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ABSTRACT

Preparation Of Hybrid Thermoelectric Materials
Composed Of Poly(3,4-Ethylene Dioxy Thiophene)-

Inorganic Nanoparticles
Naseer Subhi A. AHMED

Department of Chemistry

Doctor of Philosophy Thesis

Advisor: Prof. Dr. Ferdane KARAMAN

Thermoelectric (TE) materials can generate electricity if there is a temperature
difference between their two sides. The state-of-the-art, TE materials are toxic, non-
flexible, and extremely expensive inorganic semi-conductive metal alloys. In recent
years, polymer TE composites have been subjected to intense research. The poly
(3,4-ethylene dioxythiophene) (PEDOT) is the most studied polymer among the
conductive polymers related to thermoelectricity because of its high conductivity,
stability, and flexibility. It would appear that one of the most preferable ways to
improve the TE properties of PEDOT is to prepare its inorganic hybrid

nanocomposites.

In this study, it was aimed to prepare organic-inorganic hybrid nanocomposites
which have high TE properties. The research can be summarized in three main
pivots. The first axis focused on preparing the PEDOT in poly (styrene sulfonic acid)
(PEDOT:PSSA) in different concentrations to obtain a conducting polymer that has
large Seebeck coefficient because it is necessary to obtain high TE properties. In this
context, twelve different PEDOT:PSSA have been synthesized. Those of the

PEDOT:PSSA samples that have the relatively high conductivity and large Seebeck

XVI



coefficient were used to prepare the hybrid composites. As for the second axis, it
was focused on preparing inorganic nanoparticles. Within this scope, zinc sulfide
was prepared in several ways by using several auxiliary agents, the best of which
was the preparation of zinc sulfide using the solvent ethylene glycol. Copper sulfide
was prepared also in several ways and among the methods, the best one was in
which the ethylene glycol was used as a solvent. It was also used the sonicated
titanium sulfide of purchased from the market. On the other hand, cesium carbonate
was added to the titanium sulfide and this step was done using the ultrasonic device.
The third axis is preparing organic-inorganic hybrid nanocomposites such as
PEDOT:PSSA/ZnS-PVOH, PEDOT:PSSA/Cu1sS, PEDOT:PSSA/TiSz,
PEDOT:PSSA/TiS2-Cs2C03, by compounding the components. PEDOT: PSSA / Cu1.sS
and PEDOT:PSSA/TiS:2 can be used as p-type and n-type TE materials, respectively,
due to the high power factors found by measuring their electrical conductivity and
Seebeck coefficients. The composites were characterized by FTIR, UV-vis., XRD, XPS
and SEM-EDAX techniques.

Keywords: Thermoelectric, poly (3,4-ethylene dioxythiophene) (PEDOT),

nanocomposites, Seebeck coefficient, copper sulfide, titanium sulfide.

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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OZET

Poli(3,4-Etilen Dioksitiyofen)-Inorganik
Nanopartikiillerinden Olusmus Hibrit Termoelektrik

Materyallerin Hazirlanmasi

Naseer Subhi A. AHMED

Kimya Anabilim Dali

Doktora Tezi

Danisman: Prof. Dr. Ferdane KARAMAN

iki tarafi arasinda sicaklik farki varsa, termoelektrik (TE) malzemeler elektrik
tretebilir. En son teknolojiye sahip TE malzemeleri toksik, esnek olmayan ve asiri
pahali inorganik yar1 iletken metal alasimlaridir. Son yillarda, polimer TE
kompozitler yogun bir arastirmaya tabi tutulmustur. Poli (3,4-etilen dioksitiofen)
(PEDOT), yuksek iletkenligi, stabilitesi ve esnekligi nedeniyle termoelektriklik
acisindan, iletken polimerler arasinda en ¢ok calisilan polimerdir. PEDOT' un TE
ozelliklerini gelistirmenin en tercih edilen yollarindan birinin, inorganik hibrit

nanokompozitlerini hazirlamak oldugu goriilmektedir.

Bu c¢alismada, yiiksek TE oOzelliklere sahip organik-inorganik hibrid
nanokompozitlerin hazirlanmasi amag¢lanmistir. Arastirma ¢ ana pivotta
Ozetlenebilir. Birinci eksen, yliksek TE ozellikler elde etmek gerektiginden biiyiik
Seebeck katsayisina sahip bir iletken polimer elde etmek icin farkl
konsantrasyonlarda poli (stiren siilfonik asit) icinde PEDOT (PEDOT:PSSA)
hazirlanmasina odaklanilmistir. Bu baglamda, on iki farkh PEDOT:PSSA
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sentezlenmistir. Nispeten ytliksek iletkenlige ve biiyiik Seebeck katsayisina sahip
olan PEDOT:PSSA numuneleri hibrid kompozitleri hazirlamak i¢in kullanildi. ikinci
eksene gelince, inorganik nanopartikiillerin hazirlanmasina odaklanildi. Bu
kapsamda cinko siilfiir, cesitli yardimc1 maddeler kullanilarak cesitli sekillerde
hazirlandi; bunlarin en iyisi, ¢oziicii etilen glikol kullanilarak g¢inko siilftiriin
hazirlanmasi idi. Bakir stilfiir de gesitli yollarla hazirlandi ve yontemler arasinda en
iyisi, etilen glikoliin bir ¢oziicii olarak kullanildig idi. Ayrica piyasadan satin alinan
titanyum siilfiir sonike edilerek kullanildi. Ote yandan titanyum siilfiire sezyum
karbonat ilave edildi ve bu asama ultrasonik cihaz kullanilarak yapildi. Ugiincii
eksen, Dbilesenleri bir araya getirerek PEDOT: PSSA / ZnS-PVOH,
PEDOT:PSSA/Cu1sS, PEDOT:PSSA/TiSz2, PEDOT:PSSA/TiS2Cs2C03 gibi organik-
inorganik hibrid nanokompozitlerin hazirlanmasidir. Elektriksel iletkenliklerini ve
Seebeck katsayilarini dlcerek bulunan gli¢ faktérlerinin ytliksek olmasi nedeniyle,
PEDOT:PSSA/Cu1.sS ve PEDOT:PSSA/TiS2'nin, sirasiyla p-tipi ve n-tipi TE malzeme
olarak kullanilabilecegi bulundu. Kompozitler FTIR, UV-vis., XRD, XPS ve SEM-EDAX

teknikleri ile karakterize edildi.

Anahtar Kelimeler: Termoelektrik, Poli (3,4-etilen dioksitiofen) (PEDOT), Seebeck

katsayisi, nanokompozitler, bakir sulfur, titanyum stlfiire.

YILDIZ TEKNIK UNIVERSITESI
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1

INTRODUCTION

1.1 Literature Review

The energy crisis is introduced as one of the most serious problems of mankind in
recent years. Various renewable energy sources have been proposed since then. One
of the most promising methods here is the utilization of thermoelectric (TE)
material. Since they can generate electrical energy from nearly any kind of heat
source and produce no waste, they have been vastly studied. Some of the sources
which have attracted attention are solar thermal radiation, radioactive decay, bulk
heat radiation, and industrial waste heat, etc. Also, the thermoelectric method for
generating electricity is inexpensive, takes not much room, needs no high
technology, and it's practical [1-3]. The figure of merit (ZT) is a dimensionless
parameter defined for determining the efficacy of thermoelectric matter. It depends
on the Seebeck coefficient (S), the electrical conductivity (o), the thermal

conductivity (k), and absolute temperature (T) as follows;
ZT = S?cT/K (1.1)

The combination of a high Seebeck coefficient, high electrical conductivity, and low
thermal conductivity guarantees the efficiency of a thermoelectric material to be
high. So to improve thermoelectric performance, we need to prepare such a
combination. However, since these three factors are somehow entangled, which
means one cannot vary one of them without affecting the other two, improving
thermoelectric response is not that easy. This is not the only obstacle to be
conquered. Most of the thermoelectric materials known today are inorganic
materials such as metals and inorganic semiconductors, which are toxic, brittle,
expensive and their sources are limited. Nevertheless, even though the Seebeck
coefficient and the electrical conductivity for them are high enough, but their
thermal conductivity is also high, and this prevents ZT from getting too high for
these materials. On the other hand, the figure of merit must exceed 1 for a

thermoelectric material to be commercially utilized. Owing to all of these, it's so



important to find an eco-friendly and inexpensive material with high ZT to

manufacture thermoelectric devices.

To overcome the shortcomings of inorganic materials, a novel class of
thermoelectric materials has been proposed. Due to their ubiquity, high plasticity,
low processing costs, and more importantly their poor thermal conductivity,
Conductive Polymers (CPs) are considered as interesting alternatives [4].
Unfortunately, known conductive polymers do not exhibit high thermoelectric
performances. However, since thermal conductivity is low for most of the CPs, and
it does not vary remarkably by the addition of inorganics, there is a great potential
in studying conductive polymers and try some reasonable modifications to achieve
higher performance. Also, a parameter called power factor (PF) is defined for
determining the thermoelectric performance of conductive polymers, since thermal
conductivity doesn't play a significant role in this case, it only depends on the

Seebeck coefficient (S) and the electrical conductivity (o) as follows:
PF = S%c (1.2)

It may worth to be mentioned that CPs can be used only in low temperatures up to
150 C. According to the study by Kim et al. [5] the highest figure of merit measured
for CPs at 300K is something about 0.42 and they believed this number was high
enough for them to be considered as an alternative for the inorganic thermoelectric
materials. This number is fairly close to the figure of merit of Bismuth Telluride
(Bi2Tes3) which is the best inorganic thermoelectric material and its ZT is about 1 at

room temperature.

Poly (3,4-ethylene dioxythiophene) (PEDOT) is the best candidate for
thermoelectric utilization amongst CPs so far [4]. Currently, a suspension comprised
of PEDOT and the poly (styrene sulfonate) (PSS) as a solvent is commercially
accessible and it can be applied on both solid and flexible substrates. The PEDOT:
PSS is transparent for visible range of electromagnetic waves, stable in direct
contact with the airstream, restorable, and it can be readily used as an aqueous
coating. Besides, the electrical conductivity of PEDOT:PSS can be improved
tremendously (up to 3 orders of magnitude) by the employment of solution

processing techniques such as the addition of secondary solvents like sorbitol



(CeH14056), ethylene glycol (C2He¢02), sulfuric acid (H2S04) or nitric acid (HNO3) [6-
9]. PEDOT: PSS suspensions due to their commercial availability, high conductivity,
easy processing, and the possibility of doping with dopants that can increase the
number of charge carriers and hence the electrical conductivity without altering
thermal conductivity significantly, is a promising material to be used in TE devices
[6].

Kim et al. [10] reported an improvement in the electrical conductivity of PEDOT due
to the formation of the ultra-thin layer of crystalline conjoined monomers. They
prepared two samples, one with the addition of iron(IIl) chloride as an oxidizing
agent and in the 2nd sample, iron(III) tosylate has been used for the same purpose.
Both of the samples exhibited a great enhancement in electrical conductivity, but the
one doped with iron(III) tosylate (PEDOT:Tos) was better. The best electrical
conductivities were 2000 S/cm and 4500 S/cm for the first sample and PEDOT: Tos,
respectively. Later, another experiment reported electrical conductivity of 3065
S/cm for thin layers of PEDOT: PSS treated with sulfuric acid while this number for
pure PEDOT films is only 0.3 S/cm [11]. Kim et al. [12] announced o = 4380 S/cm
with the same treatment using sulfuric acid as an oxidant. They concluded this high
value is due to the formation of crystalline structure. Cho and his colleagues [13]
prepared nanostructured single-crystal PEDOT which was a deviation of self-
assembled 3,4ethylenedioxythiophene (EDOT) monomers. They have achieved
shockingly high electrical conductivity as 7619 S/cm on average, and their best was
about 8797 S/cm. Culebras and Gomez [14] doped PEDOT thin layers with various
counterions like Cl04-, PF6- and bis(trifluoromethyl sulfonyl)imide (BTFMSI) and
achieved fairly high electrical conductivities. They believed counterions have

enhanced electrical conductivity by stretching of the polymer chains.

Scholdt et al. [9] added dimethyl sulfoxide (DMSO) to the PEDOT: PSS suspension
as a secondary solvent and reported an increment in the thermoelectric
performance of the thin layer of the coatings made of this suspension as ZT was
9.2x10-3 at 300K. They also reported no change in the values of the Seebeck
coefficient and thermal conductivity. Bubnova and his team [15] studied the impact
of the oxidation level of PEDOT: Tos on the PF. They measured o to be 300 S/cm and
power factor to be 38 pW/m K2 for pristine doped PEDOT-Tos thin layers. Next, they



doped PEDOT: Tos with tetrakis (dimethylamino) ethylene (TDAE) which reduced
the level of oxidation to 22 % and enhanced the PF up to 324 pW/m K2. The figure

of merit, in this case, is measured to be about 0.25 at 300K.

Pipe etal. [16] used a hydrophilic solution like ethylene glycol (EG) to eliminate non-
ionized doping particles from DMSO-mixed PEDOT: PSS. EG de-doping process has
been done for 100 minutes and during this process, the electrical conductivity and
the Seebeck coefficient have been increased while thermal conductivity has been
decreased. The improvement of thermoelectric performance from 0.25 for EG [15]
to 0.42 for DMSO [16] can be associated with the alignment of the layers in the
polymers' molecular arrangement. This phenomenon has been confirmed in the
case of PEDOT chains as any alignment there improved the thermoelectric
properties and electrical conductivity by increasing the mobility of electrons.
Besides, such a structure simplifies the oxidation of PEDOT, and this process in turn
increases the charge carrier concentration. Now increased density and mobility can

enhance electrical conductivity tremendously [17].

The impact of the doping PEDOT:PSS with sorbitol is just like the DMSO. The
modified structure is the reason for the enormous jump in electrical conductivity
which is 722.06 S/cm, and much greater than the one for non-doped PEDOT:PSS.
Even though the addition of sorbitol diminished the Seebeck coefficient, but the PF
has been increased up to 7.26 pW/m K2, while this number for pristine layers was
only 0.016 pyW/m K2. The addition of TDAE to the sorbitol doped PEDOT:PSS has
increased the power factor even more to the value as high as 22.28 yW/m K2 [18].
Still, the figure of merit for the layer which exhibits the greatest PF is only something
between 0.013 and 0.039. Due to the toxicity of organic solutions, which have been
commonly utilized for increasing ZT, there are some limits for using them. Some
studies have proposed deep eutectic solvents (DES) as an alternative for common
organic solvents. A notable enhancement has been reported in both electrical
conductivity and the Seebeck coefficient. The maximum Seebeck coefficient and, the
best electrical conductivity reported while choline chloride doped PEDOT:PSS was
treated with EG was 29.1 uV/K and 620.6 S/cm, respectively. PF, in this case, was
24.08 pyW/ mK?2 which was tremendously greater than the one for pristine films [19].

