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Abstract 
 
 
 
 
One of the objectives established by the UN for Sustainable Development 2030 is aligned 

with obtaining energy that is more affordable and less polluting. Due to the increase in 

energy demand to power our society, renewable energy sources have been prioritized to 

reduce carbon footprint. However, this increase in energy demand should be combined 

with an improved energy efficiency due to the fact that 95% of the energy produced is 

wasted. Much of the energy is lost as heat; therefore, thermoelectric generators can help to 

harvest some of the wasted energy since they can generate an electrical potential from a 

thermal gradient. The efficiency of thermoelectric materials is given by the Figure of Merit, 

ZT, which depends on the Seebeck coefficient, electrical conductivity, thermal 

conductivity, and temperature. Currently, inorganic thermoelectric materials are the most 

efficient. However, the vast majority of the precursors used to obtain them are scarce and 

polluting, which goes against Sustainable Development 2030. As an alternative, organic 

materials, such as conductive polymers, offer advantages such as abundance, low cost, 

flexibility, and low thermal conductivity. However, the thermoelectric efficiency of these 

materials is very low compared to their inorganic counterparts. Looking at this scenario, 

this thesis focuses on developing and characterizing hybrid organic/inorganic 

thermoelectric materials as a strategy to improve the thermoelectric efficiency of 

conductive polymers. Hybrid layered materials based on PEDOT with carbon nanotubes 

(CNT) or SnS:Ag have been produced by Layer-by-Layer deposition and 

electrodeposition, respectively. Thermoelectric fabrics coated with conductive polymers 

(PEDOT, polypyrrole, and polyaniline) have also been prepared by electrodeposition. 

Finally, a method has been developed to obtain thermoelectric films based on mixtures of 

polythiophene with polymeric matrices of PMMA and polyurethane. Furthermore, this 

thesis shows the development of two textile-based thermoelectric generators and the 

development of a hybrid thermoelectric generator that combines the properties of a 

thermoelectric material with a plasmonic material. 

 
  



 
  



Resumen 
  
 
 
 
Uno de los objetivos establecidos por la ONU para el Desarrollo Sostenible 2030 está 

alineado con la obtención de energía más asequible y menos contaminante. Debido al 

aumento de la demanda de energía para alimentar a nuestra sociedad, se han priorizado las 

fuentes de energía renovable para reducir la huella de carbono. Sin embargo, este aumento 

de la demanda energética debe combinarse con una mejora de la eficiencia energética 

debido a que el 95% de la energía producida se desperdicia. Gran parte de la energía se 

pierde en forma de calor; por lo tanto, los generadores termoeléctricos pueden ayudar a 

aprovechar parte de la energía desperdiciada, ya que pueden generar un potencial eléctrico 

a partir de un gradiente térmico. La eficiencia de los materiales termoeléctricos viene dada 

por la Figura de Mérito, ZT, que depende del coeficiente de Seebeck, la conductividad 

eléctrica, la conductividad térmica y la temperatura. Actualmente, los materiales 

termoeléctricos inorgánicos son los más eficientes. Sin embargo, la gran mayoría de los 

precursores que se utilizan para obtenerlos son escasos y contaminantes, lo que va en contra 

del Desarrollo Sostenible 2030. Como alternativa, los materiales orgánicos, como los 

polímeros conductores, ofrecen ventajas como abundancia, bajo coste, flexibilidad y baja 

conductividad térmica. Sin embargo, la eficiencia termoeléctrica de estos materiales es 

muy baja en comparación con sus equivalentes inorgánicos. Por todo ello, esta tesis se 

enfoca en desarrollar y caracterizar materiales termoeléctricos híbridos 

orgánicos/inorgánicos como una estrategia para mejorar la eficiencia termoeléctrica de los 

polímeros conductores. Se han producido materiales laminados híbridos basados en 

PEDOT con nanotubos de carbono (CNT) o SnS:Ag mediante deposición capa a capa y 

electrodeposición, respectivamente. También se han preparado por electrodeposición 

tejidos termoeléctricos recubiertos con polímeros conductores (PEDOT, polipirrol y 

polianilina). Finalmente, se ha desarrollado un método para la obtención de películas 

termoeléctricas basadas en mezclas de politiofeno con matrices poliméricas de PMMA y 

poliuretano. Además, esta tesis muestra el desarrollo de dos generadores termoeléctricos 

de base textil y el desarrollo de un generador termoeléctrico híbrido que combina las 

propiedades de un material termoeléctrico con un material plasmónico.  



 
  



Resum 
  
 
 
 
Un dels objectius establits per l'ONU per al Desenvolupament Sostenible 2030 està alineat 

amb l'obtenció d'energia més assequible i menys contaminant. A causa de l'augment de la 

demanda d'energia per a alimentar a la nostra societat, s'han prioritzat les fonts d'energia 

renovable per a reduir la petjada de carboni. Ara bé, aquest augment de la demanda 

energètica ha de combinar-se amb una millora de l'eficiència energètica pel fet que el 95% 

de l'energia produïda es malgasta. Gran part de l'energia es perd en forma de calor; per tant, 

els generadors termoelèctrics poden ajudar a aprofitar part de l'energia malgastada, ja que 

poden generar un potencial elèctric a partir d'un gradient tèrmic. L'eficiència dels materials 

termoelèctrics ve donada per la Figura de Mèrit, ZT, que depén del coeficient de Seebeck, 

la conductivitat elèctrica, la conductivitat tèrmica i la temperatura. Actualment, els 

materials termoelèctrics inorgànics són els més eficients. No obstant això, la gran majoria 

dels precursors que s'utilitzen per a obtindre'ls són escassos i contaminants, la qual cosa va 

en contra del Desenvolupament Sostenible 2030. Com a alternativa, els materials orgànics, 

com els polímers conductors, ofereixen avantatges com a abundància, sota cost, flexibilitat 

i baixa conductivitat tèrmica. En canvi, l'eficiència termoelèctrica d'aquests materials és 

molt baixa en comparació amb els seus equivalents inorgànics. Per tot això, aquesta tesi 

s'enfoca a desenvolupar i caracteritzar materials termoelèctrics híbrids orgànics/inorgànics 

com una estratègia per a millorar l'eficiència termoelèctrica dels polímers conductors. S'han 

produït materials laminats híbrids basats en PEDOT amb nanotubs de carboni (CNT) o 

SnS:Ag mitjançant deposició capa a capa i electrodeposició, respectivament. També s'han 

preparat per electrodeposició teixits termoelèctrics recoberts amb polímers conductors 

(PEDOT, polipirrol i polianilina). Finalment, s'ha desenvolupat un mètode per a l'obtenció 

de películas termoelèctriques basades en mescles de politiofè amb matrius polimèriques de 

PMMA i poliuretà A més, aquesta tesi mostra el desenvolupament de dos generadors 

termoelèctrics de base tèxtil i el desenvolupament d'un generador termoelèctric híbrid que 

combina les propietats d'un material termoelèctric amb un material plasmònic.  
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Chapter 1. General introduction 

3 

Content 

This chapter briefly introduces the energy problem we are facing and how we can provide 

a solution through the use of thermoelectric materials. In addition, the present chapter 

provides a complete description of the state-of-the-art of conductive polymers as 

thermoelectric materials. 

1.1 Motivation 

One of the objectives of the United Nations (UN) for Sustainable Development 2030 is to 

obtain energy that is affordable and non-polluting. For this reason, improvements in energy 

efficiency and green energy sources are strongly recommended as optimal solutions to 

reduce carbon dioxide emissions and thus reduce the carbon footprint of our society.1 

Carbon emissions have quadrupled since 1950 and currently contribute around 80% of 

greenhouse gas emissions. As a result of this change, the global climate is facing changes 

in global rain trends and a reduction in the polar ice caps.2 With the impact of global climate 

changes becoming more severe, governments are trying to reduce carbon emission levels 

and achieve sustainable development in their countries by using renewable energy sources. 

They harness natural resources such as sunlight, rain, geothermal heat, and waves to 

produce clean energy without greenhouse gas emissions.3,4 The electricity generation 

results (Figure 1.1a) indicate that the trend is becoming more sustainable as the 

commitment to renewable energies increases yearly. However, the most consumed primary 

energy sources worldwide continue to be oil and its derivatives (83.15%), and only 5.7% 

of the global energy consumed comes from renewable energy sources.  

In addition, as shown in Figure 1.1b, energy consumption fell in 2020 by around 4.5% 

compared to the previous year due to the crisis caused by Covid-19. However, energy 

consumption is expected to increase in the coming years, according to the International 

Energy Agency (IEA). It is vitally important that this increase in energy demand by society 

goes hand in hand with improving energy efficiency to meet the UN sustainable objectives. 

Only in this way it will be possible to achieve Net Zero Emissions by the 2050 Scenario 

over 2020-2030.5 
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Figure 1.1 (a) Shares of global primary energy per year. (b) World primary energy consumption 
per year. Images reproduced from BP Statistical Review of World Energy, London 
2021. Copyright BP p.l.c., 2022. 

 

Energy efficiency must be improved because, as shown graphically in Figure 1.2, 62% 

of the fuel used to generate energy is lost as heat. Moreover, energy is lost as heat in power 

plants during energy conversion processes, and only 5% of the energy is used in homes. 

Therefore, finding ways to recover all this wasted energy is imperative. Some of this lost 

energy can be retrieved by harvesting energy and turning it into electrical power. The three 

main phenomena that can recover energy are: piezoelectricity, which can convert 

mechanical stretching into electrical current, 6,7 triboelectricity, which can produce 

electrical power through frictional contact between different materials, and 8,9  

thermoelectricity, which can recover electrical energy from heat losses. In recent years, 

this latter phenomenon has become the most promising way to improve energy efficiency 

since it is a property in semiconductors that can convert a temperature gradient into an 

electrical current and vice versa.10,11 

 



Chapter 1. General introduction 

5 

 

Figure 1.2 Scheme of the energy losses. The image is reproduced from Northeast Clean Heat 
and Power Initiative. Copyright NECHPI, 2018. 

1.2 Thermoelectricity 

Thermoelectricity is the ability of certain conductive or semiconductor materials to produce 

an electrical potential from a thermal gradient or vice versa. In general, any phenomenon 

that involves an exchange of heat and electric potential can be considered a thermoelectric 

effect. There are three reversible thermoelectric effects: Seebeck, Peltier, and Thomson 

effects. Furthermore, the performance of a thermoelectric device always remains below the 

Carnot efficiency due to the presence of irreversible processes such as Joule heating and 

thermal conduction.12 

1.2.1 Thermoelectric effects 

The Seebeck effect was discovered by the physicist Thomas Johann Seebeck in 1820 

during his experimental investigations on the relationship between electricity and heat.13  
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Figure 1.3 (a) Seebeck effect in a circuit of two dissimilar materials. (b) Temperature gradient 
effect on the charge carrier diffusion for p- and n-type semiconductors. 

 

He corroborated this phenomenon utilizing a circuit formed by two different 

conductors, which were connected electrically in series but thermally in parallel, as shown 

in Figure 1.3(a). If a temperature T1 is applied to the joint between these two materials and 

a temperature T2 is applied to the other joint, being T1<T2, a thermal gradient is generated 

that causes an electromotive force, ΔV, which is given following equation:12  

 ∆𝑉 = −𝑆 ∆𝑇 (1.1) 

 

This electromotive force is proportional to the thermal gradient, and the proportionality 

coefficient is known as the Seebeck coefficient or thermopower. When a temperature 

gradient is established, the charge carriers available for conductive the material begin to 

diffuse from the higher energy (hot) region to the cooler area of the conductor, as shown 

in  Figure 1.3(b). This process continues until equilibrium is reached, characterized by a 

stable Seebeck voltage. At the junction between two dissimilar materials, the charge 

carriers of the conductor with higher electron density will tend to diffuse over the region 

of the lower density of the other conductor. If most of the charge carriers are holes, the 

Seebeck coefficient will be positive, and it will be a p-type material. In contrast, if the 

charge carriers are electrons, the Seebeck coefficient will be negative, and the material will 

be n-type. Therefore, the voltage difference obtained depends on the nature of the material 

(p- or n-type) and the thermal gradient. 

The Peltier effect was discovered in 1834 by Jean Peltier. He explained this effect with 

the same experimental set-up as the Seebeck effect. However, a thermal gradient was not 

established between the junctions of the materials, and instead, a current was passed 

through the thermoelectric junction. As this current passed, a thermal gradient was 

spontaneously generated at the intersections of the dissimilar materials (Figure 1.4).14 
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Figure 1.4 Peltier effect in a circuit of two dissimilar materials. 
 

At a constant temperature, the Peltier coefficient of a material is given by: 

 𝜋 =
𝑞

𝐼
 (1.2) 

 

where I is the electrical current and π is the Peltier coefficient, and 𝑞 is the rate of 

heating. The Peltier coefficient sign is analogous to the Seebeck coefficient and therefore 

depends on the nature of the material. If it is a p-type material, the coefficient will be 

positive; if it is an n-type material, the coefficient will be negative. The Peltier effect can 

be interpreted in the following way: when an electric field interacts with n-type material, 

the electrons migrate towards the positive side, releasing the energy in the form of heat. In 

contrast, when the material interacting with the electric field is p-type, the holes move to 

the negative side in opposition to the current flow. In addition, reversing the polarity of the 

electrical current will also change the direction of heat transfer. 

The last of the three thermoelectric effects was discovered by Thomson in 1851. 

Essentially, the Thompson effect relates the heat generated or absorbed due to the passage 

of current along a portion of conductive material where there is a temperature difference, 

as shown in Equation (1.3): 

 𝑞 = 𝛽 𝐼 Δ𝑇 (1.3) 

where β is the Thomson coefficient. Like the Seebeck or Peltier coefficients, the 

Thomson coefficient can be positive or negative depending on the nature of the conductive 

material. The Thomson effect can be neglected in thermoelectric devices, but must be taken 

into account when a detailed calculation is required.12,15 

Two irreversible processes tend to reduce the performance of a thermoelectric 

material. These are Joule heating and heat conduction effects. These processes prevent 

reaching the thermodynamic equilibrium of a device, known as Carnot efficiency.12 

Hot junction Cold junction

I
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Joule heating inevitably takes place due to the presence of current density. Therefore, 

this process is not desirable in the case of thermoelectric materials since it causes heat 

dissipation, giving rise to the so-called ohmic loss. 

On the other hand, a conductor subjected to a temperature gradient always shows an 

increase in the temperature at the cold end as a result of heat conduction, which is expressed 

by: 

 
𝑞 = −𝐴 𝜅 

𝑑𝑇

𝑑𝑥
 (1.4) 

where A is the cross-section area of the conductor and 𝜅 is the thermal conductivity of 

the material. The loss of thermoelectric efficiency due to heat conduction is directly 

proportional to the thermal conductivity. Therefore, materials with low thermal 

conductivity are required for efficient energy conversion. 

1.2.2 Thermoelectric efficiency 

A thermoelectric generator consists of a p-type and n-type semiconductor connected 

electrically in series and thermally in parallel (Figure 1.5). A thermoelectric generator is a 

device that converts heat to electricity or vice versa and which obeys the laws of 

thermodynamics. 

 

Figure 1.5 (a) Thermoelectric generator. (b) Thermoelectric refrigerator. 
 

Considering an ideal thermoelectric generator with no losses or heat conduction in a 

first approximation, the efficiency of the generator will be the ratio between the electrical 

power delivered to the load to the heat absorbed at the hot junction as expressed by the 

following: 

 
𝜙 =

energy supplied to the load

heat energy absorbed at hot junction
 (1.5) 
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If we assume that the electrical conductivity, thermal conductivity, and Seebeck 

coefficient are constant throughout the module and that the contact resistances at the hot 

and cold junctions are negligible compared to the sum of the module resistance, the 

generator efficiency, ,  can be expressed by: 

 
𝜙 =

𝐼ଶ𝑅

𝑆 𝐼 𝑇H + 𝜆ᇱ(𝑇H − 𝑇C) −
1
2

𝐼ଶ𝑅
 (1.6) 

where  𝜆ᇱ is the thermal conductance of both materials connected in parallel, and R is 

the resistance of the module. However, in real thermoelectric materials, the electrical 

conductivity (σ), the thermal conductivity (κ), and the Seebeck coefficient (S) depend on 

temperature. In addition, heat losses must be considered. Therefore, the maximum 

thermoelectric efficiency can be expressed in terms of the Carnot efficiency as: 

 𝜙max = 𝜂C 𝛾 (1.7) 

where 𝜂C is the Carnot efficiency: 

 
𝜂C =

𝑇H − 𝑇C

𝑇H
 (1.8) 

 

and 𝛾, which takes into account the mentioned parameters of the materials: 

 
𝛾 =

ඥ1 + 𝑍𝑇௩ − 1

ඥ1 + 𝑍𝑇௩ +
𝑇C

𝑇H

 (1.9) 

being 𝑇௩ 

 
𝑇௩ =

𝑇H + 𝑇C

2
 (1.10) 

and Z the figure of merit: 

 
𝑍 =

𝑆ଶ𝜎

𝜅
 (1.11) 

Therefore, the thermoelectric efficiency can be expressed as a function of the figure of 

merit and temperature. Furthermore, we must take into account that thermal conductivity 

has an electronic contribution (𝜅) which is predominant in metals and a phononic 

contribution (𝜅) which is important in semiconductors. Therefore, the dimensionless 

figure of merit would be as follows: 

 
𝑍𝑇 =

𝑆ଶ𝜎

𝜅 + 𝜅
𝑇 (1.12) 

On the other hand, if we want to compare materials whose electronic and phonon 

contributions to thermal conductivity are similar, it is typically used the power factor (PF): 
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 𝑃𝐹 = 𝑆ଶ𝜎 (1.13) 

 

Equation (1.7) shows that the maximum efficiency of a thermoelectric generator 

depends on the Carnot efficiency and the figure of merit. In Figure 1.6, which represents 

the conversion efficiency as a function of the working temperature and the figure of merit, 

it can be seen that the higher the temperature, the higher the degree of conversion due to 

the Carnot efficiency is directly proportional to the thermal gradient. Therefore, a high 

thermal gradient is desirable to obtain good energy conversion yields. However, this is not 

always possible since there are cases in which reaching these temperature differences is 

difficult either by the application being worked on or by the material used.  

 

Figure 1.6 Thermoelectric efficiency as a function of temperature and thermocouple material 
figure of merit. Cold junction at 300 K. 

 

For example, inorganic materials can withstand high temperatures, but a high thermal 

gradient would only be possible in applications with extreme conditions. On the other hand, 

organic materials do not withstand high temperatures as they begin to decompose. In 

conclusion, thermoelectric efficiency is the parameter to be optimized in thermoelectric 

materials. Therefore, attention should focus on maximizing the figure of merit. 
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1.2.3 Thermoelectric materials 

According to the definition of the Figure of Merit, an excellent thermoelectric material will 

have a high Seebeck coefficient, a high electrical conductivity, and a low thermal 

conductivity.16,17 These three parameters are a function of the concentration of free charge 

carriers. For example, Figure 1.7 shows how the electrical conductivity increases with the 

concentration of charge carriers while the Seebeck coefficient decreases. Furthermore, the 

electronic contribution to the thermal conductivity increases with the charge carrier 

concentration, while the phononic contribution is unaffected. Therefore, the efficiency of 

thermoelectric materials is conditioned by the concentration of charge carriers. 

 

Figure 1.7 Seebeck coefficient, electrical conductivity, thermal conductivity, and Figure of 
Merit as a function of free carrier concentration. Image reproduced from Linseis. 
Copyright Linseis GmbH, 2022. 

 

Insulating materials have a low concentration of charge carriers, and therefore, the 

Seebeck coefficient is very high. Furthermore, the electrical and thermal conductivity are 

very low with a low concentration of charge carriers. Therefore, these materials are 

unsuitable for thermoelectric applications due to their low electrical conductivity. On the 

other hand, metals have high electrical conductivity, but their Seebeck coefficients are too 
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low to be considered suitable thermoelectric materials. Finally, semiconductors are the 

most appropriate materials to meet high ZT value requirements. However, the 

semiconductors should be doped to adjust the concentration of charge carriers that can give 

an optimum ZT value. 

