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Abstract 

As the ability of recycling waste-heat to electricity, conducting polymers have 

great interests for thermoelectric applications. On the other hand, thermoelectric 

performance of conducting polymers is lower in comparison with inorganic 

thermoelectric materials and is still needed to improve before broad applications in 

thermoelectric devices. Among the conducting polymers, poly (3,4-

ethylenedioxythiophene): poly (4-styrenesulfonic acid) (PEDOT:PSS) has become 

extensive attention due to its high electrical conductivity, stability, processability and 

flexibility. Addition of polar solvents such as ethylene glycol, dimethylsulfoxide, 

dimethyl formamide to PEDOT:PSS can enhance the electrical conductivity of this 

material owing to the realignment of polymer chain. Furthermore, post-treatment of 

PEDOT:PSS with various mineral acids can also increase the electrical conductivity, 

resulting in high thermoelectric power factor.  

Another material of interest is poly (3-hexylthiophene) (P3HT) which has very 

low electrical conductivity due to less amount of carrier in it. Doping with 2,3,5,6- 

tetrafluoro- 7,7,8,8- tetracyanoquinodimethane (F4TCNQ) to P3HT and making 

organic/inorganic hybrid composite with CNT yarn becomes a possible solution to 

simultaneously improve both electrical conductivity and Seebeck coefficient of this 

material. Owing to its narrow band gap energy and high charge carrier mobility, carbon 
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nanotube (CNT) yarn emerges as potential material to make composite with conducting 

polymers. 

In this thesis, N2 pressure-induced nitric acid treatment of PEDOT:PSS and 

doping of CNT yarn with P3HT and F4TCNQ are discussed to optimize their 

thermoelectric power factor. For PEDOT:PSS, N2 pressure-induced nitric acid treatment 

was used to simultaneously improve the electrical conductivity and Seebeck coefficient. 

Upon this treatment, PEDOT:PSS changes from semiconductor to metal-like behavior 

and simultaneously enhances the electrical conductivity and Seebeck coefficient, 

resulting in an increase in thermoelectric power factor from 0.08 to 121 µWm
-1

K
-2

 at 

150°C. This is due to the conformational change of PEDOT and the removal of 

insulating extra PSS. In order to highlight the effect of N2 gas pressure on the 

improvement of thermoelectric properties of PEDOT:PSS, it was treated with the same 

procedure of HNO3 treatment and then dried in the vacuum chamber, immersion in 

deionized (DI) water or N2 gas passing. Among them, the optimum thermoelectric 

properties were obtained after N2 gas passing. 

Other acids such as sulfuric acid (H2SO4) and hydrochloric acid (HCl) were also 

used to investigate the influence of the pressure of nitrogen (N2) gas on the structure and 

thermoelectric properties of acid treated PEDOT:PSS. As a result, the improvement of 

electrical conductivity was also related to the pressure of N2 gas passing. Therefore, the 

two reasons for the conformation of PEDOT are the removal of insulating PSS by acid 

treatments and the pressure of N2 gas. Acid treatment plays a major role in the removal 

of the insulating PSS, resulting in the conformation of PEDOT while the pressure of N2 

gas is mainly responsible for the additional conformation of polymer favoring the linear 

orientation of the structure. Therefore, mechanical forces such as the pressure of N2 gas 

can influence the structure of acid-treated PEDOT:PSS regardless of the types of acids.  
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For P3HT, we propose a novel technique herein, doping of P3HT with CNT yarn 

after Joule annealing in the vacuum chamber. Joule annealing can heal the structural 

defects and remove the amorphous carbon on the surface of the CNT yarn which also 

facilitates the doping with P3HT and F4TCNQ. In addition, Seebeck coefficient 

significantly improved due to the Joule annealing and electrical conductivity 

significantly improved due to the doping with F4TCNQ. After doping CNT yarn with 

P3HT alone, it showed semiconductor behavior. After doping with both P3HT and 

F4TCNQ, it showed metal-like nature owing to the formation of dopant-linked semi-

crystalline polymer. 

In addition, thermoelectric performance of acids treated PEDOT:PSS films at an 

elevated temperature are also discussed in this thesis and it is worth studying so that we 

can broaden the applications of acids treated PEDOT:PSS films at various temperatures. 

For CNT yarn/P3HT/F4TCNQ composite, Joule annealing of CNT yarn favors the 

enhancement of Seebeck coefficient while p-type doping is responsible for the 

improvement of electrical conductivity. Therefore, combination of joule annealing and 

doping can pave a way to enhance the thermoelectric performance of carbon based 

materials. Finally, the effort of this research will greatly contribute in the practical 

applications for low temperature energy harvesting.  
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CHAPTER 1 

Introduction 

1.1 Preface 

The global energy demand is increasing very fast year by year owing to the 

continuous industrialization and population growth. Currently, world depends primarily 

on fossil fuels to fulfill the energy requirements. However, more than half of the fossil 

fuels combusted and dissipated as waste-heat into the atmosphere and on the other hand, 

the environmental problems resulted by the combustion of fossil fuels become a critical 

issue. Therefore, the only way to fulfill the global energy demand is to harvest the 

energy from the sustainable energy sources. Thermoelectric (TE) generators can convert 

directly heat into electricity through the Seebeck’s effect without producing any 

polluting matter into the environment. Thermoelectric materials have attracted great 

attention as an environmentally friendly material to restore energy from low-grade 

industrial waste-heat or natural heat [1-6].
  

Inorganic semiconductors or alloy materials such as SiGe, PbTe, Bi2Te3, GeTe 

and clathrates have been using as thermoelectric materials since a long time ago. 

However, these materials have some limitations such as high density, low flexibility, 

rigidity, bulkiness, and high toxicity. These characteristics restrict the use of such 

inorganic materials for energy harvesting because many heat sources including human 

body do not usually have flat surfaces. Therefore, the demand for flexible and 

lightweight organic materials for TE applications has become crucial [7-11].
  

There are various conjugated polymers, polyacetylenes (PAC), poly p-phenylene 

vinylene (PPV), poly pyrroles (PPY), poly anilines (PANI), poly thiophenes (PT) and 

poly 3,4-ethylenedioxythiophene (PEDOT), which have broad potentials for 

thermoelectric applications [12-14].
 

Moreover, the electrical conductivity of the 

conjugated polymers still needs to improve for thermoelectric applications. Research 
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groups are approaching to optimize thermoelectric performance based on two main 

strategies: (1) improving the power factor by energy filtering, secondary doping, 

texturing and post-treatment with acids and polar solvents and, (2) reducing the thermal 

conductivity through heterostructuring, nanostructuring, strain and defect scattering 

[6,15].
  

 

1.2 Purpose of the Thesis 

 Many research groups have been reporting various techniques to improve the 

thermoelectric performance of the conjugated polymers. It was shown that the post-

treatment with polar solvents such as ethylene glycol (EG), dimethylsulfoxide (DMSO), 

N, N-dimethyl formamide (DMF) and some acids to PEDOT:PSS films significantly 

improve the electrical conductivity.  

 The main purpose of this thesis is to simultaneously improve the thermoelectric 

properties of conducting polymers (PEDOT:PSS and P3HT) towards high performance 

applications. To study how the pressure of N2 gas influences on the thermoelectric 

properties and the structure of PEDOT:PSS is also an important part of this thesis. In 

addition, Joule annealing of CNT yarn and doping with p-type polymers is one of the 

innovations in this thesis to enhance the electrical conductivity and Seebeck coefficient 

simultaneously.  

 

1.3 Organization of the Thesis 

The chapter contents of this thesis are briefly described as follows; 

Chapter 1 includes preface and brief description of the purposes and organization of 

thesis. 

Chapter 2 reviews on the research background of thermoelectricity, conducting 

(conjugated) polymers: PEDOT:PSS and P3HT, and carbon nanotube (CNT) yarn. 
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Chapter 3 describes the enhancement of thermoelectric properties of PEDOT:PSS by 

N2 pressure-induced nitric acid (HNO3) treatment. HNO3 treatment of PEDOT:PSS 

films followed by vacuum dry and immersion in deionized (DI) water are also explained 

comparatively. 

Chapter 4 presents the influence of pressure of nitrogen (N2) gas on structure and 

thermoelectric properties of acids-treated PEDOT:PSS films using various acids as well 

as various pressures of N2 gas. 

Chapter 5 establishes the enhancement of thermoelectric properties of P3HT/CNT yarn 

composite via Joule annealing and doping with p-type molecular dopant. 

Chapter 6 incorporates the summary of whole research works. 
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CHAPTER 2 

Research Background 

2.1. Thermoelectricity 

The performance of the thermoelectric materials is determined by dimensionless 

figure of merit, ZT.  

                                          ZT = 
   

 
              (2.1) 

where, S is the Seebeck coefficient, σ is the electrical conductivity, k is the thermal 

conductivity and T is the absolute temperature. According to the definition of ZT, a 

higher electrical conductivity, a higher Seebeck coefficient and a lower thermal 

conductivity contribute a greater ZT [16-19].
 
Power factor, S

2
σ is occasionally used as 

alternative way instead of ZT to estimate the thermoelectric performance when the 

thermal conductivity of the materials is significantly low among the comparable 

materials [20-21].
 
Seebeck coefficient is defined by  

           
     

 

    
   (

 

  
)
   

           (2.2) 

where, kB is the Boltzmann constant, e is the electron charge, h is the Plank’s constant, 

m
*
 is the effective mass and n is the carrier concentration. Thus, Seebeck coefficient 

relates to the carrier concentration and decreases with increasing carrier concentration. 

However, electrical conductivity is given by 

                              (2.3) 

where, µ is the carrier mobility. Electrical conductivity increases with increasing carrier 

concentration and carrier mobility [21]. Thermal conductivity, k comprises a lattice 

contribution, kl and an electronic contribution, ke, i.e; k=kl+ke. According to the 

Wiedemann-Franz law,  

                               (2.4) 
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where L is the Lorentz constant. The electronic contribution, ke increases with 

increasing carrier concentration because charge carrier also carries heat. But for 

semiconductors, the lattice or phonon contribution, kl is more important [22-23].
 
 

 Thermoelectric power results primarily from two physical effects; Seebeck effect, the 

potential differences created per degree of temperature gradient across the material, and 

Peltier effect, the temperature differences produce current when passing through the hot 

side to the cold side [24]. A simple thermoelectric generator (TEG) works based on p-n 

junction through Seebeck effect as shown in Figure 2.1. When one end of the 

thermoelectric materials is heated, electrons or holes move away from the hot end to the 

cold end, by this way electricity is generated. The power conversion efficiency is given 

by  

                                           (2.5) 

where, Pout  is the power generated by the device, η is the maximum efficiency of the 

device and Qin is the amount of heat which passes through the device. On the other 

hand, the efficiency of the device primarily depends on the temperature difference, 

∆T=Th-Tc and relates to the Carnot limit, ηc=∆T/ Th. Therefore, the efficiency of the 

thermoelectric generator in terms of the Carnot efficiency is  

              
√      

√      
            (2.6) 

Therefore, according to the equation (2.6) the maximum efficiency depends on both the 

Carnot efficiency, ηc and the figure of merit, ZT [13, 25]. In general, metals as well as 

heavily doped semiconductors that typically have half-filled bands can have high 

electrical conductivities, but the Seebeck coefficients are usually low. Additionally, the 

resulting thermoelectric performance is also low due to high thermal conductivity. 

Therefore, the research for the combination of organic and inorganic thermoelectric 

materials to achieve the high thermoelectric performance has accelerated in recent year.  
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Figure 2.1: Simple thermoelectric module: (a) Seebeck effect and (b) Peltier effect. 

 

Among them, some of the potential candidates for the combination of organic and 

inorganic hybrid materials are conjugated polymers and carbon nanomaterials [26]. 

