermal conductivity of Gep49)
because of the large ionic radius of K..38 i ). Therefore, since bismuth shows
higher Seebeck coefficient and electrical conductivity bwgo ahigh thermal
conductivity, it would be very beneficial to combine these two el¢ésnend dope
themtogether in an appropriate amounts. As a result, we takadtrence®of these
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two element properties in one materid]. [ Expected compositions ar® be
synthesized as Casx.,BixK,C0sOs. The x and y values and four different

compositions are presentectable 7.4.
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Figure 7.4 (a) Electrical conductivity(b) Seebeck coefficient(c) thermal
conductivity and (dxT for C-349 [8].

Table 7.4 The amount of substitution of Bi and K in the composition of
C%.X.yleKyCO4og

Compositions

1 2 3 4
X 0.2 0.2 0.3 0.3

y 0.1 0.2 0.1 0.2
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