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Abstract 

Thermoelectric materials can convert waste heat to electricity without moving 

parts. Extensive research into improving the efficiency of inorganic thermoelectric 

materials has allowed some materials such as bismuth tellurides to be commercialized. 

These materials, however, contain materials in low abundance on earth such as 

tellurium therefore their use and scaled production would be limited. Organic and 

hybrid thermoelectric materials can meet the gap for niche markets as well as be 

synthesized on mass, due to utilization of earth abundant elements such as carbon, 

sulphur, and nitrogen. The thermoelectric generators require several n and p-type 

materials connected for optimal efficiency. There are many ways to create inorganic 

thermoelectric n and p-types. However, for the organic thermoelectric materials the 

efficiency lags because of their lower electrical conductivity and Seebeck coefficient 

as well as the lack of effective strategies in the development of n-type materials. 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is one 

of the most successful and researched p-type organic thermoelectric material and thus, 

the thesis will explore effective strategies for decoupling the apparent trade-offs 

observed when improving either the electrical conductivity or Seebeck coefficient. The 

first major contribution to knowledge discussed in this study  is the utilization of a 

reducing agent treatment on PEDOT-ionic liquid composites (reader is advised to refer 

to chapter 5). Another significant finding was the successful development of a novel 

route to an n-type single walled carbon nanotube, PEDOT:PSS composite (please refer 

to chapter 6). The final and most significant contribution to knowledge in this research 

project was the development of a set of novel single walled carbon nanotube, ionic 

liquid, PEDOT:PSS composites whereby after a post treatment with a guanidinium 

iodide in ethylene glycol solution allowed for  improvement of the electrical 

conductivity from 3.4 S cm -1 to 3665 S cm-1 and Seebeck coefficient from 12 μV K-1 

to 27 μV K-1 thereby leading to an optimised power factor of 236 μW m-1 K-1 at 140 

°C (please refer to chapter 7). 
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Chapter 1 Introduction 

As the earth’s population continues to grow past 7.5 billion people as of 2019 

with a corresponding evident growth rate over 1 percent annually, energy demands 

have become inculcated with geopolitical stability.3 Fossil fuels, which remain the 

largest energy source for most of the planet cannot sustain human civilizations 

indefinitely.4 Further still, because climate change concerns are also incontrovertibly 

linked to the use of fossil fuels due to their release of greenhouse gasses from 

incomplete combustion, alternative energy routes must be realized.5–7 Moreover, some 

products of combustion such as sulphur dioxides are linked to negative human health 

in dense city environment where it’s concentrated.8 Consequently, these factors  show 

the need for clean and renewable energy resources. 

 

Thermoelectric generators (TEGs) which when made into functional devices known 

as Thermoelectric Devices (TED) are a class of materials with a lot of promise for 

application in clean and renewable energy.9–11 This is because majority of energy in 

most engines is dissipated as heat due to a conversion efficiency limits as described by 

the Carnot efficiency equation.12–16 As a waste heat recovery system TEGs do not, 

except for the initial materials synthesis add to the carbon footprint. They are solid 

state devices that can convert heat into electrical energy without moving parts.11,17 In 

theory, this means the devices have lower failure potential than conventional engines 

comprised of multiple different moving parts requiring more significant emphasis on 

maintenance (assuming the TEG is stable and commercially operable). Subsequently, 

this unique factor increases the areas of application to include powering space probes 

and other devices utilized in deep-space exploration for missions that extend beyond 

our solar system whereby solar panels are impractical due to the low light intensity.18–

21 
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 The thermoelectric effect 

TEGs utilize a phenomenon known as the Seebeck effect which occurs when 

two dissimilar conductive materials are connected electrically in series and thermally 

in parallel. 22–25 If the TEG is exposed to a temperature gradient (ΔT = THot – TCold) in 

which ΔT ≠ 0 a voltage is generated due to the charge carriers moving from the hot 

side to the cold side as depicted in Figure 1.1.1.26,27 

Typical device architecture requires  p and n-type legs to maximise the efficiency. 

Further still, to make TEGs viable as energy recovery engines many of these legs must 

be connected in an optimal manner to maximise heat to electrical power conversion.28–

31 It’s important to realize there are more considerations in the design of such systems 

like, the optimal leg length, geometry, number of legs, stability of the thermal paste 

applied in the synthesis of modules, as well as how many modules form a functional 

TEG unit etc. The p-type material has holes as the majority charge carrier meanwhile 

electrons are the majority charge carriers within n-type materials.27,32,33 As expressed 

in Figure 1.1.1, the holes and electrons will travel along the same direction away from 

the heat source towards the cold junction. As the carriers move along this path an 

electric field is generated whereby the current will flow. 
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Figure 1.1.1, depicting flow of charge carriers in in the Seebeck effect. When there is 

enough difference in temperature (ΔT = THot – TCold) between both junctions where 

ΔT  is not 0 charge carriers (e- and h+ ) will diffuse towards the cold end and create 

a voltage.   

 

 
Figure 1.1.2. Schematic depicting flow of charge carriers in a Peltier effect system. 
When  enough bias is applied (current) a temperature gradient will be generated and  
(e- and h+) will diffuse towards the hot junction and as consequence  create an active 
cooling effect. 
 

Figure 1.1.1 shows a power output to extract electricity generated by the 

Seebeck effect meanwhile Figure 1.1.2, represents a power input in the form of a 

battery. In this system, the reverse movement of charge carriers to the one described 

in Figure 1.1.1 will occur. In this scenario, the holes and electrons will actively flow 

away from one side and heat will be dissipated towards the other end and subsequently 

causing a temperature difference.34–36 

This is known as the Peltier effect and can be used in cooling applications such 

as central processing unit (CPU) heat management, refrigerators, dehumidifiers, and 

cooling heat flux systems.28,37–41 However for this technology to replace more 

established power generators it would require higher efficiencies. The efficiency is 



12 | P a g e  
 

denoted by a dimensionless figure of merit (ZT). Commercial TEGs operate at a ZT 

of around 1. A ZT of around 4 is required to reach this goal.42,43 The scope of this 

thesis is limited to the understanding of chemistry of optimised organic and hybrid 

thermoelectric materials (OHTEGs) as opposed to TED development. 

 

 Fundamentals of thermoelectric materials 

 

For quantifying change and comparing performance within and between 

thermoelectric systems, the zT as expressed below in Equation (1) is used to denote 

thermoelectric efficiency of a material and or device.11,44,45 For thermoelectric devices 

(TED) however, a more complex set of equations that relate to Carnot efficiency, 

Thomson effect and transfer of heat and joules through circuits/materials are used to 

strategize device design for optimal performance.46–50 

𝑧𝑧𝑧𝑧 =
𝑆𝑆2 𝜎𝜎 𝑇𝑇
𝜅𝜅

 

 

(1) 

 

Expressed in equation 1, S represents the Seebeck coefficient discussed in 

chapter 1.1. The electrical conductivity is 𝜎𝜎, meanwhile T corresponds to the mean 

temperature between hot and cold end and 𝜅𝜅 the thermal conductivity.51–53 For an 

optimally efficient TEG, the interplay between the Seebeck coefficient, electrical 

conductivity and the thermal conductivity must lead to a high ZT at the operating 

temperature. The Seebeck coefficient (S) is used to assess effectiveness of a specific 

material to generate voltage (ΔV) from the temperature gradient (ΔT). This 

relationship is expressed below in equation (2)  

𝑆𝑆 =
−ΔV
   ΔT

 
 

(2) 

 

The Seebeck coefficient is a materials property related to the rate of change of 

the density of states near the fermi level.54–56 Typically, metals have very high 

electrical conductivity because the Fermi level is within the conduction band and a 

much lower Seebeck coefficient because there are too many free mobile carriers as 
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explained later in the Boltzmann transport theory (chapter 1.2 page 15).57–60 Ideal 

materials are therefore derived from semiconductors because the Fermi level or free 

mobile carrier population can be tuned through doping (defect engineering).61,62 An 

insulator type material would ultimately yield an electrical conductivity that is too low, 

and a pure metal would usually have an extremely high thermal conductivity and low 

Seebeck coefficient whereby a low ZT would be realized. The electrical conductivity 

(𝜎𝜎) gives information on the transport of the charge carriers electrons and holes �𝑒𝑒
−

ℎ+
� 

respectively meanwhile (T) depicts the absolute temperature. The thermal conductivity 

(𝜅𝜅) expresses the transport of heat carriers namely phonons.  A further analysis of (κ) 

will lead to the expression in equation (3) below.63–65 

𝜅𝜅 = 𝜅𝜅𝑒𝑒 + 𝜅𝜅𝑙𝑙 

𝜅𝜅𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 
 

(3) 

 

The Lorenz number, L whereby (𝐿𝐿 = 2.44 × 10−8 WΩ K−2) is an approximated 

constant derived from some fundamental constants relating to kinetics of electrons and 

temperature.64 The approximate constant above is within the Somerfield limit for 

metals and heavily doped semiconductors but in some materials such as lightly dopped 

semiconductors and complex organic semiconductors it can deviate especially at 

moderate temperatures. Equation (3) shows that (𝜅𝜅) is coupled to (𝜎𝜎). The movement 

of phonons within vibrational lattice structure is described by (𝜅𝜅𝑙𝑙) Thus, it’s apparent 

that to improve ZT, studies must focus on decreasing  (𝜅𝜅𝑙𝑙)  meanwhile maximising the 

numerator of equation (1).66–68 

To further simplify equation (1) especially if (𝜅𝜅) cannot be directly measured 

due to instrument limitations; if (𝜅𝜅)  is obtained in literature for the material in question 

then it can be estimated by taking the highest experimentally derived value for similar 

experimental parameters. The power factor 𝑃𝑃𝑃𝑃 = 𝑆𝑆2 𝜎𝜎, can be used as a tentative ZT 

alternative for efficiency considerations.69 This is not the only use for power factor as 

it can be useful in studying high temperature energy harvesting70 whereby a high 

temperature difference can be more easily maintained or potentially space applications 

since the difference in temperature between the radiation source and cold space is large 

enough that power factor would be more useful.72 Due to difficulties acquiring a 

reliable experimental method to determine (𝜅𝜅) for thin film (50-70 nm) used in this 

research any ZT determinations were estimated through approximations of (𝜅𝜅). 
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Further still, PEDOT:PSS is the low (𝜅𝜅) polymer matrix used in this study. It has been 

shown in literature that some nanocomposites rarely exceed much greater than 1 W m-

1 K-1 despite increased electrical conductivity.71  

As denoted above in the ZT equation there is a competition between (𝜅𝜅)  and 

(𝜎𝜎).   If the (𝜎𝜎) is increased then (𝜅𝜅𝑒𝑒) will follow suit as described by the Wiedemann–

Franz law thereby reducing ZT.73 However, it isn’t only the interplay between PF and 

(𝜅𝜅)  that must be considered. The interrelation between (𝜎𝜎) and (S) must also be ideal. 

This is because when broken down into subcomponents it becomes apparent that there 

are some contradicting partitions that are coupled that will reduce either (𝜎𝜎) or (S)  as 

the other is increased. An equation relating to the Boltzmann transport theory as 

expressed in equation (4) can be used to described electronic transport within most 

solid-state materials including inorganic and to an extent organic crystal structured 

semiconductors like pentacene, carbon nanotubes PEDOT:PSS, polyaniline (PANI), 

etc.74 However, other models are often used in conjunction to this theory to analyse 

organic and hybrid thermoelectric systems as later explained in chapter 1.3. 

𝑆𝑆 =
8𝜋𝜋2𝑘𝑘𝐵𝐵   2

3𝑒𝑒ℎ2
𝑚𝑚 ∗ 𝑇𝑇 �

𝜋𝜋
3𝑛𝑛
�

2
3
 

 

 

(4) 

 

Due to some part of the elements within the equations corresponding to, (𝜎𝜎) and (S) 

being inversely coupled.74 Equation (5) below describes the interrelations further 

𝜎𝜎 = 𝑛𝑛𝑛𝑛𝑛𝑛 (5) 

 

Within Equation (4) and (5) the Boltzmann constant is 𝑘𝑘𝐵𝐵   , e conforms to the carrier 

charge, h corresponds to Planck’s constant, meanwhile, 𝑚𝑚 is the effective mass of the 

charge carrier, 𝑛𝑛 denotes the carrier concentration, and 𝜇𝜇 the carrier mobility.75,76 

Therefore, observing equation (1), (3), (4) and (5), one could formulate equation (6) 

as expressed below showing the full relationship between the relevant parameters 

regarding optimisation of ZT 

𝑍𝑍𝑍𝑍 = �8𝜋𝜋
2𝑘𝑘𝐵𝐵

   2

3𝑒𝑒ℎ2
𝑚𝑚 ∗ 𝑇𝑇 � 𝜋𝜋

3𝑛𝑛
�
2
3}2 

* 𝜎𝜎 / K 

 

 

(6) 

 

 

https://en.wikipedia.org/wiki/Wiedemann%E2%80%93Franz_law
https://en.wikipedia.org/wiki/Wiedemann%E2%80%93Franz_law
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it’s very clear a favourable strategy for improving ZT should focus on decoupling  𝜇𝜇 

from 𝑛𝑛 thereby increasing carrier mobility as well as aforementioned (𝜅𝜅) decoupling, 

whilst simultaneously finding an optimal carrier concentration that will favourably 

lead to both high (S) and (𝜎𝜎).75,77–79 

Therefore ideally, a highly electrically conductive materials with an optimal carrier 

concentration  and highly disrupted phonon transport is desired. Such a material can 

be described by the phonon-glass crystal concept that can be formed in semi-

conductors such as skutterudites and clathrates whereby disorders can be introduced 

in the material to create a glass like structure to disrupt phonon transport meanwhile 

allowing for electron transport to be more crystalline to increase the electrical 

conductivity.80,81 Several studies show this concept is useful in selectively disrupting 

the phonon transport.82–85 

A recent study achieved record high ZT across a wide range of temperature by 

improving the PF through Na doping and controlled growth of SnSe0.9S0.1 single 

crystals and lowering thermal conductivity through structural band engineering and 

anharmonicity/point defects resulting in phonon scattering thus resulting in a ZT of 

2.3 at 499.85 °C.86 

Other methods to scatter phonons have been demonstrated via nano structuring 

and quantum wells for inorganic TEGs. 87–91 Superlattice strategies require specialized 

equipment to arrange atoms in a particular plane and precise patterning. Through nano 

structured engineering, the ZT of bismuth telluride/selenide-based TEGs has been 

significantly improved. Since its discovery, this material type has had its bulk ZT 

optimised to around 1 at room temperature but recent materials through nano 

structuration have managed to obtain ZT of above 1.4 for both p and n-type 

derivatives.92 

 Bonding in Conducting polymers 

In polymers such as polystyrene sulfonate (PSS) the electrons in the carbon 

bonds pertaining to the backbone  are sp3 hybridised. A two-dimensional model of the 

molecular structure of the polymer backbone is represented in Figure 1.3.1 below. 
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Figure 1.3.1 pictogram depicting 4 units of poly(styrenesulfonate) PSS. The 
highlighted section shows the nonconductive backbone of sp3 hybridised carbon 
atoms. 
 
The carbon atoms have strong stable covalent 𝜎𝜎 bonds that prevent effective charge 

transfer between molecules. Due to the oxygen bonded to the sulphur atoms, when in 

an ionic solution with salts like Na+ and H2O/H3O+ , it can be synthesized with 

poly(3,4-ethylenedioxythiophene) PEDOT to form PEDOT:PSS, which allows the 

otherwise water insoluble conductive polymer (PEDOT) to be solution 

processable.93,94 The mechanism of improved electrical conductivity via phase 

separation of PSS from PEDOT will later be explored in chapter 4. 

In polymers such as PEDOT as represented in Figure 1.3.2, the carbon atoms 

on the backbone are sp2 hybridized. In this bonding situation, out of the four electrons 

in the outer shell of each carbon atom three are used to form 3 degenerate 𝜎𝜎 bonding 
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electrons in the form of, 1 (2s)  and  2 (2p) orbitals. The remaining electron which is 

in an unhybridized (2p) orbital as depicted in Figure 1.3.3 is shared between  

the same electron type in the adjacent carbon atom and forms the less stable 

higher charge density 𝜋𝜋 bond. These bonds are represented by a double bond as shown 

in the highlighted sections of Figure 1.3.2  

 

 

 

 
 

 

Figure 1.3.2. Pictogram representing the conductive pathway due to 𝜋𝜋 bonded 
electrons (highlighted) of the 4 repeated units of the polymer poly(3,4-
ethylenedioxythiohene) PEDOT.  
 

Consequently, due to the weaker bond with higher charge density the 𝜋𝜋 bonds can 

break and reform in the adjacent carbon location which can cause a chain like reaction 

of bond breaking and bond forming and thus become delocalised across the molecule. 
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Consequently, this creates a conductive pathway with an effective charge transfer  

potential relative to the sp3 bonds in Figure 1.3.1.  

 

Figure 1.3.3. Colour coded pictogram depicting different electronic states in Carbon 
bonding orbitals. The ground state (furthest left) conforms to a simple unbonded 
carbon meanwhile the excited state (middle) depicts sp3 hybridised carbon. The 
hybridised carbon (far right) depicts the sp2 hybridised carbon with an unhybridized 
2p orbital. 
 

In relation to Figure 1.3.1, in theory polystyrene should be able to conduct electricity 

due to the delocalised 𝜋𝜋 electrons in the benzene rings. Charge can build up in the 

benzene ring, however due to the sp3 backbone this charge will be trapped and 

statistically unable to hop onto the other carbon in the other benzene molecules to form 

a conductive circuit. If, however an intrinsically conductive material such as graphene 

is added into polystyrene it would allow the charge carrier build up in the benzene 

rings to be able to hop onto graphene nano particles and improve chances of it being 

carried across the system if it is energetically favourable.95 PEDOT is intrinsically 

undoped polymer therefore requires doping to improve the electrical conductivity. 

Therefore, there are effective strategies to improve the performance (conductivity)/ 

(charge accumulation at applied temperature difference) to improve the Seebeck 
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coefficient of PEDOT for thermoelectric application. For the duration of this thesis the 

term thiophene/polythiophene will be used to refer to PEDOT chains. 

 Charge carrier transport in organic semiconductors 

As expressed in chapter 1.3, the bonding induced by the overlapping of 

hybridised 𝜋𝜋 electrons create a band like delocalised carrier state. Organic 

semiconducting materials can be described as crystalline or amorphous depending on 

the degree of defects that affect their periodicity. One of the earlier transport theory 

for organic thermoelectric materials was proposed by Friedman based on the 

Boltzmann theory in organic crystal semiconductors.96 This transport theory uses the 

band like transport to describe mobility of charge carriers instead of focusing on 

transport as discrete unit cells as observed in other transport mechanism such as 

percolated hoping theory. In band theory, the generalized charge distribution around 

the valence band, Fermi level or conduction band is analysed to describe mobility.97 

Due to the disordered imperfect crystal as seen in some polymers and small molecules 

the transport mechanism is more convoluted and difficult to describe than inorganic 

crystals therefore hopping mechanism is often used in conjunction to band theory to 

describe carrier transport.98–100 

In organic semiconductors impurities can be introduced by grain boundaries dangling 

nonconductive bonds that disrupt conductive pathways or physical inclusions such as 

metals or nano powders, carbon nanotubes etc.101–103 A grain boundary refers to an 

interface between adjacent crystalline regions.102  Typically, these imperfections are 

described as static disorders since they are constant through time however when 

disorders are created through thermal fluctuations it can be described as dynamic 

disorders. Therefore, these thermal fluctuations may induce further effects on carrier 

mechanism in conjunction to the initial static disorders.104–108 This may result in higher 

or lower carrier mobilities at different temperatures. The  change in enthalpy may 

influence the entropy of free carriers  and induce a change in the charge localization 

in which incoherent tunnelling (hopping) may be statistically more likely or less likely 

depending on the distribution of charge carriers around the Fermi level. 

Empirically, this dynamic disorder can be observed as a temperature 

dependence on the electrical conductivity. For example, in thermally activated/assisted 
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hopping mechanism, when observing a graph displaying electrical conductivity 

against temperature, a simultaneous increase in both temperature and electrical 

conductivity may be observed within the operating temperature range of the material. 

When treating different films with different chemicals sometimes there is an increase 

of the electrical conductivity as the measurement temperature increases. In these cases, 

the film can be described as thermally dependent electrical conductivity (thermally 

assisted hopping). If, however at higher temperatures, an increase in the electrical 

conductivity is not observed then it can be described as non-thermally dependent 

electrical conductivity (non-thermally assisted hopping). This has been described in 

literature as metallic conductivity. In this study non thermally, assisted hopping 

transport is used to include cases where the conductivity stays the same across the 

temperature range. This simplified model will allow inferences to be made regarding 

if and how temperature affects the electrical conductivity. 

To determine if the material exhibits a hoping type mechanism the variable 

range hoping VRH (one among several) models can be used qualitatively to determine 

indicate carrier mechanism.98,109–111 

When applying band theory to describe movement of carriers in organic 

systems, the highest occupied molecular orbital (HOMO) within an organic crystal is 

analogous to the valence band, meanwhile, the lowest unoccupied molecular orbital 

(LUMO) is analogous to the conduction band. Electrical conductivity (or hole 

conductivity in p-type materials) in organic semiconductors is allowable when the 

energy gap between these two bands is small enough for a charge carrier to transfer 

from the valence band to the conduction band. This can be occur at room temperature 

or via an excitation (photonic or thermal) to allow the transition. Doping may be 

utilized to introduce defects which subsequently may create alternative energy levels 

between the HOMO and LUMO, thereby reducing the band gap as there would be mid 

gap transitions thereby increasing the entropic distribution of carriers and thus 

increasing the statistical likelihood for some carriers to have enough energy to 

transition to the conduction band.112–114 
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 Doping in organic semiconductors 

Wide and mid gap band gap semiconductors cannot facilitate effective charge 

carrier across the material to create a current. This is contrasted by conductors which 

have an energetically more favourable band gap between the HOMO and LUMO 

thereby leading to intrinsically much higher electrical conductivity.115 Since the 

discovery of conductive organic semiconductors there have emerged several small 

molecules and conducting polymers that have been studied.116–120  However, due to the 

intrinsically low electrical conductivity, which being in part due to relationships 

between low carrier mobility and or carrier concentration, means most organic 

semiconductors require extra processing steps (doping) to increase conductivities. In 

pristine materials, this can be as low as 10-8 S cm-1 in small molecules to as high as 

4000 S cm-1 in doped polymers like PEDOT:PSS.121–126 Therefore, it is possible to 

tune the conductivity of a polymer by controlling the dopant concentration within the 

material. In some cases, the dopant is a redox reagent (it will be referred to as dedoping 

when describing the reduction of PEDOT2+/PEDOT+ molecules in this thesis).127–129 

In inorganic semiconductors when an impurity with different electronic properties are 

introduced to a crystalline semiconductor the band gap can be tuned. For example, 

when p doping  However, the doping scenario in organic semiconductors have multiple 

different mechanisms.  An example is an integer charge transfer model whereby the 

addition of strongly electron donating n-type (reducing agent) or strongly electron 

withdrawing p-type (oxidising) molecule can inject or withdraw  electrons respectively 

from the host material.130–133  Modelling a p-type dopant as an oxidising agent, it can 

be employed to a semiconductor to remove an electron from the highest occupied 

molecular orbital (HOMO) of the host material. Consequently, this would introduce 

some quantity of positively charged species (holes) across the conjugated backbone in 

the polymer.1 Along the same logic an N-type dopant can be modelled as a reducing 

agent which can transfer an electron to the LUMO of the corresponding organic 

material thereby inducing a negative charged carrier species (electrons) in the 

backbone.134–138 This model of charge transfer can be represented schematically as 

shown below in Figure 1.4.1 
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Figure 1.4.1 Schematic representing P-type (a), and N-type (b) doping mechanisms 
under the integer charge transfer model. 
 

The choice of dopant requires an understanding of the redox potentials of both 

the dopant and the matrix material. To achieve p-type doping, the LUMO of the p 

dopant must be at a lower energy than that of the matrix HOMO. In other words, the 

dopant must have a higher electron affinity than the matrix.1 For post doping matrix 

stability considerations it would be beneficial if the matrix forms a stable charged or 

neutral species after losing an electron. This can be achieved by utilizing counter ions 

or anions to counter the charge. In the inverse, (n-type) doping, the matrix must have 

a higher electron affinity and, if stability is important after doping, the material should 

be able to maintain the introduced negative charge without suffering from oxidation.139 

A strategy to decrease the oxidation rate of an n-type carbon nanotube/graphene nano 

composite material was discussed in a paper by Cho et al.140 The team discovered that 

by forming highly aligned graphene oxide layers, the oxygen permeability rate would 

decrease enough to increase the number of days it would take for the films to lose their 

n type characteristics. This model has been used to describe some organic and hybrid 

semiconducting systems such as carbon nanotubes (p and n-type) as well as PANI, and 

PEDOT:PSS, (p-type), however for some materials such as PEDOT:PSS it’s difficult 

to induce an n-type behaviour through doping of reduction without introducing other 

species in the matrix such a carbon nanotubes.141 The challenge to formulate n-type 

organic thermoelectric materials is of interest to the development of TEGs therefore it 
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will be the focus of an experimental section (chapter 6).138 As expressed by difficulty 

(experimentally) of producing an n-type PEDOT:PSS material while utilizing this 

integer charge transfer model, it’s obvious that the model is incomplete in describing 

doping mechanisms in organic semiconductors. Other models such as hybrid charge 

integer have been posited as being more comprehensive.131,142–144 

The hybrid charge transfer model explains doping of conducting molecules 

through the formation of charge transfer states induced from orbital mixing between 

donor and acceptor orbitals. This accounts for when the dopant remains in the materials 

(post doping). This hybrid charger transfer model can be used to explore charged 

counter ions and anions to the charged transfer states which the dopant itself may act 

as a stabilizer.131 

Other doping strategies may include the imbedding of conductive 

nanomaterials within the polymer matrix.145,146 This approach would take the unique 

electronic qualities of the guest material into account and therefore by tuning the 

concentration of the guest material relative to the host matrix, it is possible to improve 

the Seebeck coefficient for example.147In this case forming nanocomposites between 

the polymer and a material with intrinsically high Seebeck coefficient such as SnSe2, 

or other selenium, germanium, or tellurium nanoparticles/ flakes can improve the 

Seebeck coefficient of the bulk nanocomposite relative to the pristine polymer.148,149 

The nano composition of tin selenide with PEDOT:PSS for example has been shown 

to improve the power factor and ZT as shown in a study by Ju et al, whereby a ZT of 

0.32 was reached with a 20 wt% fraction of tin selenide to PEDOT:PSS.149 This was 

due to the extremely low and relatively unchanging thermal conductivity of 0.45 W m-

1 K-1 to the % loading of the inorganic material as well as well as an increasing power 

factor in response to the tin selenide loading up to 20 wt%.149 Thus, the band gap 

between the two materials is important to allow charge transport within the composite. 

This is an effective method for producing n-type conducting polymers. Because of the 

ionic properties of ionic liquids some studies have realized n-type characteristics in 

conducting polymers by using the anionic component to induce n-type characteristics 

by charge injection into the polymer meanwhile the imidazolium cation part acts as a 

charge stabilizer to prevent rapid air re-oxidation.150 An example of this is the use of  

1-ethyl-3-methylimidazolium ethyl sulfate on polyaniline (PANI) and obtained a 
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Seebeck coefficient of −138.8 μV K-1 of which the n-type characteristics were 

maintained for 15 days due to the imidazolium cation balancing the negative charge.150 
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Chapter 2 Literature Review 

 Thermoelectric materials selection 

The process of materials selection as well as strategies to improve favourable 

thermoelectric parameters should focus on cost effectiveness, ease of  processability, 

low net-negative environmental impact, use of renewable re-agents (atom economy), 

and must have potential for mass production by using earth abundant, low toxicity 

elements which are stable at optimal operating temperature, light, and humidity 

etc.17,151–153 Some issues with some of the latest ways to improve ZT involve complex 

muti-step processes that would contradict some of the factors listed above. Spark 

plasma-sintering can lead to high power factor for inorganic TEGs, by improving 

electrical transport through increased crystallinity and control of the vibrational 

phonon paths through scattering induced controlled defects.154,155 Controlled crystal 

growths, quantum confined phonons, superlattice structures and molecular ordering, 

are great examples of effective strategies that have shown to improve said factors.156–

161 

Nano structuration has been shown to improve ZT as previously explained and when 

compared to some of the methods listed above it can require much less specialized 

equipment.162 hydrothermal, Solvothermal and other simple solution processing 

techniques will be used in conjunction to nanostructured films for this study with 

emphasis on chemical treatment.163–165  

 Organic thermoelectric materials  

Organic electronics is a growing field in semiconductor solid state 

physics/chemistry and materials science due to some intrinsic advantages pertaining 

to organic materials such as an earth abundant atom economy (carbon based).166,167 In 

comparison, inorganic semiconductors often use derivatives of less abundant metals 

such as selenides, gallium, germanium etc.168–170 This means if  organic materials 

overcome some intrinsic issues such as thermal, air, water, and mechanical stability as 
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well efficiency concerns then they can compete with and potentially replace some 

traditional inorganic based semiconductors.69,171,172At the very least it would mean 

organic thermoelectric materials can be used in niche applications such as wearable 

energy harvesting devices or low energy medical devices etc.17,111,166,173 Among the 

most studied materials include; polyanilines, 5.6.5 1,2-Dithioles and Dithiolanes, 

carbon nanotubes, (CNT), polyacetylenes, and polythiophenes such as Poly(3,4-

ethylenedioxythiophene)poly(4-styrenesulfonate) (PEDOT:PSS).17,36,111,174,175  

PEDOT:PSS has been widely studied in an array of organic electronics 

technologies such as photovoltaics (PVs), in which certain grades of PEDOT:PSS is 

used as the hole transport material or in some cases as a replacement for indium tin 

oxide (ITO) as the conductive electrode in PVs or liquid clear display systems.176–181 

PEDOT:PSS has also been used in other applications such as organic light emitting 

diodes (OLED) capacitors and so on.182–186 It’s been extensively studied (in 

conjunction with nano composites) as an (OHTEG) material since it was discovered 

that it’s electrical conductivity can be drastically increased without significantly 

affecting the phonon contribution of (𝜅𝜅) via solution mixtures and post treatments with 

high dielectric-constant polar co-solvents.187,188 In a study by Liu et al.191 it was 

discovered that in a PEDOT:PSS film treated with DMSO that the electronic 

contribution increased more so than from the phonon contribution to the thermal 

conductivity as estimated through Wiedemann–Franz law in which it was found that 

the data was closely related with the Sommerfeld value of the Lorenz number. This 

infers that although the total (𝜅𝜅) in organic thermoelectric materials may not increase 

as much as for some inorganic materials that there would still be an increase. The 

polymer is constituted by repeated units of EDOT+ ionomers and PSS- counter ions to 

stabilize charge distribution and allow PEDOT:PSS to be water soluble since PEDOT 

is hydrophobic.189 The excellent properties such as, water solubility, processability, 

ease of printing allows for a wide range of environmentally friendly synthetic routes 

to desired performance and device fabrication.94,166,190,192,193 

The term primary doping is used to describe the “as prepared” PEDOT:PSS 

solution due to the oxidative polymerization method used during its synthesis. Without 

further doping or dedoping however, the PF of 0.07 μW m-1 K−2 is observed in which 

it is too low to be useful in commercial applications. 126,194 In order to improve the 

thermoelectric performance of PEDOT:PSS, effective chemical treatment is usually 
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ascribed as secondary doping (for improvement of electrical conductivity) meanwhile 

dedoping (is used to tune the Seebeck coefficient) to optimise the PF.195 The term 

secondary doping relates to the use of doping strategies that does not necessarily 

change the oxidation state of PEDOT, often involves solvents treatment.196 

Another desirable property of PEDOT:PSS used as an organic thermoelectric 

material is due to its intrinsically low thermal conductivity in the range between 0.1-

0.3 W m-1 K-1 67,197. Further still, the p-type polymer is resistant to thermal degradation 

from a range below room temperature to temperatures reaching 180 °C.18,198 At 

temperatures above 230 °C a decrease in the work function as measured by ultra violet 

photoelectron spectroscopy (UPS) can be observed in which with a corresponding 

decrease in electrical performance indicates a Diels–Alder reaction (SO2-extrusion) 

occurring whereby thiophene units in PEDOT:PSS break down.31 This makes this 

material a great candidate for energy recovery low and medium energy recovery 

application but not high temperature applications. There is however a lack in  research 

progress into the n-type form of PEDOT:PSS and currently there are only some 

successful synthetic routes, such as imbedding carbon nanotubes or tellurium 

derivatives within the polymer matrix.199,200 When treated with a reducing agent the 

majority charge carriers in the carbon nanotubes may change from holes to electrons 

in which through 𝜋𝜋 − 𝜋𝜋 stacking with the PEDOT:PSS an overall electronic n-type 

charge transport is observed in the nancomposite.201 The p-type PEDOT:PSS is 

relatively stable in air and in some cases its materials properties can be altered to 

increase water stability as seen in literature.202 In a recent study the water resistance of 

a PEDOT:PSS composite was increased via cross linked synthetic route to a 

PEDOT:PSS-bisphenol diglycidyl ether film. The composite proved to also be 

resistant to significant electrical deformation as well as improved thermal stability.203 

Because of its highly tuneable doping states (oxidation states ), it’s possible to 

obtain desired PF through a variety of techniques such as post drop coating chemical 

treatment on a thin film, to more complex strategies such using electrochemistry to 

deposit PEDOT nano particles on a substrate.204,205 Within a typical electrochemical 

set up there is an electrolyte solution with desired ions for deposition as well as 3 

electrodes including a reference, working and counter electrode.206 By varying the 

electrode potential, the redox state and or the deposition conditions can be induced. It 

has been shown that the oxidation state in this polymer is directly related to (𝜎𝜎) and 
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(S) in which is usually coupled.206 Dedoping usually describes reducing the thiophene 

units since its doped state is highly oxidised. Strategies to control these states and 

decouple (𝜎𝜎) and (S) would yield the highest PF.207 The low (𝜅𝜅) appears to be 

decoupled from the PF as the (𝜅𝜅) remains relatively low at around 1 W m-1 K-1 despite 

improvements in  (𝜎𝜎) and (S) even when made into nanocomposites by high loading 

of up to 90% by weight carbon nanotubes.71,170 This is of interest because carbon 

nanotubes have been shown to exhibit very high (𝜅𝜅) without being encapsulated within 

a polymeric matrix.22,208 

 Improved PF through solvent engineering in 

PEDOT:PSS 

Through secondary doping with polar solvents, acids, and salt solutions,  has 

been shown to increase significantly.128,209 Conductivities of 620, 640, 800, 1300, and 

1900 S cm–1 have been achieved by treating PEDOT:PSS with dimethyl sulfoxide 

(DMSO), ethylene glycol (EG), polyethylene glycol, methanol and formic acid, 

respectively.210,211 However, although this method improves the 𝜎𝜎, S is not 

significantly affected because the as mentioned solvents do not reduce the oxidation 

state of PEDOT:PSS. Nonetheless, because the 𝜎𝜎 is increased, the PF derived has been 

shown to be significantly higher than that of pristine PEDOT:PSS (0.067 μW m-1 K−2). 

When a solution of PEDOT:PSS is treated with DMSO and spin coated into a thin 

film, a PF of 18.2 μW m-1 K−2 is observed. Utilizing a post treatment however, in which 

DMSO is drop casted onto the PEDOT:PSS, a much higher PF of (30.1 μW m-1 K−2 ) 

is observed. 212Experiments conducted have proved the potential to simultaneously 

increase the electrical conductivity and Seebeck coefficient of PEDOT: PSS whilst at 

the same time decreasing the kl (vertical) thermal transport phenomena.213 Ultimately, 

this led to an overall increase in the power factor and a maximum ZT of 0.42 nearing 

that of  inorganic semiconductor thermoelectric materials. A Seebeck coefficient 

reaching up to 70 µV K-1 and a power factor reaching 469 uW m-1 k-2 using ethylene 

glycol as a secondary post treatment dopant on a spin casted film comprising made 

from a mixed 5% v/v DMSO to PEDOT solution in an oxygen free environment. (This 

result has not been corroborated by other researchers however and remains 

controversial). 
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Other groups have managed to increase the PF by post treating PEDOT films 

with H2SO4 and other strong acids to selectively strip the insulating constituent PSS 

and allow for a more ordered conformation of the conductive PEDOT 

component.121,126,210,214 As reported , the corresponding electrical conductivity on 

pristine PEDOT: PSS reached a maximum of 4839 S cm-1 for undiluted strong acid 

treatment following from a pure methanol pre-treatment.121 However, what is notable 

is that the Seebeck coefficient decreased from 19.4 µV K-1 to 10.35 µV K-1, leading to 

an optimized PF of 51 µW m-1 K-2. Furthermore, the research group synthesized 

PEDOT: tellurium nanowires and treated the film with H2S04. It was observed that the 

PEDOT: tellurium composites had a low electrical conductivity of 19 S cm-1 

meanwhile maintaining a high Seebeck coefficient of 250 µV K-1 thus, leading to a PF 

of 70 µW m-1 K-2 giving a ZT of 0.1. The group altered the treatment conditions and 

realized by varying H2SO4 concentrations a power factor of 284 µW m-1 K-2 could be 

realized. This optimized power factor accounted for a reduced Seebeck coefficient of 

114 µV K-1 and an increased electrical conductivity of 214 S cm-1. Thermal 

conductivity measurements from a different research group for a similar material was 

used to estimate a ZT of 0.39. This is not a reliable method for obtaining ZT as the 

true thermal conductivity is unknown and could be much higher. A high ZT of 0.54 

for a Te-PDOT:PSS material was obtained by a group studying the effects of the size 

of a single core/shell nanowire of the material affects the thermoelectric properties.215 

It was discovered that by reducing the diameter of the nanowire that the electrical 

conductivity would increase while the thermal conductivity would decrease. Due to a 

Seebeck coefficient that was not affected significantly at 400 K 0.54 ZT was 

calculated. It is of note that due to the size of the diameters ranging from 40 nm to 200 

nm, measurements of thermal conductivity may have some uncertainties.  