The Figure of Merit of a thermoelectric material depends on the temperature. However, 

not all materials have the same dependence of ZT on temperature, and for this reason, 

thermoelectric materials can be divided into three groups according to the operating 

temperature range, as shown in Figure 1.8. 

 

Figure 1.8 Performance of (a) p-type and (b) n-type thermoelectric materials as a function of 
temperature. Reprinted with permission from Rull-Bravo et al.18 Copyright 2015, 
The Royal Society of Chemistry. 

 

The first group consists of alloys based on bismuth combined with antimony, 

tellurium, and selenium, which have a maximum ZT in the temperature range between 

room temperature and 450 K. The second group comprises materials based on lead 

telluride, which have maximum thermoelectric efficiency at temperatures  up to 850 K. 

Lastly, materials based on silicon-germanium alloys reach their maximum ZT value at high 

temperatures, close to 1300 K.12 

Although the materials presented above continue to be the most widely used for 

commercial applications, significant advances have been made in synthesizing new 

materials and structures with improved thermoelectric performance. It has sought to 

improve the Figure of Merit by reducing the lattice thermal conductivity. One way to 

achieve this goal is through so-called phonon-glass electron-crystal strategy, whereby the 

material should conduct heat as glass but electricity as a crystal. The result of this research 

are materials such as skutterudites and clathrates.19–22 
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Another strategy to improve thermoelectric efficiency by reducing lattice thermal 

conductivity is based on the use of materials with low-dimensional structures. Hicks and 

Dresselhaus, in 1993, demonstrated the potential use of quantum wells to improve the 

Figure of Merit.23 As a result of this work, materials such as Bi2Te3/Sb2Te3, PbSeTe, or 

SiGe achieved ZT values around 2.24–26 

However, these inorganic materials have several drawbacks, such as the high 

production cost, toxicity of some of the elements used, and the scarcity of raw 

materials.27,28  All of these drawbacks make inorganic thermoelectric materials not suitable 

from the point of view of sustainable energy development. For this reason, many studies 

have focused on the search for efficient thermoelectric materials that are friendly to the 

environment.28 One of the potential candidates for room temperature applications are 

organic semiconductors, particularly conductive polymers, due to their abundance, low 

cost, flexibility, and easy modification. 

1.3 Conductive polymers 

Conductive polymers are a particular class of polymers that have the ability to carry electric 

charges along their π-conjugated chain. In general, polymers are chemical compounds 

based on carbon, in which all the available electrons are strongly linked by σ bonds, which 

gives them insulating properties. However, conductive polymers present σ bonds, where 

the electrons are strongly bonded, and a conjugated π bond, where the electrons are 

delocalized along the polymer chains.29 Higher π-electronic delocalization allows higher 

electron mobility along the polymer backbone, which is achieved when the conjugated 

chain has a large number of repeating units. However, the chains of conductive polymers 

tend to interact with each other creating spaghetti-like structures making it practically 

impossible to achieve long-range order. In fact, conductive polymers are generally shorter 

than insulating polymers and are often amorphous. Furthermore, its solubility is very low 

unless specific side-chain groups are introduced. However, in the last decade conductive 

polymers have attracted the attention of researchers as thermoelectric materials for energy 

harvesting using low-grade heat (below 100 ºC). Figure 1.9(a) shows the evolution of the 

number of publications and citations of conductive polymers for thermoelectric 

applications in the last 50 years, according to the Web of Science. The classical conjugated 
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systems, Figure 1.9(b), include polyaniline (PANI), polypyrrole, polythiophene (PTh), 

poly(3,4-ethylenedioxythiophene) (PEDOT), and their derivatives.30–32 

 

Figure 1.9 (a) Publications and cites of conductive polymers for thermoelectric applications 
during the last 50 years. Data from Web of Science. (b) Chemical structure of the 
classical conductive polymers. 

1.3.1 Synthesis of conductive polymers 

In general, p-type conductive polymers are obtained by oxidative polymerization. This type 

of polymerization is carried out by oxidation of the monomer in the presence of an 

oxidizing salt or by electrochemical oxidation of the monomer on a working electrode 

(electropolymerization). In both cases, the polymerization mechanism is similar. As an 

example, Figure 1.10 shows the oxidative polymerization mechanism of EDOT in the 

presence of iron (III) p-toluenesulfonate proposed in a study carried out at Bayer AG.33  

The overall polymerization process can be split into two steps. In the first step occurs 

the oxidative polymerization of EDOT to neutral. During this process, the oxidizing agent 

extracts electrons from the double bonds of the monomer, forming radical cations, which 

quickly dimerize. The oxidizing agent continues to form radical cations, which react with 

each other, progressively increasing the length of the polymer chain. 
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Figure 1.10 Proposed reaction mechanism for the oxidation of EDOT to PEDOT. Reprinted 
with permission.34 Copyright 2011, Taylor and Francis Group, LLC. 

 

In the second stage, the neutral polymeric chain of PEDOT is doped by the excess 

oxidant as it continues to oxidize the polymeric chain forming cationic structures. In the 

first place, after doping, polaronic states are obtained, characterized by the presence of a 

positive charge every 3-4 monomers. Next, these polaronic states are further oxidized to 

the stable and highly conductive polaronic state, characterized by two positive charges 

every 3-4 monomers.35 Finally, the anions associated with the oxidizing salt are 

incorporated into each positive charge within the polymeric structure, acting as 

counterions. 
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1.3.2 Doping of conductive polymers 

The main requirement for a polymer to be conductive is the presence of a π-conjugated 

chain. However, the band gaps of conductive polymers in their neutral state are in the range 

of 1 to 3 eV,36 which are typical values of semiconductor or even insulating materials. 

Therefore, it is necessary to dope the conjugated polymers to acquire metal-like electronic 

properties. Unlike inorganic materials, where doping involves the substitution of an atom, 

doping in conjugated polymers is due to oxidation (p-type doping) or reduction (n-type 

doping) processes. Another difference concerning the doping of inorganic materials is that 

conductive polymers can reach doping levels greater than 50%, exceeding inorganic ones 

by several orders of magnitude.37  

 

Figure 1.11 Schematic doping process of polythiophene by oxidation and reduction. 
 

As we have seen in Figure 1.10, doping can be achieved by oxidation (reduction) by 

removing (adding) an electron from (to) a conjugated polymer in its neutral state, thus 

obtaining a polaron which forces the chemical structure to change from benzoic to quinoid. 
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The polaron is an excitation of a single charge that can be positive or negative, depending 

on whether it is obtained by oxidation or reduction, which extends between three or four 

monomer units depending on the chemical structure of the polymer. Its presence in p-type 

conductive polymers causes a semi-occupied electronic level above the valence band (VB) 

and a new antibonding level below the conduction band (CB). However, in the case of n-

type conductive polymers, the electron level above VB is fully occupied, and the energy 

level below CB is half occupied. Next, an elimination (addition) of an electron on the 

polaronic structure of the conductive polymer leads to obtaining a bipolaron. The bipolaron 

is an excited state with two positive or negative charges and, like the polaron, spans 

between three or four monomer units. In this case, its presence in p-type conductive 

polymers causes the intermediate level that was previously semi-occupied to be empty. For 

the case of n-type conductive polymers, the two electronic levels located between the VB 

and the CB are fully occupied. Figure 1.11 schematizes the doping of a polythiophene 

polymeric chain by oxidation and reduction. Finally, the charges generated during the 

doping process are stabilized by counterions (anions or cations) to maintain the 

electroneutrality of the material. 

The level of doping can be controlled in two main ways. The simplest form is chemical 

doping, in which the polymer is exposed to a solution or vapor of the dopant, producing 

the redox reaction.38 Consequently, the concentration of charge carriers increases and the 

electrical conductivity improves, even reaching values close to metals.39 However, the 

number of doping agents capable of producing the redox reaction is limited. In addition, 

samples doped by this method usually reach high doping levels, because is not easy to 

obtain intermediate doping levels.40 Another way to control the level of doping is 

electrochemical doping. This method consists of applying an electric current between the 

conductive polymer and the electrode while the electrolyte ions diffuse to maintain the 

electroneutrality of the conductive polymer. In the case of n-doping, the polymer is 

reduced, and cations from the electrolyte penetrate the conductive polymer. In contrast, a 

p-doping, the polymer is oxidized, and the anions balance the charge of the conductive 

polymer. This method offers better control over the doping level, which is related to the 

applied potential. 
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1.3.3 Charge transport in conductive polymers 

Most conductive polymers are amorphous, and only polymers with high conductivity have 

a higher degree of crystallinity.41 This high degree of polymer chain disorder implies a 

deep charge localization. Therefore, these systems are characterized by low conductivity 

and charge carrier mobility even at high doping levels (high charge carrier concentrations). 

In general, charge transport in conductive polymers is dominated by three effects that 

determine the electrical conduction: 1) propagation of a charge carrier along the polymer 

chain; 2) transfer between polymer chains through jumps; 3) tunneling between conductive 

segments spaced by amorphous regions. As discussed above, the delocalization of π 

electrons along the polymer chain is insufficient for good charge transport due to charge 

localization by its amorphous structure. Therefore, although the jump transfer integral 

between polymer chains represents a tiny part of charge transport, such interchain coupling 

is essential.42 In this way, the jump of charge carriers from one chain to another is 

promoted, preventing carriers from being trapped by defects in the polymer chain. 

However, using side chains in conjugated polymers to improve their solubility hinders the 

transfer of charge carriers between the different polymer chains by reducing the 

intermolecular overlap of the chains.43 Another critical aspect to consider in charge 

transport in conductive polymers is their molecular weight. A low molecular weight 

polymer has a shorter chain length, allowing it to adopt a crystalline structure more easily 

than high molecular weight polymers. This crystalline structure allows a greater 

delocalization of charge carriers along the polymer chain, which would improve charge 

transport. However, the mobility of the charge carriers is lower because the crystals formed 

are not connected to each other. On the contrary, in high molecular weight polymers, by 

having a longer polymeric chain, they can attach different regions of the material despite 

the possible interruptions of conjugation due to defects in the chain.44 

1.3.4 Improving thermoelectric properties of conductive 
polymers 

Section 1.2 of this chapter mentions that conductive polymers are good candidates for 

thermoelectric applications because the energy sector is looking for environmentally 

friendly materials. In addition, conductive polymers provide other benefits. From an 

environmental point of view, conductive polymers are mainly composed of carbon, which 
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is an abundant, low cost and non-toxic element. Those properties imply that obtaining 

thermoelectric materials based on conductive polymers is much more sustainable than 

traditional inorganic materials. Furthermore, from a chemical point of view, conductive 

polymers can be easily modified to provide additional functionalities, and also, the flexible 

properties are useful for printing large areas.45–47 In addition, conductive polymers often 

have a thermal conductivity (0.1 – 1 W m-1 K-1) below the thermal conductivity of metals 

and inorganic semiconductors.48 All these advantages make conductive polymers the ideal 

candidates for the next generation of thermoelectric materials because it is possible to 

obtain low-cost and large-area flexible devices for low-grade heat energy harvesting. 

However, despite the significant increase in the thermoelectric efficiency of conductive 

polymers in the last decade, the Figure of Merit remains much lower than the ZT of 

inorganic materials. Therefore, it is necessary to find new strategies to improve the 

efficiency of conductive polymers. Three strategies are presented below: 1) optimization 

of the doping level, 2) improvement of the ordering of the polymeric chains, 3) obtaining 

hybrid organic-inorganic materials. 

1.3.4.1 Optimization of the doping level 

As mentioned before, conductive polymers need to be doped to have carriers that conduct 

electricity. The doping with an effective dopant can control the concentration of charge 

carriers (𝑛) and, therefore, the electrical conductivity of conductive polymers. However, 

increasing charge carrier concentration has opposite effects on the Seebeck coefficient 

according to the following equations: 

 𝜎 = 𝑛𝑒𝜇 (1.14) 

 
𝑆 =

8𝜋ଶ𝑘
ଶ

3𝑒ℎଶ
𝑚∗𝑇 ቀ

𝜋

3𝑛
ቁ

ଶ ଷ⁄

 (1.15) 

where 𝑛 is the charge carrier concentration, 𝑒 is the electric charge, 𝜇 is the charge 

carrier mobility, 𝑘 is Boltzmann's constant, ℎ is Planck's constant, and 𝑚∗ is the effective 

carrier mass. 

From equations (1.14) and (1.15), it is deduced that with increasing the dopant 

concentration, 𝑛 increases, leading to enhance electrical transport and decreasing the 

Seebeck coefficient. Considering the expression of the Figure of Merit, Equation (1.12), 

an effective doping of conductive polymers for thermoelectric applications should 

carefully control the concentration of charge carriers to achieve a maximum value of Figure 

of Merit, and also the Power Factor, Equation (1.13),  as shown in Figure 1.7. In order to 
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achieve this goal, it is necessary to select the appropriate dopant, as well as the required 

amount and synthetic parameters such as temperature and time. Sometimes it is even 

needed to use multiple dopants to tune the 𝑛, revealing that effective doping is a complex 

task and, therefore, a myriad of works have focused on this.49–54  

 

Figure 1.12 TE performances of PEDOT films with ClO4, PF6, and BTFMSI as dopants. 
Reproduced with permission.55 Copyright 2014, Royal Society of Chemistry. 

 

For example, Culebras et al.55 prepared PEDOT films by electrodeposition with 

different counterions (ClO4
- , PF6

- , BTFMSI-) to optimize the level of doping by reducing 

those films with hydrazine. Power Factor values were higher than the initial samples 

(Figure 1.12). In addition, they observed that the size of the dopants also affects the 

electrical conductivity. In particular, the PEDOT:BTFMSI film had the highest electrical 

conductivity because, being the largest counterion, it modified the structure of the PEDOT 

polymer chain, as is schematically represented in Figure 1.12. 
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1.3.4.2 Controlling polymeric chain ordering 

This second strategy is based on improving the crystalline arrangement of the conductive 

polymer microstructure and eliminating the insulating phases through post-treatments. In 

this case, a redox reaction does not occur, and, therefore, the concentration of charge 

carriers (𝑛) is not modified. However, the mobility of charge carriers (𝜇) along the polymer 

chain is improved, as is observed in Figure 1.13 (a). One of the most common examples 

is the chemical treatment of PEDOT:PSS films with solvents such as ethylene glycol,56 

DMSO,57 methanol,58 DMF,59 or sulfuric acid.60 These compounds can remove the 

insulating phases of PSS, leading to a higher 𝜇 and 𝜎 (Figure 1.13 (b)). This increase in 

electrical conductivity without modifying the concentration of charge carriers makes it 

possible to preserve the Seebeck coefficient and, therefore, improve the ZT (Figure 1.13 

(c)).  

 

Figure 1.13 (a) Organic field-effect transistor mobility correlates with structural order. 
Reprinted with permission.61 Copyright 2014, Springer-Verlag Berlin 
Heidelberg. (b) Electrical conductivity of PEDOT:PSS films as a function of the 
concentration of H2SO4 solvent. Reprinted with permission.60 Copyright 2013, 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) ZT properties of 
PEDOT:PSS films after ethylene glycol post-treatment. Reprinted with 
permission.56 Copyright 2013, Macmillan Publishers Limited. 
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There are other methods of improving crystal order, such as mechanical stretching of 

conductive polymer films, through which an increase in electrical conductivity is produced 

without damaging the Seebeck coefficient.62 Additionally, it is possible to apply annealing 

post-treatments whereby well-aligned microstructures and highly crystallized domains are 

formed in the conductive polymer film.63 

1.3.4.3 Hybrid materials 

The third strategy to increase the efficiency of conductive polymers consists of the 

combination of conductive polymers with inorganic fillers. In this way, it is expected that 

both materials' synergistic combinations will lead to obtaining an organic-inorganic hybrid 

material with improved thermoelectric properties. In fact, adding new interfaces in the 

conductive polymer matrix tends to block the low-energy charge carriers due to the filtering 

effect, which translates into an increase in the Seebeck coefficient of the conductive 

polymer.64,65 Normally, inorganic materials and highly conductive carbonaceous materials 

have high thermal conductivity, but when combined with conductive polymers, the thermal 

conductivity of the final material is reduced by phonon scattering at the interface.66 

 

Figure 1.14 Schematic diagram of the components used in hybrid thermoelectric materials. 
 

Organic-inorganic hybrid thermoelectric materials have been based on combining 

conductive polymers with inorganic fillers made of carbonaceous materials or inorganic 

semiconductors, as shown in Figure 1.14. Among carbonaceous materials, SWCNT,67 
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MWCNT,68, and graphene,69 among others, have been used in thermoelectricity. These 

materials have high electrical conductivity and are easily dispersible in aqueous media. On 

the other hand, inorganic semiconductors have exceptional thermoelectric properties that 

optimize polymeric composite films. However, these fillers tend to aggregate during the 

solidification process. The most used inorganic semiconductors, among others, are 

tellurium (Te),70 bismuth telluride (Bi2Te3),71 or tin selenide (SnSe).72 

1.4 Objectives and structure of the thesis 

The main objective of this thesis has been to elaborate hybrid thermoelectric materials 

based on conductive polymers to improve their thermoelectric efficiency. This main 

objective is divided into the following sub-objectives: 

1. Synthesis and preparation of hybrid thermoelectric materials based on PEDOT with 

carbon nanotubes and SnS:Ag. 

2. Synthesis and development of thermoelectric fabrics coated with 

MWCNT/conductive polymers to obtain wearable thermoelectric materials. 

3. Manufacture of a thermoelectric generator based on the fabrics obtained. 

4. Optimization of the in-situ polymerization of terthiophene mixtures with different 

polymeric matrices and oxidizing agents. 

5. Elaboration of a hybrid plasmonic/TEG system to harvest thermal energy from 

sunlight. 

Each chapter of this thesis, except for the general introduction (Chapter 1), 

characterization techniques (Chapter 2), and general conclusions (Chapter 6), are organized 

with the same scheme: an introductory part that reviews the fundamental concepts of the 

chapter, followed by the results and discussion of the experiments carried out and, finally, 

the main conclusions of the chapter. 

Chapter 3 focuses on obtaining hybrid layered materials based on PEDOT with carbon 

nanotubes (CNT) or SnS:Ag. The first series of experiments describe the formation and 

thermoelectric characterization of PEDOT/CNT hybrid materials obtained by Layer-by-

Layer (LbL) deposition of PEDOT nanoparticles functionalized with a cationic 

polyelectrolyte (PDADMAC) and various types of nanotubes of carbon (MWCNT, 

DWCNT, SWCNT) functionalized with an anionic surfactant (DOC). The second work 
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focuses on obtaining and characterizing hybrid layered PEDOT/SnS:Ag films obtained by 

electrodeposition. 

Chapter 4 uses electrosynthesis to prepare thermoelectric fabrics coated with 

conductive polymers (PEDOT, PPy, PANI). The first part of this chapter describes the 

strategy utilized to cover felt textiles with conductive polymers by electrosynthesis. The 

second part of the chapter focuses on the conductive polymer that offers the best 

thermoelectric properties of the previous section (PEDOT) to deposit it in different textiles 

(cotton and felt) and build a thermoelectric device with both fabrics. Finally, in the last part 

of the chapter, after selecting the PEDOT-coated textile that offers a higher power output, 

the counterions of the PEDOT polymer chains are modified, and another thermoelectric 

device is made.  

Chapter 5 shows the optimization of the in-situ polymerization of terthiophene (3T) 

within polymeric matrices (PMMA and polyurethane) with different oxidizing agents 

(AgClO4, Cu(ClO4)2). In the first part of this chapter, the 3T polymerization conditions are 

optimized within the PMMA matrix using AgClO4 as an oxidant. With these conditions, in 

the second part of the chapter, the polymeric matrix of PMMA is changed for that of 

polyurethane (PU), and a systematic study of the polythiophene (PT) films obtained with 

both oxidants is made. Finally, in the last part of this chapter, due to the presence of silver 

nanoparticles in the PT/PU/AgClO4 film, the plasmonic heating effect of these metallic 

nanoparticles after irradiating the film with a solar simulator is studied. The reached 

temperature difference is minimal; therefore, a plasmonic layer was added to the 

thermoelectric film, getting a more significant thermal gradient. With this hybrid 

plasmon/thermoelectric system, a thermoelectric generator was designed that could recover 

energy from solar light.
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Content 

This chapter explains the characterization techniques used to determine the properties of 

the materials synthesized in this work. The vast majority of the characterization carried out 

corresponds to thermoelectric, mechanical, structural, and morphological analysis. 

