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Abstract

The growing need for energy and the scarcity of fossil fuels drive us to seek out

alternative energy sources. Additionally, a substantial portion of the energy spent

is lost as heat. Thermoelectric (TE) materials have attracted considerable interest

in a variety of applications, including cooling, power generation, sensors, aviation,

etc., due to their capacity to convert waste heat into electrical energy and vice

versa [1–5]. The efficiency of thermoelectric materials is determined using the di-

mensionless TE figure of merit parameter ZT = S2σT/κ, where S, σ , T , and κ

denote the Seebeck coefficient, electrical conductivity, absolute temperature, and

thermal conductivity, respectively. The term S2σ, often known as the thermoelec-

tric power factor (PF), is used to determine the efficiency of materials with poor

thermal conductivities, such as, polymers. For convincing TE performance, high

electrical conductivity and Seebeck coefficients with low thermal conductivity are

required; however, in bulk materials, these parameters exhibit a trade-off relation-

ship. Nevertheless, materials behave differently at the nanoscale due to their high

surface-to-volume ratio, which allows for these interrelationships to be broken [6].

In the current thesis, efforts have been made to increase TE efficiency by si-

multaneously increasing electrical conductivity and the Seebeck coefficient while

decreasing the phonon contribution to thermal conductivity. We chose a conduct-
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ing polymer matrix filled with heterogeneous nanostructures for this purpose. The

polymer poly (3,4-ethylene dioxythiophene): polystyrene sulfonate (PEDOT: PSS)

has been chosen as a polymer matrix because of its outstanding electrical conduc-

tivity. The titanium di-oxide quantum dots decorated graphene oxide (TQDGO)

was chosen as the filler due to its high surface to volume ratio and its ability to serve

as energy filtering and phonon scattering sites. The literature on quantum dot

embedded polymers for thermoelectric (TE) applications is, however, extremely

limited. Therefore, the TE properties of TQDGO/PEDOT: PSS nanocomposite

have been investigated in the thesis. In addition, their performances in thin films

were compared with those of bulk pellets and it was found that the thin films

undergo better TE performance than their bulk counterparts. The current thesis

presents a two-step facile approach for the synthesis of polymer nanocomposites

as a cost-effective and scalable outcome for future TE applications. The resulting

hybrid material can be used in a variety of applications, including power genera-

tion, cooling and refrigeration, printing, and so on. The main goals of the thesis

are, in brief, as follows:

• Synthesis of non-toxic organic polymer nanocomposite for thermoelectric

applications.

• Break the interdependence of thermoelectric parameters.

• Enhance the thermoelectric performance by using quantum dots.
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Amélioration des performances de

matériaux thermoélectriques

organiques : nouvelle approche

basée sur l’utilisation de quantum

dots

Résumé étendu de la thèse

Contexte générale et objectifs

Le besoin croissant en énergie et la rareté des hydrocarbures nous poussent vers

la recherche de sources d’énergie alternatives. Par ailleurs, une grande partie des

combustibles utilisés est perdue sous forme de chaleur (chaleur fatale). Dans ce

contexte, les matériaux thermoélectriques (TE) ont suscité un grand intérêt du fait

de la capacité qu’ils présentent de convertir la chaleur en énergie électrique et vice

versa. Ils sont utilisés dans différentes applications dans des domaines tels que le
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refroidissement, le production d’électricité, les capteurs, l’aéronautique, etc [1–5].

Le rendement de conversion des matériaux thermoélectriques est évalué à travers

le paramètre, sans dimension, appelé figure de mérite ZT = S2σT/κ, où S, σ ,

T , and κ sont respectivement le coefficient Seebeck, la conductivité électrique,

la température absolue et la conductivité thermique. Le terme S2σ, connu sous

le nom de facteur de puissance (FP), est utilisé pour rendre compte du rende-

ment de matériaux avec une faible conductivité thermique tels que les polymères.

L’amélioration des performances TE nécessite donc une conductivité électrique

et un coefficient Seebeck élevés et une faible conductivité thermique. Cepen-

dant, dans le cas de matériaux massifs, ces paramètres sont interdépendants :

l’optimisation de l’un des paramètres induit une évolution défavorable de l’un ou

des deux autres paramètres (fig.1) . En revanche, cette optimisation reste possible

dans le cas de matériaux nanostructurés. Ces matériaux ont un comportement

différent à l’échelle nanoscopique, dû a leur grand rapport surface/volume, qui

permet de briser cette interdépendance [6].

L’objectif que nous nous sommes fixé dans le cadre de cette thèse, pour améliorer

l’efficacité TE, est d’augmenter la conductivité électrique et le coefficient Seebeck

tout en diminuant simultanément la conductivité thermique à travers sa com-

posante phononique dans un matériau nanocomposite nanostructuré. Nous avons

orienté notre travail vers un système hybride organique-inorganique où l’on com-

bine des polymères à bas coût avec des inclusions inorganiques présentant des

propriétés de transport avantageuses. Le nanocomposite que nous avons choisi et

élaboré est une matrice polymère contenant des inclusions hétérogènes nanostruc-

turées. Le mélange de polymères poly (3,4-ethylene dioxythiophene): polystyrène

sulfonate (PEDOT: PSS) a été choisi comme matrice au vu de sa remarquable con-

ductivité électrique. Le choix de quantum dots de TiO2 déposés sur des nanofeuil-

lets d’oxyde de graphène (QTDOG) comme inclusions est lié au grand rapport
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Caractérisation structurale des nanocomposites

Analyse morphologique des nanocomposites par microscopie

électronique à balayage (MEB)

Il est connu que les propriétés thermique et électrique des nanocomposites sont di-

rectement liés à leur caractéristiques morphologiques [10,11]. Par conséquent, une

étude morphologique des nanocomposites ainsi que des inclusions a été réalisée à

l’aide d’un microscope électronique à balayage à émission de champ (FE-MEB). La

figure 4 montre les images MEB des inclusions formées de quantum dots de dioxyde

de titane déposés sur oxyde de graphène (QTDOG). On y observe une morphologie

qui rappelle celle de l’hortensia (photo en insert), on parle de nanostructures flori-

formes. Ces images indiquent que la méthode de synthèse utilisée permet d’obtenir

une distribution uniforme de nanoparticules. Elles montrent aussi l’ancrage réussi

des quantum dots de TiO2 sur les nanofeuillets d’oxyde de graphène, ce qui aug-

mente de façon probante le rapport surface/volume de l’inclusion. Ces microgra-

phies MEB laissent voir une distribution dense du TiO2 sur les feuillets d’oxyde

de graphène avec la présence de quelques agrégats. Il est à noter qu’il n’a pas

été observé de quantum dots individuels ailleurs que sur les feuillets d’OG, ce qui

indique la forte interaction des QD avec l’OG. Ce réseau constitué de QD et d’OG

peut avantager le transfert de charge et induire une diffusion de phonons [12].

La figure 5 montre les images MEB du PEDOT: PSS et celles de nanocom-

posites QTDOG / PEDOT: PSS à différentes concentrations en inclusions. Le

mélange de polymère sans inclusions montre une morphologie lisse et régulière

comparée à celle des nanocomposites. Dans ces derniers, on observe une distribu-

tion uniforme des inclusions (QTDOG) recouvertes complètement par le polymère.

Une croissance réussie de la matrice polymère conductrice autour des inclusions

renforce les chemins de conduction électrique. [12, 13]. Au vu de l’hétérogénéité
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tivité électrique, la conductivité thermique et le coefficient Seebeck des différents

échantillons. Cela a nous a permis de comparer leur facteur de puissance (FP)

thermoélectrique.

Conductivité électrique

Deux techniques ont été utilisées pour la mesure de la conductivité électrique σ

: la spectroscope d’impédance et la méthode de mesure 4 pointes. La première

a été utilisée pour les échantillons massifs tandis que la seconde est appropriée à

la caractérisation des couches minces. Différentes mesures ont été menées sur les

échantillons suivants :

1. Sans traitement additionnel.

2. Avec traitement à l’acide hydrochlorique.

3. Avec matrice polymère PEDOT: PSS commerciale.

4. Sous forme de films minces sans traitement .

Nanocomposites sous forme de pastille

Nous avons mesuré initialement la conductivité électrique des nanocomposites mas-

sifs, sous forme de pastilles, en utilisant la spectroscopie d’impédance dans un

intervalle de fréquence compris entre 100Hz et 1MHz (fig.9).

La conductivité électrique présente une évolution telle que prévue par Jonscher

[17] : un plateau à basses fréquences et une dispersion à hautes fréquences. La

conductivité électrique a été obtenue en ajustant les données expérimentales de la

figure 9 par la loi de puissance de Joncher.

La figure 10 montre l’évolution, en fonction de la concentration en inclusions

QTDOG, de la conductivité électrique des nanocomposites non traités . On
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Figure 9: Conductivités électriques en fonction de la fréquence de pastilles
non traitées de PEDOT: PSS avec des inclusions QTDOG à différentes con-
centrations.

y observe une augmentation de plusieurs ordres de grandeur de la conductivité

électrique (de 1, 7 10−4 à 9,84 S.m−1) à une concentration volumique en inclusions

de 1,5 % en volume. Cette évolution suggère la possibilité d’une percolation.

Malgré cela, la valeur maximale atteinte reste insuffisante pour induire de bonnes

performances TE.

La même procédure de mesure de la conductivité a été utilisée pour les nanocom-

posites traités à l’acide, la figure 11 montre, à la fois, une augmentation de la

conductivité électrique de la matrice polymère de 1, 7x10−4 (non-traité ) à 0,03

S.m−1 (traité à l’acide) ainsi qu’une augmentation de celle des nanocomposites,

en fonction de la concentration en inclusions, qui passe de 0,03 à 97,58 S.m−1

pour une concentration volumique de 1,5 %. Le traitement à l’acide des nanocom-
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Figure 10: Évolution de la conductivité électrique en fonction de la concen-
tration des inclusions QTDOG dans des pastilles PEDOT: PSS non traitées.

posites à été une étape positive pour l’amélioration des propriétés électriques des

échantillons, cependant cela reste insuffisant pour des performance TE élevées.

Enfin, les résultats obtenus ci-dessus ont été comparés à la conductivité électrique

mesurée pour des nanocomposites élaborés avec une matrice polymères PE-

DOT: PSS commerciale (fournie par Sigma-Aldrich). La conductivité électrique

augmente de 16 Sm−1 pour les échantillons sans inclusions à 253 Sm−1 pour les

nanocomposites à 1,5 % d’inclusions. Ces propriétés de conduction restent, en

dépit de cette amélioration, en deçà de ce que l’on attend de matériaux thermoélectriques

performants.
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Figure 11: Évolution de la conductivité électrique en fonction de la concen-
tration des inclusions QTDOG dans des pastilles PEDOT: PSS traitées à
l’acide.

Nanocomposites sous forme de films minces

Notre attention s’est portée ensuite sur la conductivité électrique des nanocompos-

ites en films minces (sans traitement acide). Nous avons utilisé pour ces mesures la

technique des 4 pointes. La figure 12 montre l’évolution de σ pour ces films minces.

La matrice de polymère sans inclusions présente une conductivité électrique très

faible, éloignée de celle de la matrice sous forme de pastille. En revanche, avec

l’ajout d’inclusions, σ augmente plus vite que dans le cas des pastilles et atteint

la valeur de 3,69 105 S.m−1 à une concentration volumique de 1,5 % (équivalent à

5 % massique).

Cette accroissement remarquable de la conductivité électrique peut être ex-
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Figure 12: Évolution de la conductivité électrique en fonction de la concen-
tration des inclusions QTDOG dans des films minces de PEDOT: PSS.

pliqué par la formation de réseaux PEDOT-QTDOG-PEDOT tels que décrits dans

la figure 13. La percolation est induite par l’établissement d’un ordre à longue dis-

tance, une cristallinité accrue [18, 19] , qui se traduit par un chemin conducteur

ininterrompu favorisant la conductivité électrique.

La figure 14 compare les résultats obtenus pour les films minces à ceux des

échantillons sous forme de pastilles. Il en résulte que les films minces, au vu

de leur conductivité électrique la plus élevée, sont les plus appropriés pour des

applications TE.

Conductivité thermique

Nous avons utilisé une technique photothermique pour la mesure des propriétés

thermiques des nanocomposites. Il s’agit de la radiomètrie infrarouge (PTR) [20],

une technique développée au sein de notre laboratoire (UDSMM). Elle permet la

mesure simultanée de la diffusivité (d) thermique et de l’effusivité thermique (e)
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Figure 13: Schéma du changement conformationnel dans les châınes PEDOT
et formation d’un réseau PEDOT-QTDOG-PEDOT à longue distance dans
les films minces.

Figure 14: Évolution de la conductivité électrique en fonction de la concen-
tration des inclusions QTDOG dans les pastilles et les films minces.
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et par conséquent de la conductivité thermique κ = e /
√

d.

Le principe de cette technique consiste à illuminer la surface d’un échantillon

opaque en utilisant un faisceau laser modulé. L’absorption de la lumière se traduit

par une élévation locale de la température. En réponse à cette excitation, le

matériau émet une radiation infrarouge dont l’intensité, mesurée à l’aide d’une

photodiode, est proportionnelle à la température. L’analyse de la variation de cette

température en fonction de la fréquence de modulation permet la détermination

des paramètres thermiques [21].

Figure 15: Effet des inclusions QTDOG sur la conductivité thermique de
pastilles traitées à l’acide et non traitées.

La figure 15 montre l’évolution de la conductivité thermique κ en fonction

de la concentration en inclusions pour les nanocomposites en pastilles traités à

l’acide et non traités. On y observe une diminution pour les échantillons non

traités où κ prend la valeur de 0,46 Wm−1K−1 en l’absence d’inclusions et diminue

jusqu’à 0,19 Wm−1K−1 lorsque la concentration massique en QTDOG atteint 5 %.

On observe aussi que la conductivité thermique des échantillons traités est plus

xviii





Coefficient Seebeck

Le banc de mesure du coefficient Seebeck S a été mis au point est développé au

laboratoire. Il a permis de mesurer ce coefficient à température ambiante en fonc-

tion de la concentration en inclusions pour les différents types de nanocomposites

(pastilles traitées à l’acide ou non, avec PEDOT-PSS commercial ou non et films

minces). Les résultats de ces mesures sont synthétisés dans la figure 17. On note

une augmentation de S en fonction de la concentration en inclusions, plus ou

moins importante suivant le type de nanocomposite. On observe ainsi pour ces

nanocomposites que l’augmentation de S n’induit pas forcément une diminution

de σ comme cela se produit généralement.

Figure 17: Effet des inclusions QTDOG sur le coefficient Seebeck de pastilles
PEDOT: PSS non traitées (triangles noirs), traitées à l’acide (étoiles rouges),
pastilles commerciales (sphères vertes), et films minces (carrés bleus).

Cette augmentation du coefficient Seebeck S peut être attribuée à l’interaction

forte entre les inclusions QTDOG et le PEDOT-PSS au niveau moléculaire. En

l’occurrence, cette interaction est à l’origine, comme observé sur les pastilles non
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traitées, d’une barrière sélective des niveaux d’énergie électronique, induite par les

interfaces inhomogènes des inclusions avec la matrice [24–27]. Cette barrière ne

permet que le passage des porteurs de charge de niveaux d’énergies les plus élevés

et a donc pour effet d’accrôıtre le coefficient Seebeck. La sélection des niveaux

d’énergie électronique survient lorsqu’il y a une différence entre la valeur de la

fonction de travail (énergie nécessaire pour extraire un électron du matériau) de

la matrice et celle des inclusions (fig.18).

Figure 18: Schéma représentatif d’une barrière sélective des niveaux
d’énergie électronique induite par la différence des fonctions de travail de
la matrice et des inclusions.

Le transfert de charge entre matrice et inclusions est à l’origine d’un champ

électrique [28]. Alors, l’accumulation des porteurs de charge de basses énergies

aux extrémités de l’échantillon est inhibée par la présence de ce champ électrique

à l’interface polymer/inclusion. Seul le passage des porteurs de charge de haute

énergie est alors permis, ce qui accrôıt le coefficient Seebeck sans pour autant

diminuer la conductivité électrique, c’est ce qui est observé dans les pastilles que
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nous avons élaborées.

Performances thermoélectriques

A partir des mesures des propriétés de transport des différents nanocomposites,

nous avons calculé le facteur de puissance (FP) pour chacun des échantillons. La

figure 19 décrit l’effet des inclusions QTDOG sur le facteur de puissance. Une

augmentation de ce facteur a été constatée pour l’ensemble des nanocomposites.

Cependant, le facteur de puissance maximum obtenu pour les pastilles reste en

deçà de ce qui est attendu pour des applications TE. En revanche la valeur du

FP obtenue pour les films minces est remarquable, elle atteint 91,26 µWm−1K−2

avec une concentration volumique en QTDOG de 0,6 %. Cette valeur de FP est

largement supérieure à celle obtenue pour des nanocomposites polymère/quantum

dots décrits dans la littérature [18, 29–31]. Un résultat similaire au notre (116

µWm−1K−2) a été obtenu dans des nanocomposites composés de nanoparticules

SnOx dans une matrice PEDOT: PSS [32].

Conclusion

Dans le cadre de cette thèse, des nanocomposites ont été élaborés à partir d’une

matrice PEDOT: PSS contenant des inclusions composées de quantum dots de

TiO2 déposés sur des nanofeuillets d’oxyde de graphène (QTDOG). Ces compos-

ites ont été préparés via un processus de polymérisation oxydative. Différents

types d’échantillons (pastilles, films minces) ont été soumis à des analyses chim-

iques et structurales (DRX, MEB, EDS, FTIR, spectroscopie UV-Vis et ATG).

L’objectif était d’étudier les performances thermoélectriques de ces nanocompos-

ites hybrides. Leur propriétés de transport, conductivité électrique, thermique et
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Figure 19: Effet des inclusions QTDOG sur facteur de puissance de pastilles
PEDOT: PSS non traitées (triangles noirs), traitées à l’acide (étoiles rouges),
pastilles commerciales (sphères vertes), et films minces (carrés bleus).

coefficient Seebeck, ont été étudiées. La conductivité électrique a été mesurée à

l’aide de la spectroscopie d’impédance ou de la méthode de mesure 4 pointes. La

conductivité thermique a été mesurée en utilisant la radiomètrie infra rouge. Un

dispositif à 2 pointes, mis au point au laboratoire, a permis la mesure du coefficient

Seebeck.

Dans ce travail nous avons tenté de contourner la difficulté qui réside dans

l’interdépendance des paramètres de transport qui interviennent dans la perfor-

mance thermoélectrique. Il a été ainsi possible d’augmenter de manière impor-

tante la conductivité électrique des nanocomposites en évitant une augmentation

de la conductivité thermique et une diminution du coefficient Seebeck. Cela a

été possible par le biais des inclusions QTDOG qui ont constitué, d’une part, une

barrière électronique sélective, filtrante, n’autorisant le passage que des électrons

de plus hautes énergies et permettant ainsi l’amélioration du coefficient Seebeck.