 Ionic-liquid treatment on PEDOT:PSS for improved 

PF 

In 2007, the first study to determine the effects of ionic liquid (IL) treatment 

on the electrical conductivity of PEDOT:PSS was conducted by utilising five different 

ionic liquids.216 The study used,  1-butyl-3-methylimidazolium bromide (BMIM:Br), 
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1- benzyl-3-methylimidazolium chloride (BzMIM:Cl), 1-butyl3-methylimidazolium 

tetrafluoroborate (BMIM:BF4), and 1-butyl-1-methylpyrrolidium chloride 

(BMPro:Cl) as well as 1 ethyl-3-methylimidazolium chloride (EMIM:CL). The 

BMIM:BF4 treated film achieved the highest conductivity of 136 S cm-1. More 

recently, significantly higher electrical conductivity has been shown by controlling 

molecular ordering in PEDOT:PSS chains by using 1-ethyl-3-methylimidazolium 

tetracyanoborate (EMIM:TCB) thus, achieving an electrical conductivity of 2103 S 

cm-1.217 PEDOT:PSS–ionic liquid composites have also exhibited resistance to 

mechanical deformation while maintaining high performance.218 These properties of 

PEDOT:PSS – ionic liquid composites make them particularly suitable candidates for 

printing onto flexible substrates and textiles because they can withstand shape 

deformation that could occur in wearable electronics.218 

 Improved PF in (OHTEGs) through nano-composition 

PEDOT:PSS based nanocomposites can be synthesized through various means. 

In some cases, a simple mixture of nanorods, nanowires or nanoplatelets to the 

polymer matrix with ultrasonication to improve homogeneity can yield effective nano-

compositions with desired thermoelectric properties.219,220 Tin selenide has been 

shown to boast a record ZT of 2.6 due to its high Seebeck coefficient and low thermal 

conductivity along the b-axis. This can be obtained by controlling the crystal growth 

and the axis it’s measured at.221–223 Although the ZT of SnSe is high it’s electrical 

conductivity is low. It has been therefore realized if composited with a conducting 

polymer matrix and post treated with solvents or acids a higher electrical conductivity 

and Seebeck coefficient are possible.149 The desired stoichiometry of tin to selenium 

in tin selenide nanosheets has been achieved through ball milling and subsequent 

hydrothermal lithium intercalation. After mixing with PEDOT:PSS it was discovered 

that the Seebeck coefficient was directionally correlated with increased mass fraction 

of the inorganic nanosheet meanwhile the electrical conductivity decreased with 

increased nanosheet content.221 A further treatment with 5% DMSO resulted in an 

optimised PF of 386 μW m-1 K−2.221 Although (𝜅𝜅)  wasn’t decoupled from the PF since 

there was an evident rise from 0.25 to 0.6 W m-1 K-1 the study shows the potential to 

utilize inorganic nanosheets to significantly tune (𝜎𝜎) and (𝑆𝑆). 
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In a recent study, tellurium nanorods were created in a solvothermal vessel and mixed 

with PEDOT:PSS. The corresponding solution was drop casted and post treated with 

12M H2SO4.219 The different concentration of tellurium nanorods to PEDOT:PSS gave 

different Seebeck coefficient because of the change in Fermi level which was 

dependent on higher tellurium content. Through the 12M H2SO4 treatment on the 90% 

tellurium to PEDOT:PSS ratio the carrier concentration was increased to give an 

optimised trade-off between (𝜎𝜎) and (𝑆𝑆) of 204 S cm-1 and 84 μV K-1 respectively to 

produce a PF of 141 μW m-1 K−2.219 

In other cases, the nano-composition may be reached by making PEDOT-

nanowires and telluride nanoparticles in the same reaction vessel where there are 

inorganic nanoparticles imbedded on PEDOT nanowires.224,225 Through polar solvent 

vapor annealing (PSVA) it’s been shown that both (𝜎𝜎) the (S) can improve drastically 

by controlling the (PSVA) time.226,227 PEDOT:PSS/Bi2Te3 nanowires were 

synthesized and exposed to DMSO vapor at different rates. At 120 minutes (PSVA) 

exposure, an optimum Seebeck coefficient of 45 μV K-1 and a conductivity of 1000 S 

cm-1 was achieved thereby leading to a power factor of 223 μW m-1 K-2. Effectively 

there was a decrease in the density of states near the Fermi level which lead to the 

improved Seebeck coefficient.228 It was realized that if the bismuth telluride nanowires 

had a higher work function than PEDOT:PSS then there would be a positive change in 

barrier energy which lead to confirmed higher Seebeck coefficient and if the inverse 

was true then a lower Seebeck coefficient would be observed.227 This study gives 

insight into the relative work function ratio between a polymer-inorganic matrix and 

its influence on the charge carrier mobility/density. 

Some studies have utilized nanosheets instead of nanowires/nanorods.149,229,230 In a 

study tin-selenium-telluride films were synthesized in a hydrothermal reaction and 

intercalated with lithium ions. After mixing with PEDOT:PSS a small PF (14 μW m-1 

K−2) was observed owning a further post treatment wasn’t employed to improve 

electrical conductivity.231 The relative percentage of tellurium nanosheets to 

PEDOT:PSS was directly related to the electrical conductivity and Seebeck 

coefficient, in which higher concentrations of tellurium would yield higher electrical 

conductivity and lower Seebeck coefficient. However nanosheet composites showed 

promise as TEDs since the devices made were exposed to 1000 bends yet resulted in 

minimal degradation of either (𝜎𝜎) or (S).231 In a more recent paper, the same team 



32 | P a g e  
 

managed to improve the PF to 130 μW m-1 K-2 using a similar Tin-selenium-telluride 

system with PEDOT:PSS reported preiviously.230,231 The main difference between the 

two research methodologies was the stoichiometry of the inorganic ingot to be 

imbedded into PEDOT:PSS matrix. The Seebeck coefficient and electrical 

conductivity however remained coupled and expressed an inverse relationship to each 

other. 

Except for nano composition through hydrothermal and inorganic blending with 

polymer, it’s possible to also use electroplating techniques to deposit both the polymer 

and or the inorganic nano particle to form a composite.205,232,233  

A PEDOT-tellurium nano composite was synthesized via an EDOT oxidative 

polymerisation using iron chloride (FeCl3) and the subsequent electroplating of 

tellurium ions on the PEDOT thin film surface. A high PF of 240 μW m-1 K-2 was 

achieved by varying electroplating time in which it was discovered that the (S) 

improved linearly with time meanwhile (𝜎𝜎) decreased but in response to time. The 

overall PF was higher because the improvement of the (S) outweighed the reduced (𝜎𝜎). 

Although, the film was bent 400 times it maintained 93% of initial electrical 

conductivity thus solidifying potential for repeated use as a flexible device.204 

 N-type PEDOT:PSS thermoelectrics 

Due to the difficulty in obtaining stable n-type PEDOT:PSS semiconductors 

the research lags in comparison to the p-type semiconductor.141 Recent studies 

however have found several synthetic routes where carbon nanotubes can be imbedded 

within the PEDOT:PSS matrix.234 Following a subsequent treatment with certain 

electron donor molecules such as organic, inorganic bases, or primary amines n-type 

characteristics can be observed and deduced through the sign change of the Seebeck 

coefficient from positive (denoting p-type) to negative (denoting n-type). 

Wang et al synthesized a PEDOT-CNT composite via the oxidative 

polymerisation of EDOT with FeCl3.235 The resultant composite was p-type as 

expected, however after being exposed to the vapor of TDAE (Tetrakis, dimethyl 

amino, ethylene) the composite showed n-type behaviour. Although the composite 

showed positive relationship between CNT concentration and electrical conductivity 

since the CNTs used in the study had much higher conductivity than the polymer; after 
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treatment with TDAE the relationship ceased and due to the reduction of charge 

carriers, a much smaller electrical conductivity was observed. Still, the PF derived was 

extremely high (1050 μW m-1 K−2) due to the significantly improved large negative 

Seebeck coefficient above -2 mV K-1.235 

Along the same logic, Kim et al, synthesized PEDOT:PSS/CNT composites by 

a wet spinning method and formed conductive ribbons.234 After being exposed to less 

than 1% of the reducing agent  (hydrazine) the films maintained p-type characteristics 

and a high PF of 83 μW m-1 K−2 was obtained. Increased concentration of hydrazine 

above 1% and further exposure to amine rich polyethyleneimine (PEI) confirmed a 

sign change from p to n in which resulted in a high PF of 113 μW m-1 K−2. The Seebeck 

coefficient was insensitive to the concentration of CNT in the film however the 

electrical conductivity showed a positive relationship with concentration of CNT.234 

Other studies have utilized metal ions to bind with the polymer in which the metal ion 

at the centre can act as an electron acceptor and through reduction tuned for n-type 

characteristics. In a recent study, CuCl2 was mixed with a solution of PEDOT:PSS and 

casted on (PET) Poly (ethylene terephthalate)  substrate.141 The mixed ionic 

(anion/cation) doping induced not only a higher Seebeck coefficient which reached 

over -18 mV K-1 but with the improved electrical conductivity due to free mobile Cl- 

anions a PF of 1.7 μW m-1 K−2 was realized. The n-type characteristic was directly 

dependent on the concentration of CuCl2 (Cu2+) in which over 15% CuCl2 
 relative to 

the polymer resulted in a sign change. The electrical conductivity was linearly 

correlated with CuCl2 concentration.141 

This is relevant when considering optimisation strategies to have p and n 

junctions. Having the same material at both legs would be easier and more cost 

effective for large area printing and manufacturing endeavours.  Although it has been 

shown that n-type electron transport may be observed in PEDOT:PSS after either metal 

ion incorporation within polymer matrix or via imbedding CNTs and subsequent 

reducing agent treatment to change sign from P to N, it is difficult to make 

PEDOT:PSS n-type without compositing with foreign nanoparticles. chapter 6 will 

explore a novel synthetic route to n-type SWNT-PEDOT:PSS composite with minimal 

CNT concentration through an extremely fast solvothermal reaction. 
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 Graphene and CNT based PEDOT:PSS composites 

The semi-metallic allotrope graphene and semiconducting carbon nanotubes 

have intrinsically favourable electronic properties of interest in the fabrication and 

optimisation of thermoelectric, optoelectronic, piezo electronic and  wearable 

electronic materials.236–239 Pure graphene thermoelectric devices have been fabricated 

whereby Seebeck coefficients of 90 μV K-1 have been measured.240 Graphene 

(rGO)/fullerene(C60) nanocomposites were subsequently prepared with PEDOT:PSS, 

and the corresponding results indicated that phonon scattering in the form of layered 

film deposition 50-1000 layers; by the introduction of grain boundaries slowed down 

the increase in thermal conductivity relative to the increasing electrical 

conductivity.241–244 The optimum power factor corresponded to the 3:7 ratio between 

(C60) and (rGO) respectively. It was found that increasing percentage composition of 

(rGO) increased electrical conductivity as well as thermal conductivity, meanwhile 

(C60) increased the Seebeck coefficient while simultaneously decreasing electrical and 

thermal conductivity, thus revealing the potential for engineering favourably 

thermopowers in polymer composites when utilizing the distinct properties of 

graphene and fullerene.245 Due to the increase in thermal conductivity from 0.2 to 2 W 

m-1 K-1 and an optimised Seebeck coefficient of 21.8 μV K-1 the nanohybrid was 

optimised to give a ZT value of 6.7 × 10-2.246  

In other work, graphene polymer composites were fabricated via in-situ 

polymerisation of dispersed graphene in the presence of PSS-, and subsequent 

oxidative polymerisation in the presence of EDOT. The resultant thin films displayed 

electrical conductivity of 637 S cm-1 and a Seebeck coefficient of 26.78 μV K-1; thus 

leading to an optimised power factor of 45 μW m-1 K-2 which was shown to be 93% 

higher than that of the pristine PEDOT:PSS.247 The same research group also 

investigated hybrid structures of PEDOT:PSS/graphene/MWNT. The three-part 

composite had superior thermoelectric properties compared to the pristine 
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PEDOT:PSS, PEDOT/graphene and PEDOT/MWNT composites. The electrical 

conductivity was 689 S cm-1, while the PF and Seebeck coefficient were 37.08 μW m-

1 K-2 and 23.20 μV K-1 respectively. The ZT value increased from 0.017 for pristine 

PEDOT:PSS to 0.031 for the PEDOT:PSS/graphene/MWNT composites.248 The 

recent work on these ternary composites reports the effects of different weight ratio 

between PEDOT/graphene/carbon nanotube based ternary composite as well as the 

effects of acid treatment on the electrical conductivity and Seebeck coefficient. 

Electrical conductivities of 208.4 S cm−1 were reported with enhancement to power 

factors going from 1.96 μW m-1 K-2 to 9.10 μW m-1 K-2 upon acid treatment.249 These 

findings infer the potential for optimising the thermopower based on synergistic 

electronic effects between different intrinsic properties presented by the materials 

selected and device fabrication synthesis methods employed.245,247 Essentially 

PEDOT:PSS acts as a polymer matrix with low thermal conductivity for charge 

transport  meanwhile the CNTs depending on size/diameter may introduce phonon 

scattering properties and higher Seebeck and electrical conductivity.250–252 

 Carbon nanotubes 

Despite having relatively high thermal conductivity, carbon nanotube 

composites are the focus of much research due to their high electrical conductivity and 

ease of processing. PEDOT:PSS-carbon nanotubes and polyvinyl acetate composites 

have been synthesized. The report showed that thermopower was weakly correlated 

with the electrical conductivity, resulting in large thermoelectric power factors of 160 

μW m-1 K -2.253 The highest room temperature electrical conductivity and Seebeck 

coefficient along the in-plane direction was shown to be 1350 S cm-1 and 41 μV K-1 

respectively. Without additional DMSO secondary doping, the PEDOT:PSS grade 

PH1000 showed higher thermopowers while PH500 had better electrical 

conductivities. Carbon nanotube / poly(vinyl chloride) nanocomposites were 

fabricated by dispersing carbon nanotubes in an N-type poly(nickel 1,1,2,2-

ethenetetra-thiolate) (PETT). The conductive N-type polymer replaced PEDOT: PSS 

as a dispersant for CNTs. The optimized power factor for methanol treated PETT-

CNT-polyvinyl chloride was 58.6 μW m-1 K-2, while the electrical conductivity and 

Seebeck coefficient were, 629.9 S cm-1 and 30.5 μV K-1 respectively and demonstrated 

a high ZT value of 0.3.254 
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Polystyrene has been utilised as a matrix for SWNTs to reduce thermal conductivity 

yielding an optimum performance at 20% by weight polystyrene, giving a power factor 

of 85 μW m-1 K-2 for the composite derived from a Seebeck coefficient of 57 μV K-1 

and an electrical conductivity of around 285 S cm-1. Of note, the thermal conductivity 

decreased with the addition of polystyrene. The polymer composite offered a 1.7 times 

higher power factor than the pristine SWNT.255 Other work with SWNT shows an 

improved performance by a layered morphology in the form of SWNTs sandwiched 

by polypyrrole (PPy) nanowires. The composites showed a Seebeck coefficient of 41.3 

μV K-1, a conductivity of 802.6 S cm−1 and a maximum power factor of 

21.7 μW m−1 K−2.256 The results signify the potential in small molecule and polymer 

thermoelectric device optimisation without relying on PEDOT:PSS. 

In addition, some studies show that the Seebeck increases in semiconducting-SWNT 

(s-SWNT) with only a slight increase in thermal conductivity with increasing 

temperature due to the amorphous grain structure in bulk CNTs.250,257 The Studies 

conducted presented high Seebeck coefficients from different methods including 

treatment of metallic and s-SWNT with different acids. It appears from several studies 

that by filtering out metallic CNTs, high Seebeck coefficients may be induced by the 

s-SWNTs.250,258,259 Other articles describe the research potentials in filtering the 

different forms of nanotubes and implications of the diameter and size of the nanotubes 

in relations to thermal conductance, electrical conductance and optoelectronic 

properties.250,260,261 A high Seebeck of 170 μV K-1 was presented by the un-doped s-

SWNT but with a much lower PF owning to the low conductivity of the s-SWNT. The 

acid treatment may have decreased resistivity however the Seebeck decreased also 

giving an estimated ZT of 0.15 and PF of 109 μW m-1 K-2 at 300 K.11 

 Metal halide Perovskites oxides 

Lead halide perovskites have recently become a hot topic in the area of 

photovoltaics,262–264  and indeed it has been shown that the lead halide perovskites have 

high Seebeck (~ 105 μV K-1) at room temperature.265 Ab initio calculations suggest ZT 

values of 1-2 for the CH3NH3PbI3 and CH3NH3SnI3 perovskites, due to high carrier 

mobility, small carrier effective masses and weak electron−phonon and hole phonon 

couplings.266 Several other researchers have experimentally determined high Seebeck 

coefficients of s=.dark 820 μV K-1 to s=light 540 μV K-1.24,267 Due to the low electrical 
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conductivity owning to a low carrier concentration, doping is necessary in order to 

increase conductivity. Research into making stable doped organo-metallic perovskites 

is needed. Interestingly the perovskite material exhibits different Seebeck coefficients 

depending on light environment due to charge availability upon photon excitation. The 

same papers conducted several experiments with doped CH3NH3SnI3 showing the 

potential for high ZT of 3 with the optimum electrical conductivity. 

Other lanthanum cobalt oxide and titanium based type of perovskites have been 

synthesized and high Seebeck coefficient of -200 μV K-1  have been obtained by 

controlling the spin state of the cations and a sign change from positive to negative 

with Ti4+ doping.268  Other higher (S) are reported in the article ranging from -200 to 

450 μV K-1 depending on the doping type and concentrations. Research into increasing 

the electrical conductivity of these materials without adversely affecting their low 

thermal conductance would prove beneficial to both thermoelectric, photovoltaic and 

thermo-photovoltaics.269–272 Table 2.7.2.1 depicts the thermoelectric properties of 

material discussed in chapter 2.7. In a paper by Fenwck et al.273a high ZT of 0.14 was 

obtained from a caesium tin iodide (CsSnI3−xClx) perovskite at chlorine doping 

concentration of 1%. The high ZT was in part due to a high electrical conductivity due 

to the self-doping mechanism through the oxidation state change from Sn+2 to Sn+4 

thereby introducing holes in the system. The seebeck coefficient showed a positive 

relationship with increasing temperature meanwhile the thermal conductivity 

decreased at higher temperatures. 

 

 

Table 2.7.2.1 depicting the thermoelectric properties of materials discussed in 
chapter 2.7 
 

Materials type σ (S 

cm-1) 

S 

(μV 

K-1) 

S2 σ (μW 

m-1 K-2) 

ZT Reference 

tellurium nanowire-PEDOT: PSS 334.68 n/a 284.00 0.390 224 

graphene  90.00   240 

  21.8 

0 

 0.067 246 

 637.00 26.78 45.00  247 
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PEDOT/graphene and PEDOT/ MWNT 689.00 23.20 37.08 0.031 248 

PEDOT/graphene and PEDOT/ CNTs 208.40  9.10  249 

PEDOT:PSS-graphene-TiO2 260.00 -

47.00 

47.00 0.0048 274 

Carbon nanotubes 1350.0 41.00 160.0  253 

poly(vinyl chloride)-CNTs 629.90 30.50 58.60 0.30 254 

Polystyrene-SWNT 285.00 57.00 85.00  255 

polypyrrole (PPy)-SWNT 802.60 41.30 21.70  256 

Pure S-SWNT  170.0   250 

Acid treated-S-SWNT   108.6 0.15 250 

perovskites s=.dark  820.0   266 

Perovskite=light 

 

 540.0   266 

Lanthanum oxide perovskites  -200   268 

Doped lanthanum perovskites  450    

CsSnI3−xClx <100 <140  0.14 273 

 

 Strategies to decouple (S) from (𝝈𝝈) in PEDOT:PSS  

It’s been shown that the electrical conductivity, Seebeck coefficient and 

thermal conductivity can be altered by simple solvent treatment or nano composition 

with inorganic nano material with desired properties to optimize PF and 

ZT.149,219,227,229,275 It appears that methods that consider the trade off and discover a 

way to offset them towards higher PF would yield higher ZT. A recent study by, Xu et 

al in which a triple post treatment was conducted on PEDOT:PSS to yield a high PF 

of 141 μW m-1 K-2 at room temperature.276 This was due to the fine tuning of oxidation 

level through the reducing agent (NaBH4 ); which improved the Seebeck coefficient 

to 28 μV K-1 and treatments with formamide (CH3NO) and sulfuric acid (H2SO4) 

which improved electrical conductivity to 1786 S cm-1.276 The study confirms that it’s 

possible to obtain high PF without using rare earth minerals to improve Seebeck 

coefficient however the study didn’t investigate long term stability of the Seebeck 

coefficient. This concern stems from the fact that the Seebeck coefficient derived from 

oxidation level changes (reduction) is unstable due to tendencies to (re oxidise) in air 
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without counter ions to stabilize the increased electron density that has been induced 

into the film since the reducing agent tends to also remove counter ions (PSS-). 

In a study by Lee et al a PEDOT:PSS/CNT composite was post treated with 

ethylene glycol to yield a high PF of 151 μW m-1 K-2. The performance of the 

composite derived from intrinsically the high conductivity of the carbon nanotube and 

the selective removal of PSS induced by the ethylene glycol treatment which further 

improved the electrical conductivity without significant reduction in the Seebeck 

coefficient for the 20% CNT to PEDOT:PSS composite.145. Due to DMSO not 

affecting the carrier concentration the Seebeck coefficient is not significantly affected 

by the DMSO doping stage and thereby explaining the simultaneous improvement to 

Seebeck coefficient and electrical conductivity. In a paper by Liu et al.281 An 

explanation for the origin of the simultaneous improvement to the Seebeck coefficient 

and the electrical conductivity for some PEDOT:PSS-CNT composites was proposed. 

The first is that an increase in the Seebeck coefficient of the composite as more CNT 

is added is observed. The higher CNT loading also increased the electrical conductivity 

slightly. The second mechanism is due to the electrical conductivity increasing in 

response to DMSO treatment. This can be explained by a weakened coulombic 

attraction between PEDOT and PSS thereby making PEDOT chains more linear as 

well due to the presence of CNT forming an extended network of PEDOT-CNT with 

better carrier mobility is established. 

In a more recent study by Liu et al one of the highest PF for an OHTEG was achieved 

by incorporating  single walled carbon nanotube (SWNT) within PEDOT:PSS. As the 

SWNT were added to the polymer matrix up to 50% w/w, both (S) from (σ) increased 

and a power factor of 190 μW m-1 K-2 was obtained.71 Another set of films were 

prepared with DMSO. There was a further increase in the electrical conductivity 

however the Seebeck coefficient although increased with carbon nanotube content was 

not affected by DMSO treatment. This led to a PF of 270 μW m-1 K-2. The optimised 

film with DMSO treatment and a further 0.1M NaOH post treatment led to a high PF 

of 526 μW m-1 K-2.71 The electrical conductivity as expected did reduce slightly due to 

lower carrier concentration as determined by hall effect measurements but the 

optimised Seebeck coefficient outweighed the trade-off. The issue however was that 

the films re oxidised after 3 days. The film regained some electrical conductivity from 

the base treatment however the Seebeck coefficient was drastically reduced. Therefore, 
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strategies to improve the Seebeck coefficient without re-oxidation by using stabilizing 

ions such as ionic liquids or finding a synthetic route that does not change the oxidation 

state would yield more commercially viable films. 
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Chapter 3 Materials and Methods 

This chapter will focus on presenting relevant materials and methods used in 

this research study. The first section will focus on providing the type of material used 

as well as where it was obtained. The rest of the chapter will focus on giving more 

detailed explanation on the analytical tools and techniques used to either prepare 

samples and or measure thermoelectric properties of the samples.  

 

 Materials 

All chemical reagents used were purchased from (Sigma-Aldrich, Gillingham, 

England, United Kingdom), unless stated otherwise. PEDOT:PSS Heraeus Clevios 

PH1000 is the main matrix used for this research. Unless stated otherwise, all chapters 

will use this material where stated PEDOT:PSS. Other materials used in all the 

chapters in this research include, water, isopropyl alcohol, (IPA), acetone, and 

methanol for glass cleaning and nitrogen gas for drying glass.  

 

 List of chemicals used in Chapter 4 (Effects of solvent treatment 
on PEDOT:PSS thin films) 

1. PEDOT:PSS Heraeus Clevios PH1000 (1.3% solid content in H2O) 

2. 1-4-Dioxane (anhydrous, 99.8%) 

3. 1-Methyl-2-propanone (anhydrous, 99.5%) 

4. 1-Methy-2-pyridone ( anhydrous, 99.5%) 

5. (DMSO) Dimethyl sulfoxide (anhydrous,99.9%) 

6. (EG) Ethylene glycol (anhydrous, 99.8%) 

7. 4-Hydroxy-4-methyl-2-pentanone (99%) 
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8. Propylene glycol (99.5%) 

9. Propylene carbonate ( anhydrous, 99.7%) 

  List of chemicals used in chapter 5 (Enhanced Electrical 
Conductivity and Seebeck Coefficient in PEDOT:PSS via a Two-Step 
Ionic liquid and NaBH4 Treatment) 

 
1. (NaBH4) Sodium borohydride powder (99% Reagent grade) 

2. (EMIM:TFSI)1-Ethyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide 

(ionic liquid 98% HPLC grade) 

3. (DMSO) Dimethyl sulfoxide (anhydrous liquid 99.9%) 

  List of chemicals used in chapter 6 (Synthesis of N type SWNT-
PEDOT:PSS composites) 

1. Tetrabutyle ammonium hydroxide (TBAOH) 

2. Single walled carbon nanotubes (0.5%) suspended in 95% isopropyl alcohol 

(SWNT) (mixed metallic/semiconducting)  

3. Dimethyl sulfoxide (DMSO) anhydrous liquid 99.9% 

  List of chemicals used in chapter 7 (Towards decoupled 
Seebeck coefficient from Electrical conductivity) 

1. Single walled carbon nanotubes (0.5%) suspended in (95%) isopropyl alcohol 

2. 1-Ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide EMIM:TFSI 

3. (GuI) Guanidinium Iodide (99%, anhydrous) 

4. (EG) Ethylene glycol (anhydrous, 99.8%) 
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 Methods 

This section describes the generalized materials and methods processing that 

encapsulates all chapters. More detailed (deviations or additions to this section) 

chapter specific methods will be included in each chapter as appropriate. 

  Fabrication of PEDOT:PSS based thin films 

A 1 mm thick plain nonconductive glass is cut into 2.2 cm by 2.2 cm pieces 

and washed in a Helmanax solution under sonication in a 60 °C bath. The glass 

substrates are then rinsed with deionized water 3 times and subsequently rinsed with 

acetone and then isopropanol 3 times each. The glass is then dried in a stream of 

Nitrogen gas. The appropriate PEDOT:PSS dispersion/ composite solution is placed 

into the appropriate 7 µL vials. Desired aliquots of dopant are added into the 

appropriate vial to give desired doping level. For example, to get a 2% v/v doping of 

a solvent, 60 µL of desired solvent is added into a glass vial with 3000 µL of 

PEDOT:PSS and mixed vigorously using a mechanical vortex mixer and then heated 

for a (time) to aid homogeneity and dispersion. 256 µL (subject to slight deviations 

based on sample) of the PEDOT:PSS/solvent solutions are then pipetted onto a pre-

cleaned glass substrate and spin-coated at 2000 rpm with an acceleration speed of 2000 

rpm·s−1 for 30 s, then annealed at 120 °C in air for 20 min. The films produced will 

range typically between 50–70 nm, as  determined by stylus profilometry. 

 Instrumental analysis 

  Dektak surface profiler 

The film thickness for each sample utilized in this study whereby it was used 

to determine the electrical conductivity was determined by using surface 

profilometry.277278 The technique measures the change in topography by maintaining 

the stylus tip on the sample at a given Force (mg). In this study it was established that 

a Force of around 1-3 mg was enough. The stylus moves in a fixed direction across the 

sample whereby it measures the difference in height (hills or valleys) between the 
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regions it passes across.279279 To determine thicknesses in this research project a needle 

was used to scratch a valley into the sample whereby when the stylus passes through  

and the difference in height between the valley (hills) and the surface of the film is 

taken to determine film thickness. At least 5 different regions were measured for each 

sample and averaged out. In the case of films that were highly inhomogeneous 

different films were synthesized and measured.    

  UV-Vis-NIR spectroscopy  

Ultraviolet-Visible (UV-Vis), Near-infrared (NIR) spectroscopy is a useful 

technique for studying the optical properties organic, organometallic and other species 

with excitable electrons.280,282 UV-Vis-NIR involves absorption spectroscopy and 

reflectance spectroscopy in the UV-Vis-NIR spectral region, whereby molecules 

containing π-electrons or non-bonding electrons are identified by their excitation to 

higher anti-bonding molecular orbitals via absorption of ultraviolet or visible light 

energy.283 For all experimental chapter except for chapter 6, UV–Vis-NIR 

spectroscopy was utilized to indicate the change in concentrations of charge carriers 

(qualitatively) however quantitative analysis can be utilized when utilizing Beer-

Lambert law as indicated below in the equation.: 

𝐴𝐴 = 𝑙𝑙𝑙𝑙𝑙𝑙10(𝐼𝐼𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆/𝐼𝐼) = 𝜖𝜖𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑐𝑐𝑐𝑐, (1) 

where 𝐴𝐴 is the measured absorbance, 𝐼𝐼𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆 is the intensity of the incident light at the 

wavelength of maximum absorption (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚), 𝐼𝐼 is the transmitted intensity, 𝐿𝐿 is the path 

length through the sample measured in centimeters, 𝑐𝑐 is the concentration (molL−1) of 

the absorbing species, and 𝜖𝜖𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆 is a constant known as the molar absorptivity 

(Lmol−1cm−1) for each species at 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚.284  According to the Beer–Lambert law, the 

concentration of an analyte can be calculated when 𝜖𝜖𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆 is known, 𝐿𝐿 is fixed, 

and 𝐼𝐼𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆 and 𝐼𝐼 are measured.285,286 

PEDOT:PSS contains thiophene molecules at different oxidation states. The 

excitation of the oxidized or reduced species absorb light at a specific wavelength. 

Utilizing this technique (UV-Vis-NIR), it was possible to indicate the distribution  of 

charge carriers via the analysis of the absorption intensity, whereby  for the bipolarons 

it is 1800 nm, polarons 900 nm and the 𝜋𝜋 − 𝜋𝜋* is 600 nm.287,288 The UV–Vis-NIR 

absorbance spectra were measured with a Perkin Elmer Lambda 750 
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spectrophotometer, using an uncoated 1 mm thick glass substrate as a reference sample 

and typically ran from 300 nm to 2400 nm. Since all films used in this study did not 

exceed 100 nm the transmittance was used to analyze the films. A preliminary study 

was conducted by measuring the % transmittance to determine the penetration depth 

of UV-VIS-NIR on the PEDOT:PSS films. The data is represented in absorbance as 

shown in Figure 3.3.2. The Figure represents PEDOT:PSS at various thicknesses. At 

a thickness below 640 nm the absorbance is within an acceptable range < 1 however 

above 640 nm and specifically at 1000 nm the spectrum is significantly above the 

penetration depth of the UV-VIS-NIR as shown by the noise and inconsistent 

spectrum. This suggests that above 640 nm the light is not able to penetrate the film 

properly. Films with higher thicknesses above that range would require UV-VIS-NIR 

measurement via % reflectance instead. As also observed in literature films around 

100 nm can reliably have their UV-VIS-NIR measured in transmittance.289 For 

comparison between literature studies as well as different films and chapters in this 

thesis all films were < than 100 nm.290 

 

Figure 3.3.3, depicting the UV-VIS-NIR spectra of PEDOT:PSS films at various 

thicknesses represented in absorbance. 
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  Raman spectroscopy  

Raman spectroscopy is a spectroscopic technique that functions on the 

principle of Raman scattering, in which monochromatic laser light is used to study the 

rotational, vibrational and other modes of a material .291,292 Typically, Raman 

scattering occurs when an incident photon leads to the creation or annihilation of a 

phonon, and the interaction between the phonon and the laser light results in a shift in 

energy, or a degree of wavelength shift.293 This shift is exactly related to the resonant 

vibrational frequencies of the molecular bonds in the material being studied and 

provides the necessary information about the different modes of the material.294 

Materials that cause such a shift in wavelength are referred to as Raman active 

materials, and PEDOT:PSS is an example of such a material. In all the experimental 

chapters in this research project Raman spectroscopy was utilized to study the sample 

composition and chemical shifts based on Raman active vibrational modes. This was 

useful for studying n-type doping of single walled carbon nanotubes (SWNTs) and 

SWNT-PEDOT:PSS samples due to the red shift at the G band.295–297 It was also 

possible to determine reduction of thiophene molecules through the spectral intensity 

and width shortening due to reduction at specific regions. The most significant 

utilization of this instrumental technique was in determining the Raman red shift at 

1440 cm-1 which indicates the benzoid to quinoid conformational change in PEDOT 

chains.298–300 The spectra were run from 300 nm to 1900 nm. The Raman spectra were 

measured using a Renishaw inVia Raman system. A 532 nm laser and a 50× objective 

lens was used to measure the Raman spectra of the samples with an acquisition time 

of 10 s. Several repeats were conducted to make sure the Raman shifts were consistent 

and not due to surface inhomogeneity and spectra shown in this study were results of 

Raman shifts that were consistently observed. 

  Xray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive qualitative and 

quantitative spectroscopic technique that measures the elemental composition, 

chemical states (via chemical shift), and electronic states of most elements.301302 Until 

recently, it was believed by many that hydrogen and Helium XPS spectra could not be 

obtained due to low Xray photoionization cross-sections pertaining to the 1s orbitals 
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of hydrogen and Helium.303 A study by Hoffmann et al claimed with evidence that If 

a bright enough Xray source is used, then it is possible to study the elements.304 XPS 

is based on the photoelectric effect, where energy of ejected photoelectrons are 

measured after subjecting a material to X-ray bombardment. The kinetic energy 

measured during X-ray bombardment accurately identifies the chemical elements 

present within a material, since each element has a characteristic binding energy 

associated with its electron levels. Formally, the binding energy (BE) of the 

photoelectron is calculated by the relationship: 

KE = ℎ𝑣𝑣 − BE, (2) 

where ℎ𝑣𝑣 is the incoming energy of the incident X-ray photon and BE is dependent on 

the chemical environment of the element, for instance, carbon in C2H6 has a different 

binding energy than carbon in CH4. Sulphur in SH2 and SO3 occupy different oxidation 

states thereby their BE would be different.305 The different bonding states will thereby 

give different binding energies in XPS spectrum obtained. For a given elemental study 

the position of the binding energy usually referred to as chemical shift indicates the 

oxidation state. For example, SH2 may have a binding energy at 162.5 eV meanwhile 

the SO3 may have a binding energy at 168 eV due to the oxidation state of the Sulphur 

being different in different bonding situations (chemical environments). 198,306,307 

Therefore, XPS this is a great technique for studying molecular changes at the surface 

of materials. As observed for all experimental chapters, this technique was utilized to 

measure the chemical shifts of Sulphur 2p peaks in order to study the reduction of 

thiophene carriers whereby a shift towards lower binding energy infers reduced carrier 

concentration.308 This was instrumental in also determining the oxidation state of other 

species such as Nitrogen via the position of the BE for Nitrogen 1s.295 For the peak 

fitting the software freely available CASA XPS (http://www.casaxps.com/) was used 

to model the high resolution XPS data. Theoretical chemical composition as well as 

specific known information about samples were used to create peak fitting models 

such as knowledge that Sulphur 2p has Spin-orbital doublet whereby the 3/2 peak is 

twice as intense as the 1/2 peak with a separation energy of 1.2. The paper by Chen et 

al 309, Crispin et al196 and Salanec et al310 were the main papers used to help construct 

peak fitting models used in this research project. Multiple high-resolution peaks were 

taken at different locations and peaks shown in this study consisted of peaks that had 
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consistent chemical shifts. XPS was carried out using a Kratos Axis Supra (Kratos 

Analytical), (Kratos Analytical Ltd, Manchester, United Kingdom), using a 

monochromated Al Kα source. 

  Thermoelectric characterization 

For the thermoelectric characterization, a commercial instrument (ULVAC 

ZEM-3) was utilized to conduct all electrical conductivity as well as Seebeck 

coefficient measurements. The basic equation that determines  the measurement of the 

Seebeck coefficient is presented below.311  

𝑆𝑆 =
−ΔV
  ΔT

 (3) 

The change in voltage (∆V ) across a sample under a fixed temperature gradient (∆T) 

at a certain temperature T is expressed. The ΔT = THot – TCold. The voltage and 

Temperature are measured at the same position on the sample (please see Figure 

3.3.5.1).312  
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Figure 3.5.5.1 ZEM-3 set up showing electrodes and film measurement for Seebeck 
coefficient and electrical conductivity. 

 

 

During the measurement of the Seebeck coefficient , the sample is affixed to 4 

points of electrical contacts. This is achieved by forming electrical contact between 

the sample and the 4 electrodes via silver conductive paint across the glass component 

of the sample as well as forming a slight contact with the edge of the sample. The 
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bottom electrode and top electrode are set at different temperatures as shown in Figure 

3.5.5.1. a volt current (V/I) plot is generated to confirm adequate ohmic contact 

between sample and probes. If a straight line with an R2 value of 1 or extremely close 

is observed is observed, then it is assumed until further indications of error that the 

material has good contact with electrodes. Because measuring the Seebeck coefficient 

from a single point will undoubtably produce error. When determining the Seebeck 

coefficient the ∆T is measured at three different ∆T whereby (∆T = 10, 20 and 30 °C 

) at each base temperature. For example, measuring the Seebeck coefficient of pristine 

PEDOT:PSS at 40 °C (base temperature) the (∆T is measured at ∆ of 10, 20 and 30 

°C. To ensure the measurements are devoid of errors, a straight line between ∆V 

against ∆T at the 3 measurements as mentioned above is plotted whereby an R2 value 

close very close to 1 shows good measurement. The measurement is then allowed to 

measure at each successive base temperature and a further repeat is conducted for some 

samples to ensure the result is reliable. The Seebeck coefficient is taken from the slope 

of the plot and a further wire Seebeck deduction allows for determination of the 

Seebeck coefficient in volts at which it’s converted to the units unutilized in this study 

(μV K-1). 313 The electrical conductivity is derived from the sheet resistivity the ZEM-

3 system measures. Initially the film thickness in (cm) is entered into the system 

pertaining to the sample. The sheet resistivity is measured at each of the three ∆T at 

each base T, and all data is checked for consistency to ensure sample is conductive 

with appropriate ohmic contact to ensure values obtained are reliable.  