2.1 Electrical conductivity 

Determining electrical conductivity involves measuring electrical resistance, a simple 

measurement for most materials. The four-probe method is typically used where an 

electrical current is passed between two current leads, and the voltage is recorded using 

two other voltage leads. In this way, the contribution of the leads or contacts in the 

measurement of the sample voltage is eliminated. However, measuring electrical resistance 

in thermoelectric materials, generally, semiconductors, poses several challenges. On the 

one hand, making good electrical contacts is complicated in most thermoelectric materials 

due to the formation of oxide layers on the surface, frequently forming p-n junctions and 

resulting in nonohmic voltages producing errors in the measurement of electrical 

resistivity. This is not our case since conductive polymers are generally p-type 

semiconductors in which oxide layers do not form on the surface. On the other hand, the 

measurement of electrical resistance in thin films presents more diffusion problems than in 

bulk samples.1 

There are specific techniques for measuring electrical resistivity in thin films or 

samples with an arbitrary shape. One of them was developed by van der Pauw in the late 

1950s2,3, and corrections were added in later years.4–6 In this technique, the electrical 

conductivity is obtained from the measurement of four-point resistance in two different 

geometries of the contact arrangement, as shown in Figure 2.1(a). For the first resistance 

measurement, a current IAB was driven from two contacts, A and B. The potential difference 

VCD between the other contacts, C and D, was measured, obtaining the resistance R1. The 

second resistance, R2, was determined by driving the current from A to C, IAC, and 

measuring the voltage between B and D, VBD. According to the Ohm law, the voltage and 
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current values were plotted, giving a linear trend as shown in Figure 2.1(b). The electrical 

conductivity of the sample was obtained by solving the van der Pauw equation:2 

 

 𝑒ିగௗோభఙ + 𝑒ିగௗோమఙ = 1 (2.1) 

 

where d is the sample thickness previously measured, and σ is the electrical 

conductivity. A Keithley 2400 Source Meter was used as a driving source and voltage 

measurer. 

 

2.2 Seebeck coefficient 

The Seebeck effect is the development of an electromotive force across the material in 

response to the imposition of a thermal gradient. The ratio of the electromotive force to the 

temperature difference is called the Seebeck coefficient, S.1 The Seebeck coefficient or 

thermopower is an intrinsic property related to the electronic structure of the material. 

Thermopower provides information about the sign of the charge carrier. Its temperature 

dependence is difficult to interpret because many other contributions, such as phonon-drag, 

can be combined with the simple diffusion of thermopower (linear in T) typical of metals. 

Seebeck coefficient does not depend on the sample geometry (as electrical resistance does) 

and is given by measuring the ratio of the sample voltage to the temperature difference, 

Equation (2.2). The precision in the measurements of the Seebeck coefficient relies on 

determining the temperatures precisely at the position of the voltage probes. Therefore, the 

thermocouples should be placed as close to the voltage contacts as possible without 

electronically contacting the sample for accurate measurements. Another way to measure 

Figure 2.1 (a) Contacts configurations to measure electrical resistance R1 and R2.  
(b) Voltage as a function of the current to determine R1 and R2. 

I (mA) 
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the thermal gradient is to use two independent thermocouples. This configuration can use 

one leg of each thermocouple as the sample voltage lead. Therefore, the thermocouples 

must have good thermal and electrical contact with the sample. Although this technique 

provides reliable results, unfortunately, this method often requires the use of new 

thermocouples for each measurement, making it impractical. Therefore, it is desirable to 

use permanent thermocouples that only require thermal anchoring with the sample using 

contact adhesives for faster sample throughput. 

For the measurement of the Seebeck coefficient, there are mainly two procedures. The 

first consists of setting the temperature of the sample at one end and gradually varying the 

temperature at the other end until a slight thermal gradient is reached across the sample. 

The voltage is recorded as a function of the thermal gradient, and the slope gives the 

Seebeck coefficient. The second one sets a small thermal gradient across the sample and 

varies the temperature while keeping the gradient constant. In this case, the voltage at each 

temperature is measured, and, knowing the thermal gradient, the Seebeck coefficient is 

calculated. 

In this thesis, the Seebeck coefficient has been determined using a homemade device. 

This device consists of one Peltier as a heater and one copper block cooled by water flow 

which acts as a cooler. The sample is placed between these moduli, creating a temperature 

difference, and the resulting voltage is recorded. The Seebeck coefficient can be 

determined as the ratio between the electrical potential, ΔV, and the temperature difference, 

ΔT: 

 
𝑆 = −

∆𝑉

∆𝑇
 (2.2) 

 

A Lakeshore 340 and two PT100 sensors previously calibrated temperature control the 

temperature. To record the potential data, an Agilent 34401A Multimeter was employed. 

Both instruments are controlled together using LabView Software. Figure 2.2(a) shows a 

schematic of the homemade setup developed for the Seebeck coefficient measurements. 

The voltage as a function of the thermal gradient was plotted, giving a linear trend Figure 

2.2(b) according to the typical diffusion of the thermopower of the metals. Additionally, 

the copper block can be substituted for another Peltier to measure the Seebeck coefficient 

at different temperatures than ambient, between 0 ºC to 140 ºC. 
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2.3 Film thickness 

To determine the dimensions of the sample, it is necessary to know its thickness since, as 

we have seen previously in the van der Pauw equation, Equation (2.1) is one of the 

parameters to calculate the electrical conductivity. Therefore, tiny cuts were made on the 

film's surface without damaging the substrate, and the thickness was measured with the 

Dektak 150 profilometer. The values used to determine electrical and thermal conductivity 

represent an average of at least five measurements per film. 

2.4 Power output 

Thermoelectric modules can convert heat into electricity when working in Seebeck mode. 

Electrical power generated by a module depends on the number of units and their 

configuration in the module, the thermoelectric properties, the properties of the contact 

layers, and the temperature difference reached across the sample. In general, the output 

voltage and the output current depend inversely on the element's length.1 Therefore, for a 

particular temperature difference and unit length, the ratio of current/area and 

voltage/number of the elements should be optimized to reach the maximum power output, 

P, which is expressed with the following Equation:  

 
𝑃 =

∆𝑉ଶ

𝑅
 (2.3) 

Figure 2.2 (a) Scheme of the homemade setup to measure Seebeck coefficient.  
(b) Seebeck voltage as a function of the temperature difference. 
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where V is the voltage across the contacts and RL is the load resistance. 

 

The research group has designed a setup to control the loaded resistance and the output 

voltage measured with the Agilent 34401A digital multimeter, Figure 2.3(a). The 

thermoelectric generators with a determined thermal gradient were placed and connected 

to the device designed to supply the resistance for the output power measurements, also 

connected to the multimeter. Resistance is gradually being loaded to the thermoelectric 

generator while simultaneously measuring the output voltage so that the output voltage is 

recorded as a function of the loaded resistance, Figure 2.3(b). Then, applying Equation 

(2.3), the output power is obtained. 

 

2.5 Thermal conductivity 

Two different techniques were used to measure the thermal conductivity of the samples. 

On the one hand, the frequency-domain thermoreflectance was used for thin films. 

However, this technique is unsuitable for materials with a rough surfaces such as fabrics. 

Therefore, the thermal conductivity of the fabrics was carried out by the axial heat flow 

method. 

 

 

Figure 2.3 Homemade setup designed to measure the output power. 
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2.5.1 Axial heat flow method 

The axial heat flow technique is a steady-state method for determining thermal 

conductivity.7 The operating principle is based on the deduction of the heat flux by 

measuring a temperature drop in thermal resistance. The sample is placed between two 

plates at different temperatures, and a heat flux sensor is used to obtain the heat flux through 

the sample. The heat flux, Q,  is determined by measuring the electrical potential drop 

across the sample following the specific expression recommended by the manufacturer: 

 
𝑄 =

𝑉

𝑆൫1 + 0.002(𝑇 − 20)൯
 (2.4) 

where 𝑉 is the output voltage obtained by the heat flux sensor, 𝑆 is the sensor 

sensibility, and 𝑇 is the absolute temperature. 

The temperature of the plates is adjusted to a desired constant value. Steady-state 

conditions are reached when the heat flow is equal at each point in the system. Once the 

thermal equilibrium is reached, the thermal conductivity is determined with the Fourier-

Biot expression:8,9 

 
𝑄 = −𝜅 𝐴 

Δ𝑇

Δ𝑥
 (2.5) 

where 𝑄 is the heat flux, measured in W m-2, 𝜅 is the thermal conductivity of the 

material, 𝐴 is the heat transfer area, Δ𝑇 is the temperature difference across the sample, 

and Δ𝑥 is the distance of heat transfer (the thickness of the sample). 

This method is suitable for measuring the thermal conductivity of insulating materials 

and polymers (𝜅 < 0.3 W m-1 K-1) with a measurement uncertainty of around 3%.10 

 

 
Figure 2.4 Scheme of the homemade setup for thermal conductivity of textiles. 
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A homemade setup was built to measure the thermal conductivity of the fabrics. As 

shown in Figure 2.4, two surface thermocouple self-adhering of Omega company were 

used to measure the temperature difference between the hot and cold parts, and an FHF04 

heat flux sensor with an accuracy of 10.88 μV W-1 m2 was used to measure the heat flux 

through the sample. The heat flux was monitored by the voltage changes detected by the 

sensor and recorded by the Agilent 344420A digital multimeter, and the heat flux sensor 

measured the temperature. 

The hot part was kept at a constant temperature simulating body temperature (308 K) 

using an omega model CN7500 temperature controller connected to the Peltier TEC1-

12706 and a Pt100 temperature sensor. Besides, for simulation of ambient temperature 

(cold part), Peltier ATS-TEC30-36-017 was used.  

The heat flux was determined with Equation (2.4), and the thermal conductivity of 

the fabrics was calculated with Equation (2.5), using the previously obtained heat flux 

value.11,12 All samples were stored at 50% humidity for 24 hours and tested at a pressure 

of 10 kPa. 

2.5.2 Frequency-domain thermoreflectance method 

The thermoreflectance technique is a transient thermal measurement technique that can 

measure both in-plane and cross-plane thermal conductivity of thin films.13,14 

In thermoreflectance measurements, a modulated laser heat source (pump laser) 

locally heats the sample, while a second laser (probe laser) detects the local temperature 

variation by reflectance change at the sample surface, Figure 2.5(a). The energy from the 

harmonic modulated pump is absorbed in the surface, resulting in a fluctuation in 

temperature, ΔT. The change in temperature causes a variation in the optical constants of 

the surface, leading to a change in reflectivity, ΔR. This is known as the thermoreflectance 

effect. The transducer covers the sample with an optically thick (>60nm) metallic film to 

ensure that the laser is optically absorbed on the surface. In the transducer, the thermal 

reflectance coefficient 𝐶்ோ is defined by: 

 
𝐶்ோ =

∆𝑅

∆𝑇
 (2.6) 

The phase measured in the probe signal is made up of three signals: the thermal phase, 

which contains the information we want to determine; the phase of the path of the beams; 

and the phase of the instrument: 



Chapter 2. Characterization techniques 

42 

 𝜑௦௨ௗ = 𝜑௧ + 𝜑௧ + 𝜑௦௧௨௧ (2.7) 

In order to make sure the measured phase only contains information on the thermal 

properties of the sample, it is necessary to suppress the contribution of the other two phases. 

The phase difference caused by the optical path can be considered negligible because the 

light speed is very high, and the modulation frequency range used in the experiment is not 

that high. The detectors, instruments, and cables produce the instrumental phase difference 

and are frequency dependent. By calibrating at each frequency point using the reflection of 

the pump laser, it is possible to determine the instrumental phase difference. This correction 

factor is subtracted from subsequent measurements so that 𝜑௦௨ௗ = 𝜑௧. 

 

 

 

With this configuration, a frequency vs phase shift curve is obtained. This curve is 

fitted with a thermal model curve, using the thermal conductivity of the sample as the fitting 

parameter. Figure 2.5(b) schematically shows the measurement process illustrating the 

relevant sample properties: thermal conductivity (𝜅), volume heat capacity (𝐶), 

thickness (𝑡), and thermal boundary conductance between adjacent layers ൫𝐺,ାଵ൯. 

2.6 Dielectric relaxation spectroscopy 

Dielectric Relaxation Spectroscopy, DRS, is a technique that analyzes the interaction of 

the sample with a time-dependent electric field and allows to determine the electrical 

properties of the material since these are related to the physical and chemical properties of 

the sample. The Dielectric Relaxation Spectroscopy technique is based on applying an 

Figure 2.5 (a) Schematic diagram of a typical frequency-domain thermoreflectance setup. (b) 
Schematic measurement of the thin film sample. Reproduced with permission.14 
Copyright 2022 IEEE. 
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external electric field to the sample so that the molecular dipole systems present are altered 

until the electric field disappears. Then, the molecular dipoles return to equilibrium and 

allow obtaining information about the spontaneous fluctuations of the material. The 

dipoles' reorientation and the charged particles' translational diffusion in the oscillating 

electric field are the basis of this technique's analysis. Therefore, the DRS technique 

measures the changes in different physical properties of polar material, such as 

polarization, permittivity, and conductivity, as a function of the temperature and the 

frequency of the external electric field.15 

Dielectric spectroscopy has been used to determine the electrical conductivity of the 

fabrics using a Novocontrol Broadband dielectric spectrometer (Hundsagen, Germany), 

integrated by an SR lock-in amplifier with an Alpha dielectric interface in the frequency 

range 10−2 to 106 Hz. The samples were placed under a steady flow inert N2 atmosphere to 

avoid moisture uptake during all measurements. Disc-shaped samples of 10 mm diameter 

and an approximate thickness of 0.12 mm were mounted in the dielectric cell between two 

parallel cylindrical gold-plated electrodes. The sample thickness was accurately 

determined with a micrometer screw. Isothermal measurements (room temperature) were 

carried out at forty-four frequencies between 5·10−2 and 3·106 Hz. The experimental 

uncertainty was less than 5% in all cases. 

2.7 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the 

difference in the amount of heat required to increase the temperature of a sample and the 

reference is measured as a function of temperature. The sample and reference are 

maintained at nearly the same temperature throughout the experiment. Generally, the 

temperature program for a DSC analysis is designed such that the sample holder 

temperature increases linearly as a function of time. Before the DSC experiment started, 

the sample and reference pans were in equilibrium (same temperature), and when the 

measurement started, the heating block would be heated at a linear rate. Therefore, the 

sample and reference pans will also be heated. Due to the additional mass of the sampling 

calorimeter, the heat capacity is higher than the reference one, which is empty. This fact 

induces a temperature lag in the sampling calorimeter and assuming the pan masses are 

identical, the temperature difference between the sample and reference will be proportional 
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to the heat capacity. This temperature difference developed between the sample and the 

reference pans allows the calculation of the heat flow and the measurements of several 

characteristic properties from the sample, such as fusion and crystallization events as well 

as glass transition temperatures.16  

A TA Instruments DSC Q20 calibrated with indium and refrigerated with a cooling 

system was employed to analyze all the samples in this thesis. In this module, the sample 

and reference pans sit on raised platforms with a constantan disk at their base. The 

temperature sensors are placed on the underside of each platform (see Figure 2.6). The ΔT 

output from the sample and reference temperature sensors are connected to an amplifier to 

increase their signal strength. 

 

 

 

The DSC tests were performed under a 20 mL min-1 flow of nitrogen to avoid the 

oxidation of the samples. The measurements were conducted in crimpled non-hermetic 

aluminum pans, using an empty crimpled aluminum pan as the reference calorimeter. In 

order to obtain a defined peak and high resolution, it recommends that the contact surface 

between the calorimeter and the sample be high. For that reason, the fabrics were cut in 

disc shapes like the pans with a total mass of around 5 mg. DSC thermograms were 

obtained from 0 to 300 ºC under a nitrogen atmosphere. Two scans were performed. In the 

first one, the sample was heated at a rate of 10 ºC min-1 until 300 ºC, then was kept at this 

Figure 2.6 DSC sensor assembly for the TA Instrument Q20. Reproduced with permission.17 
Copyright 2002, Elsevier Science B.V. 
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temperature for 10 minutes. The sample was then cooled at 50 °C min-1 to 0 °C. In the 

second cycle, samples were heated at 10 °C min-1 to 300 °C. 

Glass transition temperature (Tg), melting temperature (Tm), and melting enthalpy (ΔH) 

were determined using TRIOS software. In DSC measurements, Tg can be observed by a 

step in the baseline of the measurement curve. It is characterized by its midpoint. The 

melting process appears as an endothermic peak, whose maximum value is associated with 

the Tm. The melting enthalpy is determined by integrating this peak.  

2.8 Thermogravimetric analysis 

The thermogravimetric analysis (TGA) is a method of thermal analysis that consists of 

monitoring the mass of the sample as a function of temperature (dynamic mode) or as a 

function of time, keeping constant the temperature (isothermal mode) in a controlled 

atmosphere.16 Depending on the purge gas flowing through the balance, we can create an 

inert atmosphere (nitrogen, argon, or helium), oxidizing atmosphere (air, oxygen), or a 

reducing atmosphere (8-10 % hydrogen in nitrogen). This measurement provides 

information about physical phenomena, such as phase transitions, absorption, adsorption, 

and desorption; as well as chemical phenomena, including chemisorptions, thermal 

decomposition, and solid-gas reactions (e.g., oxidation or reduction).18  

Polymers generally exhibit mass loss as a function of temperature or time at a certain 

temperature. This mass loss can have three main regions. Usually, the first region 

corresponds to the volatile components such as absorbed moisture, residual solvents, low-

molecular-mass additives, or oligomers, which generally evaporate between ambient and 

300 ºC. The second region corresponds to the reaction products, typically between 100 ºC 

and 250 ºC. Finally, the last region corresponds to the generation of volatile degradation 

products resulting from chain scission that require temperatures above 200 ºC but not more 

than 800 ºC. These mass loss processes are useful for obtaining information about the 

composition and thermal stability.16 

 TGA measurements were performed on a TGA 550 from TA Instruments using 

platinum pans under a 50 mL min-1 flow of air. Depending on the material analyzed, 

different conditions were employed. 
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2.9 Dynamic mechanical analysis 

Dynamic mechanical analysis (DMA) is a technique used to study the mechanical 

properties of polymers as a function of time and temperature. The DMA measures the 

mechanical stiffness (modulus) and energy absorption by subjecting the sample to 

oscillating mechanical stress or strain within the linear viscoelastic region. There is a 

difference between the oscillatory stress or strain applied to the sample strain or stress 

measured, allowing one to determine the complex modulus (𝐸∗). The phase angle δ 

represents this difference. The materials respond to the applied stress or strain by 

dissipating the input energy in a viscous flow (non-reversible response), storing the energy 

elastically (reversible response), or using a combination of both.16  Once the complex 

modulus has been obtained, and the measurements of δ have been made, the storage 

modulus (𝐸ᇱ) and the loss modulus (𝐸ᇱᇱ) can be determined (see equations (2.8) to (2.10)).  

These new parameters allow a better understanding of the material since the storage 

modulus is related to the stiffness of the sample. The loss modulus is associated with the 

viscous component and, therefore, the ability to dissipate mechanical energy through 

molecular motion. Another standard parameter is the phase angle tangent, or tan 𝛿, which 

provides information about the relationship between the elastic and inelastic components, 

Equation (2.11). Depending on the application, these parameters can be determined based 

on time, temperature, frequency, or amplitude. 