Mengistie et al. [20] revealed that electrical conductivity enhancement as a



secondary solvent is added can be explained utterly by the enhancement of the
structure order, mobility of the charge carriers and the density of charge carriers
and the oxidation level plays no role in this enhancement. They also employed the
solution processing method using various solvents such as EG, PEG, methanol, and
methanoic acid and this treatment ended in the electrical conductivity as high as
640, 800, 1300, and 1900 S/cm. Also, no noteworthy alteration in the value of the
Seebeck coefficient was observed. They also explained the ultra-high electrical
conductivity of the sample treated with methanoic acid by the hypothesis that
methanoic acid has eliminated the non-ionized dopant particles and related chains
in a process called the PSS removal. The PF and the figure of merit for the latter case

were 80.6 yW/m K2, and 0.32 at 300K, respectively.

Wang and his colleagues [21], prepared PEDOT:Tos:PPP (polyethylene glycol-
polypropylene glycol-polyethylene glycol) thin layers. They successfully removed
PPP: Tos and improved the order of the PEDOT structure, which eventually resulted
in the improved thermoelectric performance. They also employed secondary
solvents like NaBH4 and DMSO to modify the level of oxidation. They found that the
PF of dedoped coatings that have experienced a solution processing in the presence
of NaBH4 or DMSO was about 98.1 yW/m K2 which was greater than the one for raw
coatings. This process also reduced the thermal conductivity from 0.501 to 0.451

W/m K. Therefore, the figure of merit at 300K was raised from 0.02 to 0.064.

Improving the thermoelectric material and their performance is of great importance
today. To this end, many studies have been conducted to introduce more effective
methods. One of the most promising materials is the composite made of PEDOT
polymer and carbon nanotubes (CNT). Carbon nanotubes due to their high electrical
conductivity, high durability, and spectacular mechanical properties are very
interesting alternatives. Carbon nanotubes tend to construct bundles, because of the
van der Waals forces. Therefore, it's not easy to have them dispersed in aqueous
media. To this end, stabilizers are used normally, and in the case of polymer/carbon
nanotube composites, DMSO doped PEDOT: PSS and insulating Gum Arabic (GA) are
used as stabilizers more often [22, 23]. Among CP/CNT composites involving a latex
made of vinyl acetate and ethylene, the electrical conductivity measured to be

greater whenever PEDOT: PSS was used as a stabilizer. The PF has been measured



to be about 25 pyW/mK?2 for the films containing 35 wt % single-walled CNT and the
same amount of PEDOT:PSS as a stabilizer. The parameter of thermoelectric
performance was found to be about 0.02 at 300K. Even though this number is yet
too small but since it is higher than bulk silicon and by far better than most of CPs,
using carbon nanotubes has been considered as a useful ingredient for enhancing
thermoelectric response [23]. After CNTs, some other dispersion candidates have
been considered. Li et al. [24] prepared aqueous PEDOT: PSS solution and dispersed
Graphene oxide (GO) in it, then using hydroiodic acid, successfully reduced the GO
to graphene (GN). They reported PF to be about 32.6 pW/m K2 for the thin layers of
GN/PEDOT: PSS composites (rGO/PEDOT: PSS) when the graphene oxide was only
3 wt%. Another novel idea that has been proposed by Zhang [25] was about using
more than one type of nano-fillers. They hypothesized that using hybrid nano-fillers
can improve the thermoelectric response of conductive polymers. Generally, the
addition of nano-fillers to the polymer structure enhances the thermoelectric
performance by decreasing the thermal conductivity. This team prepared an
aqueous PEDOT:PSS solution and added fullerene-functionalized graphene
[rGOxCes0(30-x) ]. A fullerene (Ceo) is an allotrope of carbon whose molecule consists of
carbon atoms connected by single and double bonds so as to form a closed or
partially closed mesh, with fused rings of five to seven atoms. Ce0o and GN have
distributed themselves in the polymer structure by a proper ratio which ended in
improvement both in thermal and electrical conductivity but the increment in the
electrical conductivity was greater than the enhancement of thermal conductivity.
During this process, the Seebeck coefficient also has experienced a four-fold
increment. the best result was achieved for a film comprised of 21% graphene oxide
(x=21 %) where electrical conductivity was 700 S/cm, thermal conductivity was 2.3
W/m K, and ZT was 0.067 at room temperature which is exhibiting a three-fold
enhancement compared to the samples in which single type nano-fillers are used

[25].

In spite of all of the advantages of carbon nanotubes, their high costs limit their
commercial use. To overcome this problem, Jiang and his colleagues [26] proposed
a novel, inexpensive, practical technique to produce PEDOT: PSS/paper composites
employing Chinese calligraphy. In this technique, the prepared solution is applied

on a piece of paper just like writing a normal Chinese word. The Seebeck coefficient
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in this method found to be about 30.6 uV/K at room temperature which is not too
different from that of PEDOT: PSS/CNTs composite which was something between
15 and 30 pV/K [22]. Additional treatment with ethylene glycol or dimethyl
sulfoxide increased the electrical conductivity up to 54.1 S/cm and 56.9 S/cm
respectively. Also, due to the extremely low thermal conductivity of these coatings
(about 0.16 W/m K), ZT measured to be about 5.5 x 10-3. The possibility of using a
paper as a substrate on which thermoelectric material could be applied triggered

the idea of flexible wearable Thermoelectric Generators (TEGs).

1.2 Organic-Inorganic Hybrid Thermoelectrics

Even though the enormous attempts have been made to enhance the thermoelectric
performance of pristine thermoelectric materials, they still could not meet the
industrial demands, for example in the case of wearable thermoelectric generators.
Normally, the thermoelectric performance of inorganic materials due to their higher
electrical conductivity and Seebeck coefficient is better than that of organic matter.
Nevertheless, organic thermoelectric matters are inexpensive, easy to process,
ubiquitous, eco-friendly, and they do possess great flexibility and poor thermal
conductivity. Such characteristics have increased the attention to these materials
[27, 28]. For thermoelectric material to be utilized commercially, their figure of
merit or thermoelectric performance must exceed two and three, which is not the
case today. According to Eq. (1.1), large electrical conductivity and Seebeck
coefficient accompanied by small thermal conductivity are the key for a high
thermoelectric response. Since pure organic and inorganic materials failed to meet
the demands, maybe hybrid materials comprised of both organic and inorganic
materials do the job. Hopefully, the hybrid thermoelectrics would inherit the
advantages of conventional thermoelectric materials. Here, some of the recent

studies on the hybrid thermoelectric material are reviewed.



1.2.1 P type hybrid TE materials

There have been numerous studies on the various methods to enhance the
thermoelectric response of hybrid materials. The addition of nanoparticle inorganic
materials such as bismuth telluride (BizTes), tellurium (Te), carbon nanotubes
(CNTs), and graphene (GN) to the CPs matrix proved to be beneficial [23]. Ideally,
this will end in a product having both advantages of organic (i.e. poor thermal
conductivity) and inorganic (i.e. high electrical conductivity) materials. Li and his
colleagues [29] produced a thin layer of Te-PEDOT:PSS coating by the drop-casting
method using an ultrasonically treated suspension comprised of aqueous PEDOT:
PSS and Te nanowires in the presence of ethanol as a secondary solvent. According
to their outcomes, the highest power factor was 25 pW/mK? and it was achieved
when 10 wt% PEDOT:PSS have been employed. During a process called PSS removal,
non-conductive PSS chains can be eliminated, which results in an enhanced o. This
process normally takes place using acids like sulfuric acid or Phosphoric acid. Meng
and his team [30] prepared a thin layer of PEDOT:PSS: PC-Te composite using a PSS
removal treatment on Te (PC-Te) nanorod doped PEDOT:PSS by sulfuric acid. The
best result has been achieved for a sample which was 9/10 parts comprised of PC-
Te nanowires and post-treated by sulfuric acid with 12 Molar concentration. The
power factor for this sample was about 142.0 pW/mK? which is 3 orders of
magnitude higher than the PF of pristine PEDOT: PSS: PC-Te coating. They also
reported a relationship between the amount of the inorganic fillers, and S and o, but
after the acid treatment took place no relationship between the inorganics content
and the Seebeck coefficient was observed. Nevertheless, the direct relationship with

the electrical conductivity was preserved.

Meng et al. [30] continued their work by applying the same method but this time for
coating SWCNT/PEDOT: PSS films. They prepared a suspension of SWCNT/PEDOT:
PSS and added Te (PC-Te) nanowires to it. They also used the vacuum filtration
technique as a post-treatment. Eventually, they used sulfuric acid to eliminate not
ionized PSS chains. They concluded that SWCNT addition and sulfuric acid

treatment both increased the electrical conductivity but their impact on the Seebeck



coefficient was negative. Hence, the highest power factor was 104 pW/mK?2 for the

thin composite layer with 70 wt % SWCNT.

Another group prepared aqueous PEDOT: PSS solution and doped it with Te-BizTe3
nanowires [31]. They used the spraying method to apply the hybrid suspension of
Te-Bi2Te3/PEDOT:PSS on a glass surface. This way they produced a plastic TEG,
thereafter an acid treatment was done. They reported an enhancement in the
electrical conductivity of the Te-Bi2Te3/PEDOT:PSS film which was because of the
post-treatment by sulfuric acid. They found power factor as 60.05 pW/mK? for the

sample post-treated by 60 vol% sulfuric acid.

Hu et al. [32] prepared a composite of PEDOT and Te nanowires. They have
announced that Tellurium nanorods effectively enhanced the Seebeck coefficient.
The resulting thin composite layer exhibited their best performance with the power
factor of 28 pyW/mK? when the added Tellurium nanorods were up to 30 wt %.

Further addition of Tellurium nanorods exhibited a negative impact.

Even though the thermoelectric performance of CPs and hybrid thermoelectric
material have increased when Tellurium nanostructured additives are employed
but due to the scarcity of Tellurium, its commercial utilization is limited. So, it's
necessary to find a procedure to reduce the Tellurium consumption while no
significant drop in thermoelectric performance occurs. To this end, Wang and his
colleagues [33] proposed to employ multiwalled carbon nanotubes (MWCNTs)
instead of Tellurium nanowires. They checked this in the Tellurium nanowire/PANI
composite. The best power factor they found for Te-MWCNT/PANI film was 54.4
uW/mK? when 16 % of multiwalled carbon nanotubes have been used beside 52 %
of Tellurium. This was 2 times greater than the power factor measured for Te/PANI
film when the same amount of Tellurium was consumed. Du et al. [34] employed Bi-
Te based alloys instead of Tellurium to produce a Bi-Te nanosheet/PEDOT:PSS
composite using a simple vacuum-assisted technique. They found that as the content
of Bi-Te based alloy they have been using increases, the electrical conductivity
drops, hence the power factor also drops with the increasing Bi-Te based alloy
content. Therefore, the best power factor they got was 53 yW/mK? when the BTBA

nanosheet content was minimum and only 10 %.



The next nano-filler that have been proposed in the literature is Tin selenide (SnSe).
SnSe, due to its exceptional Seebeck coefficient, which is about 520 uV/K, and poor
thermal conductivity, which is about 0.6 W/m-K at room temperature, is considered
as an interesting alternative for Tellurium [35]. According to the study conducted
on the SnSe nanosheets/PEDOT:PSS composites, even though this composite
exhibited an acceptable Seebeck coefficient, but it exerted a notable reduction on
the electrical conductivity. They increased the power factor up to 390 uyW/mK?2 by
finding a balance between S and o when 20 wt% of SnSe nanosheets were

incorporated [36].

Li and his team [37] introduced MoSe: as an alternative nano-filler to enhance the
thermoelectric performance of PEDOT: PSS. They varied the MoSe2 content between
0 wt % and 70 wt % to find an optimal concentration for it. The best power factor
achieved for MoSe2/PEDOT:PSS composite was 48.6 yW/mK? when only 5 wt %
MoSe2 was incorporated. The outcomes confirmed that there exists a trade-off
relationship between MoSez content and electrical conductivity. A tradeoff
relationship that has been observed in the studies above was blocking the possibility
of further enhancement in thermoelectric performance. To solve this issue Wang et
al. [38] introduced a technique in which they applied ce-MoS2 nanosheets and
PEDOT:PSS alternately over a glass substrate utilizing the spin coating method. They
also have used DMSO for PSS removal, during which the PSS chains have been
eliminated. This improved the electrical conductivity of the thin composite layers.
Moreover, the energy filtering phenomenon has guaranteed the large Seebeck
coefficient for the PEDOT: PSS/ce-MoS: film. The energy filtering phenomenon is a
procedure during which the low energy electrons are scattered from a barrier while
the electrons with energy greater than the height of the quantum barrier can easily
pass it. The best power factor achieved was 41.6 pyW/mK? for the PEDOT: PSS/ce-
MoS: film with 4 layers.

1.2.2 N type hybrid TE materials

As mentioned before, organic thermoelectric matters exhibit poor thermal
conductivity while inorganic thermoelectric matters exhibit great electrical
conductivity and high Seebeck coefficient. These properties combined are what a

good thermoelectric device must possess. Also, the n-type organic thermoelectrics
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must exhibit air stability otherwise they would recover their positive Seebeck
coefficient as soon as they experience direct contact with airstream for a long
enough duration. A Japanese group of researchers [39] studied the methods to
increase the air stability of n-type thermoelectric semiconductors. In their study, n-
type single-walled carbon nanotubes have been exposed to a few conventional salts
such as NaCl, NaOH, KOH, and crown ethers. They found that the SWCNT which has
been exposed to the potassium hydroxide (KOH) with 0.1 M concentration
accompanied by 18-crown-ether, does exhibit the best power factor of 230
uW/mK?. The air stability for this n-type composite film has been estimated to be
more than a month. Another attempt for increasing the air stability of n-type TE
materials has been done by Zaia and his colleagues [40]. To this end, they used PDI
which is an air durable component to cover Tellurium NWs. The resulted PDI-Te
composite exhibited the best power factor was about 17.6 pW/mK2 when 80 vol %

PDI have been incorporated.

Chen etal. [41], coated Nickel NWs using the polyvinylidene difluoride (PVDF). They
mixed both PVDF powder and Nickel NWs in the DMF solution to obtain an n-type
thermoelectric Ni/PVDF composite film. They argued that raising the amount of
Nickel NWs from 20 wt% to 80 wt% has improved the mobility of electrons and
hence the electrical conductivity, while no modification on the Seebeck coefficient
was observed. Eventually, they reported a significant enhancement in the
thermoelectric performance of Ni/PVDF composite film as they measured the power

factor to be 200 uW/mK2 when 80 wt% nickel NWs have been incorporated.

Wu et al. [42] mixed SWCNT, perylene diimide (PDINE) and naphthalene diimide
(NDINE) to prepare an n-type hybrid thermoelectric composite. They chose SWCNT
because of its great electrical conductivity while perylene diimide (PDINE) and
naphthalene diimide (NDINE) are chosen due to their high Seebeck coefficient. The
PF in the case of PDINE/SWCNT composite films were about 112 + 8 yW/mK? and
in the case of NDINE/SWCNT composite films were about 135 + 14 yW/mK?2. Gao
and his colleagues [43] introduced a novel technique. They employed a set of
tertiary amine groups of ADTA to produce an n-type SWCNT/ADTA thin composite
layers. They reported that both S and ¢ depends strongly on the nature of the

terminal tertiary amine group and the abundance of side chains. The best power

11



factor they achieved was 124.4 + 10.5 yW/mK?2 at 300K for a composite called
SWCNT/ADTAD.