The sheet resistivity is obtained in Ω cm. The equation below.: 

 

𝜌𝜌 =
1
𝜎𝜎

 

 

(4) 

 

is used to calculate the conductivity whereby 𝜌𝜌 is representative the resistivity (Ω cm) 

and 𝜎𝜎 denotes the conductivity measured in siemens, (1/Ω)  in which for this research 

project it’s denoted as (S cm-1).314 The equation below was used to determine the 

Power factor at each temperature, 
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𝑃𝑃𝑃𝑃 = 𝑆𝑆2 𝜎𝜎 

 

(5) 

 

Whereby S denotes the Seebeck coefficient and 𝜎𝜎 the electrical conductivity.315,316 

 

Within the research project a temperature range between 35 °C to around 200 °C was 

used for the thermoelectric measurements. ULVAC ZEM-3 has the potential to 

measure between -130 to 1000°C.317 To measure thermoelectric properties below room 

temperature the cryogenic attachment is required.318 For measurements between room 

temperature and 1000 °C the Infrared furnace attachment is required. The justification 

for the measurement range in this study is due to the thermal stability of PEDOT:PSS 

being below 200 °C as well as most research papers conducting measurements at room 

temperature or above.319,320 This allows for ease of comparison between literature and 

the data obtained in this study. 

 

In relation to errors, the Seebeck coefficient were measured at 3 different ∆Ts  and the 

R2 value analysed. If the R2 value was less than 0.95 then it would indicate some issues 

with measurement. If it is less than 0.92 then it would indicate several repeats to be 

required. In terms of the films at least 3 repeats for each film where possible were 

made and averaged out to produce the results. For the solvents chapter the films were 

generally more difficult to measure than other chapters. The measurement limit for 

ULVAC-ZEM-3 is 100 kΩ. Films below this limit were difficult to measure and any 

results obtained were discarded and experiments altered to yield more conductive 

films. 
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Chapter 4 Effects of solvent treatment on 

PEDOT:PSS 

 Introduction 

One of the most successful methods to dope PEDOT:PSS involves utilizing a 

series of polar solvents.196 (please refer to the definition regarding secondary dopants 

introduced in chapter 2.2; defined as introducing a chemical species that doesn’t 

necessarily alter the oxidation state of PEDOT:PSS.187,321 The idea entails using 

solvents with a high dielectric constant and boiling point such as dimethyl sulfoxide 

(DMSO), ethylene glycol (EG) or their derivatives.322 Regarding the use of high 

boiling point solvents, the idea entails that most of the liquid would remain on the film 

surface long enough to act on the polymer instead of evaporating immediately before 

effecting morphological changes that may affect electrical conductivity. The improved 

electrical conductivity via solvent treatment involves polar or fully ionic solvents 

interacting with the oxygen group on the PSS- component in a way that leads to reduced 

coulombic interactions between the PSS- and PEDOT+ thereby leading to the selective 

PSS removal from the film.270,323  

This is even more important when utilizing a solvo-thermal treatment method 

(as will be shown later in chapter 7) whereby heat is used in conjunction with the 

ethylene glycol-guanidinium iodide solution to improve solvent penetration on the 

film. Since the discovery that PEDOT:PSS can conduct electricity, many researchers 

have published studies showing the effects of several different solvents to aid in 

improving the conductivity. Thus far a series of solvents of which include, ionic 

liquids, acids, and salt solutions of various solvents have been published in aim of 

improving electrical conductivity of PEDOT:PSS.316,324–326 The studies have incurred 

success in yielding significant improvement in the electrical conductivity of 

PEDOT:PSS from as low as <1 S cm-1 to  > 800 S cm-1.210,299,327 
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  Objective and overview 

This chapter will expand on studying the effects of internal solvent treatments 

with PEDOT:PSS solutions. Thin films of the solution will be synthesized and the 

electrical conductivity and Seebeck coefficient measured via ZEM-3 thermoelectric 

system. Solvents that have not been published or extensively studied in literature will 

be explored. ethylene glycol, and dimethyl sulfoxide will be used as they are well 

studied in the literature, thus will provide a comparable baseline to other solvents 

studied in this chapter.328 The effects of these solvents will also be studied using 

spectroscopic techniques such as Raman, XPS and UV-Vis-NIR to obtain mechanisms 

behind the effects.219,321 

 Materials and methods 

For a generalized materials preparation of thin films in this study (please refer 

to chapter 3.2.1). To maintain literature comparability the films used in this study were 

formed from 5% v/v solutions of appropriate solvent to PEDOT:PSS PH1000 

solutions. 

 Materials processing 

To determine the optimal materials processing conditions many tests were 

conducted. A series of preliminary experimentation involving many repeats for solvent 

treated films under different spin conditions preceded the standards used for this 

research project. For this chapter, the spin speed was set as 2000 rpm, and the 

acceleration as 2000 rpm s-1 for 30 seconds because the conditions yielded the most 

homogenous films. It was discovered that by changing the spin speed, films with 

different thicknesses of the same stock solution could be produced. Below 1700 rpm, 

however, the film coverage of the 2.2 cm2 films was inconsistent, leading to poor 

quality films. The 2000 rpm and 2000 rpm s-1 resulted in films with thicknesses 

ranging between 50 and 70 nm. The viscosity as well as amount of solution pipetted, 

also affected the film thickness. The temperature used to anneal these films was set at 

120 °C for 20 minutes. As expressed in Figure 4.4.1, thermogravimetric analysis was 
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used to confirm the choice of annealing temperature. The weight percentage of water 

was reduced from 100 to 2% within 15 minutes at 100 °C. This is to be expected 

because water is the main solvent comprising in PEDOT:PSS solution since it is the 

solvent used to disperse the conductive polymer in which the manufacturer reports 

<1.5 % solid PEDOT:PSS content.  

 
Figure 4.3.1. Shows the evolution of mass loss in response to time in minutes at 100 
°C. After 15 minutes 98% of the water has evaporated from the PEDOT:PSS sample 
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 Results and discussio 

The highest electrical conductivity recorded in this chapter corresponds to the 

PEDOT:PSS film treated with 1-methyl-2-pyridone (1100 S cm-1). In some studies, it 

may be referred to as N-methyl pyrrolidone (NMP).329330 A study reported an electrical 

conductivity for 1-methyl-2-pyridone as 50 S cm-1 at room temperature.331 In the same 

study when fabricating the film at 120 °C its conductivity was reported as 325 S cm-1. 

In a study by Matsumoto et al a solvent vapour treatment utilizing 1-methyl-2-pyridone 

was conducted on PEDOT:PSS films in which the film achieved an electrical 

conductivity of 236 S cm-1.329 In another study whereby 20% v/v 1-methyl-2-pyridone 

to PEDOT:PSS solution was deposited on glass substrate, the electrical conductivity 

for the film reached as high as 486.1 S cm-1.332A study by Nasiri et al, looked into the 

effects of treating PEDOT:PSS with NMP at different lengths of time. An optimal 

electrical conductivity of around 325 S cm-1 for the film treated for less than 1 minute 

was realized.333 

Figure 4.5.1 shows the thermoelectric properties of pristine PEDOT:PSS (a) 

and 1-methyl-2-pyridone (b) films. Figure 4.5.1 shows (a), the electrical conductivity 

of pristine PEDOT:PSS is as low (< 4 S cm-1) at 60 °C and as high as 5.4 S cm-1 at 215 

°C. Compared to the electrical conductivity of the 1-methyl-2-pyridone film (Figure 

4.5.1 (b) peaking as 1100 S cm-1 at 40 °C, it is evident that the electrical conductivity 

of PEDOT:PSS can be significantly improved by treatment with the solvent. The 

preparation of the film can be found in (chapter 3.2.1). If a comparison is made 

between the PF of the two films, the PF in (Figure 4.5.1 (b) is superior throughout the  

measured temperature range than the control film (Figure 4.5.1 (a). The PF for the 1-

methyl-2-pyridone treated film at 40 °C is 24 µW m-1 K-2 which is significantly higher 

than that of pristine PEDOT:PSS with a power factor of 0.07 µW m-1 K-2 at the same 

temperature. The power factor peaks at 200 °C for 1-methyl-2-pyridone film as 33 µW 

m-1 K-2 meanwhile for the pristine PEDOT:PSS it peaks at only 0.43 µW m-1 K-2. This 

large difference in PF is mostly due to the difference in electrical conductivity between 

the two films. Because the power factor is the product of the electrical conductivity 

and Seebeck coefficient squared (PF = 𝑆𝑆2 𝜎𝜎) derived from chapter 1.2, Equation (1), 

as observed in Figure 4.5.1 (a) and (b) the Seebeck coefficient for both films is within 

a similar range of each other. The Seebeck coefficient at 40 °C is 13 µV K-1 and 15 
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µV K-1 for the pristine PEDOT:PSS and the 1-methyl-2-pyridone treated film, 

respectively. The Seebeck coefficient increases almost linearly for pristine 

PEDOT:PSS from 40 °C to 180 °C and then follows an exponential increment from 

180 °C to 220 °C. For the 1-methyl-2-pyridone however, as shown in Figure 4.5.1(b), 

the Seebeck coefficient increases from 15 µV K-1 at 40 °C and peaks at 16 µV K-1 at 

120 °C before decreasing to 14 µV K-1 at 165 °C then increasing exponentially 

thereafter. The boiling point of NMP is 202 °C, from Figure 4.5.1 b) above 150 °C, 

there is a dip in Seebeck coefficient which then begins to exponentially increase by 

remain relatively low above 180 °C. This could be attributed to the fact that the film 

was annealed at 120 °C whereby some solvent was not evaporated. This evaporation 

continues until 180 °C whereby the sample is still changing. A possible reason for the 

lack of increase in S indicates that NMP does not affect the oxidation state of 

PEDOT:PSS which has been linked to improved S. This slight dip in the Seebeck 

coefficient is attributed to the dip in the PF for 1-methyl-2-pyridone film which is not 

present for the pristine PEDOT:PSS film. The variation in the electrical conductivity 

for the 1-methyl-2-pyridone could be attributed to temperature a dependent charge 

carrier transport.334,335 

Figure 4.5.2 depicts the electrical conductivity of the 4 films derived from the 

5% v/v solvent to PEDOT:PSS solution treatment. The electrical conductivity of the 

dimethyl sulfoxide treated film is 800 S cm-1 at 40 °C. This value is consistent and 

within the range reported in literature.212,299,316,336 The electrical conductivity for 

ethylene glycol is 550 S cm-1 at 40 °C which is also within the range of values reported 

in literature.337 The electrical conductivity value for pristine PEDOT:PSS Figure 4.5.1 

(a) used as a control in this study is in line with values observed in literature around 

3.8 S cm-1 at 40 °C.338 As observed in Figure 4.5.2 there is an inverse relationship 

between the electrical conductivity and the corresponding measurement temperature 

for three of the films, (ethylene glycol, dimethyl sulfoxide, and 1-methyl-2-pyridone). 

The inverse relationship suggests that these films do not primarily exhibit a thermally 

activated/assisted hopping mechanism regarding the charge carrier transport in the 

temperature range measured. In this thesis, some films will be referred to as (non-

thermally assisted/activated hopping) to signify films that have a negative dependence 

on temperature regarding their electrical conductivity meanwhile films that have a 
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positive dependence on temperature will be dubbed (thermally assisted/activated 

hopping). 
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Figure 4.5.1, Seebeck coefficient, electrical conductivity, and Power factor of pristine 
PEDOT:PSS (a)  film and 1-methyl-2-pyridone (b)  treated films across a temperature 
range 40-200 °C. 
 

 
Figure 4.5.2. The electrical conductivity of 4 solvent treated (non-thermally assisted) 
PEDOT:PSS films across the temperature range (40 °C to 250 °C) that showed a 
neutral or negative correlation between electrical conductivity and temperature. 
 

This is a simplified expression used to analyse temperature dependence but it’s routed 

in Motts formalisms for variable range hopping mechanism (VHR).110,220,335,339 
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thermally assisted hopping). In literature such conductivity has been ascribed as 

metallic conductivity. This is because across 40 °C to 250 °C temperature range there 
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high 6200 S cm-1 PEDOT film was achieved due to solvent shearing exhibiting a 
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al to obtain a relationship between conductivity and temperature, it was discovered the 

PEDOT:PSS film had an irreversible loss of conductivity above 200 °C.342 Therefore, 

even if these PEDOT:PSS derivatives may be differently stable to the pristine films 

presented in the study, it is unlikely that the solvent treated films begin to deform at 

room temperature upon measurement. It is known that PEDOT:PSS sometimes 

exhibits metallic type temperature dependent (positive) conductivity or in some cases 

depending on the doping state exhibit an electrical conductivity that is less affected by 

temperature at low temperatures (room temperature).342 Figure 4.5.3 however shows 

that the propylene glycol, propylene carbonate,  pristine PEDOT:PSS, 1-4 dioxane,  

and the 1-methyl-2-propanone exhibit a positive linear relationship between the 

electrical conductivity and the corresponding measured temperature. 

 

 

 
 

Figure 4.5.3 The electrical conductivity for five solvent treated (thermally assisted 
hopping) PEDOT:PSS films that showed a positive correlation between electrical 
conductivity and temperature across the temperature range (40 oC to 250 °C).  
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In this situation the trend suggests a thermally assisted hopping mechanism is 

a likely partial explanation for the charge carrier transport for these materials. At 

higher temperatures, the carrier transport is improved as more charge carriers around 

the Fermi level obtain enough energy to hop between higher energy levels. This leads 

to a statistically higher chance of the carriers to hop onto the conductive band giving 

rise to higher conductivity.99 The 1-4-dioxane however shows an increase in electrical 

conductivity up to 140 °C before decreasing. This dip appears to indicate thermal 

instability at higher temperatures.342 This is unlikely to be due to the 1-4 dioxane 

degrading into other compounds because its degradation has been shown to occur at 

temperatures above 350 °C.345 It is possible then that during film measurement that the 

solvent is acting on the film however as the temperature increases past 140 °C the 

solvent mostly evaporates. It appears that all treated films have either slightly or 

significantly higher electrical conductivity than the pristine PEDOT:PSS thus giving 

evidence that solvent treatment is a powerful tool to be utilized in increasing electrical 

conductivity of PEDOT:PSS. From these 4 films, the propylene carbonate shows the 

highest electrical conductivity of 8 S cm-1 at 40 °C and increasing up to 13 S cm-1 at 

210 °C. This is followed by propylene glycol which starts at 6 S cm-1 and reaches 13 

S cm-1 at 210 °C while peaking with 17 S cm-1 at 235 °C. The 1-4-dioxane sample 

shows a similar trend and nearly matches the conductivity values for the propylene 

glycol except for the observed dip. For the 1-methyl-2-propanone the electrical 

conductivity is like that of PEDOT:PSS although slightly higher at 5 S cm-1 at 40 °C 

which increases slightly to 6 S cm-1 at 210 °C. As shown in Figure 4.5.2 the film treated 

with 4-hydroxy-4-methyl-2-propanone shows a stable non-significant change of 

electrical conductivity. In this film it is difficult to know if it is thermally assisted 

charge carrier transport as heat appears to have a net neutral effect on the conductivity. 

The conductivity for this film however is higher than that of the other 4 films shown 

in Figure 4.5.3 and but lower than all films in Figure 4.5.2. The conductivity does 

however decrease back to 60 S cm-1 at 240 °C however given that it started at 67 S cm-

1 this dip is not significant when compared to the dips of 1-methyl-2-pyridone in which 

although the electrical conductivity is high, it drops by half at higher temperatures 

above 200 °C. 

Figure 4.5.4 depicts the Seebeck coefficient for the 3 (non-thermally assisted 

hopping) and 1 neutral film. The positive sign on the Seebeck coefficient is indicative 
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of p-type semiconductor characteristics. A general upward trend whereby the Seebeck 

coefficient is positively correlated with temperature is observed for all films. As shown 

in Figure 4.5.1 (a) the pristine PEDOT:PSS has slightly fewer fluctuations in Seebeck 

coefficient and therefore a smoother trend is observed. Although there are some 

fluctuations in which some films such as ethylene glycol and 4-hydroxy-4-methyl-2-

propanone. 

Furthermore, these apparent fluctuations except for the dimethyl sulfoxide 

whereby at 118 °C shows a significant increase in the Seebeck coefficient up to 24 µV 

K-1 are within an acceptable range of error. It is important to note that these apparent 

fluctuations appear as such due to the small values measured here being nearer to the 

error amount of the measurement. The small changes in the Seebeck coefficient are 

largely similar for all films with some exceptions. It was later discovered after many 

repeats that the ZEM-3 system had difficulty measuring the Seebeck coefficient for 

many doped samples around 120 °C + or – 8 °C. An exact answer to elucidate the 

reason was not realized in this project however considering this, the Seebeck 

coefficient of PEDOT:PSS doped samples in subsequent chapters was measured at 130 

°C instead of 120 °C. Figure 4.5.4 depicts the Seebeck coefficient of the (non-

thermally assisted hopping) films across a temperature range of 40 °C to 240 °C. 

Figure 4.5.5 shows the Seebeck coefficient against temperature for the thermally 

assisted hopping films. 
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Figure 4.5.4 Shows the Seebeck coefficient at the measured temperature for the films 
that showed a net positive electrical conductivity to temperature relationship observed 
in Figure 4.5.3 (thermally assisted hopping).  
 

Figure 4.5.5 shows that there is a general trend in the Seebeck coefficient 

improving at higher measurement temperatures. Except for propylene carbonate, the 

remaining films show a Seebeck coefficient within a similar range of each other. A 

possible reason why propylene carbonate’s Seebeck coefficient not rising as much 

could be linked to its electrical conductivity increasing more than the other films. 

Comparing the Seebeck coefficient derived from the films in Figure 4.5.4 and 4.5.5 

most films appear to not have a Seebeck coefficient significantly affected by solvent 

treatment relative to the control (pristine PEDOT:PSS). Therefore, solvent doping 

appears to selectively improve the electrical conductivity with minimal positive effects 

on the Seebeck coefficient and in some cases minor negative effects on the Seebeck 

coefficient. Still, as shown it appears solvent treatment may change carrier transport 

mechanism of PEDOT:PSS. A hypothesis to explain the effect on carrier mechanism 

by different solvents could be due to the whether the solvent primarily or significantly 

affects the physical orientation of PEDOT chains through improved carrier mobility 

which does not affect the Seebeck coefficient directly or if the transport mechanism is 
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more significantly affected by electron doping/changing the molecular structure in 

such a way that the carrier concentration is affected. If the carrier concentration is 

increased slightly then it may explain the slight decrease in the Seebeck coefficient.  

Further studies would be required to see if the change or carrier transport mechanism 

can occur after solvent doping in conjunction with another treatment that improves the 

Seebeck coefficient. This may prove useful in designing strategies to decouple the 

electrical conductivity from the Seebeck coefficient. 

 

 
Figure 4.5.5. Seebeck coefficient of the 5 (thermally assisted hopping) films treated 

with various solvents across a temperature range of 40 °C to > 200 °C 
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a value of 0.5 µW m-1 K-2 and only rises above 1 µW m-1 K-2 at higher temperatures 

such as 80 °C where its PF is 4 µW m-1 K-2. The power factor for ethylene glycol 

continues to increase and peaks at 215 °C with a value of 17 µW m-1 K-2. 
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Figure 4.5.6 (a) The Power factor at a given temperature for the (non-thermally 
assisted hopping films and neutral film), meanwhile (b) corresponds to the power 
factor for the 5 films with a positively correlated electrical conductivity and 
measurement temperature (thermally assisted hopping)  from 40 °C to 235 °C. 
 

Because the peak PF is at such a high temperature (215 °C) the viability of the 

ethylene glycol film as a functional thermoelectric material would be limited since it’s 

been reported that after several repeated thermoelectric runs (cycles) above 200 °C 

may lead to some polythiophene chains in PEDOT to undergo a Diels–Alder reaction 

(SO2-extrusion).18,342–344 It’s possible that the S in some films may increase when 

undergoing the SO2-extrusion because as the PEDOT units degrade an overall 

lowering of the carrier concentration would also occur in the bulk film which as 

expressed in chapter 1.2 equation 4, a lower carrier concentration is related to higher 

S. This thermal degradation at high temperature invariably limits the operation 

temperature of PEDOT based films to under 200 °C and if considering longevity of 

the film in functional devices perhaps temperatures lower than 185 °C would be more 

ideal baseline.  Therefore, the ethylene glycol treated film remains less viable as a 

thermoelectric material than the dimethyl sulfoxide, or 1-methyl-2-pyridone which as 

evidenced in Figure 4.5.6 (a) whereby they exhibit significantly higher power factors 

across the measured temperature range. 

As shown in Figure 4.5.4 and 4.5.5 the remainder of the other films exhibit a 

Seebeck coefficient measurement within a similar range of each other. Figure 4.5.5 

shows that at 40 °C the pristine PEDOT:PSS, 1-4-dioxane and dimethyl sulfoxide 

treated films, all exhibit a Seebeck coefficient of 12 µV K-1. The Seebeck coefficient 

of the dimethyl sulfoxide film incrementally rises then slightly larger values can be 

observed throughout the temperature range whereby it peaks as 27 µV K-1 at 215 °C. 

The Seebeck coefficient of the pristine PEDOT:PSS however peaks slightly higher at 

the same temperature with a value of 28 µV K-1 and 1-4-dioxane peaks at 180 °C with 

a value of 23 µV K-1. Still, the power factor for the dimethyl sulfoxide film due to its 

much higher electrical conductivity yields a significantly higher power factor than the 

pristine PEDOT:PSS or 1-4-dioxane. Therefore, when looking at Figure 4.5.6 the 

power factor for the dimethyl sulfoxide treated film is shown as 12 µW m-1 K-2 at 40 

°C, meanwhile the 1-4-dioxane and pristine PEDOT:PSS films are depicted as 0.13 
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µW m-1 K-2 and 0.05 µW m-1 K-2 respectively. The power factor for the dimethyl 

sulfoxide treated film peaks at 120 °C with 33 µW m-1 K-2 showing potential viability 

to be utilized in a functional thermoelectric device due to it being operable below the 

degradation temperature range for PEDOT:PSS.18 At 40 °C the propylene glycol film 

has a Seebeck coefficient of 15 µV K-1 which across the measured temperature profile 

doesn’t rise beyond 16 µV K-1. Therefore, considering its electrical conductivity as it 

increases at higher temperatures the power factor starts low at 0.15 µW m-1 K-2 but 

rises to 0.4 µW m-1 K-2 at 230 °C. For the 1-methyl-2-propanone, and propylene 

carbonate films the power factor is low at 40 °C observed as 0.13 µW m-1 K-2 but still 

higher than that of the pristine PEDOT:PSS film showing an increased thermoelectric 

performance when utilizing dopants. The propylene carbonate film has a much higher 

PF above 1 µW m-1 K-2 at 200 °C,  meanwhile the pristine PEDOT:PSS and 1-methyl-

2-propanone does not rise higher than 0.4 µW m-1 K-2 at comparable temperatures. The 

power factor is higher for the propylene carbonate due to it having higher electrical 

conductivity than the other two films as well as having no significant variation in the 

Seebeck between the other two films either. 

 

 Morphology of PEDOT:PSS thin films 

Factors such as morphology, molecular orientation/ molecular chemistry as 

well stoichiometry between the PEDOT and PSS units in the polymer affect its 

electrical conductivity and Seebeck coefficient. Because all the solvents used this 

study improved the electrical conductivity of PEDOT:PSS based thin films albeit by 

different amounts, an optical microscopy study was conducted to ascertain some 

origins behind the improvement. The resolution for the micrographs allowed for 

features up to 1 μm to be observed. Because PEDOT:PSS is a conductive nano ink, a 

scanning electron microscopy would have been able to in theory allow observations of 

finer details in the tens of nano meter scale, however, it was discovered during the 

study that features could not be differentiated in PEDOT:PSS based samples unless it 

was composited by nano particulates such as silver nano particles etc. Because the 

films in this study did not contain foreign solid particulates the optical micrograph was 

used instead. 
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Figure 4.6.1 is a 2D representation of the structure of PEDOT:PSS. The PSS 

component is bonded to PEDOT through ionic and inter molecular interactions. In 

pristine PEDOT:PSS solutions most of the chains are in their coiled state. Figure 4.6.2  

shows  a diagram representing 3 different molecular orientations of PEDOT and PSS 

in the polymer. The core shelled conformation can be observed in Figure 4.6.2 (a), it 

is essentially a three-dimensional micelle like sphere of mixed, but mostly PEDOT 

core surrounded by a shell of PSS.346–348 . This leads to a poorly conductive material 

when processed but due to the PSS’s anionic nature allows for the polymer to be 

soluble in water. In the coiled structure the charge carriers are trapped within and 

between the polythiophene chains thereby leading to a statistically unfavourable 

charge carrier hopping to adjacent PEDOT. These transport inhibitions can be denoted 

as (traps). The insulative PSS region effectively acts as an inhibitor of charger carriers.  
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Figure 4.6.1 2D molecular structure of PEDOT and PSS and the subsequent ionic 
interactions.349 
 

 
Figure 4.6.2 the different molecular orientations of PEDOT and PSS.  
 

It is reasonable to postulate that the consequences (bundles) of core shelled 

structure (Figure 4.6.2 (a) ) could be observable as aggregated particulates which can 

be observed as pockets of defects when PEDOT:PSS is spun on a substrate. By 

utilizing an optical microscopy, it is possible to see if there is a relationship between 

number of microscopic defects and the electrical conductivity in the films. Figure 4.6.3 

shows the different (molecular) resonance forms of the polythiophene chains in 

PEDOT. Figure 4.6.3 (a) is the neutral quinoid  (b) neutral benzoid, (c) positive 

polaron,  and (d) positive bipolaron. The PEDOT:PSS (Poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) solution as prepared in the PH1000 

formulation used in this study is in the doped (fully oxidised) form (Figure 4.6.3 

(a)/(b). In this state the majority of the polythiophene chains are comprised of 

bipolarons. Because all the PEDOT:PSS based films in this chapter exhibit a p-type 

characteristic whereby holes are the majority charge carrier as shown with the positive 

sign corresponding to the as measured  Seebeck coefficient in Figure 4.5.6 (a) and (b) 

the polarons will be denoted with a prefix (positive) as stated in Figure 4.6.3 (c) and 

(d).  
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a) neutral quinoid 

b) neutral benzoid

c) positive polaron 

d) positive bipolaron 
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Figure 4.6.3 depicting the resonance forms of Poly(3,4-ethylenedioxythiophene) 
(PEDOT) thiophene back bone, (a) denotes the quinoid form, meanwhile (b) is the 
benzoid form. (c) and (d) represent the positive polaron and bipolaron oxidation 
states, respectively. 
Figure 4.6.4 depicts the optical micrograph representing the (thermally assisted 

hopping) mechanism films. 

 

 
Figure 4.6.4 micrographs of the thermally assisted hopping mechanism films. 
 

A light blue hue is observed for all films. This is typical for (doped) fully 

oxidised (bi-polaronic or partially oxidised mono-polaronic) films that are not 

e) Propylene Carbonate

20 µm

a)    PEDOT:PSS b)   1-4-Dioxane

c)    1-Methyl-2 -propanone

20 µm

20 µm 20 µm

d) Propylene Glycol

20 µm
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composited with other solid particles (please refer to Figure 4.6.3 (c), and (d). It would 

be expected if the films were heavily reduced (dedoped) for a significantly deeper 

darker hue to be observed.350,351 Although the microscope colour may not represent 

the real colour of images, a primary image first analysed with a digital camera in a the 

same room other films were analysed at with the same lighting conditions and then 

compared for consistency with the images obtained from the microscope camera. The 

images appeared to be the same contrast. The hue observed in these films gives an 

inference that none of the films in Figure 4.6.4 are fully reduced (Figure 4.6.3 (a)/(b). 

Figure 4.6.5 depicts the optical microgram for the (thermally assisted hopping) 

mechanism films. The films have a blue hue in the same range as the non-thermally 

assisted films (figure 4.6.4). The colour implies that the films are not in their neutral 

(reduced) state and therefore inferring the polythiophene are in their fully oxidised or 

at least it in their partially oxidised state (please see Figure 4.6.3 (c)/(d). This inference 

can be confirmed by oxidation state studies via UV-VIS and XPS. As shown in Figure 

4.6.4/4.6.5 the black arrows represented in each film depicts structural defects. It is 

likely that the defects derive from slightly different reasons. 

 

 
 

Figure 4.6.5.Micrograph with a 20 µm scale bar for the 3 (thermally assisted hopping) 
and 1 neutral mechanism films. 
 

a) Dimethyl sulfoxide b) Ethylene glycol

c) 4-Hydroxy-4-methyl-2-pentanone

20 µm20 µm

20 µm

d)   1-Methyl-2-pyridone

20 µm
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As shown in Figure 4.6.4 the original hypothesis was that the defects relating 

to pristine PEDOT:PSS derives from coiled PEDOT:PSS bundles. Following that 

logic, the (thicker) sections represent bundles of the film therefore their quantity may 

help elucidate some surface inhomogeneity. The bundles  would then represent 

aggregated structures of PEDOT:PSS in the core shelled structure that is less 

conductive than the linear/ expanded coil structures.  All films in Figure 4.6.4 except 

for 1-4-dioxane and to a lesser extent propylene glycol have a similar shape and 

appearance of defects to pristine PEDOT:PSS thereby indicating a similar defect origin 

as mentioned for the pristine PEDOT:PSS film. The two films, however, have round 

doughnut shaped defects exhibiting dark rings and discoloured cores. In these films 

the likely origin for those defects could derive from incomplete miscibility with the 

PEDOT:PSS solution. It was observed during mixing that there was some precipitation 

of clear a liquid on addition of both 1-4-dioxane and propylene glycol to the polymer 

in the respective vials. Although after shaking the vials briefly caused it to disappeared, 

it is possible during spin coating that the centrifugal force separated the polymer and 

the solvent at different rates leading to the ring effect which has been observed in 

literature.352–355 The films in Figure 4.6.5 show similar defect shape and general 

appearance to pristine PEDOT:PSS. If not for the poor electrical conductivity 

displayed by the propylene carbonate (Figure 4.6.4) it would be interesting to do 

further research since it displayed the most (pristine) defect free film owing to 

extremely low quantity of defects  relative to any other film in either Figure 4.64 or 

4.6.5 which includes PEDOT:PSS. There are differences in the number of defects at 

the scale of < 10 µm as shown in Table 4.6.1. 

 

Table 4.6.1  The approximated quantity of defects > 1 µm in 9 PEDOT:PSS 
based films in the order of greatest to least as well as the corresponding electrical 
conductivity. The area is 160 μm (length) by 90 μm (width). The magnification is 
x 50. 
 

Film Approximation of 

quantity of 

defects per 14400 

µm2 

(> 10 µm) 

Boiling point of 

solvent in each 

film 

(°C) 

Electrical 

conductivity 

(S cm-1) at 40 °C 
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pristine PEDOT:PSS 220 100 3.9 

1-methyl-2-pyridone 192 250 1100 

4-hydroxy-4-methyl-

2-Pentanone 

120 166 66 

1-4-dioxane 120 101 6.8 

propylene glycol 110 188 7 

1-methyl-2-

propanone 

105 105 4.4 

dimethyl sulfoxide 100 189 792 

ethylene glycol 49 198 513 

propylene carbonate 9 240 9 

 

As shown in Table 4.6.1 and Figure 4.6.6 (a) there is no clear or emergent 

pattern to suggest that the quantity of defects at this scale have a significant effect on 

the electrical conductivity. The solvent that produced the film with the highest 

electrical conductivity (1-methyl-2-pyridone) also contained the highest number of 

defects. Several images were taken for each film and the images that represented the 

average quantity of defects were used for Table 4.6.1, as well as Figure 4.6.4 and 4.6.5. 

It is also important to note, the film with the lowest defects had a relatively low 

electrical conductivity. The lack of a correlation between quantity of defects and 

conductivity can be explained because the solvents used have different molecular 

structure thereby leading to different molecular changes in the PEDOT:PSS films that 

the optical micrograph cannot detect. In a very recent study by Karan et al, it was 

argued that within a conductive pathway in PEDOT:PSS the fastest pathway was the 

intra chain transport meanwhile the inter chain transport was the slowest. Although it 

was thought that defects may represent more of inter chain transport, due to PEDOT 

polymer chains being a few nano meters in length it is not possible for the optical 

images to detect the transport mechanism of PEDOT. If so, then it is not surprising 

that the number of defects was not correlated to the electrical conductivity.  Because 

these films are treated by different solvents, chemical doping appears to have a more 

significant effect on the film’s electrical conductivity than the defects observed in the 

optical microscopy images presented in the tables 4.6.1 and graphically presented in 



74 | P a g e  
 

Figure 4.6.6 (a). If this is the case  analysis using UV-VIS, Raman spectroscopy and 

XPS will corroborate the hypothesis. 

 
 

 

 

Figure 4.6.6 (a) depicts the electrical conductivity against the number of defects per 
14400 μm2, meanwhile (b) depicts the electrical conductivity against boiling point 
from the data in Table 4.6.1. 
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Table 4.6.1 shows the boiling points of the various solvents used in this study. Figure 

4.6.6 (b) shows the boiling point in relation to the electrical conductivity. It is difficult 

to argue for a clear relationship between the boiling point of the solvent and the 

electrical conductivity of the corresponding film. Even though the film with the highest 

boiling point also had the highest electrical conductivity (1-methyl-2-pyridone); the 

pattern is offset by propylene carbonate with the second highest boiling point (240 °C) 

but with only 9 S cm-2  and propylene glycol with a high boiling point (188 °C) but 

relatively low conductivity at 7 S cm-1. 

 Molecular effects impacting electrical conductivity and 

Seebeck coefficient. 

Chemical treatments can induce changes in the oxidation state of 

polythiophene chains. (Please see Figure 4.6.3 for different oxidation states and 

molecular orientation of PEDOT).128,194,212,308 Subsequently these changes can be 

studied as mapped responses in the spectra obtained from (Raman, XPS, and UV-Vis-

NIR instruments) to determine what, and to what extent the effects are linked to the 

improvements in both the Seebeck coefficient and electrical conductivity in the thin 

films. Figure 4.7.1 depicts the UV-Vis-NIR spectra for the 8 films treated with 

different solvents as well as the pristine PEDOT:PSS across 300 nm to 2400 nm. The 

pristine PEDOT:PSS spectra (Figure 4.7.1 (a) is characteristic of PEDOT:PSS films 

as seen in literature.338,356 The extent of the absorption at each wavelength region (600, 

900, and above 1800 nm) corresponds to the amount of polythiophene in either neutral, 

polaronic, or bipolaronic carrier state respectively (please see figure 4.6.3).139 

As expressed in Figure 4.7.1 (a) there is a high absorption at (1800 nm) 

extending into the far NIR for the pristine PEDOT:PSS. This indicates that the majority 

of the polythiophene chains are predominated by bipolarons as charge carriers. The 

peak at the polaron region (900 nm) appears to be significantly smaller. This suggests 

that only a few polythiophene chains are in their polaron oxidation state. In the 

literature it is usually shown that in cases where the oxidation state changes to form 

more polarons a corresponding higher Seebeck coefficient is also observed when the 



76 | P a g e  
 

original of the improvement is due to an oxidation state change.128,357 In the polaron 

peak for the pristine PEDOT the pattern does not deviate from most of the films as 

show in figure 4.7.1 (a)/(b). If the PEDOT:PSS was in a neutral (reduced) stated it 

would exhibit a high absorption at around 600 nm however as depicted in Figure 4.7.1 

there is no distinct peak for pristine PEDOT:PSS said region thereby confirming the 

inferences made by analysing the colour grading of the optical images in chapter 4.6 

(Figure 4.6.4/4.6.5). 

There are some minor differences in the initial absorbance between the 

different films thereby indicating slight differences in film thickness as was measured 

by the Dektak surface profilometer. In this case the films exhibited a thickness between 

50 and 60 nm with most films only having a 5 nm difference between each other. Since 

the UV-Vis-NIR spectra were not normalized it is not possible to make absolute inter 

film quantity comparisons. Still, it is possible to clearly observe when a film has a 

significant peak at the region of interest and make qualitative comparisons within and 

between each film. Figure 4.7.1 (a) represents the UV-Vis-NIR spectra for the 

(thermally assisted hopping) mechanism films. The pristine PEDOT:PSS, 1-4-

dioxane, 1-methyl-2-propanone exhibit similarly shaped spectrum. The propylene 

glycol and propylene carbonate however have spectra that deviate from the “usual” 

PEDOT:PSS spectrum appearance found in literature.171 Except for the propylene 

glycol and propylene carbonate films, a peak at the polaron region is observed for the 

other three films. The three films exhibit the same intensity at the polaron region as 

shown in (Figure 4.7.1 (a). The 1-4-dioxane, has the film with a medium bipolaron 

intensity in relation to the others. Depending on the mechanism of improved Seebeck 

coefficient, if there was a higher Seebeck coefficient observed in these films due to the 

solvent treatments, then there would either be a reduced bipolaron region and 

subsequent increase in the polaron and or neutral region. There are other ways to 

improve Seebeck coefficient without increasing the polaron region however these 

would involve ionic accumulation at the surface or nano incorporation of particles of 

rare earth minerals such as tellurium/selenium which exhibit naturally high Seebeck 

coefficient.23,141,227,358 The Seebeck coefficients as confirmed by analysis of Figure 

4.5.5 do not deviate significantly between each film. The film however, with the most 

irregular Seebeck coefficient pattern is shown for the propylene carbonate and 

propylene glycol films. In the case of propylene glycol there was no increase in 
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Seebeck coefficient across the measured temperature and for propylene carbonate 

having lowest Seebeck coefficient for any film across most of the temperature range. 

As shown in Figure 4.7.1 (a) (b) the distinct spectra that the propylene glycol and 

propylene carbonate films have is significantly different from the both the (thermally 

assisted) and (non-thermally assisted) hopping films. In conjunction with the 

corresponding irregular Seebeck coefficient. This infers that the solvent may act on 

the film in such a way to remove some of the PEDOT regions of the film. 
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Figure 4.7.1 depicts the UV-Vis-NIR spectra in the range (300-2400 nm) for (a), 
(thermally assisted hopping,) and  (b) (non-thermally assisted hopping) films as well 
as showing the different molecular state (neutral, polaron, and bipolaron) of the 
polythiophene indicating majority charger carriers. 
 