DMA is used to study molecular relaxation processes in polymers and determine 

inherent mechanical or flow properties as a function of time and temperature. The 

temperature of the sample or the frequency of the stress are often varied, leading to 

variations in the complex modulus; this approach can be used to locate the glass transition 

temperature of the material and identify transitions corresponding to other molecular 

motions.19  

DMA measurements have been used to evaluate the effect on the viscoelastic stiffness 

of the different coatings applied to the thermoelectric fabrics. Measures were performed 

 
𝐸∗ =

𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛
 (2.8) 

 𝐸ᇱ = 𝐸∗ cos 𝛿 (2.9) 

 𝐸ᇱᇱ = 𝐸∗ sin 𝛿 (2.10) 

 
tan 𝛿 =

𝐸ᇱᇱ

𝐸ᇱ
 (2.11) 
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using the tension mode geometry on a DMA 2980 from TA Instruments. The sample is 

placed in tension between a fixed and moveable clamp. Rectangular samples of dimensions 

close to (20 x 10x1) mm3 were used. The experimental conditions were temperature range 

from 35 to 150 ºC at a heating rate of 3 ºC min-1 with a frequency of 1.0 Hz and an 

amplitude of 20.0 μm (linear viscoelastic region). 

2.10 Bending and torsion tests 

Bending and torsion tests have gained importance in recent years in the development of 

wearable electronics, in which the material needs to be flexible. Therefore, it is important 

to measure the flexible properties to check the performance of wearable devices. 

Three homemade setups were designed to analyze the flexibility of synthesized 

materials on the thermoelectric properties. In all three tests, flexibility was evaluated 

following the variation of the normalized electrical conductivity as a function of the tests. 

Bending tests were carried out in two modes.20,21 The first one consists of bending the film 

3000 times on a cylinder of known radius, the electrical conductivity was evaluated every 

100 bends, Figure 2.7(a). The second one evaluates the electrical conductivity as a function 

of the bending radius, Figure 2.7(b). Finally, the torsion tests, Figure 2.7(c), were carried 

out on the fabrics between torsion angles of 0 and 360 º, measuring the electrical 

conductivity every 30 º. 

 

Figure 2.7 (a) Bending test as a function of the number of cycles. (b) Bending test as a function 
of the radius. (c) Torsion test as a function of torsion angle. 
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2.11 X-Ray diffraction analysis 

X-ray diffraction is an analytical technique used to identify the phases of a crystalline 

material and provides information on the dimensions of the unit cell. That technique is 

based on the wave interference of a monochromatic X-ray light beam with the sample.22 

When the X-ray beam  falls upon  the sample, the interaction can be constructive if Bragg's 

law holds: 

 𝑛𝜆 = 2𝑑 sin 𝜃 (2.12) 

 

where d is the distance between the atomic layers in the crystal and λ is the wavelength 

of the monochromatic X-ray beam. 

The X-Ray diffraction analysis was performed to identify the presence of crystalline 

phases using a Bruker D8 Advance A25 diffractometer. Samples were scanned at 6 º min-

1 using Cu Kα radiation at a filament voltage of 40 kV and a current of 20 mA. The 

diffraction scans were collected between 5 º and 90 º. 

2.12 Raman spectroscopy 

Light can interact with molecules through elastic and inelastic mechanisms. In the event of 

an elastic collision between light and molecules, a scattering with the same energy as the 

incident light occurs. On the contrary, when the collision is inelastic, the light scattered can 

have higher or lower energy than the incident light. As a result of this inelastic collision, 

there is a shift in the frequency of the scattered light called the Raman Effect. This effect 

is based on molecular deformation in an electric field determined by molecular 

polarizability. Therefore, for a sample to be Raman active, its polarizability must change 

during vibration. In this way, Raman spectroscopy provides information on molecular 

vibration and is very useful for sample identification. In Raman spectroscopy, the sample 

is excited with a monochromatic light beam, and the scattered light is collected by optics 

and filtered to obtain the Raman spectrum.23 

Raman scattering measurements were carried out at room temperature in a 

backscattering configuration using a Horiba MTB XPlora spectrometer coupled to a 

confocal microscope. An Ar/Kr laser provided the excitation line of 514.53 nm focused 
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onto the sample using a 100x microscope objective. With this technique, we can identify 

the vibrational modes of carbon nanotubes and conducting polymers. 

2.13 X-Ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is an analytical technique that provides information on 

the composition and oxidation state of the surface of materials. Soft X-rays penetrate to the 

core levels of the atoms present in the molecules, causing ionization and the emission of 

core electrons. 

The XPS spectrum is generated by plotting the intensity of photoelectrons as a function 

of binding energy. The binding energy can be determined by measuring the kinetic energy 

of the emitted photoelectrons since the X-ray energy is the sum of the kinetic energy of the 

emitted photoelectrons and the binding energy of the core electron. 

X-Ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS 

ULTRA spectrometer at room temperature equipped with a micro-focused (20 mA, 15 kV) 

monochromatic Al-Kα X-Ray source (1486.58 eV). The spectrophotometer was calibrated 

using C1s line at 284.8 eV. For survey spectra, the pass energy was 160 eV with a step of 

1.0 eV, a dwell of 50 ms, and three sweeps. For narrow regions, the pass energy was 20 eV 

with a step of 0.05 eV, a dwell of 100 ms, and 8 – 18 sweeps. With this technique, we can 

extract information about the oxidation state of the surface atoms and the bonds they form 

between them. 

2.14 UV-Vis-NIR spectroscopy 

Ultraviolet-visible-near-infrared  (UV-Vis-NIR) spectroscopy is a spectroscopic technique 

that determines the light absorbed at a given wavelength within the UV-Vis-NIR range. In 

this region, absorption processes are related to molecular electronic transitions.24 The UV-

Vis-NIR spectroscopy gives us information about the oxidation state of the conducting 

polymers due to the absorption bands associated with the conjugated double-bonds, 

polaronic, and bipolaronic states.25 Also, UV-Vis-NIR spectroscopy helps to identify the 

presence of plasmonic bands.26 



Chapter 2. Characterization techniques 

50 

The UV-Vis-NIR spectroscopy was carried out in a double beam JASCO V-730 

spectrophotometer covering different ranges. In the case of nanoparticle suspensions, 

quartz buckets were employed in the range of 300 to 1100 nm. For the case of polymer 

films, the film accessory was used in the range of 300 to 2000 nm. In both cases the 

measurement was performed without an integrating sphere. 

2.15 Scanning electron microscopy 

Scanning electron microscopy (SEM) is based on detecting secondary electrons emitted by 

the surface of the sample when it interacts with the electron beam. These secondary 

electrons are detected thanks to a sideway detector located above the sample, making it 

possible to obtain three-dimensional images of the sample. 

SEM was performed in a Hitachi S4800 microscope at an accelerating voltage of 10 

kV and a working distance of 15 mm. Tiny sample pieces were placed in the sample holder 

with carbon adhesive tape and were metalized with Au-Pd coating before observation. In 

the less conductive samples, it was necessary to cover part of the surface with silver paint 

and contact it with carbon tape to allow better dispersion of the incident electrons. In 

addition, the equipment has incorporated an RX Bruker retro-dispersed X-Ray for 

microanalysis at a working distance of 8 mm. 

2.16 Transmission electron microscopy 

Transmission electron microscopy (TEM) is an imaging technique that detects transmitted 

electrons when an electron beam falls on the sample. 

TEM images were taken with two different equipment. The first one was JEOL JEM-

1010 of 100 kV coupled with a digital camera AMT XR80 with 8 Mpx. The second one 

was HITACHI HT7800 with 120 kV of high contrast, incorporating a digital camera 

CMOS EMSIS XAROSA of 20 Mpx.  

The samples for cross-section analysis were prepared by embedding a small piece of 

coated PET in DurcupanTM ACM resin (Sigma Aldrich, Germany), cured overnight, and 

then cutting the cross-section using an Ultra 45º diamond knife. Finally, samples were 
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integrated on copper grids. "Image J" software was used to analyze TEM images. The 

number of particles analyzed was not less than 100. 

High-resolution transmission electron microscopy (HRTEM) was performed in an FEI 

Tecnai G2 F20 S-TWIN of 200 kV with a resolution of 0.24 mm. It is equipped with a 

CCD GATAN camera digital micrograph and software for image acquisition and 

treatment. With this equipment is possible to take HRTEM images, electron diffraction 

patterns, and use spectroscopic techniques such as EDS and Mapping. It also includes a 

"Double-Tilt" sample holder, allowing a complete sample orientation. 

2.17 Dynamic Light Scattering 

 
Dynamic light scattering (DLS) is a technique that uses the Brownian motion of particles 

in a colloidal dispersion to correlate with particle size and size distribution.27 DLS 

equipment employs a beam of monochromatic light that scatters in all directions when it 

comes into contact with the particles of a dispersion. The intensity of scattered light is 

recorded with a detector. Since the particles are in motion, the detector will see a difference 

between the intensity of the scattered and incident light. In addition, the diffusion of the 

particles in the medium depends significantly on the particle size and, therefore, will 

determine the variation between the intensity of scattered and incident light. 

DLS measurements were performed to determine the hydrodynamic radius (particle 

size) of the PEDOT nanoparticles synthesized in Chapter 3. The average particle size was 

determined using dynamic light scattering at 107° with a Zetasizer Nano ZS using solutions 

diluted to 0.1% by volume. 

2.18 ζ-potential 

The ζ-potential is the potential difference between the dispersion medium and the 

stationary layer of fluid attached to the dispersed particle. This potential difference is due 

to the content of the net electric charge located within the region delimited by the sliding 

plane. Therefore, this technique is used to determine the charge of the particles. To measure 

the ζ-potential, an oscillating flow of electrolyte solution is created through the sample. 
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The sensors in the cuvette monitor the changes produced so that the equipment's software 

calculates the ζ-potential. 

ζ-potential measurements were performed to determine the surface charge of PEDOT 

nanoparticles and carbon nanotubes in Chapter 3. The ζ-potential was determined using a 

Zetasizer Nano ZS. The solutions were diluted to 0.1% by volume with 0.1 mM KCl to 

keep the ionic strength constant.
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Content 

This chapter shows the thermoelectric properties of hybrid layered thermoelectric materials 

based on PEDOT to increase thermoelectric efficiency. First, the introduction explains the 

use of hybrid materials to improve the thermoelectric efficiency of conductive polymers 

and two techniques for obtaining layered hybrid materials (Layer-by-Layer and 

electrochemical deposition). Then, two studies show the improvement of the 

thermoelectric efficiency of PEDOT through the formation of hybrid layered materials. In 

the first of them, PEDOT/CNT hybrid films are obtained by Layer-by-Layer by using 

PEDOT nanoparticles as building blocks. The second study obtains a layered hybrid 

material by electrodeposition of PEDOT and SnS:Ag. 

3.1 Introduction 

As it can be deduced from the expression of the Figure of Merit, for a thermoelectric 

material to have a high performance, it must have high electrical conductivity, a high 

Seebeck coefficient, and low thermal conductivity. Meeting all these requirements in a 

single material is especially challenging due to the correlation between these properties, 

determined by the electronic structure (band gap, band shape, and band degeneracy near 

the Fermi level) and the scattering of the charge carriers (electrons or holes).1 One strategy 

to improve the thermoelectric efficiency of conductive polymers is the formation of hybrid 

organic-inorganic materials. The key to hybrid materials lies in the synergistic combination 

of conductive polymers with low thermal conductivity and inorganic materials with high 

Seebeck coefficient and electrical conductivity. More importantly, polymer and inorganic 

fillers have different electron densities and wavefunctions, resulting in an energy mismatch 

at the polymer-filler interface that induces an energy filtering effect.2,3 This potential 

barrier interface can selectively scatter low-energy charge carriers and allow high-energy 

charge carriers to pass, Figure 3.1. However, this energy filtering effect will decrease the 

electrical conductivity due to carrier loss. In contrast, this effect will improve the Seebeck 

coefficient because high energy charge carriers contribute more to the Seebeck coefficient.4 

Since the Seebeck coefficient is a quadratic term in the expression of the Power Factor, 
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selecting two materials with a sufficiently high energy barrier increases the thermoelectric 

efficiency of the polymer-filler hybrid material. 

 

Figure 3.1 Schematic illustration of the energy-filtering effect at the interface between the 
conductive polymer and the filler. Reprinted with permission.5 Copyright 2019, 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  

 

Therefore, hybrid thermoelectric materials based on conductive polymers offer a new 

route to decouple the interconnected thermoelectric parameters. The main strategies have 

been the combination of conductive polymers with carbonaceous materials (MWCNT, 

DWCNT, SWCNT, Graphene, Graphene oxide) or inorganic semiconductors (Bi2Te3, 

Sb2Te3, Cu2S, Cu2Se, SnSe, SnS).5 

3.1.1 Hybrid thermoelectric materials based on 
conductive polymers and carbon nanotubes 

Carbon nanotubes (CNT) are composed of carbon atoms arranged in a cylindrical 

hexagonal lattice with the same structure that would be acquired if a sheet of graphene 

were rolled up on itself, obtaining single-walled carbon nanotubes (SWCNT). However, 

when the carbon nanotube includes concentric tubes of different diameters, it is known as 

a multi-walled carbon nanotube (MWCNT). In both cases, its properties will be determined 

by the electronic structure of the nanotube since it can be semiconducting or metallic, 



Chapter 3. Hybrid layered thermoelectric materials 

61 

depending on the roll-up vector. If we consider, for example, a SWCNT, the magnitude 

and chiral angle (α) of the roll-up vector to the zig-zag axis can be defined by the Hamada 

indices (n, m), as shown in Figure 3.2(a). These indices determine the electronic properties 

of nanotubes since for a nanotube to be metallic (m-SWCNT), the difference n–m must be 

a multiple of three, otherwise, it will be a semiconductor (s-SWCNT).  

 

Figure 3.2 (a) Scheme of SWCNT formation from a graphene layer with different Hamada 
indices. Reprinted with permission.6 Copyright 2018, WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim. (b) Seebeck coefficient values of s-SWCNT as a function 
of SWCNT diameter. (c) SWCNT band gap evolution as a function of SWCNT 
diameter. Reprinted with permission.7 Copyright 2015, American Physical Society. 

 

The Seebeck coefficient and electrical conductivity are closely related to the electronic 

structure and, in the case of SWCNTs, depend on the Hamada indices. m-SWCNTs have 

high electrical conductivity, but their Seebeck coefficient is around 10 – 20 μV K-1. On the 

other hand, s-SWCNTs have a Seebeck coefficient between 80 – 160 μV K-1, but the 

electrical conductivity is very low.8,9 However, after adequate doping, s-SWCNTs can 

achieve significantly higher electrical conductivity than m-SWCNTs,10 opening the 

possibility of obtaining s-SWCNTs with good thermoelectric performance. In addition, 

another parameter to consider is the diameter of the nanotube. A theoretical study, Figure 

3.2(b), shows a decrease in the Seebeck coefficient with increasing SWCNT diameter due 

to an increase in charge carrier mobility. This effect is also observed in the band gap 

evolution, Figure 3.2(c). Therefore, it is expected that the electrical conductivity increases 

as the diameter of the nanotube increases.7,11 
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In the case of MWCNTs, the thermoelectric properties will depend on the electronic 

structure of each of the concentric nanotubes. For example, in the case of double-walled 

nanotubes (DWCNTs), there are four permutations of inner@outer combinations: 

semi@semi, metal@metal, semi@metal, and metal@semi.12 It is expected that those 

DWCNTs with a suitably doped semi@semi combination have better thermoelectric 

properties than the rest of the combinations. However, if we extrapolate these permutations 

to carbon nanotubes with a higher number of concentric tubes, the probability that all of 

them have a semiconductor nature decreases drastically; therefore, the MWCNTs have 

worse thermoelectric performance. 

One of the main advantages of combining conductive polymers and carbon nanotubes 

is the reduction of the thermal conductivity of the final composite. For example, Meng et 

al.13 demonstrated a reduction of thermal conductivity of the 20 wt. % PANI/CNT 

composite through the in-situ polymerization of polyaniline (PANI) on carbon nanotubes. 

The thermal conductivity values of the composite reached values close to the pristine PANI 

ones while maintaining good electrical conductivity and Seebeck coefficient. Another 

advantage offered by this type of hybrid thermoelectric materials is the possibility of 

decoupling electrical conductivity and the Seebeck coefficient. For example, Moriarty et 

al.14 demonstrated that the barriers found at the SWCNT/PEDOT:PSS interface block the 

passage of low-energy charge carriers and only allow the passage of high-energy charge 

carriers shown in Figure 3.3(a). This effect translates into an increase in conductivity from 

500 S cm-1 to 4000 S cm-1, with increasing SWCNT content, while the Seebeck coefficient 

remains practically unchanged, around 20 μV K-1 (Figure 3.3(b)). In addition, the phonon 

scattering in the interface between CNT–PEDOT will reduce the thermal conductivity. 

Finally, the Power Factor (Figure 3.3(c)) reaches a maximum value of 120 μW m-1 K-2.  

 



Chapter 3. Hybrid layered thermoelectric materials 

63 

 

Figure 3.3 (a) Scheme of the electrically conductive junction between carbon nanotubes and 
PEDOT:PSS. (b) Electrical conductivity, thermopower, and (c) Power Factor of 
SWCNT/PEDOT:PSS films as a function of SWCNT wt. %. Reprinted with 
permission.14 Copyright 2012, Wiley Periodicals, Inc. 

 

Finally, another positive influence of the synthesis of hybrid materials based on 

conductive polymers with carbon nanotubes is the increase in the Power Factor due to the 

π–π interaction between the aromatic rings of the conductive polymers and the CNTs. This 

interaction causes a greater ordering of the conductive polymers around the nanotube, 

favoring the delocalization of the polarons. This, in turn, increases carrier mobility and 

simultaneously improves the electrical conductivity and Seebeck coefficient of conductive 

polymers.15,16 

3.1.2 Hybrid thermoelectric materials based on 
conductive polymers and chalcogenides 

The most used inorganic semiconductors in thermoelectricity are chalcogenides, which 

have high thermoelectric efficiencies, reaching ZT values ≥ 2.17,18 Therefore, these 

materials are excellent candidates for forming hybrid materials based on conductive 

polymers since they have a high Seebeck coefficient and high electrical conductivity. In 

addition, incorporating conductive polymers with semiconductor nanoparticles would 

reduce the thermal conductivity of the material due to phonon scattering in the polymer–

nanoparticle interface,19,20 and increase the Seebeck coefficient due to the energy-filtering 
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effect,2 allowing a higher thermoelectric efficiency than the pristine conductive polymer. 

On the other hand, conductive polymers offer mechanical properties that inorganic 

semiconductors do not have since they are mostly rigid and brittle. In this way, it is possible 

to obtain flexible and more efficient hybrid thermoelectric materials based on conductive 

polymers. For example, Ou et al.21 developed a hybrid material by mixing in-situ an ink 

containing Bi2Te3 (Sb2Te3) nanoparticles with another ink containing PEDOT:PSS. The 

resulting ink was deposited by an aerosol-jet printer on a flexible substrate, as shown in 

Figure 3.4(a). They studied the thermoelectric properties of the films as a function of the 

content of Bi2Te3 (Sb2Te3) nanoparticles, obtaining a maximum Power Factor of 30 μW m-

1 K-2 with a content of 85 wt% of Sb2Te3. In addition, the flexibility tests showed that both 

the electrical resistance of the films and the Seebeck coefficient remained approximately 

stable Figure 3.4(b).  

 

Figure 3.4 (a) Schematic process of Aerosol-Jet printing. (b) Flexibility test of Bi2Te3 
(Sb2Te3)/PEDOT:PSS films. Reprinted with permission.21 Copyright 2018, 
American Chemical Society. 

 

We et al.22 prepared a thermoelectric generator based on a Bi2Te3/Sb2Te3 composite 

with PEDOT:PSS. In this case, the inorganic material was first deposited by screen printing 

on a flexible substrate, and a thermal treatment was carried out in an N2 atmosphere to 

obtain the best thermoelectric properties. The Bi2Te3 (Sb2Te3) films were coated with 

PEDOT:PSS, which penetrated through the resulting porous structure after annealing. 



Chapter 3. Hybrid layered thermoelectric materials 

65 

Finally, the authors made a thermoelectric generator combining 15 p–n pairs with these 

materials, showing an output voltage of 12.5 mV at a ΔT of 5 K. 