D’autre part, ces inclusions se sont avérées des sites de diffusion de phonons effi-

cients, permettant la diminution de la composante phononique de la conductivité
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thermique. Cette nanostructuration des QTDOG a ainsi permis l’amélioration des

performances de ces nanocomposites qui présentent les facteurs de puissance parmi

les plus élevées de la littérature pour des composites polymères-quantum dots.
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Nomenclature

α Thermal diffusivity
A Surface area of the sample
C Capacitance
C0 Air capacitance
D Spacing between two successive tips in four-point

probe method
ηmax Thermoelectric conversion efficiency
ǫ∗ Dielectric permittivity
ǫ
′

Real part of dielectric permittivity
ǫ” Imaginary part of dielectric permittivity
e Elementary charge
e′ Thermal effusivity
δE Barrier energy
EG Ethylene glycol
Ef Fermi energy

EMT Effective medium theory
f Frequency−→
Fi Thermodynamic affinity
G Conductance
h Planck’s constant−→
Je Electric flux density−→
Ji Thermodynamic flux density−→
JQ Heat flux density
kB Boltzmann constant
κ Total thermal conductivity
κe Electronic component of thermal conductivity
κl Lattice component of thermal conductivity
κJ Intrinsic thermal conductivity
κm Thermal conductivity of the matrix
κf Thermal conductivity of the filler
L Lorenz number
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−→
Lij Kinetic coefficient
M Thermal wave number
m∗ Effective mass
µ Mobility
µe Electrochemical potential
µC Chemical potential
n Charge carrier concentration
ρ Electrical resistivity
φ Work function
φc Percolation threshold
φσ Percolation threshold for electrical conductivity
φκ/S Percolation threshold of κ/S
σ Electrical conductivity
σm Electric conductivity of the matrix
σf Electric conductivity of the filler
σac Electric conductivity due to alternating current
σdc Electric conductivity due to direct current
σpol Electric conductivity due to polarisation
S Seebeck coefficient
Sf Photocell signal as a function of frequency
Sf Seebeck coefficient of the filler
Sm Seebeck coefficient of the matrix
τ Relaxation time
T Temperature
∆T Temperature difference
t Sample thickness
Tg Glass transition temperature
Tf Melting temperature
V Electric potential
∆V Electric potential difference
ω Angular frequency

CNT Carbon nano tubes
CP Conducting polymer

DIwater De-ionized water
DMSO Dimethyl sulfoxide



DSC Diffrential scanning calorimetry
FTIR Fourier transform infrared spectroscopy
GO Graphene oxide
IPA Isopropyl alcohol
NC Nanocomposite
NP Nanoparticle
PA Polyacetylene

PANI Polyaniline
PSV A polar solvent vapor annealing
PV C Polyvinyl chloride

PEDOT Poly (3,4-ethylene dioxythiophene)
PANI Polyaniline
PBTTs Poly(2,5-bis (3- alkylthio-phene -2-yl) thieno [3,2-

b]thiophenes)
PBBL oly benzimidazobenzophenan-throline (BBL)
P3HT Poly(3-hexylthiophene)
PF Thermoelectric power factor

PGEC Phonon glass electron crystal
PNC Polymer nanocomposite
PPy Polypyrrole
PSS Polystyrene
QDs Quantum dots
rGO Reduced graphene oxide
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TE Thermoelectric
T iO2 Titanium di-oxide
TGA Thermogravimetric analysis

TQDGO Titanium di-oxide quantum dot decorated
graphene oxide

UV − V is Ultra-violet visible spectroscopy
UPS Ultra-violet photoelectron spectroscopy
XRD X-ray diffraction
ZT Thermoelectric figure of merit
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of fossil fuel seemed to be inexhaustible, but this is not the case in the 21st century.

If we continue to burn them at our current rate, all fossil fuels are expected to be

depleted at the end of this century. On the other hand, the burning of fossil fuels

emits a large number of greenhouse gases, which are responsible for increasing

global warming as shown in figure 2.

Figure 2: Annual global greenhouse gas emissions by economic sector.

Apart from that, the sea level is also rising due to thermal expansion of water

and is expected to cause floods in many cities. The consequences are avoidable

only if we limit green house gas emissions and switch to carbon-free green energy

sources. Therefore, the world is seeking alternative clean energy options to fulfill

the current demands without harmful outcomes. In this case, one of the obvious

options to exploit is solar energy. Despite the mature technology of photovoltaics,

research is still ongoing in order to achieve cheaper and highly efficient materi-

als [22]. The output of solar panels and wind turbines is just as unpredictable as

the weather, yet they are regarded as the epitome of renewable energy solutions.

As a result, researchers are working on smart energy grids, clean and more effi-
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Figure 3: Schematic of the produced waste thermal energy in primary in-
dustrial energy sectors [8].

cient batteries and supercapacitors to manage distributed and intermittent power

supplies and accelerate the development of electric cars [23, 24]. Nuclear power

is another viable option for generating electricity with low emissions, as it emits

minimal greenhouse gases and is much safer than fossil fuels [25]. Research into

next-generation nuclear power and fusion is crucial to the global energy transition,

however, as expanding use of current fission reactors faces a variety of economic

and social obstacles [26]. This mix of innovative technologies will unavoidably be

the key component of a decarbonized economy, [27] including geothermal [28] and

waste heat management by using thermoelectric modules [29].

As shown in figure 3, about 66% of the energy used in primary energy sectors

like airplanes, transportation, industries, power plants, etc. is lost as heat [30].

Here, thermoelectric (TE) materials can play an important role by converting heat

loss into electricity. Thermoelectric materials have the ability to convert heat into

electricity and vice versa. These materials work on the principle of the Seebeck
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and Peltier effect. This allows us to take advantage of using waste thermal energy

to generate useful electrical energy. Additionally, traditional cooling to eliminate

the waste heat from aircraft, automotives, industries, electricity generation, etc.

requires additional energy. Therefore, TE materials can be used as an alternative

option to the coolant. They have several advantages over conventional coolants,

like no requirement for any moving parts, immense reliability, silent operation, no

maintenance, etc [31].
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Chapter 1

Thermoelectricity: Principles,

Materials, and Applications

1.1 Thermoelectric effect

The direct conversion of temperature difference into electrical voltage via a thermo-

couple is known as the Thermoelectric effect. The scientific and technical branch

which studies the thermoelectric effect is known as Thermoelectricity. A ther-

moelectric generator (TEG) creates a potential difference in response to the tem-

perature difference on two sides. Similarly, when the electric potential difference

is applied, a temperature difference is built up on the two sides due to the heat

transfer from one side to the other. At the atomic scale, the applied temperature

difference causes the charge to transfer from the hot side to the cold side. As a

result, this effect can be used in generating electricity, measuring the temperature

difference or potential difference between the two sides of materials. Thermoelec-

tric materials can be used as temperature controllers as well, because the direction

of the cooling and heating is dependent on the polarity of the applied electrical

voltage. The thermoelectric effect is based on two fundamental effects, namely, the
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Seebeck effect and the Peltier effect. The Seebeck effect was first discovered by the

German physicist Thomas Seebeck in 1821, and the Peltier effect was discovered

by the French watchmaker Jean Peltier in 1834. Later, in 1851, the link between

these two effects was discovered by the W. Thomson (Lord Kelvin) and named

after him. In this chapter, we will discuss these three thermoelectric effects briefly.

1.2 Thermodynamic approach of thermoelectric

effect

The 1931 theory of Onsager describes a general theory for coupled irreversible

thermodynamic processes, such as, electrical conductivity and thermal diffusion in

the thermoelectric effect. Onsager considered a non-equilibrium thermodynamic

medium with local equilibrium, i.e., the system can be divided into sub-systems in

equilibrium with their environment. Onsager’s relations connect thermodynamic

flows to thermodynamic forces, or affinities. Onsager’s relations are obtained by

considering the fact that the studied medium is a continuous medium in local

equilibrium. The quantities defining the system vary slowly in space and time.

Thus, the thermodynamic flows
−→
Ji , or more precisely, the thermodynamic flow

densities, are expressed by a linear combination of the affinities
−→
Fj, resulting in

Onsager relations:
−→
Ji =

∑

j

Lij
−→
Fj, (1.1)

where Lij are known as the kinetic coefficients. For example, in the case of

two flows
−→
J1 and

−→
J2 induced by the affinities

−→
F1 and

−→
F2, we have the following

relations:
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−→
J1 = L11

−→
F1 + L12

−→
F2,

−→
J2 = L21

−→
F1 + L22

−→
F2.

(1.2)

Considering the microscopic reversibility [32], Onsager assumed that the action

of affinity
−→
F2 on flow

−→
J1 is identical to the action of affinity

−→
F1 on flow

−→
J2. This

reciprocity is expressed by the relationship below:

L12 = L21, (1.3)

and in general, Lij = Lji for i 6= j.

Onsager relations applied to thermoelectricity

The Onsager formalism was first applied to isotropic thermoelectric materials by

H. Callen in 1948 [33] and then presented in more detail by S.R. De Groot [34].

Using Onsager’s formalism for thermoelectric systems, considering only a gas of

electrons, leads to the following two coupled equations:

−→
JN =

σT

|e|2

(

−
−→∇(µe)

T

)

+
T 2σS

|e|
−→∇
(

1

T

)

,

−→
JQ =

T 2σS

|e|

(

−
−→∇(µe)

T

)

+
[

T 3σS2 + T 2κ
]−→∇

(

1

T

)

,

(1.4)

considering,

−→∇
(

1

T

)

= − 1

T 2

−→∇(T ) (1.5)

where |e| is the elementary charge, µe is the electrochemical potential, T is the

temperature and
−→∇ is the gradient operator. The flux density of charged particles
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−→
JN and the thermal flux density

−→
JQ are associated to the associated generalized

affinities − 1
T

−→∇(µe) and
−→∇
(

1
T

)

, respectively.

The parameters σ, κ, and S are the electrical conductivity, the thermal con-

ductivity, and the Seebeck coefficient, respectively. By analogy with a traditional

steam engine, entropy is transported in a thermoelectric system by an electron

gas, also known as Fermi gas. The equivalent in a thermoelectric material of a

fluid’s partial pressure in a steam engine is the electrochemical potential µe.

The kinetic coefficients can be identified in accordance with the system of

equations, (1.2) [35], by:

L11 =
σT

|e|2 ,

L12 = L21 =
T 2σS

|e| ,

L22 = T 2(TσS2 + κ).

(1.6)

where, κ is the thermal conductivity and is written as:

κ = κe + κl, (1.7)

where κl is the lattice thermal conductivity due to the atomic networks (phonons).

One can also express the electric current flux density
−→
Je instead of the flux

density of charged particles by posing
−→
Je = e

−→
JN ,

−→
Je = −σ

(−→∇(µe)

|e|

)

+ T 2σS
−→∇
(

1

T

)

,

−→
JQ = −TσS

(−→∇(µe)

|e|

)

+
[

T 3σS2 + T 2κ
]−→∇

(

1

T

)

,

(1.8)

If we consider:

−→∇
(

1

T

)

= − 1

T 2

−→∇(T ), (1.9)
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then, a more convenient form of equation 1.8 can be derived for the equations

of thermal current density
−→
JQ and charge current density

−→
Je in a thermoelectric

leg:

−→
Je = σ

−→
E − σS

−→∇(T ),

−→
JQ = ST

−→
Je − κ

−→∇T
(1.10)

where,

−→
E = −

−→∇(µe)

|e| = −
−→∇(µc)

|e| − −→∇(V ) (1.11)

where E is the electric field, µC is the chemical potential, V is the electrical

potential. The second term in first equation 1.10 comes from the Seebeck effect,

however the first term in the second equation 1.10 comes from the Peltier effect.

The subsequent sections will describe these two effects.

1.3 Thermoelectric Modules: Device performance

and figure of merit ZT

The Seebeck and Peltier effects are the fundamental principles of the thermoelectric

refrigeration and power generation modules, respectively. Figure 1.1 shows the

working principle of the thermoelectric power generation module and the same

module can be used for the thermoelectric refrigeration as well. The thermoelectric

module is made up of an array of these devices connected electrically in series and

thermally in parallel. It consists two segments of a p-type (hole carriers) and

an n-type (electron carriers) thermoelectric materials to re-enforce the generated

current due to Seebeck effect. These two legs exploits the temperature difference

between heat sink (TC) and heat source (TH) just like the heat engine. These
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segments are placed in between the heat sink and source. They are linked to each

other and to an external charge resistance (RC) by a metalized electrical pads. A

part of the heat flux (φ) exchanged from heat source to the heat sink, through

the p and n-type segments is converted into electrical current I, contributes to a

power generation (I2RC) while ignoring the heat loss by any means. Therefore,

the efficiency of the thermoelectric device is given by:

η =
I2RC

φ
(1.12)

On solving the equations 1.10 along with the governing equations of charge con-

servation
−→∇ .

−→
J =

−→
0 and energy conservation

−→∇ .(
−→
JQ + V.

−→
Je)=

−→
0 gives the expres-

sion for heat flux φ and electrical current assuming constant Seebeck coefficients

and conductivities in the thermoelectric legs [36, 37]:

φ = κ(TH − TC) + STHI −
RI2

2
(1.13)

I =
S(TH − TC)

R + RC

(1.14)

where κ, S, and R, are the thermal conductivity, Seebeck coefficient, and elec-

trical resistance of thermoelectric material. TH and TC are the temperatures of

the heat source and the heat sink. The first term on the right-hand side in equa-

tion 1.13 is simply the heat diffusion from heat source to the heat sink in absence

of any electrical current. While the second term is related to the Peltier effect

and the third term is half of the dissipated energy due to Joule heating in the

thermoelectric legs and the remaining half is refused to the heat sink. Electrically,

a thermoelectric module is identical to a DC voltage generator of the amplitude

S(TH − TC) in series with the resistance R, which yields the equation of thermo-

electric efficiency, η. On replacing electrical current I and heat flux φ in equation
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module which depends on the resistance (RC) that needs to be dimensionalized

according to the thermoelectric module. The efficiency optimization with respect

to resistance (RC) provides the same order of magnitude as Rp+ Rn and the

optimal efficiency as:

η =
TH − TC

TH

√
1 + ZT − 1√

1 + ZT + TC

TH

(1.19)

where T = TH+TC

2
and Z = (Sp−Sn)2

(Rp+Rn)(Kp+Kn)
. By further optimizing the sections

of the legs to minimize (Rp + Rn)(κp + κn), the thermoelectric ZT becomes:

ZT =
(Sp − Sn)2

(
√

κp

σp
+
√

κn

σn
)2
T (1.20)

where Sp, κp, and σp (similarly Sn, Sn, and σn) are the Seebeck coefficient,

thermal and electrical conductivities of the p-type thermoelectric leg (similarly

n-type thermoelectric leg). Here in the equation 1.20, ZT is known as the figure

of merit of the device, and it depends only on intrinsic bulk properties of the

thermoelectric material of the legs. It was calculated assuming that the Seebeck

coefficients, thermal and electrical conductivities of these materials are uniform,

but in reality they are not constant as they are temperature dependent. Therefore,

the relevant value is the temperature-average figure of merit, ZT. For a given values

of TC and TH, the optimal efficiency increases with the ZT, and the thermoelectric

efficiency η is limited by the Carnot efficiency when ZT → ∞.

The illustrative image of the thermoelectric device and its efficiency as a func-

tion of heat source temperature TH are shown in figure 1.3 and 1.4, respectively.

Figure 1.3 shows the thermoelectric device sand-witching many TEM generators

connected electrically in series and thermally in parallel through the metal in-

terconnections. These modules are surrounded with the ceramic platings acting

as the substrate and encasing. Sometimes the heat exchangers are used to bring
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Figure 1.5: Wearable applications of thermoelectric generators (TEG): (a)
schematic of a TEG module powered by the body heat with (1) thermal in-
terface between skin and TEG’s hot side, (2) TEG module, and (3) heat sink
providing the heat dissipation to the ambient air [12], (b) pulse oximeter with
CMOS-based TEG made of poly-SiGe TCs [13], (c) Electroencephalography
(EEG) headband [13], (d) Electrocardiography (ECG) shirt [14], (e) Matrix
Watch powered by body heat and TEG [15], and (f) Biomedical hearing
device [16].

fore, the body and the environment have a temperature gradient of around 13◦C

which is sufficient for the power supply to the wearable devices; especially the

implanted medical devices since their maintenance is expensive and time consum-

ing [48]. Figure 1.5(a) shows the schematic for the wearable applications of TEGs

where the device is ideally placed vertically in between the skin (heat source) and

the environment (heat sink). Figure 1.5(b) shows the wearable pulse oximeter to

monitor and control the oxygen saturation in the body operated with the body

heat through a watch [49]. Figure 1.5(c) shows the electroencephalography (EEG)
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headband device composed of BiTe-based thermoelectric generator, recording the

electrical activities of the brain [50]. Additionally, the TEGs are also used in the

wearable fabrics and garments [50, 51]. Leonov et al. [52] fabricated a planner

CMOS-based thermoelectric generator placed between the skin and the T-shirt as

shown in figure 1.5(d). The ”Matrix Power Watch” was the first commercialized

”Internet of Things” (IoT) smart watch running with the body heat as shown in

figure 1.5(e) [53]. Figure 1.5(f) shows the hearing aid device fabricated from a thin

film based TEG [54].

1.3.1 Seebeck effect

The phenomenon behind the thermoelectric power generation was discovered by

the German scientist Thomas Johann Seebeck in 1821. He discovered that a direct

current flows through the closed loop when the junctions of two dissimilar metals

are at different temperatures. This effect was named after him and known as

Seebeck effect. The material could be metal or semiconductor. The current

produced through Seebeck effect is however very small and usually measured in

µVK−1 or mVK−1. Seebeck coefficient is an important parameter to investigate

thermoelecrtic properties and is utilized to measure on-site temperature precisely.

During the process, when a temperature gradient is applied across the sample,

an induced voltage is developed in response, and majority charge carriers (electrons

and holes) start to migrate from hot side (TH) to cold side (TH) generating a

charge current density
−→
JT . The produced current causes an accumulation of charge

carriers at the cold side and a depletion at the hot side till a counter-posing voltage

difference (∆V) is induced and further migration of charge carriers is prohibited

by the induced electromotive force. Sometimes, apart from the charge carriers,

phonons also contribute to Seebeck coefficient. If the phonon-electron interaction

is predominant, phonon drags electrons from one side to other and contributes to
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gradient
−→
JT can be obtained from the balanced equation,:

−→
Je =

−→
JV +

−→
JT =

−→
0 . (1.24)

Now, by separating the electrochemical potential µe into chemical potential µC

and electrostatic potential V for a one-dimensional system, we have:

dµe = dµC + |e| dV = −|e| S dT. (1.25)

Dividing the above equation 1.25 by |e| and taking the integration on both

sides:
1

|e|

∫ TH

TC

dµe =
1

|e|

∫ TH

TC

dµC +

∫ TH

TC

dV = −
∫ TH

TC

S dT . (1.26)

On solving the above equation, we get:

1

|e|
[

µe
TH − µe

TC
]

=
1

|e|
[

µC
TH − µC

TC
]

+
[

V TH − V TC
]

= −S [TH − TC ] (1.27)

Considering a unique material throughout the leg, the chemical potential at 2

different points and temperatures will be identical i.e. µe
TH=µe

TC and hence,

S = −V TH − V TC

TH − TC

(1.28)

This simplified physical picture provides various valuable information. Firstly,

the generated potential difference by the Seebeck effect is static. Secondly, the

positive or negative sign of the Seebeck coefficient, S, defines the nature of the

majority of charge carriers. For instance, the positive and the negative values of

the Seebeck coefficient defines the majority of charge carriers due to the holes and

electrons, respectively, confirming the p-type and the n-type nature of the material.

Thirdly, the bipolar conduction where the minority charge carriers diffuses in the

opposite direction to the majority charge carriers reduces the Seebeck coefficient
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Seebeck effect. According to the Peltier effect, a heat current
−→
JQ begins to flow

besides the current flow in response to the applied potential difference across the

thermoelectric material. Onsager showed that there is a symmetry between the

two effects [55], so that

−→
JQ = S T

−→
Je (1.29)

where the product of Seebeck coefficient and temperature is known as the

Peltier coefficient, π i.e. π = S T. The above equation is only valid when the tem-

perature gradient is zero. Unlike the Joule heating effect, the phenomenon of the

Peltier effect is a reversible process. The Peltier effect is utilised in temperature

control and refrigeration applications for years, and the evolution in the thermo-

electric modules will make them strong candidate in heat pumps and domestic

refrigerators.

1.3.3 Thomson effect

The third thermoelectric effect is the link between the Seebeck and Peltier effect

and it was observed by William Thomson in 1851. According to the Thomson ef-

fect, heat exchange from the environment takes place in a material when subjected

to the temperature difference and an electrical current I in order to maintain the

temperature difference. If the heat dQ is exchanged from the environment by the

material at a temperature between T and T+dT is given by:

dQ = −τ I dT (1.30)

where τ could be positive or negative and is known as the Thomson coefficient.

Thomson also proved that the Seebeck, Peltier, and Thomson effects are inter-
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Figure 1.8: Illustration of Thomson effect in a material subjected to the
applied current I and temperature difference across the sample

related according to the formula:

π = S T (1.31)

τ = T
dS

dT
(1.32)

These two relations are known as Kelvin’s relation. The illustration of Thomson

effect in a material is shown in figure 1.8.

1.4 Thermoelectric Materials

As previously discussed, thermoelectric (TE) materials have sparked considerable

interest in a wide range of applications, such as, cooling, power generation, sensors,

aircraft, etc., due to their ability to convert waste heat into electricity [4,5,56,57].

Refrigerators and generators powered by thermoelectrics were used in specialized

applications where their desirable characteristics outweighed their relatively ex-

pensive cost and low performance. For instance, thermoelectric generators were
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successfully integrated in domestic food refrigerators, stove, air conditioning, mo-

bile charging boots, and cooling of CCD’s (charge coupled devices) infrared detec-

tors [58–62]. Radioisotope Thermoelectric Generators(RTG) found their successful

application for powering NASA’s spacecrafts since 1961 due to their low mainte-

nance and long lifetime, for example Voyager 1 and 2 were launched in 1977 and

have already exceeded 37 successful years. Research and development department

in the automobile industry are running intensive research programs to recover the

waste heat from the exhaust system with an aim to improve the fuel economy by

approximately 7-10%. In 2005, BMW has decided to develop a TEG prototype

vehicle to transform waste exhaust heat into electrical energy. This project was a

part of efficient dynamics program and BMW research team performed the tests

on a prototype 5 Series 530i whose exhaust system was equipped with a thermo-

electric generator. It generates enough electricity at 125 km/h to keep the car

running without an alternator. The concept was applicable on petrol and diesel

engines with an advantage of saving 5% fuel i.e. approximately 0.5 liters per 100

km. Initially the manufacturer has planned to begin the production by 2013 [63].