Despite all have been done recently, yet the thermoelectric performance of the n-
type CP composites is lower than that of inorganic thermoelectrics. Nevertheless,
there is a novel approach to produce a hybrid inorganic/organic superlattice. Wan
et al. [44]employed this new technique to mix TBA and TA molecules as organic
thermoelectric elements with titanium disulfide to produce n-type
TiS2(TBA)o.013(HA)o.019. The charge carrier density for this composite is lower than
that of the pristine titanium disulfide. Therefore, its electrical conductivity is greater
than that of the TiS2 while its thermal conductivity is lower. So, the power factor of
TiS2(TBA)o.013(HA)o.019 thin composite layers are about 904 pW/mK? at room
temperature, which exhibits a great enhancement compared to the pristine titanium

disulfide.
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1.3 Objective of the Thesis

It was aimed to prepare some p-type and n-type polymer-inorganic hybrid

nanocomposites, which have power factor higher than 1000 pW/mK?2.

1.4 Hypothesis

The thermoelectric properties of poly (3,4-ethylene dioxythiophene) (PEDOT) can
be enhanced by composing it with some inorganic nanoparticles according to
literature data. Metal sulfides can be used to prepare polymer-inorganic hybrid
nanocomposites since they are attractive photo-catalyst materials for electro-
catalytic hydrogen generation, photo-electrochemical water splitting, batteries, and
sensors. Because of this, it can be expected to improve the thermoelectric properties

of the PEDOT.
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2

GENERAL INFORMATION

Energy and environment problems are of significant importance today. More
economical considerations for fossil fuel consumption are required. Also, there is a
great demand for new energy sources. As a result, energy transformation and
hunting for new energy sources became the subject for numerous studies. The
thermoelectric (TE) energy transformation method is an example of the energy
transformation methods that have gone under serious consideration. This method
employs a specific sort of matter, alluded to as thermoelectric matter, that

immediately transforms thermal energy into power [45-49].

The thermoelectric matters are eco-friendly solid-state coolers. They are capable of
being utilized as energy propellers with no need for mechanical components. Since
it's easy to put the thermoelectric matters in use, they are broadly employed in
various areas such as space energy production. Most of the space missions that are
conducted beyond Mars have used some kind of radioisotope thermoelectric
generator. Material's radioactive decay is the source of generated electricity.
Normally, radioactive decay has a slow procedure and this guarantees the durability
of the thermoelectric energy conversion technique. Also, TE matter is used in luxury
cars' seats' air conditioning system, mini fridges, and in semiconductor lasers'

cooling systems [47, 50].
2.1 History

1821-1909: It was in 1821 that the Seebeck effect had been observed for the very
first time, and 23 years later the Peltier effect was discovered. The Thomson effect
was empirically verified in 1851. Gustav Magnus hypothesized the existence of a
relationship between the temperature gradient of the junctions of a thermocouple,

and the generated electric potential gradient in 1856 [46, 51].

1910-1949: It was Altenkirch who proposed the phrase “thermoelectric figure of
merit” or ZT parameter for the very first time. He argued that thermoelectric matter
quality increases as electrical conductivity grows and also as Seebeck coefficient

raises however it drops by any increment in thermal conductivity. The small thermal
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conductivity works in favor of minimizing Ohmic heating and keeping high thermal
differences. The fact that lattice vibration, as well as impurity amount, has an impact
on the metals' conductivity, has been shown later. According to Wilson, the electrical
conductivity of semiconductors and insulators must depend on the temperature
such that, the electrical conductivity must drop by the temperature reduction due to

the reduction in the density of carriers [1, 46, 52, 53].

1950-1959: loffe (1820-1920) [54] declared that atomic mass affects the
semiconductors' thermal conductivity. Heavy elements have lower thermal
conductivity due to the lower concentration of carriers. Clearly, the force on the
electrons grows as the number of protons grows inside the nucleus. Also, thermal
conductivity is lower in the material with lower density and this may be because of
their porous structure [46, 51]. Another model has been suggested later,
representing some deviations from the equilibrium state of the lattice [46, 51, 53].
Goldsmith [51] investigated the crystal structure and electron mobility’s effects on
the conductivity. TE characteristics of the matter are affected by the mobility and
the atomic mass affects the thermal conductivity. Also, he argued that the
conductivity to charge mobility ratio depends on atomic mass. Furthermore, alloys
made of semiconductors and isomorphous matter possess lower thermal
conductivity while their electrical conductivity is just as good as the pure
semiconductor confirmed by loffe. Therefore, there have been found various TE
applications for adjusted semiconductor composites. He also suggested a measure

for the materials' TE performance called ZT [1, 46, 51, 53].

1960-1969: Chasmar et. al [52] proposed a function depending on atomic mass,
electron mobility, doping element, temperature, and thermal conductivity as the
material parameter also called the fit parameter. In a model suggested by loffe, ZT
is introduced to be the function of bandgap such that as the bandgap grows wider,
thermal conductivity increases however this is accompanied by a reduction in
electron mobility. Later, Littman and Davidson stated that due to the irreversibility
of the thermodynamics of this process, it would not be possible to estimate an upper

bound for the parameter ZT.

1970-2015: Dresselhaus et. al [49] declared that layering extremely anisotropic TE

matter must enhance materials' figure of merit, but due to the occurrence of various
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adjustments and interfaces the thermal conductivity drops, and it may take place
due to a phenomenon called the phonon scattering. The superlattices do possess a
limited thermal conductivity and tunneling probability is finite for quantum wells,
argued by Sofo and Mahan [55]. According to their study, the quantum mixing in the
alternating superlattices can alter the density of states (DOS) from 2D to 3D, yet they
predicted that ZT must raise, but not as much as the prediction made by Dresselhaus
and Hicks. Bulusu and Walker [53] suggested a Green’s function solution in non-
equilibrium conditions to evaluate the TE performance of Silicon nanolayers,
Silicon/Germanium/Silicon alternating superlattices (ASL), and Silicon nanowires.
Quantum effects have been modeled using the dispersion formula for every single
sub-band. They also investigated the confinement and scattering impacts on the

conductivity and Seebeck coefficient in ASLs.

Studies aim to increase the power factor (S2c) and decrease the thermal
conductivity using bulk TE matters, and industrially commonly used matter such as
BizTes, PbTe, etc. Recently, it has been found that there is a novel group of matter
with similar properties [56-59]. Slack's [56] model is comprised of atoms vibrating
in a quantum well structure. He also proposed the phonon-glass-electron-crystal
(PGEC) concept. Many other studies have been conducted on semiconductor
dopings and their impact on TE performance. Novel techniques have been
developed due to the studies that took place in bandgap engineering. The most
important ones are binding energy levels, energy filtering, multiple-band

conduction methods, and convergence of electronic bands [60-64].

The new class of TE matters presented were the nanocomposites. The new approach
was to combine band engineering with nanomaterial engineering to manufacture
bulk TE materials with higher response capability recommended by Kanatzidis et al.
[65-67]. There are many possible strategies for improving the TE performance of
the matters using some alterations in their nanostructure such as doping some
additives, employing nanocomposites, etc. A study used electrical conductive
polymers to produce flexible TE matter. Another class of carbon-based
nanocomposites has been introduced to manufacture light devices with a high TE

response.
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Thermoelectric materials have attracted so much attention in different fields
recently. Air-conditioned seats, compact refrigerators and cooling systems of
microprocessors are some of the examples in which TE matters are used as active
refrigeration tools. Also, they used as a power generation tool in solar energy

generation, and waste heat recovery [50].
2. 2 Some concept in the thermoelectric materials

2.2.1 Seebeck coefficient

The ratio of open-circuit voltage to the temperature discrepancy between the two
ends is called the Seebeck coefficient. The open-circuit voltage (OCV) is obtained
between the hot and cold ends of the material. Seebeck Coefficient is comprised of
three different sources which are electronic, phonon and electron-phonon [68, 69].
The main element affecting the Seebeck coefficient in metallic systems is the
electronic source since the metallic systems possess a high number of free electrons.
Here, it's possible to excite the electrons using a heat treatment, then the excited
electrons immigrate from the hot end to the cold end, creating a potential difference
which is the mechanism by which electric source contributes. The explained method
strongly depends on the temperature such that the Seebeck coefficient increases
linearly as the temperature rises [69]. Phonon drag is a phenomenon by which
phonons contribute to the Seebeck coefficient. This phenomenon normally takes
place at temperatures lower than 200 K due to the phonon large mean free
path(MFP) [68]. Electron-phonon scattering is important only when MFP of electron
and phonon are near enough which is the case in low temperatures. It's more
probable to see electron-phonon scattering in conducting polymers (CP) with high

enough conductivity and ordered construction at low temperatures [23, 70].

Seebeck Coefficient for massively doped polymers such as polypyrrole,
polyacetylene, polyaniline, in Temperatures about 300K is a small positive number
(<14 uV/K) which drops linearly by temperature [68]. However, electron-phonon
interactions can exhibit an impact on the relation between the Seebeck coefficient
and temperature and ruin the linearity in the case of lightly doped CPs. Also, the
lightly doped CPs may represent a higher Seebeck coefficient in comparison with
massively doped ones [23, 68-70]. When the Seebeck coefficient's reduction is

proportional to T1/2 one can use Mott’s hopping conductivity mechanism between
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localized states to explain [68]. 1/T dependence is due to the fact that hopping
happens only between immediate neighbors in the confined states. However, in
heavily doped CPs, the Seebeck coefficient depends linearly on the temperature [26,
70]. The Seebeck coefficient is the function of various parameters such as
temperature, free electron concentration, constructing elements, and interior

crystalline structure of the conductor.

The Seebeck coefficient of a TE matter is measured in the following manner; first of
all, for a system prepared in it's steady-state both temperature and voltage are
measured simultaneously. Then, the ratio of the voltage to the temperature
difference must be checked to be linear. Finally, T and V are measured at the same
and single point [46, 51, 71, 72]. The Seebeck coefficient is normally more than 10
uV/K for metals and it's greater than 200 pV/K for semiconductors and insulators.
The performance of a TE matter is measured by the Seebeck coefficient or
thermopower; moreover, better performance is expected only when the ratio of the
TE potential to the temperature gradient is higher [46, 51]. It is possible to enhance
the Seebeck coefficient. To this end, the dependence of 1(E) on energy must be
stronger which can be achieved using a scattering method which heavily depends
on the free electron concentration. The other possibility is to intensify the energy
dependence of n(E) which can be obtained by an increment in the density of states

[60].

2.2.2 Electrical conductivity

A firm comprehension of the transport method in CPs is vital to study their TE
characteristics. The joint electrons of chemically-bonded atoms with sp3 hybridized
carbons in saturated insulating polymers (SIP) are restricted to orbit in the low
energy orbitals of the resulting molecule, which ends in a lower concentration of
free electrons and weak electrical conductivity. Nevertheless, the carbon atoms are
sp2 hybridized in conjugated polymers. Basically, In every carbon atom 3 electrons
from the exterior orbit form three “sigma” (¢)-bonds which comprise the polymer
chain skeleton while a 2p electron consequently gets delocalized in m-electrons with
a dominant electronic concentration in the plane orthogonal to the o skeleton.

Succeeding carbons are connected together by the pz orbitals of sp2 since they are
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intersecting, in the end, delocalized electrons can move easily along the mainline of
the polymer [80,88]. Peierls instability (i.e. a result of combining electronic and
elastic characteristics) in the m-bonded Carbon atoms splits the p-band into p-
(filled) and p/ (empty) bands with the creation of energy gap (Eg) within the
electronic excitation spectrum. To make a duality with the conventional concept of
semiconductor, the bonding orbital (p-) can be compared with the valence band of
the semiconductor while the empty orbital (p/) may be compared to the conduction
band. The manner in which distribution of the energy among the electronic DOS is
expressed as bands with energy gap (Eg) between Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) in conjugated
portions of a molecule of polymer matches that of a conventional semiconductor [6,
68]. Conjugated polymers are organic macromolecules that are characterized by a
backbone chain of alternating double- and single-bonds. Their overlapping p-
orbitals create a system of delocalised m-electrons. Since the electrical conductivity
in conjugated polymers is weak, it can be realized that conjugation alone can’t
provide electrical conductivity. So to increase the conductivity in polymers doping

can be useful, but the doping technique has its own downsides [23].
The electrical conductivity (o) of a semiconductor depends on free electron
concentration and their mobility in the following manner.

o = e(ue.n + ph.p) (2.1)

where pe, ph, n, and p denote the electron mobility, hole mobility, number density
of electrons, and number density of holes, respectively. The electrical conductivity
of semiconductors alters broadly because of the great ranges in which these

parameters vary, this is depicted in Figure. 2.1.
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Figure 2.1 Schematic illustration of the electrical conductivity of different
compounds in 300K [73]

Conventionally, electrochemical or chemical methods are employed to dope the
polymers. According to Bredas et al. [74] when it comes to polymers “doping” is a
misnomer title. In fact, here, a redox reaction that converts an insulator primary
polymer into an ionic compound of a polymeric cation/anion and a counterion is
what we mean using doping. The counterion is the reduced/oxidized form of
oxidizing/reducing agents. Those kinds of reactions are preferred via p-bonded
unsaturated polymers due to the presence of p- electrons which delocalize easily
without interrupting sigma bonds which keep the polymer unharmed. The doping
mechanism or the process in which more free electrons got accessible in both
electrochemical/chemical manner takes place in the following steps. First of all, the
monomer's an oxidation/reduction reaction starts with the elimination/addition of
electron from the p-system of the mainline of the chain which ends in the generation
of free electrons and holes. During this process, the reduced/oxidized dopants are
converted to counterions that neutralize the holes and electrons added in the p-
electron system [74]. In the 2nd step, the confined charge vibration (lattice
distortion) and it's %2 spin particle end in the merging of the hole with the electron
and this merging is called polaron. Next, the recently formed polaron which will be
either radical cation or radical anion produces lower energy electronic states in the
energy gap, which have been filled by unpaired electrons. The next step is the
creation of bipolaron which occurs when an electron is accepted by or removed
from the polaron. Bipolaron is a spinless defect in which a radical ion pair connected
with polaronic lattice distortion. Depending on the polymer's composition,

bipolaron may have an interaction with 3 or 4 neighboring monomers [6].
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Figure 2.2 (a) the creation of polaron, bipolaron and bipolaron bands as the
doping level increases for CPs; (b) The process at extremely high doping level
where the bipolaron bands merge with conduction and valence bands; (c) The
distribution of confined states in the highest occupied molecular orbitals and

the lowest unoccupied molecular orbitals of CPs which are Gaussian [4]

Bipolarons are thermodynamically more stable than polarons. This means that as
the concentration of dopant increases, it is more probable for two polarons to join
together and create a bipolaron. The formation of polaron, bipolaron and bipolaron
bands as a function of the dopant concentration for different CPs is illustrated in
Figure. 2.2. As has been discussed above, when the concentration of dopants is low,
spin’z polarons formation is expected but as the doping amount increase, the
formed polarons join together to create spinless bipolarons. As the dopant

concentration increase further, the bipolarons intersect to form continuous bands.
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As illustrated in Figure. 2.2 a, the formation of bipolaron bands/states makes states
come forward in both valence and conduction bands which results in the
enhancement of the bandgap between the valence and conduction bands. Bredas
and Street [74], studied the bipolaron model and its consequences for doped
polypyrrole. This model was successfully used for polythiophenes and
polyparaphenylene. Nevertheless, this is not the case when the doping level is too
high. In that case, upper and lower bipolaron bands join with the conduction and
valence bands, respectively and form partly occupied bands just like metals,
illustrated in Figure. 2.2 b. In some cases, the merging of bipolarons takes place only
in the presence of remarkably large dopant concentration, for instance in the case
of polypyrrole with the bandgap energy of 3.2 eV, the dopant concentration must be
about a dopant per monomer unit. It can be recognized easily that for
polythiophenes with the bandgap energy of 2.0 eV bipolaron bands merge with
conduction and valence bands, then their electrical conductivities are comparable

to the metals [68, 74].
2.2.3. Figure of merit (ZT)

The figure of merit (ZT) is a dimensionless parameter associated with the efficiency

of thermoelectric materials which is defined in the Eq. 1.1.