As expressed in Figure 4.7.1 (b) are the (non-thermally assisted) hopping 

mechanism films. Similarly, to the majority of the (thermally assisted) films, the shape 

( neutral 𝝅 𝒕𝒐 𝝅* )

( polaron )

( bipolaron )

( neutral 𝝅 𝒕𝒐 𝝅* )

( polaron )

( bipolaron )
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and pattern of the UV-Vis-NIR spectra appear like the pristine PEDOT:PSS. The most 

notable film that has a spectrum that deviates from other films is the, 4-methyl-4-

hydroxy-2-pentanone. The film has the lowest bipolaron peak relative to the other 

films. Interestingly, it would be expected that if the film were reduced that the polaron 

region or the neutral region would have an increased peak. It appears however, that the 

polaron and neutral peak are in the same size as the other films. The film that has the 

second lowest bipolaron peak is the 1-methyl-2-pentanone. As the Seebeck coefficient 

did not increase, nor did the UV-Vis-NIR suggest that a usual reduction occurred, 

several hypotheses may ensue. Firstly, it is still possible that the propylene glycol, 

propylene carbonate, and to some extent the, 4-methyl-4-hydroxy-2-pentanone films 

were partially reduced in a way that does not affect the polaron region. This remains a 

weak argument however because the polaron and neutral regions did not show a 

subsequent increased intensity. The second hypothesis would be that the three solvent 

treatments with an emphasis on the propylene glycol and propylene carbonate, and to 

a much less extent the 4-methyl-4-hydroxy-2-pentanone, induced selective removal of 

PEDOT from the films.  

Figure, 4.7.1 depicts the UV-Vis-NIR for PEDOT:PSS, however in reality the 

absorbance is formulated by interaction of light with polythiophene molecules with no 

significant PSS interaction at the range measured. Therefore, if you get a reduced 

intensity for the 4-methyl-4-hydroxy-2-pentanone’s bipolaron region without 

increasing the polaron region then it could suggest selective PEDOT removal, not 

typically found in literature. If the PEDOT is selectively removed, then it could suggest 

either PEDOT degradation or dissolution. (Note: if the UV-Vis-NIR were measured 

below 180 nm the PSS region could have been compared to other films to see if it 

remained unaffected while the PEDOT regions 600-1800 are affected), however, the 

UV-Vis-NIR used in the study did not have detectors to go below 200 nm. In 

conjunction, the hypothesis is even stronger for the other two films as the films have a 

decreased intensity across the whole UV-Vis-NIR range measured. The third 

hypothesis would be a mixture of any and or all the above. To find out which if at all 

any of the hypotheses is and or are correct Raman and XPS spectra would need to 

corroborate the UV-Vis-NIR observations. If the propylene glycol or carbonate 

treatments do indeed selectively remove PEDOT, further studies into PEDOT 

dissolution or removal from prepared films may allow researchers to control film 
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thickness post fabrication in which it could affect transparency, conductivity, or work 

function etc.359,360 

 
 

 

Figure 4.7.3 Raman spectra for the (a) thermally assisted hopping films, and (b) non 
thermally assisted hopping mechanism films at the area of interest (benzoid to 
quinoid region). 
 

Present in all films are characteristic peaks and regions that correspond to 

PEDOT and PSS bond stretching and bending vibrations in respect to Raman 

spectroscopy. The peak at 1580 cm-1 corresponds to a PSS stretching vibration. The 

PEDOT C𝛼𝛼= C𝛽𝛽
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one at 1440 cm-1 corresponds to the symmetrical vibrations and finally the peak at 

1500 cm-1 depicts the asymmetrical vibrations in PEDOT. Due to the Raman data not 

being peak fitted or normalized, it is difficult to obtpolyain a quantitative ratio 

comparison between PEDOT and PSS’s region intensity in the films. It is however 

possible to determine if there is a structural change from benzoid to quinoid in the 

polythiophene molecular orientation by analysing Raman shift at 1440 cm-1. The 

quinoid structure is dominated with a more planer structural orientation that allows for 

better PEDOT stacking therefore it usually denotes improved carrier mobility.  

The benzoid form as depicted in in Figure 4.6.3 (a) expresses the usual 

conformation of polythiophenes before further treatment post polymer synthesis. The 

bonds between each monomer are single covalent bonds. In comparison to Figure 4.6.3 

(a) the quinoid conformation whereby the monomers are joined by a double bond, the 

benzoid conformation usually (but not always) suggests a material with lower 

electrical conductivity. As explained by some researchers, the quinoid conformation 

may allow for better intra chain charge transport (within a PEDOT chain).298,361,362 One 

particular reason pertains to the fact that in the quinoid conformation, each monomer 

unit has restricted movement due to monomers being unable to twist with respect to 

each other due to the double bond, unlike in the single bond benzoid conformation 

where rotation is only limited by steric hinderances.298,300 The quinoid structure is 

therefore indicative of a PEDOT orientation whereby it’s chains are more linear than 

the benzoid form thereby leading to better 𝜋𝜋 − 𝜋𝜋 stacking which in turn results in 

improved crystallinity, thus allowing for a faster charge transport in the chains (please 

refer to Figure 4.6.2). Another explanation for improved electrical conductivity is 

explained by a different mechanism in which the selective removal of nonconductive 

PSS over PEDOT is indicated by a change in the XPS peak ratio between PEDOT and 

PSS whereby more PEDOT is present at the surface of the film relative to a control 

(pristine PEDOT:PSS).276,363  

As shown in Figure 4.7.3 (a) the most notable significant peak intensity at 

(1440 cm-1) is shown to be produced by the propylene glycol. Although not 

normalized, it would be expected since all films were measured at the same time frame 

under the same settings for the intensity to be similarly matched unless a significant 

chemical change had occurred. It is however not possible to make any meaningful 

quantification determinations without peak fitting; however, qualitative arguments can 
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be made for both extreme differences in intensity and for the chemical shifts. An 

increased intensity and narrowing of the peak at the C𝛼𝛼= Cβ position (1440 cm-1) as 

explained in literature has been linked to dedoping (reduction of the polaron charge on 

the thiophene rings). The increased intensity and peak narrowing can also be seen at 

the C𝛼𝛼= Cβ asymmetric peak at  around 1500 cm-1.321,363,364 In this case however the 

PSS component has also increased intensity and the peaks have not narrowed relative 

to other films. The increased PSS Raman peak infer a chemical change to the sulphonic 

acid groups or increased quantity of PSS. Therefore it less likely that the reason for 

the observed narrowing and intensified peaks on the symmetrical and asymmetrical 

C𝛼𝛼= Cβ  is just from the dedoping. This makes it difficult to know if there truly is a 

dedoping in the case for propylene glycol using Raman spectroscopy alone. (XPS will 

confirm if dedoping occurred). The spectra for Raman pertaining to propylene glycol 

does not invalidate the other hypotheses such as PEDOT dedoping. Even if it would 

be expected for a film with lower PEDOT component to have a lower intensity it’s 

also possible that if the film has also undergone a benzoid to quinoid shift that it would 

ultimately yield a film with less PSS shielding as the PEDOT chains would adopt a 

less coiled and a more expanded linear conformation thereby leading to a higher signal 

even if there is less quantity. Thus, being shielded to a lower extend may cause an 

increased sensitivity to Raman excitation.  

As shown in Figure 4.7.3 (a) at 1440 cm-1 whereby the peak for PEDOT’s, 

benzoid to quinoid shift can be detected whereby a shift below 1434 cm-1 may indicate 

quinoid vibrational frequency.365 A significantly strong chemical shift (red-shift) is 

observed for the propylene glycol film. When compared to the other (thermally 

assisted mechanism) films as well as the (non-thermally assisted mechanism) films in 

Figure 4.7.3 (b), it is evident that only propylene glycol and 4-methyl-4-hydroxy-2-

pentanone showed such an extent of a benzoid to quinoid shift.  As shown in Table 

4.7.1 the pristine PEDOT:PSS acts as a control. If all films exhibited a benzoid to 

quinoid shift, then it would be evident with pristine PEDOT:PSS having the most blue-

shifted wavelength. However, it appears that the 1-methyl-2-pyridone film has a 

slightly more blue shifted wavelength than pristine PEDOT:PSS and all other films in 

the study. Interestingly, the 1-methyl-2-pyridone treated film produced the highest 

electrical conductivity out of all the films in the study. Although it’s possible the 

carrier mobility for this film was also improved via a different mechanism than a 
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benzoid to quinoid shift, at the very least due to the Raman shift it the evidence 

suggests that the film did not have a significant amount of polythiophenes to reorient 

themselves into a quinoid conformation. Therefore, another mechanism would be 

required to explain the extremely high electrical conductivity (1100 S cm-1) at 40 °C 

as shown in Figure 4.5.1 for the sample.  As shown in Figure 4.7.3, the intensity of the 

film does not rise above most films thereby indicating no reduction has taken place. A 

plausible explanation for the improved conductivity may be a removal of PSS in which 

the XPS analysis would corroborate. It is also possible that the unique structure of the 

solvent induces a different mechanism in which further studies would need be 

conducted. As shown in table 4.7.1 the remaining films showed a red shift with a 

wavelength higher in energy than pristine PEDOT:PSS. As all films showed an 

improved electrical conductivity the Raman for these films express that at least 

partially the reason for the improvement is due to improved carrier mobility via 

benzoid to quinoid reorientation. As is evident for the dimethyl sulfoxide, ethylene 

glycol, and 1-methyl-2-propanone the Raman shift is only slight and consistent with 

literature. 

 

Table 4.7.1  Raman shift of solvent treated films and the control, pristine 
PEDOT:PSS, at the symmetrical C𝛼𝛼= Cβ  vibration where a benzoid to quinoid 
shift can be observed with a red shift. 
 

Film Raman shift at benzoid to quinoid region 

(symmetrical C𝛼𝛼= Cβ  vibration) (cm-1) 

pristine PEDOT:PSS 1440 

1-4-dioxane 1434 

1-methyl-2-propanone 1435 

1-methyl-2-pyridone 1441 

dimethyl sulfoxide 1435 

ethylene glycol 1435 

4-hydroxy-4-methyl-2-pentanone 1421 

propylene glycol 1426 

propylene carbonate 1432 
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 XPS analysis of the PEDOT to PSS ratio 

In literature, it has been shown that XPS can be used to detect the reduction 

(dedoping) of PEDOT:PSS. If there is reduction taking place on the polythiophene 

rings, then it would be detectable as a shift towards a lower binding energy (BE) 

regarding the PEDOT’s Sulphur 2p.187,196,298,363 It’s also been shown that it’s possible 

to tell if PSS, the nonconductive component has been removed from the film and 

therefore infer some origins behind an improved electrical conductivity.308,324,366 This 

can be done by comparing the ratio of PEDOT’s sulphur to PSS’s sulphur. This is 

possible because PEDOT’s sulphur and PSS’s sulphur are in different chemical 

environment therefore an XPS measurement can differentiate between them. Figure 

4.8.1 depicts the high-resolution Sulphur 2p Spin-orbital splitting for the pristine 

PEDOT:PSS. As can be seen, PEDOT’s Sulphur (S), has a peak referred to as the 3/2 

at 163.9 eV meanwhile the ½ peak is at 165 eV. The PSS’s S 2p peak is at a higher BE 

than PEDOT. PSS can be modelled with only one S Spin-orbital splitting however in 

this cause (during the modelling with casa XPS software the residual standard 

deviation was over 2 meaning there was sufficient evidence that the area was based on 

another Spin orbital splitting not accounted for).196 As can be seen the 3/2 peak labelled 

PSS- is at 168 eV meanwhile the corresponding ½ peak is at around 169.23 eV. The 

PSS- is bonded either to the residue of Na+ or PEDOT+,  in which both have lower 

electrical negativity than the H+. The 3/2 and ½ peak at 168. 4 eV and 169.6 eV 

respectively correspond to the PSSH. (please refer to Figure 4.6.1).187,196  

Table 4.8.1 depicts the positions (BE) of each peak shown in Figure 4.8.1 for 

all films. The change in binding energy (∆ BE), is also shown, at the furthest column 

to the right. This column depicts if there has been reduction or oxidation on the 

thiophene backbone by analysing the change in chemical environment corresponding 

to PEDOT’s S 2p3/2 region. The number is formulated by taking PEDOT’s BE at the 

S 2p (3/2) peak away from the same peak of other films. If the number obtained is 

positive and larger than 0 then it indicates reduction towards a lower, BE. If the number 

is negative, then it indicates oxidation. This can infer different things such as bonding 

changes. In this analysis it will be focused on inferences of reduction or oxidation. As 

shown in Figure 4.8.2 is the quantified molecular ratio (%) between PEDOT and PSS 

for all the 9 films. When analysing both figure 4.8.2 and Table 4.8.1 the pristine 



 

85 | P a g e  
 

85 

PEDOT:PSS film has a PEDOT concentration of 44.37% (please note that the model 

used to obtain this concentration included the tail towards higher binding energy 

present in oxidised PEDOT). It is usually seen if removal of PSS is the primary cause 

of improved electrical conductivity for there to be a substantial (5%) or more increase 

in the amount of PEDOT present in the film relative to PSS. In this case the three films 

with the highest electrical conductivity was the ethylene glycol, the DMSO, and the 1-

methyl-2-pyridone films.  

The ethylene glycol had the highest PEDOT quantity (46.61%), meanwhile the 

1-methyl-2-pyridone, had 45.22% and the DMSO had 44.31%. Although not by a 

substantial amount, the two films with more PEDOT concentration than the pristine 

PEDOT:PSS film indicates that at least some part of the improvement of the electrical 

conductivity is linked to the selective removal of PSS from the film. Because the 

DMSO film was the second most conductive film yet it showed a similar PEDOT 

concentration to the pristine PEDOT:PSS film, it suggests that other mechanisms were 

responsible for the improved electrical conductivity such as reorientation of 

polythiophenes from benzoid to quinoid. Several XPS spectra were taken at different 

sample locations and for all samples the quantified data is consistent as there was little 

variation within each sample. It is however, not enough to place the explanation for 

conductivity improvement regarding the DMSO film on the change from benzoid to 

quinoid alone because even the films with lower electrical conductivity showed a 

benzoid to quinoid shift. In conjunction with a recent paper concerning charge 

transport in which it was argued that charge transport in PEDOT:PSS operates via fast 

and slow mechanisms in which the solvent induced morphological change may 

improve grain morphology (detected by AFM) of PEDOT chains to what has been 

termed as fast transport. 361 It is therefore thought a morphological change occurred 

not detected by the optical microscopy is probably a more significant reason for the 

DMSO’s improved conductivity. 
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Figure 4.8.1 depicting the Sulphur 2p (3/2) and (1/2)  Spin-orbital splitting for PEDOT 
and PSS. The PEDOT region is centred around 164 eV  meanwhile the PSS region is 
around 169 eV. 
 

Throughout the research study it was hard to detect relevant PEDOT diffraction peaks 

using XRD and make meaningful interpretation of the almost always noisy signals 

therefore non were conducted during this study. More studies would need to be taken 

to understand the true origin of the improved electrical conductivity. The results 

however indicate that the improved electrical conductivity via internal treatment of 

solvent is more complex than just removal of PSS or benzoid to quinoid shift.  

A hypothesis was made in chapter 4.7 based on the reduced bipolaron and polaron 

intensity that the propylene carbonate films have either been reduced and or undergone 

“selective PEDOT” removal. If One analyses Figure 4.8.2 and looks at Table 4.8.1 it 

is shown that the PEDOT % for both films are lower than the pristine PEDOT:PSS 

films PEDOT %. The propylene glycol had a PEDOT % of 40.88 in which compared 

to the pristine PEDOT:PSS’s 44.61 % PEDOT concentration shows a clear reduction 

in the amount of PEDOT in the film. This is a clear evidence for the hypothesis. The 

propylene carbonate however did not have its PEDOT % (43.16 ) reduced by a 

substantial amount to make a stronger case for it being the reason for the observed 

(low absorption on the UV-VIS). Still, it was clear that something unexplained was 
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responsible for the appearance of the UV-Vis spectrum being different from other 

films. Looking at Table 4.8.1 it is shown that the ∆ BE for propylene carbonate is the 

most significant (0.46 eV). This is a substantial shift and in conjunction with the low 

UV-Vis intensity and the quantification showing reduced PEDOT, gives support to the 

hypothesis that it was both reduced and PEDOT was selectively removed. With The 

exception for the 1-4-dioxane film ∆ BE -0.08 eV, all films have a shift at 0.06 eV or 

smaller. The small shift is not significant enough to give strong evidence of reduction 

however that is what the data suggests. The negative  ∆ BE for the 1-4-dioxane 

suggests that the film was slightly oxidised.   

 

 

 
Figure 4.8.2 the molecular percentage ratio between PEDOT and PSS for the 9 films.  
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Table 4.8.1 quantified data for all films and the relative position of each sub peak 
component for the S 2p (3/2) and (1/2) Spin orbital split 

Film Name 

of peak 

BE of 

position 

(eV) 

concentrat

ion at the 

region 

(%) 

Total 

PSS 

concentr

ation 

(%) 

Total PEDOT 

concentration 

(%) 

PEDOT 

concentra

tion/PSS 

concentra

tion 

∆ 𝐵𝐵𝐵𝐵 = BE of 

pristine 

PEDOT:PSS-

BE of solvent 

treatment for 

the Sulphur 2p 

3/2 peak) (eV) 

4-

hydroxy-

4-methyl-

2-

pentanone 

S 

2p3/2 

PSSH 

168.49 19.78 57.29 42.72 0.74 0 

 S 

2p1/2 

PSSH 

169.65 11.87     

 S 

2p3/2 

PEDO

T 

163.89 28.48   --  

 S 

2p1/2 

PEDO

T 

165.12 14.24   --  

 S 2p 

3/2 

PSS- 

168.09 16.6   --  

 S 2p 

1/2 

PSS- 

169.29 9.04   --  

propylene 

carbonate 

S 

2p3/2 

PSSH 

169.19 13.99 56.84 43.16 0.75 0.46 

 S 

2p1/2 

PSSH 

170.39 8.4   --  

 S 

2p3/2 

PEDO

T 

163.44 27.95   --  

 S 

2p1/2 

164.67 15.21   --  
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PEDO

T 

 S 2p 

3/2 

PSS- 

168.18 22.97   --  

 S 2p 

1/2 

PSS- 

169.38 11.48   --  

1-methyl-

2-

pyridone 

S 

2p3/2 

PSSH 

168.46 17.72 54.77 45.22 0.82 0.04 

 S 

2p1/2 

PSSH 

169.62 10.63   --  

 S 

2p3/2 

PEDO

T 

163.86 30.15   --  

 S 

2p1/2 

PEDO

T 

165.08 15.07   --  

 S 2p 

3/2 

PSS- 

168.06 17.11   --  

 S 2p 

1/2 

PSS- 

169.26 9.31   --  

dimethyl 

sulfoxide 

S 

2p3/2 

PSSH 

168.4 22.86 55.69 44.31 0.79 0.01 

 S 

2p1/2 

PSSH 

169.56 13.72   --  

 S 

2p3/2 

PEDO

T 

163.89 29.54   --  

 S 

2p1/2 

PEDO

T 

165.12 14.77   --  
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 S 2p 

3/2 

PSS- 

168 12.74   --  

 S 2p 

1/2 

PSS- 

169.2 6.37   --  

1-methyl-

2-

propanon

e 

S 

2p3/2 

PSSH 

168.51 20.21 57.27 42.75 0.74 0.06 

 S 

2p1/2 

PSSH 

169.67 12.13   --  

 S 

2p3/2 

PEDO

T 

163.84 27.68   --  

 S 

2p1/2 

PEDO

T 

165.07 15.07   --  

 S 2p 

3/2 

PSS- 

168.11 16.14   --  

 S 2p 

1/2 

PSS- 

169.31 8.79   --  

ethylene 

glycol 

S 

2p3/2 

PSSH 

168.49 15.61 53.39 46.61 0.87 0.06 

 S 

2p1/2 

PSSH 

169.65 9.36   --  

 S 

2p3/2 

PEDO

T 

163.84 30.18   --  

 S 

2p1/2 

PEDO

T 

165.07 16.43   --  
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 S 2p 

3/2 

PSS- 

168.09 18.4   --  

 S 2p 

1/2 

PSS- 

169.29 10.02   --  

propylene 

glycol 

S 

2p3/2 

PSSH 

168.45 24.14 59.11 40.88 0.69 0.06 

 S 

2p1/2 

PSSH 

169.61 14.48   --  

 S 

2p3/2 

PEDO

T 

163.84 26.47   --  

 S 

2p1/2 

PEDO

T 

165.06 14.41   --  

 S 2p 

3/2 

PSS- 

168.05 13.27   --  

 S 2p 

1/2 

PSS- 

169.25 7.22   --  

1-4-

dioxane 

S 

2p3/2 

PSSH 

168.47 20.25 57.67 42.33 0.73 -0.08 

 S 

2p1/2 

PSSH 

169.63 12.15   --  

 S 

2p3/2 

PEDO

T 

163.98 28.22   --  

 S 

2p1/2 

PEDO

T 

165.21 14.11   --  

 S 2p 

3/2 

PSS- 

168.07 16.36   --  
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4.3 Conclusion 

All films that were treated with a polar solvent exhibited an improved electrical 

conductivity. The DMSO, as well as propylene glycol, propylene carbonate and 4-

hydroxy-4-methyl-2propanone, could be linked to a benzoid to quinoid structural 

change to explain some of the improved conductivity as depicted by the Raman 

spectra. According to the UV-Vis data it suggests that most films were heavily doped 

(bipolaronic) except for, propylene glycol, and propylene carbonate. The inference 

here is that propylene glycol and propylene carbonate can be explored further to 

observe effects it has on PEDOT:PSS as potential solvents or chemical agents to study 

PEDOT degradation mechanisms. The propylene glycol film exhibited the most 

significant PEDOT removal. For the 1-methyl-2-pyrrolidinone which exhibited the 

highest conductivity meanwhile having no benzoid to quinoid structural change must 

be explored further to elucidate mechanics behind electrical conductivity 

 S 2p 

1/2 

PSS- 

169.27 8.91   --  

pristine 

PEDOT:P

SS 

S 

2p3/2 

PSSH 

168.45 19.47 55.62 44.37 0.79 0 

 S 

2p1/2 

PSSH 

169.61 11.68   --  

 S 

2p3/2 

PEDO

T 

163.9 28.73   --  

 S 

2p1/2 

PEDO

T 

165.08 15.64   --  

 S 2p 

3/2 

PSS- 

168.05 15.84   --  

 S 2p 

1/2 

PSS- 

169.25 8.63   --  
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improvement. The XPS showed it has slightly increased PEDOT % than the pristine 

PEDOT:PSS film but by a negligible factor therefore not being a viable reason to 

explain the improvement. It is possible that the improvement would be detected by 

XRD or AFM.  
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Chapter 5 Enhanced Electrical Conductivity 

and Seebeck Coefficient in PEDOT:PSS via a 

Two-Step Ionic liquid and NaBH4 Treatment. 

 Introduction 

As shown in literature it is possible to significantly increase the electrical 

conductivity of PEDOT:PSS via treatment with polar solvents, acids and salt 

solutions.128,209 Studies have yielded conductivities of 620, 640, 800, 1300 and 1900 S 

cm−1 by treating PEDOT:PSS with dimethyl sulfoxide (DMSO), ethylene glycol, 

polyethylene glycol, methanol and formic acid, respectively.210,211 Solvent treatments, 

however, do not significantly affect the Seebeck coefficient of PEDOT:PSS as 

discovered in chapter 4 and seen in literature.315,337 As explored in chapter 4, several 

solvents were utilized as secondary dopants for PEDOT:PSS. It was discovered that 

the electrical conductivity improved for all samples treated with a solvent. It was also 

observed however, that the Seebeck coefficient was not significantly affected by the 

treatments. Because of this, the PF seen for all films across the temperature profile (40 

°C to > 200 °C) was higher than the pristine PEDOT:PSS however, less than 33 μW 

m-1 K-2. It is also evident that the treatment method also has an influence on 

thermoelectric performance. For example, DMSO (internal treatment) of the 

PEDOT:PSS suspension yields a PF of 18.2 μW m−1 K−2 (as was observed in the PF 

for films in chapter 4 Figure 4.5.6 (a) at around room temperature). This is contrasted 

by post treatment of the PEDOT:PSS film by DMSO which gives a PF of 30.1 μW 

m−1 K−2 at around room temperature.212   

In 2007, the first study to determine the effects of ionic liquid (IL) treatment on 

the electrical conductivity of PEDOT:PSS was employed by utilizing five different 

ionic liquids.216 In the study, 1-butyl-3-methylimidazolium bromide (BMIM:Br), 1-

benzyl-3-methylimidazolium chloride (BzMIM:Cl), 1-butyl3-methylimidazolium 

tetrafluoroborate (BMIM:BF4) and 1-butyl-1-methylpyrrolidium chloride 

(BMPro:Cl) and 1 ethyl-3-methylimidazolium chloride (EMIM:CL) were employed. 
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The BMIM:BF4 treated film achieved the highest conductivity of 136 S cm-1. More 

recently,217 significantly higher electrical conductivity has been shown by controlling 

the molecular ordering in PEDOT:PSS chains by using 1-ethyl-3-methylimidazolium 

tetracyanoborate (EMIM:TCB), achieving an electrical conductivity of 2103 S cm−1. 

PEDOT:PSS–ionic liquid composites have also exhibited resistance to mechanical 

deformation while maintaining high performance.218 These properties of 

PEDOT:PSS–ionic liquid composites make them particularly suitable candidates for 

printing onto flexible substrates and textiles because they can withstand shape 

deformation that could occur in wearable electronics. It has also been shown that ionic 

liquid treatments may improve environmental stability of PEDOT:PSS. In a study by 

Kyaw et al,  it was discovered that under harsher conditions (70 °C and 75 %) for over 

480 hours that the pristine PEDOT:PSS film lost 77% of its electrical conductivity 

meanwhile the ionic liquid films lost only 22% of the initial electrical conductivity.367  

Whilst solvent and ionic liquid treatments leave Seebeck coefficient largely 

unchanged, treatment with base solutions and reducing agents can tune the oxidation 

state of PEDOT and thus the Seebeck coefficient can be increased.368 NaOH solution 

treatment was been used to increase the Seebeck coefficient from 12.6 μV K−1 to 54 

μV K−1 in pristine PEDOT:PSS, however, the treatment lead to a decrease in electrical 

conductivity from 837 S cm−1 to 0.04 S cm−1. Only dual solvent/base treatment by 

mixing a DMSO and NaOH produced a significantly improved PF reaching 33 μW 

m−1 K−2.368 Seebeck coefficients of 104 μV K−1 have been achieved in NaBH4 treated 

PEDOT:PSS, but resulted in a reduction of the electrical conductivity from 716 to 11 

S cm−1.139 Hydrazine has also been utilized and a PF of 112 μW m−1 K−2 has been 

achieved by treating the PEDOT:PSS with a hydrazine in DMSO solution yielding an 

electrical conductivity of 578 S cm−1 and Seebeck coefficient was 67 μV K−1.209  

To the best of our knowledge, prior to this experimental work there had not been 

investigations looking at the effects of a reducing agent treatment on a thin film 

PEDOT:PSS–ionic liquid composite. In this study 1-Ethyl-3-methylimidazolium 

bis(trifluoromethyl sulfonyl)imide (EMIM:TFSI): PEDOT:PSS composite is 

synthesized at different concentrations of EMIM:TFSI relative to PEDOT:PSS and the 

subsequent post treatment with NaBH4-DMSO solution. It was observed in the 

PEDOT:PSS ionic liquid composite a  superior electrical conductivity and unaffected 

Seebeck coefficient. This gave evidence to suggest that the TFSI anion did not reduce 



 

97 | P a g e  
 

97 

the polythiophene chains. The reducing agent NaBH4 is utilized as a post treatment to 

tune the oxidation state and improve the Seebeck coefficient. This study also explores 

the mechanisms responsible for the improved electrical conductivity and Seebeck 

coefficient.  

 Fabrication of PEDOT:PSS EMIM:TFSI Composite 
Films 

 Preparation of EMIM:TFSI films 

A 1 mm thick plain nonconductive glass was cut into 2.2 cm by 2.2 cm pieces and 

washed in a Helmanax solution. The glass substrates were then rinsed with deionised 

water and subsequently rinsed with acetone and then isopropanol. The glass was then 

dried in a stream of nitrogen gas. The PEDOT:PSS dispersion (3000 µL) was placed 

into 7 mL glass vials. Aliquots of 15, 30, 45, 60 and 75 µL of 1-Ethyl-3-

methylimidazoliumbis(trifluoromethyl sulfonyl)imide (EMIM:TFSI) were added to 

separate vials to give 0.5%, 1%, 1.5%, 2% and 2.5% (v/v) dispersions. The vials were 

shaken using a vortex mixer then heated at 120 °C for 3 min. Then 300 µL of the 

PEDOT:PSS/EMIM:TFSI solutions were then pipetted onto a pre-cleaned glass 

substrate and spin-coated at 2000 rpm with an acceleration speed of 2000 rpm·s−1 for 

30 s, then annealed at 120 °C in air for 10 min. The films produced were 50–70 nm, 

as determined by profilometry. 

 Fabrication of PEDOT:PSS EMIM:TFSI-NaBH4 Composite 
Films 

To make the 1% (w/v) NaBH4-DMSO reducing agent solution, 20 mg of NaBH4 

was dissolved in 2 mL of DMSO by shaking it using a vortex mixer and heating at 120 

°C for 5 min. Then 200 µL of the NaBH4 solution was drop cast on to the PEDOT:PSS-

EMIM:TFSI films at room temperature for 1 min and then rinsed with acetone. The 

films were then dried in dry nitrogen gas before annealing at 120 °C for 5 min. The 

films thickness remained relatively unchanged after NaBH4 treatment (55–65 nm). 
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 Results and Discussion 

  Thermoelectric Performance of PEDOT:PSS EMIM:TFSI 

Composite Films 

Figure 5.3.1 shows the thermoelectric properties of PEDOT:PSS and EMIM:TFSI 

treated PEDOT:PSS films based on the solution v/v percentage from which they were 

produced.  
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Figure 5.3.1. Thermoelectric properties of 1-Ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (EMIM:TFSI) treated films, a) the electrical 
conductivity, b) Seebeck coefficient and c) power factor. 
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As observed in Figure 5.3.1 (a), when EMIM:TFSI treated films were manufactured 

from v/v% solutions > 1.5%, there is a significant increase in electrical conductivity.  

The concentration based increment in electrical conductivity is also observed in 

other PEDOT:PSS ionic liquid composites.369 For the pristine PEDOT:PSS film, its 

electrical conductivity at 40 °C was measured as 3.4 S cm−1 which is in line with 

literature values.368,370 When EMIM:TFSI was added into PEDOT:PSS solutions at 

0.5% and 1%, there were no significant changes to the electrical conductivities of the 

films.  

The 1.5% EMIM:TFSI film, however, exhibited an increase in electrical 

conductivity to 451 S cm−1. When compared to other ionic liquids in literature such as 

(BMIM:TFB  with 136 S cm−1 and BMIM:CL  with 49 S cm−1) at the same 

concentrations, the value obtained in this study is higher (451 S cm-1 ) is higher. 216 

EMIM:TCB however, yields a slightly higher electrical conductivity at the same 

concentration (500 S·cm−1).369 

When increasing the concentration of EMIM:TFSI to 2.0% the electrical 

conductivity at 40 °C increased further to 737 S cm−1 and further still to 1439 cm−1 for 

the 2.5% treatment. Compared to internal solvent treatments such as DMSO (100–600 

S cm−1),179,337,371 and ethylene glycol (400–1000 S cm−1) 211,337  the 2.5% EMIM:TFSI 

is highly far more conductive. EMIM:TCB, in comparison, can yield conductivities of 

up to 2104 S cm−1.337,369 

Whilst EMIM:TFSI treated films in comparison yield a slightly lower electrical 

conductivity at 40 °C, when the temperature is elevated the electrical conductivity for 

≥1.5% EMIM:TFSI films exhibit a lower drop in electrical conductivity. Although the 

electrical conductivity improves significantly with the addition of EMIM:TFSI, it was 

not possible to increase the concentration beyond 2.5% due to the formation of 

coagulates which impeded spin coating. It is however observed that if the film 

synthesis conditions are changed then it is possible to make a film with ≥1 3% 

EMIM:TFSI treatment.  For example, when one wants to make a ≥1 3% EMIM:TFSI 

treated film then one would need to introduce the EMIM:TFSI to the film and spin it 

almost immediately without ultrasonicating it or heating it to aid in mixing. However, 

this would lead to inhomogeneous films thereby making it hard to control film 

production. 
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There is no clear pattern observed in Figure 5.3.1 (b) showing that EMIM:TFSI 

treatment significantly affects (improves or reduces) the Seebeck coefficient of the 

composite films throughout majority of the temperature profile measured. This suggest 

that EMIM:TFSI does not reduce polythiophene films. Figure 5.3.1 (c) shows that the 

resultant power factors for the 1.5, 2.0 and 2.5% EMIM:TFSI films are significantly 

higher than that of the pristine PEDOT:PSS across the temperature range studied. The 

PF for the pristine PEDOT:PSS at 40 °C is 0.04 µW m−1 K−2 and peaks at 0.1 µW m−1 

K−2 at 177 °C. The power factor for the 2.5% EMIM:TFSI at 40 °C however, is much 

higher (28 µW m−1 K−2). This value is comparable to optimized post DMSO and 

ethylene glycol treatments.337 The PF reaches an optimum of 29 µW m−1 K−2 at 109 

°C. The 1.5 and 2.0% films show a PF of 6 µW m−1 K−2 and 14 µW m−1 K−2, 

respectively at 40 °C, whilst the 0.5 and 1% EMIM:TFSI films exhibit a similar PF to 

pristine PEDOT:PSS due to their equally low electrical conductivity and their 

corresponding negligible increases in Seebeck coefficients. 

  Post Treatment of EMIM:TFSI Films with NaBH4 

Five PEDOT:PSS/EMIM:TFSI composite films were post treated with a 1% w/v 

solution of NaBH4 in DMSO for 1 min at room temperature plus a control treatment 

of pure DMSO. Figure 5.3.2.1 shows thermoelectric properties of the control films 

meanwhile Figure 5.3.2.2 represents the thermoelectric properties of the 5 

PEDOT:PSS/EMIM:TFSI composites. 
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Figure 5.3.2.1 depicting thermoelectric data of EMIM:TFSI, EMIM:TFSI-NABH4 and 
DMSO controls. 

 

Because literature shows that DMSO treatments improves electrical conductivity it 

was necessary to run controls with films treated only with DMSO post treatment to 

ascertain to what extent it may have been involved in improving the electrical 

conductivity of the NaBH4 films as well as the Seebeck coefficient.179,209,372 The pure 

DMSO treatment on the films also served as a control to compare if it would further 

improve the electrical conductivity when treated on the PEDOT/EMIM:TFSI 

composites. As observed in Figure 4.3.1 (a) the 2 and 2.5% EMIM:TFSI films have an 

electrical conductivity of 737 and 1439 S cm-1 respectively. When both films are 

treated with a pure DMSO solution as shown in Figure 5.3.2.1 (a) neither the 2 nor 

2.5% EMIM:TFSI films exhibit an electrical conductivity above 800 S cm-1. This 

shows that further electrical conductivity via DMSO post treatment is not possible on 

the EMIM:TFSI films. As observed in Figure 5.3.2.1 (b), the presence of DMSO is not 

responsible for the improved Seebeck coefficient in the films treaded with NaBH4 

solution. Films treated with DMSO post treatment but without NaBH4 treatment do 

not have improved Seebeck coefficient. 

Figure 5.3.2.2 (a) shows that NaBH4 treatment reduces the expected electrical 

conductivity of the EMIM:TFSI composite films. The highest electrical conductivity 

observed for the EMIM:TFSI-NaBH4 films was 380 S cm−1 at 40 °C for the 2.0% 

films. Although it is expected for the 2.5% film to have higher electrical conductivity, 

this can be explained due to the treatment mechanism. When treated with the reducing 

agent the kinetics may vary slightly due to difficulty control redox of thiophene 

molecules, hence why the small difference in electrical conductivity between the 2.0% 

and 2.5% film. The 1% DMSO-NaBH4 solution is a strong reducing agent and thereby 

further studies using a weaker reductant may potentially yield more control regarding 

the extent of reduction to better optimise the trade-off between loss of electrical 

conductivity and improved Seebeck coefficient. 

Figure 5.3.2.2 (a) depicts the Seebeck coefficient data for the NaBH4 treated films. 

pristine PEDOT:PSS treated with NaBH4 has a Seebeck coefficient of 20 µV K−1, 

which is similar to values seen in the literature.373 This is double that of untreated 

EMIM: PEDOT:PSS composite films, as shown in this study and elsewhere by 
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others.372,374,375 It is of note that the electrical conductivity for the NaBH4 treated 

PEDOT:PSS film (please see Figure 5.2.2.1 (a) is higher than that of the pristine 

PEDOT:PSS. This is due to DMSO in the NaBH4 solution. 

The 1% EMIM:TFSI, NaBH4 treated film (Figure 5.3.2.2 (b) exhibits the least 

significant increase in Seebeck coefficient across the temperature range, as it starts at 

9.7 µV K−1 at 40 °C and reaches a Seebeck coefficient of 42 µV K−1 at 200 °C. This is 

significantly higher (across the temperature range), however, than the non-NaBH4 

treatment sample (Figure 5.3.1 (b). A more pronounced increase in the Seebeck 

coefficient across the temperature range is observed for the 0.5% EMIM:TFSI NaBH4 

film, which begins at 22 µV K−1 at 40 °C and steadily rises to 56 µV K−1 220 °C. A 

yet more pronounced increase in the Seebeck coefficient is seen in the 1.5, 2.0 and 

2.5% EMIM:TFSI NaBH4 composite films. The highest Seebeck coefficient observed 

from all the films across the temperature range is attributed to the 2.5% EMIM:TFSI 

NaBH4. At 40 °C the film exhibits a Seebeck coefficient of 30 µV K−1 which increases 

to a maximum of 33 µV K−1 above 200 °C. It is of note that the presence of the 

EMIM:TFSI in NaBH4 treated PEDOT:PSS films, causes a larger increase in the 

Seebeck coefficient compared to PEDOT:PSS films treated with NaBH4 alone.  

The optimal PF (Figure 5.3.2.2 (c) is seen for 2% EMIM:TFSI-NaBH4 which is  

at 40 °C is 26 µW m−1 K−2 and reaches a maximum of 42 µW m−1 K−2 at 200 °C. The 

PF is comparable to the 2.5% EMIM:TFSI (Figure 4.3.1 (c) at lower temperatures, 

however above 120 °C the PF is significantly higher. This shows the potential to 

further increase the thermoelectric performance of EMIM:TFSI ionic liquid films with 

reduction via NaBH4. 
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Figure 5.3.2.2 Thermoelectric data for EMIM:TFIS films treated with the 1% w/v 

NaBH4 solution, (a) denotes the electrical conductivity, (b) depicts the Seebeck 
coefficient and (c) the power factor. 
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  Morphology of PEDOT/EMIM:TFSI composites 

Figure 5.3.3.1 depicts the optical micrograph for all films studied in this chapter. 