The applicability of the thermoelectric generators (TEGs) in market and industries

are shown in figure 1.9.

However, the scientific community is working on finding some more efficient

thermoelectric materials for decades. The efficiency of thermoelectric materials is

calculated by dimensionless figure of merit ZT by the following equation:

ZT =
S2σT

κ
=

S2σT

κe + κl

(1.33)

Where S, σ, T , and κ are the Seebeck coefficient, electrical conductivity, abso-

lute temperature, and thermal conductivity, respectively. Thermal conductivity

has two terms, κe and κl, associated to the electronic and lattice parameters, re-
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spectively. The term S2σ is known as thermoelectric power factor (PF) and

plays a very important role in organic TE materials due to their low thermal con-

ductivities. As the upper limit of TE efficiency is given by the Carnot efficiency,

however, there is effectively no theoretical limit for ZT and higher values could be

achieved by increasing the electrical conductivity and Seebeck coefficient, whilst

decreasing the thermal conductivity. Figure 1.10 shows the promising road-map

for the thermoelectric technology exploitation over the years. Although, the si-

multaneous optimization of these parameters at the operating temperature is the

main challenge. The contribution of charge carriers to electrical conductivity is

linked to the thermal conductivity, according to Wiedemann Franz law, therefore,

optimization of the phonon contribution of thermal conductivity is essential to

improve thermoelectric ZT.

Moreover, in the bulk state, these three variables are inter-related and a modifi-

cation in one variable can have an impact on the others. Consequently, a trade-off

relationship between thermoelectric parameters is usually sought. However, at the

nanoscale, materials behave differently, making it possible to break this correlation

and improve TE efficiencies. Therefore, introducing a secondary phase with nano

dimensions can do all the work by introducing the lattice mismatch at the inter-

face of matrix and filler. Doping typically increases σ and κe due to an increase in

the number of charge carriers and decreases in κl due to phonon scattering [64].

In addition, The Seebeck coefficient could be increased due to the quantum con-

finement effect, without significantly affecting the electrical conductivity [65]. In

the following section, we will discuss the main issues that limit the performance

of thermometric materials.
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to the electrical conductivity as follows:

κe = L σ T, (1.34)

where κe is the thermal conductivity (Wm−1K−1), σ is the electrical conduc-

tivity (Sm−1). The proportionality constant ”L” with temperature was firstly dis-

covered by Ludvig Lorenz in 1872 and is known as Lorenz number. Theoretically,

Lorentz number is defined by:

L =
κe

σ T
=

π2

3

(

kB
e

)2

(1.35)

where kB is the Boltzmann’s constant (1.38x10−23 m2kgs−2K−1) and e is the

elementary charge (1.6x10−19coulombs). Normally, Lorenz number is treated as

a universal factor with 2.44 × 10−8WΩK−2 (degenerate limit). However, for non-

degenerate semiconductors in which Lorenz number converges to 1.5 × 10−8 WΩK−2

for acoustic phonon scattering, it is known that considerable departures from the

degenerate limit (about 40 percent or more for Kane bands) can occur. A drop in

the Lorenz number is associated with an increase in absolute value of the Seebeck

coefficient [67, 68, 68].

In addition to the Wiedmann-Franz law restrictions, Pisarenko’s relation re-

stricts the enhancement in S and σ simultaneously. However, this relation is only

valid for metals and strongly degenerate semiconductors. The complicated inter-

dependence of these thermoelectric parameters can be summarized as:

S =
8π2k2

B

3eh2
m∗T

( π

3n

)2/3

(1.36)

σ = neµ =
ne2τ

m∗ (1.37)

50



µ =
1

m∗5/2 (1.38)

κ = κe + κl = L σ T + κl (1.39)

where, h is the Planck’s constant (6.6210−34m2kgs−1), m∗ is the density of state

effective mass, n is the charge carrier concentration, µ is the carrier mobility, τ

is the relaxation time, κ is the total thermal conductivity, κe is the electronic

component of thermal conductivity, κl is the lattice thermal conductivity.

The aforementioned relationship explains that the electrical conductivity and

Seebeck coefficient share the opposite dependency of charge carrier concentration,

mobility, and density of state effective mass. On the other hand, Wiedmann-Franz

does not permit increasing electrical conductivity while decreasing thermal con-

ductivity. This complicated relationship between the TE parameters is very strong

in the bulk state, which makes it even harder to have a high thermoelectric ZT

value. However, great progress has been made in the past few decades by employ-

ing various strategies to enhance ZT by switching at least one dimension of the

material to the nanoscale. It can break the interdependency of the thermoelectric

parameters and make it possible to enhance the thermoelectric ZT [69–71].

1.6 Overview of efficient thermoelectric materi-

als

The urge towards the development of thermoelectric materials began in the mid

’90s due to the depletion of fossil fuels and environmental scarcity and interest was

shifted towards the search of alternative green and clean energy technologies. In

this regard, new projects and concepts were initiated with the aim to break develop
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new materials which can break the barrier of ZT ∼ 2. In this context, the research

areas were explored in the direction of new bulk semiconducting materials with

complex and/or open crystal structures, and in the direction of the low dimensional

systems such as, quantum dots (0D), quantum wires (1D), and quantum wells (2D),

and then the bulk nanostructured materials.

Thermoelectric materials are basically divided into two categories as inorganic

and organic materials. Inorganic TE materials include metal chalcogenides (ME2,

where M = a transition metal i.e. Bi, Cr, Pb, Fe etc., and E = S, Se, Te), half

Heusler alloys (XYZ, where X and Y are the transition metals and Z is in the

p-block i.e. B, C, N, Si etc.), inorganic clathrates (3-D framework with tetravalent

and trivalent atoms which enclose guest atoms), skutterudite materials (AB3 where

A is the transition metal element and B is pnictide element such as, P, As, and Sb),

metal oxides (M2O where M is metal such as, Li, Na, Ca etc., and O is oxygen),

silicides (MnSi or MS in with 1≤ n≤2), etc.

The finest compromise for thermoelectric performances is achieved by using

semiconductors due to moderate charge carrier concentration as shown in figure

1.11. In past few decades, inorganic materials such as, Bi2Te3, PbTeSe, Sb2Te3,

SiGe, PbTe, PbS, CdSe2, ZnS2, CdS2 have been investigated thoroughly due to

their high ZT values [72–76]. The alloys such as, (Bi1−xSbx)2(Te1−ySey)3 and

Bi1−xSbx are generally accepted as the state of art materials for effective thermo-

electric refrigeration at room temperature and at low temperatures applications,

respectively. Additionally, materials such as, Si1−xGex and PbTe were best known

for the power generation in high-temperature applications and have a high figure

of merit ZT of around 2.2 [77]. Figure 1.12 shows the thermoelectric ZT values

of the conventional inorganic thermoelectric materials as a function of tempera-

ture up-to 1300◦ C. Despite of all extensive research efforts done on conventional

state of art thermoelectric materials, the maximum thermoelectric ZT of around
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gated/conducting polymers are very popular nowadays due to their high electrical

conductivities that make them suitable for thermoelectric applications [88, 89].

Most of the inorganic TE materials are very expensive and toxic in nature.

On the contrary, organic materials have several advantages such as, low den-

sity, low cost, the ease of synthesis process, low thermal conductivity and non-

toxic. However, till date, no organic TE material has achieved the value of

ZT of inorganic TE material. Hitherto, best results were obtained on poly(3,4-

ethylenedioxythiophene) doped by poly(styrenesulphonate) where a ZT=0.42 was

achieved at room temperature.

F. Roussel et al. reported huge enhancement in TE properties of Ag/PANI

nanocomposites as compared to pristine PANI samples. Ag/PANI nanocomposites

undergoes a percolation type behaviour for electrically conductivity after addition

of 16 vol.% of Ag and the best power factor and ZT values of 3 µWm−1K−2 and

0.5 × 10−3, respectively. Usually, the pristine PEDOT: PSS films, prepared from

the aqueous solution does not undergo very promising TE properties. Luo et al.

treated PEDOT: PSS films with dimethyl sulfoxide (DMSO) and ethylene glycol

(EG) to achieve a significant enhancement in electrical conductivity from 0.2 to

900 Scm−1, keeping the Seebeck coefficient almost the same. The obtained P.F.

was 30 and 25 µWm−1K−2 for DMSO and EG treated films, respectively [90]. Z.

Fan et al. reported a maximum power factor of 754 µWm−1K−1 and a ZT value

of 0.75 for organic TE materials for acid and base treated PEDOT: PSS films, for

the first time [91].

Recently, in 2020, W. S. Kim et al., introduced a new approach of tuning the

barrier energy to improve the TE behaviour of the PEDOT: PSS/Be2Te3 com-

posite by using polar solvent vapor annealing (PSVA). The ratio of PEDOT: PSS

was controlled by the exposure timing of PSVA to tune the work function of PE-

DOT: PSS and ultimately optimize the barrier energy of the thin films [92]. Such
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optimization was found very successful and electrical conductivity and Seebeck

coefficient were enhanced collaterally up-to 1000 Sm−1 and 47µVK−1, respectively

for the barrier energy corresponding to 0.11eV. This method allows us not only to

tune the work function but also the barrier energy and eventually Seebeck coeffi-

cient.

They measured the work function of PEDOT: PSS by using ultraviolet pho-

toelectron spectroscopy (UPS) as a function of PSVA exposure time. The barrier

energy between filler Bi2Te3 and matrix PEDOT: PSS was calculated by the for-

mula:

∆E = φBi2Te3 − φPEDOT :PSS (1.40)

where, φBi2Te3 and φPEDOT:PSS are the work functions of Bi2Te3 and PEDOT:

PSS, respectively.

PEDOT: PSS undergoes semi metallic type band behaviour and the Fermi

energy level Ef is situated inside the valence band due to its degenerate semicon-

ductor properties. Initially, for short PSVA timing, there was no energy barrier

and all the charge carriers can pass through the barrier due to upward alignment of

Bi2Te3 valence band. In this region, the Seebeck coefficient as well as the electrical

conductivity does not enhanced much. However, for long exposure timings, the

downward alignment in Bi2Te3 valence band introduces a positive barrier energy

and only allows the high energy charge carriers to pass through and scatters off

the low energy charge carriers. This facilitates the drastic enhancement in Seebeck

coefficient and electrical conductivity. Therefore, the interdependency of Seebeck

coefficient and electrical conductivity could be broken by taking advantage of the

tuning barrier energy [92].

Carbon-based materials such as, CNTs, graphene, reduced graphene oxide

(rGO), and graphene oxide (GO) have high surface to volume ratio and high

electrical conductivity [93–95]. Even though, they suffer from a major drawback
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of having a high thermal conductivity which acts as a constraint to make them a

good TE material [96,97]. X. Tang et al. investigated thermoelectric properties of

chiral and zigzag CNTs by using Green’s function and non-equilibrium molecular

dynamics simulations [98]. Yan et al. synthesized PANI coated CNTs for the first

time by an in-situ chemical polymerization process and incorporated them into

the PANI matrix by hot pressing method. The observed electrical conductivity,

Seebeck coefficient and thermoelectric figure of merit, at room temperature, were

found to be 2.8 × 103 Scm−1, 21.6µVK−1 and 1 × 10−3, respectively, for 30 wt.%

of PANI-CNTs loading which is far better than that of the pristine CNTs and

neat PANI matrix separately [99]. Sarabia et al. deposited GO doped PEDOT:

PSS film on polyethylene terephthalate substrate and treated with hydrazine. The

power factor was increased to 47.4 µWm−1K−2 which is 3.31 times higher as com-

pared to the neat PEDOT: PSS films. The reported value for ZT was 0.084 at

300K, considering the thermal conductivity to be 0.17 Wm−1K−1 [100].

Similar research has been conducted on CNT/PANI composite with a strong

anisotropic thermoelectric behaviour. Chen et al. measured Seebeck coefficient,

thermal and electrical conductivities and eventually thermoelectric properties in di-

rection along and vertical to the CNT arrays. The anisotropy in thermal conductiv-

ity is way higher (κ‖/κ⊥ = 25) as compared to electrical conductivity (σ‖/σ⊥ = 6),

where the values were always higher in vertical to CNT arrays. The anisotropy in

electrical conductivity was due to the larger carrier mobility in vertical direction as

compared to direction along CNT arrays. The possible mechanism was the PANI

chain conformation in parallel direction to the CNT due to the π − π interaction

between PANI and CNT [101].

Metal oxides such as, ZnO, TiO2, MoO3, MgO etc have been considered as

promising TE materials by virtue of their stability, non-toxicity, low cost, easy

synthesis process, and tunable transport properties [102–104]. Among all of these
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metal oxides, TiO2 has been extensively studied, benefiting from their tunable

semiconductor properties, high Seebeck coefficient, and appealing TE behavior

[105,106].

The importance of TiO2 in thermoelectrics have been proven by many re-

searches. TiO2 exhibits very promising TE properties after a proper reduction

process to remove the excess oxygen. For instance, J. Tang et al., reported a very

large positive Seebeck coefficient of 60,000 µVK−1 at 10K with power factor of

170 µWK−2cm−1 for reduced single crystal of rutile TiO2. The extraordinarily

high Seebeck coefficient values were explained by the phonon drag phenomenon at

low temperatures. The observed value for Seebeck coefficient is 4-fold higher than

the power factor of Bi2Te3 composites near room temperature. They observed a

shifting from p-type behaviour to n-type behaviour with increment in temperature

which suggested an attractive device application at low temperatures where the

same material could be used as n and p type legs in TE generator [107].

L. Xu et al. studied the effect of aluminum doping on TiO2 nanoparticles. They

investigated TE properties at room temperature and at 475 °C. The results indi-

cated that the doping enhanced the electrical conductivity due to the enhancement

in charge carrier concentration at the expense of deduction in Seebeck coefficient

values. However, they managed to decrease thermal conductivity due to the grain

boundary scattering at the interface [108].

Similarly, W. H. Nam et al., proposed an interface controlled strategy to en-

hance the TE properties of reduced graphene oxide and titanium di-oxide compos-

ite (r − GO − TiO2). The composites were prepared by using controlled amount

of r-GO content from 0 to 4% by using consolidation of pristine and r-GO coated

TiO2 nanoparticles by plasma sintering technique. The favourable r-GO coating on

TiO2 grain boundaries facilitates the enhancement in electrical conductivity while

decreasing thermal conductivity. Their strategy reveals to control the charge and
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thermal transport. The electrical conductivity was enhanced upto 20 Scm−1 with

4% r-GO content due to the formation of effective charge transport pathways con-

nected by r-GO sheets. Once the percolation is achieved, the enhancement in the

electrical conductivity is achieved by the consecutive hopping of the charge carriers

from one grain to another at the junction. The maximum TE figure of merit ZT

of 0.064 was obtained for 4% r − GO − TiO2 nanocomposite [109].

Ali et al. investigated the effect of hydrothermally synthesized molybdenum

disulphide nanoparticles (MoS2) on TE behavior of polyaniline (PANI). The See-

beck coefficient for PANI was observed to be changed from -48.3 to -38.2 µWm−1K−1

with 5% doping of MoS2. In addition, the electrical conductivity was enhanced

from 10−3 to 0.238 Scm−1 and P.F. was increased from 2.99 × 10−4 to 6.3 × 10−2

µWm−1K−2 [110].

The Phonon glass electron crystal (PGEC) approach is an interesting strategy

for breaking the interdependency of thermolectric parameters, where materials are

modified to behave electrically as a crystal and thermally as a glass, helps in ac-

complishing the desired goal [111]. The aim of this approach is to achieve the

decoupling between the electronic and thermal transport quantities by introduc-

ing defects acting as phonon back-scattering sites. When the nature and size of

the defects are properly selected, the heat transport is then hindered while the

electronic transport is not impacted, enhancing the thermoelectric figure of merit

ZT. A similar approach will be used in this doctoral study, where conducting filler

will be embedded in a non-toxic conjugated polymer matrix. We anticipate that

the conducting matrix will provide electrically conducting pathways, thereby en-

hancing the composite’s electrical conductivity, while the nanoparticles, acting as

defects for thermal transport, will influence the heat flow [112].
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1.7 Conclusion

Notwithstanding, many studies have already been done in order to increase the

efficiency of organic TE materials, but their performances are far from those cur-

rently obtained for inorganic materials. Further investigations are urgently needed

in order to improve organic-based thermoelectric systems. To meet the challenge,

we combine a low-cost conducting polymer and an inorganic filler with advanta-

geous thermoelectric properties to produce the so-called hybrid organic-inorganic

polymeric nanocomposites.

Here in, the goal of this thesis is to enhance the ZT of PEDOT: PSS by in-

corporating titanium di-oxide quantum-dots decorated graphene oxide (TQDGO)

fillers. PEDOT: PSS was used as a matrix due to high electrical conductivity,

ease processing, non-toxic nature. Although low Seebeck values of PEDOT: PSS

limits the TE performance. Therefore, we chose TQDGO as an inorganic filler

in PEDOT: PSS matrix to improve the low Seebeck coefficient. In the present

work, TQDGO/PEDOT: PSS polymer nanocomposites have been synthesized by

employing oxidative polymerization of EDOT in the presence of titanium di-oxide

quantum dot decorated graphene oxide fillers and PSS. As-synthesized samples

were characterized by SEM, XRD, TEM, DSC, UV-Vis. spectroscopy, FTIR and

their thermoelectric performances were investigated by measuring the thermal con-

ductivity, the electrical conductivity, and the Seebeck coefficient. Sol-gel method

has been employed to synthesize TQDGO and it has been used as a template during

the polymerization. Thermoelectric behavior of the obtained TQDGO/PEDOT:

PSS nanocomposites have been studied for the TE aspects by calculating their

thermoelectric ZT [112].
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Chapter 2

Polymer nanocomposites for

thermoelectric energy conversion

In this chapter, we will discuss the history of conducting polymers. We will focus

briefly on Poly (3,4-ethylenedioxythiophene) polystyrene sulphate (PEDOT: PSS)

polymer structure, synthesis routes, and thermoelectric applications. The struc-

ture and thermoelectric properties of 2-D graphene oxide will then be discussed.

Finally, we will concentrate on metal oxide semiconductors, specifically TiO2 and

its molecular structure, as well as various nanostructures, as an efficient means

of enhancing their thermoelectric properties. This chapter will provide a concise

literature review of the different families of thermoelectric materials implied in this

thesis.

2.1 Conducting Polymers

The innovative discovery of conducting polymer poly-acetylene by Hideki Shi-

rakawa, Alan MacDiarmid, and Alan Heerger in 1977 has changed perspectives

in the field of organic polymers, which were previously considered non-conducting
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plastic materials. In recognition of their discovery, the trio was awarded the Nobel

Prize in Chemistry 23 years later. Their collaborative work with MacDiarmid’s

and Heeger’s teams showed that the halogen vapours can enhance the electrical

conductivity of trans-poly-acetylene by ten million times. [113]. Since then, re-

markable progress in conducting polymers has been made and a lot of research

has been conducted on improving the electrical conductivity and stability in the

past 30 years [114, 115]. Conducting polymers have been used in various fields

such as, photovoltaics, supercapacitors, sensors, biosensors, theromoelectrics, bio-

electronics, technical coatings etc [116–122].

These three Nobel Laureates, Shirakawa, MacDiarmid, and Heerger, attempted

to dope polyacetylene (PA) by exposing it to halogen vapours in order to decrease

the energy gap and increase the carrier density in order to achieve a different level

of semiconducting (or even metallic) behavior. The halogenation of the PA is an

example of p-type doping where the halogen vapours oxidize the PA chains by

extracting electrons and leaving behind positive charges to move freely in the PA

to interact with the applied electric field. In general, doping in polymers can re-

duce the energy band gap and enhance the charge carrier density to make them

electrically conducting or semiconducting. Furthermore, organic chemists realized

that the use of (hetero)-aromatic rings makes it possible to design undoped poly-

mers with tunable intrinsic (semi)-conducting properties. The field of conducting

polymers was flooded with different processing strategies and synthesis routes in

order to improve the conductivity right after the initial discovery of conducting

polymers in the 1980s.