However, the classical inorganic semiconductors most commonly used (Bi2Te3, 

Sb2Te3, PbTe) are expensive, scarce, and toxic. For this reason, in recent years, there has 

been a commitment to developing other highly efficient and environmentally friendly 

chalcogenides based on abundant and low-toxicity materials (SnS, SnSe, Cu2S, Cu2Se).23–

28 In addition, hybrid materials based on conductive polymers and more environmentally 

friendly inorganic semiconductors have been recently studied. For example, Ju et al.29 

exfoliated SnSe nanosheets homogeneously distributed on a PEDOT:PSS matrix. The 

PEDOT:PSS/SnSe nanocomposite showed a maximum Power Factor with a weight content 

of 20 wt. % SnSe with a very low thermal conductivity, leading to a Figure of Merit of 

0.32, Figure 3.5(a). Another work carried out by Ju et al.30 developed a PANI:DBSA/SnS 

hybrid compound whose maximum Power Factor was 80 μW m-1 K-2. 

 

Figure 3.5 (a) Power Factor, thermal conductivity, and ZT as a function of weight fraction of 
SnSe in a PEDOT:PSS matrix. Reprinted with permission.29 Copyright 2016, 
American Chemical Society. (b) Thermoelectric properties and TEG output power 
of PEDOT:PSS/Cu2Se hybrid material. Reprinted with permission.31 Copyright 
2021, American Chemical Society. 

 

By vacuum filtration, Liu et al.32 synthesized a flexible and self-supporting 

PEDOT:PSS/Cu2S composite. The electrical conductivity of the composite decreased with 

the increase in Cu2S content, while the Seebeck coefficient increased, reaching a maximum 

Power Factor of 56.15 μW m-1 K-2 with a content of 10 wt. % Cu2S. Finally, Lu et al.31 
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prepared a flexible PEDOT:PSS/Cu2Se nanocomposite on a nylon membrane by vacuum 

filtering and hot pressing, obtaining a Power Factor of 820 μW m-1 K-2. They also 

developed a thermoelectric generator, obtaining an output power of 1.55 μW with a thermal 

gradient of 44 K, Figure 3.5(b). 

3.1.3 Methods to prepare hybrid layered thermoelectric 
materials 

The synthesis of hybrid thermoelectric materials consists of creating a homogeneous 

dispersion of nanofillers in the polymeric matrix. There are different methods of obtaining 

hybrid materials. One consists of the colloidal dispersion of the nanofillers in a dispersion 

containing the conductive polymer. Another method consists of colloidally dispersing the 

nanofillers in a solution containing the conductive polymer monomer and adding the 

oxidizing agent responsible for oxidative polymerization. The main drawback of both 

methods is the phase segregation phenomena during film formation, which impairs 

thermoelectric performance.33 This is why new ways of obtaining hybrid materials have 

been sought, avoiding phase segregation. An example is the aerosol-jet printing deposition 

technique in which the dispersions containing the nanofillers and the conductive polymer 

are mixed simultaneously.21 Another way is by impregnating a substrate with the 

conductive polymer, which has been previously coated with nanofillers.22 However, 

following the work carried out by Cho et al.34, there has been a strong interest in 

synthesizing hybrid layered thermoelectric materials, which can be obtained using Layer-

by-Layer and electrodeposition of alternating layers techniques. 

3.1.3.1 Layer-by-Layer 

The Layer-by-Layer (LbL) deposition technique is a template-assisted assembly method 

used to obtain multilayer films. These multilayer films are obtained through the sequential 

exposure of a substrate to dispersions containing the complementary functionalized 

materials. Therefore, the LbL assembly needs interaction between the successive layers, 

which can be electrostatic, hydrophobic, charge-transfer, host-guest, or hydrogen 

bonds.35,36 In addition, using LbL deposition, the structure of the obtained films and 

composition can be controlled at the nanometer scale.37 
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Figure 3.6 (a) Scheme of the LbL assembly procedure. (b) Representation of the charge carrier 
transport in the PANI/graphene/PANI/DWCNT film. (c) Electrical conductivity, 
Seebeck coefficient, and Power Factor of PANI/graphene (open triangles), 
PANI/DWCNT (open squares), and PANI/graphene/PANI/DWCNT (filled circles) as a 
function of deposited cycles. Reprinted with permission.34 Copyright 2015, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

Using the Layer-by-Layer deposition technique, excellent results can be obtained, as 

reported by Cho et al.34 They obtained a layered hybrid film composed of four layers 

(PANI/Graphene/PANI/DWCNT), with an electrical conductivity of 1080 S cm-1 and a 

Seebeck coefficient of 130 μV K-1, resulting in a Power Factor of 1825 μW m-1 K-2, Figure 

3.6. This exceptional Power Factor value is attributed to the π–π interaction of PANI with 

graphene and DWCNT, generating a greater delocalization of charge carriers along the 

system backbone. As a result of this work, numerous studies have been published in which 

the LbL technique is used to elaborate multilayer hybrid systems based on conductive 

polymers and carbon nanotubes.38–40 

3.1.3.2 Electrochemical deposition 

The electrodeposition of inorganic semiconductors is a method to obtain thin films in a 

sustainable, easily scalable and low-cost way.41 Electrodeposition is based on applying 

reduction potentials on the working electrode, which is immersed in a solution containing 

the precursors of the desired compound. For example, Martín-González et al.42 synthesized 
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Bi2Te3 by applying reduction potentials to a Pt electrode immersed in a solution of HTeO2
+ 

and Bi3+ in an acid medium. This technique allows obtaining inorganic semiconductors 

with perfect control over the composition and high thermoelectric efficiency. Due to the 

advantages of electrodeposition over conventional methods for obtaining inorganic 

semiconductors (spark plasma sintering, ball-milling, hot pressing, solvothermal synthesis) 

and the good thermoelectric efficiency values of the materials obtained by 

electrodeposition, interest has grown in the electrochemical deposition of chalcogenides 

such as AgSe,41 SnSe,43 Bi2Te3 nanowires,44 and CuTe,45 among others. 

However, the deposition of semiconductors requires a conductive working electrode, 

often gold or platinum. Therefore, transferring the films to a non-conductive substrate is 

necessary to measure the thermoelectric properties. One way to avoid this problem is to 

synthesize layered hybrid thermoelectric materials by depositing the conductive polymer 

on an insulating substrate. This substrate is then used as a working electrode to deposit the 

inorganic semiconductor. 

 

Figure 3.7 (a) Scheme of Te-electrodeposition procedure. (b) Thermoelectric properties of 
hybrid material as a function of Te deposition time. Reprinted with permission.46 
Copyright 2017, American Chemical Society. 

 

For example, Culebras et al.46 used a PET-gold working electrode on which they 

electrodeposited a layer of PEDOT:ClO4. Then, with treatment with aqua regia, they 
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eliminated the gold, obtaining a substrate of PET-PEDOT:ClO4. Finally, they used this 

substrate as a working electrode and deposited the tellurium on it, Figure 3.7(a). This work 

studied the thermoelectric properties as a function of tellurium deposition time on the PET-

PEDOT:ClO4 electrode (Figure 3.7(b)). The electrical conductivity decreased after 

tellurium deposition, and the Seebeck coefficient gradually increased. The maximum 

Power Factor was obtained after 150 minutes of tellurium deposition, reaching a value of 

320 μW m-1 K-2. 

3.2 Poly (3,4-ethylenedioxythiophene) 
nanoparticles as building blocks for 
hybrid thermoelectric flexible films 

3.2.1 Materials 

Poly(diallyldimethylammonium chloride) (PDADMAC, 20 wt.% in water), iron(III) 

p-toluenesulfonate hexahydrate (FeTos), and sodium deoxycholate (DOC, ≥ 97% by 

titration) were purchased from Sigma-Aldrich. 3, 4-Ethylenedioxytiophene (EDOT) 97% 

was obtained from Alfa Aesar. Hydrogen peroxide 30 wt.% was purchased from PanReac 

AppliChem (Barcelona, Spain). Multi-walled carbon nanotubes (MWCNTs, 12–15 nm 

outer and 4 nm inner wall diameter, > 1 μm length, C ≥ 95 wt%) were obtained from Bayer 

MaterialScience (Leverkusen, Germany). Double-walled carbon nanotubes (DWCNTs, 2–

4 nm outer and 1–3 nm inner wall diameter, > 50 μm length, C > 60%) and single-walled 

carbon nanotubes (SWCNTs, 1–2 nm wall diameter, 5–30 μm length, C = 90%) were 

purchased from Nanostructured & Amorphous Materials, Inc. (Houston, TX, USA). 

Polyethylene terephthalate (PET), with a thickness of 179 μm (trade name ST 505 by 

DuPont Teijin, purchased from Tekra Corp, New Berlin, WI, USA), was rinsed with 

deionized water, methanol, and deionized water again, and dried with filtered air before 

use. Corona treatment (a BD-20C Corona Treater, Electro-Technic Products Inc., Chicago, 

IL, USA) was used to improve the adhesion of the first layer by oxidizing the polymer 

surface. 
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3.2.2 Synthesis of PEDOT:Tos nanoparticles 

The synthesis of PEDOT:Tos nanoparticles was carried out by chemical oxidation 

polymerization in miniemulsion using FeTos as an oxidizer and PDADMAC as a stabilizer, 

as shown in Figure 3.8(a). The commercial PDADMAC aqueous solution (20 wt.%) was 

diluted in 40 mL of water, and then EDOT was added and stirred at 800 rpm for 5 min. To 

obtain the miniemulsion, the mixture was ultrasonicated with a Branson Sonifier 450 (1/2 

inch tip, amplitude of 70%, pulse of 90% for 10 min). The polymerization was carried out 

by slowly adding to the miniemulsion a solution of FeTos in 10 mL of water, according to 

the proportions shown in Table 3.1. Afterward, hydrogen peroxide was added. The 

samples were purified three times by centrifugation at 13,000 rpm for 20 minutes by 

discarding the supernatant. Finally, the purified samples were redispersed in 40 mL of 

water. 

Table 3.1 Quantities of reagents used for the preparation of the PEDOT nanoparticles. 
 

Molar Ratio 
EDOT:FeTos 

1:1 1:1.5 1:2 

PDADMAC (wt. %) 0.5 0.5 0.5 

EDOT (M) 0.037 0.037 0.037 

FeTos (M) 0.037 0.056 0.075 

H 2O2 (M) 0.001 0.001 0.001 
 

3.2.3 Film preparation 

Carbon nanotubes (0.05 wt.%) were dispersed in an aqueous solution of DOC (0.1 wt.%). 

The CNT suspensions were placed in an ultrasound bath for 30 minutes, followed by 20 

minutes ultrasonication with a Branson Sonifier 450 (1/2 inch tip, 70% amplitude, 

continuous mode) while cooling in an ice bath. Finally, the suspensions were placed for 30 

min in the ultrasound bath. Next, CNT dispersions were centrifuged at 4000 rpm for 5 

minutes to discard the nonstabilized CNTs. Once the PEDOT:Tos/PDADMAC and 

CNT/DOC dispersions were prepared, the Layer-by-Layer (LbL) technique was used to 

assemble the PEDOT:Tos nanoparticles with the CNTs through electrostatic interaction 

between the PDADMAC (cationic polyelectrolyte) and DOC (anionic surfactant), Figure 

3.8(b). PEDOT:Tos nanoparticles and CNT layers were assembled via dip-coating on a 
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pre-treated polyethylene terephthalate (PET) substrate to improve film adhesion.47 PET 

substrates were immersed in a cationic PEDOT:Tos/PDADMAC suspension for 5 min, 

followed by three washing steps of dipping in water, immersion in the anionic CNT/DOC 

suspension for 5 min, and eventually three further steps of washing in water. This process 

results in one deposition sequence of a PEDOT:Tos/PDADMAC–CNT/DOC bilayer (BL). 

This cycle was repeated to deposit the desired number of bilayers. Deposited multilayer 

films were washed and air-dried overnight and then stored in a desiccator prior to further 

processing or characterization.  

 

Figure 3.8 (a) Schematic procedure of PEDOT nanoparticles synthesis. (b) Schematic 
procedure of PEDOT:Tos-CNT LbL assembly. 
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3.2.4 Morphology of PEDOT:Tos nanoparticles 

During the miniemulsion polymerization of EDOT, different stages occur. After 

ultrasonication, EDOT droplets are stabilized by PDADMAC. The observations suggest 

that when FeTos is added, iron(III) ions move to the EDOT–water interface and may 

partially oxidize EDOT to PEDOT, resulting in a PEDOT shell. Consequently, iron (III) 

ions are reduced to iron(II). Finally, adding hydrogen peroxide oxidizes iron(II) to iron(III), 

finalizing the oxidation of EDOT to PEDOT. In turn, iron(III) ions are regenerated due to 

hydrogen peroxide in the medium. The experimental observations also indicate that 

hydrogen peroxide is essential for maintaining the spherical morphology and preventing 

droplet coalescence.48 

 

 

Figure 3.9 TEM images of particles prepared with EDOT:FeTos ratios of (a) 1:1, (b) 1:1.5, and 
(c) 1:2. 

 

Figure 3.9 shows TEM micrographs of the synthesized nanoparticles. The increase of 

the molar ratio EDOT:FeTos results in a more significant aggregation of the particles. 

However, the stability of the suspension was not affected by this partial aggregation, with 

the samples being stable even after one month. The particle size of the PEDOT 

nanoparticles was determined by dynamic light scattering (DLS). The sizes of 

nanoparticles prepared with EDOT:FeTos molar ratios of 1:1, 1:1.5, and 1:2 were 180 ± 

10, 260 ± 20, and 490 ± 70 nm, respectively. These results agree with the TEM images 

(Figure 3.9), which indicate a higher formation of aggregates at higher oxidant contents. 

The statistical treatment of TEM micrographs for the sample obtained at the lowest molar 

ratio confirms a size distribution centered around 180 nm. 
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3.2.5 Thermoelectric properties of PEDOT:Tos 
nanoparticles and carbon nanotubes 

Before the LbL assembling of the PEDOT:Tos nanoparticles and the carbon nanotubes, the 

thermoelectric properties of the PEDOT:Tos nanoparticles were evaluated as a function of 

the EDOT:FeTos molar ratio. Also, the CNT dispersions were evaluated as a function of 

the different carbon nanotubes utilized (MWCNT, DWCNT, SWCNT). The respective 

dispersions were deposited on a substrate and, through the drop-casting method, films of 

an approximate thickness of (1.5 ± 0.2) µm were obtained. Figure 3.10 shows the variation 

of the electrical conductivity, Seebeck coefficient, and Power Factor as a function of the 

EDOT:FeTos molar ratio and the type of CNTs. As expected, the electrical conductivity 

increases with the FeTos content since the oxidation level of PEDOT is higher when the 

EDOT:FeTos molar ratio increases. The Seebeck coefficient is also affected by the oxidant 

content. Usually, the evolution of the Seebeck coefficient is opposite to the electrical 

conductivity when the oxidation level of conductive polymers changes.49–51 However, in 

this particular case, both parameters, electrical conductivity and Seebeck coefficient, 

follow the same trend. This fact can be explained by looking at the nanostructure of the 

particles in the TEM images (Figure 3.9). The interconnection degree between particles is 

more remarkable for an EDOT:FeTos ratio of 1:2 than for 1:1 due to the tendency of the 

particles to agglomerate and create a more connected path, which improves the charger 

transport across the film. The electrical conductivity of SWCNTs is higher than for the 

other CNTs (Figure 3.10(b)), which is related to the electronic structure. In the case of 

DWCNTs, which are a subcategory of MWCNTs, there are four unique permutations of 

inner@outer wall combinations: semi@semi, metal@metal, semi@metal, and 

metal@semi.6 Taking into account that the conductivity of semiconductor nanotubes is 

smaller, if we extrapolate these combinations to MWCNTs, the probability of having 

semiconductor nanotubes increases and, therefore, the conductivity decreases.52–54 The 

Seebeck coefficient reached a value of 55 µV K−1 in agreement with previous work.55 
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Figure 3.10 Variation of electrical conductivity, Seebeck coefficient, and power factor: (a) as a 
function of the molar ratio EDOT:FeTos and (b) as a function of the type of carbon 
nanotubes. 

3.2.6 LbL assembly of PEDOT:Tos and CNT 

The assembly of PEDOT nanoparticles and CNT layers is controlled by the electrostatic 

interaction of PDADMAC (cationic polyelectrolyte) and DOC (anionic surfactant). It is 

thus vital to know the surface charge of the nanoparticles and the CNTs. The zeta potential 

of the synthesized nanoparticles was (+19.3 ± 0.5) mV. This positive value indicates that 

PEDOT nanoparticles are positively charged due to the presence of PDADMAC at the 

surface. The zeta potential was (−29.6 ± 0.3) mV for the CNT dispersion functionalized 

with DOC. The zeta potential values confirm that the assembly of PEDOT–CNTs bilayers 

can be carried out through LbL deposition due to the electrostatic interactions of the two 

components, as shown schematically in Figure 3.11. 
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Figure 3.11 Scheme of the electrostatic interaction between PEDOT nanoparticles stabilized 
with PDADMAC and CNT stabilized with DOC. 

  

PEDOT and CNTs bilayers on the PET surface were obtained by the LbL technique 

shown in Figure 3.8(b), using MWCNT, DWCNT, and SWCNT dispersions combined 

with the different EDOT:FeTos molar ratios solutions. The behavior of the samples varying 

the number of bilayers from 10 to 60 was investigated. Figure 3.12 shows profilometry 

measurements to determine the thickness of the samples. At a low number of bilayers (10-

30), the thickness of the film increases progressively up to ca. 2 µm. Up to 30 bilayers, the 

thickness rises rapidly to 3.5–4 µm. 

 

Figure 3.12 Profilometry measurements as a function of the number of bilayers for (a) 
MWCNT–PEDOT nanoparticles, (b) DWCNT–PEDOT nanoparticles, and (c) 
SWCNT–PEDOT nanoparticles. 

 

This fact is anomalous and can be explained by an interdiffusion phenomenon between 

PDADMAC and DOC. Both charged molecules interact with each other due to the high 
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concentration, forming agglomerates on the film's surface.56 This observation agrees with 

the SEM and TEM micrographs of the film cross-sections, presented in Figure 3.13. 

 

Figure 3.13 (a) and (b) SEM images of 30 BL PEDOT:Tos/MWCNT film. (c) and (d) SEM 
images of 40 BL PEDOT:Tos/MWCNT film. (e) TEM cross-section micrograph of 
30 BL PEDOT:Tos/MWCNT film. (f) TEM cross-section micrograph of 40 BL 
PEDOT:Tos/MWCNT film. 

 

For 30 bilayers (Figure 3.13(a) and (b)), PEDOT nanoparticles are uniformly 

distributed over the MWCNTs fibers due to the electrostatic interactions between 

PDADMAC and DOC. The morphology of these nanoparticles remains essentially 

spherical. However, for 40 bilayers (Figure 3.13(c) and (d)), appears agglomerates on the 

surface of the films covering the nanotubes. These agglomerates increase the film thickness 

and the proportion of insulating material at the surface. TEM images of the cross-section 
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of 30 and 40 bilayer films using MWCNTs (Figure 3.13(e) and (f)) indicate an 

interdiffusion phenomenon, with a noticeable increase in the film thickness. Figure 3.13(f) 

shows that the formation of the first layers of MWCNT–PEDOT nanoparticles proceeds 

uniformly, but when reaching about 2 µm, the film formation is less uniform, with a higher 

amount of insulating material. Photographs of the films obtained with 10 to 60 bilayers, 

shown in Figure 3.14, demonstrate how the homogeneity of the film is gradually lost with 

increasing the number of bilayers. 

 

 

Figure 3.14 Films with a different number of bilayers (BL) of PEDOT–MWCNT. 