Electrons/holes move by creating p—n junctions in the TE materials. Charge carriers

(electrons/holes) act just like fluids in these materials, illustrated in Figure. 2.3.
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Figure 2.3 Schematic illustration of a TE couple generating electricity in the
presence of thermal gradient [75]
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The electrostatic potential (AV) is generated by creating a temperature gradient
between two ends of the material which in turn results in charge immigration from
the hot end to the cold end. The relation between the generated TE potential and
Temperature gradient (AT) is AV=S. AT which is obviously linear [46, 51, 52, 76].
TE transport quality depends on the nature of charge carriers and their mobility and
it is evaluated by means of the figure of merit (ZT) defined by Eq. 1.1 [45, 47, 48].
This study aims to improve the figure of merit, either by raising the power factor or
by decreasing the thermal conductivity. Since a high potential gradient between two
ends of the device is generated when the ZT parameter is high. Hence, the best TE
matters are the ones with a great Seebeck coefficient, a weak thermal conductivity,
and a large electrical conductivity. Nevertheless, the Ohmic heating phenomenon
must be minimized to preserve the temperature difference [46, 52, 77]. The ZT for

some materials has been illustrated in Figure. 2.4.
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Figure 2.4 The figure of merit for various classes of matters and their dependence
on T [47]
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2.2.4 Applications of thermoelectric materials

Thermoelectric materials possess lots of interesting applications. Extracting energy
from the cars' exhaust is certainly one of them. This is mainly interesting for
automaker companies since the customers prefer cars with lower gas consumption
and it is possible to use this method to decrease gas consumption. TE materials also
can be used to increase the combustion efficacy of wood stoves used in third world
countries. Using TE matter can reduce the amount of the required wood and the
produced smoke [136]. Another interesting application for TE materials is solar
thermal energy conversion. It is possible to produce electricity using solar energy to

create a temperature gradient across a TE material [78-81].
2.3 The kinds of thermoelectric materials

2.3.1 Inorganic thermoelectric materials

Due to their higher TE performance, conventionally thermoelectric material
industries employed inorganic materials more than organic materials. Usually,
Inorganic materials are categorized as skutterudites, rare earth chalcogenides,
pnictogens, oxides, nitrides, Zintl phase materials, and intermetallics. There have
been extensive studies on the physical characteristics, inner structure, and TE

response of inorganic matter [1].
2.3.2 Organic thermoelectric materials

According to the figure of merit (Eq. 1.1), TE material must be electrically
conductive. Although conductive organic materials are not that common, yet some
classes of electrically conductive organic materials have been found recently.
Conducting Polymers (CPs) such as doped polyacetylene which has been produced
by Shirakawa et al. were the very first class of conductive organic materials [82].
Today, there are various CPs available. These materials are employed in electrical
modules lately. The chemical formations of main CPs are demonstrated in Figure.
2.5. The 2nd class of conducting organic materials is the donor-acceptor complexes.
Even though this class of conducting organic materials has been known for a longer
time and there exist numerous articles on their TE performance but the studies on
their applications are rare [83]. The most common donor-acceptor complex is

Tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) as shown in Figure.
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2.6a. The charge transfer complexes don't show high conductivity. This
accompanied by their low durability limits their industrial application as
thermoelectric materials.However, Sun et. al [84] studied poly (metal 1,1,2,2-
ethylene-tetra thiolate (PETT)) complexes as illustrated in Figure. 2.6b and reported

promising thermoelectric performance.
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Figure 2.5 The chemical structures of typical conducting polymers [2]

The 3rd class of organic conductive materials is carbon materials. Graphite and
compressed non-crystalline carbon have been employed as a binder for electric
modules. The main problem with carbon materials is their high thermal

conductivity. Even though these materials show great electrical conductivity but
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according to Eq. 1.1, the high thermal conductivity decreases the ZT parameter.
Fullerene, graphene, and carbon nanotubes (CNTs) as shown in Figures 2.6c-e
respectively, belongs to a novel class of carbon materials called nano-carbon
material which has attracted great attention recently [101-104]. The electrical
conductivity is high in the case of a single carbon nanotube (104-105S/cm) however
its thermal conductivity is more than 3000 W/m K, which is extremely high for a
thermoelectric material. Nevertheless, the condition changes totally when carbon
nanotubes gather and construct a structure called the buckypapers, which are thin
layers comprised of several carbon nanotubes. The electrical conductivity for
buckypapers is high just like single CNT but the thermal conductivity, in this case, is
low enough to be used as organic thermoelectric material. For instance, the
electrical conductivity and thermal conductivity for buckypapers composed of usual
CNTs that have been produced using an arc plasma sintering are 690+16 S/cm and

0.15 W/mK, respectively [85, 86].
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Figure 2.6 Chemical Structures of TTF-TCNQ (a), PETT (b), Fullerene (c),
Graphene (d), and CNT (e) [2]

Organic thermoelectric matters, particularly the ones which are made of CPs and

(d)

vinyl polymers, show some benefits in comparison with inorganic thermoelectric
matters. For instance, from the physical perspective, most of the organic
thermoelectrics are thermally insulating, in the other words, their thermal
conductivities are less than 1 W/mK, which is not the case for metals and in general
for inorganic thermoelectrics [87]. The Wiedemann-Franz law states that the ratio

of the electronic contribution of the electrical conductivity (o) to the thermal
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conductivity (k) of metals and degenerate semiconductors with high charge carrier
density is proportional to the temperature [88].

K
C o IT (2.2)
o

Here L is the Lorenz constant. Since the main element of organic thermoelectric
materials is carbon and carbon is abundantly found in nature, so there is no resource
problem in this case. In the Figure 2.7, we can observe the evolution in the value of

ZT in recent years, especially for PEDOT and Polyaniline polymers.
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Figure 2.7 The graphical representation shows Progress in the ZT of various
conducting polymers over the years (RT is room temperature) [4].

Also, organic TE materials have flexible chemical structure and it is possible to alter
the TE properties employing appropriate chemical reactions. This is another

positive point for organic TE materials.

Other than that, since most of the organic thermoelectrics are eco-friendly and not
harmful to mankind, it is possible to apply the devices which are made of organic
thermoelectrics to the human body. On the other hand, they can be removed and

destroyed without any harm to the environment after their mission is done [2].

Last but not least, due to the high plasticity of organic thermoelectrics, it's possible
to manufacture components with difficult shapes. Large foils of organic
thermoelectrics can be fabricated only using the printing technique, which

diminishes the module manufacturing costs and enhance their utility. So using
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organic TE materials can be beneficial from both economic and engineering

perspectives [2].
2.3.2.1 Polyacetylene

Polyacetylene (PA) or polyethyne is an organic polymer with the main chain unit
(C2H2)n . It's been reported that doping PA with the halogen group elements and
with arsenic pentafluoride (AsFs) results in great improvements in the electrical
conductivity. This process not only enhances the electrical conductivity but gives
the ability to produce materials within the full range of conductivity, from
nonconductive materials to material with high conductivities such as metals.
Basescu et. al [90], studied the PA thin layers doped with iodine in 300K and found
its electrical conductivity about 20,000 S/cm. They repeated their study in an
extreme condition with T = 0.48 K and p= 10 kbar and reported the promising value
of 9000 S/cm for its electrical conductivity. Park and his colleagues [91],
investigated the polyacetylene doped with ZrCls, FeCls, NbCls. They have measured
the Seebeck coefficient and electrical conductivity in each case. The best electrical
conductivity has been obtained for the polyacetylene doped with FeCls, and it was
about 28500 S/cm. Some studies have confirmed higher electrical conductivities for
polyacetylene. The best has been reported is 6 = 44,247 S/cm, but the fact that
polyacetylene is not soluble in most of the usual solvents and it's not stable in the
air limits its utility as a TE matter. This has lead studies to investigate other
polymers in order to find polymers with more durability in contact with air.

Recently, some new polymers have been introduced [82, 90-92].
2.3.2.2 Polyaniline

Polyaniline (PANI) is a conducting polymer of the semi-flexible rod polymer family.
Semi-flexible rod polymers are a kind of organic polymers that may be converted to
conductive polymers using appropriate doping techniques. Polyaniline is another
conductive polymer that has attracted wide attention as a promising TE material
since it's cheap and does not require a high technique preparing process.
Nevertheless, processing conditions and structural defects can have a great impact
on the electrical conductivity of polyaniline. Polyaniline is comprised of

leucoemeraldine, emeraldine, and pernigraniline. These structures are illustrated in
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Fig. 2.8. Despite its low TE performance, PANI has been used in plastic and cheap TE

components [93-95].
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Figure 2.8 Chemical structure of PANI

Various parameters such as degree of oxidation, internal structure, and doping level
can affect the electrical conductivity of polyaniline. The internal structure itself is a
function of the separation between the chains, crystallinity ratio, and molecular
structure. Polyaniline just like polyacetylene has shown a great enhancement of its
thermoelectric response in the presence of appropriate dopants [93-95]. For
instance, in the case of polyaniline doped with HCI, it has been reported that
increasing the HCl concentration raises the figure of merit and electrical
conductivity but, decreases the Seebeck coefficient. A group of reseachers
manufactured polyaniline nanotubes doped with b-naphthalene sulfonic acid to
study the influence of the disorders introduced in the molecular structure of PANI.
They have found the electrical conductivity of PANI to be 7.7x10-3 S/cm. They
concluded that the introduced disorder interferes with the electrical conductivity
through modification in the mean free path of charge carriers [96]. Due to the
promising properties of both inorganic matters and CPs, the studies based on
producing nanocomposites using these materials have been extended recently [96].
The resulting nanocomposites will be utilized in manufacturing flexible TE

components with extremely high TE response [94].

2.3.2.3 Poly(2,7-carbazole)

Polycarbazole (PCB) is an electrically conducting polymer obtained by the
polymerization of carbazole. Due to the existence of oxidized nitrogen in the
backbone of PCBs and the fact that charges are localized in them, PCBs enjoy a large
Seebeck coefficient, but simultaneously these properties result in low electrical

conductivity. The molecular arrangement of poly (2,7-carbazole) is depicted in
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Figure.2.11 The effects of doping have been investigated in a study by a group
leading by Aich in which they have prepared doped poly(2,7-carbazole). According
to their study, a secondary alkyl chain is added to the carbazole along the backbone
due to the presence of a doping agent. This will raise both conductivity and Seebeck
coefficient to 500 S/cm and 70 uV/K, respectively. They also found an enhancement
in the air stability of polycarbazole after the doping, with PF about 19 yW/mK? [97].

H13C6 C6H13

CeH13

Figure. 2.9 Chemical structure of poly (2,7-carbazole) [97]

2.3.2.4 Poly (3-hexylthiophene) (P3HT)

The next group of organic conductive polymers is regioregular (RR) P3HT. The
rTP3HT because of its ubiquity, easy processing techniques and ensuring
conductivity is an excellent semiconducting polymer [98, 99]. Despite its promising
properties, there are too few studies conducted upon rrP3HT. Crispin et al. [100]
studied the TE characteristics of drop-casted P3HT thin layers doped with
acetonitrile (NOPF6). They have reported, an increment in power factor (PF) from
10-10W/m K2 to 1.4x10-7 W/m K2 for the dopant concentration in the range of 20 to
30 percent. Another team repeated the experiments using benign ferric as a dopant
and they observed power factor increases tremendously up to 20 pW/m K2, which
is the greatest PF recorded in doped P3HT thin layers. For triflimide (TFSI)-doped
P3HT thin layers, figure of merit is measured to be about 0.04 at T=340K and
assuming k ~ 0.2 W/mK which indicates that an optimized CP can be used as an
economic plastic TE material [101]. The energy filtering effect of nanocomposites
comprised of inorganic materials and organic conductive polymers has been
proposed as a technique for increasing the Seebeck coefficient and power factor.
According to basic quantum mechanics, it is possible to scatter low energy particles

using a potential step with appropriate height. In this case, the P3HT/Bi2Tes
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interface has been used as a potential step for scattering low energy electrons. This
technique has improved the power factor up to13.6 pyW/m K2, which is much greater
than the power factor for pure P3HT which was about 3.9 yW/m K2. Muller et al.
[102] revealed that the TE response of conductive polymers can be improved by
manufacturing nanocomposites comprised of CPs and CNTs accompanied by
optimized p-doping. They have reported, the power factor for a nanocomposite
layer of multi-wall CNT and P3HT doped with ferric chloride is found to be about 6
+ 2 uyW/m K2 which has been increased a lot in comparison with 0.2 £ 0.1 pW/m K2
of pure CP composite layers. It has been found the same pattern in the case of
nanocomposite layers of single-wall CNT and P3HT doped with ferric chloride,
where PF was measured to be about 95 + 12 pyW/m K2 at 300K. Also, ZT was about
0.015 in the latter case while this parameter's value is much smaller for an undoped
film (7 £ 2 x10-4). Lee and his colleagues [103] studied the influence of different
coating techniques and ink(single-wall Carbon nanotubes or SWCNTs)
concentration on the TE performance of the nanocomposites made of CPs and
carbon nanotubes. They used spiral drawdown rod coating also known as Wire Bar
Coating (WBC) which is an excellent method to apply a coating film on thin and
flexible materials. The main advantage of WBC to the drop-casting method is that in
WBC the doping stage has been removed from the process. Eventually, this team
applied a solution of SWCNT as a coating on P3HT polymer using WBC which
increased the power factor up to 105 yW/m K2 at 300K. Endrdédi and his team [99]
studied the thermoelectric properties of the nano threads of P3HT doped with silver
perchlorate (AgClO4). Their best result was something about 6.84 + 0.64 pW/m K2
of power factor which has been achieved only by controlling the nanostructure of
the P3HT and deposition of the dopants. They also reported an increment in the
figure of merit up to 0.0026 at 25 2C. Xu et. al [104] have studied the possibility of
using P3HT as a TE energy generator. They reported an improvement both in
thermal expansion and electrical conductivity of Phenyl-Ce1-butyric acid methyl
ester (PCBM) doped P3HT material with increasing dopant concentration and
photoexcitation, separately. Both together have increased the figure of merit to the

highest reported value of 0.5 at 420K.
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Figure. 2.10 schematic illustration of P3HT