 

2.2. Conducting (conjugated) polymers 

Most organic polymers have been long realized as insulators and are usually used in 

electronic devices to coat and insulate it. However, there are three types of 

semiconducting polymers that have been developed. They are electro-conducting 

polymers, proton-conducting polymers and ion-conducting polymers. The electrical 

conductivity of these polymers is due to the presence of alternating single and double 

bonds (π- π interaction) along the polymer backbone, called conjugated bonds which are 

composed of aromatic rings connected to each other via carbon-carbon single bonds 

[27]. Neutral or undoped conjugated polymers have electrical conductivity close to 

insulators, it becomes conductive, sometimes like metals while its oxidized or doped 
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n 

state. There are two possible ways to improve the doping level of a conjugated polymer 

for conducting, electrochemical doping and chemical doping [28]. 

  

2.2.1. Various Kinds of Conducting Polymers 

 There are various types of conducting polymers that can be used for thermoelectric 

application. Among them, some typical conducting polymers such as poly acetylene 

(PAC), poly p-phenylene vinylene (PPV), poly pyrroles (PPY), poly aniline (PANI), 

poly thiophene (PT), poly 3,4-ethylenedioxythiophene (PEDOT) and poly phenylene  

 

Table 2.1: Chemical structures of some typical conducting polymers. 

Names    Polymer structures 

Poly 

acetylene(PAC) 

 

 

Poly p-phenylene  

vinylene (PPV) 

 

 

Poly pyrroles  

(PPY)  

 

 

 

Poly aniline  

(PANI) 

 

 

Poly thiophene 

(PT) 

 

 

 

Poly 3,4-ethylene 

dioxylthiophene 

(PEDOT) 

 

 

Poly phenylene 

sulfide (PPS) 

 

 

n 

n 

n y 1-y 

n 

n 

n 
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sulfide (PPS) have been well-known for electronic applications. Chemical structures of 

these conductive polymers are listed in Table (2.1) [29-32]. 

 

2.2.2. Mechanism of Conduction in Conducting Polymers 

In general, conducting polymers include electronically conducting polymers and 

ionically conducting polymers. Ionically conducting polymers are usually called 

polymer electrolytes. Electronically conducting polymers include conjugated 

conducting polymers and the insulating polymers blending with conducting materials 

[33]. A distinct characteristic of conducting polymers is the presence of conjugated 

double bonds in their backbone. Conjugated polymers become conducting polymers 

after doping. The atoms along backbone contain single and double bonds alternatively 

and both involved in strongly localized σ-bonds while double bonds consisting of 

weakly localized π-bonds. The p-orbitals in the π-bond overlap each other, accepting the 

electrons to be more easily delocalized and move freely between the atoms. A simple 

schematic diagram of conjugated backbone is shown in Figure (2.2). During doping, the  

 

 

 

 

 

 

 

 

 

Figure 2.2: Schematic diagram of conjugated backbone of polymer, containing alternate 

single and double bond. 
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neutral polymer chain oxidized or reduced to either positively or negatively charges, 

resulting in a highly conducting state of the polymer. The properties of the conductive 

polymer depend on the type and molecular size of the dopants. Therefore, polaron 

length, chain length, charge transfer to adjacent molecules and conjugation length can 

affect the doping process. The presence of dopant molecules in the polymer causes the 

backbone stabilized and the charge neutralized. Dopants play as charge carriers and 

introduce charge transfer from dopant molecules to polymer chain, relocalizing as 

polarons (molecular chain containing one positive charge in a conjugated system) or 

bipolarons (molecular chain containing two positive charge in a conjugated system) in 

the chain. Generally, conducting polymers can be doped into two ways: p-doping and n-

doping. In p-doping, polymer is oxidized and will have positive charge whereas in n-

doping, polymer is reduced and will possess negative charge[34-35]. 

 

2.2.3. Poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate) ( PEDOT:PSS) 

 Poly (3,4-ethylenedioxythiophene) (PEDOT), derivative of polythiophene, is the 

most popular TE polymer due to high thermoelectric properties at its doped state. 

Nevertheless, as-prepared PEDOT:PSS has low thermoelectric properties with the 

electrical conductivity ˂1 Scm
-1

 and Seebeck coefficient of 15 µVK
-1

 [36], which are 

related to the excess PSS that is needed to stabilize PEDOT:PSS in water. PEDOT:PSS 

consists of grains with a hydrophobic conducting PEDOT-rich core and a hydrophilic 

insulating PSS-rich shell [37]. Generally, a high concentration of PSS is used for stable 

dispersion of PEDOT:PSS and such PSS worsen the electrical conductivity [38]. 

Therefore, selective removal of insulating PSS is one of the methods to enhance 

electrical conductivity of PEDOT:PSS [39]. Using secondary dopants with high 

dielectric constant such as dimethyl sulfoxide (DMSO), ethylene glycol (EG), N,N-

dimethyl formamide (DMF) and tetrahydrofurun (THF) become promising methods to  
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Figure 2.3: Benzoid (coiled) and quinoid (linear) structure of PEDOT:PSS. 

 

remove insulting PSS in PEDOT:PSS dispersion [40].
 
Post-treatment of PEDOT:PSS 

with various acids are also the effective routes for the removal of insulating PSS [41-44]. 

During the secondary doping and post-treatment, the coulombic interaction between the 

positively charged PEDOT and negatively charged PSS chains are reduced through 

screening effect of acids and dopants, which in turn enable the removal of non-

conductive PSS and led to a three-dimensional conjugated network of highly conjugated 

PEDOT [40]. Moreover, the improvement in conductivity of PEDOT:PSS is due to the 

change of the polymer structure from coiled (benzoid) to linear (quinoid) structure 

resulted in the removal of PSS [36, 45-46].
 
The change from benzoid to quinoid 

structures are illustrated in Figure (2.3). 

 

2.2.4. Poly (3-hexylthiophene) (P3HT) 

 Poly (3-hexylthiophene) (P3HT) (Figure 2.4 (a)) has been widely used in the 

fabrication of optoelectronic devices due to its excellent electrical properties, 

appropriate energy gap, doping reversibility and easy processability [40]. However, 

owing to the very low electrical conductivity of P3HT (≈10
-7

 Scm
-1

) [47], molecular 

dopant such as 2, 3, 5, 6-tetrafluoro-7, 7, 8, 8-tetracyanoquinodimethane (F4TCNQ) 

(Figure 2.4 (b)) has been used as electron acceptor to P3HT due to its high electron  
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Figure 2.4: Chemical structure of (a) P3HT and (b) F4TCNQ. 

 

affinity of 5.24 eV [48].
 
F4TCNQ undergo ground-state charge transfer with P3HT, 

yielding polarons or bipolarons and the dopant anions remain as counter-ions [49].
 

Doped P3HT is conducted by an electron exchange process between F4TCNQ as an 

electron acceptor and P3HT as an electron donor. Upon doping, P3HT polymer chains 

self-organised into a more ordered structure, resulting an enhancement in electron 

transport, improving the TE performance [40]. Generally, there are two possible donor-

acceptor ground-state interactions between P3HT and F4TCNQ, which are sketched in 

Figure 2.5 (a) and (b). In Figure 2.5 (a), an electron is completely transferred from  

 

 

 

 

 

 

 

Figure 2.5: Donor-acceptor ground-state interactions between P3HT and F4TCNQ. (a) 

Complete charge transferred from P3HT donor to the F4TCNQ acceptor, and (b) partial  

charge transfer between P3HT and F4TCNQ. 
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P3HT donor to the F4TCNQ acceptor. The transferred electron remains fixed at the 

F4TCNQ molecule since the concentration of F4TCNQ in the P3HT matrix is typically 

low. The associated hole on P3HT can be either coulombically bound by the F4TCNQ 

anion or may move freely within the matrix of P3HT. On the other hand, partial charge 

transfer between P3HT and F4TCNQ can be created and a supramolecular charge 

transfer complex is formed. Highest occupied and lowest unoccupied molecular orbitals, 

HOMO and LUMO are acquired from both the neutral P3HT HOMO and F4TCNQ 

LUMO as in Figure 2.5 (b). In this case, holes are created due to the electron 

deoccupation of P3HT HOMO as a consequence of Fermi-Dirac statistics [48]. 

 

2.3. Carbon Nanotube (CNT) Yarn  

2.3.1. Carbon Nanotubes (CNT) 

CNT is an allotrope of carbon and its name comes from its cylindrical structure [50]. 

There are two main types of carbon nanotubes; single-walled carbon nanotubes 

(SWCNT) and multi-walled carbon nanotube (MWCNT) depending on how the 

grapheme sheet rolled up to form the tube which can determine it is metallic or  

 

 

 

 

 

 

 

 

Figure 2.6: Structure of single-walled carbon nanotube (SWCNT) and multi-walled 

carbon nanotubes (MWCNT). 
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Figure 2.7: Schematic illustration of graphite sheet and formation of various types of 

carbon nanotubes. 

 

semiconductor. Single-walled carbon nanotube consists of a single-layered graphene 

which is rolled up seamlessly into a cylindrical tube. Multi-walled carbon nanotube 

consists of multiple layers of graphene which are rolled concentrically into tubes. 

Schematic diagrams of single-walled and multi-walled carbon nanotubes are shown in 

Figure 2.6. The configuration of the carbon nanotube may be expressed by the tube 

chirality, or helicity by chiral vector. The chiral vector can be defined by  

C = na1 + ma2                 (2.7) 

where, a1 and a2 are the two translational lattice, n and m are integers. m = 0 (θ = 30°) 

are called zig-zag tubes, n = m (θ = 0°) are called armchair tubes and n ≠ m are called 

chiral tubes. The value of n and m determines the chirality and affects the electrical 

properties of CNT. CNT with |n-m| = 3q has metallic like nature as in (10, 10) tube, |n-

m| = 3q ± 1 has semiconducting like nature as in (10, 0), q is an integer (Figure 2.7) [50-

53]. The zig-zag, armchair and chiral tubes are illustrated in Figure 2.8. 
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Figure 2.8: Structure of (a) zig-zag, (b) armchair and (c) chiral tubes.  

  

2.3.2. Fabrication of CNT Yarn 

` Long and continuous CNT yarn can be fabricated from many spinning procedures 

including wet spinning, spinning directly from chemical vapor deposition (CVD) 

reactor and dry spinning from vertically aligned CNT forests. Among them, the latter 

method is very simple, easily controllable, and furthermore, fabricates long and 

continuous CNT yarn with mass production ability [54]. A remarkable advantage of 

dry-spun CNT yarn is that CNTs in yarn connects themselves with each other, thereby 

forming continuous and highly conductive CNT yarns naturally [55].
 
However, there are 

large interspaces and voids in the yarns during the spinning process which reduces van 

der Waals interactions between CNTs leading lower mechanical strength [54].
 
Moreover, 

not all the CNT arrays can be spun into fibers and the degree of spinnability of CNTs is 

closely related to the morphology of the CNT arrays. In addition, the entangle structures  

m≠n m = 0 m = n 
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at the ends of CNT bundles are key parameter for the continuous drawing process [56].
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CHAPTER 3 

Enhancement of Thermoelectric Properties of PEDOT:PSS by N2 

Pressure-Induced Nitric Acid Treatments 
 

3.1 Introduction 

Commercially available inorganic thermoelectric materials are not suitable for the 

recovery of low-temperature waste heat because they can effectively operate only at 

high temperature. Nevertheless, a large amount of waste heat in our surroundings is 

below 200°C. Therefore, organic thermoelectric materials which can provide high 

performance at low temperature have become excellence in order to restore the huge 

amount of low temperature waste heat [9, 17]. 