 

a) Pristine PEDOT:PSS b) NaBH4 PEDOT:PSS

C) 0.5% EMIM:TFSI d) 0.5% EMIM:TFSI- NaBH4

e) 1% EMIM:TFSI f) 1% EMIM:TFSI-NaBH4

g) 1.5% EMIM:TFSI h) 1.5% EMIM:TFSI- NaBH4
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Figure 5.3.3.1 depicting the optical micrographs for the Controls (a), pristine 
PEDOT:PSS, and (b), the NaBH4 PEDOT:PSS film. The EMIM:TFSI treated films are 
represented as (c), (e), (i) and (k). The EMIM:TFSI-NaBH4 treated films are 
represented as (d), (f), (j) and (l).  
                                                               Key   

                                                               
represents areas with particulates                   
(especially ionic liquids)  
 

                                                            represents spread out ionic liquid. 
 
                                                            represents area of PEDOT:PSS 
 

  

When comparing the controls (a) and (b) to (c) the 0.5% EMIM:TFSI, it is 

evident there is an emergence of new circular rings. As one observes the remaining 

EMIM:TFSI treated samples, not only are the rings in all the films but there is also a 

general increment in the quantity of the rings. The size however of the rings are 

different ranging from < 5 μm to > 15 μm. As the rings are not present in the controls 

it is reasonable to deduce that they represent ionic liquid dense areas. These areas are 

probably brought about by phase separation of the PEDOT:PSS solution and ionic 

liquid during spin coating via the centrifugal force. 

i) 2% EMIM:TFSI j) 2% EMIM:TFSI-NaBH4

k) 2.5% EMIM:TFSI-NaBH4 l) 2.5% EMIM:TFSI-NaBH4
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The presence of identifiable ionic liquid spots indicate that the films have ionic liquid 

residues. This is not surprising as the boiling point of EMIM:TFSI is around 190 °C 

depending on the grade. In reference to the annealing conditions (< 120 °C ) it makes 

sense. When comparing the EMIM:TFSI (left hand side) samples to their NaBH4 

counterparts (right hand side) of figure, there is a clear qualitative difference. The 

colour of the film’s changes to a bluish hue. It is possible that the difference can be 

due in part to an ionic liquid absorption or a difference in thickness between the two 

types of films. This change to a blueish hue however more likely indicates a redox 

change within the thiophene molecules as was discussed in chapter 4.6.348,376 This is 

supported by other studies that report a deeper blue hue on reduction of PEDOT:PSS 

films.351,377 Still, it appears as though it is not just reduction taking place with the 

DSMO-NaBH4 treatment as the area dubbed as (spread out ionic liquid) decreases 

substantially. For example, when comparing, the 2.5% EMIM:TFSI to the 2.5% 

EMIM:TFSI-NaBH4 there is a larger area of what is dubbed in the key (represents area 

of PEDOT:PSS). This indicates that post DMSO-NaBH4 treatment also washes off at 

least “some” surface ionic liquid however it is argued that a significant amount is 

removed. 

 

  Mechanisms for the Improved Electrical Conductivity of 

EMIM:TFSI and EMIM:TFSI NaBH4 Films 

The improved electrical conductivity in the EMIM:TFSI and EMIM:TFSI-NaBH4 

films relative to pristine PEDOT:PSS can be explained by 2 mechanisms. The first 

mechanism is well established for polar solvents and arises from the conformation 

change in the PEDOT:PSS back bone from a coiled benzoid structure to a 

linear/expanded coil quinoid structure as was explored in chapter 4. Figure 5.3.4.1 

depicts the different PEDOT conformations.181,298,372,378 The interaction among linear 

PEDOT chains will understandably be stronger than coiled chains.379The stronger 

interactions have been explained to form better 𝜋𝜋 − 𝜋𝜋 stacking thereby improving the 

charge carrier transport channels.181,361 These linear chains therefore would lead to 

more ordered intra chain transport. Raman spectroscopy can be utilized to indicate 

which structure (benzoid or quinoid) is dominant in the thiophene backbone via the 

position of the symmetrical stretching of the C𝛼𝛼 = Cβ typically found around 1440 cm−1  
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(please refer to Figure 4.7.3 (C)).300,380 A red shift which is linked to a benzoid to 

quinoid shift was observed for all EMIM:TFSI composite films as seen in Figure 

5.3.4.2 (a) as well as for the EMIM:TFSI-NaBH4 composite films as expressed in 

Figure 5.3.4.2 (b). The EMIM:TFSI-NaBH4 films presented in Figure 5.3.4.2 (b) 

exhibit the most significant red shift. This is most likely due to the NaBH4 treatment. 

Figure 5.3.4.3 depicts the controls necessary to determine if the DMSO is responsible 

for the further red shift observed or if the significant red shift is due to DMSO-NaBH4 

treatment. Figure 5.3.4.3 shows 2.0% and 2.5% EMIM:TFSI-DMSO, films with a less 

significant red shift than films with DMSO-NaBH4 treatment. The quinoid structure as 

shown in Figure 5.3.4.1 (a) has restricted rotation around the sp2 carbon double bond 

on the thiophene backbone thereby adopting a planer structure with more crystalline 

packing relative to the benzoid (Figure 5.3.4.1 (b) structure in which more thiophene 

units adopt a helical structure with lower molecular ordering that impedes hopping of 

charge carriers (polarons) within and between the polymer chains.33,34   

Despite the significant red shift (indicating improved carrier mobility) in NaBH4 

films, the conductivity in these films is lower than for the EMIM:TFSI films due to 

reduced charge carriers (shown later in the UV-Vis-NIR). pristine PEDOT:PSS is 

included in Figure 5.3.4.2 as a baseline. The peaks at 1365 cm−1 and 1500 cm−1 

correspond to the Cβ-Cβ inter ring stretching vibration and the asymmetrical C𝛼𝛼=Cβ 

vibrations, respectively. 300,380 PSS bond stretching and bending vibrations can be seen 

at 1580 cm−1. 
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Figure 5.3.4.1. The resonance forms of Poly(3,4-ethylenedioxythiophene) (PEDOT) 
thiophene back bone, (a) denotes the quinoid form, meanwhile (b) is the benzoid form. 
(c) and (d) represent the positive polaron and bipolaron phase, respectively. 

e-e-

e- e-

a) neutral quinoid 

b) neutral benzoid

c) positive polaron 

d) positive bipolaron 
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Figure 5.3.4.2 Raman spectroscopy of all films in this study, (a) denotes the 
EMI:TFSI treated films from 0% to 2.5% concentrations, meanwhile (b) 
corresponds to the NaBH4-DMSO solution treatment on the 0% to 2.5% 
EMIM:TFSI films. 

The improved electrical conductivity is also in part due to a second mechanism 

attributed to a selective removal of PSS over PEDOT. Internal treatment with ionic 

liquids on PEDOT:PSS where PSS is selectively removed over PEDOT leads to 

PEDOT chain reorientation to a more conductive linear form.216,369,381,382 This 

selective PSS removal is evidenced by XPS quantification shown in Figure 5.3.4.4. 

The detailed quantification can be seen in Table 5.3.4.1. 

The peak intensity of PSS is roughly 12% more than PEDOT in pristine 

PEDOT:PSS, which is similar to published results.383,384 Please note during 

quantification the PEDOT section has an asymmetric tail towards the higher binding 

energy depicting the polaron and bipolaron thiophene molecules therefore in reality 

the concentration of PEDOT after peak integration is higher than the visual intensity. 

In the 2.5% EMIM:TFSI-NaBH4 treatment the relative intensity ratio between PEDOT 

and PSS is seen to be significantly increased in favour of PEDOT. 

Figure 5.3.4.5 depicts the high-resolution Sulphur 2p (S 2p) spectra for the 2.5% 

EMIM:TFSI (a), pristine PEDOT:PSS, (b), and the 2.5% EMIM:TFSI-NaBH4 (d) film 

with peak fitting in a range consistent with literature values.309,385,386387 Due to the 

sulphite sulphur in PSS being bonded to highly electronegative oxygen atoms, its peak 

is at a higher binding energy than the thiophene sulphur in PEDOT which is bonded 

PEDOT C𝛼𝛼=C𝛽𝛽

PSS

PEDOT C 𝛽𝛽 ¯C 𝛽𝛽

PEDOT C𝛼𝛼=C𝛽𝛽

PSS

PEDOT C 𝛽𝛽 ¯C 𝛽𝛽
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to the less electronegative sp2 hybridized carbons.388,389 TFSI is bonded to carbon with 

3 electronegative fluorides attached which leads to the sulfonyl sulphur being at a 

higher still binding energy, as seen in Figure 5.3.4.5 (a) and literature.390  

 

 
Figure 5.3.4.3 Raman spectra depicting ionic liquid films treated with DMSO, post 
treatment without NaBH4  to show that NaBH4 presence is the major cause for the 
increased red shift. 
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Figure 5.3.4.4 Quantified molecular percentage ratio between PEDOT and poly(4-
styrenesulfonate) (PSS) in relation to the pristine PEDOT:PSS, the NaBH4 
PEDOT:PSS and 2.5% EMIM:TFSI-NaBH4 film obtained from XPS.  
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Figure 5.3.4.5 depicting S 2p spectra for the (2% EMIM:TFSI film (a), whereby 
there are no signals for PEDOT or PSS thereby indicating the surface of the film is 
covered in ionic liquid. (b) Depicts the spectrum for pristine PEDOT:PSS whereby 
PEDOT and PSS regions are labelled appropriately. (c) Depicts the NaBH4 
PEDOT:PSS film whereby some increased PEDOT intensity is observed relative to 
PSS due to removal of PSS via DMSO. (d) Corresponds to the proxy used for the 2.5% 
EMIM:TFSI film whereby it is shown that after being washed with reducing agent 
treatment in DMSO the TFSI is washed off the surface of the film. It is also shown that 
it is PEDOT concentration is even higher than for the NaBH4 PEDOT:PSS film 
thereby indicating EMIM:TFSI treatment has significant effect at selectively removing 
PSS.  
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Table 5.3.4.1 depicting the quantification data for the 2.5% EMIM:TFSI, 
pristine PEDOT:PSS, 2.5% EMIM:TFSI NaBH4, and the NaBH4 
PEDOT:PSS film with each films corresponding releative peak positions. 

Film Peak name 

Bindin

g 

Energy 

(eV) 

Concentratio

n (%) 

Concentratio

n of PEDOT 

(%) 

Concentratio

n of PSS (%) 

2.5% 

EMIM:TFSI S 2p3/2 PSS 169.02 62.5 
  

 
S 2p1/2 PSS 170.23 37.5 

  
pristine 

PEDOT:PSS 

S 2p3/2 

PSSH 168.68 17 45.27 54.73 

 

S 2p1/2 

PSSH 169.84 10.2 
  

 

S 2p3/2 

PEDOT 163.97 29.31 
  

 

S 2p1/2 

PEDOT 165.2 15.96 
  

 

S 2p3/2 

PSS- 168.28 17.83 
  

 

S 2p1/2 

PSS- 169.48 9.71 
  

2.5% 

EMIM:TFSI

-NaBH4 

S 2p3/2 

PSSH 168.48 11.92 58.29 41.71 

 

S 2p1/2 

PSSH 169.64 7.15 
  

 

S 2p3/2 

PEDOT 163.77 37.74 
  

 

S 2p1/2 

PEDOT 165 20.55 
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S 2p3/2 

PSS- 168.08 14.66 
  

 

S 2p1/2 

PSS- 169.28 3.37 
  

NaBH4 

PEDOT:PSS 

S 2p3/2 

PSSH 168.59 17.3 51.83 48.17 

 

S 2p1/2 

PSSH 169.75 10.38 
  

 

S 2p3/2 

PEDOT 163.77 33.56 
  

 

S 2p1/2 

PEDOT 165.00 18.27 
  

 

S 2p3/2 

PSS- 168.19 13.27 
  

 

S 2p1/2 

PSS- 169.39 7.23 
  

 

As shown in Table 5.3.4.1 and Figure 5.3.4.5 (a), the 2.5% EMIM:TFSI film shows 

no PEDOT or PSS peak. The peaks at binding energies of 169.02 and 170.23 eV 

correspond to the TFSI sulphur spin-orbital coupling (S 2p3/2) and (S 2p1/2) 

respectively. 391 XPS has a penetration depth of approximately 10 nm, which shows at 

least the surface of the 60 nm EMIM:TFSI composite films were covered with the 

TFSI anion. Therefore, to determine the effects of EMIM:TFSI treatment on the 

PEDOT to PSS ratio, the quantified data for the 2.5% EMIM:TFSI-NaBH4 can be used 

as a proxy for the 2.5% EMIM:TFSI film because they have the same chemical 

composition with the exception of that the TFSI anion has been washed away from the 

surface by the NaBH4 treatment thereby leading to PEDOT and PSS peaks being 

observed and disappearing of TFSI peaks. 

To determine that the effects on the PEDOT to PSS ratio are not from DMSO 

which is present in the NaBH4 solution, a NaBH4 treated pristine film is shown in 

Figure 5.3.4.5 (c). This is because DMSO is known to induce selective removal of PSS 

in literature.212,392 EMIM:TFSI-NaBH4 films are shown to have a higher proportion of 
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PEDOT than solely NaBH4 treated films, therefore it can be concluded that 

EMIM:TFSI selectively removes PSS over PEDOT.  

  Mechanisms for the Improved Seebeck Coefficient of 

EMIM:TFSI NaBH4 Films 

An increase in the Seebeck coefficient of PEDOT:PSS can often be attributed to 

a reduction of carrier concentration.128,209,393 Treatment with NaBH4 results in a redox 

reaction with PEDOT:PSS as expressed in the equation:394 

2NaBH4 + PEDOT2++2PSS- → 2NaPSS + PEDOT+2BH3 + H2 (1) 

As evidenced by Figure 5.3.4.2 the reduced carrier concentration via NaBH4 

treatment (Figure 5.3.4.2 (b) can be observed by a reduction of the width and increase 

in the intensity corresponding to the symmetric and asymmetric C𝛼𝛼=Cβ stretching of 

the Raman spectra relative to the films not treated with NaBH4 (Figure 5.3.4.2 (a). This 

however does not increase the intensity of the PSS region thereby inferring less 

significant change in the chemical environment.395 

The redox reaction can result in the change of the resonance form of the PEDOT 

which can be evidenced by a change in the UV-Vis-NIR absorption spectrum. Figure. 

5.3.5.1 shows the UV-Vis-NIR spectra of a NaBH4 treated film in relation to pristine 

PEDOT:PSS. The NaBH4 film shows an emergence of a polaron peak at 900 nm (see 

also Figure 5.3.4.1) and a reduction in the peak extending into the NIR compared to 

pristine PEDOT:PSS, indicating a reduction in the quantity of bipolarons (see also 

Figure 5.3.4.1 (d) and an increase of the quantity of polarons in the sample.128,139,209,396 

This explains the increase of Seebeck coefficient seen in Figure 5.3.2.2 (b) for NaBH4 

treated PEDOT:PSS films. A study utilizing EMIM:DCA discovered that DCA had a 

reducing effect thereby increasing the Seebeck coefficient by reducing the charge 

carrier concentration.197 Figure 5.3.1 reveals however, that the Seebeck coefficient is 

not significantly affected by EMIM:TFSI treatment. This could be due to the TFSI 

anion being unstable after donating an electron. This is consistent with the UV-Vis-

NIR spectra as depicted in Figure 5.3.5.1, which shows that the 2.5% EMIM:TFSI film 

has no emergence of a polaron peak at 900 nm or a reduction of the bipolaron region 

in the NIR. 2.5% EMIM:TFSI-NaBH4 film, however, shows a more distinct peak in 



118 | P a g e  
 

the polaron region and a more reduced bipolaron section compared to the NaBH4 

treated pristine PEDOT:PSS films, indicating a stronger reduction in those films. This 

observation is supported by the larger Seebeck coefficients observed in NaBH4 treated 

EMIM:TFSI films, as seen in Figure 5.3.2.2 (b).  

 

Figure 5.3.5.1 UV–VIS depicting absorbance pristine PEDOT:PSS, NaBH4 
PEDOT:PSS, 2.5% EMIM:TFSI and 2.5% EMIM:TFSI-NaBH4 films. 

To understand why the EMIM:TFSI-NaBH4 films have higher Seebeck 

coefficient than the NaBH4 PEDOT:PSS, it’s important to note that whilst the ionic 

liquid has been confirmed to not affect the Seebeck coefficient, the ionic liquid 

treatment causes phase separation and the subsequent removal of PSS from the 

polymer. Under the same conditions when post treated with NaBH4-DMSO solution, 

the reducing agent is in the presence of a higher concentration of PEDOT chains 

thereby making reduction more effective, due to lower PSS concentration. This 

consequently leads to a higher Seebeck coefficient. 

Figure 5.3.5.2 depicts the overlaid XPS spectra for pristine PEDOT:PSS, 2.5% 

EMIM:TFSI NaBH4 and NaBH4 PEDOT:PSS. The XPS data shows a chemical shift 

(bipolaron)

(polaron)

(neutral
𝜋𝜋 𝑡𝑡𝑙𝑙 𝜋𝜋*)
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in the PEDOT region for the NaBH4 treated films to a lower binding energy showing 

reduction of some thiophene units from bipolarons to polarons has occurred, which 

agrees with the UV-VIS-NIR observations. Figure 5.3.5.2 in conjunction with Table 

5.3.4.1 and Figure 5.3.4.5 show the PEDOT spin-orbital sulphur coupling for the 

pristine PEDOT:PSS (S 2p3/2) shifts from a binding energy of 163.97 eV to 163.77 eV 

when treated with NaBH4. The 2.5% EMIM:TFSI-NaBH4 film shows the same shift 

from 163.97 eV for pristine PEDOT:PSS (S 2p3/2) to 163.77 eV. A similar shift can be 

observed for the (S 2p1/2) peaks. This shift is also observed in literature for reducing 

agent treatment on PEDOT:PSS.209,373 

 

Figure 5.3.5.2 Overlaid XPS spectra showing a lower binding energy shift 
for NaBH4 treated films relative to pristine PEDOT:PSS indicating reduction. 

 Conclusions 

A thin film PEDOT: PSS ionic liquid composite utilizing the ionic liquid EMIM:TFSI 

was synthesized with superior thermoelectric properties to pristine PEDOT:PSS. The 

ionic liquid significantly improved the electrical conductivity from 3 S cm−1 to 1439 

S cm−1 for the 2.5% EMIM:TFSI film thereby leading to a PF of 28 µW m−1 K−2 at 40 

°C. A further post treatment with NaBH4-DMSO solution was used to improve the 

Seebeck coefficient which lead to an increase in the PF for most of the films treated 
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with this solution relative to the ones treated with only the ionic liquid. At above 140 

°C the 2.0% EMIM:TFSI NaBH4 film was optimized to a PF of 40 µW m−1 K−2, 

meanwhile the 2.5% EMIM:TFSI NaBH4 was optimized to 33 µW m−1 K−2 at the same 

temperature.  

This simple two-step process is fully solution processable and shows the potential 

for further optimization of the PF of PEDOT:PSS ionic liquid composites by fine 

tuning the concentration of the NaBH4-DMSO solution and finding more precise ways 

to control the redox of PEDOT films to minimize the depletion of electrical 

conductivity. Raman showed that there was a conformational change from benzoid to 

quinoid. XPS confirmed a second mechanism for improved electrical conductivity via 

a phase separation and the selective removal of PSS. The improved Seebeck 

coefficient was confirmed to be due to the post treatment with NaBH4-DMSO solution, 

however, it was discovered that the ionic liquid treated films had higher Seebeck 

coefficient. The study proved that this discrepancy was due to the ionic liquid 

removing PSS and exposing the NaBH4-DMSO solution to more PEDOT chains, 

hence causing further reduction. The UV–VIS and XPS provided evidence for a 

reduction in charge carriers from bipolarons to polarons with the NaBH4-DMSO 

solution treatment. Changing the synthesis method whereby the coagulation of the 

solution of PEDOT:PSS ionic liquid does not occur until a higher ionic liquid 

concentration may prove helpful in optimizing the electrical conductivity of these 

films, as the results showed a positive correlation between concentration of ionic liquid 

and electrical conductivity. 
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Chapter 6  Synthesis of N-type SWNT-

PEDOT:PSS composites 

 

 Abstract 

An extremely fast and efficient synthetic route to a novel n-type SWNT-PEDOT:PSS 

composite was realized through solvothermal treatment with the reducing agent, 

tetrabutyle ammonium hydroxide (TBAOH) at 120 °C for 40 seconds. It was 

discovered by Raman spectroscopy, that films exhibiting n-type characteristics had a 

corresponding red shift at the G+ band. This infers n-type characteristics via electron 

injection into the carbon nanotubes. It was also discovered that only films that 

underwent reduction of thiophenes became n-type via analysis of control films without 

the TBAOH treatment. 

 Introduction 

Due to the difficulty in obtaining stable n-type PEDOT:PSS semiconductors the 

research lags in comparison to the p-type semiconductor.141 In research due to issues 

pertaining to air stability it’s also hard to develop stable n-type organic thermoelectrics 

with high power factor. Recent studies however have found several synthetic routes 

where carbon nanotubes can be imbedded within the PEDOT:PSS matrix.234 

Following a subsequent treatment with certain electron donor molecules such as 

organic, inorganic bases, or primary amines, n-type characteristics can be observed 

and deduced through the sign change from the Seebeck coefficient from positive 

(denoting p-type) to negative (denoting n-type). It has been shown in literature that 

compositing SWNT into PEDOT:PSS polymer matrix that the thermal conductivity 

largely remains small, thereby making the SWNT-PEDOT:PSS composites suitable  

candidates for thermoelectric applications.  
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 Objective and overview  

In this study a concentration of between 5 and 80 % v/v SWNT to PEDOT:PSS 

is explored with the aim of synthesizing a novel thin film n-type SWNT-PEDOT:PSS 

composite. The origin of the n type Seebeck coefficient is understood through XPS 

and Raman studies. 

 Materials and methods 

The generalized materials synthesis is described in chapter 3.1 and 3.2.1. A 

more specific method is expressed in this chapter for the novel n-type SWNT-

PEDOT:PSS composites. There are three sets of materials used in this study. The first 

set of films are six films denoting some fundamental controls to derive origins of n-

type characteristics. The second set correspond to the concentration dependent n-type 

films denoted as SWNT-PEDOT:PSS-conc and have been treated with TBAOH. The 

third is the control of p-type films denoted SWNT-PEDOT:PSS-cont, these are made 

in the same way as the SWNT-PEDOT:PSS-conc films but without the TBAOH 

treatment.  

  Synthesis of the fundamental controls 

a) Six films denoted with a number from 1-6 are utilized as initial controls. 

The 1-pristine PEDOT:PSS film is composed of a pristine PEDOT:PSS 

film synthesized as shown in (chapter 3.2.1). 

b) The 2-PEDOT:PSS-DMSO film is composed of 5% v/v DMSO 

treatment on pristine PEDOT:PSS solution and spun as shown in 

chapter 3.2.1. 

c) The 3-pristine PEDOT:PSS-DMSO-TBAOH film is composed of a 5% 

v/v DMSO treatment as well as a corresponding TBAOH treatment. 

After a 2-PEDOT:PSS-DMSO is spun it is then subjected to a post 

treatment with TBAOH for 40 seconds at 120 °C and subsequently 

washed with isopropyl alcohol 3 times (to quench reduction) and dried 

in nitrogen stream for 1 minute. 
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d) The 4-100% SWNT-DMSO film is composed of a 5% DMSO v/v to 

the SWNT solution (Please refer to chapter 3.1.3) spin coated as 

explained in chapter 3.2.1. 

e) The 5-100% SWNT-DMSO-TBAOH film is composed of the same 

way as the 4-100% SWNT-DMSO with except for an additional 

TBAOH post treatment as expressed for the 3-pristine PEDOT:PSS-

DMSO-TBAOH film. 

f) The 6-100% SWNT film is a composed of a pristine SWNT solution 

spun (please refer to chapter 3.2.1). 

  Synthesis of n-type SWNT-PEDOT:PSS-conc films. 

g) Films are denoted as (SWNT-PEDOT:PSS-conc), due to having 

varying concentration of SWNTs present in each film. Please refer to 

Figure 6.4.3.1 for pictographic representation of the synthesis. 

h) 2000 µL of PEDOT:PSS and 100 µL of DMSO (5% v/v) solutions were 

placed in each of 5 (7 µL) clear glass vials. The vials were subsequently 

mixed with a specified amount of SWNT solution and labelled with 

respect to the concentration (v/v) of SWNT (5, 10, 20, 40, and 80%). 

For example, 200 µL of the SWNT solution was mixed with 2000 µL 

of PEDOT:PSS to make the 10% SWNT composite. This process was 

repeated for the remaining 4 vials and mixed for 5 minutes using 

mechanical mixer (vortex). 

i) The solutions were then spin coated and annealed (please refer to 

chapter 3.2.1)  

j) After annealing the 5 films were maintained on the hot plate at 120 °C. 

Subsequently 200 µL of TBAOH was pipeted onto each film for 40 

seconds.   

k) The films were washed with isopropyl alcohol 3 times and then gently 

dried under nitrogen stream for 1 minute.  

l) There was only slight variation in film thickness with each film ranging 

between 50 and 60 nm as determined by Dektak surface profilometry. 
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  Control for origin of n-type, films dubbed (SWNT-

PEDOT:PSS-cont) 

a) The methods from chapter 6.4.2 (h, i, and k and l) were repeated. The 

films were maintained on a hot plate for 40 seconds at 120 °C and a 

subsequent washing with isopropyl alcohol was conducted as well as 

drying in a nitrogen stream for 1 minute for consistency. The films, 

however, were not post treated with TBAOH. 

 

 
Figure 6.4.3.1 depicting the preparation of the concentration dependent SWNT-
PEDOT:PSS-conc films. X refers to a particular v/v concentration. For example, the 
5% v/v is X% v/v. 

 Results and discussion  

  Preliminary experimental considerations 

Figure 6.5.1.1 depicts the thermoelectric properties 5 out of 6 control films, 

namely, 1-pristine PEDOT:PSS, 2-pristine PEDOT:PSS-DMSO, 3-pristine 

PEDOT:PSS-DMSO-TBAOH, 4-100% SWNT-DMSO, and 5-100% SWNT-DMSO-

TBAOH. The 6-100% SWNT films was “too” poorly conducting to yield any reliable 

thermoelectric measurements. It is of note that said thermoelectric properties of 

STEP-1 SWNT-PEDOT:PSS is 
spin coated on glass Substrate

b)
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SWNT to 
PEDOT:PSS 
solution

SWNT-PEDOT:PSS 
annealed at 120 °C for 
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Substrate

a) 200 µl (TBAOH) 
is pipeted onto SWNT-

PEDOT:PSS film 

c)

While maintained at 120
°C (TBAOH) is left to act
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Tetrabutyle 
ammonium
hydroxide 
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pristine PEDOT:PSS-TBAOH film ( whereby a pristine PEDOT:PSS is post treated 

with TBAOH), could not be measured due to being “too” poorly conductive 

(conductivity was outside the range of measurement the ZEM-3 system could reliably 

elucidate). It was also observed that the Seebeck coefficient could not be reliably 

determined either.  

As shown in Figure 6.5.1.1 (a) the electrical conductivity of 1-pristine 

PEDOT:PSS film is  (3-4 S cm-1) meanwhile the 2-pristine PEDOT:PSS-DMSO film 

is (800 S cm-1)  as observed in literature.179,299,337 Both films exhibit a positive Seebeck 

coefficient (indicating p-type behaviour) in the same range (12-14 µV K-1 ) as 

expressed in Figure 6.5.1.1 (b).,299,337,397 the 3-pristine PEDOT:PSS-DMSO-TBOAH 

film has an electrical conductivity of 3.4 S cm-1 at 40 °C. The 4-100% SWNT-DMSO 

has a moderately high electrical conductivity of 500 S cm-1 at the same temperature. 

The film’s Seebeck coefficient (Figure 6.5.1.1 (b), is relatively high at 27 μV K-1 

(positive sign indicating p-type characteristics)136,161,319 at the same temperature. The 

5-100% SWNT-DMSO-TBAOH however, has a negative Seebeck coefficient 

(indicating n-type characteristics)398,399 of -25 μV K-1 at 40 °C. The film has the highest 

electrical conductivity of 1750 S cm-1 at 40 °C reaching 2250 S cm-1 at 110 °C. In 

conjunction with electrical conductivity the power factor (Figure 6.5.1.1 (c) is 96 μW 

m-1 K-2 at 40 °C.  

As shown from Figure 6.5.1.1 (c) the power factor corresponding to 1-pristine 

PEDOT:PSS and 3-pristine PEDOT:PSS-DMSO-TBAOH is extremely low  (< 0.17 

μW m-1 K-2) at 40 °C. The 2-pristine PEDOT:PSS-DMSO and 4-100% SWNT-DMSO 

film have a significantly higher power factor of 12 μW m-1 K-2 and 38 μW m-1 K-2 

respectively at 40 °C.  

Due to the pristine PEDOT:PSS film treated with TBAOH having a significantly 

reduced electrical conductivity that led to unreliable electrical conductivity and 

Seebeck coefficient measurements by the ZEM-3 system, DMSO was used to treat all 

SWNT-PEDOT:PSS-conc and SWNT-PEDOT:PSS-cont films to improve initial 

conductivity high enough that after TBAOH it would still be measurable as indicated 

by the thermoelectric properties of the (3-pristine PEDOT:PSS-DMSO-TBAOH) film. 

The preliminary experiments involved using the  (1% w/v NaBH4-DMSO) 

solution utilized in chapter 5 to treat the PEDOT:PSS-ionic liquid composites on the 

SWNT-PEDOT:PSS films however n-type characteristics were not observed 
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consistently. TBAOH was selected as treatment agent due to producing n-type 

characteristics on SWNT-PEDOT:PSS films consistently after several repeats.   
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Figure 6.5.1.1 The thermoelectric properties 5 of possible 6 controls. (a), Depicts the 
electrical conductivity against temperature, meanwhile (b) represents the Seebeck 
coefficient against increasing temperature and (c) the Power factor against an 
increasing temperature profile.  
 

 Thermoelectric properties of SWNT-PEDOT:PSS-cont films 

Figure 6.5.2.1 as shown below represents the electrical conductivity of SWNT-

PEDOT:PSS composites (internally treated with 5% v/v DMSO). As expressed in the 

Figure 6.5.2.1 all films depicted in (a) (SWNT-PEDOT:PSS-cont) have significantly 

higher electrical conductivity than those in (b) (SWNT-PEDOT:PSS-conc). As shown 

in Figure 6.5.2.1 (a) the film with the highest electrical conductivity is the 80 % 

SWNT-PEDOT:PSS-cont whereby at 40 °C the electrical conductivity is 1760 S cm-

1. The high electrical conductivity can be explained by synergistic effects after DMSO 

is involved in partial PSS removal causing a reorientation of PEDOT chains from 

coiled shell structures to more expanded coil and linear structures and the subsequent 

improved 𝜋𝜋 − 𝜋𝜋 stacking between PEDOT chains and SWNTs.400–402 

The film with the second highest electrical conductivity Figure 6.5.2.1 (a) is 

the 40 % SWNT-PEDOT:PSS-cont film at 40 °C. At higher temperatures however, 

the film’s electrical conductivity intersects with the 10 % SWNT-PEDOT:PSS-cont 

film which in from 80 °C has a higher temperature than the 40% SWNT-PEDOT:PSS-

cont film. As was discussed in chapter 4, the idea of (non-thermally assisted 

hopping)132,220,257 was used described electrical conductivities that were not improved 

by temperature. In this cause the SWNT-PEDOT:PSS-cont films do not exhibit 

positive thermal dependence on the electrical conductivity. In fact, (except for the 10% 

SWNT-PEDOT:PSS-cont) as the temperature increases the electrical conductivity 

decreases for the remaining films depicted in Figure 6.5.2.1 (a). In Figure 6.5.2.1 (a) 

the two films with the lowest electrical conductivities are the 5 % SWNT-

PEDOT:PSS-cont and 20 % SWNT-PEDOT:PSS-cont . Although the two films with 

the highest SWNT concentration had the highest electrical conductivity, films with 

lower than 40% SWNT content appear to not follow a concentration dependent 

electrical conductivity pattern. This may be because there could be minimum SWNT 
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concentration needed to build effective 𝜋𝜋 − 𝜋𝜋 bridges between itself and disconnected 

PEDOT chains.401 

The electrical conductivity of the films of interest (treated with TBAOH) are 

shown in Figure 6.5.2.1 (b). There is no consistent carrier mechanism that describes 

all films (thermally or non-thermally assisted hopping). This is because some films 

such as (80% SWNT-PEDOT:PSS-conc) exhibit improved electrical conductivity 

with increased temperature meanwhile some exhibit the inverse trend (5% SWNT-

PEDOT:PSS-conc). 
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Figure 6.5.2.1 Represents the electrical conductivity against a temperature profile for 
the SWNT-PEDOT:PSS films. (a) Depicts the SWNT-PEDOT:PSS-cont films (without 
TBAOH) treatment meanwhile (b) depicts the SWNT-PEDOT:PSS-conc films (with 
TBAOH) treatment. 
 

The 5 % SWNT-PEDOT:PSS-conc showed the highest electrical conductivity 

for the set of films (100 S cm-1) at 40 °C. However, across the whole temperature 

profile the 80 % SWNT-PEDOT:PSS-conc film had a much higher electrical 

conductivity which peaked as (120 S cm-1) at 150 °C. The film with the lowest 

electrical conductivity was the 20% SWNT-PEDOT:PSS-conc which at 40 °C was 10 
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S cm-1 which although higher than that of the 1-pristine PEDOT:PSS film as shown in 

Figure 6.5.1.1 (a) did not increase significantly across the temperature profile.  

Figure 6.5.2.2 shows the Seebeck coefficient across a temperature profile 40 °C- 240 

°C for (a) SWNT-PEDOT:PSS-cont and (b) SWNT-PEDOT:PSS-conc films. All films 

shown in Figure 6.5.2.1 (a), exhibit a p-type characteristic as confirmed by the positive 

Seebeck coefficient.161,319,403 There appears however, to be no complete relationship 

between the concentration of the SWNT in the film and the corresponding value of the 

Seebeck coefficient. The 5 % SWNT-PEDOT:PSS-cont film has the lowest Seebeck 

coefficient ( < 9 µV K-1) however the 10% SWNT-PEDOT:PSS-cont film is shown to 

have the highest Seebeck coefficient ( > 16 µV K-1 ) with the 80 % and 40 % SWNT-

PEDOT:PSS-cont films having a slightly lower values of Seebeck coefficients 

between (13-14 µV K-1) at 40 °C. This is unlike the electrical conductivity trend for 

the films whereby there was some relationship between the concentration of SWNT 

and the electrical conductivity especially for the higher concentrations as shown in 

Figure 6.5.2.1 (a). For the SWNT-PEDOT:PSS-conc films however as depicted in 

Figure 6.5.2.2 (b) it is clear that some films exhibit n-type399 characteristics. 3 SWNT-

PEDOT:PSS-conc films expressed a negative Seebeck coefficient. It is of note that the 

films with n-type characteristics at 40°C were the 3 films with the highest SWNT 

concentrations. Namely, the 20, 40 and 80 % SWNT-PEDOT:PSS-conc films. The 

40% SWNT-PEDOT:PSS-conc exhibited the largest in magnitude negative Seebeck 

coefficient (-38 µV K-1) relative to any film in the study. The 80 and 20% SWNT-

PEDOT:PSS-conc films had lower Seebeck coefficients of 24 µV K- and 28 µV K-1. 

From the results it appears that under the treatment conditions 20% SWNT v/v to 

PEDOT:PSS solution is required to induce n-type characteristics. The Seebeck 

coefficient is competitive with values obtained from literature on SWNT doping.295,404 

Interestingly there is a sign change from p- to n- type that is temperature dependent for 

the 10% SWNT-PEDOT:PSS-conc film. The film’s Seebeck coefficient is < 9 µV K--

1 at 40 °C meanwhile at 75 °C it is -1 µV K--1. The Seebeck coefficient of the film 

continues to become larger in magnitude and remains negative across temperature 

range and peaks as -16 µV K-1 at 195 °C. The 3 films that had an electrical conductivity 

showing some thermal dependence (thermally assisted hopping) mechanism as seen in 

Figure 6.5.2.1 (b) were also the films with the n-type Seebeck coefficient at 40 °C. 
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Figure 6.5.2.2 depicting the Seebeck coefficient across a temperature range 40 °C- 
240 °C, for (a) the SWNT-PEDOT:PSS-cont (not TBAOH treated) and (b) the SWNT-
PEDOT:PSS-conc (TBAOH treated) films.  
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Because the 3-pristine PEDOT:PSS-DMSO-TBAOH film (Figure 6.5.1.1 (b) 

did not develop n-type characteristics yet the 5-100% SWNT-DMSO-TBAOH film 

did as shown by the negative Seebeck coefficient, in conjunction with the n-type 

characteristics present in the SWNT-PEDOT:PSS-conc films(Figure 6.5.2.2 (b), it can 

be deduced that under the treatment conditions (chapter 6.4) that TBAOH is indeed an 

n dopant. It is also conclusive that SWNT presence is required to make the PEDOT 

films n-type. In a recent study405 however, it was shown than a PEDOT only n-type 

thermoelectric film could be synthesized. It was however shown that the film had an 

extremely low electrical conductivity (0.01 S cm-1) and Seebeck coefficient of < -20 

μV K-1.405 The Seebeck coefficient (-26 μV K-1) and electrical conductivity 91 S cm-1 

at 40 °C for the 80% SWNT-PEDOT:PSS-conc film is more negative.  

Figure 6.5.2.3 shows the power factor against the temperature it is measured at 

for the SWNT-PEDOT:PSS-cont (a), and SWNT-PEDOT:PSS-conc (b) films. As is 

evident almost all the SWNT-PEDOT:PSS-cont films have significantly higher power 

factors at 40 °C and across the temperature range than the SWNT-PEDOT:PSS-conc 

films. For the SWNT-PEDOT:PSS-cont films there is a general upward trend for the 

power factor as the temperature increases. A similar trend is observed for the SWNT-

PEDOT:PSS-conc films, except for the 40% SWNT-PEDOT:PSS-conc film which has 

a power factor that is largely unchanged across the measured temperature range.  