The term ”conducting polymer” is referred to any π-conjugated polymer con-

sisting of an alternating single and double/triple covalent bond backbone which can

conduct irrespective of their individual conductivities. For example, polyaniline

(PANI), polypyrrole (PPy), Poly (3,4-ethylenedioxythiophene) polystyrene sul-
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phate (PEDOT: PSS), Poly (3-hexylthiophene) (P3HT), Poly(2,5-bis (3- alkylthio-

phene -2-yl) thieno [3,2-b]thiophenes) (PBTTTs), poly benzimidazobenzophenan-

throline (BBL) etc [123]. Prior to the discovery of conducting polyacetylene (PA);

the conducting polymer prototype was poly(sulfur nitride) (SN)x which exhibits

the intrinsic metallic conductivity where electrons move freely over long (ballis-

tic) distances in a partially filled conduction band [124]. In (SN)x, all bonds are

of equal length, which means that the bond length alternation (BLA) along the

chain is zero, a crucial characteristic for achieving high conductivity. However, to

make polyacetylene (PA) more energetically stable, it has been proposed that the

chain should have a BLA 6= 0, which creates an energy band gap Eg and makes it

electrically insulating.

The macro-molecules in conducting polymer chains are connected via weaker

π − π, van der walls, and dipole interactions unlike in the inorganic semiconduc-

tors where the strong covalent bonds are holding the atoms together. Such bonds

are sufficiently strong to impede solution-based processing of first-generation con-

ducting polymers. However, molecular engineering makes it possible to redesign

or rearrange the side chains to enable solution-based processing, thereby confer-

ring several advantages on organic CPs over traditional first-generation inorganic

CPs [125,126].

In-depth understanding of co-relations between molecular and electronic struc-

tures allowed the researchers to synthesize intrinsically conducting or semicon-

ducting polymers. In the 1990s, organic conducting polymers flooded the market

with various applications due to their excellent mechanical, electrical, optical, op-

toelectronic, and lighting properties. In the meantime, scientists have found a

lot of new organic CPs, like polythiophene (PTH), polypyrrole (PPy), poly (para-

phenylene) (PPP), polyaniline (PANI), polyazulene (PAZ), etc [127–132]. Of these,

the polyaniline family stands out due to its ability to produce processable conduc-
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tive forms in bulk quantities at low cost [133]. Due to the potential presence of ben-

zidine moieties in the polymer backbone, which could produce toxic (carcinogenic)

byproducts upon degradation, a number of industrial and academic groups have re-

stricted their polyaniline chemistry research. Although (hetero)aromatic polypyr-

role, polythiophene, and poly (p-phenylene vinylene) are potentially more environ-

mentally friendly, however, they are insoluble and infusible. Numerous substituted

derivatives of these polymers with alkyl, alkoxy, and other substituents along their

backbones have been developed to address these issues [134]. By manipulating the

main-chain framework (e.g., regioregularity [127]) and pendant group chemistry

(e.g., water-soluble sulfonates [135]), a wide range of properties was availed from

the parent structures. Despite the fact that these side-chains provide some de-

gree of control over the physical and electronic properties, the ultimate accessible

electronic properties are frequently diminished compared to the parent. In the

latter half of the 1980s, researchers at the Bayer AG research laboratories in Ger-

many created a new polythiophene derivative, poly (3,4-ethylenedioxythiophene)

(PEDOT).

Among all other organic electrically conducting polymers, PEDOT: PSS is

the most successful polymer in terms of several practical applications due to its

exceptionally high hole conductivity (300 S cm−1), flexibility, optical transparency

for visible light, light weight, commercially available aqueous solution for easy

processing, high work function, good thermal and chemical stability, large scale

production, tunable conductivity, low surface roughness, and mechanical stability

etc [136–139].
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2.2 PEDOT: PSS

Poly (3,4-ethylenedioxythiophene) polystyrene sulphate (PEDOT: PSS) is a con-

ducting polymer, benefiting from its electronic and ionic conductivities. PEDOT

was first reported by the scientists at Bayer research laboratories in Germany. An

effort has been made in order to synthesize a dispersible conducting polymer lack-

ing unwanted α, β- and β, β- coupling in its polymer chain backbone. PEDOT

derived from oxidative or electrochemical polymerization was initially discovered

to be insoluble despite having very promising properties. In addition to its high

electrical conductivity, it was discovered that the oxidized thin film was nearly

transparent and extremely stable. Later, the solubility problem was resolved by

the addition of a water-soluble counter ion in the form of poly (styrene sulphonic

acid) (PSS). The addition of PSS to PEDOT produced a transparent, electrically

conductive polymer with excellent stability and film-forming capability [140–145].

2.2.1 PEDOT: PSS Structure

PEDOT: PSS is composed of two ionic polymers, positively charged PEDOT conju-

gated polymer chains are attached to the negatively charged PSS chains. PEDOT

is derived from the monomer ethylene dioxythiophene in the presence of the PSS,

acting as a template during the polymerization process. The chemical structure

of PEDOT: PSS is shown in figure 2.1. In general, conducting polymers can-

not dissolve in solvent, limiting their applications. However, Baytron G changed

the whole game after adding PSS and making the PEDOT: PSS dispersible in

water and other solvents. PSS in PEDOT not only acts as a counter ion but

also as a surfactant, assisting in the dispersal and stabilization of the polymer in

water or other solutions such as, water, ethyl alcohol, chloroform, etc. to form

uniform thin films [146]. Unlike the other polymer dispersion solutions, PEDOT
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does not disperse in the PSS aqueous solution rather PEDOT: PSS as a single

entity is captured by the outer PSS- aqueous media. PEDOT:PSS dispersions are

composed of gel-like particulates surrounded by a polyanion (PSS)-rich shell that

stabilizes PEDOT-enriched particles in aqueous solvents [147]. This is the funda-

mental reason for the exceptional stability of PEDOT: PSS solution [148]. PEDOT

oligomers are assumed to polymerize onto the PSS template, implying that PE-

DOT is intrinsically ill-defined in terms of molecular weight and polydispersity.

These gel-like particulates indicate π-stacking. The PEDOT:PSS structure has

been intensively analyzed to examine and improve hole transport for optoelec-

tronic devices [147, 149–152]. Changes in formulation composition, processing, or

post-processing have been shown to improve hole conductivity by eliciting confor-

mational changes, reducing surplus dopant phase (i.e., insulating PSS), or both.

A comprehensive analysis of the methodologies and suggested mechanisms for en-

hancing conductivity can be found in the ref. [153]. The aqueous PEDOT: PSS

is dark blue opaque solution and it was commercialized for the first time under

the name of Baytron P (current name CleviosTM). The aqueous solution is handy

and easily forms a thin layer on a solid or flexible surface such as, glass, silicon

wafer, PVA film, PC, etc. by using different techniques such as, spin coating, dip

coating, slot die coating, doctor blade, screen printing, spray deposition, etc [146].

PEDOT chains are much shorter than PSS chains and contains only a few tens

of monomers [154, 155]. Various studies have shown the PEDOT polymer con-

sists of 10–20 monomers by using high angle annular dark-field (HAADF) images

of o-CVD PEDOT, scanning tunneling microscopic images of electro-polymerized

PEDOT, and transmission electron microscopic images of solution cast polymer-

ized PEDOT [156, 157]. Generally, neutral PEDOT stays in an aromatic state,

but distortion caused by doping could result in transformation from aromatic to

quinoid states as shown in figure 2.2 [158]. Figure 2.2 shows the molecular struc-
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the polymerization. They optimized the ratio of Na2S2O8: EDOT and PEDOT:

PSS on the electrical conductivity. For the synthesis, EDOT was mixed with a

various amount of PSS (1-13 weight ratios) and the amount of the Na2S2O8 was

fixed equal to the EDOT molar mass. The ingredients were combined with the

water, and the solution was stirred at room temperature for 24 hours. The obtained

polymer was centrifuged at 9000 rpm and washed with the mixture of acetone and

methanol, and dried at 60°C. The electrical conductivity for EDOT: PSS weight

ratios ranging from 1 to 5 was decreased from 452.81 ∓ 31.59 to 250.23 ∓ 13 S

cm−1 which signifies the low amount of PSS acts as an insulator and inhibits the

charge transport. However, the conductivity was observed to be increased from

250.23 ∓ 85.13 to 999.74 ∓ 10.86 S cm−1 for EDOT: PSS weight ratios ranging

from 5 to 11. The enhancement is justified by the fact that the PSS starts to act

as a dopant and enhances the charge carrier concentration. The XPS and UV-vis

spectroscopy findings support the above mentioned argument. Nevertheless, the

conductivity was decreased for further enhancement in EDOT: PSS weight ratio

(1:13) to 524.23 ∓ 42.29 S cm−1 due to excessive doping [160].

The optimized value for EDOT: PSS weight ratio of 1:12 was used for the

further investigation where the amount of the oxidant was varied. The same

synthesis procedure was used with the different values of Na2S2O8 ranging from

1:1 to 1:4. Initially, the electrical conductivity was increased from 999.74∓10.86

to 1556.85∓46.84 Scm−1 for 1:1 and 1:2, respectively, as the SO2−
4 can also acts

as dopant. Further enhancement in the oxidant amount produces PSSNa, which

in turn reduces the amount of PSS dopant and hence reduces the conductivity to

55.61 ∓0.10 Scm−1. Hence, the maximum electrical conductivity was obtained for

the EDOT: PSS and EDOT: Na2S2O8 weight ratios were 1:11 and 1:2; respectively

[160].

Another method for the polymerization was discovered by Bayer G, which is
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the most successful method till date and is known as the BAYTRON P synthesis

method. The polymerization of EDOT is conducted in aqueous media containing

poly-electrolyte solution, most commonly PSS, by using Na2S2O8 as an oxidizing

agent. The reaction kept at room temperature forms a deep blue opaque PEDOT:

PSS dispersion, which is insoluble in most of the solvents. Interestingly, the disper-

sion leaves behind a very conducting, transparent, and mechanically durable film

after drying. Initially, the commercially available PEDOT: PSS dispersion was

only used in the photographic industry; however, as time passed, PEDOT: PSS

found many applications in other industries as well, and it is now commercially

available in a variety of industries [146,147,149–152].

Apart from being utilized in large scale industrial applications, the actual

charge transport mechanism in PEDOT: PSS is only partially understood. Various

processes have been suggested to optimize the electrical conductivities of PEDOT:

PSS, such as, solvent treatment by using ethylene glycol, dimethyl sulfoxide, sor-

bitol, etc., acid treatment by hydrochloric acid, sulfuric acid, formic acid, etc. Such

treatments bring conformational and/or structural and morphological changes in

polymer chains. The PSS chains are longer than PEDOT chains, and the resulting

conductivity strongly varies with the morphological modifications. For instance,

electrical conductivity measurements with temperature show a high in-plane con-

ductivity due to the variable range hopping phenomenon. However, out-of-plane

conductivity firmly decreases due to the nearest neighboring hopping. Above men-

tioned, solvent processing alters the lateral charge transport mechanism from a 3D

to a quasi-1D variable range hopping effect [153,161–165]. The challenge to demon-

strate the exact mechanism behind the charge transport is that the conductivity

(σ) depends on the number of charge carriers (n) and mobility (µ), σ = neµ, where

e is the elementary charge. Therefore, it is difficult to find if the enhancement in

the conductivity is due to the charge carrier concentration or mobility, especially

70



in doped materials such as, polymer PEDOT: PSS [166].

2.2.3 Thermoelectric properties of PEDOT: PSS

Researchers have utilized a variety of post-treatments to enhance the TE per-

formance of PEDOT: PSS by increasing its electrical conductivity and Seebeck

coefficient. Many studies have suggested that one of the straightforward methods

to attain this is the post-treatment with polar solvents with high boiling tempera-

tures, such as dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), ethylene

glycol (EG), isopropyl alcohol (IPA), etc. These solvents are capable of initiating

a phase separation in PEDOT: PSS to form an interconnected chain network of

elongated crystalline PEDOT phase to amplify the electrical conductivities up to

3 times without compensating the Seebeck coefficient [77, 167–170].

Researchers have been investigating the effect of chemical de-doping of PE-

DOT: PSS to enhance the electrical conductivity in the past decade. H. Park et

al. treated PEDOT: PSS thin films by over-coating with a mixture of DMSO and

hydrazine. This process removed the excess PSS chains, leaving behind the PE-

DOT in a neutral state and obtaining the highest power factor of 112 µWm−1K−2

by optimizing hydrazine concentration in DMSO at room temperature. Apart from

the removal of PSS, the enhancement in electrical conductivity was achieved due to

the annealing process during the treatment, which modified PEDOT conformation

from a densely coiled structure to a linear or expanded coil structure [171].

T. Stoker et al. investigated the effect of PSS on the electrical conductivity of

PEDOT: PSS and eventually studied the thermoelectric properties [172]. Electrical

conductivity decreases with PSS content, although it is necessary to enhance the

processibility of PEDOT. The PEDOT to PSS ratios from 1:2.5 to 1:20 show the

conductivities in the range of 1 to 10−5 S m−1. The optimized PEDOT: PSS ratio

is 1:6 with conductivity around 10−3 S m−1 for the organic light emitting diodes,
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where PEDOT: PSS acts as a hole transport layer. They investigated the PEDOT:

PSS ratio from 1:1 to 1:20 and reported the constant carrier concentration despite

different PSS content, which suggests that PSS content does not change the doping

level in the polymer [172].

Graphene oxide has been studied for TE behaviour by researchers in past

decade as it is much cheaper and homogeneously dispersed in PEDOT: PSS as

both are hydrophilic in nature. F. Li. et al. [108], investigated the effect of

reduced Graphene oxide (r-GO) onto the TE properties of PEDOT: PSS. They re-

duced GO to r-GO in PEDOT: PSS thin films by using hydrogen iodide (HI).The

electrical conductivity of the r-GO PEDOT: PSS thin films was decreased while

the Seebeck coefficient was increased due to the decrement in the oxidation level of

the polymer as concluded by the XPS studies. However, the electrical conductiv-

ity was enhanced with the r-GO content owing to its interaction with the polymer

matrix, which provides the conducting channels for charge transport; and also, the

sheet-like structure of r-GO pushes PEDOT: PSS to pack more orderly films. The

Seebeck coefficient was also increased with the r-GO content due to the synergic

effect of the polymer with the filler. Simultaneous increments in Seebeck coefficient

and electrical conductivities were expected due to the energy filtering effect due to

the nanostructred r-GO sheets. The maximum power factor of 32.6 µWm−1K−2

was observed for 3% r-GO, which was 50% larger than the neat PEDOT: PSS

films. The maximum thermoelectric ZT value of 0.03 was observed for the same

sample after considering thermal conductivity to be 0.3 Wm−1K−1, which is higher

than the ZT value (0.021) of graphene-PEDOT: PSS films reported by Y. Du et

al. [108].

Fundamental physics suggests that the Seebeck coefficient depends upon the

energy band structure and density of states (DOS) near to the Fermi energy level.

Doping can tune both of them and facilitate the improvement of the Seebeck
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coefficient. It has been observed for the first time in thallium (Tl) doped PbTe,

which enhanced the effective mass and elevated the Seebeck coefficient for the

first time by introducing distortion in the density of states. It occurs when doping

coerces the valence/conduction band to resonate with the energy level of a localized

impurity. Such distortion in DOS enhanced TE ZT up to 1.5 at 773 K [173,

174]. Accumulating this new phenomenon with the techniques which lower the

thermal conductivity could boost the ZT values and can be directly applied in

thermoelectric systems, e.g., aluminium doped PbSe and indium doped SnTe [175–

177].

The carrier concentration of PEDOT: PSS is maximized by adding an exces-

sive amount of PSS due to the much lower doping efficiencies of conjugated poly-

mers [178,179]. The liberated and non complex PSS chains, which are electrically

insulating and do not assist in the doping of PEDOT, unnecessary occupies the

volume in the polymer. Hence, the electrical conductivity of PEDOT: PSS can

be successfully enhanced by removing the extra non complexed PSS chains. The

excessive amount of insulating PSS chains can be removed by employing several

after treatments such as, ethylene glycol, dimethyl sulfoxide, sulfuric acid, etc. in

order to enhance the thermoelectric performance of PEDOT: PSS [72,180–182].

Gong et al. introduced DMSO and poly (ethylene oxide) (PEO) as binary

dopants to PEDOT: PSS and prepared the PEDOT:PSS thin films by spin coating.

They observed, for the first time, simultaneous increases in the Seebeck coefficient

and electrical conductivity. PEDOT: PSS thin films with 5 wt.% DMSO and 0.3

wt.% PEO exhibited a high Seebeck coefficient of 40 µVK−1 and an electrical

conductivity of 1300 Scm −1 to achieve a high power factor of 157.23 µWm−1K−2

[183]. They attributed the enhanced TE property to the polaron to bipolaron

conversion due to the PEO [77,148,184,185].

Similarly, Fan et al. accomplished a 2-10 times higher power factor for PEDOT:
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PSS thin films by treating them with sulfuric acid and then adjusting the pH

values with NaOH. An optimized power factor of 334 µWm−1K−2 was achieved by

adjusting electrical conductivity and the Seebeck coefficient. They found that the

electrical conductivity enhanced up to 3000 S cm−1 with acid treatment due to

PSS removal and the formation of a nanosized fibrous structure, which enhanced

the charge mobility without affecting the Seebeck coefficient. However, NaOH

treatment decreased electrical conductivity but enhanced the Seebeck coefficient

from 17 to 39 µVK−1 due to the execution of low oxidation level [72].

S.K. Kim reported a two-step after treatment of PEDOT: PSS thin films to

enhance the power factor from 0.0097 µWm−1K−2 to 13.3 ± 1.5 µWm−1K−2.

Initially, the thin films were treated with ethylene glycol to reduce the excess

amount of PSS, which enhanced the power factor upto 6.31 ± 0.071 µWm−1K−2.

After that, the oxidation level of PEDOT was controlled by hydrazine treatment to

further enhance the power factor to 13.3 ± 1.5 µWm−1K−2 [186]. Such a chemical

de-doping process enhances the TE properties by transforming the bipolaron state

of PEDOT to polaron or neutral, which decreases the oxidation level and carrier

concentration to tune TE properties.

2.3 Graphene Oxide

Graphene oxide (GO) is a graphene-based material that has gained much attention

in the last two decades due to its low cost, scalable and straightforward synthe-

sis process. It is obtained from the oxidation of graphite, and each layer of GO

consists of an oxidized graphene sheet [187]. It is a useful and promising mate-

rial for graphene-based electrical, optical, chemical, energy storage, and biological

applications. Due to their exceptional mechanical, electrical, thermal, and barrier

capabilities, graphene-based nanocomposites have been a popular topic of study
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2.3.1 Structure of graphene oxide

Graphene oxide (GO) is a 2-dimensional (2D) sheet of sp2-hybridized (significantly)

and sp3-hybridized (partially) carbon atoms in a honeycomb structure containing

hydroxyl (-OH), alkoxy (C-O-C), carbonyl (C=O), carboxylic acid (-COOH), and

other oxygen-based functional groups. These oxygenated groups give it many

advantages over graphene, such as higher solubility and having functional groups

on its surface, which makes it a good choice for use in nanocomposites [189, 190].

It symbolizes the ultra-large organic molecule with a 2D carbon mesh as shown

in figure 2.4. sp3-hybridized carbon atoms that are covalently bonded to oxygen-

containing functional groups are considered as the oxidized regions, whereas sp3-

hybridized carbon atoms are considered the unoxidized regions. The sp3-hybridized

carbon clusters are situated at the top and bottom of the sp2-hybridized carbon

atoms. GO is hydrophilic and quickly disperses in aqueous solutions to form stable

colloidal suspensions [191–194].

Due to the different chemical groups on the surface, the properties of graphene

oxide can vary slightly depending on the synthesis route, starting materials, oxi-

dation time, etc [95, 195, 196]. As a result, there are many different kinds of GO

surfaces, with a typical O/C ratio of 28 to 36% [197]. When thermal exfoliation

is used to make single sheets of functionalized graphene from GO, this ratio goes

down to O/C= 5–10% because of the removal of some chemical functions [198–200].

2.3.2 Thermoelectric properties of Graphene Oxide

Graphene oxide typically has low electrical conductivity and poor thermal stabil-

ity due to the presence of a large number of defects and oxygen functional groups

[201–203]. These groups disrupt the aromatic regions in the basal planes; hence,

the graphene oxide layer contains both aromatic regions and oxidized aliphatic six-
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membered rings. It results in the distortion of sp3-hybridized geometry and the

insulating properties of graphene oxide. On the other hand, the thermal conduc-

tivity can be dramatically reduced due to the phonon scattering associated with

the oxygen-containing functional groups at the surface [204, 205]. In addition,

these oxygenated functional groups help to attach metal nanoparticles to further

form phonon scattering sites, which further reduces thermal conductivity [206].