2.3.2.5 Poly (3,4-ethylene dioxythiophene) (PEDOT)

Poly (3,4-ethylene dioxythiophene) is one of the most promising CPs as a
thermoelectric material. PEDOT is highly conductive highly stable and easy to
process. Doping poly (3,4-ethylene dioxythiophene) with poly (styrene sulphonate)
simplifies the processing of PEDOT in the aqueous phase. Poly (styrene sulphonate)
(PSS) is used because of its ion-exchange properties. PEDOT: PSS is used extensively
in electric components such as solar cells as an organic TE material. PEDOT: PSS is
comprised of the coupled poly (3,4-ethylene dioxythiophene) with a positive charge
and negative poly (styrene sulphonate) depicted in Figure.2.11 PSS is used as a
dispersing agent and stabilizer for PEDOT to increase its durability in aqueous

media.
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Figure. 2.11 Chemlcal structure of PEDOT. PSS
PEDOT: PSS is the most commercially employed CP. It is mostly seen in the aqueous

dispersion form which is a dark blue transparent suspension. PEDOT: PSS can be
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applied easily over any kind of surface by several aqueous coating methods. Some
of the methods which have been utilized in literature are: spin casting, wire bar
coating, spraying, etc. The PEDOT:PSS thin layer coating is smooth and depending
on the coating method and quality, its roughness is about 5 nm. Also, the thin enough
layer of this coating is transparent for the wavelength range between 380 nm and
700 nm. The transmittance (T) for a film of PEDOT: PSS with 100 nm thickness is 90
percent for the green light. The electrical conductivity of PEDOT:PSS depending on
the solution processing, doping agent and its concentration can be anywhere
between 10-2 and 103 S/cm. The work function is the next property that has been
studied for PEDOT:PSS which is something between 5.0 and 5.2 eV that it is a great
number for a polymer. The great conductivity accompanied by high work function
makes PEDOT:PSS films proper catalyst. Accelerated charge transfer is the
phenomenon that is allowed for material with high conductivity and work function.
PEDOT: PSS films are stable in direct contact with air stream which was a problem
for most of the conductive polymers discussed before. Because of the named
characteristics, PEDOT: PSS and even pure PEDOT have been used widely in

thermoelectric devices.

2.4 Strategies for Improvement of the Thermoelectric Performance
2.4.1 Doping.

Appropriate doping can increase the electrical conductivity of polymers but it also
diminishes the Seebeck coefficient. So doping has its own advantages and
disadvantages regarding thermoelectric performance. Dopants such as halogens,
FeCls, MoCls, etc have been used widely in thermoelectric polymers [105]. PEDOT:
PSS as an organic conductive polymer has been studied more than most of the CPs
due to it's promising thermoelectric properties, great durability in required media,
and its high electrical conductivity. Its utilization in the organic light-emitting diodes
is one of the most known examples [15, 106, 107]. TE response of PEDOT: PSS
heavily depends on the number of ionized doping agents, since ionized dopants can
decrease the electrons mean free path and in turn the TE performance.

Nevertheless, PSS usually has a neglectable ionizing ratio. Recently, a group leading

33



by Kim [16] achieved the highest ever figure of merit for organic CPs of 0.42 using

the appropriate solution in which PSS is ionized even less.
2.4.2 Doping Mechanisms of conjugated polymers

According to the IUPAC gold book, a dopant is a charge-transfer agent that generates
positive or negative charges in natural CPs by oxidation or reduction. So doping can
be used to modify the electron/hole concentration. There are mainly two
mechanisms in which doping affects the charge carriers' concentration. First is
redox doping which transports electrons and creates a donor-acceptor complex. The
second one which is called acid-base doping transports cations and anions in the
polymers' skeleton's mainline. Doping methods are illustrated schematically in
Figure.2.12. The charge neutrality is preserved due to the creation of counterions in

the case of acid-base doping [108].

During doping, it is observed that the structure of the polyaromatics is modified
locally accompanied by a more quinoidal conformation. Doping efficacy is measured
by the highest occupied molecular orbital and the lowest unoccupied molecular
orbital levels of conjugated polymers, and by the parameter that demonstrates the
number of created electrons and holes due to the addition of a molecule of dopant

[109-111].

Environmental factors such as light, air, and temperature can affect the doping level.
It is possible to limit materials' contact with light and air using various techniques
such as isolation, but since thermoelectric materials' working foundation is based
on the temperature difference, temperature differences are not avoidable.
Consequently, the doped state must be highly stable in thermally hazard conditions,
in addition to the factors which have been named before, otherwise, the
thermoelectric device will experience progressive corrosion during the process

[108].

The acid-base doping is the addition of a H+ to the backbone of a CP, during which a
p-type semiconductor is produced. One of the most well-known examples is an
emeraldine base of polyaniline. An emeraldine doped with Camphorsulfonic acid
(CSA) or 4-Dodecylbenzenesulfonic acid (DBSA) is a highly conductive

semiconductor with ¢ > 100 S/cm.
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Acid-base doping is a method that can be used on various polymers such as Poly(3-
hexylthiophene) known as P3HT and Poly[2,5-bis(3-alkylthiophen-2-yl)thieno(3,2-
b)thiophene] known as PBTTT. Today, there are several practical doping methods.
For instance, exposing polythiophene(PT) to the perfluorooctyltrichlorosilane (FTS)
steam is the one in which chlorosilane (SiH3Cl) hydrolyzes and creates HCl during

the doping process [108].
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Figure 2.12 illustrates the both doping methods (left) and the common dopants
used in those methods (right) [108]

A similar thing happens in the case of N-DMBI and N-DPBI, but in this case H- is
added to the backbone of the conjugated polymer. This is a method called base
doping during which an n-type semiconductor is produced. N-DMBI and N-DPBI are
created from benzimidazole Figure.2.12 these compounds are stable in direct
contact with the airstream. Schlitz et al. [112], applied the base doping method on
the napthalenedicarboximide-bithiophene copolymer P(NDIOD-T2) using both N-
DMBI and N-DPBI as dopant, successfully.

2.4.3 Addition of Carbon Nanotubes (CNTSs)

Carbon nanotubes are identified with their stable 1D nanostructure and unique
electrical characteristics. So they can enhance the TE performance of CPs when they
are added to their structure. A study conducted by Kim and his colleagues [113]
confirmed that PEDOT: PSS mixed with CNTs due to the enhanced electron mean
path may exhibit better conductivity. Also, Since CNTs and PEDOT: PSS particles
have different vibration frequencies, the heat transfer is troubled in their mixture

and this leads to a reduced thermal conductivity [114, 115]. The max figure of merit
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obtained was 0.02 which was when 35 weight percent of carbon nanotubes were
added to the PEDOT: PSS chemical structure. But exceeding this threshold can
decrease thermoelectric performance heavily. Adding further CNTs will result in
reduced electrical conductivity and the Seebeck coefficient while it increases the

thermal conductivity [115].
2.4.4 Polymer Composite.

Doping with the inorganic matter has utterly different consequences. Inorganic
dopants such as Tellurium used mostly in the form of nanotubes but Bi:Tes and
Ca3Co409 have been used in the form of powder [116-118]. The reason these
compounds have been chosen is their high Seebeck coefficient. Tellurium
nanotubes’ effects on thermoelectric materials have been studied by See and his
team and they observed fairly similar behavior to the CNTs as the electrical
conductivity was improved and thermal conductivity was reduced. They tried to
explain the shockingly positive Seebeck coefficient by considering holes only as a
charge transporting agent which does not take place through the polymer entirely.

The best result they got was ZT= 01 at 300K.

2.4.5 Addition of Semiconducting Stabilizer

Carbon nanotube (CNT) is a hydrophobic compound so it's not stable in aqueous
media and its' dispersion in water is so limited [119, 120]. To stabilize the CNT
composites in the aqueous media normally stabilizers are employed. Surfactants are
widely used to help the CNT dispersion in an aqueous medium. The other option to
help CNTs to disperse in water are CPs which can enhance the electrical conductivity
[113, 121-123]. Moriarty et al. [124] studied the thermal conductivity of polymer-
carbon nanotube solutions doped with DOC and TCPP, separately and reported a
reduction in thermal conductivity. Moriarty claimed that during this process tube-
to-tube joints have been blocked and this, in turn, has hindered the phonon motion
which is the reason for the observed reduction of thermal conductivity. On the other
hand, the stabilizing agent works as a scattering barrier for the phonons since it's
been implanted in the composite adjacent to the carbon nanotubes. There other
parameters that may be responsible for the reduction of thermal conductivity such

as the morphology of the CNTs, the distance between two neighboring tubes and the
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defects which have been created in the nanostructure due to the presence of carbon

nanotubes [113,121-123].

2.4.6 Nanostructured Thermoelectric Materials

Using nanofibers may improve the performance of TE devices. Since the nanofibers
are considered as a one-dimensional material, they are useful as they reduce the
thermal conductivity while leaving electrical conductivity unchanged, which can
increase the figure of merit. There are many studies conducted on increasing ZT by

modifying the thermal and electrical conductivities [125].

It may be possible to enhance electrical conductivity by quantum confinement
effects that describe electrons in terms of energy levels, potential wells, valence
bands, conduction bands, and electron energy band gaps. An example of these
effects is Quantum dots (QDs) which are some artificial nanoscale crystals that can
transport electrons. When UV light hits these semiconducting nanoparticles, they
can emit light of various colors. Using QDs one can increase the concentration of
electrons around the Fermi energy [124]. On the other hand, there are some
practical methods to diminish the thermal conductivity. These methods mechanism
mainly is phonon scattering using superlattices. An optimized Superlattice can both
enhance the electrical conductivity and decrease thermal conductivity. Usually,
electrical and thermal conductivity are entangled in CPs [126]. Normally, this is
because of the fact that while the rise in the number of charge carriers can be
beneficial for electrical conductivity, in the meantime it increases the number of
collisions between the particles and with the walls of crystalline structure, therefore
it raises the thermal conductivity. The nanostructures can help to improve this
condition. They can disentangle thermal and electrical conductivities as they can
block the phonons while helping electron transportation. This way they decrease
the thermal conductivity and increase the electrical conductivity in CPs which is in

favor of the thermoelectric performance of TE materials [127, 128].

Besides, it is possible to disentangle the impacts of thermal and electrical
conductivity, if the characteristics of the heat transfer through phonons and
electrical conductivity by electrons are understood. Since it is known that the MFP

for phonons is in the order of 100 nm while this number for electrons is normally
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less than 10 nm, it is possible to limit the mean free path of phonons without
affecting electrons. Also, due to the fact that electrons and phonons do possess a
different range of energies and phonons' energy is much less than electrons. So, it is
possible to introduce some scattering steps for phonons, without bothering
electrons. With electrical conductivity not changed and thermal conductivity
reduced, the figure of merit which is a parameter to measure thermoelectric

performance is improved [129].

During this chapter, we have investigated the potentials of CPs as a TE material. Due
to their poor thermal conductivity and the possibility of developing electrical
conductivity using appropriate dopants, they have been identified as a potential
thermoelectric material. This potential can be investigated more and more by
evaluating the TE response of CPs in the nanoscale using the electrospinning

method, chemical vapor deposition method, electrodeposition method, etc. [130]
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3

MATERIALS and METHODS

3.1. Instruments

3.1.1 Conductivity Meter (Four Point Probe)

Four-point technique was used for conductivity measurements of thin films and
pellets prepared from synthesized polymers. In this technique, four ends with a
certain distance from each other are placed on the surface of the sample to be
measured. When alternating current or direct current is applied, voltage drops
between the two points in proportion to the sample resistance and voltage
difference occurs between the two inner ends. The device converts it to resistance
and electrical conductivity using the corresponding equations. The photograph of
the Four Point Probe measurement device of Entek brand FPP 470 used in this study

is given in Figure 3.1.

Figure 3.1 Four point probe measuring device
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3.1.2. Seebeck Coefficient Meter

Seebeck coefficient measurement from thin films and pellets prepared by pouring
into the microscope glass of the synthesized polymers was taken from the Entek

brand SC 001 model device given in Figure 3.3.

ENTRK SEEBECK CORFFICIENT MEASURING SYSTEM

Figure 3.2 Seebeck coefficient measuring system.

3.1.3 X-Ray Photoelectron Spectroscopy (XPS)

The testing of the synthesized polymers by providing atomic and molecular
information about this steady by used Thermo Scientific K - Alpha X - Heat
Photoelectron Spectrometer was used. Tests were provided the levels of the
photoelectrons billet and electrostatic level of the film sample information by XPS
analysis. Separation of each element examined by XPS analysis after obtaining the
raw crude XPS data, this experimental data is the best the binding energy values

were determined by the curve fitting method.
3.1.4 Scanning electron microscope (SEM)

The morphology of the samples were characterized using a field -emission scanning
electron microscope (FE-SEM; PhilipsXL30FEG, FEL Co., Hillsboro, OR, USA) with an
accelerating voltage of 5 kV and high resolution transmission electron microscope

(HRTEM; JEOL JEM-2100 F, JEOL Ltd., Akishima, Tokyo, Japan).
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Figure 3.3 Scanning electron microscope (SEM)

3.1.5 X-Ray Diffractometer (XRD)

Rigaku's D / Max-Ultima + / PC XRD device was used to determine the crystal
structure. The diffraction pattern of the crystal is given as a result of q, 2q and 2q /
q scans with the copper targeted x-ray tube and detector movement of the device.
After X-ray is sent to the sample in XRD analysis, samples are obtained at an atomic
level from the diffraction pattern obtained by breaking the beam at different angles
and intensity according to the crystal structure. XRD analysis enables reliable and

very precise data collection, for example, about the crystal structure.

3.1.6 Infrared-Reduced Total Reflection Spectroscopy with Fourier

Transform

In Perkin Elmer Spectrum One FT / IR, Perkin Elmer Universal ATR was used for
structure determination of synthesized polymers with Fourier transform infrared
spectrophotometer (FTIR) with sample accessories. FTIR-ATR spectra were taken

from the solid state of the polymer samples.
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3.1.7 Ultraviolet-Visible Region Spectroscopy

UV spectra were taken with Shimazdu brand A109351 05066 model UV mini-1240
UV-vis spectrophotometer, which is shown in Figure 3.1. The absorbance values
read from the UV-vis spectrophotometer were obtained as a result of the calculation
made by using the logarithm according to the "e" base of the device. Dilute aqueous

solutions of polymer samples were prepared and measured in quartz cuvettes.