The SWNT-PEDOT:PSS-cont films with the lowest power factor relative to the other 

films in Figure 6.5.2.3 (a) are 5 and 20% SWNT-PEDOT:PSS-cont. The power factor 

for said films resemble the one observed for the 80% SWNT-PEDOT:PSS-conc film 

(Figure 6.5.2.3 (b). Because the electrical conductivity was highest for the 80% 

SWNT-PEDOT:PSS-cont film followed by the 10 and 40% SWNT-PEDOT:PSS-cont 

(Figure 6.5.2.1 (a) it is not surprising that the 80% SWNT-PEDOT:PSS-cont had the 

highest power factor for majority of the measured temperature range. It is also of note 

that the Seebeck coefficient resembles the power factor almost exactly in terms of the 

order of films. This is because except for the 80% SWNT-PEDOT:PSS-cont film’s 

electrical conductivity the remaining of the SWNT-PEDOT:PSS-cont films had an 

electrical conductivity in a similar range of each other. Although the SWNT-

PEDOT:PSS-cont films acted as controls to compare with the TBAOH treated films 
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(SWNT-PEDOT:PSS-conc) films for understanding the origins of n-type 

characteristics, the (SWNT-PEDOT:PSS-cont) films showed high potential as 

OHTEGs due to their excellent power factors. The 80% SWNT-PEDOT:PSS-cont film 

in particular had a high-power factor of 36 µW m-1 K-2 at 40 °C. Compared to the 1-

pristine PEDOT:PSS (< 0.07 µW m-1 K-2 ) and 5% DMSO treated PEDOT:PSS film 

(< 14 µW m-1 K-2 ) as shown in Figure 6.5.1.1 (c) the 80% SWNT-PEDOT:PSS-cont 

film showed greater thermoelectric performance. The 80% SWNT-PEDOT:PSS-conc 

had a power factor of around 7 µW m-1 K-2  at 40 °C meanwhile the 40% SWNT-

PEDOT:PSS-conc had a power factor of 5 µW m-1 K-2 at the same temperature. When 

compared to a recent study claiming first n-type PEDOT nanoparticle film with a 

power factor of 0.0001805 µW m-1 K-2 for a 0.1 M dodecyltrimethylammonium 

bromide (DTAB) treatment the films produced in this chapter were significantly better 
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Figure 6.5.2.3 The Power factor across the temperature range of 40 °C- 240 °C for 
the SWNT-PEDOT:PSS-cont films (a) (without TBAOH treatment), and for the SWNT-
PEDOT:PSS-conc films (b) (with TBAOH treatment). 

 Doping mechanism behind N-type characteristics of 

SWNT-PEDOT:PSS 

Raman spectroscopy can give useful information regarding the oxidation state 

of thiophene molecules in PEDOT:PSS as well as indicate the conformation of 

majority of thiophene molecules (benzoid or quinoid).298,363,406 Because of the 

sensitivity of Raman spectroscopy, it’s possible to detect changes in carrier 

concentration of SWNT via the position and shift of the G band (typically found 

around 1590 cm-1 depending on sample or chemical environment). 137,295 This means 

Raman studies can be utilized to corroborate n-type doping via red shift of the G 

band.295 Figure 6.6.1 (a) shows the Raman active stretching vibrational regions for 3 

control PEDOT:PSS samples. The Raman shift at 1365 cm-1 , 1434 cm-1 and 1505 cm-

1 depict the PEDOT inter ring (Cβ-Cβ), symmetrical (C𝛼𝛼 = Cβ) and asymmetrical C𝛼𝛼 = 

Cβ stretching vibrations respectively.308,397,406 Figure 6.6.1 (b) depicts the Raman shift 

at the G band (1590 cm-1)  for spectra 3 SWNT control samples. 

As exhibited in Table 6.6.1 and shown in Figure 6.1.1 (a) the 1-pristine 

PEDOT:PSS film (utilized as a reference) has a symmetrical C𝛼𝛼 = Cβ stretching at 1434 

cm-1 whereby relative to the other 2 films it’s the most blue shifted.298,365,372 The 2-

pristine PEDOT:PSS-DMSO sample (1430 cm-1) is slightly red shifted and the 

TBAOH treated (3-pristine PEDOT:PSS-DMSO-TBAOH) film exhibits the most 

significant red shift (1425 cm-1). The red shifts for the aforementioned samples 

indicate that both the DMSO treatment and the TBAOH treatment causes some 

quantity of thiophene molecules to undergo conformational change from benzoid to 

quinoid whereby the intra chain transport is more ordered due to better 𝜋𝜋 − 𝜋𝜋 stacking 

(please see Figure 6.6.2 (b)/(a).300,337,357,361,372 The extent of the red-shift for the 

TBAOH treated film is more significant (1425 cm-1) than the purely DMSO treated 

film. As explained in chapter 5.3.4 this is due to the reducing agent indicating 

reduction of thiophenes.2 This is supported by the fact that the width of the peak at the 

symmetrical C𝛼𝛼 = Cβ region corresponding to the 3-pristine PEDOT:PSS-DMSO-

TBAOH has more narrow peaks (that are more intense but not shown due to 
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normalized intensities).209,407,408 This has been coupled with a blue shifted 

asymmetrical C𝛼𝛼 = Cβ from around 1505 cm-1 (1-pristine PEDOT:PSS and 2-pristine 

PEDOT:PSS-DMSO) to 1512 cm-1 for the 3-pristine PEDOT:PSS-DMSO-TBAOH as 

also observed in literature.409  

As indicated by the reduction this suggests that some thiophene molecules in 

response to TBAOH treatment are reduced to at least the polaron (PEDOT+ state from 

the bipolaron PEDOT2+ state). Please refer to Figure 6.6.2 (d)/(c). Without UV-Vis 

data to corroborate the (extent of reduction) it is not possible to know if the films were 

reduced to the Neutral state (PEDOTO) (please refer to Figure 6.6.2 (a).  
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Figure 6.6.1 depicting the Raman spectra for control films labelled with a numerical 
prefix between 1 and 6. (a) Depicts Raman shift at the benzoid to quinoid region (C𝛼𝛼 
= C𝛽𝛽) for PEDOT:PSS based films meanwhile (b) represents Raman shift at the G 
band for SWNT based films. 

 

e-e-

e- e-

a) neutral quinoid 

b) neutral benzoid

c) positive polaron 

d) positive bipolaron 
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Figure 6.6.2 The resonance forms of Poly(3,4-ethylenedioxythiophene) (PEDOT) 
thiophene back bone, (a) denotes the quinoid form, meanwhile (b) is the benzoid form. 
(c) and (d) represent the positive polaron and bipolaron phase, respectively. 
 

It was not possible to obtain UV-Vis-NIR data due to COVID-19 lockdown of 

the University. Still, it is thought that the films were indeed reduced to the neutral 

phase as was inferred by the deep blue colour observed during reducing treatment as 

well as the inability to obtain reliable electrical conductivity measurements on the 

TBAOH treated pristine PEDOT:PSS.  

Figure 6.6.1 (b) shows Raman shift for the G+ band at 1593 cm-1 for the 6-

100% SWNT. Because the SWNTs were poorly conducting, it was not possible to get 

“reliable” thermoelectric measurements utilizing ZEM-3. Still it is known that the 

SWNTs used were p-type due to the positive sign Seebeck coefficient sign of the 4-

100% SWNT-DMSO (Figure 6.5.11 (b) and the SWNT-PEDOT:PSS-cont films 

(Figure 6.5.2.2 (a).  A red shift is observed from 1593 cm-1 to 1592 cm-1 with DMSO 

treatment for 4-100% SWNT-DMSO. DMSO is not usually known to inject electrons 

into SWNT therefore this will need to be explored in future studies. The 5-100% 

SWNT-DMSO-TBAOH films exhibits a further red shift to 1590 cm-1 thereby 

indicating electron transfer to the SWNTs thus explaining n-type characteristics 

observed in the Seebeck coefficient (Figure 6.5.1.1 (b).410 It was discovered that the 

thermoelectric properties of the 5-100%-SWNT-DMSO-TBAOH film improved 

significantly with a corresponding sign change to negative Seebeck coefficient (-25μV 

K-1) as expressed in Figure 6.5.1.1 (b) and (a) and electrical conductivity of 1750 S 

cm-1 at 40 °C.  

Figure 6.6.3 (a) depicts the Raman spectra for the 3 SWNT samples meanwhile 

(b) depicts the SWNTs 2D band for the 3 SWNT samples. As shown in Figure 6.6.3 

(a) the G to D ratio is extremely high thereby indicating that the SWNT utilized in this 

study were of high quality with few defects. After the TBAOH treatment as shown for 

the 5-100% SWNT-DMSO-TBAOH film the D band exhibits a red shift like the G+ 

band for the same film and increased D band intensity. The increased D band intensity 

infers that there are some defects pertaining to the sp2 carbon on the SWNTs probably 

due to some adsorption of the TBA+ cations altering the charge periodicity induced by 

dangling bonds along the SWNT structure as was considered in a study utilizing 

quaternary nitrogen for n-type doping on carbon nanotube samples.295 (Not shown), N 
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1s spectrum established the presence of nitrogenous species on films treated with 

TBAOH).  

Figure 6.6.4 represents the normalized overlaid Raman spectra for the SWNT-

PEDOT:PSS-conc (DMSO and, TBAOH treated), and the SWNT-PEDOT:PSS-cont 

(DMSO treated) films. When analysing the films, (please refer to Table 6.6.1), it is 

evident that the SWNT-PEDOT:PSS-conc films have width shortening (and intensity 

but not shown due to normalized films) at the symmetrical C𝛼𝛼 = Cβ vibration region 

with a corresponding red shift relative to the SWNT-PEDOT:PSS-cont films. The 

asymmetrical C𝛼𝛼 = Cβ stretching vibration is around 1502-1505 cm-1 for the SWNT-

PEDOT:PSS-cont films.2,372 There is a blue shift observed for all the SWNT-

PEDOT:PSS-conc films. The blue shift in conjunction with the width shortening 

indicates reduction (de-doping of thiophenes chains in PEDOT).350,368,411 When 

comparing the red shifts for the SWNT-PEDOT:PSS-cont films relative to the 

(baseline) 1-pristine PEDOT:PSS film it’s evident that due to the DMSO treatment 

that it’s indicated that the SWNT-PEDOT:PSS-cont films had some thiophenes 

undergo conformational change from benzoid to quinoid (please see Figure 6.6.2 (b)) 

and (a). The Raman shift for the symmetrical C𝛼𝛼 = Cβ is at 1435 cm-1 for the 1-pristine 

PEDOT:PSS. In relation to the SWNT-PEDOT:PSS-cont films, the film with the 

smallest shift is the 10% SWNT-PEDOT:PSS-cont film (1433 cm-1) meanwhile the 

most significant shift is attributed to the 40% SWNT-PEDOT:PSS-cont film (1425 

cm-1). All SWNT-PEDOT:PSS-conc films have a Raman shift at 1425 cm-1 which is 

more so than all the SWNT-PEDOT:PSS-cont films except for the 40% SWNT-

PEDOT:PSS-cont film. This in conjunction with the width shortening as well as the 

blue shifted asymmetrical C𝛼𝛼 = Cβ indicates that the SWNT-PEDOT:PSS-conc films 

have undergone thiophene reduction.350,368,411 Comparing the SWNT-PEDOT:PSS-

cont films to the 1-pristine PEDOT:PSS and 2-pristine PEDOT:PSS-DMSO films the 

spectra have similar symmetrical C𝛼𝛼 = Cβ shift (please see Table 6.6.1) and a similar 

width at the asymmetrical C𝛼𝛼 = Cβ peaks. The peak position for the asymmetrical C𝛼𝛼 = 

Cβ is in a similar region around 1505 cm-1. This indicates that the SWNT-PEDOT:PSS-

cont films did not undergo thiophene reduction.  

When analysing Figure 6.6.4 it is evident that there is a peak present for all 

films at the G band. All SWNT-PEDOT:PSS-conc films exhibit a red shift for the G+ 

to 1589 cm-1 relative to the 6-100% SWNT film (1593 cm-1) . This indicates n-type 
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doping as corroborated by the Seebeck coefficient for the films (Figure 6.5.2.2 (b).412 

There is a similar red shift to 1589 cm-1 in relation to the SWNT-PEDOT:PSS-cont. 

The inference of this shift is unknown since DMSO is not typically known to inject 

electrons into the SWNT.  

 

To understand the origin of the n-type doping it was evident that TBAOH 

treatment (5-100% SWNT-DMSO-TBAOH) induced n-type characteristics as 

evidenced by the sign change to negative on the Seebeck coefficient (Figure 6.5.1.1 

(b). The 3-pristine PEDOT:PSS-DMSO-TBAOH film did not undergo sign change to 

indicate n-type doping (please see Figure 6.5.1.1 (b). Therefore, it is evident that the 

presence of SWNTs is necessary to dope the films under the conditions utilized in this 

study (chapter 6.4.1). It is however noted that it has been shown in a recent paper by 

Collins et al proved that n-type doping on non-composited PEDOT is possible through 

thiophene reduction with dodecyltrimethylammonium bromide (DTAB) treatment.405 

The films produced by the research study however had an extremely low electrical 

conductivity (0.005 S cm-1) for 0.1M dodecyltrimethylammonium bromide (DTAB) 

doping which decreased with higher concentration of dopant. Therefore it’s noted that 

it’s not possible to say that PEDOT films can “only” be made n-type via interaction 

with foreign materials such as SWNT234 or Cl- anions adsorbed on the films surface.141 

Still, it was also noted in the preliminary results that it was not possible to reliably 

measure thermoelectric properties of a pristine PEDOT:PSS treated with TBAOH due 

to an extremely low electrical conductivity. In this study it was shown that electron 

injection into SWNT occurs whereby the increased electron density within the SWNTs 

interacts with PEDOT through 𝜋𝜋 − 𝜋𝜋 interactions as evidenced by the change in the G 

band after SWNTs being composited with PEDOT (please see Table 6.6.1). Therefore, 

under the constraints of this study it is indicated that the PEDOT:PSS films that had 

n-type characteristics induced (Figure 6.4.2.2 (b) is due to both the concentration of 

SWNT in conjunction with reduction of thiophene molecules. The reduction of 

thiophene molecules reduces the carriers in the PEDOT films from PEDOT2+ 

(bipolarons) to PEDOT+ (polarons). Without UV-Vis-NIR data it’s not possible to be 

conclusive however due to the significant shift towards lower BE in the Sulphur 2p3/2 

for the SWNT-PEDOT:PSS-conc films (see Table 6.6.4) from 163.9 eV to as low as 

low as 163.43 eV for the 80% SWNT-PEDOT:PSS-conc film thereby leading to ∆ BE 
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of 0.47 eV it is suggested that SWNT-PEDOT:PSS-conc films underwent reduction to 

the Neutral thiophene (PEDOTo) . When compared 2.5% EMIM:TFSI-NaBH4 shown 

in chapter 5 Table 5.3.4.1 the  shift for the 80% SWNT-PEDOT:PSS-conc which 

shifted from 163.97 eV for pristine PEDOT:PSS to 163.77 eV thereby making a ∆ BE 

of 0.2 eV which was indicated as PEDOT2+ to PEDOT+ with the UV-Vis spectrum for 

the film (chapter 5 Figure 5.3.5.1).  

It’s thought that the SWNT-PEDOT:PSS-conc films became n-type unlike the SWNT-

PEDOT:PSS-cont films due to two factors, the extent of reduction to at least polaron 

but probably neutral phase, as well as having SWNTs in the film. The reason why the 

n-type characteristics induced were concentration dependent whereby only the 20% 

SWNT-PEDOT:PSS-conc film developed these characterises infers that the SWNT 

are necessary to hold or transport the negative charge. In literature it’s known that 

PEDOT and CNTs can undergo 𝜋𝜋 − 𝜋𝜋 interactions. 400–402 Once the concentration is 

enough to overcome the thiophenes (p-type carriers) concentration due to adequate 

𝜋𝜋 − 𝜋𝜋 interactions between PEDOTs reduced carriers and SWNTs increased (n-type 

carriers) then the n-type characteristics are observed in the bulk film. This explains 

why the SWNT-PEDOT:PSS-cont films which did not undergo reduction as evidenced 

via the Raman larger width (relative to the SWNT-PEDOT:PSS-conc) films at the 

symmetrical C𝛼𝛼 = Cβ or blue shift at the asymmetrical C𝛼𝛼 = Cβ region  did not develop 
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n-type characteristics. 

 
Figure 6.6.3 depicting the SWNT based controls in which the (a) depicts the D band’s 
red shift as well as the G to D ratio of carbon nanotubes and (b) depicts the 2D band 
and the corresponding red shift at the region.  
 

 

Table 6.6.1 depicting the Raman shifts for the 1-6 films (fundamental controls), the 
SWNT-PEDOT:PSS-conc(DMSO and TBAOH treated) and SWNT-PEDOT:PSS-
cont (DMSO treated) films as well as the XPS BE for PEDOT’s Sulphur 2 p3/2 region 
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C𝛼𝛼 = Cβ benzoid to 
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Figure 6.6.4 Depicts the overlaid Raman spectra for the for the SWNT-PEDOT:PSS-
conc and SWNT-PEDOT:PSS-cont films, (named within each overlaid spectra as 
appropriate). 
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 Conclusion  

n-type SWNTs were synthesized by an extremely fast solvo thermal treatment method 

utilizing tetrabutyle ammonium hydroxide, (TBAOH) at 120 °C for 40 seconds. It was 

also realized a method utilizing a concentration of 20% v/v SWNT, and 5% v/v DMSO 

to PEDOT:PSS with the TBAOH treatment at the temperature and time that an n-type 

SWNT-PEDOT:PSS composites can be synthesized. The n-type characteristics in the 

SWNT films were shown to be due to electron injection into the SWNT, as evidenced 

by the red shift at the G band. It was also realized that the SWNT-PEDOT:PSS-conc 

films that became n-type was due to two factors. First, the presence and reduction of 

SWNT particles via TBAOH as well as reduction of the p-type bipolaron carriers to at 

least polarons. The extent of the importance of the concentration of SWNT in the films 

determining the n-type characteristics is most probably due to the necessity of SWNT’s 

n-type characteristics outweighing the p-type carriers in the thiophenes. The findings 

of this study will undoubtably influence more research into n-type PEDOT:PSS 

studies. Further studies looking at UV-Vis-NIR as well as full XPS characterisation of 

the films will be required to make more in depth analysis including measuring changes 

in the Fermi level in the n-type films. More studies to improve the Power factor would 

be useful as well as making module with p-and n-type PEDOT:PSS. 
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Chapter 7 Towards decoupled Seebeck 

coefficient from electrical conductivity  

 Abstract 

A ternary SWNT-PEDOT:PSS-EMIM:TFSI composite was synthesized exhibiting a 

high-Power factor of 236 µW m-1 K-2 at 140 °C. Studies revealed this was achieved 

due to the simultaneously improved high electrical conductivity and Seebeck 

coefficient of 3665 S cm-1 and 22 µV K-1 respectively. XPS studies showed that films 

post treated with ethylene glycol or the guanidinium iodide solution (GuI) caused 

significant phase separation between PEDOT and PSS and thereby resulted in selective 

removal of PSS. It was also evidenced a new peak towards lower binding energy 

indicating presence of Sulphur in a lower oxidation state (S2-) (SH2).  It was also 

revealed via UV-Vis-NIR and XPS spectra that a redox reaction in the thin film 

occurred whereby some PEDOT2+ molecules were reduced to PEDOT+  due to the I- 

thus partially explaining the increased Seebeck coefficient. It is argued that the 

guanidinium ion acted on the films by disrupting the ionic interaction between 

PEDOT+ and PSS- and caused significant phase separation and acting as a catalyst for 

desulphonation of the sulfonate group pertaining to PSS . Finally, it is thought that the 

reason for the simultaneous improvement in both electrical conductivity and Seebeck 

coefficient is possibly due to the guanidinium ions that were shown to be adsorbed on 

the films may be involved in cation −𝜋𝜋 intereactions thereby leading to overall 

increased bulk carrier concentration despite losing some thiophene carriers 

(bipolarons). 

 

 

 



 Introduction 

The pristine PEDOT:PSS films have been shown to have electrical 

conductivity of < 10 S cm-1 and Seebeck coefficient of <15 μV K-1 at room 

temperature.188,337 Hence, for organic and hybrid thermoelectric generators (OHTEGs) 

to be effective in practical application they must exhibit a high thermoelectric 

efficiency which is described by the dimensionless Figure of merit, 

ZT.89,155,220,222,337,402,413 

 

𝑍𝑍𝑍𝑍 =
𝑆𝑆2 σ T
𝜅𝜅

 

 

 

 

(1) 

 

Whereby σ is the electrical conductivity, S is the Seebeck coefficient, T is the absolute 

temperature, and κ is the thermal conductivity.17,148,155,219,227 𝜅𝜅 can be controlled by 

using a nanostructured  phonon scattering polymer matrix. Although single walled 

carbon nanotubes (SWNT) exhibit high 𝜅𝜅 It’s been shown even at high carbon 

nanotube loading (80% w/w) 𝜅𝜅 remains relatively low (0.2-0.6 W m-1 K-1) in Poly(3,4-

ethylenedioxythiophene)poly(4-styrenesulfonate)  PEDOT:PSS-SWNT 

composites.67,197,207 The Seebeck coefficient can be further enunciated by applying it 

to Boltzmann transport theory as expressed in equation 2. Equation 3 denotes the 

relationship between charge carrier mobility and concentration to electrical 

conductivity. 
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𝜎𝜎 = 𝑛𝑛𝑛𝑛𝑛𝑛 

 

 

 

(3) 

As contained in equation (2) and (3), 𝑘𝑘𝐵𝐵    is the Boltzmann constant, e conforms 

to the carrier charge, h corresponds to the Planck’s constant, meanwhile, 𝑚𝑚 is the 

effective mass of the charge carrier, 𝑛𝑛 denotes the carrier concentration, and 𝜇𝜇 the 

carrier mobility.75,76 As evident, the Seebeck coefficient is inversely proportional to 

carrier concentration of which is positively proportional to electrical conductivity. 

Therefore, to improve both S and σ to maximise power factor an improved carrier 

mobility would be required to offset the reduced carrier concentration.  

 

𝑃𝑃𝑃𝑃 = 𝑆𝑆2 𝜎𝜎 

 

(4) 

 

 

The PF of PEDOT:PSS nanocomposites can be improved via several strategies. 

In a study by Lee et al an ethylene glycol post treatment on a PEDOT:PSS/CNT 

composite was employed to yield a high PF of 151 µW m-1 K-2.145  The performance 

of the composite was derived from the intrinsically high conductivity of the carbon 

nanotube and the morphological change induced by selective removal of PSS due to 

the ethylene glycol treatment which further improved the electrical conductivity with 

slight but not significant reduction in the Seebeck coefficient for the 20% CNT to 

PEDOT:PSS composite.145  

Other methods involve multiple steps with variations of internal solvent treatment 

followed by post (synthesis of nanocomposite) treatment with reducing solutions to 

optimise PF.149,219,227,229,275 A recent study by Liu et al achieved  a record high PF by 

incorporating SWNTs within PEDOT:PSS. As the SWNT were added to the polymer 

matrix up to 50% by weight, both (S) and (σ) increased and a power factor of 190 µW 

m-1 K-2 was obtained.71 There was a further increase in the electrical conductivity in 
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different set of films prepared with DMSO treatment inducing a morphological change 

to improve carrier mobility. The Seebeck coefficient although increased with carbon 

nanotube content was not affected by DMSO treatment. This led to a PF of 270 µW 

m-1 K-2. The optimised film with DMSO treatment and a further 0.1M NaOH post 

treatment led to a high PF of 526 µW m-1 K-2.71 It is known that reducing PEDOT 

molecules leads to improved Seebeck coefficient as shown in several 

studies.139,209,217,368 It’s however acknowledged in literature that reducing agents 

usually have negative impact on the electrical conductivity.350,409 

In other work a triple post treatment was conducted on PEDOT:PSS to yield a high PF 

of 141 µW m-1 K-2 at room temperature.276 This was due to the fine tuning of oxidation 

level through reducing agent (NaBH4 ) which improved the Seebeck coefficient to 28 

µV K-1 and treatments with Formamide (CH3NO) and sulfuric acid (H2SO4) which 

improved electrical conductivity to 1786 S cm-1.276 

There is effectively a trade-off whereby the reduced carrier concentration leads 

to reduced electrical conductivity (please refer to equations (2, and 3). Moreover, it’s 

been shown in some studies that exposure to air causes reduced PEDOT films to 

rapidly oxidise thus though time a reduction of the Seebeck coefficient is observed.139 

A recent study however by Kee et al.218 has shown that treatments with ionic liquids 

can improve stability of de-doped films under ambient air and light via ionic 

interaction between ionic liquid counter ions  and reduced PEDOT molecules.218 

Moreover, these ionic liquid composites have been shown to significantly 

improve (σ) without reducing (S) and in some cases improve both the (S) from (σ) 

via post treatment.356,357,382,414,415 Significantly higher electrical conductivity has been 

shown by controlling molecular ordering in PEDOT:PSS chains by using 1-ethyl-3-

methylimidazolium tetracyanoborate (EMIM:TCB), achieving an electrical 

conductivity of 2103 S cm-1.217  PEDOT:PSS-ionic liquid composites have also 

exhibited resistance to mechanical deformation while maintaining high performance 

thereby making them candidates for applications in flexible thermoelectrics.218,368  

Ionic liquids treatments utilizing lithium, (trifluoromethane) sulfonimideimide 

(LI+TFSI-) on PEDOT:PSS at room temperature have improved (σ) up to 1000 S cm-

1 without affecting S, yielding a high PF of 75 µW m-1 K-2 due to an optimised 

concentration 60 wt.% LI+TFSI-  to PEDOT:PSS).416Although TFSI- has a lone pair of 
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electrons on the nitrogen it may be stable to the extent proving difficult for an electron 

on the lone pair to be donated to the thiophene backbone and cause a reduction of the 

bipolarons. As observed in the UV-Vis-NIR spectra of the films treated with 

EMIM:TFSI in chapter 5 there were no signs of bipolaron reduction. In a study by Liu 

et al.416 it was also shown that the TFSI didn’t cause a reduction of bipolarons as 

evidenced by the lack of improvement in the Seebeck coefficient. In a recent study it 

was discovered that the Seebeck coefficient and electrical conductivity could be 

improved by an ionic liquid treatment on PEDOT:PSS with a component that can 

reduce the coulombic interaction between PEDOT and PSS thus selectively remove 

PSS meanwhile another component reduces thiophene molecules to improve S.359 

Guanidinium iodide is a salt . In this study it was dissolved in ethylene glycol. 

It has not been reported as a dopant in PEDOT:PSS thermoelectrics however in 

literature its effects as a protein denaturant is known whereby it disrupts the hydrogen 

bonding between base pairs.417,418 Guanidinium iodide and other guanidinium 

derivatives have been studied in cases for improving stability of perovskite solar cells 

as seen in literature literature.419–423 In a recent study by Hong et al,424 it was shown 

that guanidinium iodide treatment on perovskite film surface improved both the 

moisture stability as well as efficiency from 19% to 20%. In this study guanidinium 

Iodide is used as the treatment agent to simultaneously improve S and (σ) due to 

reducing properties of the conjugate base I- and the ability of the guanidinium Ion to 

disrupt the coulombic interaction between PSS and PEDOT thereby leading to 

selective PSS removal from film.425–427   
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 Objective and overview 

Key definitions 

Primary doping: the definition used to describe the procedure employed to 

synthesise PEDOT:PSS from EDOT and PSS- with FeCl3 in which the product 

PEDOT:PSS (PEDOT is oxidised and majority of charge it’s carriers are (bipolaronic) 

PEDOT2+.428 

Secondary doping: used by MacDiarmid and Epstein to state an inert or otherwise 

doping mechanism that does not necessarily change the oxidation state of the bulk 

material. Some examples of such doping include majority of the solvent treatment 

observed in literature as well as some ionic liquid treatments such as EMIM:TFSI on 

PEDOT:PSS.196,429,430  

Dedoping; used to describe reducing some of the thiophene rings. Some examples 

include using a reducing agent treatment on PEDOT:PSS.127,128,195 

The 2.5% EMIM:TFSI treatment as shown in chapter 5 significantly increased the 

electrical conductivity of PEDOT:PSS from 3 S cm-1 to 1439 S cm-1 at 40 °C. When 

post treated with the 1 w/v % NaBH4-DMSO reducing agent there was a trade-off 

between the now reduced electrical conductivity and the significantly improved 

Seebeck coefficient leading to a power factor of 33 µW m-1 K-2 at the same 

temperature. However, to transcend this trade-off it is pertinent that redox of 

thiophenes is controlled as to yield a desired carrier concentration whereby the 

Seebeck coefficient improves significantly without significant loss in the electrical 

conductivity. As stated in the paper published from the results in chapter 5, it was 

discovered that a concentration in the range of 1-2.5 v/v % EMIM:TFSI to 

PEDOT:PSS may be used to improve the electrical conductivity without negatively 

affecting the Seebeck coefficient thereby leading to PFs that are significantly higher 

than the pristine film.2 Attempts to further enhance the PF was realized however it was 

discovered that the reducing agent (1 w/v % NaBH4 ) invariably reduced the electrical 

conductivity when it was utilized to improve the Seebeck coefficient. The following 

line of logic was utilized to develop the procedure expressed in chapter 7.4. 
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1. EMIM:TFSI can significantly improve the electrical 

conductivity however has no effect on the Seebeck 

coefficient.338 

2. EMIM:TFSI has been shown to improve the electrical 

conductivity of CNTs in literature.431 

3. Dedoping the PEDOT:PSS via reducing agent such as 

NaBH4 can increase the Seebeck coefficient however a 

reduction of the electrical conductivity is observed.408 

4. Treating SWNTs with reducing agents have been shown 

in literature to improve the electrical 

conductivity.295,432,433 

5. Therefore, if utilizing a dedopant that which can donate 

electrons to the SWNT-PEDOT:PSS composite to 

improve the Seebeck coefficient meanwhile itself being 

adsorbed onto the film to maintain overall surface 

charge carriers, then perhaps the cost on the electrical 

conductivity would not be observed. 

6. In this chapter it is reported several novel composites as 

well as a solvothermal treatment method for dedoping 

thiophene rings of PEDOT:PSS using a protein 

denaturant guanidinium iodide (GuI) to induce desired 

oxidation state. Moreover, presented in this study is the 

synthesis of a novel PEDOT:PSS-EMIM:TFSI-SWNT 

composite and a subsequent post treatment with GuI 

solution to significantly improve the Power factor 

without exhibiting a trade-off between Seebeck 

coefficient and electrical conductivity. 

7.  
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 Materials and methods 

Please refer to chapter 3.2. for a list of all materials used. 

  Synthesis of guanidinium iodide solution (GuI solution) 

60 mg of guanidinium iodide solid was placed in a 7 mL glass vial and mixed with 

1000 µL ethylene glycol solution and stored in a cool dry place. (After an hour 

complete dissolution was observed). 

  Synthesis of PEDOT:PSS-EMIM:TFSI composites 

3000 µL of PH1000 PEDOT:PSS was placed in a 7 mL glass vial in the presence of 

65 µL of EMIM:TFSI which was mixed using a vortex mechanical mixer in ultra-sonic 

water bath for 30 minutes. 

  Synthesis of SWNT-PEDOT:PSS composites  

3000 µL, of PH1000 PEDOT:PSS solution was placed in a 7 mL glass vial and mixed 

with 1200 µL of the 0.5% SWNT solution (forming a 40% v/v solution mixture)  using 

vortex mechanical mixer and a subsequent (30-minute ultrasonic water bath) at room 

temperature. 

  Synthesis of SWNT-PEDOT:PSS-EMIM:TFSI composites 

3000 µL of PH1000 PEDOT:PSS was mixed with 65 µL of EMIM:TFSI and a 

subsequent 1200 µL of 0.5% SWNT in a 7mL glass vial was mixed with the vortex 

mechanical mixer and subjected to ultrasound treatment for 30 minutes. 

  Spin coating of thin film composites 

1 mm thick plain nonconductive glass was cut into 2.2 cm by 2.2 cm pieces and washed 

in a Helmanax solution. The glass substrates were then rinsed with deionised water 

and subsequently rinsed with acetone and then isopropanol for at least 3 times. The 

glass was then dried in a stream of nitrogen gas. 256 µL of the appropriate solutions 

were then pipetted onto  a pre-cleaned glass substrate and spin-coated at 2000 rpm 

with an acceleration of 2000 rpm s-1 for 30 seconds. The films were then annealed at 
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120 °C in air (fume hood) for 15 minutes resulting in films between 50 – 70 nm thick, 

as determined by Dektak surface profilometry. 

  Post treatment of thin film composite with guanidinium iodide 

solution 

For each composite film at 160 °C  100 µL of the as prepared GuI solution was pipetted 

on the surface of the film and allowed to react for 10 minutes, (it was observed that 

majority of solution had evaporated therefore another 100 µL GuI solution was placed 

on the surface of the film at the same conditions. For the controls (CX), a pristine 

ethylene glycol solution was used as the post treatment agent and the pristine 

PEDOT:PSS (FC1) remained without any post treatment.  

 

 Results and discussion 

  Thermoelectric properties of fundamental control composites 

To determine the origin of the improved thermoelectric properties of the GuI treated 

films as well as other composites developed in this study several controls were 

conducted. There were two sets of controls. Figure 7.5.1 shows the thermoelectric 

properties of the 1st set of controls (FCX where X refers to a number between 1 and 4 

depicting systematic variations within the sample composition across a measured 

temperature range. As shown in Figure 7.5.1 (a) the electrical conductivity of the FC1 

pristine PEDOT:PSS film is within values exhibited in literature.229,361,408 When the 

PEDOT:PSS film is composited with the SWNT, the electrical conductivity is not 

improved. This is most likely due to the SWNTs in this study being intrinsically poorly 

conductive.145 Across the temperature range measured, both the FC1 pristine 

PEDOT:PSS and FC2 SWNT-PEDOT:PSS films have low electrical conductivity that 

do not exceed 8 S cm-1. At 40 °C both films previously mentioned have an electrical 

conductivity of around 3.4 S cm-1. The FC3 PEDOT:PSS-EMIM:TFSI was made by a 

2% v/v EMIM:TFSI to PEDOT:PSS solution.2 The question one may ask is if the 2.5% 
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EMIM:TFSI film as exhibited in the results from chapter 5 had superior electrical 

conductivity than the 2% EMIM:TFSI treatment film then why was later treatment 

described utilized for this study? The reason becomes clear when conducting the 

preliminary experiments.  It was observed that when creating the ternary (SWNT-

PEDOT:PSS:EMIM:TFSI) composites, that solution aggregation would occur on 

addition of either the ionic liquid or SWNT to the PEDOT:PSS-Y solution where Y is 

EMIM:TFSI or SWNT. Therefore, a compromise  to utilize the 2% v/v EMIM:TFSI 

to PEDOT treatment was accepted. As shown within Figure 7.5.1 (a) the FC3 

PEDOT:PSS-EMIM:TFSI film has a much higher electrical conductivity above 700 S 

cm-1 at 40 °C than the previous FC1 or FC2 films previously discussed. The 700 S cm-

1 mentioned is similar to  published results for high performing ethylene glycol and 

DMSO treatments.337,372,434 The FC4 SWNT-PEDOT:PSS-EMIM:TFSI film had a 

significantly higher electrical conductivity than all films in Figure 7.5.1 (a) across the 

whole temperature range. At 40 °C the electrical conductivity for the film was 1540 S 

cm-1. As the temperature increased the electrical conductivity reduced slightly until a 

minimum of 1230 S cm-1 at 183 °C. Both the FC4 SWNT:PEDOT:PSS-EMIM:TFSI 

and the FC3 PEDOT:PSS-EMIM:TFSI film would be considered (non-thermally 

assisted hopping) films due to their lack of increased conductivity at higher 

temperatures.435–437 However, for the FC1 pristine PEDOT:PSS film and the FC2 

SWNT-PEDOT:PSS film it’s not clear how temperature affects charge carrier. This is 

because for the pristine PEDOT:PSS film there is a small albeit gradual increase in 

electrical conductivity from 3.4 S cm-1 at 40 °C to 5.4 S cm-1 at 180 °C. For the SWNT-

PEDOT:PSS there is an increase however there are also dips at various temperatures 

therefore a generalized pattern cannot confirm a thermally assisted hopping for the 

entire temperature range measured.  

Figure 7.5.1 (b) depicts the Seebeck coefficient for the fundamental Controls 

(FCX) films across the temperature range (40 °C to < 200 °C). All films exhibit p-type 

characteristics as expressed by the positive sign of the Seebeck coefficient.438,439 The 

pristine PEDOT:PSS film exhibits a Seebeck coefficient of 13 µV K-1 at 40 °C which 

slowly increases to 18 µV K-1 at 180 °C thereby showing a positive relationship 

between temperature and Seebeck coefficient.403,440,441 The FC3 PEDOT:PSS-

EMI:TFSI film’s Seebeck coefficient shows a steady but gradual decrease from 14 µV 
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K-1 at 40 °C to 10 µV K-1 at 170 °C then a slight increase to 12 µV K-1 at 190 °C. In 

conjunction with Figure 7.5.1 (a) for the FC3 PEDOT:PSS-EMIM:TFSI film’s 

electrical conductivity and Seebeck coefficient, both show a negative correlation with 

temperature. The FC4 SWNT-PEDOT:PSS-EMIM:TFSI film showed a positive 

correlation between the Seebeck coefficient and temperature. The film with the highest 

Seebeck coefficient was the SWNT-PEDOT:PSS film with a Seebeck coefficient of 

20 µV K-1 at 40 °C which gradually increases to an optimum of 29 µV K-1 at 160 °C.  

As shown in Figure 7.5.1 (c) the film with the highest power factor was the 

FC4 SWNT-PEDOT:PSS-EMIM:TFSI in which at 40 °C the power factor was 22 µW 

m-1 K-2 gradually rising to 50 µW m-1 K-2 at 130 °C, then decreasing slightly and finally 

reaching a maximum of 57 µW m-1 K-2 at 180 °C. The reason for the considerably 

higher power factor relative to all other films was primarily due to its increase in the 

Seebeck coefficient, (11 µV K-1 at 40 °C rising to 18 µV K-1 at 130 °C); coupled with 

its extremely high electrical conductivity (1430 S cm-1 at 130 °C). Although the FC2 

SWNT-PEDOT:PSS film had the most notable Seebeck coefficient, significantly 

higher than all other films in Figure 7.5.1 (b), its power factor was only slightly higher 

than pristine PEDOT:PSS due to its extremely low electrical conductivity. Therefore, 

because the FC3 PEDOT:PSS-EMIM:TFSI film had high electrical conductivity and 

a Seebeck coefficient not significantly lower than other films, its peak power factor 

was 15 µW m-1 K-2 at 40 °C which slowly reduced across the temperature range 

following the same pattern as it is electrical conductivity (Figure 7.5.1 (a)). 
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Figure 7.5.1, depicting the electrical conductivity (a) Seebeck coefficient (b) and 
Power factor (c) for the Fundamental Controls (FCX) films against a temperature 
range ( 40 °C-200 °C). 
 