3.2.7 Thermoelectric properties of PEDOT:Tos/CNT 
hybrid films 

Figure 3.15 shows the thermoelectric parameters of the different systems as a function of 

the number of bilayers. The electrical conductivity increases until reaching 30 (in the case 

of MWCNTs) or 40 bilayers (for DWCNTs and SWCNTs). Then, it decreases due to the 

interdiffusion phenomenon between PDADMAC and DOC, which increases the proportion 

of insulating material on the film's surface, as already described above. On the other hand, 

according to the Van der Pauw method for measuring electrical conductivity, increasing 

the thickness of the film without a notable variation in electrical resistance causes the final 

electrical conductivity of the composite to decrease.57 The highest electrical conductivity, 

with values up to 35 S cm−1, was obtained by using SWCNTs with PEDOT nanoparticles 

with an EDOT:FeTos molar ratio of 1:2. The Seebeck coefficient has a similar tendency, 

it increases until 40 bilayers, and then it decreases because the agglomerates of PDADMAC 

and DOC hinder the passage of the current produced by the difference in temperature. 

Using SWCNTs with PEDOT nanoparticles at EDOT:FeTos molar ratio of 1:2, the 
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Seebeck coefficient reached a maximum of 145 µV K−1, higher than water-based polymer 

emulsion methods containing SWCNTs and PEDOT:PSS.58  

 

 

Figure 3.15 Electrical conductivity of films (a) MWCNT–PEDOT nanoparticles, (b) DWCNT–
PEDOT nanoparticles, and (c) SWCNT–PEDOT nanoparticles. Seebeck 
coefficient of (d) MWCNT–PEDOT nanoparticles, (e) DWCNT–PEDOT 
nanoparticles, and (f) SWCNT–PEDOT nanoparticles. Power Factor of (g) 
MWCNT–PEDOT nanoparticles, (h) DWCNT–PEDOT nanoparticles, and (i) 
SWCNT–PEDOT nanoparticles as a function of the number of bilayers. 

 

As the electrical conductivity increases with the number of bilayers, the Seebeck 

coefficient also increases. This decoupling between the Seebeck coefficient and the 

electrical conductivity does not occur in conventional thermoelectric bulk materials. The 

composites with CNT and conductive polymers experience π–π interaction between the 

aromatic rings of the conductive polymers and the CNTs. This interaction increases carrier 

mobility and improves the electrical conductivity and Seebeck coefficient of conductive 

polymers.58 Finally, the power factor follows the same trend as the electrical conductivity: 

it increases progressively until 30 (MWCNTs) or 40 bilayers (DWCNTs and SWCNTs) 

and then sharply decreases. The best power factor was 72 µW m−1 K−2 with SWCNTs -

PEDOT nanoparticles at an EDOT:FeTos molar ratio of 1:2 with 40 bilayers. This value is 

three orders of magnitude higher than the power factor of pristine PEDOT:Tos 
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nanoparticles film prepared at the same molar ratio. Interestingly, this value is also higher 

than previously reported ones for different PEDOT-based materials, including polymer 

emulsions of PEDOT:PSS/SWCNT/Arabic-gum,58 PEDOT:PSS/SWCNT deposited by 

spin-coating,59 composites by in situ polymerizations of EDOT in the presence of MWCNT 

and graphene stabilized by PSS,60 and flexible thermoelectric composite films of 

polypyrrole and carbon nanotubes.61 

3.2.8 Flexible properties of PEDOT:Tos/SWCNT 

The flexible behavior of PEDOT:Tos/SWCNT films deposited on a PET substrate was 

determined by measuring the electrical conductivity as a function of the bending number 

on a 20 mm radius cylinder. Figure 3.16 shows the variation of the normalized electrical 

conductivity with the number of bendings of the film with 20 bilayers based on SWCNT 

and PEDOT nanoparticles with an EDOT: FeTos molar ratio of 1:2. The electrical 

conductivity remains practically constant, decreasing only 6% after 3000 bends, indicating 

no layer delamination of the films during the bending. The observations demonstrate that 

multilayer materials based on carbon nanotubes and nanostructured conductive polymers 

are suitable for building flexible thermoelectric devices. 

 

 

Figure 3.16 Variation of the normalized electrical conductivity (σ0 is the initial electrical 
conductivity) as a function of the number of bends with a bending radius of 20 mm 
for a film with  20 bilayers based on SWCNT and PEDOT nanoparticles. Inset image 
of the bending test setup. 
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3.3 Electrochemical synthesis of hybrid 
layered thermoelectric materials based 
on PEDOT/SnS doped with Ag 

3.3.1 Materials 

3,4-ethylenedioxytiophene (EDOT, 97 %) and lithium perchlorate (LiClO4) were 

purchased from Alfa Aesar, tin (II) sulfate (SnSO4, 97 %) and sodium thiosulfate (Na2S2O3, 

99 %) were purchased from Acros Organics, silver nitrate (AgNO3 ≥ 99 %) was obtained 

from Sigma-Aldrich and, acetonitrile and sulfuric acid (95 %) were purchased from VWR 

Chemicals. All the chemicals were used as received, and no further modification or 

purification was carried out. 

3.3.2 Electrochemical deposition of PEDOT 

Thin films of PEDOT:ClO4 were obtained by electrodeposition on a polyethylene 

terephthalate (PET) substrate. First, a gold layer was deposited on the PET substrate by 

evaporation in a vacuum chamber (Univex 300 evaporation system) at a pressure of 10-5 

mbar. The gold films were about 40 nm. Once the PET substrates were coated with gold, 

the electrochemical deposition of PEDOT:ClO4 was carried out on the PET-Au substrate 

in a 3-electrode cell with a 0.01 M EDOT solution, and 0.1 M LiClO4 applying a current 

of 3 mA for 30 seconds. The working electrode was the PET-gold substrate, the reference 

electrode was the Ag/AgCl one, and the stainless-steel counter electrode. Next, the 

electrochemical deposition was performed in an IVIUM n-stat potentiostat. Finally, the 

gold layer was removed using aqua regia (a mixture of nitric acid and hydrochloric acid, in 

a molar ratio of 1:3), which is capable of dissolving gold while maintaining the properties 

of the conductive polymer.62 

3.3.3 Electrodeposition of SnS:Ag 

The electrochemical co-deposition process of SnS:Ag was carried out in an IVIUM n-stat 

potentiostat using a 3-electrode configuration. The working electrode was the PEDOT film 

obtained as explained before (Section 3.3.2), the reference electrode was Ag/AgCl, and the 
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counter electrode was stainless steel. The SnS:Ag co-deposition over PEDOT:ClO4 film 

was obtained from a solution of 10 mM SnSO4 and 50 mM Na2S2O3 at a voltage of -0.92 

V versus an Ag/AgCl reference electrode for 7 hours at pH = 2.7.63–67 Different AgNO3 

concentrations were used to optimize the doping of SnS.  

During the electrochemical co-deposition of SnS (a binary compound with an atomic 

ratio of 1:1), the deposition potential of both elements is typically the same, ESn = ES, with 

the following reactions occurring at the cathode: 

 𝑆𝑛ଶା + 2𝑒ି → 𝑆𝑛(௦) (3.1) 

 𝑆ଶ𝑂ଷ
ଶି + 6𝐻ା + 4𝑒ି → 2𝑆(௦) + 3𝐻ଶ𝑂  (3.2) 

 𝑆𝑛ଶା + 𝑆 + 2𝑒ି → 𝑆𝑛𝑆(௦) (3.3) 

According to the Nernst equation, the equilibrium deposition potential of Sn and S can 

be expressed as follows: 
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where E0 is the standard equilibrium potential, and a is the ionic activity of the ions in 

the bulk solution, which is related to their concentration. To establish the equilibrium 

potential between Sn and S, we studied different parameters such as ion concentration and 

pH, resulting in an optimum electrodeposition process of 10 mM of SnSO4 and 50 mM of 

Na2S2O3 at a pH of 2.7. In addition, the temperature for the electrochemical deposition 

varied from 30 ºC to 50 ºC to establish the optimum synthesis conditions. 

 

Figure 3.17 (a) Cyclic voltammetry simulating the conditions for the electrodeposition, using 
PEDOT:ClO4 as the working electrode and (b) inset of the pics in the cyclic 
voltammetry. 

 

-1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00
-25

-20

-15

-10

-5

0

5

E (V)

I (
m

A
)

-1.2 -1.0 -0.8 -0.6 -0.4
-15

-12

-9

-6

-3

0

3

E (V)

I (
m

A
)

-0.92 V

-0.71 V

(a) (b)



Chapter 3. Hybrid layered thermoelectric materials 

82 

The study of the redox behavior over a wide range of potential was carried out using 

cyclic voltammetry. Cyclic scans at 10 mV s-1 were carried out in a solution of 10 mM of 

SnSO4 and 50 mM of Na2S2O3 at a pH of 2.7 from 0 to -1.5 V (vs. Ag/AgCl). Figure 3.17 

shows the cyclic voltammetry results used to find the optimum potential for the 

electrodeposition of SnS:Ag on the PEDOT electrode. First, the potential was in the 

cathodic direction, and as shown in Figure 3.17(a), the reduction of Sn2+ starts at a 

potential of -0.39 V. Two peaks appear at -0.71 V and -0.92 V due to the active reduction 

of Sn2+. These ions then react with the S, reduced from S2O3
2-, to produce the SnS 

film.63,66,67 

Subsequently, chronoamperometry trials were performed at -0.71 V and -0.92 V for 7 

h in a thermostatic bath at 30 ºC using a PEDOT electrode. Results show that at -0.71 V, 

there was no appreciable co-deposition; therefore, -0.92 V was chosen as the fixed potential 

to perform chronoamperometric deposition of SnS. 

3.3.4 Morphology of PEDOT/SnS:Ag films 

Using scanning electron microscopy (SEM), the changes in the surface of the PEDOT film 

after electrodeposition of SnS with different concentrations of silver were studied. 

 

 

Figure 3.18(a) shows the typical cauliflower morphology of PEDOT:ClO4 obtained 

by electrodeposition.62,68 Once SnS is deposited on the PEDOT layer, it is homogeneously 

distributed on the electrode surface, generating a granular morphology. However, as the 

Figure 3.18 SEM micrographs of the samples a) PEDOT:ClO4, and SnS with different 
quantities of silver at 30 ºC of b) 0%, c) 0.13%, d) 0.15%, e) 0.17%, f) 0.25%. 
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amount of Ag in the solution increases, it is possible to observe hexagonal structures, SnS 

strands, and small aggregates of silver appear (Figure 3.18(e) and (f)).  

The composition of the SnS strands has been determined utilizing Energy Dispersive 

Spectroscopy (EDS) microanalysis mapping in an HRTEM (see Figure 3.19). Figure 

3.19(a) shows the TEM micrograph with the microanalysis of the different elements that 

form part of the strands. Throughout the material, uniform dispersion of the elements S 

(green), Sn (blue) and Ag (red) is observed, indicating that they are composed of SnS:Ag. 

The formation of hexagonal crystals at high concentrations of silver (0.25%) is explained 

by forming the Ag8SnS6 phase.69 This new phase is obtained when the amount of silver 

ions is high, and they are introduced into the SnS structure. 

 

Figure 3.19 (a) Layered mapping image of HRTEM with S, Sn, and Ag atoms (Cu is attributed 
to the TEM grids). Individual mapping of (b) S, (c) Sn, and (d) Ag atoms. (e) EDS 
spectra obtained from HRSTEM image. 

 

The electrodeposition conditions (applied potential and temperature) can produce 

changes in the morphology of the film and, therefore, in the thermoelectric properties. For 

this reason, a study was conducted depositing SnS:Ag 0.15% on the PEDOT:ClO4 working 
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electrode at different temperatures (30 ºC, 40 ºC, and 50 ºC) controlled by a thermostatic 

bath. The SEM images (Figure 3.20) show the different morphologies of the films 

obtained. The SEM images reveal that increasing the electrodeposition temperature favors 

the formation of thin SnS strands.70 

 

 

Figure 3.20 SEM micrographs of the samples PEDOT:ClO4/SnS:Ag 0.15% synthesized at 
different temperatures (a) 30 °C, (b) 40 °C, and (c) 50 °C. 

3.3.5 X-Ray photoelectron spectroscopy analysis 

X-ray photoelectron spectroscopy provides information about the composition of 

PEDOT:ClO4/SnS:Ag films.  
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Figure 3.21 XPS survey of the different films obtained in this work.  
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Figure 3.21 shows XPS survey highlighting the presence of multiple elements, 

including carbon and gold, attributed to carbon-based contaminants from the atmosphere 

and traces of gold that were not completely removed with the aqua regia.  

The high-resolution XPS spectra of S 2p, Sn 3d, and Ag 3d for PEDOT, undoped, and 

Ag-doped SnS films are shown in Figure 3.22. In addition, Figure 3.22(a) shows a 

schematic of the relative positions of the core levels S 2p, Sn 3d, and Ag 3d and the 

differences in binding energies. The spectrum of the S 2p for the PEDOT films, Figure 

3.22(b), shows the characteristic peaks of thiol groups and thiophene rings of the polymeric 

chain.71 For the films with undoped PEDOT/SnS and Ag-doped PEDOT/SnS, the spectra 

show binding energy of 161.28 eV, which corresponds to the energy of the S2--Sn2+ state. 

This confirms the presence of the SnS phase. A peak centered at 162.44 eV evidence the 

presence of silver bonded to sulfur atoms (S2--Ag+).72–74 These peaks have an energy 

difference of 1.16 eV, which agrees with the oxidation state of S2-.75,76  

 

Figure 3.22 (a) Scheme of the relative positions of the core level S 2p, Sn 3d, and Ag 3d. (b)-
(d) High-resolution scan of S 2p, Sn 3d, and Ag 3d peaks for the PEDOT, 
undoped PEDOT:ClO4/SnS, and Ag-doped PEDOT:ClO4/SnS films.  
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The magnified XPS spectra of Sn 3d, Figure 3.22(c), exhibited two signals at 486.64 

eV and 495.04 eV, which correspond to the Sn 3d5/2 and Sn 3d3/2 energy levels of Sn atoms, 

respectively. The binding energy between Sn 3d5/2 and Sn 3d3/2 is 8.40 eV, indicating the 

normal state of Sn2+ in the film. Therefore, the peaks Sn 3d5/2 and S 2p3/2 are related to Sn2+ 

and S2- in SnS, and the binding energy between them is 324.2 eV (see diagram Figure 

3.22(a)), indicating the formation of an SnS phase.72,77  

Finally, the films' high-resolution XPS spectra of Ag 3d, Figure 3.22(d), show two 

signals at 368.21 eV and 374.22 eV, which correspond to Ag 3d5/2 and Ag 3d3/2, 

respectively. The binding energy between them is 6.01 eV, indicating the presence of silver 

nanoparticles in the film.73–75 Furthermore, the high-resolution XPS spectrum at various 

silver concentrations (see Figure 3.23) highlights how the 3d5/2 Ag peak becomes wider 

and moves towards lower binding energies, which are consistent with the formation of the 

Ag8SnS6 phase. This phase presents a regular polygonal morphology as observed in the 

SEM images (Figure 3.18(f)).69 In summary, the magnified XPS spectrum confirms the 

synthesis of silver-doped tin sulfide on a PEDOT:ClO4 layer, thereby obtaining a hybrid 

layered material by electrochemical co-deposition. 

 

Figure 3.23 High-resolution scan of Ag 3d peaks for the PEDOT, undoped PEDOT/SnS and  
different Ag-doped PEDOT/SnS films. 
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3.3.6 Thermoelectric properties of PEDOT/SnS:Ag films 

Once the PEDOT:ClO4/SnS:Ag films were synthesized and the composition determined, 

the electrical conductivity and the Seebeck coefficient were evaluated as a function of the 

amount of silver and the synthesis temperature. Figure 3.24 shows the results of the 

thermoelectric measurements for the samples prepared with different quantities of Ag. The 

addition of Ag has a significant increase in electrical conductivity because Ag ions act as 

a charge compensator in the SnS lattice, increasing the hole carrier concentration.73,78,79 

The electrical conductivity of PEDOT (800 S cm-1, Figure 3.25) decreased with the 

addition of the SnS layer since non-doped SnS typically shows low values of electrical 

conductivity (10-4 S cm-1) at room temperature.27 This supports the hypothesis that the SnS 

layer dominates the electric transport of the final material. Therefore, when Ag is added 

during the electrodeposition of SnS over a PEDOT substrate, SnS is doped according to 

the reaction proposed by Kanatzidis et al.27: 

 Ag + S
ୗ୬ୗ
ሱሮ Agୗ୬

ᇱ + Sୗ
୶ + h ∙ (3.6) 

 

Thus, the enhancement of the electrical conductivity with the addition of Ag is 

attributed to the generation of holes (h ∙) during the doping process. 

 

Figure 3.24 (a) Electrical conductivity, Seebeck coefficient, and (b) Power Factor of 
PEDOT:ClO4/SnS:Ag films as a function of the Ag content. 

 

In addition, the change in the morphology observed in the SEM images may improve 

the electric transport in samples. The SnS grain boundaries are thinner; consequently, the 

scattering of charge carriers is reduced, leading to increased mobility.73 Figure 3.24(a) 

clearly shows the effect of the Ag doping on the Seebeck coefficient, increasing values to 
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69 µV K-1 when the Ag-dopant concentration in the solution is 0.15%. Without Ag doping, 

the Seebeck coefficient values are in the order of 30 µV K-1, which indicates that the 

PEDOT:ClO4 layer mainly governs the Seebeck coefficient since PEDOT:ClO4 in a 

reduced state presents Seebeck values around 33 µV K-1 (Figure 3.25). 

 

Figure 3.25 Thermoelectric properties of PEDOT:ClO4 films after removal of Au layer  
(PEDOT:ClO4 oxidized) and after electrodeposition of SnS:Ag (PEDOT:ClO4 
reduced). 

 

Typically, SnS shows high Seebeck coefficient values, around 400 µV K-1, which is 

enhanced by adding low amounts of Ag (>500 µV K-1). The Seebeck coefficient decreases 

until values of 300  µV K-1 at higher amounts of Ag due to the increase of the carrier 

concentration.27 This trend is also observed in this study for the samples based on  

PEDOT:SnS doped with Ag. The maximum value of the Seebeck coefficient reached at 

0.15 %. This is explained by the increment of the Ag concentration in the SnS lattice, which 

can modify the Fermi level energy owing to the heavy-mass band contribution.27 However, 

the values of the Seebeck coefficient reached for the samples PEDOT:SnS are not as high 

as SnS bulk due to the presence of the PEDOT layer.  As the PF depends on the conductivity 

and the Seebeck coefficient, the best results were obtained for the samples with an optimal 

amount of Ag in the hybrid material (0.15%). The highest PF obtained reached a value of 

58.6 µW m-1 K-2, a better value than that of SnS doped with silver obtained by solid-state 

reactions at 300 K.27 These results evidenced that hybrid materials synthesized by 

electrochemical methods can contribute to the improvement of the thermoelectric 

efficiency in organic and inorganic materials without the need for extreme synthesis 

conditions. In addition, the thermoelectric efficiency of this material is relatively high in 

terms of the Power Factor compared to SnS bulk material. So this material would be an 
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interesting alternative to the classical Bi, Pb, and Te based materials that are toxic, low in 

abundance, and listed as critical raw materials (Bismuth). 

 

Figure 3.26 (a) Electrical conductivity, (b) Seebeck coefficient and (c) Power Factor of 
PEDOT:ClO4/SnS:Ag 0.15% films synthesized at different temperatures. 

 

Figure 3.26(a), (b), and (c) show the thermoelectric properties as a function of the 

temperature of the synthesis.  The results show a significant decrease in electrical 

conductivity. This could be attributed to the different morphologies of the temperature-

induced samples. The formation of SnS:Ag strands produce a high degree of heterogeneity 

of the SnS coating, increasing the grain boundary scattering of charge carriers. 

Furthermore, an increase in temperature could induce phase changes and consequently 

reduce the electrical conductivity.72 An increase in the synthesis temperature causes an 

increase in the silver content within the SnS structure, forming Ag-related alternative 

phases. In addition, a decrease in the Seebeck coefficient is observed as a function of the 

synthesis temperature. Therefore, the highest Power Factor was reached at a synthesis 

temperature of 30 ºC. 