Feng et al. reported the p-type nanocomposite containing GO with CoSb3 us-

ing a solvothermal route at 290 ◦C for 12 hours and then hot pressing at 600 ◦C

and 80 MPa. The ZT value achieved for the nanocomposite was 0.81 at 800 K

with 1.5 wt.% of GO in the CoSb3 matrix, which was more than double that of the

pristine CoSb3. The obtained values were due to the enhanced carrier concentra-

tion and mobility [207]. Dey et al. embedded GO sheets in the grain boundaries

of niobium (Nb) doped SrTiO3 matrix to facilitate charge transfer between the

grain boundaries without affecting thermal conductivity. The obtained ZT value

of the composites was around 0.5 at 1200 K, which was 50 times higher than Nb-

doped SrTiO3 [208]. Similarly, the thermoelectric performance of the GO/CNT

membranes was investigated at ambient temperature. The sample GO/CNT(1:2)

showed a significant enhancement in the electrical conductivity, Seebeck coeffi-

cient, and thermoelectric power factor of 6.52 10−1 Scm−1, 28.6 µVK−1, and 5.33

10−2 µWm−1K−2, respectively [93].

2.4 Titanium di-oxide

Titanium di-oxide (TiO2) is one of the most prominent commercially available

nanomaterials. Titanium di-oxide is an n-type semiconductor and is also known

as Titania. Due to its natural abundance, chemical and thermal stability, tita-

nium di-oxide has been well studied for various applications such as photovoltaics,
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crystal structure of the Brookite is more complicated than the rutile and anatase

states and consists of three orthorhombic structures with a Pbca space group.

The Ti-O bond length is the same as that of anatase and rutile, but the six unique

lengths (in the range of 1.87 to 2.05 Å) makes the unit cell of brookite larger than

the other two forms. There are 12 different O-Ti-O bond angles ranging from 77

to 105 °C. The complicated processing route to obtain the pure brookite phase

has limited its applications, and as a consequence, it has gained the least interest

compared to the other two forms [210].

The another low temperature form and also the most popular form of TiO2

is anatase phase as it is highly stable at the nanoscale. Its unit cell structure is

tetragonal with I41/amd space group as shown in figure 2.5(a). The unit cell can

be explained as the TiO2 octahedra chains where each chain is surrounded by the

8 others in a manner of 4 edge sharing and 4 corner sharing [211]. The Ti-Ti

distances in anatase are 3.79 and 3.05 Å, however, the Ti-O distances are 1.95 and

1.91 Å, resulting from a significant distortion in the octahedra chains.

The third form is the high temperature state of rutile phase. It has a body

centred tetragonal (BCT) unit cell structure with a= 4.4923 Å and c=2.8930 Å

as shown in figure 2.5 (c). It has the similar structure as of anatase phase with a

distorted octahedra around the Ti4+ ion formed by the O2− ions. The difference in

rutile phase is that the rutile has 2 edge sharing and 8 face sharing neighbours [209].

The most attention has been obtained by the low temperature anatase phase

and the research at large scale has been conducted specially in nanotechnology

and energy applications. Interesting chemical and physical properties comes in

existence when the size of a material smaller down to the nanometer range. Apart

from that, the shape of the material at nanoscale also plays an important role. As

the material shrinks to the nano scale, the charge transport in semiconductors is

controlled by the quantum confinement effect. At the nanoscale where the surface
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plays an important role, the transport properties are size and shape dependent

[212]. The surface area of TiO2 based nanomaterials is helpful in running the

interaction (which happens at the surface) at the interface of the matrix and filler.

2.4.2 Thermoelectric properties of Titanium di-Oxide

The large Seebeck coefficient of TiO2 makes it a tantalizing thermoelectric ma-

terial [213]. However, its low electrical conductivity prevents it from exhibiting

desirable thermoelectric properties in its purest form. TiO2 would be an excellent

thermoelectric material if its electrical conductivity could be enhanced, given its

non-toxicity, good chemical and thermal stability, and natural abundance. As a

result researchers have developed many new structures and composites of TiO2

to enhance their thermoelectric performances. For instance, the thermoelectric

properties of undoped and doped (TiO0.75Sn0.25)O2 were studied by Dynys et al.,

who discovered that the addition of Nb2O5 or Ta2O5 increased the electrical con-

ductivity by three orders of magnitude, while decreasing the thermal conductivity

to below 4 Wm−1K−1 [214]. Portehault et al. embedded substoichiometric TiO2

nanoparticles in carbon matrix to obtain percolated nanocomposites. In compar-

ison to bulk materials, these nanocomposites have a low thermal conductivity (1

Wm−1K−1) and a low electrical resistivity (2x10−4
Ωm) [215]. Xu et al. reported

a decrease in thermal conductivity of TiO2 due to the phonon scattering at the

interface of grain boundaries after the Al doping [216]. Many studies have focused

on various methods to improve thermoelectric properties of TiO2 based compos-

ites [217–223]. These studies demonstrate that the properties of these materials

are highly dependent on preparation method, particle size, and microstructure,

making theoretical methods like first-principles calculations difficult to predict.

Hence it is necessary to optimize these parameters in order to achieve high TE

figure of merit ZT.

80



Nanostructured TiO2 has a wide range of potential applications due to its

nanoscale characteristics, low toxicity, good biocompatibility, inherent properties,

and versatile fabrication methods. In the following section, we will examine various

TiO2 nanostructures and their thermoelectric properties.

2.4.3 Titanium di-oxide nanoparticles

Nanoparticles (NPs) are a broad category of particulate materials with all three

dimensions smaller than 100 nm [224]. Researchers realized the significance of these

materials when they discovered that the size of a substance can affect its physio-

chemical properties, such as its optical properties, electrical properties, thermal

properties, etc. NPs consist of three layers: (a) the surface layer, which can be

functionalized with a set of different molecules, inorganic compounds, surfactants,

and polymers; (b) the shell layer, which is chemically distinct from the core in all

respects, and (c) the core, which is primarily the NPs central portion and typically

refers to the NP itself [225]. The NPs are utilized in a variety of applications,

including drug delivery [226], chemical and biological sensing [227], gas sensing

[228,229], waste water treatment [230,231], food industries [232], solar cells [233],

thermoelectrics [106], and other applications [234–236].

Xu et al. studied the effect of doping on the TE properties of TiO2 nanopar-

ticles. They reported that Al doping in TiO2 nanoparticles introduces new grain

boundaries, leading to elevated phonon scattering, and ultimately, a decrement in

thermal conductivity [216].

Liu et al. reported a very high ZT for n-type thermoelectric material, 0.35

at 700 °C. They synthesized nitrogen (N) and niobium (Nb) co-doped TiO2

nanoparticles by the fast combustion method. The obtained power factor was 987

µWm−1K−2 which is 7 times higher than the pristine TiO2 nanoparticles sintered

under the same circumstances. The enhancement in power factor and ZT with
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a decrement in thermal conductivity was attained due to the elevated scattering

from point defects and grain boundaries [108].

Ning et al. introduced TiO2 nanoparticles into the Cu2SnSe3 matrix by ball

milling followed by the spark plasma sintering process to form the nanocomposite.

The 1.0% TiO2/Cu2SnSe3 composite exhibited a maximum ZT of 0.30 at 700 K,

which was 17% higher than that of the pure Cu2SnSe3 at 700 K [237]. Similarly,

Cederkrantz et al. used TiO2 nanoparticles to enhance the thermoelectric prop-

erties of Mg2Si. The addition of 1% TiO2 resulted in an optimal thermoelectric

figure of merit of 0.0042 at 300 ◦C, which is nearly three times greater than that of

pure Mg2Si. The increase in ZT was the result of a significant decrease in electrical

resistivity followed by a less significant decrease in the absolute Seebeck coefficient.

However, further addition of TiO2 led to lower ZT values, and when 3 vol.% TiO2

was added, the ZT was comparable to that of pure Mg2Si [238].

Many studies have focused on incorporating TiO2 nanoparticles into conjugated

polymer matrix. Debnath et al. synthesized a hybrid nanocomposite containing

TiO2 nanoparticles in a PANI matrix via chemical polymerization. The TiO2

nanoparticles were used to introduce the energy filtering effect to enhance the

thermoelectric power factor. The presence of TiO2 led to improved carrier prop-

agation due to the ordered molecular structure of the hybrid composite, resulting

in a simultaneous enhancement in electrical conductivity and Seebeck coefficient.

The best performance was obtained for 1.5 wt.% TiO2/PANI nanocomposite with

a remarkably high electrical conductivity and Seebeck coefficient of 0.052 Scm−1

and 1.767 µVK−1, respectively. Thus, the maximum recorded value of the power

factor of 16.17 µWm−1K−2 was achieved. The incorporation of TiO2 into PANI re-

duced the hopping barrier potential, which increased the power factor. Therefore,

conjugating polymers containing TiO2 can be utilized in thermoelectric generators

with such improved performance [239].
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2.4.4 Titanium di-oxide nanotubes

Nanotubes are a broad category of particulate materials with a tube-like structure

and at least two dimensions smaller than 100 nm [224]. The length of nanotubes

ranges from ten to several hundred microns. They have several advantages, such as

high aspect ratio, high surface to volume ratio, excellent structural integrity, stable

chemical and thermal properties. They are beneficial in many applications, such as

gas sensing [240], photoelectrochemical water splitting [241], drug delivery [242],

antibacterial applications [243], etc. Nanotubes are similar to 1-D nanomaterials

such as nanofibers, nanowires, and nanorods.

Low-dimensional nanotubes are preferable for increasing phonon scattering and

lowering lattice thermal conductivity. As discussed in earlier sections, limiting the

lattice thermal conductivity is a desirable characteristic for enhancing the ther-

moelectric performance, and a number of strategies have been implemented to

address this issue. Enhancing phonon scattering through the use of point defects,

vacancies, rattling structures, and nanostructures is a common approach. To fulfill

the purpose, L. Su et al. synthesized Te-Bi-Pb decorated TiO2 nanotubes via an

electrochemical route. The purpose of employing the Te-Bi-Pb composite was to

boost the Seebeck coefficient in order to improve TE performance further. Fol-

lowing the deposition of the Te-Bi-Pb composite, the Seebeck coefficient of TiO2

nanotubes increased from 90 µVK−1 to 155 µVK−1 [244]. They continued their

research by incorporating TiO2 nanotubes into a PANI matrix and analyzing their

thermoelectric and photosensitive properties. The optimization of the processing

time and voltage, and fluorine ion concentration during the synthesis of TiO2 nan-

otubes were investigated. The well organized TiO2 nanotubes were obtained at 20

V for 60 min with an electrolyte containing 0.2 M fluorine ions. These nanotubes

were further embedded in a PANI matrix via a polymerization process of aniline

and showed a maximum value of Seebeck coefficient of 124 µVK−1 at 30 ◦C.
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2.4.5 Titanium di-oxide quantum dots

Quantum dots (QDs) are 0-dimensional nanomaterials with all 3 dimensions at

the nanoscale. These nanoparticles are called quantum dots as their size imposes

quantum effects that affect their electronic energies [245]. QDs have gained much

attention in various fields due to their high surface to volume ratio, which provides

high reactivity and also their properties can be altered by their size, morphology,

chemical composition, surface, etc. The synthesis of QDs involves a precursor as

an inorganic material source, surfactants acting as ligands, and a solvent. The

precursors decompose to form the supersaturation of monomers during the syn-

thesis process. These monomers are the molecular species that emerge out of the

precursor, which later on can connect or dissociate the nucleated nanocrystals,

ensuring the growth or shrinkage at the end of the reaction. However, the role

of a ligand is to passivate the nanocrystal surface. The origin of the monomer is

accompanied by the nucleation process. The formed monomers joined the nucle-

ation seeds, which lets the nanocrystals grow into their final shape by moving the

atoms around [246].

Despite the numerous reports on the synthesis of TiO2 nanostructures [247–

251], there are few studies on the synthesis of TiO2 quantum dots. Mechanical

grinding [252], surfactant-modulated growth [253], microwave synthesis [254], and

hydrothermal processes [255, 256] are a few of the diverse methods for producing

TiO2 quantum dots. In order to detect biomolecules (DNA, proteins) for clinical

diagnostics and in vivo imaging, TiO2 QD arrays were grown with the aid of a tem-

plate [257]. In quantum-dot dye-sensitized solar cells (QDSSCs), semiconducting

QDs supported by a TiO2 matrix have been investigated for lower recombination

rates and increased conversion efficiency [258,259].

Various synthesis routes are possible for the synthesis of TiO2 QDs, such as

in-situ, ultra-high vacuum, chemical vapor deposition, etc. L. Pan et al. synthe-

84



sized TiO2 QDs self-decorated with anatase TiO2 nanosheets via a hydrothermal

method, followed by a defect healing procedure. This method has provided a

novel and efficient method for enhancing surface activity [260]. L. Gnanasekara et

al. developed a simple in-situ chemical route to synthesize TiO2 QDs, and their

photocatalytic dye degradation properties were investigated under visible light ir-

radiation [253]. Furthermore, these TiO2 QDs were modified with the MWCNTs

to improve the battery performance of the lithium ion batteries. It aided in pre-

venting the expansion of electrodes during the charging and discharging processes

and served as an effective battery separator. This composite increased the layer’s

conductivity and layer separation [253]. Du et al. synthesized PEDOT: PSS with

carbon quantum dots and the PF was enhanced up to 1.6 µWm−1K−2, which was

500 times higher than that of the pristine polymer [261].

Enhanced surface of QDs have an advantageousness on numerous applications

such as, photo-catalytic activity, antibacterial activity, photovoltaics, fuel cells,

etc [254, 260, 262]. The TiO2 QDs offer a wide range of uses, however we found a

research void that TiO2 QDs have never been reported for thermoelectric applica-

tions [263].

Notwithstanding, many studies have already been conducted to boost the ef-

ficiency of organic TE materials, yet, their performance has not been satisfactory

compared to conventional inorganic materials. Therefore, further investigations

are needed to improve the efficiency of organic-based thermoelectric materials.

Herein, the current work is focused on improving the TE properties of PEDOT:

PSS by incorporating TiO2 quantum dots decorated graphene oxide (TQDGO).

The polymer PEDOT: PSS was chosen as the host matrix for the TQDGO as it

is very stable and can interact with the quantum dot-based filler through strong

π − π interactions. Moreover, these interactions with TQDGO are expected to

construct conducting pathways and facilitate charge carrier transfer [264–266].
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The sol-gel method was employed to synthesise TQDGO nanocomposites us-

ing Ti4+ and GO as the starting materials. Ti4+ was used as a precursor to

ensure the growth of TiO2 QDs on the GO surface via relatively stable oxo and

hydroxyl bonds [267]. The next step was immersing the TQDGO filler in the

PEDOT: PSS polymer matrix using oxidative polymerization of EDOT. The mor-

phology, elemental analysis, chemical functional groups, optical properties, and

thermal properties were investigated by employing scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) with Energy Dispersive X-ray

(EDX) mapping, Fourier transform infrared (FTIR) spectroscopy, UV-Vis spec-

troscopy, and thermogravimetric analysis (TGA), respectively. The thermoelectric

power factor was calculated by measuring the electrical conductivity and Seebeck

coefficient. Finally, the TE properties of pellets were compared to those of thin

films.

2.5 Conclusion

In this chapter, we have provided a comprehensive literature review of conducting

polymers and their remarkable breakthroughs as a result of the collaborative ef-

forts of three Nobel laureates: Shirakawa, MacDiarmid, and Heerger. Due to their

high electrical conductivity, non-toxic nature, flexibility, light weight, etc., the

polymer poly (3,4-ethylenedioxythiophene) polystyrene sulphate (PEDOT: PSS)

and its composites have been extensively discussed. Then, we discussed its molec-

ular structure, as well as its transformation from a neutral state to polaron and

bipolaron, synthesis routes, and various applications, including thermoelectricity.

Then, we discussed how the imperfect structure of graphene oxide (GO) allows

functional groups to be attached to its surface to control its optical and electrical

properties. We provided the molecular structure and thermoelectric properties of
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graphene oxide. Then, we discussed titanium di-oxide (TiO2), its molecular struc-

ture, and the thermoelectric properties of its various nanostructures, including

nanoparticles, nanotubes, and quantum dots. We concluded that the TiO2 quan-

tum dots have numerous applications. Their thermoelectric properties, however,

have not yet been thoroughly studied.
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Chapter 3

Materials and methods

In this chapter, we will discuss the experimental materials used for the thesis.

Then, we will discuss the synthesis of filler TiO2 quantum dot decorated graphene

oxide (TQDGO) and polymer nanocomposite TQDGO/PEDOT: PSS. The poly-

merization of the monomer EDOT into PEDOT will be discussed. In addition,

we will present the sample preparation in detail, including pellets, thin films, and

various chemical treatments. The techniques used for the structural, chemical,

and elemental analysis of the samples will then be described.

3.1 Materials

A single-layer graphene oxide (GO) aqueous solution was purchased from the

graphene supermarket (www.graphene-supermarket.com/collections/graphene-oxide-

go). Ti(IV) isopropoxide solution, sodium hydroxide, EDOT solution, PSS solu-

tion, dioctyl sodium sulfosuccinate, ethanol, acetone, methanol, and ferric chloride

were purchased from Aldrich. De-ionized water was obtained from the maison de

la recherche unit by centre commun de mesure with reverse osmosis. All chemi-

cal reagents were of analytical-grade and were used without further modification
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unless specified.

3.2 Synthesis

3.2.1 Synthesis TiO2 quantum dots decorated GO (TQDGO)

nanoflowers

The TiO2 quantum dots decorated GO nanoflowers were synthesized by using

titanium isopropoxide precursor (Ti4+) and GO as the starting materials to ensure

the growth of the TiO2 quantum dots on the GO surface via relatively stable oxo

and hydroxyl bonds [267].

For the synthesis, firstly, 3 mg of GO were dispersed in 100 ml of ethanol and

sonicated for 1 hour. Second, 1.038 ml of titanium (IV) isopropoxide (Ti[OCH(CH3)2]4)

precursor solution was added drop-wise in GO dispersion, followed by mechanical

stirring for 1 h at room temperature. Afterwards, 15 ml of distilled water and 0.5

ml of HCl (1 M) were added drop wise and the reaction was aged for 24 under

mechanical stirring. The obtained precipitate was filtered and washed with dis-

tilled water, acetone, and methanol to remove the remaining residuals. Finally, the

obtained TQDGO composite was dried in an oven at 60 ◦C overnight [268]. The

schematic reaction process is shown in figure 3.1. During the reaction, titanium

(IV) isopropoxide was used as the precursor and GO as the template. The posi-

tively charged Ti4+ ions were deposited on the negatively charged oxide functional

group of GO and these sites acted as the activation points to initiate the nucleation

process and resulted in the growth of TiO2 QDs on 2-D GO nanosheets [112].
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3.4 Commercial PEDOT: PSS

In this step, we used the commercially available PEDOT: PSS (from Sigma Aldrich)

as a matrix. We took this step in order to compare electrical conductivities of above

synthesized samples with the commercially available PEDOT: PSS to ensure the

quality of the synthesized polymer composite.

For the process, the desired amount of TQDGO corresponding to the 0.1,

0.25, 0.5, 1, 2, and 5 wt.% of dopant was dispersed homogeneously in 10 ml of

commercial PEDOT: PSS and sonicated for 2 h. The obtained solution was dried

and collected in form of the powder and then formed into the pellets as mentioned

above.

3.5 Thin film fabrication

In the next step, we realized that the electrical conductivities of abovementioned

samples in pellet form obtained from the impedance spectroscopy technique were

not satisfying, even for the commercial PEDOT: PSS. Hence, we decided to work

on thin-films instead of bulk pellets. Impedance spectroscopy sample holder in our

lab was not suitable for thin-films. Therefore, four-point probe method was used

to measure the electrical conductivities of thin films.

For the thin films, 1 wt.% of the initially synthesized TQDGO/PEDOT: PSS

was dispersed in ethylene glycol by sonication for 2 h and then stirring for 24 h

to ensure homogeneous mixing. 1 wt.% of PNC was dispersed in 1 ml of ethy-

lene glycol and sonicated for 30 min. The solution was then stirred at 35 ◦C for

overnight. The glass substrate of 2 x 2 cm2 size was cut with a diamond cutter.

The substrates were then thoroughly cleaned with soap solution, followed by an

ultrasonicator bath with acetone and isopropyl alcohol for 15 min. The substrates

were then dried at 120 ◦C in an oven overnight to evaporate the solvents. The
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next day, the substrates were then used to cast the thin films by the spin coating

process. The surface of the substrates was gently covered with the PNC solution

and then spun coated at 1500 rpm for 2 min. The films were then annealed on a

hotplate at 90 ◦C for 20 min. The thickness of the prepared films was measured

by cross sectional scanning electron microscopy.

3.6 Techniques for fundamental material charac-

terization

3.6.1 X-Ray Diffraction

The crystal structure of the samples was determined by the powder X-ray diffrac-

tion method, using the Brüker D8 Advance Diffractometer, equipped with a copper

anticathode Cu-Kα (λ = 1.5406 Å), a monochromator, and a LynxEye detector.