25 50 75 100 125 150 175 200
0
3
6
9

12
15
18

400
600
800

1000
1200
1400
1600

Co
nd

uc
tiv

ity
 (S

 cm
-1
)

Temperature (°C)

 FC1 Pristine PEDOT:PSS
 FC2 SWNT-PEDOT:PSS
 FC3 PEDOT:PSS-EMIM:TFSI
 FC4 SWNT-PEDOT:PSS-EMIM:TFSI

a)

25 50 75 100 125 150 175 200
10.0
12.5
15.0
17.5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40.0
b)  FC1 Pristine PEDOT:PSS

 FC2 SWNT-PEDOT:PSS
 FC3 PEDOT:PSS-EMIM:TFSI
 FC4 SWNT-PEDOT:PSS-EMIM:TFSI

Se
eb

ec
k c

oe
ffic

ien
t (

µ V
 K

-1
) 

Temperature (°C)

25 50 75 100 125 150 175 200
0.00
0.25
0.50
0.75
1.00
1.25
1.50

10
20
30
40
50
60

c)  FC1 Pristine PEDOT:PSS
 FC2 SWNT-PEDOT:PSS
 FC3 PEDOT:PSS-EMIM:TFSI
 FC4 SWNT-PEDOT:PSS-EMIM:TFSI

Po
we

r f
ac

tor
 (µ

W
  m-1

 K
-2
)

Temperature (°C)



 

159 | P a g e  
 

159 

  Thermoelectric properties of guanidinium iodide 

treated films. 

Figure 7.5.2.1 shows the as measured electrical conductivity against an 

increasing temperature profile for the (CX, (a) and SX films (b), whereby X depicts a 

number between 1 and 4 in which it represents different sample composition within 

each set (C or S). The CX films were synthesized in the same manner except for the 

post treatment. The solvent used for the SX films was ethylene glycol. In other words, 

the CX films were post treated with ethylene glycol that did not contain GuI thus 

differentiating them from the SX films to function as controls. Figure 7.5.1 (a) shows 

the electrical conductivity against temperature for the FCX films (FC1-FC4). The FC1-

FC4 films were a novel class of materials synthesized in the same manner as the CX 

films except they were not post treated with ethylene glycol. The FCX films acted as 

a fundamental control set to deduce the effects, if any on the Seebeck coefficient and 

or electrical conductivity introduced to the films, with the ethylene glycol and 

guanidinium iodide post treatment.  

Figure 7.5.2.1 (a) and (b) shows a general trend whereby for all films there is 

an inverse relationship between the electrical conductivity and the temperature it is 

measured at. Because the increase in temperature does not lead to an increased 

electrical conductivity, both the CX and SX films may be characterised as having a 

carrier transport propagated via (non-thermally assisted hopping), in some cases 

dubbed (thermally independent hopping) to describe transport not significantly 

improved by temperature as discussed in chapter 1.4.99,132,220,408,442 The C1 pristine 

PEDOT:PSS-EG, C2 SWNT-PEDOT:PSS-EG, and C3 PEDOT:PSS-EMIM:TFSI-

EG, show a gradual decrease in electrical conductivity until around 130 °C where the 

decrease occurs more rapidly. For the C4 SWNT-PEDOT:PSS-EMIM:TFSI-EG film 

there is a gradual decrease in conductivity until a slightly higher temperature of 160 

°C where the conductivity deteriorates more rapidly. For the (SX) films, all samples 

including the S4 SWNT-PEDOT:PSS-EMIM:TFSI-GuI film exhibit the rapid 

decrease in conductivity at the same point ( 130°C). The relevance of the temperature 

the films show drastic decrease in conductivity may be pertinent when making a 
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functional device to determine thermal operating windows.443–445 Further studies to see 

if films can withstand multiple temperature cycles would be needed in future studies. 

The general trend is that the films with higher electrical conductivity have a more rapid 

decrease within the temperature range. The CX film with the highest electrical 

conductivity was the C4 SWNT-PEDOT:PSS-EMIM:TFSI-EG film in which at 40 °C 

it was 2239 S cm-1.  

Compared to one of the most conductive ionic liquid treatments on 

PEDOT:PSS using 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM:TCB), 

(2103 S cm-1), the C4 film was more conductive.217 When compared to some of the 

highest conductive PEDOT:PSS films using H2SO4 treatment resulting in 2673 S cm-

1319,446 and record high 4600 S cm-1125,195,446 however the C4 film is not as conductive. 

When compared to its equivalent without the ethylene glycol treatment the (F4 SWNT-

PEDOT:PSS-EMIM:TFSI) film with  conductivity of 1540 S cm-1 at the same 

temperature it is clear that the C4 SWNT-PEDOT:PSS-EMIM:TFSI-EG film is 

significantly more conductive. With a conductivity difference of around 699 S cm-1 it 

is evident that the ethylene glycol treatment positively affects the electrical 

conductivity of the SWNT-PEDOT:PSS-EMIM:TFSI composite. A Paper by Lee et 

al.145 Showed that ethylene glycol when treated on a PEDOT:PSS/CNT composite 

improved the electrical conductivity from < 10 S cm-1 to slightly < 800 S cm-1. It was 

observed however that ethylene glycol treatment reduced the S of the composites. 

Figure 7.5.2.2 shows the Seebeck coefficient against a temperature profile for the CX 

(a) and SX (b) films. The Seebeck coefficient of the S4 SWNT-PEDOT:PSS-

EMIM:TFSI-GuI film is higher than both the C4 and FC4 equivalent. This is expected 

since it was discovered that the GuI treatment improved the Seebeck coefficient of the 

films. However, unlike the paper that found slight decrease in the Seebeck coefficient 

for ethylene glycol treatment on PEDOT:PSS/CNT films.145 in this case there is no net 

significant difference between the Seebeck coefficient of the C4 and FC4 SWNT-

PEDOT:PSS-EMIM:TFSI films as shown by Figure 7.5.1 (b) and 7.5.2.2 (b).  

There is a clear pattern observed between the FCX, CX, and SX films’ 

electrical conductivity. When comparing each composite to its molecular equivalent, 

the CX version is more conductive than its FCX form, meanwhile the SX form is more 

so conductive. For example, the FC3 PEDOT:PSS-EMIM:TFSI film’s conductivity at 
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40°C is  731 S cm-1 meanwhile for the C3 film it is 880 S cm-1, and S3 (1146 S cm-1 ) 

at the same temperature. This hierarchy in conductivity gives evidence that the 

ethylene glycol plays a role in improving the electrical conductivity when treated to 

all films. It is also evident that the GuI plays a significant role in improving the 

electrical conductivity. It appears that the films with SWNT composition benefits from 

the greatest enhancement in electrical conductivity with regards to EG treatment than 

the films with EMIM:TFSI, and finally the pristine PEDOT:PSS based films. The 

SWNT used in the study were poorly conducting. The increase in conductivity from 

the FC2 to C2 films after the addition of ethylene glycol significantly improved the 

electrical conductivity however from all films in the study the SWNT-PEDOT:PSS-X 

films were the lowest conductivity films. For the FC2 SWNT-PEDOT:PSS film its 

electrical conductivity was similar to FC1 pristine PEDOT:PSS at 3 S cm-1 at 40 °C, 

in which after the ethylene glycol treatment it rose to 350 S cm-1. After the GuI 

treatment as shown for the S2 SWNT-PEDOT:PSS-GuI film it improved by a further 

38 S cm-1 (388 S cm-1). The increase was not significant and could have been due to 

fluctuations however it did follow the same trend as other films. When analysing, the 

film with the greatest enhancement it is evident from Figure 7.5.1 (a), and 7.5.2.1 (a) 

and (b) that the FC4, C4, and S4 (SWNT-PEDOT:PSS-EMIM:TFSI-X) films showed 

the greatest sensitivity to the treatments via significant electrical conductivity 

improvements. From FC4 at 40 °C (1540 S cm-1) to the C4 (2240 S cm-1) to the final 

treatment with GuI, leading to an optimised ( 3665 S cm-1).  When compared to one of 

the best conductive PEDOT:PSS films with 74% CNT  loading film post treated with 

DMSO solvent (3800 S cm-1), the S4 film is slightly lower.447 However it’s off note 

that the loading of CNT in this study was considerably lower at 40 %. From analysis 

of all samples, it is evident that the ethylene glycol treatment is involved in the initial 

improvement of electrical conductivity, in which films with EMIM:TFSI treatment are 

affected more strongly. It is also evident that the effect of ethylene glycol favours the 

conductivity of SWNT treated films to also improve as seen in literature.145 Finally, 

it’s clear that there is a synergistic effect whereby the GuI treatment also partakes in 

improving the electrical conductivity as all films treated with the GuI solution show 

further improvements on conductivity as evidenced by the difference in conductivity 
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between each succession of the treatments on the FC4, C4 and S4. Finding the 

mechanisms by which the improvement occurs will be explored in chapter 7.5.3 and 

7.6.3. 

As exhibited by Figure 7.5.2.2 all the CX and SX films exhibit p-type 

semiconductor behaviour as depicted by the positive sign of the Seebeck 

coefficient.448–450 At 40 °C as well as across majority of the temperature profile none 

of the CX films have a higher Seebeck coefficient than the SX films. This trend 

solidifies that the GuI treatment improves the Seebeck coefficient of PEDOT:PSS and 

its composites. From Figure 7.5.2.2 (a) when analysing the CX films, there is little 

variability between the Seebeck coefficient of the films especially at the lower 

temperatures. Compared to the FCX films each CX equivalent appears to have 

similarly low Seebeck coefficient at 40 °C which are comparable to that of the undoped 

film (FC1 pristine PEDOT:PSS at around 13 µV K-1 +/- 1.5 except for the FC2 SWNT-

PEDOT:PSS film. 
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Figure 7.5.2.1 showing the electrical conductivity measured against  the temperature 
profile (40 °C- 240 °C) for (a), the ethylene glycol controls (CX), and (b). the 
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guanidinium iodide treated films whereby guanidinium iodide is dissolved in ethylene 
glycol (SX). 
 

The Seebeck coefficient for the FC2 film (20 µV K-1) decreased upon ethylene 

glycol treatment to 13 µV K-1 as shown fah or the C2 film. This is not unexpected as 

literature has shown slight decrease in Seebeck coefficient from 37 µV K-1  to < 34 µV 

K-1 with ethylene glycol treatment on PEDOT/CNT films.145 Still, for the remainder 

of the films there has been little change to the size of the Seebeck coefficient induced 

by the ethylene glycol treatment. The only notable difference between the CX and 

FCX films is that there is a stronger temperature dependence on the Seebeck 

coefficient of the CX films. This does infer that the ethylene glycol does change the 

carrier transport mechanism however it’s difficult to make meaningful interpretations 

without correlating charge carrier mobility and Fermi edge of the composites (beyond 

scope of this study).58,111,451  

When analysing Figure 7.5.2.2 (a), the Seebeck coefficient for all CX films is within 

13 µV K-1 +/- 1.5 at 40 °C. As shown in Figure 7.5.2.2 (b) the SX films all have a 

higher Seebeck coefficient than CX films. The lowest Seebeck coefficient for the SX 

films is the S3 SWNT-PEDOT:PSS-EMIM:TFSI-GuI film in which at 40 °C is 18.9 

µV K-1. The S2 SWNT-PEDOT:PSS-GuI and S1 pristine PEDOT:PSS-GuI films both 

exhibit a Seebeck coefficient  of around (19.8 µV K-1 ).  

The highest Seebeck coefficient was attributed to the S4 SWNT-PEDOT:PSS-

EMIM:TFSI-GuI film which at 40 °C was recorded as 22 µV K-1. Compared to 

literature the Seebeck coefficient is not high however the improvement is substantial 

since it has been doubled relative to the FC1 pristine PEDOT:PSS film. In a recent 

study by Baran et al 359 the ionic liquid (1- ethyl-3-methylimidazolium-dicyanamide) 

EMIM:DCI was utilized to as a treatment on PEDOT:PSS. Due to a Seebeck 

coefficient of 35 µV K-1 and a corresponding electrical conductivity of 538 S cm-1 a 

PF of around of 33 µW m-1 K-2 at 123 °C was obtained. When analysing Figure 7.5.1 

(c), and 7.5.2.3 (b) it is clear, with the exception of the FC4 SWNT-PEDOT:PSS-

EMIM:TFSI film with PF of 50 µW m-1 K-2 at 130 °C; all CX and SX films show 

higher power factor than the remaining FCX films across the temperature range.  The 

reason for the FC4 film’s high-power factor is due to its electrical conductivity being 

the highest regarding the FCX films as well as some CX and SX films. The C4 SWNT-
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PEDOT:PSS-EMIM:TFSI-EG film in turn has the highest power factor for the CX 

films, as shown with an optimised power factor of 70 µW m-1 K-2 at 130 °C. The film 

from all the materials with the highest power factor is the S4 SWNT-PEDOT:PSS-

EMIM:TFSI-GuI in which at the same temperature it is 236 µW m-1 K-2.  In 

comparison to films in literature it is a high performing organic thermoelectric.22,232,337 

In the study whereby ethylene glycol was post treated on a PEDOT:PSS/CNT 

composites a PF of 151 µW m-1 K-2 was achieved.452 
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Figure 7.5.2.2 expressing the Seebeck coefficient against a temperature profile (40 
°C- 240 °C) for (a), the ethylene glycol controls (no guanidinium iodide), and (b). the 
guanidinium iodide treated films whereby guanidinium iodide is dissolved in ethylene 
glycol.). 
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In a more recent study by Xu et al, the ionic liquid 1-butyl-3-methylimidazolium bis 

(trifluoromethanesulfonyl) imide, (BMIM:TFSI) was used to treat PEDOT:PSS  in 

which the electrical conductivity reached 2783 S cm-1 and Seebeck coefficient 14 µV 

K-1 (unaffected) to give a PF of 64 µW m-1 K-2.367 Through base (sodium formaldehyde 

sulfoxylate) post treatment the PF was optimised to 239 µW m-1 K-2  due to improved 

S (61 µV K-1) and reduced conductivity (641 S cm-1-). Further studies looking into how 

the concentration of the SWNT, and or concentration of the GuI solution it may be 

possible to optimise the PF of these novel OHTEG composites developed in this study. 
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Figure 7.5.2.3 expressing the Power factor against a temperature range (40 °C- 240 

°C) for (a), the ethylene glycol controls (CX) and, (b) the guanidinium iodide treated 

films whereby guanidinium iodide is dissolved in ethylene glycol (SX). 

  Raman spectroscopy of the FC1, CX and SX films  

Figure 7.5.3.1 depicts the Raman spectra for the FC1, CX and SX films. As 

discussed in previous experimental chapters, Raman spectroscopy can be used to study 

the conformation (benzoid or quinoid) of majority of the polythiophenes in 

PEDOT:PSS via the position of symmetrical stretching of the C𝛼𝛼 = Cβ typically found 

around 1440 cm-1 for pristine PEDOT:PSS.298,300,361,372 A red shift indicates a 

conformational change from benzoid to quinoid in which the thiophene molecules 

adapt a more planer structure due to more restrictive movement along the double bond 

backbone, meanwhile in the benzoid structure many thiophene molecules adopt a 

helical structure.299,338,453 Figure 7.5.3.2 shows the different conformation of 

polythiophenes whereby (a) denotes the quinoid and (b) denotes the benzoid 

structure.453 As indicated by the position of the double bond it’s understandable that 

the quinoid structure will have more restrictive rotation thereby leading to more 

structured and ordered planner structure where the thiophenes will have stronger 𝜋𝜋 −

𝜋𝜋 interactions and shorter stacking distance thereby leading to improved carrier 

mobility due to more linear chains.227,246,357,361  

The FC1 film represents the pristine PEDOT:PSS film used as an untreated 

reference spectra to compare other treated films to. The corresponding Raman shift is 

seen at 1440 cm-1 as shown in Figure 7.5.3.1 and Table 7.5.3.1. As seen in the Figure 

and Table, all films exhibit a red shift albeit by different amounts. This indicates that 

some polythiophenes have re arranged their conformation towards the quinoid 

structure as depicted in Figure 7.5.3.2 (a). As was discussed in chapter 7.5.2 and 

specifically from the data exhibited in Figure 7.5.2.1 all films treated with ethylene 

glycol (CX), as well as all films treated with the GuI solution (SX) showed substantial 

increase in the electrical conductivity.  

In general, it appears that the SX films except for the S1 film have a more significant 

red shift than CX films. This does indicate that there is a potential that the SX films 

have more thiophenes molecules in the quinoid conformation however, the red shift 
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has also been mapped to include an inference of reduction (dedoping) which is usually 

coupled with more intense narrow peaks at the symmetrical stretching of the C𝛼𝛼 = Cβ 

region. In this case it is difficult to make a conclusion that the peak for the SX films 

have narrowed more than for the CX films unlike was seen for the films treated with 

NaBH4 in chapter 5.3.4 Figure 5.3.4.2.2 Therefore the extent of the Raman shift for the 

SX films indicates only slight reduction. 

As shown in Figure 7.5.3.1 (a) at 1591 cm-1 is a peak labelled CNT G band. In 

graphitic structures such as SWNT the G band and a corresponding D band is usually 

found between (1580-1600 cm-1) and (1340-1360 cm-1) respectively.297,454,455 The D 

band is characterized as the disorder band and the higher the ratio between the G and 

D the more ordered (less structural defects) the graphitic structures exhibits.456 It’s also 

possible to infer if p or n-type doping has occurred in the SWNT by the shift at the G 

band whereby a red shift can be linked to an n type doping (electron injection) and 

blue shift can represent p type doping.412,457,458 Figure 7.5.3.3 depicts a SWNT-

PEDOT:PSS film treated with 60% SWNT instead of the 40% SWNT concentration 

used for all other films in this chapter. This is because as shown in Figure 7.5.3.1 at 

the region labelled CNT G band, the signal is convoluted with the peak region for PSS.  
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Figure 7.5.3.1 depicting the benzoid to quinoid shift at 1440 cm-1 for (a) the CX films 
and (b) the SX films. (FC1 pristine PEDOT:PSS in in both spectra as a baseline for 
the shift). 
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Figure 7.5.3.2 showing different resonance and oxidation state of PEDOT backbone. 

(a) is the neutral quinoid structure in which rotation of carbon is more restricted 

meanwhile (b) is the benzoid structure where rotation is allowed. (c) Corresponds to 

e-e-

e- e-

a) neutral quinoid 

b) neutral benzoid

c) positive polaron 

d) positive bipolaron 
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the singly positively charged form of PEDOT and (d) the doubly positively charged 

form.  

Table 7.5.3.1 depicting the benzoid to quinoid shift for the FC1, CX and SX films 
regarding the C𝛼𝛼 = C𝛃𝛃 symmetric stretching found at 1440 cm-1. 
 
Film Raman shift (cm-1) for the symmetric C𝛼𝛼 

= Cβ stretching 

FC1 pristine PEDOT:PSS 1440.0 

C1 pristine PEDOT:PSS-EG 1434.8 

C2 SWNT-PEDOT:PSS-EG 1436.4 

C3 PEDOT:PSS-EMIM:TFSI-EG 1431.5 

C4 SWNT-PEDOT:PSS-EMIM:TFSI-

EG 

1431.5 

S1 pristine PEDOT:PSS-GuI 1436.4 

S2 SWNT-PEDOT:PSS-GuI 1429.8 

S3 PEDOT:PSS-EMIM:TFSI-GuI 1428.2 

S4 SWNT-PEDOT:PSS-EMIM:TFSI-

GuI 

1429.8 
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Figure 7.5.3.3 depicting the G band for the SWNT-PEDOT:PSS film with 60% SWNT 
content instead of 40% which is present for the films studied in this section 
(chapter7.5.3). This is a control to elucidate is p or n doping has occurred. 
 

 

 

When analysing Figure 7.5.3.1 (a) and (b), at 1591 cm-1 there is a distinct peak 

for the S4 films meanwhile the C4 film has a peak that is less distinct. The presence of 

the peak indicates the presence of SWNT in the film.412,459,460 It is however not possible 

to tell if the S2 and C2 films had a peak at the area because the signal from the SWNT 

in those films is small  as well as stretching vibrations in the same region as PSS. None 

of the films without known SWNT content had a distinct or otherwise identifiable peak 

at around 1591 cm-1. The D band is typically found at 1340 cm-1 therefore even for the 

S4 film it is not possible to identify the peak due to it being in the same region as 

PEDOT’S Cβ - Cβ  vibration therefore it’s not possible to understand the extent of 

SWNT disorder.456,461,462 When comparing the peak position for the S4 film at 1591 

cm-1, it is in the same position as the control films peak (1591 cm-1) as shown in Figure 
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7.5.3.3. This suggests the guanidinium iodide has not cased significant p or n doping 

that can be detected by a Raman shift at the G band. 

  Proposed mechanisms for increased Seebeck 

coefficient 

To determine some origin behind the improved Seebeck coefficient, UV-Vis-NIR 

absorption spectra were obtained for the CX and SX films.463–465 As shown below in 

Figure 7.5.4.1 are the UV-Vis-NIR spectra for the CX films depicting the wavelength 

for thiophene excitation at three distinct regions and an extra region labelled I3
-.466,467 

Figure 7.5.4.2 depicts the UV-Vis-NIR spectra for the SX films.  

In literature a reduction of charge carriers as indicated by an emergence or increased 

quantity of polarons or neutral thiophene absorption intensity is usually accompanied 

by improved Seebeck coefficient in PEDOT:PSS based films.128,468–471 As shown in 

Figure 7.5.4.1 The C3 PEDOT:PSS-EMIM:TFSI-EG and C4 SWNT-PEDOT:PSS-

EMIM:TFSI-EG film exhibited the highest maximum absorbance above 1800 nm. 

This is most probably due to the films being thicker than the C1 and C2. The difference 

being due to both C3 and C4 films having had the ionic liquid treatment which 

subsequently increased viscosity of solution thereby leading to slightly thicker films 

when spun. The strong absorption above 1800 nm and the lack of a distinct absorption 

at 900 nm or 600 nm for all CX films indicates majority of thiophenes have bipolarons 

as charge carriers.194,308 (Please see Figure 7.5.3.2 (d). This suggests that the CX films 

did not undergo substantial thiophene reduction via ethylene glycol treatment. This is 

corroborated by the lack of improved Seebeck coefficient for the CX films relative to 

the FC1 pristine PEDOT:PSS as shown when comparing Figure 7.5.1 (b) and 7.5.2.2 

(a).  
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Figure 7.5.4.1 depicting the UV-Vis-NIR spectra for the CX films across 300 nm to 
2100 nm. At around 385 nm is the suspected absorbance of residual I3

- after Iodide 
undergoes a redox reaction with some thiophene molecules. At around 600 nm is the 
𝜋𝜋 𝑡𝑡𝑡𝑡 𝜋𝜋* transition (neutral) meanwhile around 900 nm depicts the singly charged 
polaron, and above 1800 nm characterises the absorption for bipolarons in thiophenes 
backbone.468 
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Figure 7.5.4.2 showing the UV-Vis-NIR spectra for the SX films across 300 nm to 2100 
nm. At around 385 nm is the suspected I3

- absorption after Iodide undergoes redox 
reaction with some thiophene molecules. At around 600 nm is the 𝜋𝜋 𝑡𝑡𝑡𝑡 𝜋𝜋* transition 
(neutral) meanwhile around 900 nm depicts the singly charged polaron absorption  
and above 1800 nm is the bipolaron absorption on the thiophene backbone.463,472 
 

In comparison to the CX films the, SX films as depicted in Figure 7.5.4.2 

appear to have undergone some thiophene reduction. The S3 and S4 films have the 

highest absorbance across the measured range and similarly to the C3 and C4 films, 

both films were slightly thicker than the S1 and S2 films with lower maximum 

absorbance.473 What is notable and different compared to the CX films is the 

emergence of a distinct peak at 900 nm for all SX films.128 (Please refer to Figure 

7.5.3.2 (c) for representation of polaron charge carrier in the thiophene backbone.98,212 

The emergence of the polaron peak intensity as well as the improved Seebeck 

coefficient as shown for all SX films (Figure 7.5.2.2 (b)) with the treatment of GuI 
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solution indicates that the GuI solution is responsible. It is of note that there is no 

distinct peak arising for any of the SX films at 600 nm. This means that the films are 

not reduced to their neutral state thus indicating under the GuI treatment conditions 

(Please refer to chapter 7.4.6 ) reduction is stopped at polaron formation.  

Consequently, this suggests that the SX films’ primary charger carriers are 

bipolarons (largest relative absorption area in each film) with some thiophene 

molecules harbouring polaron charge carriers.474,475 In reference to chapter 7.2 

Equation 2; since each SX film had higher electrical conductivity than the CX 

equivalent despite the observed reduced charge carriers in the SX films (Figure 7.5.2.2 

(b) one of two or an interplay between both possibilities are at hand. The first is that 

there is significantly improved carrier mobility in the SX films (more than in CX films) 

thus explaining the improved electrical conductivity despite the loss of charge carriers. 

This, however, is difficult to confirm due to not having taken Hall effect measurement 

for bulk carrier mobility of each film. The Raman studies in chapter 7.5.3 Figure 

7.5.3.1 indicated improved polymer orientation for better carrier transport for all CX 

and SX films via observed red shift at the C𝛼𝛼 = Cβ symmetrical stretching vibration.476 

The second possibility is that the UV-Vis-NIR spectra only indicates reduction of 

charge carriers along the thiophene backbones and that possibly other charge carriers 

may be adsorbed on the surface such as residual guanidinium ions. In literature it is 

shown, surface ion accumulation can contribute in improving Seebeck coefficient and 

electrical conductivity of PEDOT and other organic films.477–482 

To illustrate the quantitative change in absorbance based on reduction of 

thiophene molecules,468 Figure 7.5.4.3 (a) represents the UV-Vis-NIR spectra for the 

C1 pristine PEDOT:PSS-EG and S1 pristine PEDOT:PSS-GuI film. Because both 

films had similar thicknesses 55 nm (S1) and 58 nm (C1), it is possible to compare 

absorbance. As shown the bipolaron region in the C1 film is the highest region with 

no distinct intensity at the polaron or neutral region. When the film is treated with GuI 

however at 900 nm an appearance of polaron peak intensity emerges with a 

corresponding loss of intensity at the bipolaron region. 315,337,356,483. Interestingly at 

385 nm a distinct peak is observed and present for all the SX films (Figure 7.5.4.2 and 

Figure 7.5.4.3 (b) meanwhile not present in any of the CX films (Figure 7.5.4.1). The 
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peak cannot represent any excited SWNT, or EMIM:TFSI because it is present even 

for the S1 pristine PEDOT:PSS film. It is also very unlikely for the peak to represent 

thiophene excitation for a negatively charged species on the thiophene backbone. This 

is because as concluded from analysis of Figure 7.5.4.2 none of the SX films showed 

an emergence of a neutral peak intensity at 600 nm. For a film to harbour significant 

amount of negatively charged carriers it would first require a significant amount of 

thiophenes to be in the neutral phase.  
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. 

 
Figure 7.5.4.3 (a) depicting the UV-Vis-NIR spectra for the C1 pristine PEDOT:PSS-
EG, and S1 pristine PEDOT:PSS-GuI from 300-2100 nm. (b) Depicts the UV-Vis 
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spectra for suspected  residual I3
- anions on the film after I- anions have undergone a 

redox reaction with some thiophenes between (310-500 nm). 
 
The most convincing argument is that the peak at 385 nm represents residual iodide 

species adsorbed on the films’ surface. It is argued that based on the confirmed 

thiophene reduction for SX films (Figure 7.5.4.2) the product of the redox reaction (I3
-

) is responsible.  Equation 5 below depicts the dissociation of GuI to its conjugate acid 

and base pair.484 The guanidinium ion (Gu+) can donate a  H+ in a reaction485,486 

(discussed later in chapter 7.6), meanwhile the I- contributes an electron to reduce a 

thiophene molecule as seen for Iodine doping on polyaniline.487–491 Equation 6 depicts 

the proposed equation for the redox reaction.492  

 

CH6N3I → CH6N3
+ + I-  

 

 

5 

 

 

3 I- + 2 PEDOT2+ → I2 + 2PEDOT+ + I- 

I2 + I-→ I3
-  

2 PEDOT++ I3
- 

 

 

 

6 

 

Various iodine species in different oxidation states have been reported in literature 

between 180 nm and 500 nm.493–495 Studies looking into the redox reaction between 

iodine and iodide species have detected I- at around 293 nm , (I2 around 290 nm and 

460 nm) and I3
- at around 350 nm and 366 nm (slight difference in absorption maxima 

indicate difference in chemical environment).466,493,496  Therefore the peak at 385 nm 

isn’t too different from 366 nm and the difference may be due to possibility of the I3
- 

being in a different chemical environment/ionic interaction with PEDOT+. (Please note 

it was not possible to get quality data under 280 nm in the UV-Vis-NIR instrument 

used therefore complex comparisons between the redox states of iodide was not 

conducted). For future work it would be interesting to do a kinetic study and measure 

UV-Vis-NIR between 150 nm to 2100 nm for redox and kinetic studies of Iodide 

thiophene reactions to establish controlled redox to improve Seebeck coefficient for 
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optimised PF.497 It is of note that I2 treatment even at thermal conditions 160 °C on 

PEDOT:PSS did not improve Seebeck coefficient as was explored in some preliminary 

experiments. 

Bellow in Figure 7.5.4.5 (d) is the proposed mechanism of partial reduction (bipolaron 

to polaron) of polythiophene by the I- anion (see Equation 5 and 6).492  

 

e-e-

e- e-

a) neutral quinoid 

b) neutral benzoid

c) positive polaron 

d) positive bipolaron I- 

I- 
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Figure 7.5.4.5 showing different resonance and oxidation state of PEDOT backbone. 
(a) is the neutral quinoid structure in which rotation of carbon is more restricted 
meanwhile (b) is the benzoid structure where rotation is allowed. (c) Corresponds to 
the singly positively charged form of PEDOT and (d) the doubly positively charged 
form. The I- denotes the Iodide anions in solution and the arrows represent mechanism 
of reduction on the PEDOT backbone. 

The dissociated I- injects an electron in the thiophene backbone to reduce the 

bipolaron into a polaron (Figure 7.5.4.5 (c). After 2 I- species inject 2 e- to reduce 2 

PEDOT2+ units to 2 PEDOT+ units, they bond to form I2 whereby the I2 bonds with a 

non-reacted I- species to form the I3
- species observed.492 Iodide redox reactions can 

be seen elsewhere in research.498–502 The fact that even at 160 °C treatment for 20 

minutes I- reduction only produced polarons suggests that the limiting factor for further 

reduction may be concentration. Further studies looking at concentration of GuI 

solution under same thermal conditions will allow for optimised Seebeck coefficient. 

Figure 7.5.4.6 depicts the overlaid XPS spectra for the FC1, CX and SX films. 

It is extensively seen in literature that a reduction in the polythiophene backbone can 

be detected via a chemical shift towards lower binding energy (BE) regarding the 

PEDOT’s sulphur 2p Spin-orbital split (S 2p), (typically found around 164 

eV).350,365,373,407,503,504 As can be seen, there are three distinct regions as labelled. The 

furthest peak to the left beyond 168 eV  corresponds to the PSS’s sulfonate and sulfonic 

acid’s S 2p signal meanwhile the peak around 164 eV corresponds to PEDOT’s 

thiophene S 2p signal.187,196,505 Surprisingly, there is also an a peak at 162.5 eV not 

usually seen in literature entitled SH2 (explored later in chapter 7.6).307,506–510 It is 

evident that the CX and SX films have considerably lower PSS to PEDOT ratio relative 

to the FC1 pristine PEDOT:PSS film (explored in chapter 7.6).  

When analysing Figure 7.5.4.6 and Table 7.5.4.2 it is evident that all SX films 

exhibit a chemical shift towards a lower BE at the S 2p PEDOT region relative to the 

control film (FC1). The S2 film has the smallest change in BE (∆ BE) of 0.11 eV. The 

S4 SWNT-PEDOT:PSS-EMIM:TFSI-GuI exhibits the furthest shift with a ∆ BE of 

0.29 eV therefore suggesting the thiophene molecules in the film underwent the most 

significant bipolaron to polaron reduction. (It is also possible that the extent of the shift 

towards lower BE corresponds to PEDOT bonded to fewer PSS). The second most 

significant shift was observed for the S1 pristine PEDOT:PSS-GuI film with a ∆ BE 

of 0.19 eV in which it was followed by the S3 PEDOT:PSS-EMIM:TFSI-GuI film 
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(∆ BE 0.12 eV). In conjunction with the UV-Vis-NIR spectra (Figure 7.5.4.2) the shift 

in BE confirms the reduction of some thiophene molecules thereby explaining the 

improvement in the Seebeck coefficient. 

As seen in Table 7.5.4.2, some of the CX films have a (∆ BE of 0.09 eV). The UV-

Vis-NIR spectra did not indicate reduction with ethylene glycol treatment nor did the 

Seebeck coefficient improve in the films. The most likely explanation for the CX 

films’ PEDOT S 2p shifts towards lower BE is due to excessive de stripping of PSS 

under solvo thermal stress. The ethylene glycol treatment was conducted at 160 oC for 

20 minutes whereby the polar solvent was able to interact with PSS’s sulphonate 

groups and reduce the coulombic interaction with PEDOT thereby leading to 

significant removal of PSS.126,323,329,511,512 This contrasts XPS quantification of the 

ethylene glycol treated film seen in chapter 4.8 Figure 4.8.2 under room temperature 

whereby only a small amount of PSS was removed from the sample. Subsequently, 

when PEDOT is bonded to fewer PSS molecules (containing electronegative Oxygen 

groups), PEDOT’s S 2p electrons will require lower kinetic energy to remove an 

electron from the outer shell.  
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Figure 7.5.4.6 depicting the normalized, overlaid Sulphur 2p spectrum for 
PEDOT:PSS. The region around 164 eV corresponds to the PEDOT region 
meanwhile, upwards 168 eV towards higher BE represents the PSS region. The FC1 
pristine PEDOT:PSS is present as a control. 
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Table 7.5.4.2 depicting the binding energy of the Sulphur 2p (PEDOT) region for 
the FC1 and all CX and SX films as well as the change in BE (∆ BE) measured in 
(eV) corresponding to each film relative to the FC1 pristine PEDOT:PSS. 
 
Film BE (eV) position 

of PEDOT’s S 

2p3/2  

Change in BE (∆ BE) in 

(eV) relative to FC1’s S 

2p3/2 peak at (164.01) 

FC1 pristine PEDOT:PSS 164.01 0.00 

C1 pristine PEDOT:PSS-EG 163.95 0.06 

C2 SWNT-PEDOT:PSS-EG 163.91 0.10 

C3 PEDOT:PSS-EMIM:TFSI-EG 163.92 0.09 

C4 SWNT-PEDOT:PSS 

EMIM:TFSI-EG 

163.92 0.09 

S1 pristine PEDOT:PSS-GuI 163.82 0.19 

S2 SWNT-PEDOT:PSS-GuI 163.90 0.11 

S3 PEDOT:PSS-EMIM:TFSI-GuI 163.89 0.12 

S4 SWNT-PEDOT:PSS 

EMIM:TFSI-GuI 

163.72 0.29 

 

Figure 7.5.4.7 represents the iodine 3d 5/2 and 3/2 spin-orbital splitting with the 

expected 11.3 eV separation energy.513–517 What is evident is that the S1 film has a 

small noisy signal for I3
-  anions. This suggests that smaller quantity of I3

- was present 

in the film compared to the other films. The S3 and S2 films although showing a weak 

signal appear to have  slightly less noisy signals. The S4 exhibited a strong clean 

signal. The BE for the S4 film’s I 3d5/2 and 3/2 peak is 618.6 eV and 630.1 eV, 

respectively. The BE for the S2 and S3 film’s I 3d5/2 and 3/2 peak is the same as the S4 

film within +/- 0.01 eV. In literature it is shown that the I- BE is often found > 619.1eV 

meanwhile for I3
- is around 618.7 eV (deviations depend on chemical 

environment).491,518,519 It is still possible that the peak represents I- however it’s 

unlikely because usually I- having a signal at lower BE is usually bonded to a metal 

cation like coper.513 Therefore it’s argued that the BE obtained in the XPS spectra 

suggests that the iodine signal corresponds to the I3
- species adsorbed on the film 
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surface thereby corroborating the observed UV-Vis-NIR for the SX films (Figure 

7.5.4.3 (b). (Not shown), the CX films had no distinct peaks at the iodide region 

indicating some contamination. 

 

 

 

 
7.5.4.7 depicting the Iodine 3d Spin-orbital splitting for the SX films with the 5/2 peak 
shown at 618.7 eV and 3/2 around 630 eV.  
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 Surface characterization of PEDOT:PSS films using 

XPS 

  Analysis of Carbon 1s spectra 

XPS wide spectra were obtained for the FC1 and all the CX and SX films (not 

shown). There are expected elemental peaks based on known materials composition 

(carbon, oxygen, nitrogen, iodide, and sulphur,). For the samples with no deliberate 

nitrogen treatment the appearance of small nitrogen peaks (NH3 and NH4
+) can be 

explained by reaction between atmospheric (NH3, H2O and PSS) during the heat 

treatment as explained by Crispin et al and corroborated by other 

researchers.196,361,520,521 High resolution XPS spectra were obtained for carbon, 

sulphur, nitrogen, and iodine where relevant for the FC1 pristine PEDOT:PSS, as well 

as for all CX and SX films. The spectra were charge corrected using sp2 C at 284.8 eV 

due to material containing nonconductive components (PSS) leading to a 

compensation by the XPS system.309,522,523 (Please refer to chapter 3.3 for detailed 

methodology).  