Recently, among the conducting polymers, many research groups have focused on 

poly (3,4-ethylenedioxythiophene): poly  styrenesulfonate (PEDOT:PSS) due to its 

unique properties [57-59].
 
However, there are numerous restrictions for this material to 

overcome before broad application in thermoelectric devices, i.e., both electrical 

conductivity and Seebeck coefficient of PEDOT:PSS usually need further improvement 

to accomplish high thermoelectric properties [60]. Generally, high carrier concentration 

and/or high carrier mobility enables to obtain high electrical conductivity. But high 

carrier concentration tends to decrease Seebeck coefficient [58, 61-62].
 
The existence of 

a large amount of non-ionized dopants can considerably decrease the carrier mobility as 

well as Seebeck coefficient, and hence reduces the thermoelectric power factor. Despite 

the fact that secondary doping can significantly increase the carrier mobility without 

altering the carrier concentration or doping state, it is still challenging to simultaneously 

improve the electrical conductivity and Seebeck coefficient [63-64]. 

In this chapter, facile and cost-effective approach to simultaneously improve the 

electrical conductivity and Seebeck coefficient of PEDOT:PSS films via N2 pressure-

induced treatment with HNO3 is reported. The conformational change of PEDOT and 
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the removal of insulating extra PSS by the combined effect of nitric acid treatment and 

passing of N2 gas significantly enhanced the electrical conductivity from ˂ 1 Scm
-1

 to 

2696 Scm
-1

 at room temperature with a pressure of 0.1 MPa. For comparative study, the 

PEDOT:PSS film was treated with the same procedure with HNO3 and then dried in the 

vacuum chamber or immersion in deionized (DI) water to remove insulating  PSS. In 

that case, the optimum electrical conductivity measured at room temperature was 2018 

Scm
-1 

and 988 Scm
-1

 for the vacuum dry and DI water washing, respectively. Therefore, 

the improvement in thermoelectric properties is not only the effect of the acid but also 

the pressure of the N2 gas. To our best knowledge, it is the first demonstration of the 

effect of pressure on the thermoelectric properties of the treated PEDOT:PSS film. 

Furthermore, many research groups reported on the room temperature thermoelectric 

properties of acid treated PEDOT:PSS films but report on the thermoelectric properties 

of PEDOT:PSS film in wide temperature range is very rare [65].
 
For this reason, it is 

worth studying the performance of nitric acid treated PEDOT:PSS films at an elevated 

temperature so that we can broaden the applications of acid treated PEDOT:PSS films. 

 

3.2 Experimental Details 

3.2.1 Materials and Methods 

 PEDOT:PSS (Clevios PH 1000) was purchased from Heraeus, Germany. Nitric 

acid (HNO3, 69%)) was purchased from Wako Pure Chemical Industries, Ltd. (Japan). 

All chemicals in this study were used directly without further purification. 

  

3.2.2 Preparation and Treatment of PEDOT:PSS Films  

  The glass substrates (20 mm × 20 mm) were cleaned with deionized water, 

ethanol and acetone, and then put in the ultra-violet (UV) ozone cleaner (Filgen) for 20 

min to facilitate a better film formation. PEDOT:PSS (100 µl) was spin-coated onto the  
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glass substrate by spin-coating at a spin speed of 600 rpm for 30 s followed by 2000  

rpm for 20 s and dried at 50°C for 30 min. The treatment of PEDOT:PSS films with 

HNO3 was done according to the following methods.  

Treatment 1: HNO3 (100 µl) was dropped onto the PEDOT:PSS film at room 

temperature and kept for 10 min followed by passing N2 gas [66] with various pressures 

using gun. The distance between the tip of the gun and the sample was fixed at 20 mm. 

N2 gas was sprayed in order to cover all area of the film. 

Treatment 2: HNO3 (100 µl) was dropped onto the PEDOT:PSS film at room 

temperature and kept for 10 min, then dried in the vacuum chamber for 24 hr.  

Treatment 3: HNO3 (100 µl) was dropped onto the PEDOT:PSS film at room 

temperature and kept for 10 min, then dried at 50°C for 30 min. The samples 

were washed with DI water followed by drying at 100°C for 15 min and cooled 

down to room temperature. 

 

3.2.3 Measurement of Thermoelectric Properties and Characterization 

 Seebeck coefficient, electrical conductivity and power factor of the PEDOT:PSS 

films were measured by ZEM-3M8 ULVAC Seebeck Coefficient Measurement System 

(ADVANCED RIKO, Inc.) with thin film measurement attachment in the helium 

environment. Configuration of the thin film measurement is shown in Figure 3.1. Before 

the ZEM-3 measurement, DektakXT profilometer was used to measure the average 

thickness of the films. The samples were then cut into 4 mm × 16 mm size for the 

measurement of thermoelectric properties. 

 The Hall measurement (Lake Shore Model 8403, AC/DC Hall effect measurement 

system) was conducted to investigate the carrier concentration and carrier mobility. X-

ray photoelectron spectroscopy (XPS, JEOL JPS 9030, Tokyo, Japan) was perform to 

analyze the change in composition of the PEDOT:PSS before and after treatment. Ultra- 
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Figure 3.1: Schematic of configuration of thin film measurement for thermoelectric 

properties. 

 

violet-visible (UV-vis) (JASCO V-670 Spectrophotometer) absorption bands were 

recorded to analyze the neutral, polaron and bipolaron states of the PEDOT. The 

morphology and surface roughness were characterized by Scanning Probe Microscope 

(SPM, Nano Navi SII). Contact angle was measured with Drop Master DMe-211 to 

characterize the surface wettability of the films. X-ray diffraction measurement (XRD) 

was performed by RIGAKU SmartLab X-ray diffractometer with CuKα radiation (λ = 

1.5418 Å) at a scanning rate of 1 degree per minute to investigate the change in 

crystallinity of PEDOT:PSS films before and after HNO3 treatment. Raman 

spectroscopy (JASCO NRS450 NMDS) with a wavelength of 532.21 nm (green laser) 

was used to analyze the conformational change of the PEDOT chains after treatment. 

Cyclic voltammetry (CVs, Princeton Applied Research VERSA STAT 4-100) was used 

to characterize the electrochemical activity of the PEDOT:PSS before and after 

treatment. 
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3.3 Results and Discussion 

3.3.1 Thermoelectric Properties 

The PEDOT:PSS films were treated with HNO3 at different conditions in order to 

ensure the synergetic effect of HNO3 and the pressure of N2 gas on the thermoelectric 

properties of PEDOT:PSS. Electrical conductivity, Seebeck coefficient and power 

factor of the PEDOT:PSS films before and after different  treatments are shown in 

Figure 3.2. In Figure 3.2 (b), the Seebeck coefficient of pristine PEDOT:PSS film does 

not change too much in the temperature range between 25°C and 200°C. Meanwhile the 

electrical conductivity of the pristine PEDOT:PSS film increases from 0.8 Scm
-1 

at 

room temperature to 3.5 Scm
-1

 at 200°C, indicating the semiconductor behavior. After 

the treatment, in contrast to the pristine film, the electrical conductivity decreases with 

increasing temperature while the Seebeck coefficient increases with increasing 

temperature, exhibiting the metallic or semi-metallic behavior of the PEDOT:PSS films.  

The post treatment of PEDOT:PSS films with HNO3 for 10 min followed by N2 gas 

passing gives the highest electrical conductivity (2693 Scm
-1

 at 25°C), whereas that of 

the films with the same treatment followed by vacuum dry renders the electrical 

conductivity of 2018 Scm
-1

 only. When the films were treated with HNO3 at 25°C for 

10 min followed by rinsing with DI water, the resulted electrical conductivity is only 

988 Scm
-1

, which is the lowest among different treatment conditions. During the acid 

treatment, HNO3 causes the protonation of PSS resulting in the formation of PSSH, 

which can be easily phase-segregated from PEDOT due to a weak Coulombic 

interaction. The reaction can be express as follows: 

 

 HNO3 + PSS
-
 →NO3

-
 + PSSH                           (2.1)   

The conformational change of the PEDOT chain also occurs due to not only the phase 

segregation of PSSH but also the pressure of the N2 gas. A better film condition was  
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Figure 3.2: (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor of 

the pristine and HNO3 treated PEDOT:PSS films at different conditions as a function of 

measurement temperatures. The insets in (a) and (c) are electrical conductivity and 

power factor of pristine PEDOT:PSS as a function of measurement temperature to show 

the variation in parameters clearly. 
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also obtained without wrinkling or peeling off after N2 gas passing.  Therefore, we 

observed that N2 pressure influences the phase segregation as well as the conformational 

change of the PEDOT chain and hence improves the mobility, resulting in an increase in 

electrical conductivity [66]. In order to confirm this, the Hall effect measurement was 

conducted. The carrier concentration of pristine PEDOT:PSS is around 10
17

 cm
-3

 and 

the mobility is <1 cm
2
V

-1
s

-1
 in previous reports [40, 63, 65-66].

 
As measured by the Hall 

effect measurement, even though we failed to measure the pristine PEDOT:PSS films, 

the carrier concentration is 2.5 x 10
21

 cm
-3

 for N2 gas pass sample, 2.1 x 10
21

 cm
-3

 for 

vacuum dry sample and 1.5 x 10
21

 cm
-3

 for the DI water wash sample respectively. The 

carrier mobility of N2 gas pass sample is 6.7 cm
2
V

-1
s

-1
, that of vacuum dry and DI water 

wash samples are 5.8cm
2
V

-1
s

-1
 and 4.2 cm

2
V

-1
s

-1
, respectively. The carrier concentration 

and the carrier mobility values of N2 gas pass sample are the highest among those of 

other treatment conditions. This may be due to the effect of the pressure of N2 gas which 

leads to better phase separation between PEDOT and PSS and giving more chance for 

the PEDOT chain to be linearly reoriented.  

 

3.3.2 Characterization for the Improvement of the Thermoelectric Properties of 

PEDOT:PSS Films 

The influence of HNO3 treatment on the removal of extra PSS was confirmed 

by the XPS analysis as shown in Figure 3.3. The photoelectron peaks consisting of the 

doublet S 2p1/2 and S 2p3/2 observed at 168.6 eV and 167.7 eV originates from the 

sulphur atoms of the sulfonate group in PSS. The deconvoluted peaks of S 2p, O 1s, C 

1s core-level spectra of the pristine and HNO3 treated PEDOT:PSS at different 

conditions are shown in Figure 3.4. After the treatment with HNO3, the S 2p peak of 

PSS shifts about 0.8 eV to the lower binding energy and the PSS peak intensity 

decreases significantly after HNO3 treatment [64].
 
The lowest intensity of PSS was  
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Figure 3.3: S 2p core-level XPS spectra of the pristine PEDOT:PSS and HNO3 treated 

PEDOT:PSS films at different conditions. 

 

observed after HNO3 treatment followed by N2 gas pass, indicating that HNO3 treatment 

followed by N2 gas pass can remove PSS more effectively than other treatments. 

Removing insulating PSS from the PEDOT:PSS film generally results in an increase in 

electrical conductivity, which agrees well with the conductivity measurement of the 

samples. The O 1s peak at the binding energy 532.4 eV corresponds to oxygen atom in 

PEDOT unit while 531.5 corresponds to the oxygen atom attached to the sulfur atom 

with double bond  (O=S=O) in PSSH (Figure 3.4 (b)). The peak at 531.5 eV shifts about 

0.4 eV to a lower binding energy and the intensity decreases while the peak at 532.4 eV 

shifts to 0.4 eV to a higher binding energy and the intensity increases. This indicates the 

formation of PSSH which segregates from the PEDOT:PSS chains [65]. The peaks at 

285.7 eV and 284 eV in C 1s spectra (Figure 3.4 (c)) are associated with C-O bonds in  
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Figure 3.4: (a) S 2p, (b) O 1s and (c) C 1s core-level spectra of the pristine PEDOT:PSS 

and HNO3 treated PEDOT:PSS at different conditions. The dotted curves represent the 

experimental results and the blue and red curves correspond to the deconvoluted peaks  

for the PEDOT and PSSH. 