The background from the obtained spectra was removed by using Brüker Diffrac

plus EVA software. The different crystalline phases were identified by the database

PDF (Powder Diffraction Files) established by the ICDD (international center for

diffraction data). The recordings were made with a measurement step of δ(θ) =

0.02 in the range of 2θ from 5 to 80◦, with a dwell time of 2 sec per increment.

3.6.2 Scanning Electron Microscopy

Surface morphology followed by the elemental distribution was analysed by scan-

ning electron microscopy (JOEL JSM-7100F) with acceleration voltage (15kV)

and energy-dispersive X-ray (EDX) mapping. SEM samples were prepared by dis-

persing the samples in ethanol and drop casted on a cleaned silicon wafer. The

substrates were then placed on the sample holder by using carbon tape to perform

SEM followed by EDS and mapping.
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3.6.3 Transmission Electron Microscopy

High-resolution transmission electron microscopy (HRTEM) images were used to

elaborate the nanoscale morphology and particle size of the filler by using FEI

Titan 60-300 kV and FEI TECHAI TEM at 200 kV with LaB6 filament. For the

sample preparation, the powdered sample was dusted on a 3 mm carbon-coated

TEM grid.

3.6.4 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is an effective method for determining the molecular struc-

ture and composition of any solid, liquid, or gaseous state. Fourier Transform

Infrared Spectroscopy (Perkin Elmer Spectrum 2000) in Attenuated Total Re-

flectance (Specac Golden Gate) mode was used to examine the molecular struc-

tures and components of the samples in the 4000-500 cm−1 range.

3.6.5 UV-Visible Spectroscopy

UV-visible spectroscopy measurements were done using the Perkin-Elmer Lambda

2S UV-Vis spectrometer system, and the absorption spectra were recorded from

190 to 800 nm. The samples were finey ground and dispersed in ethanol and the

background was corrected before each measurement.

3.6.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) has been employed to analyse the thermal

properties of nanocomposites. In an alumina crucible, about 10 mg of dried and

ground samples were analysed by Thermogravimetric analysis (NETZSCH STA

409 CD) under the air flow with a heating rate of 5 °C min−1.
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3.7 Conclusion

In this chapter, we have discussed the experimental materials and methods used

for the thesis. To facilitate the growth of quantum dots on the GO surface, we

described the synthesis of the filler TiO2 quantum dots decorated graphene oxide

(TQDGO) extracted from the Ti(IV) isopropoxide precursor. Then, we covered

the polymerization of EDOT in the presence of TQDGO and PSS as templates,

as well as the synthesis of TQDGO/PEDOT: PSS polymer nanocomposites. Last

but not least, we have provided information regarding the sample preparation tech-

niques, including untreated pellets, acid-treated pellets, commercial PEDOT: PSS

pellets, thin films, and various chemical treatments. Then, numerous techniques,

including X-Ray Diffraction, scanning electron microscopy, transmission electron

microscopy, Fourier transform infrared spectroscopy, and UV-Visible spectroscopy,

were described.
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Chapter 4

Structural characterization of

polymer nanocomposites

In this chapter, we will discuss the morphology and elemental distribution of the

filler TQDGO and the polymer nanocomposite TQDGO/PEDOT: PSS using the

results of scanning electron microscopy and energy dispersed x-ray spectroscopy.

Using transmission electron microscopy, the morphology of the filler TQDGO will

be analyzed further. Fourier transform infrared spectroscopy will be used to deter-

mine the chemical functional groups of the sample, while atomic force microscopy

will reveal the surface roughness. In addition, the optical properties will be eval-

uated using UV-visible spectroscopy, and the thermal stability will be evaluated

using thermogravimetric analysis.

98





4.1 Scanning electron microscopy (SEM) of ti-

tanium di-oxide decorated graphene oxide

(TQDGO)

The dependence of thermal and electrical conductivities on the filler morphol-

ogy is a well-known fact [276, 277]. Therefore, the morphology of synthesized

nanocomposites was analyzed by using field-emission scanning electron microscopy

(FE-SEM). Figure 4.1 represents the SEM images of titanium di-oxide decorated

graphene oxide (TQDGO), and the morphology resembles that of the hydrangea

flower as shown in the inset image. The shown SEM images demonstrate the

methodology used for synthesis was effective to provide the uniform distribution of

nanoparticles. The micrographs reveal the successful anchoring of TiO2 quantum

dots on the surface of GO sheets, which convincingly enhances the surface area of

the filler. It is noteworthy that GO interacts with TiO2 via intense chemisorption

and physisorption [278].

SEM micrographs also confirm the dense distribution of TiO2 on GO sheets

along with some aggregation. Furthermore, no individual quantum dots were

observed elsewhere, apart from the GO surface, which signifies the substantial

attachment of decorated quantum dots with GO. Moreover, the strong network

between the quantum dots and GO is supposed to expedite charge transfer and

phonon scattering [279].
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4.3 Energy dispersive X-ray spectroscopy (EDS)

mapping of titanium-di-oxide quantum dots

decorated graphene oxide (TQDGO)

The chemical composition of as-synthesized titanium-di-oxide quantum dots dec-

orated graphene oxide (TQDGO) has been studied by EDS mapping. Figure 4.3

shows the elemental mapping and distribution of carbon (C), oxygen (O), and

titanium (Ti) with red, green, and yellow colors, respectively. Here carbon and

titanium are representing the graphene oxide and titanium di-oxide, respectively.

If we look closely at the area surrounded by the cyan color, we can see that the

titanium distribution is consistent and that it is only found around/on the car-

bon rich area, indicating that the reduction of the Ti(IV) isopropoxide precursor

occurred over the negatively charged surface of the graphene oxide, as we hypoth-

esized during the synthesis. Additionally, no titanium element has been observed

in the carbon abandoned region, which confirms that no loosely bound titanium

exists in the filler and reveals the close-knit relationship between titanium di-oxide

quantum dots and graphene oxide.

4.4 Energy dispersive X-ray spectroscopy (EDS)

mapping of TQDGO/ PEDOT: PSS polymer

nanocomposites

Figure 4.4 shows the elemental mapping and distribution of carbon (C), oxygen

(O), and titanium (Ti) with red, green, and yellow colors, respectively. EDS

mapping confirms the uniform distribution of titanium in 2 wt.% and 5 wt.% of

TQDGO/PEDOT: PSS composites in selected microstructural areas. The dis-
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charge carriers. It will lead to a higher Seebeck coefficient and lower thermal

conductivity.

Figure 4.6 shows the quantitative elemental data of PEDOT: PSS and TQDGO/

PEDOT: PSS nanocomposites. The figure shows the percentage of titanium in

0.5, 2, and 5 wt.% of TQDGO/PEDOT: PSS was found to be 0.43, 2.25, and 4.08

wt.%, respectively. The obtained values are very close to the synthesized values.

However, the EDS technique is not very sensitive to low atomic number elements,

such as carbon, hydrogen, oxygen, etc., and these are the major elements in our

nanocomposite.

4.5 Transmission electron microscopy with en-

ergy dispersive X-ray spectroscopy

TEM analysis was employed to analyze the morphology of TQDGO filler at the

nanoscale. These images show the monodispersity of TiO2 QDs on GO [281].

Figure 4.7 (a-b) images reveal the spherical-like morphology of tiny QDs and their

successful anchoring onto the GO surface. Such a strong network between QDs and

GO sheets is supposed to expedite charge transfer and energy filtering effects [279].

Figure 4.7(c) depicts a particle size histogram of 400 QDs with an average size of

3.75 ±0.92 nm. The particle size is smaller than its exiton Bohr radius, which

signifies the successful formation of quantum dots [253,282,283].

Figure 4.7 (e) is a High-Resolution TEM (HRTEM) image showing various

lattice planes corresponding to GO (green) and TiO2 quantum dots (red). Figure

4.7 (d) and (f) show Fast Fourier Transform (FFT) (equivalent of diffraction pat-

tern), inverse FFT, and energy distribution images for GO (d001 = 0.22nm) and

TiO2 QDs (d101 = 0.34nm) taken by ImageJ software, respectively. The plane d10l

corresponding to a 0.34 nm inter-planner distance confirms the anatase phase of
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titanium, are represented by the red, green, and yellow colors, respectively. Here,

carbon is representing GO and Ti is representing TiO2, which confirms a consistent

distribution of TiO2 QDs on the GO surface. Additionally, no loosely bounded

QDs were observed anywhere.

4.6 Fourier Transform Infrared Spectroscopy

Chemical functional groups present in the sample were revealed by FTIR spectra

carried out in the range from 4000-400 cm−1. Figure 4.8 shows the transmittance

spectra of the filler and PNC. For the filler TQDGO, peaks from 600 to 900 cm−1

are ascribed to the crystalline phase of TiO2 QDs [284]. The peak at 1632 cm−1

refers to the origin of the skeletal vibrations of the C=C bonds of GO. The broad-

band at˜2400-3400 cm−1 indicates hydrostatic bond stretching and vibration due

to hydrogen bonds [285]. The peak located at 1210 cm−1 and the broadband cen-

tered at 779 cm−1 implies a strong chemical bonding between graphene oxide and

TiO2 QDs [285,286].

The spectra of the polymer nanocomposite consist of the major peaks at 2656,

2386, 2124, and 2005 cm−1 assigned to the C=O, O=C=O, C=O, and C=C bonds,

whereas the peak at 1629 cm−1 is assigned to the C=C bending vibration of the

phenyl group. Broadband centered at 3517 and 3813 cm−1 are due to the bending

and stretching vibration of the O-H bond of trapped water [273, 287]. The region

from 580-1750 cm−1 is shown in figure 4.9 to visualize the fingerprint region of

the polymer nanocomposites. The characteristic peaks for PEDOT are situated

at 1503, 1470, 1376, and 1308 cm−1 corresponding to the asymmetric stretching

vibrations of C=C, C-O-C, C-C, and C-C of thiophene ring, respectively, as shown

in fig 4.9. The peak at 1071 cm−1 is originated from bond stretching of C-O-C

in ethylene-dioxy group [288]. The peaks at 1005, 1028, 1126, and 1170 cm−1 are
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height and 3-D profiles of 5 wt.% TQDGO/PEDOT: PSS thin films. Generally,

the PEDOT: PSS is uniformly distributed over the surface. However, the addition

of the filler tends to modify the film morphology. The bright spots correspond

to dense materials and higher angles, while the dark spots correspond to mushy

material and lower angles. AFM images show that the bright spots increased after

the addition of filler, which signifies the accumulation of a thick elongated network

of conducting PEDOT after separating with the PSS. The visible long conducting

pathways in figure 4.10 (d) indicates that the filler is bringing conducting PEDOT

chains closer and connecting them via π − π interaction. The PEDOT chains

become larger (50-60 nm) and more prominent after connecting with the filler. The

observed large PEDOT pathways were visible, which could lead to the percolation

type network. The formation of a percolation network as observed in the figure

4.10 (d) results in a drastic enhancement in the electrical conductivity. The surface

roughness was increased noticeably to 1.563 nm (RMS) and 1.158 nm (RA).

4.8 Thermogravimetric Analysis (TGA)

The thermal stability of the nanocomposites was analyzed by using thermogravi-

metric analysis (TGA). TGA curves in figure 4.11 shows the mass loss as a function

of temperature and time. The mass loss occurred in three steps. The first step

started from 40 ◦C to 120 ◦C with a mass loss of around 11.9% and 18.1% for

pure and 5 wt.% TQDGO/PEDOT: PSS, respectively. This mass loss could be

mainly due to the evaporation of adsorbed moisture i.e. the dehydration process.

All the samples showed good thermal stability till 270 ◦C. The continuous heating

resulted in the second step from 300 ◦C to 410 ◦C with a mass loss of around

15.9% and 17.9% of the initial mass for the pure and 5 wt.% TQDGO/PEDOT:

PSS, respectively. It could be due to the rupture of side chains i.e. dissociation of
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PSS with PEDOT. It should be noted that the intense PEDOT-PSS interaction

in pristine polymer resisted the thermal degradation and showed the least mass

loss in this region. This fact was also confirmed by the single polymeric peak in

XRD as it will be shown in the discussion part 6.8.

Figure 4.11: Thermogravimetric analysis (TGA) of TQDGO (green), pristine
PEDOT: PSS (black), 2 wt.% TQDGO/PEDOT: PSS (red), and 5 wt.%
TQDGO/PEDOT: PSS (blue) as a function of temperature and time.

The third and final step started from 420 ◦C to 600 ◦C for pristine polymer

and 420 ◦ C to 560 ◦C for TQDGO/PEDOT: PSS with a mass loss of 42.2% and

24.8% of initial mass for pure and 5 wt.% TQDGO/PEDOT: PSS, respectively. It

could be ascribed to the partial melting and decomposition of PEDOT skeletal and

PSS polymer backbone chain structure. Since the filler weakened the PEDOT-PSS

interaction, the degradation process terminated earlier in the TQDGO/PEDOT:

PSS comparing pristine PEDOT: PSS. However, after the PEDOT-PSS bond rup-
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ture, the pristine polymer suffers massive mass losses. The oxidation of the organic

species and the formation of the ash cause further mass losses after 600 ◦C. TGA

curves support the fact that the final ash content of the polymer was decreased by

8.09% with the addition of 5 wt.% TQDGO, which could be due to a large amount

of the leftover filler as it did not undergo any mass loss except the dehydration

process.

The filler undergoes a total mass loss of about 32.85 wt.% due to the decompo-

sition of the oxygen-containing functional groups such as epoxide, hydroxyl, and

carboxylic acid. The filler did not show any other mass loss steps due to the ab-

sence of any organic species and preserves the maximum thermal stability among

all samples [291,292].

4.9 Conclusion

The filler was successfully synthesised by the sol-gel method and incorporated into

the polymer PEDOT: PSS matrix by in-situ chemical oxidation polymerization

of EDOT. As evidenced by the SEM and EDS images, we have demonstrated in

this chapter that the methodology employed for the synthesis was suitable for

the uniform distribution of TQDGO in the matrix PEDOT: PSS. In addition, the

TEM images confirmed the particle size of 3.75 nm, which is smaller than the TiO2

exiton Bohr radius, confirming the formation of quantum dots. Furthermore, the

FTIR confirmed the chemical functional groups of the samples and confirmed the

efficient removal of PSS by the TQDGO by demonstrating a decrease in the peak

intensities corresponding to sulfonate groups. The AFM images illustrated the

improvement in surface roughness brought about by the filler. The enhancement

in the optical band gap from UV-Visible spectroscopy confirms the synthesis of

quantum dots due to the quantum confinement effect. The TGA revealed the
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samples’ thermal stability up to 270 ◦C.
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Chapter 5

Measurement techniques for

transport properties of polymer

nanocomposites

As discussed in chapter 1, the thermoelectric performance of a material is de-

termined by the dimensionless figure of merit, ZT . The performance of organic

materials with a low thermal conductivity can be determined by the thermoelectric

power factor. In order to calculate the ZT and power factor, we need to measure

the Seebeck coefficient S, the electrical conductivity σ, the total thermal conduc-

tivity κ, and the absolute temperature T . These three parameters were used to

calculate the thermoelectric properties of the materials at a given absolute tem-

perature. In this chapter, we will discuss the experimental methods employed in

the thesis to measure the aforementioned parameters.
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5.1 Thermal conductivity measurement by the

using Photothermal Radiometry (PTR) method

The thermal conductivity of the samples has been determined by photothermal in-

frared radiometry [293–295]. It is one of the photothermal techniques developed in

the UDSMM laboratory. PTR is a well-known non-destructive technique for mea-

suring thermal parameters such as thermal diffusivity and effusivity [293,296]. The

foremost advantages of this method are the non-contact mode, broad frequency

response range (mHz to MHz depending upon the sensor), and its ability to de-

termine the thermophysical parameters for submicron thick samples. The PTR

technique is based on the detection of infrared (blackbody) radiation, obtained

from the sample in response to the exposure of a modulated light source, generally

a laser. Thermal parameters of the sample were determined for a three-layered

system which included a front medium, an opaque sample, and a substrate.

The principle of the PTR technique consists of illuminating the surface of an

opaque sample by using a laser beam modulated in amplitude at a frequency f .

The laser illumination leads to a local rise in the temperature of the sample surface.

In response to this disturbance, the material emits infrared radiation, which is then

transformed into an electrical signal using a photoelectric cell (HgCdTe, PbS, InSb,

etc.). The expression of the electrical signal at the output of the detector as a

function of the surface temperature of an infrared opaque sample is given by the

following expression :

S(f) = Γ(f)Tm, (5.1)

where, S(f) is the signal from the photocell that has been amplified and filtered

using a synchronous lock-in amplifier to determine the amplitude and phase. The

term Γ(f) is a transfer function that depends on the electronic measurements and
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the device geometry. The thermal parameters are included in the term Tm, which

represents the variation of the temperature at the surface of an opaque material

to the incident light beam.

The mathematical expression for the temperature of the illuminated surface,

in the case of an optically opaque sample at light excitation wavelength, is given

by the formula:

Tm =
F0

2ksσs

1 + γsb exp (−2MsLs)

1 − γsb exp (−2MsLs)
, (5.2)

where, F0 is the heat flux density generated by the light excitation. The parameter

Ls represents the thickness of the sample. The indices s, b indicate the sample

and the substrate, respectively; κs is the thermal conductivity of the material, γsb

represents the thermal wave reflection coefficient at the sample-substrate interface;

and given by the relation:

γsb =
esub/esample − 1

esub/esample + 1
(5.3)

where, esub and esample are the effusivity of the substrate and the sample, re-

spectively.

The thermal wave number of the sample (Ms) which depends on the thermal

diffusivity (αs) is given by the following relation:

Ms = (1 + i)
√

πf/αs. (5.4)

The expression 5.2 is valid when the material can be considered opaque to inci-

dent light and the heat transfer can be considered one-dimensional. The schematic

diagram of photothermal detection by infrared radiometry is shown in Figure 5.1.

Some parameters are difficult to quantify, such as, the quantity of energy absorbed

and the Γ transfer function of the measurement electronics, which is why a normal-
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5.2 Electrical conductivity

The electrical conductivity of the sample pellets and thin films was measured

by using impedance spectroscopy and four-point probe techniques, respectively.

These two techniques are discussed in detail in this section.

5.2.1 Impedance spectroscopy technique

Impedance spectroscopy is a non-destructive technique used in particular to deter-

mine the dielectric permittivity of materials. This technique can also be used to

measure the electrical conductivity as well. During the measurements, the sample

is placed between two metal electrodes (Figure 5.4). An alternating voltage of the

frequency f is applied between these two electrodes, which then a current of the

same frequency begins to flow through the sample. The analysis of the measured

current allows the simultaneous determination of the capacitance C (farads) and

the conductance G (siemens) of the sample. The system (sample + the two elec-

trodes) can be linked to a circuit consisting of a resistor and a capacitor connected

in parallel and connected to the measuring device as shown in the equivalent circuit

diagram in figure 5.3 [298,299].

Working conditions of impedance spectroscopy technique

The electrical conductivity of the pellets was measured by the impedance spec-

troscopy and the circuit diagram is shown in figure 5.3. The pellets were 13 mm in

diameter and approximately 600 µm in thickness. All the measurements were con-

ducted at the room temperature. The capacitance, C0 and conductance, G(f) were

measured simultaneously as a function of frequency, f by a HP Hewlett Packard

4284A impedance analyser. The AC electrical conductivity σac is calculated from

the measured value of the conductance G(f) using the following relationship:
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5.3 Seebeck Coefficient

In this section, we describe the methodology used to measure the Seebeck coeffi-

cient. In principle, the measurement of the Seebeck coefficient for solid materials is

relatively simple. When the temperature difference is small, the Seebeck coefficient

is measured by taking the ratio of the induced potential difference (∆V) in response

to the applied temperature difference (∆T) across the sample. The concept of the

Seebeck effect is shown in the figure 1.7. It shows a simple schematic for the See-

beck coefficient measurement by using two probes, which remain in direct contact

with the sample during measurement. It shows the ideal measurement geome-

try where two probes make point contact with the material. The probes, usually

thermocouples, serve as temperature sensors as well as electrodes to measure the

potential and the temperature at the point of contact. Seebeck coefficient can be

positive or negative depending on the nature of the majority charge carriers, e.g.

positive for holes and negative for electrons. Thermocouples were used as probes,

serving a dual purpose of measuring temperature difference and potential differ-

ence. The current configuration of measurement implies three assumptions:(a) the

device is in steady state during the measurement of temperature and voltage simul-

taneously, (b) the voltage response to the temperature gradient is linear; and (c)

temperature and voltage were measured at the same point on the sample surface.

When these conditions cannot be perfectly fulfilled, non-negligible measurement

errors can be expected. The details of the on-site Seebeck measurement cell can

be found elsewhere [304].