3.3.7 Flexible properties of PEDOT/SnS:Ag films 

In order to investigate the reliability of the material under mechanical stress, we have 

monitored the evolution of the electrical conductivity of the film, PEDOT/SnS:Ag 0.15% 

synthesized at 30 ºC on a PET substrate. In the first test, the variation of the electrical 

conductivity of the film after bending with various bending radius has been monitored. In 

the second test, the evolution of the electrical conductivity has been monitored as a function 

of the number of bending cycles. Figure 3.27(a) indicates no significant changes (less than 
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5%) in the sheet resistance after bending the film with a different radius. For the bending 

cycles test, Figure 3.27(b), the film was repeatedly bent up to 3000 cycles with a bending 

radius of 20 mm. The film also shows a stable electrical conductivity, decreasing around 

10% after 3000 bending cycles. Under bending, the mechanical stress is mainly 

concentrated on the PET substrate,80, which is well-coated with PEDOT. This helps keep 

the electrical conductivity nearly constant under mechanical stress. However, the layer of 

SnS:Ag is not flexible, and after 1800 bindings, it starts to crack. Therefore, the electrical 

conductivity decreases at a higher rate.  

 

Figure 3.27 Variation of the normalized electrical conductivity (σ0 is the initial electrical 
conductivity) as a function of: (a) bending radius, (b) bending cycle with a 
bending radius of 20 mm for PEDOT:ClO4/SnS:Ag 0.15% films synthesized at 
30 ºC. 

 

These results show a tremendous potential for room-temperature thermoelectric 

applications since SnS and PEDOT are combined with a low-cost, easy and scalable 

synthetic route to develop hybrid films with improved thermoelectric efficiency. 

Furthermore, these hybrid materials adopt the flexible properties of the PEDOT, providing 

even more added value to the material. 

3.4 Conclusions 

This chapter describes two methodologies to obtain layered hybrid thermoelectric 

materials. The first method consists of forming multilayered structures by combining layers 

of PEDOT:Tos nanoparticles functionalized with a cationic polyelectrolyte (PDADMAC) 

with layers of carbon nanotubes (MWCNT, DWCNT, SWCNT) functionalized with an 
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anionic surfactant (DOC). The optimum Power Factor is reached after 30–40 bilayers since, 

with a higher number of bilayers, an interdiffusion effect creates insulating agglomerates 

of PDADMAC and DOC. In addition, different carbon nanotubes were used in the 

multilayered system with PEDOT:Tos nanoparticles. SWCNT with PEDOT:Tos 

nanoparticles at a 1:2 EDOT:FeTos molar ratio achieved the highest Power Factor, 72 μW 

m-1 K-2, three orders of magnitude higher than the Power Factor of the PEDOT:Tos 

nanoparticles at the same molar ratio. 

The second method is based on the electrodeposition of silver-doped tin sulfide on a 

PEDOT:ClO4 working electrode. To optimize the electrochemical doping of SnS with 

silver, different amounts by weight of silver nitrate were added to the reaction mixture. The 

morphology of the films is influenced by the addition of Ag and the synthesis temperature. 

Structural analysis (XPS) and the SEM images indicate the presence of Ag8SnS6, which is 

shown to influence the thermoelectric properties of the films negatively. Electrical 

conductivity increases as a function of Ag content while the Seebeck coefficient reached 

the maximum value at an Ag concertation of 0.15% in the electrochemical solution. The 

maximum power factor observed is 58.6 µW m–1 K–2, achieved at 0.15% Ag, four times 

higher than the pristine PEDOT:ClO4 film. In addition, PEDOT/SnS:Ag films have good 

flexibility allowing 1800 bending cycles with a radius of 20 mm with little influence on 

electrical resistance. 

There is no doubt that layered hybrid thermoelectric materials represent an excellent 

strategy to improve the thermoelectric efficiency of conductive polymers. Furthermore, the 

results in this chapter represent a clear improvement in hybrid and organic thermoelectric 

efficiency on sustainable raw materials compared to the state-of-the-art.
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Content 

This chapter studies the thermoelectric properties of fabrics based on conductive polymers 

to obtain textile-based wearable thermoelectric generators. The introduction explains the 

diverse types of wearable thermoelectric generators and various methodologies for coating 

flexible conductive polymer substrates. Then, three studies optimize the process of coating 

textiles with conductive polymers. The first analyzes the effect on the thermoelectric 

properties and thermal stability of the coating of fabrics with different conductive 

polymers. In the second study, PEDOT:ClO4 was electrodeposited on felt and cotton 

fabrics coated with MWCNT, and a thermoelectric generator was prepared with both 

fabrics. Finally, the thermoelectric and mechanical properties of felt fabric coated with 

PEDOT and different counterions were studied, and a wearable thermoelectric generator 

based on PEDOT:BTFMSI coated felt fabrics was developed. 

4.1 Introduction 

The Internet of Things (IoT) concept has promoted the development of wearable 

electronics such as smart fabrics and implantable medical devices.1–3 However, most of 

these devices use batteries as power sources, subject to periodic recharging and 

replacement. Therefore, the next challenge is to design new systems to obtain sustainable 

energy to generate power for portable electronic devices.4 One way is by harvesting it from 

the human body, which can be considered a constant and uninterrupted energy source for 

portable power devices. For example, it is estimated that the daily activities of a 70 kg adult 

can generate about 100 W of power through breathing, heating, blood transport, and 

walking.5 Therefore, getting 1 W of all the energy generated by the human body can be 

enough to power most portable devices. Triboelectric generators,6,7 piezoelectric 

generators,8 and thermoelectric generators (TEG),9 have been developed to collect energy 

from human movement and body heat. The main advantage of TEGs over other energy 

harvesters is that the dissipation of human heat generates a significant amount of energy 

per unit area; therefore, wearable TEGs (wTEGs) are suitable for collecting lost thermal 

energy.10 
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4.1.1 The human body as a heat source for TEG 

The ambient temperature varies between -40 to 40 ºC depending on the region, so the 

maximum temperature difference between the human body (36.5 ºC) and the environment 

will be 80 ºC.11 Most human energy is released in the form of heat, so it is reasonable to 

use thermoelectric generators to harvest thermal energy and convert it into electrical 

energy. The maximum efficiency of thermal energy harvesting of the human body can be 

determined from the Carnot efficiency, Equation (1.8). Assuming a normal body 

temperature (36.5 ºC) and a relatively low ambient temperature (20 ºC), the Carnot 

efficiency will be 5.3%. However, in a warmer environment (30 ºC), the Carnot efficiency 

will decrease up to 2.1%. The Carnot efficiency offers the ideal conversion value, but the 

efficiency of thermoelectric generators under thermal gradients between 5 and 20 ºC 

oscillates between 0.2% and 0.8%, very far from the value offered by the Carnot efficiency. 

Reimer et al.12 estimated that the total heat dissipated by the human body ranges from 60–

180 W. However, harvesting all this power would require coating the entire body with 

thermoelectric generators, limiting their practical use. Therefore, it is more reasonable to 

design TEGs to occupy a small body part, maximizing efficiency. 

Generally, we can consider that the exchange of thermal energy between the human 

body and the environment occurs through conduction, convection, and radiation. Heat 

conduction occurs when two bodies or substances are in direct contact. Convection is the 

heat transmission from the body to the air through a fluid medium such as blood or gases. 

Finally, radiation or heat dissipation is the most important heat exchange mechanism. 

Therefore, the design of a thermoelectric generator involves the use of heat dissipation and 

conduction. By placing the TEG on the human body, the temperature difference (ΔT) 

between the human body and the environment results in a flow of heat through the 

generator that generates an intrinsic thermal gradient (ΔTTEG) which, in turn, conducts the 

production of an output voltage through the Seebeck effect. Therefore, the success of a 

wearable thermoelectric generator will be based on the maximization of the temperature 

difference. 

Maximizing the intrinsic temperature difference in the thermoelectric generator is a 

real challenge due to the existence of three thermal resistances that can limit the 

performance of the TEG. In Figure 4.1(a), the three thermal resistances are schematized. 

The skin resistance is because the human skin is a thermal insulator that generates a 

resistance between the TEG and the human body. Contact resistance is due to the roughness 
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of the skin, which decreases direct contact between the skin and the TEG. Finally, 

convective resistance occurs between the interface of the TEG and the environment. This 

resistance usually depends on the air's convection; therefore, a heat sink is often used to 

increase the efficiency of the convection.13 

 

Figure 4.1 (a) Schematic representation of three thermal resistance that impact TEG 
performance. (b) Human skin temperatures at different body locations. Reprinted with 
permission.13 Copyright 2016, The Royal Society of Chemistry. 

 

Another parameter that must be considered for the efficient design of wearable 

thermoelectric generators is the body position in which the wTEG will be placed since the 

generation of body heat is related to metabolic activity. Webb et al.14 measured skin 

temperature in different body parts, as shown in Figure 4.1(b). The highest temperatures 

were recorded in the upper part of the human body and the lowest in the lower part. 

Therefore, skin temperature is essential in optimizing wTEG efficiency since the power 

output is determined by the temperature difference between the body and the environment. 

4.1.2 Wearable thermoelectric generators 

Classical thermoelectric materials such as inorganic semiconductors, carbon nanotubes, 

conductive polymers, 2D materials, and composites have been used to develop wearable 

thermoelectric generators. Inorganic semiconductors are the materials with the highest ZT 

values,15,16 but the need to use low-cost, lightweight, and flexible materials in portable 

thermoelectric generators has promoted the use of organic materials with low thermal 

conductivity, high flexibility, and good processability.17 Other novel thermoelectric 

materials such as 2D materials and CNTs have also recently come into use due to their 

transport properties and high Power Factors.18–20 As previously mentioned, one of the most 

promising strategies to obtain efficient, low-cost, and flexible thermoelectric materials is 
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to develop hybrid organic/inorganic materials. In these materials, inorganic fillers are 

introduced into conductive polymer matrices to produce a synergistic combination between 

them.21,22 

Since the human body is not a flat surface, the goal of wearable thermoelectric 

generators is to collect body heat most efficiently on the skin. Therefore, depending on the 

application of the wTEG, the integration of the generator in the skin, and the materials 

used, we can divide the wTEGs into four main categories: rigid, flexible, stretchable, and 

textile.23 

4.1.2.1 Rigid wTEG 

These types of thermoelectric generators are generally made from conventional bulk TE 

materials. The first commercial application of a rigid wearable thermoelectric generator 

(R-wTEG) was in 1980 with the Bulova Thermatron. However, the market success to 

thermoelectrically powered watches came later after perfecting the electronics of watches. 

Kishi et al.24 developed in 1999 a wristwatch with more than 50 pairs of Bi/Te (n-type) and 

Bi/Sb/Te (p-type) elements that were capable of running on body heat. More recent studies 

have shown that these types of wearable thermoelectric generators can be used to measure 

the thermal properties of the human body in the trunk, head, and extremities.25–27 In 

addition, these devices show competitive performance in the range of temperatures 

between 0 to 25 ºC and can replace batteries in low-power portable devices, reaching output 

power values of 20 μW at 22 ºC.28 The main drawback of R-wTEGs is that the use of 

conventional inorganic materials limits their applicability when the body heat source is 

curved due to the rigidity of these materials. 

4.1.2.2 Flexible wTEG 

Flexible wearable thermoelectric generators (F-wTEG) emerge as an alternative to R-

wTEGs as they allow greater adaptability to the contact between the generator and the skin, 

thus maximizing heat collection. The main strategy used for the development of F-wTEGs 

has been the deposition of thermoelectric materials on flexible substrates such as polyimide 

(PI), polyethylene terephthalate (PET), and polydimethylsiloxane (PDMS).29–31 These 

flexible and insulating substrates allow a better adaptation of the thermoelectric generator 

to arbitrarily shapes heat sources and mass production methods. For example, We et al.32 

developed a high-performance F-wTEG using screen-printed Sb2Te3 film and a 
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PEDOT:PSS hybrid compound, obtaining an output voltage of 12.1 mV with a thermal 

gradient of 5 K, as shown in Figure 4.2(a). Zeng et al.33 assembled reduced graphene oxide 

(rGO) films on PDMS grids to obtain low thermal conductivity while maintaining the high 

electrical conductivity of rGO. They elaborated a bracelet type F-wTEG with seven legs 

getting an output power of 4.19 μW g-1 with a thermal gradient of 15 K, as shown in Figure 

4.2(b). Song et al.29 made an F-wTEG based on PEDOT:PSS/Te on a polyimide substrate. 

In the device, a bubble film was used as thermal insulation, obtaining an output voltage of 

2.5 mV with a temperature difference of 13.4 K, Figure 4.2(c). 

 

Figure 4.2 (a) Performance demonstration of F-wTEG and schematic TEG cross-section. 
Reprinted with permission.32 Copyright 2014, Elsevier Ltd. (b) Scheme of F-wTEG 
bracelet type and infrared image of the device. Reprinted with permission.33 
Copyright 2018, Elsevier Ltd. (c) PEDOT:PSS/Te F-wTEG and its performance 
demonstration. Reprinted with permission.29 Copyright 2017, Elsevier Ltd. 

 

Flexible substrates for thermoelectric generators bring lightness and adaptability to 

human skin. However, they can cause a loss of wTEG performance due to 

traction/compression effects at the interface between the TE material and the electrodes 

during bending. 

4.1.2.3 Stretchable wTEG 

In contrast to the wearable thermoelectric generators discussed above, the stretchable ones 

(S-wTEG) have the advantage that they can be used on dynamic surfaces and guarantee 

better contact between the device and the skin. Therefore, the contact resistance between 

the device and the skin will be lower. However, it is difficult to obtain a suitable structure 

for these wearable thermoelectric generators since, to obtain high performance, it is 

necessary to use rigid inorganic semiconductors. One of the strategies used to address these 
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limitations is the 3D helical fabrication of stretchable devices since, in this way, the helical 

structure can withstand greater mechanical stress.34,35 In addition to the high stretchability 

(~100%) and stretch stability, air can penetrate through the device to dissipate heat. For 

example, Xu et al.35 developed a thermoelectric generator with a helical structure through 

which he obtained an output voltage of 8.9 mV with a thermal gradient of 16 K, Figure 

4.3(a). Yang et al.36 proposed using stretchable electrodes to favor their use on dynamic 

surfaces. For this, the S-wTEG consisted of hot-pressed nanolayers of Sb2Te3 and Bi2Te3 

integrated by wavy serpentine interconnections, as shown in Figure 4.3(b) and embedded 

in an Ecoflex elastomer matrix. The device's output power reached 0.15 mW cm-2 with a 

ΔT = 19 K. 

 

Figure 4.3 (a) Images of stretchable helical TEG. Reprinted with permission.35 Copyright 2018, 
The Royal Society of Chemistry. (b) S-wTEG with serpentine interconnection. 
Reprinted with permission.36 Copyright 2020, American Chemical Society. (c) 
PEDOT/WPU/ ionic liquid stretchable wTEG. Reprinted with permission.37 
Copyright 2020, Springer Nature. 

 

Researchers have also investigated the possibility of having intrinsically stretchable 

thermoelectric generators to obtain a more suitable structure. Kim et al.37 reported an elastic 

compound PEDOT/WPU/ionic liquid with high electrical conductivity and stretchability. 

The open-circuit voltage remained relatively stable up to 40% stretching in both the parallel 

and perpendicular directions, Figure 4.3(c). 

4.1.2.4 Textile wTEG 

Textiles have great potential for obtaining wearable thermoelectric generators (T-wTEGs) 

as they help to improve the portability of TEGs. In general, the advantage of using textiles 
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to integrate TEGs lies in their comfort, adaptability to movement, and guaranteed heat 

transfer. However, the application of T-wTEGs is limited by the low-temperature 

difference (ΔT = 3 – 10 K) available to harvest body heat. Therefore, it is necessary to use 

inorganic TE materials with high Seebeck coefficients. The main method used to coat 

textiles with TE materials is screen printing, which is highly compatible with textile 

processing methods. For example, Kim et al.38 developed a T-wTEG based on Bi0.5Sb1.5Te3 

and Bi2Se0.3Te2.7 using a dispenser printing method, Figure 4.4(a). The device showed a 

power output of 224 nW with a thermal gradient of 5 K. Lu et al.39 designed a 

thermoelectric generator using silk cloth by printing Bi2Te3 and Sb2Te3 by conventional 

methods in the textile industry. The prototype consisted of 12 thermocouples and could 

generate a power output of 15 nW with a thermal gradient of 35 K. 

 

Figure 4.4 (a) Device performance and implementation of T-wTEG based on Bi0.5Sb1.5Te3 and 
Bi2Se0.3Te2.7. Reprinted with permission.38 Copyright 2014, IOP Publishing Ltd. (b) 
SEM image, T-wTEG, and its performance. Reprinted with permission.40 Copyright 
2015, Springer Nature. (c) T-wTEG based on PEDOT:Cl and its performance. 
Reprinted with permission.41 Copyright 2019, Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

 

However, T-wTEGs based on rigid inorganic semiconductors are not suitable for 

dynamic applications. For this reason, the researchers promoted the development of T-

wTEGs by using alternative materials such as conductive polymers, which are 
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biocompatible, flexible, and lightweight. In addition, due to the low thermal conductivity 

of conductive polymers, they are ideal candidates to quickly and economically obtain 

efficient T-wTEG. Du et al.40 designed a textile-based thermoelectric generator by 

immersing a commercial fabric in a PEDOT:PSS solution, obtaining an output voltage of 

4.3 mV with a temperature difference of 75 K, Figure 4.4(b). Jia et al.42 developed a T-

wTEG by coating a textile with PEDOT by in situ polymerization, obtaining an output 

voltage of 5 mV at ΔT = 25 K. Allison et al.41 coated commercial cotton fabric with 

PEDOT:Cl by steam printing, Figure 4.4(c). The fabric was cut into two strips, which were 

used to obtain a band-shaped T-wTEG, generating a power output of 4.5 nW at ΔT = 30 K. 

4.1.3 Textile-based wearable thermoelectric generators 

As we have previously commented, the use of textiles in the field of wearable 

thermoelectric generators is due to the flexibility, breathability, usability, and comfortable 

sensation of fabrics.4,43,44 In addition, the coating of textiles with conductive polymers to 

obtain T-wTEG is favored over its counterparts for its advantageous mechanical properties 

and ease of processing. The elasticity and plasticity of conductive polymers are similar to 

those of ordinary yarns, which should prevent delamination and fragmentation when 

bending or twisting coated textiles.44 However, not all textile coating methods with 

conductive polymers offer the same coating stability against use. Next, we will see the 

different methods for depositing conductive polymers on textiles and analyze their 

advantages and disadvantages. 

4.1.3.1 Dip coating 

Dip coating of textiles is the most widely used method of deposition of conductive 

polymers on textiles due to its simplicity and low cost. The conductive polymer has to be 

soluble in a solvent that will not damage the fibers in which the conductive polymer is 

soaked. After the drying step, the coated fabric is obtained. By repeating the process, a 

greater coating thickness can be obtained, or different layers of different conductive 

polymers can be added as if it were the Layer-by-Layer (LbL) technique.43 For example, 

Moraes et al.45 coated polyamide 6,6 fibers with PEDOT:PSS and glycerol-doped 

PEDOT:PSS. In this work, they observed that the addition of glycerol not only doped the 

polymeric chain of PEDOT but also acted as a plasticizing additive. However, they were 

unable to control the uniformity of the coating. In fact, this is one of the main weak points 
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of coating textiles with conductive polymers by dip coating. The uniformity of the coating 

can generate areas where the conductive polymer is agglomerated in greater quantity. 

These areas can be a long-term point of debonding and delamination during textile 

processing or daily thermoelectric textile use.23,43 

4.1.3.2 Vapor coating 

Vapor-phase polymerization of conductive polymers is a technique that simultaneously 

combines the synthesis and deposition of conductive polymers in a single step.46,47 This 

method allows for a uniform and thin coating on textile fibers. Thus, the mechanical 

properties of the coated fabric will be predominantly those of the pristine textile.48,49 Two 

components are required for vapor phase polymerization: a monomer and an oxidant. The 

textile is generally impregnated with a solution containing the oxidizing salt, and then the 

fabric is exposed to the monomer vapors. Another way to coat the textile is through 

oxidative chemical vapor deposition (oCVD). The monomer and the oxidant are 

simultaneously introduced into the vapor phase and directed to the fabric's surface through 

this technique. In both methods, the exposed oxidant on the fiber surface reacts with the 

monomer producing reactive radical cations that become anchored to the fiber surface. 