 

PEDOT and C-C bonds in PEDOT:PSS. The intensity peak of C-C bond in 

PEDOT:PSS decreases while that of C-O bonds in PEDOT increases after the treatment 

with HNO3 which is consistent with the previous report [68].
 
Composition of the 

pristine PEDOT:PSS and PEDOT:PSS films treated at different conditions obtained by 

XPS analysis are listed in Table 3.1.  

In order to confirm the segregation of PSS rich domains from PEDOT:PSS, the 

surface morphology of the PEDOT:PSS films were analyzed by SPM. SPM Images are  
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Table 3.1: Composition of the pristine PEDOT:PSS films and HNO3 treated 

PEDOT:PSS films at different treatment conditions obtained by XPS analysis. 

 

scanned for three times for each sample. The pristine PEDOT:PSS film shows a very 

smooth surface with root mean square (rms)  roughness of 1.21 nm as shown in Figure 

3.5. After the treatment, the films become rougher, and rms roughness increases to 1.7 

nm, 1.5 nm and 1.9 nm, for the films processed by N2 gas pass, vacuum dry and DI 

water wash, respectively (Figure 3.5 (b), (c), (d)). Interestingly, the roughness of the 

films processed by N2 gas pass is lower than that of films DI waster wash sample. It  

Figure 3.5: Topographic and phase images of (a), (e) pristine and those of HNO3 treated 

PEDOT:PSS films followed by (b), (f) N2 gas pass, (c), (g) vacuum dry, (d), (h) DI 

water wash. All images are scanned at 5µm × 5 µm area. 

Photoelectron 

peaks 

Atom % 

Pristine 

PEDOT:PSS 

Treatment with 

HNO3 followed 

by N2 gas 

passing 

Treatment with 

HNO3 followed 

by vacuum dry 

Treatment with 

HNO3 

followed by DI 

water wash 

S 2p3/2 5.9 6.3 6.3 6.3 

S 2p1/2 16.1 18.3 17.9 19.1 

O 1s 24.5 24.2 24.3 23.6 

C 1s 51.0 51.3 51.3 50.2 
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Figure 3.6: XRD patterns of the pristine and that of HNO3 treated PEDOT:PSS films at 

different conditions. 

 

may be ascribed to the pressure of the N2 gas, which makes the films become smoother. 

In addition, nanosized fibrous structures are observed after the treatments as shown in 

the phase images of the films (Figure 3.5 (f), (g), (h)), An increase in rms roughness and 

the formation of fibrous structures are the evidences of the phase segregation between 

PEDOT-rich domains and PSS-rich domains in addition to the removal of the non- 

complex PSS [64, 66, 69].
 
SPM results are also consistent with the XRD results as 

indicated in Figure 3.6. The pristine PEDOT:PSS film shows two diffraction peaks at 

18.1° and 25.8° which originates from the amorphous halo diffraction of PSS and the 

inter-chain ring stacking of PEDOT. After the treatment with HNO3, new peaks 

appeared at 6.9° and 12° which correspond to the lamellar stacking of PEDOT and PSS 

respectively [42, 66, 68].
 
The results in Table 3.2 are calculated using the Bragg’s law  
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Table 3.2: Interplanar spacing and grain size of the PEDOT:PSS films at various 2θ 

values before and after treatment. 

 

and Scherrer equation. The grain sizes at 6.9° and 13.2° are 5.04 nm and 5.07 nm 

respectively after treatment with HNO3 followed by N2 gas passing, which is the biggest 

grain size in comparison with other treatments, indicating the higher crystallinity among 

other treatment conditions because of the removal of amorphous phase PSS. 

UV-Vis-NIR absorption spectra (Figure 3.7 (a) and (b)) are also recorded at 

the visible and near infrared region to investigate the influence of HNO3 

treatments on PEDOT:PSS films systematically. The absorption bands at 195.7 

nm and 225.7 nm in Figure 3.7 (a) come from the PSS moiety. Hence, the 

decrease in the intensities of these two bands after HNO3 treatment can be 

attributed to the removal of PSS from the PEDOT:PSS, resulting in the 

enhancement of the electrical conductivity [66, 70-71].
 
The intensities of the two 

bands become the lowest in the sample with HNO3 treatment followed by N2 gas 

pass. This indicates that HNO3 treatment followed by N2 gas pass is more 

effective than other methods for the removal of PSS. The absorption bands 

Treatment condition Plane indices 2θ (degree) d-spacing 

(nm) 

grain size 

(nm) 

pristine 

(100) 

‒ ‒ ‒ 

N2 gas pass 6.9° 1.28 5.04 

vacuum dry 6.9° 1.28 4.7 

DI water wash 6.6° 1.34 3.6 

pristine 

(200) 

‒ ‒ ‒ 

N2 gas pass 13.2° 0.67 5.07 

vacuum dry 13° 0.68 4.71 

DI water wash 12° 0.74 3.62 

pristine 
amorphous halo 

diffraction of 

PSS 

17.5° 0.51 0.87 

N2 gas passing ‒ ‒ ‒ 

vacuum dry 18.3° 0.48 4.74 

DI water wash 18.7° 0.47 3.65 

pristine 

(010) 

25.6° 0.35 0.91 

N2 gas passing ‒ ‒ ‒ 

vacuum dry 25.9° 0.34 4.8 

DI water wash ‒ ‒ ‒ 
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Figure 3.7: (a) UV absorption and (b) Vis-NIR spectra of pristine PEDOT:PSS 

and HNO3 treated PEDOT:PSS at different conditions. 
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around 600 nm, 900 nm and 1200 nm in Figure 3.7 (b) specifically show the 

neutral, polaron, and bipolarons states of the PEDOT chains, as previously 

reported in the literatures [64, 70]. After the HNO3 treatment, the absorption 

intensity at ≈900 nm increases significantly, indicating an increase in its 

oxidation level to polaronic states [71-72]. UV-Vis-NIR measurement is also 

consistent with the Raman analysis as illustrated in Figure 3.8. Raman 

spectroscopy is a useful technique to investigate the conformational changes in 

polymers. The peak positions at 1225, 1336, 1396 and 1472 cm
-1

 show the 

vibrational mode of Cα-Cα (inter- ring stretching), Cβ-Cβ (stretching), Cα=Cβ 

(symmetric) and Cα=Cβ (asymmetric) of the PEDOT. The characteristics peak at 

1538 cm
-1

comes from the vibrational modes of PSS chains. The peak at 1396 cm
-

1
 in pristine PEDOT:PSS shifts to a higher wavenumber; 1404 cm

-1
, 1399 cm

-1
   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Raman spectra of PEDOT:PSS before and after treated with HNO3 at 

different conditions. The inset curve shows the peak shift from 1396 cm
-1

 to 1398 cm
-1

, 

1399 cm
-1

 and 1404 cm
-1

 after different HNO3 treatments. 
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and 1398 cm
-1

 
 
after the treatment with HNO3 follow by N2 gas pass, vacuum dry  

and DI water wash, respectively. It may be the conformational change of the 

thiophene rings of PEDOT from coiled structure (benzoid) to extended coiled or 

linear structure (quinoid), resulting in an increase in electrical conductivity [65].
 

The peak shift is more significant for the sample treated with HNO3 followed by 

N2 gas pass than that of other samples. Therefore, the pressure of the N2 can 

partially assist the conformational change of the PEDOT chain. 

Contact angle measurement (Figure 3.9 and Table 3.3) was also performed to 

confirm the removal of amorphous phase PSS. The pristine PEDOT:PSS film shows the 

contact angle of 35.2° within 5s and decreases very quickly to 18.5° within 65 s, 

showing the hydrophilic nature of PSS. After the treatment with HNO3 followed by N2 

gas pass, contact angle becomes 63° within 5 s and 60.5° within 65 s indicating the 

hydrophobic nature. PEDOT:PSS films were characterized by CV as the removal of 

Figure 3.9: Contact angle measurement of (a) pristine PEDOT:PSS and HNO3 treated 

PEDOT:PSS followed by (b) N2 gas passing, (c) vacuum dry, and (d) DI water wash. 

(Measurements were performed with 5s).  
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Table 3.3: Contact angles of the PEDOT:PSS films before and after HNO3 treatment at 

various conditions. 

 

PSS can affect the electrochemical activity of the PEDOT chains. Cyclic 

voltammograms (CVs) of pristine PEDOT:PSS and HNO3 treated PEDOT:PSS films at 

different conditions are shown in Figure 3.10. The electrochemical activity of pristine 

PEDOT:PSS was detected in the potential range from -0.1 to 0.4V Vs Ag/AgCl. 

Additional electrochemical activity was detected below -0.1 V Vs Ag/AgCl after 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Cyclic voltammograms (CVs) of pristine PEDOT:PSS and HNO3 treated 

PEDOT:PSs films at different conditions in 0.1 M NaCl solution. 

Time 

Contact angle (°) 

Pristine Treatment with 

HNO3 at 25°C 

followed by N2 gas 

passing 

Treatment with 

HNO3 at 25°C 

followed by vacuum 

dry 

Treatment with 

HNO3 at 25°C 

followed by DI 

water wash 

5 s 35.2 63 40.6 55.1 

15 s 33.5 63.4 40.4 54.7 

25 s 22.0 62.3 39.4 53.4 

65 s 18.5 60.5 38.4 51.9 
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treatment with HNO3 at different conditions. As conjugated PEDOT chains are 

surrounded by insulating PSS, PSS may hamper the charge transfer between the 

working electrode and PEDOT chains [73].
 
After the treatment with HNO3, the removal 

of insulating PSS results in an increase in electrochemical activity of PEDOT chains.  In 

addition, HNO3 treated sample followed by N2 gas pass results in an enlargement of 

area for the electrochemical activity among the different treatment conditions. It can be 

attributed that the pressure triggered by N2 gas passing can assist the removal of excess 

insulating PSS, which has a weak Coulombic attraction with PEDOT during the HNO3 

treatment. 

 Based on the various characterizations, we attribute the simultaneous increase 

in electrical conductivity and Seebeck coefficient at an elevated temperature to 

the following reasons. The N2 pressure-induced HNO3 treatment effectively 

segregates PEDOT from PSS and removes PSS, resulting in conformational 

change and in turn an increase in mobility. Concurrently, the treatment also 

increases the oxidization and doping states of the PEDOT film which is evident 

from Vis-NIR absorption spectrum. An increase in doping also agrees well with 

an increase in carrier concentration, which is characterized by the Hall 

measurement. Both mobility and doping enhance the electrical conductivity, 

according the relationship σ = qµn, where σ, q, µ and n are electrical 

conductivity, elementary charge, mobility and carrier concentration (doping 

states), respectively. The significant improvement in electrical conductivity 

suggests that the semiconducting polymer is transformed into a (semi)metallic 

one, which is also evident from the temperature dependent electrical conductivity 

measurement. However, an increase in doping after the treatment also results in 

decrease in Seebeck coefficient at room temperature. Nevertheless, the Seebeck 

coefficient increases again at higher temperature due to the (semi)metallic 
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behaviour of the material. Therefore, above 100°C, the electrical conductivity and 

Seebeck coefficient increase simultaneously and the optimum power factor is 

obtained at 150°C. 