Figure 3.4 Ultraviolet-Visible Region Spectroscopy

3.1.8 Sonicated homogenizer.

The composites were prepared in various proportions of PEDOT:PSSA and TiS:2
powder by either non-sonicating (just mixing) or sonicating with a sonicated

homogenizer.
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3.5 Figure Ultrasonic homogenizer

3.2 Materials

3,4-Ethylene dioxythiophene (EDOT), poly (4-styrene sulfonic acid) (PSSA),
Polyvinyl alcohol (PVOH), hydrogen peroxide (H202), Zinc chloride (ZnClz2), Zinc
acetate dehydrate (Zn(CH3C00)2.2H20), Glucose (Ce¢H1206), Cesium carbonate
(Cs2C03), Titanium sulfur (TiS2), Thiourea (CH4N:2S), Tetra-n-butyl ammonium
bromide (TBAB) ((CH3CH2CH2CH2)4NBr), Ethylene glycol (C2He02), copper (I)
chloride (CuCl) and copper nitrate hydrate (Cu(NOs3)2.H20) were purchased as
analytical reagent grade from Sigma-Aldrich Company Ltd. and used without

purification.
3.3 Methods

3.3.1 Synthesis of the samples PEDOT:PSSA

The samples PEDOT:PSSA were synthesized using a similar technique but with
different amounts of 3,4-Ethylene dioxythiophene (EDOT), poly (4-styrene sulfonic
acid) (PSSA), hydrogen peroxide (H202), copper nitrate hydrate (Cu(NO3)2.H20) and

water.
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3.3.1.1 Synthesis of the samples PP 1 (PEDOT:PSSA 1)

To create this sample, first, we prepared a PSSA solution using 1.035g PSSA (30%)
and 10 milliliters of deionized water. Then we put 0.11 g EDOT into the solution and
stirred it for half an hour before adding 0.073 g H202 drop by drop to the resulting
solution. Eventually, we added 0.0007 g (Cu(NOs3)2.8H20) to the solution and it has

been stirred for 4 hours. The resulting solution's color was dark blue.
3.3.1.2 Synthesis of the samples PP 2 (PEDOT:PSSA 2)

This time, the PSSA solution was prepared using 1.76 g PSSA (30%) and 10
milliliters of deionized water. Then 0.11 g EDOT was put into the solution, and the
solution was stirred for 24 hours before 0.3 g H202 was put drop by drop into the
solution. Eventually, 0.0001 g (Cu(NOs3)2.8H20) was added to the solution and again
it has been stirred for 4 hours. Yet, the final PEDOT:PSSA solution was dark blue.

3.3.1.3 Synthesis of the samples PP 3 (PEDOT:PSSA 3)

To prepare this sample, the PSSA solution was prepared employing 1.76 g PSSA
(30%) and 10 milliliters of deionized H20. Then 0.11 g 3,4-Ethylenedioxythiophene
(EDOT) was put into the solution, and the solution was stirred for half an hour
before 0.3 g H202 was put drop by drop into the solution. Eventually, 0.0007 g
(Cu(NO3)2.8H20) was added to the solution and again it has been stirred for 24
hours. Once again, the final PEDOT:PSSA solution was dark blue.

3.3.1.4 Synthesis of the samples PP 4 (PEDOT:PSSA 4)

For the 4th sample, 15 milliliters of deionized water were used to prepare the PSSA
solution instead of 10, and instead of 1.76 g PSSA, 1.1 g PSSA (30%) was put in. Yet
the solution was stirred for half an hour before 0.3 g Hydrogen peroxide was added
drop by drop into the solution. Eventually, 0.0001 g (Cu(NO3)2.8H20) was added to
the solution, and it has been stirred for 24 hours. No alteration was detected in the

color of the final solution.
3.3.1.5 Synthesis of the samples PP 5 (PEDOT:PSSA 5)

Since the concentration of the initial PSSA solution plays an important role in the
quality of the final product, in the 5th specimen, 1.54 g PSSA (30%) was dissolved in

only 8 milliliters of deionized H20, while other parameters were completely fixed
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compared to the 4th specimen. The solution was stirred for half an hour before 0.3
g Hydrogen peroxide was added drop by drop into the solution. Eventually, 0.001 g
(Cu(NOs3)2.8H20) was added to the solution, and it has been stirred for 24 hours. Yet,

no alteration was detected in the color of the final solution.
3.1.6 Synthesis of the samples PP 6 (PEDOT:PSSA 6)

To prepare this sample, the PSSA solution was prepared using 1.76 g PSSA (30%)
and 12 milliliters of deionized H20. Then 0.11 g 3,4Ethylenedioxythiophene (EDOT)
was put into the solution, and the solution was stirred for half an hour before 0.3 g
Hydrogen peroxide was put drop by drop into the solution. Eventually, 0.003 g
(Cu(NO3)2. XH20) was added to the solution and again it has been stirred for 24
hours. Once again, the final PEDOT:PSSA solution was dark blue.

3.3.1.7 Synthesis of the samples PP 7 (PEDOT:PSSA 7)

0.11 g EDOT was added to the 1.76 g PSSA (30 %) solution, and adding to 54 ml
deionized water then the mixture was stirred vigorously for 1 hour and 0.3 g H202
was added drop by drop as the oxidation solution, finally 0.001 g (Cu (NO3)2.8H20)
was put into the above mixture, then the mixture was stirred vigorously for 24

hours, then the PEDOT:PSSA was obtained as a dark blue solution.
3.3.1.8 Synthesis of the samples PP 8 (PEDOT:PSSA 8)

0.11 g EDOT was added to the 0.9 g PSSA (30 %) solution, and adding to 33 ml
deionized water then the mixture was stirred vigorously for 1 hour and 0.3 g H202
was added drop by drop as the oxidation solution, finally 0.001 g (Cu (NO3)2.8H20)
was put into the above mixture, then the mixture was stirred vigorously for 24

hours, then the PEDOT:PSSA was obtained as a dark blue solution.
3.3.1.9 Synthesis of the samples PP 9 (PEDOT:PSSA 9)

0.11 g EDOT was added to the 0.275 g PSSA (30 %) solution, and adding to 15 ml
deionized water then the mixture was stirred vigorously for 1 hour and 0.3 g H202
was added drop by drop as the oxidation solution, finally 0.001 g (Cu (NO3)2.8H20)
was put into the above mixture, then the mixture was stirred vigorously for 24

hours, then the PEDOT:PSSA was obtained as a dark blue solution.
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3.3.1.10 Synthesis of the samples PP 10 (PEDOT:PSSA 10)

0.11 g EDOT was added to the 1.76 g PSSA (30 %) solution, and adding to 20 ml
deionized water then the mixture was stirred vigorously for 1 hour and 0.32 g H202
was added drop by drop as the oxidation solution, finally 0.007 g Cu (NO3)2.8H20
was put into the above mixture, then the mixture was stirred vigorously for 24
hours, then the PEDOT:PSSA was obtained as a dark blue solution by means of
oxidation of EDOT with a mild oxidant, hydrogen peroxide, and a small amount

catalyst, Cu(NO3)a2.
3.3.1.11 Synthesis of the samples PP11 (PEDOT:PSSA 11)

The same previous method as for preparing the PP11 polymer was used but there

is a difference in the value of the power factor.
3.3.1.12 Synthesis of the samples PP12 (PEDOT:PSSA 12)

The same previous method as for preparing the PP11 polymer was used but there

is a difference in the value of the power factor.

3.4. Synthesis of ZnS

The zinc sulfide (ZnS) samples were synthesized using a similar technique but with

different amounts of reductants or surfactants.
3.4.1 Synthesis of ZnS-PVOH

Polyvinyl alcohol (PVOH) which is a water-soluble synthetic polymer has been used
as a dispersant. PVOH (2%) was prepared by mixing 2 milliliters of 10 % stock
solution of PVOH and 18 milliliters deionized H20, then the resulting solution was
stirred using a magnetic apparatus. Next, the main solution was prepared by mixing
0.5 g (Zn(CH3C00)2.2H20) with 50 mL deionized H20 and adding it to PVOH
solution, then 0.99 g thiourea (CH4N2S) adding to 5 mL deionized H20, then we were

adding it to main solution drop by drob.

Eventually, the pH of the solution was adjusted to be 9 applying ammonia solution
drop by drop. In the end, the thiourea solution was mixed with the main solution. A
magnetic treatment, and a heat treatment, which have been conducted in 70 C, were

used, and a milky solution was achieved.
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3.4.2 Synthesis of ZnS-G

Glucose (G) was employed as a capping agent which primarily acts as a stabilizing
agent and provides colloidal stability along with preventing agglomeration and
stopping uncontrolled growth. By mixing 0.76 g of thiourea with 10 milliliters
deionized H20, a thiourea solution was made. Then 1.8 g of glucose has been put in
20 mL deionized water and a solution of glucose was prepared. Mixing these two
solutions and adding a solution that is comprised of 2.195 g (Zn (CH3C00)2.2H20)
and 10 mL deionized water would result in a raw solution that was demanded.

Eventually, it is stirred and heated at 50 C for 6 hours.
3.4.3 Synthesis of ZnS-TBAB

Tetra-n-butyl ammonium bromide (TBAB) was used as a capping agent and
surfactant which is used to lower the surface tension between two liquids, between
a gas and a liquid, or between a liquid and a solid. Just like the previous solution, a
thiourea solution was prepared by the addition of 0.07 g thiourea to 10 milliliters
deionized H20, then in contrast with the last sample, a solution of TBAB was
prepared by the addition of 0.02 g of TBAB to 5 mL deionized water. Mixing these
two and adding another solution comprised of 0.22 g (Zn(CH3C00)2.2H20) in 10 mL
deionized water, would result in a raw solution that was demanded. Eventually, it

was stirred using magnetic stirrer and heated at 60 C for 4 hours.
3.4.4 Synthesis of ZnS -EG

ZnS-EG solution was prepared in the following steps; first, the ZnS NPs were
prepared by dissolving 1.3628 g of ZnCl, in 15 milliliters of EG, then it was stirred
using a magnetic stirrer. Next, a thiourea solution was synthesized by the addition
of 3.806 g of it to 20 mL EG, and the thiourea solution was added to the ZnS solution
drop by drop. Eventually, the final solution was heated to 80 °C gradually, then a
stirring process took place under nitrogen gas for 4 hours. The outcome of this

process was a cloudy solution.
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Figure 3.6 Method for preparing Zinc sulfide.
3.5. Synthesis of the Cu1.8S

2.500 M thiourea solution in EG including glucose was added dropwise into the
0.333 M copper (I) chloride solution in EG, which is kept at reaction vessel at 80 © C
under nitrogen gas. After the addition of thiourea is completed, the mixture is heated
to 140 © C by continuing to stir. The Cu18S particles were obtained as a black solution
after 5 hours of reaction at 140 ° C under nitrogen gas. The solutions were prepared

only in dried EG and no water was used throughout the synthesis process.

Figure 3.7 Method for preparing copper sulfide
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3.6 Preparation of the films for composites
3.6.1 Preparation of the films for composite 1

The glass substrates were cleaned in the concentrated sulfuric acid solution then
successively transferred to water, pure water and acetone. Later they were
ultrasonically cleaned in isopropyl alcohol, finally with deionized water. The films
of PEDOT:PSSA or the certain proportions of PEDOT:PSSA solutions and ZnS-PVOH
were prepared by drop coating of 1 mL solution on the cleaned glass substrate. Thin
films on the glass substrates were also dried at 60 °C for lhour after drying at

ambient conditions.

Figure 3.8 PEDOT:PSSA/ZnS-POVH films
3.6.2 Preparation of the films for composite 2

The glass substrates were cleaned in the concentrated sulfuric acid solution then
successively transferred to water, pure water and acetone. Later they were
ultrasonically cleaned in isopropyl alcohol, finally with deionized water. The films
of PEDOT:PSSA or the certain proportions of PEDOT:PSSA solutions and Cu1.sS
particles in EG were prepared by drop coating of 1 mL solution on the cleaned glass
substrate . Thin films on the glass substrates were also dried at 120 °C for 15 min at

ambient conditions.
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Figure 3.9 PEDOT:PSSA/Cuu.sS films.
3.6.3 Preparation of composite 3

The glass substrates were cleaned in the concentrated sulfuric acid solution then
successively transferred to water, pure water and acetone. The films of PEDOT:PSSA
and/or composites were prepared by drop casting on the cleaned glass substrate.
The composites were prepared in various proportions of PEDOT: PSSA and TiS2
powder by either non-sonicating (just mixing) or sonicating with a ultra-sonicator
homogenizer. Thin films on the glass substrates were then dried at 60 oC for 1 hour

after drying at ambient conditions.

Figure 3.10 PEDOT:PSSA/TiS: films.
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3.6.4 Preparation of composite 4

The glass substrates were cleaned in the concentrated sulfuric acid solution then
successively transferred to water, pure water and acetone. The films of PEDOT:PSSA
and/or composites were prepared by drop casting on the cleaned glass substrate.
The composites were prepared in various proportions of PEDOT: PSSA and TiS2
powder and Cs2C03 powder by either non-sonicating (just mixing) or sonicating
with a ultra-sonicator homogenizer. Thin films on the glass substrates were then

dried at 60 oC for 2 hours after drying at ambient conditions.

4
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Figure 3.11 PEDOT:PSSA/TiS2-Cs2CO03 films.
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4

RESULTS and DISCUSSION

4.1 Pristine PEDOT:PSSA

Table 4.1 shows the Seebeck coefficients and Electric conductivity and power factor
which is calculated by using the equation PF=S2c, of the PEDOT:PSSA samples
synthesized in this thesis. The synthesis conditions of the samples are described in
the experimental section. They were synthesized at different time zones and used to
prepare different amount of the raw materials. The PEDOT:PSSA samples given in
the Table 4.1 are pristine, i.e. no solvent treatment or reducing agent is used to
increase their thermoelectric properties. The positive signs of the Seebeck
coefficients indicate that all of the synthesized PEDOT:PSSA samples show p-type
conductivity. The magnitude of PF indicates the efficiency of the sample as a
thermoelectric material. The PF value should be higher than 1000 pW/mK? for an
efficient thermoelectric material. The results suggest that pristine PEDOT:PSSA

samples are not a good candidate to be useful thermoelectric materials.

Table 4.1 Thermoelectric parameters measured at room temperature of the
PEDOT:PSSA samples synthesized using different amount of EDOT and PSSA

PEDOT:PSSA Seebeck Electric Power factor
coefficient conductivity | PF (UW/mK?)
S (uVIC) o (S/cm)

PP1 323 0.03 0.3

PP2 845 0.8 57

PP3 333 6 67

PP4 237 0.7 39

PP5 198 0.1 0.4

PP6 463 0.3 6

PP7 1100 0.3 36

PP8 812 0.5 35

PP9 423 4 72

PP10 1125 1 137

PP11 1087 0.9 103

PP12 1119 0.6 75
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In Table 4.2, PEDOT samples with higher thermoelectric parameters reported in the
literature are given for comparison. The samples in the Table 4.2 are not pristine,
i.e. they were reduced and/or solvent treated to increase their thermoelectric
properties. By comparing the tables, it can be seen that the Seebeck coefficients of
our PEDOT samples are quite high but their conductivity is very low according to
the literature. As a result, PF values of our pristine PEDOT:PSDA samples are lower
than those reported in the literature. For the additive-free PEDOT, the highest power
factor achieved so far is 469 pW / mK>.

Table 4.2 Thermoelectric parameters of the various PEDOT samples, reported in
the literature.