Figure 7.6.1.1 depicts the carbon 1s spectra (C 1s) for the FC1, C1 and S1 

films. As expected, the highest peak intensity was the sp2 C at 284.8 eV deriving from 

PEDOTs thiophene ring and contributions from the benzene ring in PSS.309,524,525 The 

peak at 285.6 eV is representative of the sp3 C as well as C-S bonds in both PEDOT 

and PSS.198,309,526527 The peak is at the same position for all three films. The 

oxyethylene peak at 286.8 eV is present in all films.309,527 The broad peak at 288.5 eV 

has been shown in literature to represent carbonyl groups (C=O) and carboxylic acids 

(O-C=O).526,528–530 The region has also been linked to a 𝜋𝜋 − 𝜋𝜋* transition PEDOT 

systems.385,389 It’s however noted that most peak fitting seen in literature attributes the 

𝜋𝜋 − 𝜋𝜋* at slighter higher BE around 291 eV in which the FC1 and C1 samples do not 

have a strong signal however a small peak can be seen on the S1 film.531–533 Therefore, 

it is likely majority of the contribution to the peak labelled (𝜋𝜋 − 𝜋𝜋* shakeup/ O-C=O) 

at around 288.5 eV is from adventitious carbon contamination.534,535   
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When comparing Figure 7.6.1.1 (c) and (b) to (a) it is evident that the FC1 film (a) has 

a lower intensity around 286.6 eV. This is due to the presence of a new peak at 286.6 

eV depicting the (C-OH) bond as seen for the on the C1 and S1 films.536–541  On further 

analysis the S1 film appears to have a more intense (C-OH) peak suggesting more 

residual ethylene glycol (EG). The origin of the new peak can be explained by 

understanding the treatment conditions. The CX and SX films were treated with 

ethylene glycol at 160 oC for 20 minutes. Although the films were rinsed with water it 

is logical for there to be residual EG on the film. It is noted that during the EG treatment 

on the CX films as well as the GuI solution treatment (ethylene glycol is the solvent) 

on the SX films that (ethylene glycol/water) vapour was observed to evaporate from 

surface of each film. Because the films were treated at 160 °C and the boiling point of 

pure ethylene glycol is 197 °C the observed evaporation must be explained.542 The 

PEDOT:PSS solution is around 98% water (refer to chapter 4.4 Figure 4.4.1) therefore 

it is expected that during annealing for water to evaporate. This, however, only 

explains part of the observed evaporation because (after 10 minutes) of the 100 μL 

ethylene glycol or GuI solution treatment on each film another 100 μL of appropriate 

solution was placed on the surface of each film for another 10 minutes. It was observed 

that the second batch of the 100 μL mostly evaporated. There was a thin layer of clear 

liquid was left on the CX films meanwhile GuI treated films exhibited a homogenously 

spread crystalized (off-whiteish) crystals.  
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Figure 7.6.1.1 depicting the C 1s deconvoluted peaks for FC1 (a), C1 (b) and S1 films 
(c). 

The crystals were probably guanidinium ions recrystalizing out of solution. 

After being washed with water several times the crystals appeared to have left the film 

meanwhile the clear liquid film on the CX film disappeared.  

It is argued that because of the ethylene glycol being mixed with water, its vapour 

pressure was high enough at the surface that at 160 °C in the fume hood the solvent 

was able to evaporate. Literature supports the hypothesis as findings show ethylene 

glycol evaporation and boiling point can be affected (reduced) by lowering its mass 

fraction relative to water.543 In a study by Shibata et al  it was reported an increased 

evaporation rate with decreasing ethylene glycol to water mass fraction.544 Another 

research study determined the relationship between mass fraction of ethylene glycol 

to water and it’s boiling point in which it was shown even at high mass fraction < 0.8 

ethylene glycol to 0.2 water the boiling point was only 120 °C thereby corroborating 

the observed evaporation at 160 °C in this study even though the boiling point of the 

pure solvent is 197 °C.542 It is however noted that not “all” the solvent evaporated as 

all films treated with the ethylene glycol or GuI solution have the (C-OH) peak (not 

present in the FC1 control film). 

Some of the films (C3 and S3) contain EMIM:TFSI. It was discovered in 

chapter 5 that the EMIM:TFSI formed a thin layer on the surface of the films it was 

used as a treatment thereby having XPS signals only showing TFSI- anions and no 

PEDOT or PSS signals. It was also discovered that after treatment with DMSO, it was 

washed off the surface and PEDOT/PSS peaks were observed in the S 2p. In Figure 

7.6.1.1 there is no distinct peak at 292.4 eV to depict the CF3 peak.390,545 This indicates 

that ethylene glycol and ethylene glycol GuI solution treatment also washed off the 

EMIM:TFSI from the surface. It is of note that the S 2p peaks for PEDOT and PSS 

were observed for all EMIM:TFSI treated films that had the subsequent ethylene 

glycol, or GuI solution treatment as shown in Figure 7.5.4.6. This indicates  polar 

solvents can wash TFSI- off the surface of PEDOT:PSS films. There is a distinct peak 

emergence at 289.5 eV regarding the S1 film while it cannot be seen in the FC1 or C1 

films. The peak being at a higher BE indicates that it is due to contributions from the 

N2-C=N (guanidine/guanidinium) molecule due to C being bonded to three 

electronegative N atoms as seen for Gu+ ions in liteature.545–547  
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Figure 7.6.1.2 depicts the C 1s spectra for the C2 and S2 films meanwhile 

Figure 7.6.1.3 depicts C 1s spectra for the C3 and S3 films. Further below Figure 

7.6.1.4 depicts the C 1s spectra for C4 and S4 film. When analysing the spectra there 

are no significant peak shift between samples regarding the (sp2 C=C/C-C) peak at 

284.8 eV, sp3 (C-S/C-C/C-H) at 285.6 eV, or the oxyethylene peak at 286.8 eV. A 

major difference between films however is the intensity of the peaks which indicates 

quantity of compound structures. Another difference between films is the emergence 

of the (C-OH) peak around 286.57 eV. The peak intensity is different for some samples 

thereby indicating different quantity of residual ethylene glycol on the surface.548,549 

The peak intensity for the C-OH bond seems randomized between samples thereby, it 

is not possible to induce which samples have a higher affinity at adsorbing ethylene 

glycol via comparisons of intensity. The C3 and C4 films have the most distinct and 

intense peak emergence for the (C-OH) bond at 286.57 eV. This shows the samples 

had the most significant residual ethylene glycol. Of note, the high-resolution O 1s 

spectrum (not shown) for the CX and SX films showed a distinct intense peak at the 

region for (C-OH) which was not present for the FC1 film thereby confirming the 

observations seen in the carbon peaks.  

As can be seen in Figure 7.6.1.2, 7.6.1.3 and 7.6.1.4 (b) at around 289 eV there is a 

distinct peak present in the S2-S4 films that is not present for the C2-C4 films.  

As proposed in relation to the S1 film (Figure 7.6.1.1) (b) the peak was credited 

to be the result of guanidinium/guanidine compounds adsorbed on the surface.545,546 

(Please refer to Figure 7.6.2.1) showing the guanidinium oxidation states.485,550,551 The 

oxidation state is dependent on the pH, temperature or any redox reactions it 

undergoes.550,552 The designation of the peak around 289 eV to guanidinium/Guanidine 

is corroborated by the presence of the nitrogen 1s peak in the range reported for 

guanidinium compounds (Figure 7.6.2.2).546  Licence et al conducted a study to 

determine the charge distribution within different guanidinium ionic liquids.546 It was 

determined that between 288.6-289 eV the peak for the carbon with 3 electronegative 

nitrogen atoms was found as was seen in this study.  
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Figure 7.6.1.2 depicting the Carbon 1s spectra for the C2 (a) and S2 (b). 
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Figure 7.6.1.3 depicting the Carbon 1s spectra for the C3 (a) and S3 (b). 
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Figure 7.6.1.4 depicting the Carbon 1s spectra for the C4 (a) and S4 (b).  

281282283284285286287288289290291292293

500

1000

1500

2000

2500

3000

3500

a)

C-OH (hydroxyl) 286.57

oxyethylene C-O-C 286.8

π−π∗ shake up/O-C=O 288.1

π−π∗ shake up 291

sp3 (C-S/C-C/C-H) 285.6

sp2 (C=C/C-C) 284.8

C
PS

 (a
.u

)

Binding Energy (ev)

Deconvoluted C 1s spectra for C4 SWNT-PEDOT:PSS-EMIM:TFSI-EG 

281282283284285286287288289290291292293

500

1000

1500

2000

2500

3000

3500

b)

Guanadine (N=C-N2) 289.6
C-OH (hydroxyl) 286.57

oxyethylene C-O-C 286.8

π−π∗ shake up/O-C=O 288

π−π∗ shake up 291

sp3 (C-S/C-C/C-H) 285.6

sp2 (C=C/C-C) 284.8

C
PS

 (a
.u

)

Binding Energy (ev)

Deconvoluted C 1s spectra for S4 SWNT-PEDOT:PSS-EMIM:TFSI-GuI 



 

195 | P a g e  
 

195 

  Analysis of N 1s  

Figure 7.6.2.1 depicts the guanidinium oxidation states. Figure 7.6.2.2 depicts 

the N 1s spectra for the FC1 and SX films. The CX films (not shown) had a 

significantly smaller quantity of nitrogen on the surface and the peak position was the 

same as for the FC1 film therefore indicating surface reaction between the atmospheric 

NH3,  H2O and PSS- had taken place as explained by Crispin et al.196,385 As seen in 

Figure 7.6.2.1 are 3 different oxidation state for the guanidine.551 The guanidinium ion 

(a) has a positive charge on one of the nitrogen.553 In reality the charge is delocalised 

across the whole molecule leading to a stabilized cation. Consequently this leads to a 

single nitrogen environment when detected by XPS as seen in literature.554 The 

deprotonated molecule is the guanidine compound presented in (b) meanwhile the 

twice deprotonated molecule is guanidinate anion (c) in which there is also 

delocalisation of charge throughout the molecule.554 It would therefore be reasonable 

to deduce that if multiple nitrogen peaks are detected; as well as confirmed to not be 

resulting from (NH3 or NH4
+) then it would be evidence of deprotonation or 

protonation of the guanidinium ion depending on the BE. In logical sequence, from (a) 

to (c), guanidinium ion would exhibit the highest BE on the XPS followed by 

guanidine and finally guanidinate having the lowest BE as it is the molecule within 

which the N 1s electron is loosely bound (assuming similar chemical environment). It 

is also logical to deduce that NH4
+ would have a higher BE still than guanidinium ions 

due to its charge being concentrated within only 1 nitrogen instead of being delocalized 

across 3 nitrogen. A study corroborates this deduction in which the N 1s peak 

corresponding to NH4
+ was at a higher binding energy than for the guanidinium ion 

with a separation energy of around 2 eV.555 (same separation energy is seen for the 

NH3 and NH4
+ peak (Figure 7.6.2.2 (a).  

As shown in Figure 7.6.2.2 (a) the spectrum shows the presence of NH3 species 

at 400.1 eV meanwhile the oxidised NH4
+ species can be observed at 402 eV.556 As 

shown for all SX films, there is an intense peak at 400.2 eV denoted as (main Gu/Gu+ 

peak). Except for the S2 film’s N 1s spectrum, S1, S3 and S4 spectra show another 

peak at 398 eV labelled (sign of deprotonation). It is not possible to be certain of 
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whether the peak at 400.2 eV is guanidinium or guanidine (Figure 7.6.2.2) due to no 

baseline determined in this study for GuI salt (due to unforeseen Covid-19 

circumstances). 

 

 
Figure 7.6.2.1 depicting the various oxidation states of Guanidine in the ethylene 
glycol solution. (a) Depicts the guanidinium cation suspected to be the most common 
form due to its ionic interaction with Iodide in (CH6IN3) , meanwhile (b) depicting a 
deprotonated neutral Guanidine, and (c) represents the deprotonated Guanidinate 
anion.486,550 
 

However, it is possible to make inferences based on bonding chemistry and BE 

from literature reports to indicate the oxidation state the peaks represent. In literature 

the guanidinium peak has been shown at around 400.5 eV but can be higher (depending 

on chemical environment).557 It’s known that guanidinium ion is more stable than 

guanidine of which is a strong base therefore it would be unlikely for there to be a 

significant amount of guanidine relative to guanidinium left on the film.552,553 Further 

still for an interpretation of the XPS spectrum presented in Figure 7.5.4.6  whereby a 

“new” peak was presented at 162.5 eV labelled SH2 it is only needed to be confirmed 

guanidinium ions were involved in a redox reaction whereby some ions give off a H+ 

to catalyse a proposed desulphurization (desulphonation) in literature when referring 

specifically to the extraction of the sulfone group in PSS196 and the subsequent 

reduction via the basic guanidine species into SH2. The peak at 398 eV provides 

evidence that some of the N in guanidinium ions in the S1, S3, and S4 films lost at 

least 1 H+ but due to the low BE indicates it suspected as guanidinate.558 

In relation to the peak labelled “suspected Gu+ ionically bonded (401.2 eV) 

present in the S2, S3 and S4 films, it’s unlikely for it to represent the NH4
+ compound 

(402 eV) because it’s at a slightly lower BE. It is possible that the peak corresponds to 

c)b)a)

H+ H+

guanidinium guanidine guanidinate
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guanidinium ion that has formed ionic interaction with PSS- or hydrogen bonding with 

either PEDOT’s Oxyethylene  or through cation −𝜋𝜋 interactions with the aromatic 

rings.546,559 Due to the peak being at a slightly higher BE (401.2 eV) than the main 

Gu/Gu+ peak (400.2 eV) it’s probably between either Gu+ PSS- ionic interaction or Gu+ 

𝜋𝜋 interaction than the hydrogen bonding with Oxyethylene; because it’s been reported 

in literature that cation−𝜋𝜋  interactions tend to increase the  binding energy.557,560–563 

The reason why it’s also possible for it to be representative of an ionic interaction with 

some PSS- molecules is because the O- atom in the sulfonate group is electronegative 

thereby would leading to a dipole moment away from the Gu+ resulting in a higher BE. 

Regarding the peak labelled suspected NH4
+  on the S1 film (Figure 7.6.2.2 (b) it 

appears accurate because it is around 402 eV same as for the FC1 film and literature.556 

The overall N 1s peak intensity was also small therefore showing that guanidinium is 

present in small quantities for the S1 film.  
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Figure 7.6.2.2 depicts the N 1s spectra for the FC1 and SX films (a) FC1, (b) S1, (c), 
S2, (d) S3, (e) S4 

  XPS quantification and desulphurization mechanism  

Figure 7.6.3.1 depicts the peak fitted S 2p spectra for the FC1 CX and SX films, 

meanwhile Table 7.6.3.1 the peak positions and detailed quantification data for the S 

2p3/2 and 1/2 Spin-orbital splitting for the films with BEs within values reported in 
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literature.196,309,524,564 As discussed in earlier experimental chapters, it is possible to 

detect the ratio between PEDOT and PSS on the surface of a film via XPS.146,279,365,565 

If the amount of PSS relative to PEDOT is reduced (depending on the amount) an 

increased in electrical conductivity is usually observed.361,566–568 When significant 

amount of the insulating PSS is removed from the film the PEDOT core is able to 

reorient itself from a coiled coil shell to a more expanded coil and  linear structure 

whereby the 𝜋𝜋 − 𝜋𝜋 stacking distance is reduced thereby leading to stronger 𝜋𝜋 − 𝜋𝜋 

interactions and improved carrier mobility (Please refer to chapter 4.6 Figure 

4.6.2).71,361,569–572   

As seen in Figure 7.6.3.1 due to some films having SH2 (S 2p3/2 at 162.5 eV) 

instead of comparing amount of PEDOT increased in the film the reader is advised to 

compare the amount of PSS reduced. When looking at the PEDOT and PSS regions as 

shown in Figure 7.6.3.1 (a) for the FC1 film it appears that the concentration of PSS 

should be around 66% and PEDOT 33%. However as seen in the detailed 

quantification (Table 7.6.3.1) concentration of PSS in the FC1 film is 55.92%. As can 

be seen in the S 2p spectra for all films in Figure 7.6.3.1, PEDOT’s S 2p3/2 and 1/2 Spin-

orbital splitting have an asymmetrical tail tending towards higher BEs due to some of 

the thiophenes being in the  PEDOT+ and PEDOT2+ oxidation states.573–575 Therefore 

when integrating the area under the peaks the 55.92% concentration of PSS is 

explained.  

In reference to the electrical conductivity of the CX films (Figure 7.5.2.1 (a); 

when comparing the amount of PSS in each CX film as shown in Table 7.6.3.1 and 

Figure 7.6.3.1, it is evident that films with the poorest conductivity (C1 and C2) also 

had the highest PSS concentration in the films (28.9% and 32.96%) respectively. Still 

both the C1 and C2 films had considerably higher conductivity than the FC1 film in 

which the PSS concentration is higher still (55.91%). Furthermore, the C3 and C4 films 

had much higher conductivities and much smaller PSS concentration (23.27% and 

19.29%) respectively. It’s argued therefore that PSS removal and the subsequent 

reorientation of PEDOT chains from coiled coil structures to more linear  𝜋𝜋 − 𝜋𝜋 

stacking improved carrier mobility as indicated via the red shift in the Raman C𝛼𝛼 = Cβ 
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symmetrical stretching (chapter 7.5.3) were significant contributing factors leading to 

the improved conductivity observed in the CX films relative to FC1.126,298,361,378  

For the SX films the S4 film has the lowest PSS concentration (23.82 %) which is like 

the C4 film’s (19.29 %). Unlike what was observed for the CX films however, there is 

a break in the pattern in which the more conductive films had less PSS. This is because 

the S3 film was second most conductive SX film (Figure 7.5.2.1 (b)  but had a higher 

relative PSS concentration of 33.86%  compared to the S1 and S2 had (31.83% and 

26.4%) respectively. It is off note that the concentration of PSS in the S3 film was still 

significantly lower than FC1 film (55.92%). When comparing the conductivity of the 

C4 (2240 S cm-1) and S4 film (3665 S cm-1) at 40°C the S4 film’s conductivity is 

almost twice as high. To explain this phenomenon, it is important to note that both 

films had similar PSS removed from the film however the S4 film had a treatment in 

which charge carriers were reduced (bipolaron to polaron). Logically the reduced 

carrier concentration should have led to reduced electrical conductivity however as 

seen for the S4 and other SX  films the conductivity was improved for each film 

relative to its CX counterpart.  

To explain this, it is possible that the SX films may have had significantly 

higher carrier mobility (Please refer to chapter 7.2 Equation 3). The improved carrier 

mobility may then off-set the reduced charge carriers observed in the UV-Vis-NIR 

spectra (Figure 7.5.4.2) for SX films. (Please note UV-Vis-NIR only indicates reduced 

carriers along the thiophene backbone (bipolarons/polarons). This hypothesis can be 

confirmed if XRD measurements are conducted and diffraction peaks are compared to 

known regions depicting crystallinity and mapping it to stacking orientation of 

films.361 It was not possible however to get meaningful diffraction peaks. Another 

possible explanation and one which seems more likely is that because GuI treatment 

contained ionic charge carriers, a considerable amount of Gu+ was adsorbed on the 

film surface of the SX films as confirmed by the SX film’s C 1s and N 1s spectra. It is 

known that the charge is delocalised across the Gu+ ion therefore it is possible that the 

ions form some cation-𝜋𝜋 interactions (guanidinium is known to make)551,559,560 with 

PEDOT and improve bulk carrier concentration. This would be able to be proven via 

Hall effects measurements in future studies.  
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When analysing Figure 7.6.3.1 there is a “new” S 2p3/2 signal at around 162.5 eV 

present in the S1, S3 and S4 films. The peak is not present in the FC1 or CX films. To 

identity the origin of the peak a few logical considerations must be explored and 

challenged by the evidence. The peak is representative of a sulphide whereby sulphur 

such as SH2 is in a 2- oxidation state as seen in literature.307,504,508–510 The initial thought 

was that the signal was due to “very” reduced thiophene chains. This is because as 

confirmed by UV-Vis-NIR, the I- reduced some thiophene molecules. This is a weak 

argument however because the thiophene was shown to only be reduced from 

bipolarons to some polarons as confirmed by lack of emergence of a peak at the 

(neutral/ 𝜋𝜋 − 𝜋𝜋*) region 600 nm). If the peak at 162.5 eV represented PEDOT reduced 

to a negative state it would have had to have been reduced first to the neutral state. 

Another consideration would be that the peak is evidence of “degraded” PEDOT. 

PEDOT chains that have had some thiophene rings opened and reduced. If this were 

the case, then the SX films that exhibited the peak would have had considerably lower 

electrical conductivity owning that PEDOT is the conductive component in the 

PEDOT:PSS films. It would also have been evident of lower PEDOT concentration in 

the SX films. This of course was not the case. The argument that the peak is SH2 is on 

based on eliminating the prior arguments which would leave the option that the peak 

originated from degraded PSS under a known process of desulphonation that can take 

place under thermal and acidic conditions.196,576 

In literature it is often argued with some evidence that  a desulphonation of 

PSS sometimes occurs due to a reaction between some atmospheric NH3 and PSS in 

presence of acidic catalyst such as H3O+ under some thermal conditions in 

PEDOT:PSS films leading to the extraction of SO3 that then reacts with H2O to 

produce some H2SO4/HSO4
-. (Please see a study by Crispin et al for full balanced 

mechanism)196 and the work by other researchers for evidenced desulphurization of 

sulfonated compounds as well as specifically desulphonation of benzenesulfonic 

compounds.577–579 In some studies ionic liquids such as N-butyl pyridinium 

dicyanamide ([C4Py][N(CN)2,  and N-butylpyridinium 

bis(trifluoromethylsulfonyl)imide ([C4Py][NTf2]) have to been used to effectively 

remove aromatic sulphur groups such as benzothiophenes from various samples 
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through desulphurization,576,580 or in ethylene glycol/derivates (in presence of ionic 

liquid) mediated desulphurization processes.578   
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Figure 7.6.3.1, depicting the high-resolution peak fitted Sulphur 2p Spin-orbital 
splitting (3/2)/ and (1/2). For PEDOT, the (3/2) split is centred around 164 eV while the 
(1/2) splitting is around 165 eV. PSS can be shown to have two distinct splitting doublets 
due to the PSS’s sulfonate compounds being in two distinct chemical environment in 
which the (3/2) split for the PSS- is centred around 168 eV while the corresponding (1/2) 
splitting is around 169.5 eV. The PSSH (3/2) split can be found at around 168.6 eV 
meanwhile the (1/2) split can be found at around 169.8 eV. The peak at the lowest BE 
is depicting the SH2 peak with the (3/2)  and  (1/2) at around 162.6 and a 162.8 eV 
respectively. (a) depicts the FC1 pristine PEDOT:PSS, meanwhile (b, d, f, h) depicts 
the CX films and (c, e, g, i) depict the SX films as labelled. 
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Table 7.6.3.1 depicting the detailed quantification data for the FC1 and all CX 
and SX films 
 

Film Name 

Peak 

Position 

BE (eV) 

S 2p 

%conc 

Total 

%conc 

PSS 

Total 

%conc 

PEDOT 

Total 

%SH2 

conc 

FC1 pristine PEDOT:PSS S 2p3/2 PSSH 168.67 18.62 55.92 44.08 0 

  S 2p1/2 PSSH 169.83 11.17       

  S 2p3/2 

PEDOT 
164 28.54       

  S 2p1/2 

PEDOT 
165.2 15.54       

  S 2p3/2 PSS- 168.27 16.92       

  S 2p1/2 PSS- 169.47 9.21       

C1 pristine PEDOT:PSS-EG S 2p3/2 PSSH 168.36 9.85 28.9 71.1 0 

  S 2p1/2 PSSH 169.52 5.91       

  S 2p3/2 

PEDOT 
163.95 46.05       

  S 2p1/2 

PEDOT 
165.18 25.05       

  S 2p3/2 PSS- 167.96 8.51       

  S 2p1/2 PSS- 169.16 4.63       

C2 SWNT-PEDOT:PSS-EG S 2p3/2 PSSH 168.35 12.55 32.96 67.03 0 

  S 2p1/2 PSSH 169.51 7.52       

  S 2p3/2 

PEDOT 
163.91 43.41       

  S 2p1/2 

PEDOT 
165.14 23.62       

  S 2p3/2 PSS- 167.95 8.35       
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  S 2p1/2 PSS- 169.15 4.54       

C3 PEDOT:PSS-EMIM:TFSI-EG 
S 2p3/2 

PEDOT 
163.92 49.7 23.27 76.74 0 

  S 2p1/2 

PEDOT 
165.14 27.04       

  S 2p3/2 PSS- 167.81 10.27       

  S 2p1/2 PSS- 169.01 5.59       

  S 2p3/2 PSSH 168.7 4.94       

  S 2p1/2 PSSH 169.9 2.47       

C4 SWNT-PEDOT:PSS-

EMIM:TFSI-EG 

S 2p3/2 

PEDOT 
163.92 52.27 19.29 80.71 0 

  S 2p1/2 

PEDOT 
165.14 28.44       

  S 2p3/2 PPS- 167.8 6.91       

  S 2p1/2 PSS- 169 3.76       

  S 2p3/2 PSSH 168.56 5.75       

  S 2p1/2 PSSH 169.76 2.87       

S1 pristine PEDOT:PSS-GuI S 2p3/2 PSSH 168.5 10.9 31.83 64.68 3.49 

  S 2p1/2 PSSH 169.66 6.54       

  S 2p3/2 

PEDOT 
163.82 41.89       

  S 2p1/2 

PEDOT 
165.05 22.79       

  S 2P3/2 SH2 162.59 2.26       

  S 2p1/2 SH2 163.79 1.23       

  S 2p3/2 PSS- 168.1 9.32       

  S 2p1/2 PSS- 169.3 5.07       

S2 SWNT-PEDOT:PSS-GuI S 2p3/2 PSSH 168.35 9.62 26.4 72.79 0.8 
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  S 2p1/2 PSSH 169.51 5.77       

  S 2p3/2 

PEDOT 
163.9 47.14       

  S 2p1/2 

PEDOT 
165.13 25.65       

  S 2P3/2 SH2 162.86 0.52       

  S 2p1/2 SH2 164.06 0.28       

  S 2p3/2 PSS- 167.95 7.13       

  S 2p1/2 PSS- 169.15 3.88       

S3 PEDOT:PSS-EMIM:TFSI-GuI S 2p3/2 PSSH 168.59 9.34 33.86 61.49 4.66 

  S 2p1/2 PSSH 169.75 5.6       

  S 2p3/2 

PEDOT 
163.89 39.82       

  S 2p1/2 

PEDOT 
165.09 21.67       

  S 2p3/2 SH2  162.59 3.02       

  S 2p1/2 SH2  163.79 1.64       

  S 2p3/2 PSS- 168.19 12.25       

  S 2P1/2 PSS- 169.39 6.67       

S4 SWNT-PEDOT:PSS-

EMIM:TFSI-GuI 
S 2p3/2 PSSH 168.54 10.29 23.82 66.61 9.57 

  S 2p1/2 PSSH 169.7 6.17       

  S 2p3/2 

PEDOT 
163.72 43.14       

  S 2p1/2 

PEDOT 
164.95 23.47       

  S 2p3/2 SH2 162.66 6.2       

  S 2p1/2 SH2 163.86 3.37       

  S 2p3/2 PSS- 168.14 4.77       
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  S 2p1/2 PSS 169.34 2.59       

 

 

Regarding PEDOT:PSS films some of the evidence used to detect the 

desulphonation is carried out via XPS by analysing a decreased O 1s peak intensity in 

aging PSS due to thermal or optically induced degradation.196 Although Oxygen 1s 

analysis is useful it doesn’t give a complete narrative of the sulphur removal. This is 

because the products of desulphonation are SO3 and H2SO4/HSO4 with BE around 167-

169 eV196,581 it’s difficult to determine desulphonation through analysis of the change 

in the S 2p spectrum to identify this because the products have BEs in the same region 

as PSS 167-171 eV.582583 In contrast the SH2 is in 2- oxidation state observed in this 

study is in a much lower BE (162.5 eV) than PEDOT or PSS thereby giving a more 

direct evidence.306 Observing the reduced product of desulphurization gives more 

tangible evidence and it would be interesting to see if the desulphurization process can 

studied further in PEDOT:PSS thermoelectric research to induce a more significant 

selective PSS removal. By removing the sulfonate and sulfonic acid groups from PSS, 

the coulombic interaction between PSS-and PEDOT+ is reduced therefore only a 

suitable solvent to selectively wash off PSS from the film or solution would be 

required.112,323 Figure 7.6.3.2 depicts the proposed mechanism for desulphurization 

catalysed by the guanidinium and Equation 6 below the subsequent reduction of the 

sulphone to sulphide by Guanidine.  

 

 
Figure 7.6.3.2 depicting a desulphonation route using guanidinium ion as the catalyst. 
The ∆ symbol depicts heat at 160 °C in ethylene glycol. R denotes the rest of the 
polymer. 
 
 

R R R 
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SO3 + 8H → H2S + 3H2O 

 

 

 

(6) 

 

 

As was evidenced in Figure 7.6.2.2 the N 1s peak had a BE at 398 eV labelled 

“sign of deprotonation”. This gives further evidence the dissociated guanidinium ions 

underwent redox reactions.486 In the desulphonation mechanism (Figure 7.6.3.2) the 

electron rich 𝜋𝜋 electrons of benzenesulfonic acid attacks the electron deficient H from 

the N+ in a nucleophilic elimination reaction whereby SO3 is the elimination product 

and H+ added onto the benzene ring to replace it.584,585 The now basic guanidine and 

guanidinium (source of H+) is involved in a further reaction whereby it guanidine 

reduces the S03 group into SH2 (refer to Equation 6) . The SH2 then is detected by the 

S 2p in films it remained adsorbed on the film surface. 

 Conclusions  

A SWNT-PEDOT:PSS-EMIM:TFSI composite was synthesized with 

significantly improved performance relative to the pristine PEDOT:PSS film. The film 

with the highest PF of 236 µW m-1 K-2 at 140 °C,  was the SWNT-PEDOT:PSS-

EMIM:TFSI-GuI. The molecular improvements that led to the extremely high 

electrical conductivity of 3665 S cm-1 and almost doubled Seebeck coefficient of 22 

µV K-1 was elucidated. XPS studies showed that films treated post treated with 

ethylene glycol or the guanidinium iodide solution (GuI) caused significant phase 

separation between PEDOT and PSS and thereby resulted in selective removal of PSS. 

XPS analysis on S 2p peaks gave evidence of desulphonation of PSS by the presence 

of the SH2 peak at BE (162.5 eV). It is thought that the desulphonation of PSS may 

have reduced the coulombic attraction between PSS- and PEDOT+ even further than 

the ethylene glycol treatment due to removal the anionic component in PSS-.  



210 | P a g e  
 

The UV-Vis-NIR studies and XPS spectra revealed some of the explanation of 

the improved Seebeck coefficient was due to a redox reaction between I- and thiophene 

backbone which led to a reduction of charge carriers in which it is known to improve 

the Seebeck coefficient in PEDOT:PSS.  Still, the simultaneous improvement in both 

Seebeck coefficient and electrical conductivity in GuI treated films is thought to be 

because of guanidinium ions that have adsorbed on the film surface as evidenced by 

N 1s peaks in which they may have cation-𝜋𝜋 interactions whereby its presence 

increases bulk carrier concentration even though some of the thiophene carriers 

(bipolaron) were reduced to some (polarons). 

Further research into seeing the effects of increasing or reducing the concentration of 

GuI solution used to treat the films, and or the temperature the films were treated at 

would potentially allow for the PF to be further optimised. Other studies that would be 

important is finding out how improving the bulk carrier concentration while reducing 

the thiophene carrier concentration would affect the optimised PF and further using 

different variations of guanidinium halides and or other derivatives would potentially 

allow for new strategies at improving the PF.  
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Chapter 8 Outlook and conclusion 

Thermal conductivity measurements were not conducted in this research project. This 

is a limitation because a full thermoelectric characterization was not obtained. The 

decision to focus on using the power factor to determine the extent of improvements 

to the thermoelectric properties of the films was due to difficulties measuring the 

thermal conductivity on thin films less than 70 nm thick.586 It is possible to estimate 

ZT by using the thermal conductivity values from literature for similar materials 

however this will invariably lead to inaccuracies. This is because the treatment 

conditions used in the experimental chapters in this project are unique enough that the 

materials properties would deviate from reported literature values. The extent of 

deviation between real and estimated thermal conductivity may be great especially 

when considering the most electrically conductive film (S4 SWNT-EMIM:TFSI-

PEDOT:PSS) which had an electrical conductivity of 3665 S cm-1. Even if the lattice 

contribution to the thermal conductivity does not increase substantially the electronic 

contribution will invariably increase thereby making it difficult to accurately estimate 

it from reported literature values pertaining to similar materials.587 Therefore, future 

studies exploring and developing methods to measure thermal conductivity of thin 

films reliably and accurately is required.588 In terms of the measurements of the 

Seebeck coefficient, future studies will be conducted with temperature difference of 5 

°C between each of the three measurement temperatures instead for three temperatures 

instead of 10 °C as indicated in chapter 3.3.5. 

It is important to explore why the Seebeck coefficient within any study in this project 

remained less than 50 µV K-1 at temperatures below 150 °C. The significance of 150 

°C is due to thermal cycling stability considerations for maintained performance for 

low temperature potential application such as integration into solar or geothermal 

systems.589 In literature, values higher than 100 µV K-1 for NaBH4, tetrakis 

dimethylamino ethylene, and hydrazine treated PEDOT:PSS films can be observed.468 

There is however a trade-off that usually follows whereby the electrical conductivity 

reduces to significantly lower values leading to low power factors. In a study by 
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Massonnet et al, a film treated with NaBH4 improved the Seebeck coefficient from 18 

µV K-1 to 104 µV K-1. 468 The electrical conductivity however reduced to 0.2 S cm-1. 

A similar loss in conductivity was observed for the films treated with hydrazine and 

Tetrakis dimethylamino ethylene and hydrazine.468 The concentration for the NaBH4 

was high at 10% wt in aqueous solution. This is a high concentration and since then 

studies exploring optimisation studies by finding ideal concentrations have been 

published to reach a trade-off that improves the power factor.128,363,590 In the study 

outlined in chapter 5, a 1% NaBH4 solution was used to find the effects of the reducing 

agent on a PEDOT:PSS-ionic liquid composite instead of for optimising the trade-off 

between Seebeck coefficient and electrical conductivity. Further studies to discover 

the optimal concentration of NaBH4 treatment on PEDOT:PSS-ionic liquid composites 

would be desirable. During the preliminary experiments, results showed that higher 

concentrations of NaBH4 solution led to higher Seebeck coefficients above 70 µV K-1 

however the films had significantly reduced electrical conductivities and in some 

cases, it was not possible to reliably measure the films on the ULVAC-ZEM-3 due to 

the high resistance. The ULVAC-ZEM-3 has a measurement limit of 100 kΩ. 

In this study there are four chapters whereby different treatments and conditions were 

explored yielding different improvements to the thermoelectric properties to 

PEDOT:PSS and its composites. There are key successes as outline in chapter 6 and 

7. The results outlined in chapter 6 provided a fast and novel route to an n type 

SWNT/PEDOT:PSS composite. Heat and a reducing agent (tetra butyl ammonium 

hydroxide) were used to aid reduction of the films. The presence of SWNTs in the 

films facilitated as the electron acceptor into the composite. It would be interesting to 

observe how the temperature the films are treated at would affect the n type 

characteristics as well as determine the minimum temperature that allows for n type 

characteristics to evolve while also varying the treatment time to see how that would 

also affect n type characteristics. This would allow for optimization of the treatment 

process as well as give insight on the extent of treatment time/temperature affects the 

size and charge of the Seebeck coefficient. It would of course be interesting to try to 

repeat the experiment utilizing different types of carbon nanotubes and even try the 

Tetrabutyle ammonium hydroxide treatment on separated/purified carbon nanotubes 

such as semiconducting carbon nanotubes as their composites with PEDOT:PSS have 
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sometimes resulted in higher Seebeck coefficients than the mixed or metallic carbon 

nanotubes.591 For these films to gain an n type characteristic while also being high 

would be interesting. Another important future study would be to find a way to 

improve the electrical conductivity of the n type films. 

In chapter 7 several novel PEDOT:PSS composites were developed and further treated 

with a guanidinium iodide solution at a set temperature. The success of the study 

showed potential routes to simultaneously improve the Seebeck coefficient and 

electrical conductivity of PEDOT:PSS and its composites. Future studies looking into 

derivatives of guanidinium iodide such as guanidinium chloride would be important 

to understand the relationship the anion has on the effects on the thermoelectric 

properties of the films in chapter 7. Further studies looking at how different treatment 

temperatures and concentrations of guanidinium iodide will be useful in understanding 

the kinetics of the reduction. For example, a question that has not been fully explored 

is whether the simultaneous improvement to the Seebeck coefficient and electrical 

conductivity is primarily due to the weak reducing activity of guanidinium iodide or 

because of improved carrier properties of the film. If a study shows that certain 

derivatives of guanidinium iodide induce a simultaneous improvement on the 

electrical conductivity and Seebeck coefficient then more generalized statements can 

be made pertaining to the proposed materials class. It’s therefore also important to 

measure carrier concentration and carrier mobility and employ the same experiment at 

elevated concentrations and temperature to study the effects. It is useful to conduct a 

study looking into the stability of these films across a timeline of several months to 

understand the relevance of the materials in real world application. This would involve 

measuring how and if the thermoelectric properties degrade across time as well as 

effects of the environmental conditions may affect the physical properties of the films 

such as mechanical deformations. 

To address the viability of the materials developed in this research endeavor, 

fabricating functional thermoelectric devices is required. It is possible to use the n type 

materials developed in chapter 6 with the high performing p type materials developed 

in chapter 7 to fabricate thermoelectric devices and analyze their performance. Key 
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issues to be explored pertain to the size and geometry of the materials. The thin films 

deposited on non-conductivity glass substrates have their thermoelectric properties 

measured as 2.2 cm length by 1.1 cm width. The in plane thermoelectric properties are 

determined for several reasons. The first is due to difficulty in measuring the out plane 

electrical conductivity of the films due to the thickness being extremely small below 

100 nm. The second is because thermometric devices require a temperature difference 

to be maintained to power electricity generation. It is clear to see that films with 

thicknesses below 100 nm will make it difficult for a temperature difference to be 

maintained. Therefore, the in plane thermoelectric properties are usually considered 

for organic and hybrid thermoelectric devices.592 For the materials in this study some 

experiments that may allow for testing thermoelectric devices could be realized as 

follows. A nonconductive glass or polyethylene terephthalate (PET) material can be 

used as the base of the thermoelectric device. The 2.2 by 1.1 cm testing pieces as shown 

in Figure 3.5.5.1 can be fixed at the base of a glass or PET material. The testing pieces 

can be aligned as alternative p and n types and connected electrically in series and 

thermally in parallel. Experiments showing different numbers of these pieces (legs) 

can then be conducted to see how many are required to generate a particular power 

output. Moreover, methods looking at ways to eject heat with optimised device designs 

would help make device architecture more relevant to organic and hybrid 

thermoelectric systems.   
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