 

3.4 Conclusion 

In summary, nitric acid treatment of PEDOT:PSS films with the aid of N2 gas pass 

gives the highest electrical conductivity at room temperature and decreased with 

increasing measurement temperature while the Seebeck coefficient increases with 

increasing measured temperature. The conductivity improvement is due to the increase 

in polaronic states (doping) and the phase segregation of the PSSH from PEDOT and 

the removal of insulating PSS resulting in the conformational change of the PEDOT 

chains. The optimum power factor of 121 ± 10 μWm
-1

K
-2

 was obtained at a measured 

temperature of 150°C and pressure of 0.1 MPa, then decrease again at 200°C because of 

the decrease in electrical conductivity. Electrical conductivity improvement is not only 

due to the HNO3 treatment but also N2 gas pass after treatment. While the Coulombic 

attraction between PEDOT and extra PSS is weaker because of HNO3, the pressure of 

N2 gas facilitates to remove such weakly bonded PSS too. In addition, the pressure of 

the N2 gas is also responsible for the conformational change of the PEDOT chain while 

HNO3 is responsible for the removal of insulating PSS.  
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CHAPTER 4 

Influence of Pressure of Nitrogen Gas on Structure and 

Thermoelectric Properties of Various Acid-treated PEDOT:PSS Films 
 

4.1 Introduction 

Owing to the discovery and development of conducting polymers by Heeger, 

Macdiarmid and Shirakawa, it has been used in a wide range of electronic applications 

[74-75].
 
Poly (3,4-ethylenedioxythiophene) (PEDOT): poly styrene sulfonate (PSS) has 

advantages over other conductive polymers due to its outstanding properties such as 

easy processing, high electrical conductivity, stability and flexibility [76-77].
 
On the 

other hand, TE performance of PEDOT:PSS are still lower for its practical uses due to 

the excess insulating PSS in the PEDOT:PSS dispersion. Moreover, PSS molecules play 

an important role in PEDOT:PSS as counter ions as well as dispersion agent for 

PEDOT. Previous works have employed the post-treatment of PEDOT:PSS films with 

various acids to improve the TE properties by controlling the doping level. 

Nevertheless, only the effect of acids or organic solvents on the structure and 

thermoelectric properties of the PEDOT:PSS are focused in their reports [41-43, 46, 

78].
 
In chapter (3), N2 pressure-induced HNO3 treatment of PEDOT:PSS followed by 

different conditions such as vacuum dry, N2 gas passing and DI water washing were 

discussed. In this chapter, post-treatment of PEDOT:PSS films with various acids 

followed by N2 gas-passing is explained. The influence of the pressure of N2 gas on the 

structure and thermoelectric properties of PEDOT:PSS at various pressures are also 

discussed.  

The electrical conductivity significantly improved from less than 1 Scm
-1

 to 

1810±200 Scm
-1

 for H2SO4, 1175 ± 23 Scm
-1 

for HNO3 and 846 ± 72 Scm
-1 

for HCl 

treatments followed by N2 gas-passing with the pressure of 0.1 MPa at a measurement 

temperature of 150°C. Corresponding power factor of 97 ± 8 µWm
-1

K
-2

, 121 ± 10 
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µWm
-1

K
-2

 and 32 ± 1 µWm
-1

K
-2

 were observed for H2SO4, HNO3, and HCl treatments, 

respectively. Based on our results, acids are mainly responsible for the removal of 

insulating PSS resulting in the conformational change of the PEDOT polymer chain 

while N2 pressure is responsible for the additional conformation of PEDOT polymer 

favoring the linearly oriented structure. Therefore, mechanical force such as N2 pressure 

after post-treatment of PEDOT:PSS with various acids can lead to additional 

conformation of the polymer and can result in higher thermoelectric performance. 

 

4.2 Experimental Details 

4.2.1. Materials 

PEDOT:PSS (Clevios PH 1000)  was purchased from Heraeus Deutschland GmbH & 

Co. KG (Germany). Sulfuric acid (95%), nitric acid (69%) and hydrochloric acid (37%) 

from Wako Pure Chemical Industries Ltd. (Japan) were used as received in our 

experiment. 

 

4.2.2. Acid Treatments and Characterization 

The glass substrates were washed with deionized (DI) water, ethanol, and acetone 

and finally cleaned in the Filgen UV ozone cleaner for 20 min. PEDOT:PSS film (100 

µl) was prepared by spin-coating, which is the same procedure as in Chapter 3. 

 H2SO4 treatment: PEDOT:PSS film was put on the hot plate at a temperature of 

160°C , then 100 µl of H2SO4 was dropped onto it. After 10 min, N2 gas was passed 

with a pressure of 0.1 MPa using gun. Then, the films were thoroughly rinsed with DI 

water and dried on the hot plate at a temperature of 120°C for 15 min. 

 HNO3 treatment: HNO3 treatment was performed as in Chapter 3 [36]. 

 HCl treatment: HCl treatment was done the same procedure as the H2SO4 treatment 

except the treatment temperature was at 70°C.  
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Figure 4.1: Schematic illustration of the experimental details. 

 

The films were fixed at 20 mm away from the gun for all experiments. All treatments 

were done at their optimized treatment temperatures and conditions. Figure 4.1 shows 

the process of N2 gas-passing on the PEDOT:PSS films after treatment with various 

acids. Electrical conductivity, Seebeck coefficient (thermo power) and power factor of 

the films were measured in a helium environment by ZEM-3M8 ULVAC 

(ADVANCED RIKO, Inc.), which is attached to the sample holder for the thin film 

measurement. Surface of the films was observed by digital microscope (OLYMPUS 

BX53M) at a magnification of 7.5×. Carrier concentration and carrier mobility were 

measured to examine the effect of N2 gas on the improvement of electrical conductivity 

using (Lake Shore Model 8403) AC/DC Hall effect measurement system. The change in 

bonding condition before and after treatment was analyzed by Raman spectroscopy 

(JASCO, NRS 450 NMDS) with a green laser (wavelength 532.21 nm). The 

morphology and surface roughness of the PEDOT:PSS films were observed by 

Scanning Probe Microscopy (SPM, Nano Navi SII). The removal of insulating PSS was 

confirmed by X-ray photoelectron spectroscopy (XPS, JEOL JPS 9030, Japan). UV-vis-

NIR (JASCO V-670 spectrophotometer) was performed to observe the doping states of 

the PEDOT. The change in crystallinity of PEDOT:PSS films after treatment at various 

pressures of N2 gas was characterized by RIGAKU SmartLab X-ray diffractometer with 

CuKα radiation (λ = 1.5418° A) at a scanning rate of 1 degree per minute. 
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4.3 Results and Discussion 

4.3.1 Thermoelectric Properties 

Electrical conductivity, Seebeck coefficient and power factor of the HNO3 

treated PEDOT:PSS films followed by N2 gas pass at different pressures such as 

0.05, 0.1, 0.15, 0.2 and 0.25 MPa are shown in Figure 4.2. The electrical 

conductivity increases when the pressure is increased from 0.05 to 0.25 MPa and 

the highest electrical conductivity (2693 Scm
-1

 at 25°C) is attained at a pressure 

of 0.1 MPa. The electrical conductivity, however, decreases at a pressure of 0.25 

MPa, probably due to the damage of the film, which will be discussed later. On 

the other hand, the Seebeck coefficient is the lowest at a pressure of 0.2 MPa. 

Despite this, the Seebeck coefficient increases at an elevated temperature and 

hence the treated film shows a higher Seebeck coefficient than the pristine does. 

The optimum power factor of 121±10 µWm
-1

K
-2

 was obtained at 150°C but it 

decreases again at 200°C (Figure 4.2 (c)) because of the decrease in electrical 

conductivity.  

Electrical conductivity, Seebeck coefficient and power factor of pristine PEDOT:PSS 

are around 1.7 ± 0.2 Scm
-1

, 20 ± 1 µVK
-1

 and 0.07 ± 0.005 µWm
-1

K
-2

 at a measurement 

temperature of 150° C. Electrical conductivity of H2SO4, HNO3 and HCl treated 

PEDOT:PSS films are 1400 ± 210 Scm
-1

, 656 ± 75 Scm
-1

 and 632 ± 27 Scm
-1

 

respectively after washing with DI water. Electrical conductivity increased to 1810 ± 

200 Scm
-1

 for H2SO4 treated, 1175 ± 23 Scm
-1

 for HNO3 treated and 846 ± 72 Scm
-1

 for 

HCl treated PEDOT:PSS films after N2 gas-passing with a pressure of 0.1 MPa as 

illustrated in Figure 4.3 (a). The improvement in electrical conductivity after acids 

treatment followed by DI water-washing can be attributed to the removal of the 

insulating PSS, also resulting in the conformational change of the PEDOT polymer 

chain from benzoid (coiled) to quinoid (linear) structure [65, 79-80].
 
In contrast, the 
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Figure 4.2: (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor of 

PEDOT:PSS films after HNO3 treatment followed at different pressures of N2 gas. The 

insets in (a) and (c) are the electrical conductivity and power factor of pristine 

PEDOT:PSS as a function of measurement temperatures to show the variation in 

parameters clearly. 

 

(a) 

(b) 

(c) 
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Figure 4.3: (a) Electrical conductivity, (b) Seebeck coefficient and (c) power factor of 

the PEDOT:PSS films treated with various acids followed by DI water-washing and 

passing with the pressure of N2 gas  (0.1 MPa) at a measurement temperature of 150° C. 
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improvement in the electrical conductivity after acids treatment followed by N2 gas-

passing can be ascribed as the additional conformational change of the PEDOT due to 

the pressure of N2 gas. It is confirmed by Raman spectroscopy as shown in Figure 4.7. 

Seebeck coefficient does not change significantly for all acids except for HNO3 from 27 

± 1 µVK
-1

 to 32 ± 1 µVK
-1

 (Figure 4.3 (b)) after DI water-washing and N2 gas-passing 

respectively, but which is still unclear why. The power factor improved from 72 ± 6 to 

97 ± 8 µWm
-1

K
-2

 for H2SO4, from 46 ± 3 to 121 ± 10 µWm
-1

K
-2

 for HNO3 and 26 ± 1 to 

32 ± 1 µWm
-1

K
-2

 for HCl treated PEDOT:PSS films (Figure 4.3 (c)) after corresponding 

acid treatments followed by DI water-washing and N2 gas-passing at a pressure of 0.1 

MPa. Therefore, N2 gas-passing after acid treatments can give the higher thermoelectric 

power factor values rather than DI water- washing after acid treatments.  

Electrical conductivity increases at the pressure range of 0.1 to 0.2 MPa and then 

decreases beyond 0.2 MPa. This is probably due to the film damage or some defects on 

the surface of the films because of the high pressure of N2 gas. These surface defects are 

observed by digital microscope as in Fig. 4.4. Smooth surface are observed in pristine 

PEDOT:PSS film and the film treated with a pressure of 0.1 MPa. Some pinholes or 

micropores are observed on the surface of the films treated at pressure of 0.15 and 0.2 

MPa while big scratches are observed on the film treated with a pressure of 0.25 MPa.  

 

 

Figure 4.4: Digital micrographs of HNO3 treated PEDOT:PSS films showing the 

surface conditions at various pressures of N2 gas. The scale bars in all photos are 500 

µm. All photos were captured at a magnification of 7.5X.  
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Electrical conductivity, Seebeck coefficient and power factor of HNO3, H2SO4 and HCl 

treated PEDOT:PSS films followed by both N2 pass and DI water wash are measured at 

elevated temperatures (Figure 4.5 and 4.6). Electrical conductivity decreases and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Electrical conductivity, Seebeck coefficient and power factor of the HNO3, 

H2SO4 and HCl treated PEDOT:PSS films followed by passing with a pressures of 0.1 

MPa as a function of measurement temperatures. 
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Figure 4.6: Electrical conductivity, Seebeck coefficient and power factor of HNO3, 

H2SO4 and HCl treated PEDOT:PSS films followed DI water washing as a function of 

measurement temperature. 