Figure 5.8 depicts the schematic of the Seebeck coefficient measurement cell,

including the sample in contact with two cylinders (I and II) acting as hot and cold

sources. This configuration involves a nozzle heater with each cylinder to maintain

the temperature difference. Two type T thermocouples (I) and (II) composed of

copper/constantan are buried inside each cylinder and measure the temperature
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Figure 5.9: Photographic image of the home-made Seebeck cell measurement
set-up.

contribute to the Seebeck coefficient. This phenomenon is known as ’phonon drag

effect’ [305]. Seebeck coefficient can be positive or negative depending on the na-

ture of majority charge carriers, e.g. positive for holes and negative for electrons.

Working conditions

Seebeck coefficient measurement cell includes two cylinders surrounded by the noz-

zle heater to maintain a steady temperature difference. These heaters were con-

nected to the two power sources (KEYSIGHT E3645A and TTI PLH120-P). Inside

each cylinder, there is a type T thermocouple composed of copper/constantan.

Thermocouple temperature and potential differences were measured by a mul-

tiplexor (Agilent 34970A) and transmitted to a Labview program for recording

voltage and temperature control. The constant temperature difference is ensured

using a Proportional Integral Derivative (PID) controller. The controlled temper-

ature was indicated by the same multiplexor (Agilent 34970A) connected to the

Pt1000 probes inside cylindrical ends. All the measurements were conducted at
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the near ambient temperature.

5.4 Conclusion

Several methods for measuring thermoelectric parameters such as, the Seebeck co-

efficient S, electrical conductivity σ, and total thermal conductivity κ have been

covered in this chapter. The Seebeck coefficient was measured by a home-made

setup. The electrical conductivity of the thin-films was measured using the four-

point probe method. However, this technique was unsuitable for measuring the

electrical conductivity of the pellets, so impedance spectroscopy was used. Pho-

tothermal radiometry was utilized to determine the thermal conductivity.
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Chapter 6

Transport properties of polymer

nanocomposites for

thermoelectric energy conversion

In this chapter, we will thoroughly discuss the transport properties, such as,

electrical conductivity, thermal conductivity, and Seebeck coefficient, of polymer

nanocomposites. Then we will discuss the thermoelectric efficiency of the polymer

nanocomposites calculated from the thermoelectric power factor, PF. The results

obtained from the transport properties will then be analysed with the help of the

X-ray diffraction method and UV-Visible spectroscopy. The phenomenon behind

it will be elaborated on in detail.

6.1 Electrical conductivity

The electrical conductivity of the nanocomposites has been determined by using

two techniques, namely, impedance spectroscopy and the four-point probe method.

The samples for impedance spectroscopy were used in a pellet form with a 13 mm
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diameter and approximately 800 µm thickness. The surface of the pellet has been

metalized by depositing a thin layer of silver paste to ensure better contact between

pellets and metal probes. On the other hand, the four-point probe technique is

suitable for the thin films as discussed in 5. Steps to fabricate the thin film have

already been described in section 3.5. We made many modifications to get better

results, which we will discuss here. We measured the electrical conductivity of the

TQDGO/PEDOT: PSS nanocomposites with:

1. No additional treatment (section 3.2.2) and naming the samples as non-

treated pellets,

2. Acid treatment with hydrochloric acid (section 3.3) and naming the samples

as acid-treated pellets,

3. Commercially available PEDOT: PSS as a matrix (section 3.4), and naming

the samples as commercially available PEDOT: PSS,

4. Non-treated pellets were transformed to thin films (section 3.5) and naming

the samples as thin-films.

6.1.1 Non-treated PEDOT: PSS pellets

Initially, we measured the electrical conductivities of the non-treated TQDGO/

PEDOT: PSS nanocomposites in pellet form by using impedance spectroscopy

in the frequency range from 100 Hz to 1 MHz. The electrical conductivities for

non-treated TQDGO/PEDOT: PSS pellets as a function of frequency are shown

in figure 6.1. The pristine PEDOT: PSS and 0.5 wt.% TQDGO/PEDOT: PSS

samples showed the two components of the electrical conductivity as described by

Jonscher [300]. It was observed that the ac electrical conductivity increased with
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Figure 6.1: The electrical conductivities of non-treated pellets of PEDOT:
PSS with TQDGO filler as a function of frequency.

frequency, which is typical of disordered materials such as, oxides and nanocompos-

ites. The conductivity has two characteristic regimes, including a plateau region

and a dispersion region, as depicted in figure 6.1. The conductivity was found to

be frequency-independent in the plateau region of the low frequency region. The

second region, known as the dispersion region, is located in the high frequency

zone, where the conductivity is frequency-dependent and increases sharply with

increasing frequency. The observed plateau and dispersion regions correspond, re-

spectively, to the DC and polarization component of electrical conductivities. In

the low frequency region, the tunneling of the polaron induces grain boundary po-
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larization, which manifests as long-range mobility. In the high frequency region,

however, the correlated barrier hopping (CBH) model and short-range mobility

are associated with the hopping phenomenon, which is primarily responsible for

conduction. The DC conductivity in the low frequency range is caused by the

polarization of the grain boundaries.

Figure 6.2: The value of exponent in Jonscher power law for non-treated
pellets as a function of TQDGO vol. fraction in PEDOT: PSS.

However, the non-linear behavior was observed to decrease with the addition

of the filler TQDGO, and it disappeared entirely after the addition of 1 wt.%

TQDGO to the PEDOT: PSS matrix. This means that for 1 wt.% doped samples,

impedance spectroscopy shows almost a constant value of electrical conductivity

over the entire frequency range from 10 Hz to 1 MHz. The DC conductivity σDC

was calculated by fitting the experimentally obtained data with Jonscher’s power

law using the formula:

σAC = σDC + A ωn, (6.1)
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where, σac is the frequency-dependant ac electrical conductivity, ω is the an-

gular frequency, A is the characteristic parameter, and n is the exponent which

defines the conduction mechanism. If the value of n lies between 0 and 1, a hop-

ping mechanism is expected for the electrical conduction. If it lies between 1 and

2, the superlinear power law defines the electrical conduction. The experimentally

obtained data is shown by the symbols, while the theoretical fit data is repre-

sented by the solid lines in figure 6.1. The best-fitting data values estimate the

DC electrical conductivity σDC and the exponent ”n”.

Figure 6.3: Evolution of electrical conductivity as a function of TQDGO filler
for non-treated PEDOT: PSS pellets.

The value of the exponent ”n” for polymer nanocomposites as a function of

TQDGO vol. fraction is depicted in 6.2. It indicates that the value lies between

0 and 1, indicating that the samples’ conduction mechanism is a hopping phe-
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Figure 6.4: The electrical conductivities of acid-treated pellets of PEDOT:
PSS with TQDGO filler as a function of frequency.

nomenon. The obtained electrical conductivities for untreated TQDGO/PEDOT:

PSS are depicted in figure 6.3. A multiple-fold enhancement in the DC conductiv-

ity (σDC) has been observed with the addition of 0.015 volume fraction of the filler

(from 1.7 10−4 to 9.84 Sm−1). After the addition of 0.0014 volume fraction of the

filler, the electrical conductivity begins to increase dramatically, suggesting the

possibility of a percolation-like behavior. Although the PEDOT: PSS matrix has

relatively low values in comparison to the scientific literature. With the highest

concentration of TQDGO in the polymer matrix, electrical conductivity reached

a maximum of 0.098 Scm−1. However, the obtained electrical conductivities were

quite low compared to the literature [306], and such small values were insufficient

to demonstrate good TE behavior, so we attempted to optimize the material. In
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the subsequent step, we acid-treated the aforementioned polymer nanocomposites,

as described in section 3.3 of chapter 3.

Figure 6.5: The value of exponent in Jonscher power law for acid-treated
pellets as a function of TQDGO vol. fraction in PEDOT: PSS.

6.1.2 Acid-treated PEDOT: PSS pellets

Figure 6.4 shows the frequency dependent electrical conductivity (σAC) of the 6

M HCl treated samples using impedance spectroscopy. Similar to untreated pel-

lets, acid-treated PEDOT: PSS and 0.5 wt.% TQDGO/PEDOT: PSS exhibited

frequency-dependent nonlinear conductivity. Figure 6.4 displays experimentally

obtained data by symbols and Jonscher’s fit data according to equation 6.1 by

connecting lines. The best fit data was provided with the DC electrical conduc-

tivity and the values of the exponent ”n” as shown in figure 6.5. The electrical

conductivities as a function of TQDGO vol. fraction are shown in figure 6.6. It

shows that the electrical conductivity was enhanced with the filler and also the
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electrical conductivity for the matrix PEDOT: PSS has increased from 1.7x10−4

(for non-treated) to 0.03 Sm−1 (acid-treated). As shown in this figure, the DC

electrical conductivity σDC has been enhanced with the filler from 0.03 to 97.58

Sm−1 for 0.015 filler volume fraction.

The acid-treatment of the samples was a positive step in enhancing the samples’

electrical conductivity, although the values obtained were insufficient for high TE

performance. Next, we compared the obtained results to the commercially avail-

able PEDOT: PSS (supplied by Sigma-Aldrich).

Figure 6.6: Evolution of electrical conductivity as a function of TQDGO filler
for acid-treated PEDOT: PSS pellets.
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6.1.3 Commercially available PEDOT: PSS

In the next step, we synthesize TQDGO/PEDOT: PSS nanocomposites from com-

mercially available PEDOT: PSS as a matrix (the synthesis process is described in

section 3.4 of chapter 3). Figure 6.7 shows the variation in electrical conductivities

as a function of frequency and filler volume fraction. Unlike the non-treated and

acid-treated sample pellets, the commercial composite does not undergo the varia-

tion in conductivity at higher frequencies. Additionally, the obtained conductivity

values were greater than those of the previous samples. The pristine matrix has a

conductivity of 16 Sm−1, which enhances 15.81 times to 253 Sm−1.

Figure 6.7: Electrical conductivities of commercial available PEDOT: PSS
pellets with TQDGO filler as a function of frequency.

Similar to previous samples, the shape of the curve appears unchanged and

shows a drastic enhancement after the addition of 0.0014 volume fraction of filler.
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This kind of behavior could be explained by the percolation theory. Even so,

the electrical conductivity values that were found were not enough to make the

nanocomposite a good TE material.

Figure 6.8: Evolution of electrical conductivity as a function of TQDGO filler
for commercial PEDOT: PSS pellets.

6.1.4 Thin films of non-treated PEDOT: PSS

In the next step, we decided to try the thin-films of the non-treated samples (the

process is explained in section 3.5 of chapter 3). The electrical conductivity of

thin films could not be measured by impedance spectroscopy, hence the four-point

probe technique was employed. Figure 6.9 shows the sheet resistances of the thin

films as a function of filler volume fraction. The pristine PEDOT: PSS thin film

has a high sheet resistance of 2.2 107 Ωsq−1, leading to a low electrical conductivity
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of 0.04 Sm−1. Despite that, the conductivity starts to enhance very fast with the

addition of a 0.0014 vol. fraction of the filler, similar to all other samples as shown

in figure 6.10. The maximum electrical conductivity of 3.69 105 Sm−1 was observed

for 5 wt.% TQDGO/PEDOT: PSS.

Figure 6.9: Sheet resistance as a function of TQDGO filler for PEDOT: PSS
thin films.

6.1.5 Comparison of electrical conductivities

Figure 6.11 illustrates a comparison of the electrical conductivities of each sam-

ple. It shows that the non-treated pellets are the least electrically conducting

and showed a maximum value of 9.84 Sm−1 for 5 wt.% TQDGO/PEDOT: PSS.

However, a 10-fold enhancement in the electrical conductivity was observed af-

ter the acid-treatment and reached a maximum value of 97.58 Sm−1 for 5 wt.%
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Figure 6.10: Evolution of electrical conductivity as a function of TQDGO
filler for PEDOT: PSS thin films.

TQDGO/PEDOT: PSS. The commercial PEDOT: PSS samples showed further

enhancement and reached up to 253 Sm−1 for 5 wt.%. However, when compared

to the literature [307], the obtained electrical conductivities were quite low, and

such low values are insufficient to demonstrate good TE behavior. Nevertheless,

the thin-film showed a gigantic enhancement of up to 4.4 105 Sm−1 for 2 wt.%

TQDGO/PEDOT: PSS. We believe that the aforesaid consequence could be due

to the formation of the PEDOT-TQDGO-PEDOT network as shown in figure 6.12.

Many researchers used similar treatments to achieve astonishingly high electrical

conductivities [308, 309]. Bae and co-workers reported an electrical conductivity

of 4.83 105Sm−1 for PEDOT: PSS by using simple chemical treatment [310].

In the present work, TQDGO interacted with PEDOT and PSS via π − π and
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Figure 6.11: Evolution of electrical conductivity TQDGO/ PEDOT: PSS in
pellets and thin films.

hydrophilic interactions, respectively, and managed to keep the EDOT and PSS

phases separate during the polymerization process. Furthermore, TQDGO formed

a conducting network by acting as a building block to connect the PEDOT chains

and allowed the PSS phase to tangle around itself, as shown in figure 6.12. By

this, a long-range ordered percolation network was established, and a higher crys-

tallinity was induced [261,311]. Hence, the existing conducting pathways provided

uninterrupted charge transfer and enhanced electrical conductivity.Furthermore,

numerous studies have shown that the addition of polar solvents, such as, ethy-

lene glycol, dimethyl sulfoxide, isopropanol, methanol, dimethylformamide, and

others, improve the electrical conductivity of PEDOT: PSS [312–316]. Interaction

of polar solvents with PEDOT: PSS is supposed to alter the benzenoid structure
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to the quinoid structure and introduce conformational changes in PEDOT chains

to improve the electrical conductivity [317–319]. Therefore, the ethylene glycol

and annealing process during the thin film formation eliminated the insulating

PSS chains and enforced the PEDOT chain’s conformation, and finally, straight-

ened them to create longer conducting paths to further contribute to electrical

conductivity [151,320–322].

Figure 6.12: Schematic of the conformational changes in PEDOT chains and
formation of long range PEDOT-TQDGO-PEDOT network in thin-films.

6.2 Thermal Conductivity by Photothermal Ra-

diometry

The experimental data obtained from the photothermal radiometry is shown in

figure 6.13 by triangles, while the fitted data is shown by solid lines. The initially

obtained data were converted into normalized data by taking the ratio of signals

obtained with and without substrate. The thermal diffusivity and thermal effu-

sivity of samples were determined simultaneously by fitting the normalized phase.

The thermal conductivity (κ) of the sample can be calculated by using the formula:
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Figure 6.14: Effect of TQDGO filler on thermal conductivity of non-treated
and acid-treated PEDOT: PSS pellets.

through TQDGO became dominant, resulting in a decrease in the total thermal

conductivity. Therefore, since low thermal conductivity is required to attain a

high thermoelectric performance, the acid treatment had a negative impact on

the total thermal conductivity, as the value of 0.46 Wm−1K−1 for PEDOT: PSS

was enhanced to 1.26 Wm−1K−1 after the treatment. Similarly, for the 5 wt.% of

TQDGO/PEDOT: PSS, the total thermal conductivity was enhanced from 0.19

Wm−1K−1 to 1.36 Wm−1K−1 after the acid treatment.

To determine the precise reason behind the decrement in the total thermal

conductivity, we used Wiedemann-Franz law to calculate the electronic component

of the total thermal conductivity by using:
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Figure 6.15: The lattice component of total thermal conductivity of non-
treated and acid-treated pellets as a function of TQDGO.

κe = L σ T (6.3)

where, κe, L, and T are the electronic thermal conductivity, Lorenz number, and T

is the absolute temperature, respectively. The lattice component of total thermal

conductivity is obtained by using:

κl = κ− κe (6.4)

Figure 6.15 and 6.16 depict the lattice (κl) and electronic (κe) components of

thermal conductivity, respectively. It indicates that the lattice thermal conductiv-
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Figure 6.16: The electronic component of total thermal conductivity of non-
treated and acid-treated pellets as a function of TQDGO.

ity has a decreasing trend. However, the electronic thermal conductivity has an

increasing trend with the filler. Additionally, the contribution of electronic ther-

mal conductivity to total thermal conductivity is insignificant due to the fact that

electronic thermal conductivity is extremely low. This indicates that the decrease

in total thermal conductivity originates from the lattice portion, most likely as a

result of phonon scattering.

These results indicate that the synthesis method used was successful and the

filler functions as an effective phonon scattering site to block the phonon path-

ways [323–325]. The 3-dimensional schematic model for the transport of electrons

and phonons is shown in figure 6.17. The thermal behavior of samples could be
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filler content. The Seebeck coefficient for acid-treated pellets was enhanced from

13.3 µVK−1 to 24.59 µVK−1 with 5 wt.% TQDGO. However, compared to non-

treated pellets, the Seebeck coefficient was decreased to 24.59 µVK−1 for the acid-

treated pellets. Commercial PEDOT: PSS pellets show a slight enhancement from

13.3 µVK−1 to 14.59 µVK−1 with 5 wt.% TQDGO.

Figure 6.18: Effect of TQDGO filler on Seebeck coefficient of non treated
(black triangles), acid treated (red stars), commercial pellets (olive spheres),
and thin films (blue squares) of PEDOT: PSS.

The positive values for all the samples indicate a charge transport mainly due

to the holes and confirm a p-type behavior. The enhanced Seebeck coefficient is at-

tributed to the strong interaction of TQDGO with PEDOT and PSS at the molec-

ular level. It is evident that the non-treated pellets decoupled the interdependency
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Figure 6.19: Schematic of the energy filtering effect due to the difference in
work functions of two phases.

of the Seebeck coefficient and electrical conductivity, which could be ascribed to

the energy filtering effect caused by the in-homogeneous grain boundaries of the

filler [326–329]. Accordingly, TQDGO acts as a potential barrier (energy filtering

sites) at the filler-polymer interface, permitting only charge carriers with higher

energy to pass through and led to an increase in the Seebeck coefficient [330]. The

energy filtering effect describes that, if there is a difference in the work function

levels of the matrix and the filler, the accumulation of the low energy charge car-

riers at the hot/cold side of the sample is blocked by the internal electric field at

the filler-polymer interface. This electric field is induced by the charge transfer

between the filler and the matrix [331]. Therefore, only the passage of high en-

ergy charge carriers is allowed that can increase the Seebeck coefficient without

sacrificing the electrical conductivity as observed in the pellets.

The schematic diagram of the possible energy filtering effect at the polymer-
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filler interface is illustrated in figure 6.19. The figure shows the work function of

phase 1 and phase 2 as φ1 and φ2, respectively,

On the contrary, thin films did not show any major changes with the filler

concentration and offered approximately a constant value of around 13 µVK−1.

It indicates that, unlike the pellets, the energy-filtering effect does not exist in

the thin films, and it might be due to the large electrical conductivities. In thin

films, the TQDGO forms a long-range homogeneous TQDGO-PEDOT-TQDGO

network, as shown in figure 6.12, and consequently, TQDGO is no longer effective

as energy-filtering sites. Because of this, thin films did not show the energy-filtering

effect, and their Seebeck coefficients were low. The increasing trend of electrical

conductivity without diminishing the Seebeck coefficient is also attributed to the

long-range ordered assembly of TQDGO and PEDOT chains, which facilitates the

rapid transit of charge carriers [332] and favors a desired thermoelectric power

factor. Note that the trend for the Seebeck coefficient is opposite to the electri-

cal conductivity, as shown in figure 6.11, where the highest values were obtained

for the thin films. This fact justifies the tradeoff relationship between electrical

conductivity and the Seebeck coefficient [112]. Besides, a similar effect was ob-

served by Z. Fan and co-workers for the acid and base treated PEDOT: PSS thin

films [333]. They reported the highest PF and TE ZT values of 754 µWm−1K−2

and 0.75, respectively, for polymeric thermoelectric materials.

In order to further analyse the existence of an energy filtering effect, the

mobility and carrier concentration were calculated by means of impedance spec-

troscopy [112].
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6.4 Mobility and charge carrier concentration cal-

culation

The dielectric properties in the low frequency region are shown in figure 6.20,

6.21, and 6.22 for 1 wt.%, 2 wt.%, and 5 wt.% TQDGO/PEDOT: PSS pellets,

respectively. These properties were analyzed using the Uemura model by using

[334–336]:

ǫ′(f) = A f 3/2 + B,

ǫ′′(f) = C f−1
(6.5)

where, A = 2nq2D3/2

ǫ0
√
πdkBT

, B = ǫ∞, and C = 2nq2D
ǫ0kBT

Dividing the coefficient A by C, we can calculate the diffusion coefficient, D,

by:

D = (
A

C
)2 π d2 (6.6)

And finally, the charge carrier concentration, n, is calculated by:

n =
C ǫ0 kB T

2 q2 D
(6.7)

And, the mobility µ was calculated from:

µ =
σ

n q
(6.8)

where, f is the frequency, q is the electronic charge, kB is the Boltzmann con-

stant ǫ0 is the permittivity of free space, T is the absolute temperature, d is the

sample thickness. The values of the constant A, B, C and the diffusion constant,

D, charge carrier concentration, n, and mobility, µ, are given in the table 6.1.
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decrease the phonon mean free path due to the change in the lattice constant at

the interface and reduce the lattice thermal conductivity κl. As discussed earlier,

in our case, thermal conductivity was observed to be decreased with filler and could

potentially enhance the Seebeck coefficient. In addition, hydrangea like TQDGO

nanostructure can also enhance the density of state near the Fermi level via the

quantum confinement effect. The combined outcome of the above hypotheses leads

to the increment in Seebeck coefficient and a decrement in thermal conductivity

[112].