PF
S c

Sample (LV/K) | (S/cm) @ () S:I\é\"{)/ 2T AAE
PEDOT CIO4

doped 35 230 0.35 41 - [131]
hydrazin treated

PEDOT PFs

doped 34 312 0.22 60 - [131]
hydrazin treated

PEDOT 0.2
BTFMSI doped 42 708 0.19 147 (éT) [131]
hydrazin treated

PEDOT:Tos 0.25
TDAE trated ) ) 037 | 324 | ppy| 19
PEDOT:PSS
DMSO mixed, 73 880 8'3(1”) 469 ?RA.'FZ) [132]
EG post treated 31

PEDOT:PSS 0.00
(PH750) 13.5 570 0.34 104 | 92 [9]
DMSO 5% (RT)
PEDOT:PSS

(PH1000) 22.2 945 - 46.57 - [9]
DMSO 5%

PEDOT:PSS

(FET) 30.3 320 29.39 - [117]
DMSO 5%
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Figure 4.1 XPS survey spectra of PEDOT:PSSA

The peaks for the S 2p spectra can be fitted by two component peaks corresponding
tothe Sin PEDOT (centered at 165.2 eV and 163.8 eV) and another three component
peaks corresponding to the sulfur atom in PSSA (centered at 169.5 eV, 168.9 eV and
167.9 eV), respectively [133].
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Figure 4.2 FTIR of pristine PEDOT:PSSA (PP2)

The FTIR spectrum of PP2 was given in the Figure 4.2 The peaks around 1400, 1250
and), 836 cm-! were assigned as stretching vibrations of C=C, C-C and C-S of
thiophene ring of PEDOT, respectively [134]. The absorption band at 1630 cm-1 is
contributed by the C=C stretching of the phenyl side group of PSS and the quinoid
EDOT of PEDOT.

EHT = 10.00 kV WD = 6.0 mm Signal A = SE2 Mag = 20,00 KX

Figure 4.3 SEM image of PP2

The PP2 gives smooth and homogenous films as seen in the Figure 4.3 The films
were also transparent and blue color.
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4.2 PEDOT:PSSA/ZnS-PVOH Composites

In order to enhance the power factor of PEDOT, ZnS nanoparticles prepared in the
PVOH solution were introduced into the sample PP2 which has the highest power
factor synthesized at the earlier stage and the results were given in Table 4.3.
However, it was observed that the thermoelectric parameters of these composites
were not found high enough. The highest power factor was found as 287 uW/mK?
for the composite which has equi mass composition.

Table 4.3: Thermoelectric parameters measured at room temperature, of the
composites of ZnS at different weight ratios with PP2

PP2/ZnS-PVOH S (UVIK) o (S/cm PF (LW/mK?)
w/w

1/0 845 0.8 57

1/1 2821 0.6 287

1/1.5 140 0.6 1

1/2 230 0.6 3

1/2.5 20 10 0.6

1/3 18 1.3 0.04

1/3.5 -38 05 0.07

Inadequate power factors were also obtained for the composites of ZnS-PVOH with
PP7, PP8 and PP9 as can be seen from Tables 4.4-4.6. The power factors of the
composites were found lower than those of the corresponding pristine PEDOT:PSSA.

Table 4.4: Thermoelectric parameters measured at room temperature, of the
composites of ZnS at different weight ratio with PP7

PP7/ZnS-PVOH | S (UV/K) o (S/lcm) PF (MW/mK?2)
w/w

1/0 1100 0.3 36

1/0.2 870 0.1 8

1/0.5 1011 0.09 9

1/1 989 0.06 6

Table 4.5 Thermoelectric parameters measured at room temperature, of the
composites of ZnS at different weight ratio with PP8

PP8/ZnS-PVOH | S (LV/K) o (S/cm PF (UW/mK
w/w

1/0 812 0.5 35
1/0.2 611 0.3 13
1/0.5 853 0.1 9

1/1 463 0.08 2
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Table 4.6 Thermoelectric parameters measured at room temperature, of the
composites of ZnS at different weight ratio with PP9

PP9/ZnS-PVOH S (LV/K) o (S/cm PF (LW/mK
w/w
1/0 423 4 72
1/0.2 309 2 21
1/0.5 340 1 12
1/1 538 0.7 20

The power factors of the PEDOT:PSSA/ZnS-PVOH composites were found lower

compared to the literature data given in Table 4.7. It was concluded that ZnS does

not increase the power factor of PEDOT:PSSA.

Table 4.7 Thermoelectric parameters of the various PEDOT /inorganic hybrid
composites, reported in the literature

PEDOT
Sample

S

(WV/K) 6 (S/cm)

K
(W/mK)

PF
(LW/mK?2

)

ZT

Ref.

PEDOT:PSS(PH1
000)/p-Bi>Tes
10%HClI rinsing of
BixTes

149 59

131

[117]

PEDOT:PSS
(PH1000)/n-Bi,Tes
10%HClI rinsing of

BixTes

-125 58

91

[117]

PEDOT:PSS
(PH1000)/p-Bi,Tes
30% HClI rinsing of

BixTes

110 65

70

[117]

PEDOT:PSS
(PH1000)/n-Bi2Tes
30% HClI rinsing of

BizTes

60

40

[117]

PEDOT:PSS/Sh>Tes
composite

175 130-110

0.15
(300-
523K)

1.18
(523 K)

[135]

PEDOT:PSS/Te
nanocomposite

163.4+4 | 19.3+2.3

0.22-
0.30

70.9

0.1
(RT)

[116]

PEDOT:PSS/Te 80%
.vol
H2SO, treated

11497 | 214.86

0.22
estimatio
n

284

0.39
estimati
on

[136]

PEDOT:PSS/Te
composite
70% wt

26 650

0.197-
0.218

51.4

0.076
(292 K)

[137]

PEDOT:PSS/Cuy.75Te

220 -

84

[138]
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The XPS survey analysis of ZnS-PVOH synthesized in our laboratory was given in the
Figure 4.4 . The XPS spectrum of Zn2p represents the binding energies of Zn 2p3/2
at about 1022.0 eV and Zn 2p1/2 centered at 1045.1. The XPS results indicate the
ZnS was synthesized successfully since the binding energies of Zn2p electrons are

in agreement with literature [139].
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Figure 4.4 XPS survey spectra of-ZnS-PVOH synthesized
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Figure 4.5 FTIR absorption spectra. The ZnS-PVOH nanoparticle (diamond), and
bottom line (circle) belongs to pristine PEDOT:PSSA and their composites in the
ratio of PEDOT:PSSA/ZnS-PVOH are 1/1 (square), 1/1.5 (pentagram), 1/2 (star)

Figure 4.5 demonstrates the ambient temperature situation for the FTIR spectrum
of ZnS nanoparticles. The aforementioned spectrum represents the IR absorption
related to the different vibration modes. The detected characteristic main peaks for
ZnS were in an appropriate agreement with the reported results of the other

researchers (about 1124, 998, and 624 cm~1).

The detected peaks at 1550 cm~1-1750 cm-! are allocated to the C=0 stretching
modes, as well as the broad absorption peaks at 3100 cm~1-3600 cm~! refer to O-H
stretching modes coming from the absorption of water on the surface of
nanoparticles via -COOH cluster. The major IR bands of PEDOT are observed under

1550 cm~1[140].
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4.3 PEDOT:PSSA/Cu1sS composites

Since He et al. showed that the TE performances of CuxS (x = 1.97, 1.98, and 2) are
very high ZTs of 1.4-1.7 at 1000 K in 2014 [141]. The composites were prepared by
using PP10 and copper sulfide nanoparticles synthesized in ethylene glycol using a
method improved in our laboratory. The XRD spectrum of powder copper sulfide is
recorded in order to determine its phase structure. The pattern is given in the Figure
4.6. The phase structure of synthesized copper sulfide was identified as digenite

phase (Cu1.sS) according to the PDF#47-1748 card and Zhao’s report [142, 143].

Cu1sS has not attracted enough attention since it has a low Seebeck coefficient
(about 10 pV/K) [142] although it possess a band gap of 1.5 eV and a high electrical

conductivity.

Figure 4.6 XRD pattern of the Cu1.8S nanoparticles powders

Among these copper sulfides, digenite (Cu1.8S) is known as a steady phase and their
high ZTs are mainly attributed to the ultralow lattice thermal conductivities (0.3-0.5
W/mK) caused by the liquid-like copper ions [144]. When temperature of the

digenite rises over 364 K, the position of the Cu atom in the crystal structure changes
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from ordered states to confused states. The CuisS could be used as a p-type

semiconductor originated from the high mobility of copper ions in the lattice.

The thermoelectric parameters of PEDOT:PSSA/Cu1.8S composites were given in

Table 4.8. Their estimated figure-of-merits given in the Table 4.8 were calculated for

300 K by assuming as k=0.4 W/mkK.

It can be seen from the thermoelectric properties of the pristine PEDOT:PSSA
(PP10) in Table 4.1, its electrical conductivity is significantly low ( 1 S/cm) but
Seebeck coefficient is positive and significantly large (1125 pV/K) compared to
those of PEDOT:PSS reported in the literature, given in the Table 4.2. The reason for
the high Seebeck coefficients may be that the PEDOT is mildly oxidized with
hydrogen peroxide, resulting in a lower charge carrier concentration. It can be
concluded that the composites are p-type since their Seebeck coefficients are

positive.

The magnitude of PF indicates the efficiency of the sample as a thermoelectric
material. The results suggest that our three PEDOT:PSSA/Cu1.8S samples are a good
candidate to be useful thermoelectric materials since their power factors are higher
than 1000 pW/mK?. Compared with the Seebeck coefficients of the nanocomposites
given in Table 4.7, it is seen that Seebeck coefficients of nanocomposites containing
0.25 g of Cu1.8S per g PP10 is much higher than those of the nanocomposites in Table
4.7, which are reported up to now. Consequently, the composite containing 0.25 g of
Cu1.sS per g PP10 has the highest power factor reported up to now. This may also
be due to the high mobility of copper ions in the crystal structure of CuisS. In
addition, the ethylene glycol in the Cu1.8S nanoparticle dispersion may also behave
as a secondary dopant by extending the PEDOT chains. It is also possible that all of

these reasons work concurrently.
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Table 4.8 Thermoelectric parameters measured at room temperature, and power
factor (PF) calculated by means of PF= S20, and figure-of merit (ZT) estimated at
300 K by assuming as k=0.4 of PEDOT:PSSA (PP10) and its nanocomposites with

Cu1.sS synthesized in this study

PRIDISILES | S (uViK) | o (Slem) | PF (uwimka) | -Simated
1/0 1125 1 137 ~0.10
1/0.11 3900 038 1232 - 0.92
1/0.25 7000 05 2646 198
1/0.33 5000 038 2000 150
1/0.67 1000 09 93 0,07

In order to see the electronic transitions in the visible region, the UV-Vis. absorption
spectra of the aqueous dispersions of the pristine PEDOT:PSSA and its
nanocomposites were given in the Figure 4.7. The spectrum at the bottom (black
line) belongs to pristine PEDOT:PSSA and the others are ranked upward according
to the increasing amount of Cu1.sS. A broad absorption band between 600 nm and
900 nm originates from the p - p* transition of the polarons or bipolarons in the
samples. The absence of tailing at the pristine PEDOT:PSSA and nanocomposites low
amount of Cu1sS indicates that the charge carriers cannot move freely. The polaron
band becomes a free carrier tail by increasing amount of Cu1.sS dispersion including
ethylene glycol. This indicates that charge carriers can move freely in the chains
extended by ethylene glycol. This is in agreement with the electrical conductivity

data given in the Table 4.8.
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Figure 4.7 UV absorption spectra of the PEDOT:PSSA and its nanocomposites. The
curves are shifted artificially. (The bottom line (square) belongs to pristine
PEDOT:PSSA and upward lines belong to the PEDOT:PSSA/Cu1.8S
nanocomposites in the following ratios: 1/0.11 (circle), 1/0.25 (triangle),
1/0.33 (diamond), 1/0.67 (star), respectively)

As seen in Figure 4.8, the morphology of the synthesized dignity nanoparticles can
be described as a mixture of nanosized cubic and spherulitic particles although they
are not monodisperse. It can be assumed that the nanoparticles do not contain
oxidized copper compounds because they are synthesized in an anhydrous and
nitrogen atmosphere. The synthesized Cui1sS nanoparticles were used as
dispersions in ethylene glycol without purification in preparation of their
nanocomposites with PEDOT:PSSA. Figures 4.9, 4.10 and 4.11 show the morphology
of PEDOT:PSSA/Cu1.8S nanocomposites.
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Figure 4.8 SEM image of synthesized Cu1.sS nanoparticles dispersed in ethylene
glycol

200 nm
|_| EHT = 10.00 kV WD = 7.5mm Signal A = SE2 Mag= 5000 KX

Figure 4.9 SEM images of composite of PEDOT:PSSA / Cul.8S (1:0.25)
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EHT=10.00kV ~WD= 7.5mm  Signal A= SE2 Mag = 10.00 K X
Figure 4.10 SEM images of composite of PEDOT:PSSA / Cu1.8S (1:0.33)

EHT=10.00kV  WD= 7.5mm Signal A = SE2 Mag= 20.00K X
Figure 4.11 SEM images of composite of PEDOT:PSSA / Cul.8S (1:0.66)
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4.4 PEDOT:PSSA/TiS: composites

Later, in order to prepare n-type thermoelectric material, PEDOT:PSSA/TiS2
composites were studied. PEDOT:PSSA (PP11) which displays p-type conductivity
with considerably large Seebeck coefficient. The TiS2 used was purchased from the
market i.e. it was not synthesized in our laboratory. The PF of 103 yW/mK? was
found for pristine PEDOT:PSSA. However, TiS2 is n-type material with large S (-250
uV/K and high conductivity (580 S/cm) in agreement with the reported values in
the literature [145].

In the Table 4.9, the thermoelectric parameters of the composites prepared using
the TiS2 as received were given. The values of Seebeck coefficient (with positive
sign) and o increased at lower concentrations and PF reached to 461 pW/mK? with
increase of TiS2. The composites maintained the p-type conductivity up to TiS2
concentration reached to 1.8 per gram of PP11. The sign of S changed to negative at
this concentration indicating the conversion of n-type conductivity. S of -2400

uW/m K? was measured without a significant decrease in electrical conductivity.

Power factor of 305 pW/mK? was calculated at this concentration. The change of
the sign of the S is a common phenomenon with the change of the proportion of two
components of the composites (Table 4.9). As TiSz amount increase, the composites

maintained the n-type conductivity although absolute values of the S decreased.