 

Seebeck coefficient increases with increasing measurement temperature after treatment 

with various acids followed by both N2 gas pass and DI water wash, showing metal-like  
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behavior. 

The optimum Seebeck coefficient of 32 ± 1 µVK
-1

 was obtained at a pressure of 0.1 

MPa due to the increasing measurement temperature when treated with HNO3. Seebeck 

coefficient is defined by                                                                       

   
    

  

  

       

  
|EF                   (4.1) 

where σ(E) is the conductivity of the material at Femi energy EF, kβ is the Boltzmann 

constant and e is the charge of the electron [15, 62].
 
Based on this equation, Seebeck 

coefficient also depends on the local band structure of the material. The removal of PSS 

may transform the local band structure of PEDOT:PSS and such a probable change in 

the band structure may be responsible for the improvement in the Seebeck coefficient 

[81].
 
Nevertheless, the optimum power factor of 121 ± 10 µWm

-1
K

-2
 was obtained by 

the treatment with HNO3 at a pressure of 0.1 MPa due to the high Seebeck coefficient.  

 

4.3.2. Influence of Pressure of N2 Gas on the Structure and Thermoelectric Properties 

of Various Acids-treated PEDOT:PSS Films 

We observed that the pressure of N2 gas favors the phase segregation of PSS as well 

as the conformation of the PEDOT polymer chain resulting in the enhancement of the 

carrier concentration, especially the carrier mobility. It is confirmed by the Hall 

measurement as shown in Table 4.1. Pristine PEDOT:PSS film has hole mobility of 

around 2.4 ± 0.3 cm
2
V

-1
s

-1
 and hole concentration of 10

17
 cm

-3
. After treatment with 

HNO3 and passing with N2 gas at various pressures, the hole concentration enhanced to 

10
21

 cm
-3 

and the hole mobility are also
 
improved. The optimum carrier mobility of 7 ± 

1.4 cm
2
V

-1
s

-1
 is obtained for the sample treated at a pressure of 0.1 MPa while the 

carrier concentrations are not too much different at various pressures of N2 gas. 

Therefore, the pressure of the N2 gas can lead to the linear orientation of the polymer 

structure. The carrier mobility decreases again beyond the pressure of 0.1 MPa and this 
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Table 4.1- Carrier mobility and carrier concentration of the pristine PEDOT:PSS and 

those of HNO3 treated films at various pressures of N2 gas. 

 

 

 

 

 

 

 

 may be attributed to the defects on the surface of the films such as pin holes and 

damages, which is also consistent with the digital micrographs.  

Raman spectroscopy was also performed to confirm the effect of the pressure of N2 

gas on the conformation of the PEDOT polymer chain. Calibration was performed using 

Si substrate before and after sample measurement in order to investigate the potential 

heating effect on the spectrum. No significant peak shift was found for the calibration 

results, indicating that there was no potential heating effect on the spectral peak 

position. The peaks assigned at 1227 cm
-1

 in Figure 4.7 come from Cα‒ Cα inter- ring 

stretching, 1337 cm
-1

 from Cβ‒ Cβ inter-ring stretching, 1401 cm
-1

 from Cα= Cβ 

symmetric stretching, 1506 cm
-1 

from Cα= Cβ asymmetric stretching, respectively [65, 

79-80, 82-83].
 
The peak at 1401 cm

-1
shifts to 1404 cm

-1
, 1406 cm

-1
, 1407 cm

-1
, 1408 

cm
-1

 and1409 cm
-1

, respectively after treatment with HNO3 and the pressure of N2 gas at 

0.05, 0.1, 0.15, 0.2 and 0.25 MPa respectively. These peaks shift reveal the 

conformation of the PEDOT from benzoid (coiled) to quinoid (linear) structure [65, 79-

80].
 
Therefore, the pressure of N2 gas after acid treatment can favor the linearly oriented 

structure of the PEDOT, resulting in the enhancement of the electrical conductivity 

which is also consistent with the Hall measurement.  It was observed in the previous 
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Figure 4.7: Raman spectra of pristine and HNO3 treated PEDOT:PSS films at different 

pressures of N2 gas. The inset illustrates the zoom-in view of the peaks shift of Cα=Cβ 

symmetric stretching.  

 

reports that oriented mechanical forces induced by directional film deposition methods 

[84-85], mechanical rubbing [86] and capillary force [87] makes the polymer films 

highly aligned and causes anisotropic charge transport in the film. Similar to prior 

reports, N2 blown from one side of the sample might include oriented mechanical force, 

creating the anisotropic alignment in the PEDOT:PSS and leading to increase in 

electrical conductivity.  

 In order to observe the morphological changes of PEDOT:PSS at various 

pressures of N2 gas, the SPM images were scanned for the pristine PEDOT:PSS films 

and the HNO3 treated films. Figure 4.8 represents the topography and phase images of 

the pristine and HNO3-treated PEDOT:PSS films at various pressures of N2 gas at 0.05,  
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Figure 4.8: SPM topography images (a), (b), (c), (g), (h), (i) and phase images (d), (e), 

(f), (j), (k), (l) of pristine PEDOT:PSS film and those of HNO3 treated films at N2 gas 

pressure of 0.05, 0.1, 0.15, 0.2, and 0.25 MPa. The scanned area for each image is 5µm 

× 5µm. 
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0.1, 0.15, 0.2 and 0.25 MPa respectively. The bright region represents the PEDOT and 

the dark brown region represents the PSS in the phase images of the films. We can see 

clearly that some dark colored regions disappear after the treatment in the phase images. 

It can be attributed to the partial removal of PSS ions [88].
 
In the topographic images, 

the root mean square (rms) roughness of the pristine PEDOT:PSS film is 1.2 nm. 

However, the rms roughness of the treated films become 1.3, 1.5, 1.4, 1.7 and 2.0 nm at 

the N2 pressures of 0.05, 0.1, 0.15, 0.2 and 0.25 MPa, respectively. It is an evidence of 

the phase separation of PSS from PEDOT indicating the removal of PSS phase [66]. 

Interestingly, the rms of the pristine and the HNO3 treated samples at N2 pressures of 

0.05, 0.1 and 0.15 MPa are not too much different, nevertheless, those of the treated 

samples at 0.2 and 0.25 MPa significantly increase to1.7 and 2.0 nm. Therefore, the 

pressure of N2 gas favors the smoother surface morphology even though there is phase 

separation between the PEDOT and PSS grains. On the other hand, the higher pressure 

of N2 gas leads to the surface defects like pin holes, resulting in the increase of rms 

values. 

 XPS was conducted to analyze the influence of the pressure of N2 gas on the 

removal of extra PSS phase of the HNO3 treated PEDOT:PSS films. XPS bands at 

169.1 eV and 167.7 eV are the S2p bands of the sulfur atoms in PSS and the bands at 

164.3 eV and 163.1 eV are the S2p bands of the sulfur atoms in PEDOT [89] as in 

Figure 4.9 (a). The S2p peaks of PSS shifts around 1 eV to the lower binding energy 

after the treatment with HNO3 followed by passing at various pressures of N2 gas. The 

atomic ratio of PEDOT:PSS was calculated from the area under the peaks using full 

width at half maximum (FWHM) of curve fitting. The ratio of PEDOT to PSS before 

treatment is 1:2.52. These ratios significantly increase to 1:0.41, 1:0.44, 1:0.58, 1:0.59 

and 1:0.4 after treatment with HNO3 followed by the pressure of N2 gas at 0.05, 0.1, 

0.15, 0.2 and 0.25 MPa, respectively. Nevertheless, the ratios are not significantly 
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Figure 4.9: (a) S2p, (b) C1s and (c) O1s core-level of the XPS spectra of the pristine and 

those of HNO3 treated PEDOT:PSS films at different N2 pressures. 

 

different at different pressures of N2 gas. Therefore, HNO3 treatment is essentially 

responsible for the removal of insulating PSS and, on the other words, the pressure of 

N2 gas after HNO3 treatment does not play a major role in removing the extra PSS. The 

peaks at 285.7 eV and 284 eV in C1s spectra come from the C-O bond in PEDOT and 

C-C bond in PSS chain [90] (Figure 4.9 (b)). After treatment with HNO3 and passing 

with various pressures of N2 gas, the intensities of the peaks at 285.7 eV increase while 

the intensities of the peaks at 284 eV decrease, indicating the removal of thiophene 

group of PSS. The peaks at 531.4 eV and 532.5 eV in Figure 4.9 (c) come from the 

oxygen atom which is attached to the sulfur atom in PSS and the oxygen atom in 

PEDOT. After treatment, the intensities of the peaks at higher binding energy increases 

while the intensities of the peaks at lower binding energy decreases. It can be attributed  
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Figure 4.10: UV-vis-NIR spectra of pristine and HNO3 treated PEDOT:PSS at different 

pressures of N2 gas: (a) at UV region and (b) at vis-NIR region. 



 51   
 

to the phase segregation of PSS from the PEDOT:PSS resulting in the formation of 

PSSH [66, 89].
 
However, by comparing the XPS results of the treated films at different 

pressures of N2 gas, the intensities of the peaks are very similar to each other. It means 

that passing with N2 gas after acid treatment does not play a major role in the removal 

of PSS. 

UV-vis-NIR absorption spectra were recorded to confirm the above XPS analysis as 

illustrated in Figure 4.10 (a) and (b). The decrease in the intensities of the two 

absorption bands at 196 nm and 225.8 nm in the UV region (Figure 4.9 (a)) after acid 

treatment followed by passing with N2 gas at various pressures indicates the removal of 

extra PSS from PEDOT:PSS, hence both bands come from the PSS moiety [90].
 

However, all the bands stack one upon another after HNO3 treatment at various 

pressures of N2 gas show that the amount of PSS removal is similar at different 

treatment pressures. The absorption bands at near infrared region were also recorded to 

examine the influence of N2 pressure after treatment. The absorption bands around 600 

nm, 900 nm and 1200 nm come from the neutral, polaron and bipolaron states of the 

PEDOT, which have reported in the previous literature [90].
 
The improvement of the 

absorption intensities at ≈ 900 nm after HNO3 treatment and at various pressures of N2 

gas reveals an increase in its doping state to polaronic state. Therefore, the results of 

UV-vis-NIR measurement agree well with XPS measurement. 

To investigate the mechanism of significantly increasing the electrical conductivity 

after acid treatment followed by N2 gas-passing, X-ray diffraction (XRD) was 

performed as depicted in Figure 4.11. The pristine PEDOT:PSS film shows only the 

amorphous halo inter-chain stacking at 2θ value of 23.8°. After treatment with HNO3 

and at various pressures of N2 gas, the new peaks appear at around 2.5° and 6.8°, which 

are attributed to the lamellae stacking of the alternating structure of PEDOT and PSS. 

Therefore, after acid treatment, PEDOT crystallites incline to a linear structure resulting  
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Figure 4.11: X-ray diffraction (XRD) pattern of pristine and those of HNO3 treated 

PEDOT:PSS thin films followed by passing with different pressures of N2 gas. 

 

in more lamellae stacking [71, 91-92], which is consistent with the Raman spectroscopy 

results. Moreover, no significant peaks shifts are observed for the positions of both 

peaks resulting in no obvious changes of lattice spacing although different pressures of 

N2 gas are used. Therefore, it can be ascribed as the pressure of N2 gas has no 

significant influences on the removal of extra PSS.  