6.5 Thermoelectric power factor (PF)

The electrical conductivity and the Seebeck coefficient have a significant impact

on the thermoelectric power factor (PF). However, the impact of the Seebeck co-

efficient is slightly lesser than the electrical conductivity. Figure 6.23 depicts the

effect of TQDGO on the power factor of PEDOT:PSS. A manifold growth for all

the samples was observed. The power factor of non-treated pellets was increased

from 3.09 10−8 µWm−1K−2 to 0.013 µWm−1K−2. The acid treatment increased

the electrical conductivity while decreasing the Seebeck coefficient, resulting in a

slight increase in the power factor (0.0418 µWm−1K−2). The commercial PEDOT:

PSS pellets have the power factor of 0.003 µWm−1K−2, however, it did not change

significantly after the addition of 5 wt.% TQDGO compared to non-treated and

acid-treated pellets. Even with the highest TQDGO content, all pellet samples ex-

hibited a low power factor due to their low electrical conductivities. Consequently,

they were incompatible with the TE applications.

Nevertheless, the large values of electrical conductivities in thin films leads to a

enormous increase in power factor up to 91.26 µWm−1K−2 with 0.0059 vol. fraction

of TQDGO. The obtained PF is considerably greater than that of previously re-
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ported quantum dot-based thermoelectric polymer nanocomposites [261,341–343].

Since the Seebeck coefficient did not change significantly, the electrical conductiv-

ity played a crucial role in increasing the power factor of thin films. The enhanced

PF further verifies the strengthened filler-matrix interactions. Similar results were

obtained by Dong et al. by using SnOx-NPs in the PEDOT: PSS matrix and a

large PF of 116 µWm−1K−2 was accomplished with the assistance of dedoping and

energy filtering effects [344].

Figure 6.23: The effect of TQDGO filler on the thermoelectric power factor
of non-treated (black triangles), acid-treated (red stars), commercial pellets
(olive spheres), and thin films (blue squares) of PEDOT: PSS.
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6.6 Thermoelectric properties of ethylene glycol

treated TQDGO/PEDOT: PSS pellets

As described previously, ethylene glycol and annealing treatment improved the

thermoelectric properties of TQDGO/PEDOT: PSS films. Consequently, we an-

alyzed the thermoelectric properties of TQDGO/PEDOT: PSS pellets using the

same method as thin films. Figure 6.24 shows the Seebeck coefficient, electrical

conductivity, and power factor of the ethylene-glycol treated TQDGO/PEDOT:

PSS pellets. The enhancement in the electrical conductivity was observed com-

pared to untreated pellets as shown in figure 6.24 (b). However, the performance

was still inferior to thin films because organic materials can control charge trans-

port in thin films more efficiently than in bulk form (pellets) [345, 346].

6.7 Effect of aging

Generally, good thermoelectric materials need to have good stability in the air.

Therefore, we analysed the samples with the FTIR spectroscopy and measured

the Seebeck coefficient of one-year-old samples kept in an ambient environment

for 1 year for the aging process (in North Europe climate) to prove the long-term

stability of the samples.

6.7.1 FTIR after aging process

For comparison, figure 6.25 depicts the FTIR of PEDOT: PSS and TQDGO/

PEDOT: PSS before and after the aging process. The FTIR demonstrated that

the samples did not degrade chemically. However, it showed that the aged samples

exhibited a broad hump corresponding to the OH group as indicated by the blue

color. This indicates that the samples have absorbed the environmental water due
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Figure 6.25: FTIR of PEDOT: PSS and TQDGO/ PEDOT: PSS before and
after aging in ambient environment.
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to the humidity.

6.7.2 Seebeck coefficient measurements after aging process

The Seebeck coefficient measurement is shown in figure 6.26. It shows that the

performance of the 5 wt.% TQDGO/PEDOT: PSS has decreased from 37 to 26.7

µVK−1 (32.43 %). The observed degradation in the Seebeck coefficient may have

been caused by the trapped water as detected by the FTIR.

Figure 6.26: Long term stability performance of TQDGO/PEDOT: PSS pel-
lets Seebeck coefficient as a function of TQDGO vol. fraction.
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6.8 Discussion

So far, we have observed that the TE properties were improved with the TQDGO

filler, and that the performance of the samples in pellets was different than that of

the thin films. Interestingly, we noticed the existing dual phenomenon behind the

increase in electrical conductivity (could be a long-range PEDOT network) and the

Seebeck coefficient (could be energy-filtering) may confer unique thermoelectric

properties on PEDOT: PSS based composites. In this section, we will consider

some additional analyses, such as, UV-Visible spectroscopy and X-ray diffraction

analysis, to confirm our hypothesis. We chose non-treated pellets and thin films

for further investigation.

The samples were analysed by XRD to confirm the enhanced crystallinity in

thin films compared to the pellets. Figure 6.27 shows the XRD patterns for pristine

PEDOT: PSS, TQDGO, 2 wt.%, and 5 wt.% TQDGO/PEDOT: PSS. In pristine

polymer, a broad hump starting from 2θ = 15◦ to 40◦ and centered at 21◦ is

associated with the h(020) plane of the polymer backbone, representing the semi-

crystalline nature of PEDOT: PSS (JCPDS card no. 00-048-1449). The obtained

single peak confirms the uniform mixing and interchain planar ring stacking of

PEDOT with PSS [347,348]. The d-spacing of 3.14 Å corresponding to a 2θ value

is attributed to the polymer inter-chain distance [349].

Interestingly, this polymeric peak was observed to be shifted towards the higher

angle with the addition of TQDGO (from 21◦ to 25◦) which could be attributed

to the partial replacement of PSS [350] as shown in figure 6.27 (c). Generally,

PSS coils are tangled around the PEDOT, and the surplus PSS places itself at the

interface of connecting PEDOT chains [351]. The TQDGO interrupted the exces-

sive PSS chains, as evidenced by the disappearance of the PSS peak with 5wt.%

TQDGO in figure 6.27 (d), leaving behind the conducting network of TQDGO-

PEDOT-TQDGO chains shown in schematic figure 6.12.
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Figure 6.27: X-ray diffractograms of (a) pristine polymer PEDOT: PSS show-
ing single peak corresponding to the strong interaction between PEDOT-
PSS, (b) TQDGO filler. XRD for 2 wt.% (c) pellet and (e) thin film indicat-
ing the polymeric peak splitting due to the PEDOT-PSS detachments after
the addition of TQDGO filler, and 5 wt.% TQDGO/PEDOT: PSS (d) pellet
and (f) thin film depicting strong interaction of PEDOT and TQDGO.

Furthermore, in the thin films (figure 6.27 (e)), the polymeric peak in the 2

wt.% TQDGO/PEDOT: PSS pellet (figure 6.27 (c)) was observed to be split into
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two, corresponding to the PSS (centering at 17.5◦) and PEDOT planes (centering

at 25.5◦). It is supposed that the ethylene glycol, with a high dielectric constant

and a high boiling point, reduced the electrostatic interactions of PEDOT cations

with PSS anions due to the screening effect in thin films. [151, 321]. As a result,

ethylene glycol and the annealing process might introduce a linear conformation

in PEDOT chains to further enhance the crystallinity [352,353] in thin films from

23.3 % to 41.1 %. Also, in the pellet (figure 6.27 (d)) and the thin film of 5

wt./% TQDGO/PEDOT: PSS (figure 6.27 (f)), there was only one peak that

corresponded to the PEDOT phase, indicating that the PSS was already replaced

by the TQDGO. Consequently, there was no second peak that matched PSS, and

thus there was no peak splitting.

The XRD pattern for TQDGO filler is shown in figure 6.27 (b), and the char-

acteristic peaks for the crystalline planes of the anatase TiO2 phase were obtained

at 2θ values of 25.47 (101), 38.21 (004), 47.89 (200), 54.83 (105), and 62.74 (211)

(JCPDS card no. 21-1272). The XRD spectra confirm the anatase phase with a

tetragonal crystal structure with no evidence of any other phase or impurity. The

main XRD peak for TQDGO belongs to the (101) phase which is in good agree-

ment with the diffraction pattern obtained from the HR-TEM analysis (figure 4.7

(e-f)). Since the peak broadening is solely related to crystalline size, the observed

broad peaks imply a smaller particle size for TQDGO in accordance with the

Debye-Scherrer’s relation D = 0.9λ/βcos(θ) where, D is the mean crystalline size,

λ is the incident X-ray wavelength, β is the full width at half maximum (FWHM),

and θ is the Bragg’s angle [285, 354]. The calculated particle size from the XRD

is analogous to the average particle size obtained from the TEM. However, no

significant XRD peak was observed for graphene oxide due to the small amount.

Many researchers [355–357] have reported the quantum confinement effect

of TiO2. To confirm the phenomenon, we conducted absorbance studies via
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Figure 6.28: Absorption spectrum of TQDGO (green), 5 wt.%
TQDGO/PEDOT: PSS (blue), 2 wt.% TQDGO/PEDOT: PSS (red), and
pristine PEDOT: PSS (black) as a function of wavelength.

UV-visible spectroscopy. Figure 6.28 shows the absorption spectra for polymer

nanocomposites, and no significant variation was observed in the visible range for

any sample. The filler undergoes two peaks corresponding, to the π − π∗ transi-

tion of the C-C aromatic bond and the n − π∗ transition of the carbocyclic and

carbonyl functional groups. Polymer PEDOT: PSS undergoes the characteristic

absorption bands in the UV range from 200 to 350 nm due to the aromatic PSS

rings [358].

Semiconductors are classified as direct and indirect band gap semiconductors

in accordance with their lowest allowed transitions. The optical band gap of the

nanocomposites have been calculated by the Tauc plot equation:
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(α hν)n = A0 (hν − Eg) (6.9)

where, α is the optical absorption coefficient, hν is the incident photon energy,

A0 is the material constant, Eg is the optical band gap and n is the exponent. Here,

n posses different values depending on the type of electronic transition for example,

n=2 for direct band gap, and n=0.5 for indirect band gap. Figure 6.29 shows the

Tauc plots of direct and indirect optical band gaps for TQDGO/PEDOT: PSS by

linear extrapolation of (αhν)n vs hν. The obtained results for the optical band

gaps are illustrated in table 6.2.

According to the literature, the TiO2 in anatase phase shows the absorption in

the UV regime with an indirect band gap of 3.2 eV [359–361], however, the TQDGO

manifest a larger band gap of 3.50 eV. The observed blue shift exhibits a quantum

confinement effect and confirms the formation of TiO2 quantum dots [253]. Simi-

larly, all PNCs showed the absorption in the UV region with a slight decrease in

the indirect band gap from 3.88 eV to 3.56 eV with the filler. This may be due to

the partial removal of insulating PSS chains (also confirmed by the XRD (figure

6.27)). TQDGO, as the secondary dopant in PEDOT: PSS, has the potential to

replace the primary dopant (PSS) if counter ions compensate for the charge on the

detached PSS rings. TQDGO undergoes π − π interaction with PEDOT, and hy-

drophilic interaction with PSS. TQDGO deduces the Coulombic interaction of PSS

with PEDOT and replace PSS to form TQDGO-PEDOT. As PSS is an insulator

so establishment of a strong TQDGO-PEDOT interaction forms the conductive

pathways [362]. Therefore, a slight decrement in direct (5.42 eV to 5.25 eV) and

indirect band gaps (3.88 eV to 3.56 eV) for PEDOT: PSS have been observed with

addition of 5 wt.% TQDGO as shown in table 6.2. Furthermore, the elimination of

PSS escalates interchain interaction among conducting PEDOT moieties and jus-

tifies the enhanced electrical conductivity in the composites, also the contribution
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Figure 6.30: Optical image of UV light irradiated (a) methanol (b) methanol
droplet, (c) TiO2 quantum dots decorated graphene oxide (TQDGO) dis-
persed in methanol, and (d) TQDGO droplet irradiated by UV-light. The
blue color of TQDGO confirms the 3.75±0.95 nm particle size.

Sample name Direct band gap (Ed) Indirect band gap (Eid)
(eV) (eV)

PEDOT: PSS 5.42 3.88
2 wt.% TQDGO/PEDOT: PSS 5.38 3.77
5 wt.% TQDGO/PEDOT: PSS 5.25 3.56

Filler TQDGO 5.07 3.50

Table 6.2: Direct and indirect band gap values for TQDGO /PEDOT: PSS
nanocomposites by Tauc plot.

of the filler to electrical conductivity cannot be ignored [363]. Figure 6.30(c) and

(d) show the unique optical properties of quantum dots by emitting the blue light

under the UV illumination. The blue color confirms the 3-4 nm particle size of

the as-synthesized TiO2 quantum dots. Similar size dependant optical properties

were observed for the ZnSe quantum dots [364].

6.9 Conclusion

In this chapter, the TE properties of PEDOT: PSS nanocomposites (bulk and thin

films) were investigated. Major enhancements in electrical conductivity and the
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Seebeck coefficient were achieved, and the issue associated with their interdepen-

dence was resolved. In addition, the improved TE performance could be due to

the energy filtering effect [365] combined with the long PEDOT chain conforma-

tion due to the TQDGO filler. It was discovered that thin films have far superior

thermoelectric properties than pellets. The thermal conductivity of the pure and

acid treated pellets was investigated. The thermal conductivity of the pure pellets

was decreased with the filler indicating that the filler is offering the interfacial

resistance to the phonons. However, the acid-treatment had a negative impact on

thermal conductivity and it was enhanced from 0.19 Wm−1K−1 to 1.36 Wm−1K−1.

As a consequence, acid treated pellets suffered from the lowest thermoelectric ZT

value of around 9.2 x 10−6.
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Conclusion and future

perspectives

In this thesis, we have provided an in-depth literature review of thermoelectric

principles, materials, and their applications. We have covered the conventional

high-performance inorganic thermoelectric materials, their properties, advantages,

and limitations. We have provided a comprehensive literature review of conduct-

ing polymers, their properties, and applications, including thermoelectricity. We

then discussed various metal-oxides and their nanostructures for thermoelectric

applications, where the research gap was identified as TiO2 quantum dots have

never been used for thermoelectric applications.

We have used a polymer nanocomposite composed of PEDOT: PSS as a ma-

trix and TiO2 quantum dot decorated graphene oxide as a filler. The thermoelec-

tric performance of the aforementioned composites was investigated by measuring

electrical conductivity, thermal conductivity, and the Seebeck coefficient. The

TQDGO/PEDOT: PSS hybrid composite was prepared by the oxidative polymer-

ization process and was analysed by XRD, SEM, EDS, FTIR, UV-Vis spectroscopy,

and TGA. The thermal conductivity measurements of the materials were done by

the PTR method. Seebeck coefficient measurements were done with a home-made
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setup based on the two-probe method. The electrical conductivity of the pellets

and thin films was measured by impedance spectroscopy and four-point probe

methods, respectively.

We have encountered the challenges associated with achieving high thermoelec-

tric performance due to the interdependency of thermoelectric parameters, namely,

electrical conductivity, Seebeck coefficient, and thermal conductivity. However,

thanks to nanostructures, it was possible to partially break this interdependency

by employing an interface phonon scattering approach, which further provided the

energy filtering sites. An effort has been made to improve the TE efficiency by

reducing the phonon contribution to thermal conductivity without affecting the

other parameters. The issues associated with achieving a high Seebeck coefficient,

high electrical conductivity, and low thermal conductivity have been successfully

resolved in our work. The nanostructuring of TQDGO provided the successive en-

ergy filtering sites, also working as phonon scattering sites to effectively enhance

the thermoelectric performance.

In summary, we demonstrate an effective and facile method to enhance the

TE properties of PEDOT: PSS (bulk and thin films) by incorporation of the ti-

tanium di-oxide quantum dot decorated graphene oxide (TQDGO). The best TE

composite in our work was 0.0059 vol. fraction of TQDGO in the PEDOT: PSS

matrix with an electrical conductivity of 4,413.31 scm−1 and a power factor of

91.26 µWm−1K−2 which is among the highest values of any quantum dot-based

polymer nanocomposites. The fact that titanium di-oxide based quantum dots

in PEDOT: PSS have never been reported in thermoelectric applications exem-

plifies the novelty of the current work. The thermoelectric applications of the

flower-like structure composed of quantum dots in PEDOT: PSS were likewise

unknown. The as-synthesised PNCs showed their potential applications in waste

heat management.
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Future research should concentrate on developing new heterogeneous nanos-

tructures embedded in a conducting matrix. Attempts can be made to better

understand the energy filtering phenomenon and link it to the thermal conduc-

tivity. The barrier height of the inclusions can be optimized in order to attain

the maximum thermoelectric figure of merit. The obtained results could be ex-

plained by using theoretical models to understand the exact mechanism behind

the transport properties.
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aghi, Lujean Ahmad, Les Norman, Brian Axcell, Luiz Wrobel, and Sheng

Dai. Thermoelectric generator (TEG) technologies and applications. Inter-

national Journal of Thermofluids, 9(1):100063–100081, 2021.

[59] Xinqing Xiao, Boyu Mu, Guoqing Cao, Yunyue Yang, and Meng Wang.

Flexible battery-free wireless electronic system for food monitoring. Journal

of Science: Advanced Materials and Devices, 7(2):100430–100437, 2022.

[60] K. Charilaou, Th. Kyratsi, and L.S. Louca. Design of an air-cooled ther-

moelectric generator system through modelling and simulations, for use in

cement industries. Materials Today: Proceedings, 44(1):3516–3524, 2021.

181
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based materials for heavy metal ion detection. 3. (E)-5-((6-t-butyl-4,8-

dimethylazulen-1-yl) diazenyl)-1H-tetrazole-based modified electrodes. Sym-

metry, 13(9):1642–1658, 2021.
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Amélioration des performances de matériaux thermoélectriques organiques : 

nouvelle approche basée sur l'utilisation de quantum dots 

 

Mots clés : Nanocomposite polymère, points quantiques, thermoélectricité 

 

Résumé : Le polymère poly(3,4-éthylène dioxythiophène):polystyrène sulfonate 

(PEDOT:PSS) a été largement étudié en raison de son excellente conductivité 

électrique. Cependant, jusqu'à présent, il n'y a eu que quelques études sur les 

polymères contenant des points quantiques pour des applications thermoélectriques 

(TE). L'étude actuelle décrit une nouvelle méthode pour améliorer les propriétés TE 

du polymère PEDOT:PSS en utilisant de l'oxyde de graphène décoré de points 

quantiques de dioxyde de titane (TQDGO). La conductivité électrique, la 

conductivité thermique et le coefficient Seebeck ont été mesurés pour étudier les 

propriétés TE. En outre, leurs performances dans les films minces ont été comparées 

à celles des pastilles en vrac, et il a été constaté que les films minces permettaient de 

meilleures performances TE que leurs homologues en vrac. Un facteur de puissance 

maximal de 91.26 𝜇𝑊𝑚−1𝐾−2 a été atteint en utilisant un film mince 

TQDGO/PEDOT: PSS à 2 % en poids.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Organic thermoelectric materials: A novel approach to improve performances 

using quantum dots 

 

Keywords: Polymer nanocomposite, Quantum dots, Thermoelectricity  

 

Abstract: The polymer poly(3,4-ethylene dioxythiophene):polystyrene sulfonate 

(PEDOT:PSS) has been widely studied because of its excellent electrical 

conductivity. However, so far there have been only a few studies of polymers 

containing quantum dots for thermoelectric (TE) applications. The current study 

describes a new method to improve the TE properties of the PEDOT:PSS polymer 

using graphene oxide decorated with titanium dioxide quantum dots (TQDGO). 

Electrical conductivity, thermal conductivity and Seebeck coefficient were 

measured to study TE properties. Also, their performance in thin films was compared 

to that of bulk pellets, and thin films were found to provide better TE performance 

than their bulk counterparts. A maximum power factor of 91.26 𝜇𝑊𝑚−1𝐾−2 was 

achieved using a 2 wt% TQDGO/PEDOT: PSS thin film. 
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