Table 4.9. Thermoelectric parameters measured at room temperature, power
factors (PF) calculated and figure-of-merits (ZT) estimated at 300 K by assuming
as k=0.4 yW/mK of PEDOT:PSSA (PP10) and its nanocomposites with TiS2 as
received. k~ 6.8 W/mK was used in the estimation of ZT for TiS2 tablet

PP11/TiS: Seebeck Electric Power factor ZT

wiw coefficient conductivity | PF (WW/mK?2) | estimated
(LV/K) ¢ (S/cm)lP] at 300 K [0

1/0 1087 0.87 103 0.08

1/0.05 1200 3.2 461 0.34

1/0.11 220 18 87 0.065

1/0.18 1000 0.7 70 0.05

1/0.25 -2400 0.53 305 0.23
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Table4. 9. Thermoelectric parameters measured at room temperature, power
factors (PF) calculated and figure-of-merits (ZT) estimated at 300 K by assuming
as k=0.4 yW/mK of PEDOT:PSSA (PP10) and its nanocomposites with TiSz as
received. k~ 6.8 W/mK was used in the estimation of ZT for TiSz tablet

(continued)
1/0.33 -467 3 65 0.05
1/0.43 -630 3 119 0.09
0/1 (tablet) -250 580 3625 0.16

Using another batch of the PEDOT:PSSA, the composite samples were ultra-
sonicated for 30 minutes in an ice bath in in order to homogenize them. The results
of the thin films of the ultra-sonicated composites were given in Table 4.10. The S of
+2400 uV/K was measured for the pristine PEDOT:PSSA. Its ZT value was estimated
as 0.26 by assuming the thermal conductivity is 0.4 W/mK which is a mean value of

the measured « values for PEDOT:PSSA in the literature [145].

The S of + 2300 pV/K was measured for the composite containing 0.05 TiS2 per
PEDOT:PSSA. The sign of S turns negative when the concentration of TiS2 becomes
0.11 TiS2 per PEDOT:PSSA Then, both S and o increase as TiSz increase. The
maximum S of -1080 was measured when the TiS2 concentration reaches to 0.25
TiS2 per PEDOT:PSSA. The highest PF of 1516 (uW/mK?) was calculated for the
composite containing TiS2 in the composite containing 0.25 TiS2 per PEDOT: PSSA.
The highest ZT of 1.14 was estimated for this composite by assuming k equals to 0.4
W/mK.

The highest ZT achieved in this study is higher than that of Bi2Tes (0.97), which is
the most efficient state-of-the art inorganic thermoelectric material at ambient
conditions. The ¢ values of the composites continues to increase but S starts to
decrease when the concentration of TiS:z is continued to increase. It seems that the
optimum concentration of TiS2 should be 0.25 TiS2 per PEDOT:PSSA for the
maximum performance. The PF of 1516 is the highest value reported up to date for
the n-type materials [146]. Itis noteworthy to say that values of S and ¢ do not

change for one month.
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Table 4.10. Thermoelectric parameters measured at room temperature, power
factors (PF) calculated and figure-of-merits (ZT) estimated at 300 K by assuming

PP11/TiS2 Seebeck Electric Power factor ZT

wiw coefficient conductivity | PF (WW/mK?) | estimated
(LV/K) 6 (S/cm)! at 300 K [b!

1/0 2400 0.6 346 0.26

1/0.05 2300 0.7 370 0.28

1/0.11 -296 1.0 9 0.007

1/0.18 -312 1.5 15 0.011

1/0.25 -1080 13 1516 1.14

1/0.43 -380 16 231 0.17

1/0.67 -294 23 199 0.15

1/1 -286 28 229 0.17

1/1.5 -345 34 405 0.30

1/2.3 -280 4.3 34 0.025

1/4 -243 6 35 0.027

as k=0.4 yW/mK of PEDOT:PSSA (PP11) and its nanocomposites with TiS2

sonicated.
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Figure 4.12 X- ray powder diffraction patterns of TiS2z as-received (the red line)
and its composite with PEDOT:PSSA (blue line)

X-ray diffraction (XRD) spectra of the TiS2 powder as-received is shown in Figure.
4.12 together with its PEDOT:PSSA composite . The peaks at 15.640, 31.490, 34.260,
44.180, 47.960, 53.850, 57.740, 65.540, 72.100 for TiSz correspond to the planes
<001>, < 011>, <012>, <003>, <110>, <111>, <103>, <104>, <022> [147] which
agrees with the previous reported results [148].These diffraction peaks can be
coefficiented in the hexagonal TiS2 phase (Space Group, S.G. P-3m1). It can be seen
in Figure 4.12 that no diffraction peak is appeared belonging to the PEDOT:PSSA in
the composite. It can be seen also that TiS2 does not include any impurity in

crystalline state.
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Figure 4.13 FTIR spectra of TiSz as-received (the blue line), PEDOT:PSSA (redline)
and the composite (orange line)

The FTIR spectra of PEDOT:PSSA, TiS2 and their composite are given in the Figure
4.13. The bands of the PEDOT:PSSA are as follows: 1650, 1465, 1355, 1231, 1124,
832 cml. The broad band centered at 1650 cm-! was assigned as the C=C stretching
of quinoid EDOT ring. The weak peaks appearing at around 1465 cm-! and 1355 cm-
1 are assigned to asymmetric stretching mode of C=C and inter-ring stretching
vibration of C-C of the EDOT ring, respectively [149]. The bands at around 1231,
1124 cm-1 can be attributed to the C-O-C bending vibration of ethylene dioxy group
of the EDOT. The bands at 832 cm! and 664 cm'! are stretching vibrations of C-S-C
group in the thiophene group. It can be seen in the FTIR spectrum of the composite
that the C=C stretching band was blue shifted from 1650 to 1780 cm-1. This can be
attributed to the increase of effective m-electron delocation due to linear

conformation of the quinoid EDOT [150]. It can be speculated that PEDOT chains
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becomes more linear by intercalation into van der Waals gap between the S-Ti-S

layers of TiSa.
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Figure 4.14 XPS survey scan of titanium sulfide as received

We performed x-ray photoelectron spectroscopy (XPS) measurements for the TiS2
as received and was given in the Figure 4.14 The binding energies at 160.6 eV and
161.8 eV correspond to S2p3/2 and 169.0 eV corresponds to S2p1/2 of TiSz. It is in

agreement with literature [151].
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Figure 4.15 XPS survey spectra of the composite of TiS2 and PEDOT:PSSA

We performed x-ray photoelectron spectroscopy (XPS) measurements for the
composite Figure.4.15 The binding energy values were determined by the curve
fitting method from the raw data. The peaks for the S2p spectra can be fitted by two
component peaks corresponding to the sulfur atom in PEDOT (centered at 165.0 eV
and 163.8 eV) and the three component peaks corresponding to the sulfur atom in
PSS centered at 169.9 eV and 169.1 eV and 168.1 eV) [152] and the two component
peaks corresponding to the sulfur atom in TiS2 (162.2 eV and 160.8 eV). The two
non-equivalent states with different binding energies of sulfur S2p spectra is shifted
toward higher energies compared to values given compared to that of TiSz as
received. This shift may be caused by a change of the TiS2z bond angle due to
intercalation of positively charged PEDOT molecules between the interlayered

sections of TiSaz.

The layered structure of TiS:z as received can be seen clearly in the Figure.4.16 It can
be stated that the deviations of S and & values of the composites might be resulted
from the anisotropic structure of TiS2. We used ultrasonic homogenizer to break
down titanium sulfide as received in order to obtain a smaller size within the

nanometer range.
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Then it is possible to know the size of the titanium sulfide particles and the surface
condition of the film after cracking using ultrasonic homogenizer, through the SEM
images [133], given in the Figures 16-18. Figure 4.19 represents a composite
polymer film with titanium sulfide, which shows that the polymer completely
covered the titanium sulfide molecules after their homogenization, and therefore we

could not know their exact size.
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Figure 4.17 SEM image of the TiS2 sonicated
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Figure 4.18 SEM image of the TiSz as sonicated

EHT = 7.00 kV Signal A = SE1 Date :8 Apr 2019
WD = 8.5 mm Photo No. = 1700 Time :11:12:34

Figure 4.19 SEM image of the PEDOT:PSS/TiS2 composite sonicated
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4.5 PEDOT:PSSA/TiSz/CS2C03 composites

Finally, it was tried to increase the power factor of the TiS2z composites by
introducing another basic n-type inorganic material, Cs2CO3. The samples were
prepared by ultrasonication of PP12, TiS2 and Cs2COs3 in water. However, it was not
possible to obtain smooth and homogeneous films with this ternary composite. The
results were given in Table 4.11. It can be seen from Table 4.11, the PP12 turns to
n-type material by introduction of Csz2CO3 and TiS2. However, the magnitudes of
Seebeck coefficient and conductivity of the samples are not high enough. It was
concluded that the ternary composites of PEDOT:PSSA, TiS2 and Cs2C03 are not
promising thermoelectric materials probably because of the immiscibility of the

components.

Table 4.11 Thermoelectric parameters measured at room temperature, of the
composites of Cs2C03-TiSz at different weight ratio with PP12

PP12/Cs,COs/TiS, | Seebeck Electric Power factor
coefficient Conductivity ¢ PF (MW/mK?)
S (UWV/K) (S/cm)

1/0/0 1119 0.6 75

1/0.14/0.3 1062 1 135

1/0.3/0.3 -553 2 55

1/0.2/0.8 -433 2 43

1/0.5/1 --312 2 23
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Figure. 4.20 XPS survey scan of cesium carbonate
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Figure.4.21 XPS survey scan of PEDOT:PSSA/TiS2-Cs2C03 composite

We performed x-ray photoelectron spectroscopy (XPS) measurements for cesium
carbonate as received and PEDOT:PSSA/titanium sulfur/cesium carbonate
composite. In the Figures 4.20 and 4.21, the binding energies of Cs3d electrons are
found as 723.5 and 737.5 eV in both pristine cesium carbonate and in the composite.
It can be stated that cesium did not undergo any structural change in the composite.
Figure 4.22 shows the binding energy of S2p spectra in the composite. The peaks
for the S2p electrons can be fitted by two component peaks corresponding to the S
in the PEDOT (centered at 164.4 eV and 163.6 eV). The peak for the S2p electrons
can be assigned as S in the TiSz (centered at 162.8 eV). The three component peaks
responding to the S in PSSA (centered at 169.5 eV, 168.3 eV and 167.4 eV [133]. It
seems that the binding energies of the S2p electrons in the PEDOT and PSSA
decrease but the binding energy of the 2p electrons of TiSz increase. The decrease
the binding energy of S2p electrons of PEDOT and PSS can be attributed to the
cohesive energies between the components decreased in the ternary component
compared to the binary component. The increase of the binding energy of S2p

electrons of TiSz can be attributed to the increase of the cohesive energy between
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the S atoms in the TiSz in the ternary composite compared to that of its binary
component. These XPS analysis suggest that the layers of TiS2 became closer by

decreasing their interlayer gaps.
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Figure 4.22 XPS survey scan of PEDOT:PSSA/TiS2-CsCO3

Figure 4.23 show he SEM morphology of the pristine PEDOT:PSSA and, then the
Figures 4.24, 4.25 and 4.26 show morphology of ternary composite whereas
respective distributions of the elements in the polymer C (4.24, present in the
PEDOT:PSSA), O (4.25, represents the oxygen content of the compound) and S (,
Shows the ratio of sulfur in the compound measured by EDAX. It seems that the

homogeneity of the elements is good in the scale of micro-size [153].
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Figure 4.23. SEM image of PEDOT:PSSA

Figure 4.24 The percentage of carbon in the PEDOT:PSSA
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Figure 4.25 The percentage of oxygen in the PEDOT:PSSA

Figure 4.26 The percentage of sulfur in the PEDOT:PSSA
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Figure 4.27 EDAX analysis of the PEDOT:PSSA

Figure 4.27 shows quantitative analysis by EDAX indicating with C loadings of 30.7
wt.%, 0 24.82 wt.% and S loadings of 10.93 wt.% as against the desired loadings of
the total amount from PEDOT:PSSA [153].

Figure 4.28 SEM image of the composite PEDOT:PSSA/ Cs2C0s3 /TiSz= 1/0.14/0.3

Figure 4.28 shows the SEM morphology of the composite PEDOT:PSSAA/TiS2-CsCO3
and then the Figures 4.29, 4.30, 4.31, 4.32, 4.33 and 4.34 show
PEDOT:PSSA/Cs2C03/TiS2=1/0.14/0.3.

The respective distributions of the elements in the composite is given in the Figure

4.29 (with back-content), and the distribution the elements C, O, S, Cs and Ti are
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given in the Figures 4.30, 4.31, 4.32, 4.33 and 4.34, respectively. It is clear that the
homogeneity of the elements is not good among themselves within the composition

of the compound and this may be due to the accuracy in preparing the sample [153].

Figure 4.35 shows quantitative analysis by EDAX indicates C loadings of 7.89 wt.%,
0 28.62 wt.%, S loadings of 20.82 wt.%, Cs loadings of 27.5 wt.% and Ti loadings of
15.42 wt.%, as against the desired loadings of the total amount from

PEDOT:PSSAcomposite-1 [153].

4% CK

2% 0K

42% SK

13% Csl

19% TiK

Figure 4.29 EDAX image of respective distributions of the elements of

the composite PEDOT:PSSA/ Cs2C03 /TiS2= 1/0.14/0.3
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Figure 4.30 Percentage of carbon in the composite PEDOT:PSSA/ Cs2C03 /TiSz2=
1/0.14/0.3

Figure 4.31 Percentage of oxygen in the composite PEDOT:PSSA/ Cs2C03 /TiS2=
1/0.14/0.3
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Figure 4.32 Percentage of sulfur in the composite PEDOT:PSSA/ Cs2C03 /TiSz2=
1/0.14/0.3

Figure 4.33 Percentage of cesium in the composite PEDOT:PSSA/ Cs2C03 /TiS2=
1/0.14/0.3
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Figure 4.34 Percentage of titanium in the composite PEDOT:PSSA/ Cs2C03 /TiS2=

1/0.14/0.3
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Figure 4.35 EDAX analysis of the composite PEDOT:PSSA/ Cs2C03 /TiS2=
1/0.14/0.3
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4.6 Conclusions

1. PEDOT:PSSA synthesized in this study has the highest positive Seebeck
coefficient reported so far in the literature for the pristine PEDOT.

2. The thermoelectric properties of the PEDOT:PSSA/ZnS-PVOH are not high
enough.

3. Cul.8S nanoparticles can be readily synthesized by the reaction of copper (I)
chloride and thiourea in ethylene glycol as described in this work.

4. The nanocomposite containing 20% Cu1.8S and % 80 PEDOT:PSSA has the largest
Seebeck coefficient (i.e., 7000 pV/K) and highest power factor (i.e. 2646
uW/mK?2) reported so far for conducting polymer composites in the literature.

5. Since PEDOT:PSSA and Cu1sS are abundant and nontoxic materials, PEDOT
containing 20 % Cuu1sS is suitable thermoelectric material to fabricate cheap,
environment friendly and efficient thermoelectric devices.

6. High performance and stable n-type polymer based thermoelectric materials can
be simply prepared by introduction of TiSz into the PEDOT:PSSA dispersions. The
maximum PF of 1516 pW m-1 K-2 was obtained for the composite containing 20
% of TiS2. To the best of our knowledge, this is the highest PF reported at room
temperature so far in the literature. Also its estimated ZT value is higher than that
of Bi2Tes which has the highest performance (ZT=0.96) TE material used in
commercial modules. Therefore, TiS2/PEDOT:PSSA composites can be used to
fabricate safer, cheaper, flexible, stable and efficient polymeric TE modules.

7. The thermoelectric properties of the PEDOT:PSSA/TiS2/Cs2C03 are not high

enough probably because of the immiscibility of its components .
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