 

4.4. Conclusion 

 In summary, we have reported the influence of the pressure of N2 gas after acid 

treatment on the structure and thermoelectric properties of PEDOT:PSS. The 

improvement of electrical conductivity is due to the removal of insulating extra PSS 

from PEDOT:PSS and the conformation of PEDOT polymer structure from benzoid 

(coiled) to quinoid (linear) structure. In our experiment, there are two reasons for the 

conformation of PEDOT: (1) the removal of PSS by acid treatments and (2) the pressure 
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of N2 gas. Acid treatment plays a major role in the removal of the insulating PSS, 

resulting in the conformation of PEDOT while the pressure of N2 gas is mainly 

responsible for the additional conformation of polymer favoring the linear orientation of 

the structure. Therefore, mechanical forces such as the pressure of N2 gas can affect the 

structure of acid-treated PEDOT: PSS regardless of the types of acids. Applying 

mechanical forces after acid treatment can give higher thermoelectric performance 

rather than traditional DI water-washing for PEDOT:PSS films. 
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CHAPTER 5 

Enhancement of Thermoelectric Properties of Poly (3-hexylthiophene) 

(P3HT)/Carbon Nanotube (CNT) Yarn Composite 

 

5.1 Introduction 

As thermoelectric (TE) devices enable to convert waste heat to electricity from a 

variety of sources including human body, flexible, light-weighted and robust 

thermoelectric materials have much attraction for those applications [93-94].
 
CNT yarn 

is one of the potential materials owing to its narrow band gap energy and high charge 

carrier mobility, and it can be easily fabricated into flexible, wearable, light-weighted 

and robust materials [95]. Moreover, the carrier type of the CNT yarn can be easily 

altered by simple doping as well, paving it for using in various wearable or flexible TE 

applications [96-97]. Most of the research groups have reported about the TE 

performance of single-walled carbon nanotubes (SWCNTs) and double-walled carbon 

nanotubes [97-100]. The applications of MWCNTs in TE generators still needs to 

explore owing to low fabrication cost and availability of large quantity. 

In this chapter, we propose a novel way herein, doping of CNT yarn composed of 

individual multi-walled carbon nanotube (MWCNTs) with p-type dopants, F4TCNQ 

and P3HT after Joule annealing in the vacuum condition. 

 

5.2 Experimental Details 

5.2.1. Materials and Methods 

Chemical vapor deposition (CVD) method (Black Magic II, Aixtron Ltd.) was used 

to synthesize high-density and vertically aligned CNTs. A thin layer of iron was used as 

catalyst which was deposited on the substrate (Al2O3/SiO2/Si) by electron beam 

deposition (VTR-350M/ERH, ULVAC KIKO Inc.). CNT array was resulted on this 
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Figure 5.1: Fabrication, resistance annealing and doping of CNT yarn  

 

substrate in vertical orientation [101].
 

CNT yarn was composed of much more 

individual MWCNTs with average tube diameter of 4-6 nm and wall number of 

approximately 2-6 observed by transmission electron microscopy (TEM) as shown in 

Figure 5.1. Then, CNT yarn which has the diameter of 15-20 µm were fabricated from 

this array using dry spinning method with rotation speed of 500 rpm and drawing speed 

of 300 mm/min. Joule heating was accomplished by passing a current of ~ 73 mA and 

voltage of 56 V under vacuum condition at around 1-2 × 10
-4

 Pa [102] for 1 min. 

P3HT (regioregular) was purchased from Tokyo Chemical Industry Co. Ltd. 

F4TCNQ was purchased from Luminescence Technology Corporation. Chlorobenzene 

(99%) was purchased from Wako Pure Chemical Industries, Ltd. P3HT (5 mg/ml) was 

dissolved in chlorobenzene solution by magnetic stirring at 70°C for 10 min at 300 rpm. 

F4TCNQ was also dissolved in chlorobenzene solution by probe sonication for 10 min 

followed by magnetic stirring at 110°C for 20 min at 300 rpm. Moreover, F4TCNQ 

solution was added into the P3HT solution with various weight ratios of 5 %, 10 % and 

17 % respectively by bath sonication for 10 min in order to prepare F4TCNQ doped 

P3HT solution [103-104].
 
Then CNT yarns were dipped into P3HT, F4TCNQ and 
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F4TCNQ doped P3HT solutions respectively for 6 hrs. As a consequence, CNTYs were 

dried in an oven at 80°C for 15 min. 

 

5.2.2. Measurement and Characterization 

ZEM-3M8 ULVAC Seebeck Coefficient Measurement System (ADVANCED 

RIKO, Inc) was used to measure the thermoelectricity such as Seebeck coefficient, 

electrical conductivity and power factor, which has special sample attachment to 

measure the thin film or wire. Measurement was performed in the helium environment. 

Analytical scanning electron microscope (SEM, JEOL, JSM-6060LA) was used to 

measure the diameter as well as to analyze the surface condition of the CNT yarn. 

Raman spectroscopy (JASCO, NRS450 NMDS) was performed using 523 nm 

excitation (green) lasers to characterize short/long-range order/disorder in CNT yarns. 

Transmission electron microscopy (JEOL JEM-2100F HR-TEM) was used to analyze 

the number of walls as well as the presence of amorphous carbon in CNT yarn. The 

presence of carbonaceous entities before and after Joule heating was quantitatively 

estimated by thermal gravimetric analysis (TGA) (DTG-60, SHIMADZU). TGA was 

performed at 10 °C/min from 25 to 1000 °C under air flow rate of 300 ml/min. 

 

5.3. Results and Discussion 

5.3.1. Effect of Resistance Annealing and P-type Doping on Thermoelectric Properties 

of Carbon Nanotube Yarn 

Electrical conductivity, Seebeck coefficient and power factor of pristine CNT yarn 

has 637 Scm
-1

, 23µVK
-1

 and 34 µWm
-1

K
-2

, respectively at room temperature. After 

joule heating at around 4 W (73 mA × 56 V), Seebeck coefficient significantly improves 

to 114 µVK
-1

while electricity conductivity is still lower (592 Scm
-1

) than the pristine 

one. Therefore, power factor increased to776 µWm
-1

K
-2

 after joule heating at 4 W at  
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Figure 5.2: Effect of joule heating on Seebeck coefficient, electrical conductivity and 

graphitic structure of CNT yarns. 

 

room temperature. CNT yarn was broken when continuously heating to 5 W. The effect 

of joule heating at various amount of heat on the Seebeck coefficient and electrical 

conductivity is shown in Figure 5.2. When the amount of heat is gradually increased, 

Seebeck coefficient increased and electrical conductivity decreased first until 2 W and 

then increased again gradually.  

After joule heating, some part of amorphous carbon on the surface of the CNT yarn 

changed to graphene-like structure and some of the defective six-membered ring carbon 

atoms are also cured during joule heating, which are confirmed by Raman spectroscopy 

as in Figure 5.9. Therefore, the surface of the CNT yarn becomes a perfect graphene-

like structure after Joule heating. Because of the formation of graphene-like structure on 

the surface of the CNT yarn, dopant materials can be easily attached to the surface of 

the CNT yarn. Nevertheless, amorphous carbon and other impurities may decrease the 

carrier mobility which cause scattering and contact resistant [105].
 
On the other hand, 

electrical conductivity slightly increases again beyond 2W as the formation of 

graphene-like structure and removal of amorphous carbon not only on the surface of  
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Figure 5.3: Possible mechanism of morphology change of CNT yarn after joule heating 

and p-type doping. 

 

outside fibre but also on the surface of inner fibre since CNT yarn composes of many 

individual fibres. Possible mechanism of morphology change during joule heating and 

p-doping is demonstrated in Figure 5.3. 

In order to increase the electrical conductivity after joule heating, CNT yarns are 

doped with p-type molecular dopant, F4TCNQ, p-type conductive polymer, P3HT and 

both. Firstly, doping is performed with various concentrations of F4TCNQ such as 1, 

2.5, 5 and 10 mg/ml respectively. The highest power factor of 2250 µWm
-1

K
-2

 

(electrical conductivity of 1812 Scm
-1

 and Seebeck coefficient of 111 µVK
-1

) was 

obtained at a measurement temperature of 150°C when doped with 2.5 mg/ml F4TCNQ 

(Figure 5.4). Electrical conductivity decreases again at high concentrations of F4TCNQ 

due to the aggregate formation on the surface of the CNT yarns, which is observed by 

SEM as in Figure 5.14. Seebeck coefficient still remains unchanged at high 

concentration of F4TCNQ. After doping with F4TCNQ, in contrast to the Joule 

annealed CNT yarns, the electrical conductivity decrease with increasing temperature 

while the Seebeck coefficient increases with increasing temperature, showing the 

metallic behavior (Figure 5.5 (a) and (b)). Moreover, when CNT yarns were doped with 

p-type conducting polymer (5 mg/ml P3HT), it shows the power factor of 1030 µWm
-
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Figure 5.4: Electrical conductivity (black column), Seebeck coefficient (red column) 

and the corresponding power factor (blue column) of pristine, resistance-annealed, 

F4TCNQ doped, P3HT doped, and F4TCNQ and P3HT doped CNT yarns. All 

measurements were done at 423 K. 

 

1
K

-2
 (electrical conductivity of 694 Scm

-1
 and Seebeck coefficient of 122 µVK

-1
) at 

room temperature and then decreases at measurement temperature of 423 K (power 

factor of 330 µWm
-1

K
-2

, Seebeck coefficient of 60 µVK
-1

 and electrical conductivity of 

926 Scm
-1

), still exhibiting the semiconductor behavior (Figure 5.5 (a) and (b)) .When 

doping with both P3HT and F4TCNQ, the maximum power factor of 2100 µWm
-1

K
-2

 

(electrical conductivity of 1555 Scm
-1

 and Seebeck coefficient of 116 µVK
-1

)
 
was 

rendered at the measurement temperature of 423 K. The highest electrical conductivity 

of 3861 Scm
-1

 was attained when doped with 2.5 mg/ml F4TCNQ and the highest 

Seebeck coefficient of 122 µVK
-1 

was obtained when doped with P3HT at room 

temperature.  
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Figure 5.5: (a) Electrical conductivity and (b) Seebeck coefficient of pristine, resistance-

annealed, F4TCNQ doped and P3HT doped CNTYs at various measurement 

temperatures, showing semiconductor and metallic behavior, respectively. 
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In order to explain the significant improvement of Seebeck coefficient and 

electrical conductivity qualitatively after joule heating and p-type doping, we use the 

numerical calculation as below. Seebeck coefficient or thermopower with j = 0 can be 

express as  

      
 

     
                    (5.1) 

where E is the total electric field. When no external electric field is applied, the total 

electric field becomes, 

             
 

 

   

  
               (5.2) 

If n electrons with charge e move in the x-direction with a velocity, we have equation 

for the electric current density j, 
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)            (5.3) 

The Fermi energy is much greater than zero (conduction band edge) in metals 

(degenerate materials) while it is much less than zero in semiconductors (nondegenerate 

materials). Parabolic single band model covers both degenerate and nondegenerate 

materials. Using the assumption of the power-law model, the electron relaxation time is 

a function of energy as  

                     
              (5.4) 

where r is called the scattering parameter, and        is independent of energy but it 

may be dependence on effective mass and temperature. There are three fundamental 

scattering mechanisms: r = -1/2 for the acoustic phonon scattering (most materials), r = 

3/2 for ionized impurity scattering, and r = ½ for polar optical phonon scattering. Using 

the reduced energy,          and the reduced Fermi energy,   
         since the 

electron energy is approximately the order of     , the electron relaxation time     
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becomes 

                           (   )
 
       

                (5.5) 

The density of states g(E) with the degeneracy can be expressed as 

       g(E)=
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where, Nv is the degeneracy (multiple valleys or the number of bands). The electron 

concentration, n can be express as  
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For the sake of simplicity, the Fermi integral can be written as  

          ∫
   

 (     
 )  

    

 
               (5.8) 

Using the Fermi integrals, the electron concentration n is express as  
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                 (5.9) 

Therefore, Seebeck coefficient, S can be derive as 

             (
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 ]                (5.10) 

where, S is the temperature dependent Seebeck coefficient, e is the charge of electron 

(1.602 × 10
-19

 C), kβ is the Boltzmann constant, T is the temperature at which Seebeck 

coefficient is measured and Ef is the Fermi energy. Since, (E – Ef) > 3 for nongenerate 

semiconductors, an approximation                  can be used, where   (j) is 

the gamma function, we obtained  
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    ]               (5.11) 

 

Then, we can simplify the equation (5.11) as  
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From equation (5.12) we obtained Fermi energy, Ef and scattering parameter, r [106, 

108]. Fitted values of temperature dependent Seebeck coefficient used for this 

calculation is shown in Figure 5.6 (a), (b) and (c). To better understand the numerical 

results, parabolic single band model is created using these Fermi energy values as 

shown in Figure 5.7. Fermi energy of the pristine CNT yarn is 0.0037 eV, which is very 

near to the top of the valence band, showing the semi-metallic nature. After Joule 

heating, Ef  becomes -0.071 eV and shifted to the opposite side of the valence band, 

creating energy gap between valence band and conduction band. On the other hand, it 

shows the semiconductor nature. After doping, Ef = 0.053 eV is obtained, which 

 

Figure 5.6: Fitted curves of temperature dependent Seebeck coefficient for (a) pristine 

CNT yarn and CNT yarn (b) after Joule heating and (c) doping. 
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Figure 5.7: Model of single band diagram of CNT yarn. 

 

indicates that the upper part of the valence band is filled of holes and changing of 

metallic nature. Therefore, the larger thermopower after Joule heating and the higher 

electrical conductivity after doping can be explained qualitatively from the above  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Calculated values of the scattering parameter as a function of temperature. 
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equations and band diagram. On the other hand, the calculated scattering parameter, r 

has negative (-) value and still it has negative (-) value after Joule heating. It shows the 

predominance of the acoustic scattering in the pristine and Joule annealed CNT yarn. 

This value changed to positive (+) value after doping, indicating ionized impurities 

scattering [106]. The calculated values of the scattering parameter as a function of 

temperature are shown in Figure 5.8. 

Raman spectra were scanned to capture D band (1305 cm
-1

), G band (1545 cm
-1

) and 

G’ or 2D band (2641 cm
-1

). G band represents in-plane bond stretching vibrations of sp
2
 

hybridized carbon atoms of E2g symmetry. D band comes from disorder or impurities in 

the MWCNT such as amorphous carbon with sp
3
 bonding and 2D band is the second 

order vibration mode of D band and related to structural defects in continuous graphitic 

sheet of the nanotubes [109-112]. Figure 5.9 shows the Raman spectra of CNT yarns 

annealed at various amount of heat. It can be seen that the intensity ratio of IG to ID 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Normalized Raman spectra of CNT yarns annealed at various amount of 

heat such as 1, 2, 3, 3.4 and 4 W, respectively. 
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Table 5.1: The values of the intensity ratio of IG/ID and I2D/IG. 

 

 

 

 

 

increases from average values of 1 for the pristine CNT yarns to 11.2 and 17.8 for the 

yarns annealed at 3 and 4 W, respectively. But no Raman peak shift of the D band was 

observed after Joule annealing which is consistent with other reports [112].
 
The values 

of IG/ID and I2D/IG at various amounts of heats are listed in Table 5.1. These results 

reveal that the removal of amorphous carbon and impurities as well as improvement of 

crystallinity [113]. Concurrently, the intensities ratio of I2D to IG band in Raman spectra 

gradually increased while joule heating increased as in Figure5.10. After Joule heating 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: The relationship between the amount of Joule heating and the intensity of 

2D band to G band in Raman spectroscopy, indication of the multi-layered graphene 

structure of CNT yarn. 

Joule Heat (W) IG/ID I2D/IG 

0 (pristine) 1 0.3 

1 1.6 0.5 

2 5 0.5 

3 11.2 0.5 

3.4 15.7 0.4 

4 17.8 0.7 
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Figure 5.11: Normalized Raman spectra of annealed CNT yarn, and doped CNT yarn 

with 2.5 mg/ml F4TCNQ, 5% F4TCNQ/P3HT and 5mg/ml P3HT. 

 

at 4 W, the intensity ratio of I2D to IG reaches nearly 0.8 which points out the formation 

of a few layer graphene structure on the surface of the CNT yarn.  

Doping was confirmed by the G band shift and the intensity ratio of I2D to IG in the 

Raman spectra [112] as demonstrated in Figure 5.11. The G band of the samples doped 

with F4TCNQ (2.5 mg/ml), P3HT (5 mg/ml) and doped with both were red-shifted 

[114] from 1544 to 1552, 1546 and 1547 cm
-1

 respectively. These G band shifts indicate 

the charge transfer from CNT yarn to dopant materials with the improvement of 

electron-phonon coupling [112, 114]. The intensity ratio of I2D to IG decreases again 

after doping. It points out the introduction of dopants into the CNT yarn and doping was 

successfully finished. After doping with 2.5 mg/ml F4TCNQ, the new peaks appeared at 
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Figure 5.12: Raman spectra of pristine F4TCNQ and P3HT. 

 

around 1345 and 1414 cm
-1

 which come from the F4TCNQ. After doping with 5 % 

F4TCNQ and P3HT, the new peaks appeared at around 1349 and 1417cm
-1

 which come 

from the bond stretching between the F4TCNQ, P3HT and CNT yarn. After doping 

with P3HT, the new peaks appeared at around 1347 and 1415 cm
-1

 which may come 

from the P3HT [115]. In order to compare before and after doping with CNT yarn and 

F4TCNQ and P3HT, the Raman spectra of pristine F4TCNQ and P3HT are shown in 

Figure 5.12. 

Figure 5.13 shows TEM images of pristine, Joule annealed and doped CNT yarn with 

F4TCNQ and P3HT. We can see loosen CNTs from CNT yarn in TEM images because 

CNTs broke up from CNT yarn during probe sonication for sample preparation. 

Amorphous carbon can be seen on the surface of the pristine CNT yarn in Figure 5.13 

(a). After Joule annealing, similar morphology of the CNT yarn with the pristine one is 

observed as in Figure 5.13 (b). This may be ascribed as graphene layer formation on the 
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Figure 5.13: TEM images of (a) pristine, (b) Joule annealed, (c) F4TCNQ doped (2.5 

mg/ml) and (d) P3HT doped (5 mg/ml) CNY yarns. 

 

surface of the CNT yarn due to Joule heating.  The improvement of the intensity ratio of 

2D band to G band in Raman spectroscopy after Joule annealing also agrees well with 

this concept. TEM images are also acquired after doping with F4TCNQ and P3HT as in 

Figure 5.13 (c) and (d). Thicker coating layers observed in both figures can be attributed 

to the F4TCNQ and P3HT respectively. SEM images are also captured as in Figure 5.14 

to get more information about morphology. After joule annealing, swelling structure is 

observed as demonstrated in Figure 5.14 (b).  Even though smooth surface is examined 

after doping with 2.5 mg/ml F4TCNQ (Figure 5.14 (c)), some aggregates can be seen 

after doping with 10 mg/ml F4TCNQ (Figure 5.14 (d)). This is one possible reason why 

electrical conductivity decrease at higher concentration of F4TCNQ. Brighter and 

smooth surface is scanned after doping with 5 mg/ml P3HT (Figure 5.14 (e)). After 
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Figure 5.14: SEM images of (a) pristine, (b) Joule annealed, (c) 2.5 mg/ml F4TCNQ 

doped, (d) 10 mg/ml F4TCNQ doped, (e) 5 mg/ml P3HT and (f) 17 % F4TCNQ/P3HT  

doped CNT yarns. 

 

doping with both F4TCNQ and P3HT, very small aggregates are observed on the 

surface of the CNT yarn (Figure 5.14 (f)). TGA (in air) analysis was used to analyze 

CNT and removal of impurity contents based on the weight changes in the CNT yarn 

before and after Joule annealing. The CNT content at 450° C is 92 % for pristine and 97 

% after Joule heating, which is illustrated in Figure 5.15. A majority of the CNT yarn  
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Figure 5.15: TGA analysis of the CNT yarn before and after Joule annealing. 

 

impurities such as amorphous carbonaceous impurities are lost by 450°C in TGA [116].
 

This weight-loss until 450°C can be attributed to the removal of amorphous carbon. 

Therefore, very less amount of amorphous carbon is present in the CNT yarn after Joule 

heating. The temperature at which CNT combustion occurs (Tc) is obtained from the 

TGA as 629 °C for pristine and 739°C for Joule heated CNT yarn. Tc upshifts after 

Joule annealing with ∆Tc≈110°C. Large amount of ∆Tc value indicates that CNT 

themselves could participate in burning process associated with Joule annealing, leading 

to structure changes on CNT surfaces that effect Tc and hence, ∆Tc [117]. 

 

5.4. Conclusion 

In this chapter, a novel approach for p-type doping of CNT yarn with F4TCNQ and 

P3HT is presented. Our results show that doping after Joule annealing can lead higher 

thermoelectric power factor of CNT yarn. Specifically, CNT yarn doped with 2.5 mg/ml 
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F4TCNQ exhibited a power factor of 2250 µWm-1K-2, which is one of the highest 

values among the p-typed doped MWCNT yarn. Moreover, pretreatment by Joule 

heating is confirmed to be effective way to improve Seebeck coefficient. Finally, 

combination of Joule annealing and doping can pave a way to enhance the 

thermoelectric properties of CNT yarn. 
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CHAPTER 6 

Summary 

In this thesis, how to improve thermoelectric properties of conducting polymer, 

PEDOT:PSS and P3HT/CNT yarn composite have been discussed. N2 pressure-induced 

nitric acid treatment was used to improve electrical conductivity and Seebeck 

coefficient of PEDOT:PSS simultaneously. In PEDOT:PSS, the enhancement of 

electrical conductivity is due to the removal of insulating extra PSS from PEDOT:PSS 

and the conformation of PEDOT polymer structure from benzoid (coiled) to quinoid 

(linear) structure. In order to highlight the effect of N2 gas pressure on the enhancement 

of thermoelectric properties of PEDOT:PSS, immersion in deionized (DI) water, drying 

in the vacuum chamber,  or N2 gas passing was performed after HNO3 treatment. 

Among them, N2 gas passing gave the optimum thermoelectric properties. In addition, 

H2SO4 and HCl treatment were also performed to examine the effect of pressure of N2 

gas on the structure and thermoelectric properties of PEDOT:PSS. Based on our results, 

the conformation of PEDOT is due to the removal of PSS by acids and the pressure of 

N2 gas. Acids are mainly responsible for the removal of insulating PSS, leading to the 

conformation of PEDOT while N2 gas pressure is responsible for the additional 

conformation of PEDOT favoring the linear orientation of the polymer structure. 

Therefore, mechanical force such as N2 blown after acids treatment makes the 

PEDOT:PSS films highly aligned and causes anisotropic charge transfer in the film 

leading to increase the electrical conductivity, regardless of the types of acids. 

In P3HT/CNT yarn composite, Joule heating of CNT yarn before doping could 

enhance the Seebeck coefficient while doping with F4TCNQ gave the higher electrical 

conductivity. Joule heating can create band gap between the valence band and 

conduction band, leading to the higher density of states and resulting in the higher 

Seebeck coefficient. Doping with F4TCNQ can improve the electrical conductivity 
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creating the charge transfer between P3HT and CNT structure as dopant-linked 

semicrystalline polymer. Therefore, combination of joule heating and doping is a better 

approach to enhance both electrical conductivity and Seebeck coefficient of carbon-

based materials. 
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