These radical cations continue to react with the rest of the monomers, producing the 

polymer chain. Finally, the fabrics must be washed to remove excess oxidant. 

 

Figure 4.5 (a) Schematic process of oCVD. (b) SEM images after laundering and rubbering tests. 
Reprinted with permission.41 Copyright 2019, Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
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In the work of Allison et al.,41 cotton textiles were coated with PEDOT:Cl using the 

oCVD technique, Figure 4.5(a). They conducted coating durability tests by rubbing or 

laundering the clothes in warm water, observing that the coating does not break or peel, 

Figure 4.5(b). This is precisely one of the main advantages of the technique. Using vapor 

coating, uniformly coated textiles with high resistance to washing and wear are obtained.43 

Also, vapor-coated fabrics' electrical conductivity is typically higher than dip-coated 

fabrics.50–52 The only drawback of this textile coating method is the high cost of scaling 

production to an industrial level. 

4.1.3.3 In-situ solution polymerization 

In-situ solution polymerization represents an alternative for those polymers, such as 

polypyrrole (PPy) and polyaniline (PANI), that cannot be stably formulated into 

conductive inks. In this case, the textile substrate is introduced into a solution containing 

the desired monomer and adding a solution of an oxidizing agent to initiate polymerization. 

In this way, once the polymerization reaction has started, part of the polymer generated in 

the reaction medium will adhere passively to the surface of the fibers. Zhang et al.53 

developed a near room-temperature in-situ interfacial polymerization method to obtain 

thermoelectric textiles with a core-shell structure. As a result, the fabrics showed a 

conductivity of 2.19 S cm-1 and a Seebeck coefficient of 14 μV K-1. 

Although the method is simple, a priori, it is difficult to control the mass transport 

during the polymerization reaction; therefore, control over the growth of the conductive 

coating is lost. This indicates that this method achieves a low degree of coating uniformity. 

The loss of uniformity has consequences regarding the stability of the coating on the textile 

fibers and the electronic properties of the final textile.43 

4.1.3.4 Electrochemical coating 

Electrochemical polymerization is another method in which synthesis and deposition take 

place simultaneously. In this method, the monomer is dissolved in an appropriate solvent 

with an electrolytic salt. An anodic current capable of oxidizing the monomer is applied to 

the working electrode.54 Typically, the three-electrode configuration (working electrode, 

counter electrode, and reference electrode) is used. The fabrics acting as the working 

electrode must be conducive to the electrodeposition of conductive polymers on textiles. 

In general, textile substrates are insulating, and in order to carry out this method, different 
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approaches have been used to provide textiles with a certain conductivity. For example, 

Babu et al.55 wrapped a graphite electrode with cotton fibers to electrodeposit polypyrrole. 

The electrochemical polymerization reaction begins on the graphite electrode, and as the 

polymer chain grows, it passively adheres to the textile fibers. 

Most of the work published generates a thin prime layer on the textile fibers by 

immersion, polymerization in the vapor phase, or polymerization in solution to provide the 

fabric with a certain electrical conductivity. They then use this fabric with the prime layer 

as a working electrode where the growth of the coating from the coated fibers continues. 

In general, the uniformity of the electrodeposited conductive polymer coating will depend 

on the morphology of the underlying layer. For example, Maziz et al.56 covered Lyocell 

cellulose yarns with a PEDOT primer layer via vapor phase polymerization and 

electrochemical deposition of polypyrrole on this fabric. SEM images revealed the high 

homogeneity of the coating. 

 

In this chapter, we have developed a method for coating textiles with conductive polymers 

by electrodeposition. The adhesion of conductive polymers to flexible substrates is 

generally low,42 and therefore, we first coated the fibers with carbon nanotubes (CNTs) 

using the Layer-by-Layer (LbL) technique. Compatibilizing agents used to disperse carbon 

nanotubes help make CNTs firmly adhere to textile fibers.57 Once the fabric is coated with 

carbon nanotubes, it is possible to use it as a working electrode and carry out 

electrodeposition of conductive polymers. 

4.2 Electrochemical synthesis of 
conductive polymers over fabrics 

4.2.1 Materials 

Aniline 99.5 %, pyrrole 98 %, poly (diallyl dimethylammonium chloride) (PDADMAC, 

Mw = 105 g mol-1, 20 wt. % in water), and sodium deoxycholate (DOC, ≥ 97 % by titration) 

were purchased from Sigma-Aldrich. 3,4-Ethylenedioxytiophene (EDOT) 97 % lithium 

perchlorate (LiClO4), and acetonitrile (ACN) were purchased from Alfa Aesar. 

Multiwalled carbon nanotubes (MWCNTs, 12−15 nm outer and 4 nm inner wall diameter, 

> 1 μm length, C ≥ 95 wt %) were obtained from Bayer MaterialScience (Leverkusen, 
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Germany). Sulphuric acid 96 % was obtained from VWR Chemicals. Felt fabric (made by 

polyester fibers) with a grammage 140 g m−2 and 0.8 mm of thickness was purchased from 

MW Materials World (Barcelona, Spain). All chemicals except felt fabric were used as 

received. The fabric was washed with ethanol in an ultrasound bath for 15 minutes. 

4.2.2 Layer-by-Layer coating of felt fabrics with MWCNT 

The felt fabric was coated with multiwalled carbon nanotubes (MWCNTs) by Layer-by-

Layer deposition (LbL) to obtain a conductive material. Since the LbL technique is based 

on the electrostatic interaction between a positive and a negative charge, it is necessary to 

functionalize the surface of the carbon nanotubes to optimize the coating process. The 

functionalization of CNT can be of two types: covalent (chemical functionalization), which 

is based on the covalent bonding of the carbon nanotube with functional groups in the end 

caps or defects in their sidewalls;58–60 and non-covalent (physical functionalization), which 

is capable of modifying the interfacial properties of carbon nanotubes through π–π or 

hydrophobic interactions.58,61,62 Generally, chemical functionalization degrades the 

conjugated structure of the nanotubes since they tend to modify the hybridization of sp2 to 

sp3 and, therefore, decrease the electronic performance of the nanotubes.58 For this reason, 

for the functionalization of nanotubes with positive and negative charges, a non-covalent 

method has been chosen using cationic and anionic tensioactive agents, respectively. 

Furthermore, for a better tensioactive – nanotube interaction, a mechanochemical method 

has been used to disperse the carbon nanotubes in water.63 

Two MWCNT dispersions (0.05 wt%) were prepared in an aqueous medium using 

PDADMAC (0.25 wt%) as a cationic stabilizer and DOC (0.25 wt%) as an anionic 

stabilizer, respectively. First, the weighed quantity of carbon nanotubes and surfactant, 

together with 1 mL of low conductivity water, were introduced into the ball mill mortar, 

and a pre-dispersion was carried out by ball milling for 30 minutes, obtaining a mixture 

with a paste texture. Next, it was introduced into a beaker containing the rest of the water 

and homogenized in an ultrasound bath for 15 minutes. Then, the dispersions were 

ultrasonicated (10 min, ½ '' tip, 90% amplitude, 1.0/0.1 s pulse/pause sequence) to obtain 

a homogeneous dispersion of the nanotubes in the aqueous medium. Once the cationic and 

anionic dispersions of the MWCNTs have been obtained, the ζ-potential is measured, 

obtaining values of (+32.6 ± 0.8) mV and (-45.2 ± 1.1) mV for the dispersions of 

MWCNT/PDADMAC and MWCNT/DOC, respectively. The ζ-potential values obtained 
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indicate that the carbon nanotubes with PDADMAC have a positive surface charge due to 

the cationic polyelectrolyte, and the MWCNTs with DOC have a negative surface charge 

due to the coating with the anionic surfactant. This difference in surface charge allows the 

Layer-by-Layer (LbL) method to coat textiles with MWCNT due to the electrostatic 

interaction between MWCNT/PDADMAC and MWCNT/DOC. 

 

Figure 4.6 Schematic process of LbL coating of felt fabrics with MWCNT. 
 

Once the nanotube dispersions had been prepared, the fabrics were coated as 

explained. Before coating with MWCNT, the fabrics were washed with ethanol in an 

ultrasonic bath for 15 min and allowed to dry at 50 °C overnight. Then, the fabrics were 

dipped in a solution of MWCNT/PDADMAC for 2 min, and finally, the fabric was washed 

with water and drained. Next, the fabric was immersed in a solution of MWCNT/DOC, 

and the non-attached elements were removed by several washing steps and drained.  These 

two sequential depositions of MWCNTs,  schematically depicted in Figure 4.6, correspond 

to one cycle called bilayer (BL).  
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Figure 4.7 Electrical conductivity as a function of the number of bilayers of MWCNTs onto felt 
fabric. 

 

The assembly of MWCNT bilayers (BLs) is controlled by the electrostatic interaction 

between PDADMAC and DOC. The electrical conductivity was evaluated as a function of 

the number of bilayers (from 10 to 30) deposited on the fabrics. Figure 4.7 plot the 

electrical conductivity as a function of the number of MWCNT on the felt fabric. The 

electrical conductivity increases until 20 BLs and reaches a plateau at a value around 1.5 

10−7 S cm−1, presumably due to saturation. Since no significant improvement in the 

conductivity is observed after 20 BLs, we used this value in the subsequent 

electrodeposition experiments of conductive polymers on the fabrics. 

4.2.3 Electrodeposition of conductive polymers 

During electropolymerization, an electric current of known potential or intensity is passed 

through a solution containing the monomer, the dopant, and the solvent, inside an 

electrolytic cell. The coating of the conductive polymer is generated simultaneously by 

applying an anodic current that polymerizes the monomer over the working electrode. By 

controlling the synthetic parameters (potential, intensity, concentration), it is possible to 

control the quantity of polymer produced and obtain a high reproducibility of the 

properties.64 

The general mechanism of electrochemical polymerization of conductive polymers 

consists of two stages. In the first one, cation radicals of the monomer are electrogenerated 

on the surface of the working electrode due to the current flow. The second stage is 
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nucleation, in which polymerization begins by polycondensation of cation radicals or by 

reactions of the cation radical with the monomer.65–67  

The synthesis of poly (3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy) 

on MWCNT–fabrics was carried out by electrochemical polymerization applying a 

constant current intensity of 6 mA during a different time. However, the electrosynthesis 

of polyaniline (PANI) was carried out using a constant voltage of 2 V. Therefore, the 

composition of the solutions for the electrosynthesis of the different conductive polymers 

is different. For the electrodeposition of PEDOT, a 0.01 M solution of EDOT and 0.1 M of 

LiClO4 in acetonitrile were used. For the electrodeposition of PPy, the concentration of the 

monomer, pyrrole, was 0.1 M, and the dopant, LiClO4, 0.1 M, in acetonitrile as solvent. 

The electrodeposition of PANI was carried out in an aqueous medium with a concentration 

of 0.5 M of aniline and 1.0 M of H2SO4. 

Three electrodes formed the electrochemical cell: a counter electrode (platinum grid), 

a reference electrode (Ag/AgCl), and the MWCNT–fabric as the working electrode. Two 

clamps have been designed to hold the carbon nanotube coated textile to avoid contact 

between the electrochemical solution and the copper electrodes. For the electrodeposition 

of PEDOT and PPy, the MWCNT–fabric was placed between two pieces of polyethylene 

terephthalate–indium tin oxide (PET–ITO), one of them connected to a copper tape. Then, 

PET–ITO sheets with the fabric are held with a clamp, as shown in Figure 4.8(a). In the 

case of PANI electrodeposition, it is impossible to use this clamp since the presence of 

sulfuric acid damages the ITO layer.68 For this reason, for the electrosynthesis of PANI, 

the MWCNT-fabric was placed between two stainless steel sheets (Figure 4.8(b)), which 

on their external part have an insulating coating that inhibits polymerization and, therefore, 

electrochemical polymerization only occurs in the part of the steel that is in contact with 

the fabric. After polymerization, the MWCNT–fabric coated with conductive polymer was 

rinsed several times with acetonitrile and ethanol to remove the monomers that had not 

reacted. 
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Figure 4.8 Clamps designed for (a) electrodeposition of PEDOT and PPy, and (b) 
electrodeposition of PANI on MWCNT coated fabrics. 

 

4.2.4 Thermoelectric properties of fabrics 

The prepared fabric-MWCNTs were coated with different conductive polymers by 

electropolymerization. For the synthesis of conductive polymers, static electrochemical 

techniques were used in which a constant intensity of current (chronopotentiometry) or 

voltage (chronoamperometry) is applied over time. In the case of the PEDOT and PPy 

deposition, chronopotentiometry was used, and chronoamperometry was used to synthesize 

PANI. The homogeneity of the coating of the fabrics with conductive polymers and their 

thermoelectric properties will depend on the polymerization time; therefore, it is necessary 

to determine the optimal value. For this, the electrical conductivity, the Seebeck coefficient, 

and the polymer mass deposited as a function of the polymerization time were followed, 

as shown in Figure 4.9. 
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Figure 4.9 Electrical conductivity, Seebeck coefficient, and polymer mass deposition as a 
function of the polymerization time for (a) PEDOT:ClO4, (b) PPy:ClO4, and (c) 
PANI:H2SO4. 

 

The general trend observed is that the deposited mass of conductive polymer on the 

MWCNT-fabric increases rapidly in the first moments of polymerization and finally 

stabilizes. This stabilization may be because new fragments of the generated polymeric 

chain do not remain adhered to the fabric and return to the heart of the solution. Regarding 

electrical conductivity, a similar trend can be observed, with a rapid increase in the first 

moments of polymerization and an electrical conductivity stabilization, although the mass 

of polymer deposited increases. The Seebeck coefficient also changes with the 

polymerization time with an initial value of 7 μV K-1, which corresponds to the Seebeck 

coefficient of the fabric coated with MWCNTs. However, at higher polymerization times, 

the Seebeck coefficient achieves a stable value of around 15 μV K-1, corresponding to a 

highly doped conductive polymer.69 

The optimal polymerization time will be when the electrical conductivity and Seebeck 

coefficient are maximum with the minimum mass of conductive polymer deposited. This 

is important since a high amount of conductive polymer coating the felt fibers can impair 

the mechanical properties of the final fabric.70 In the case of the PEDOT:ClO4 and 

PPy:ClO4 coatings, the values of electrical conductivity and Seebeck coefficient stabilize 
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after 60 minutes of electrochemical polymerization. Although the amount of mass 

deposited on the fabric increases at longer polymerization times, the thermoelectric 

properties do not. In this way, an optimal value is reached after 60 minutes of deposition 

with an electrical conductivity of 0.1 S cm-1 and a Seebeck coefficient of 14.5 μV K-1 for 

the PEDOT:ClO4 coating and electrical conductivity of 0.05 S cm-1 and Seebeck coefficient 

of 16.4 μV K-1 for the PPy:ClO4 coating. A similar trend is found in the case of the 

electrochemical deposition of polyaniline. In this case, after 20 minutes of polymerization, 

a plateau is reached in the thermoelectric properties despite the deposited mass of PANI 

increases. The electrical conductivity was 0.08 S cm-1, and the Seebeck coefficient was 

12.3 μV K-1. Therefore, the highest thermoelectric efficiency is for PEDOT:ClO4 with a 

Power Factor of 2.1  10-3 μW m-1 K-2. 

4.2.5 Morphology of thermoelectric fabrics 

Once the felt fabrics are covered with the carbon nanotubes and the different conductive 

polymers, the morphology is observed by scanning electron microscopy (SEM), Figure 

4.10. The pristine fabric has a practically smooth surface. After the deposition of 

multiwalled carbon nanotubes by LbL, the surface of the fibers becomes rougher. Even at 

higher magnifications, tiny threads can be observed, which correspond to the MWCNTs 

and amorphous agglomerates due to the interaction between the PDADMAC and DOC. 

Once the fabric fibers are coated with MWCNTs, the fabric acquires a certain electrical 

conductivity, as shown in Figure 4.7, and, therefore, it is possible to electrodeposit 

conductive polymers on the fibers. After the electrodeposition of PEDOT:ClO4, it is 

observed that the polymer is distributed around the felt fibers coated with MWCNTs with 

a globular morphology, typical of conductive polymers obtained by electrochemical 

deposition.71,72 The electrodeposition of PPy:ClO4 also takes place around the fibers of 

Felt-MWCNTs, but a lower degree of coating can be seen since a greater number of 

uncoated areas are observed. Similar to PEDOT:ClO4, polypyrrole also depicts a globular 

morphology. After the electrochemical deposition of PANI:H2SO4, it is observed that the 

coating of the fibers is not homogeneous, and even at high magnifications, the exfoliation 

of the layer of MWCNTs deposited on the felt yarn can be seen. This may be due to the 

presence of sulfuric acid during the electrochemical polymerization process, which 

degrades the felt fabric in acid conditions.43,73 
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Figure 4.10 SEM images of uncoated felt fabric, felt-MWCNTs fabric, and felt-MWCNTs-
PEDOT:ClO4, felt-MWCNTs-PPy:ClO4, felt-MWCNTs-PANI:H2SO4 fabrics. 

4.2.6 Raman spectroscopy measurements 

Raman spectroscopy gives information about the composition of the coating of felt fibers. 

Figure 4.11 shows the Raman spectra of the pristine fabric and the fabric with the different 

coatings. The main peaks of each sample have been marked with points. The assignation 

of peaks is detailed in Table 4.1. 
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Figure 4.11 Raman spectra of felt fabric coated with MWCNTs and after polymer 
electrodeposition. 

 

Raman spectra of the felt fabric present the typical peaks of polyester, including an 

aromatic ring in its monomeric unit since two intense peaks appear at 1604 and 1720 cm-1, 

corresponding with the stretching of the aromatic ring and the carbonyl group, respectively. 

When the fibers are coated with MWCNTs by LbL, the Raman spectra show the D and G 

bands. The first is related to the disorder in sp2-hybridized carbon systems, and the second 

is related to sp2 vibrations of the graphite crystal and associated with an ordered graphitic 

structure.74 However, small peaks related to some felt fibers are also observed. This 

indicates that the coating of the fibers with MWCNTs is not completely homogeneous. 

After the electrodeposition of PEDOT:ClO4, the residual peaks of the felt fabric decrease 

in intensity, and practically only the peaks related to the PEDOT polymer chain are 

observed, see Table 4.1. On the other hand, after the electrodeposition of PPy:ClO4, the 

peaks corresponding to the polypyrrole polymer chain are observed, together with some 

residual peaks of felt and MWCNTs. Coating the felt fibers-MWCNTs with PANI:H2SO4 

shows a Raman spectrum in which the peaks corresponding to the PANI polymeric chain 

are present and numerous peaks corresponding to the felt fibers.  
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Table 4.1 Assignation of Raman modes for each material. 
 Raman Shift (cm-1) Assignation 

Felt 

610 C–C aliphatic chain stretching 

840 Symmetric C–O–C deformation 

1082 Asymmetric C–O–C deformation 

1274 C–C aliphatic chain stretching 

1604 Aromatic ring stretching 

1720 C=O stretching of the ester group 

MWCNT 
1297 D-band 

1597 G-band  

PEDOT:ClO4 

420 oxyethylene ring stretching 

560 oxyethylene ring stretching 

690 symmetric C–S–C deformation 

980 oxyethylene ring stretching 

1120 symmetric C–O–C deformation 

1247 Cα–Cα (inter-ring) stretching 

1356 Cβ–Cβ stretching 

1431 Symmetric stretching of Cα= Cβ(–O) 

1486 Asymmetric stretching of C=C 

1524 Asymmetric stretching of C=C 

PPy:ClO4 

918 Ring deformation of bipolarons 

985 Ring deformation of polarons 

1040 C–H in-plane deformation 

1240 C=C stretching 

1323 Ring-stretching mode 

1405 C–N stretching 

1557 Symmetric stretching of aromatic C=C ring 

PANI:H2SO4 

410 In-plane bending of benzenoid ring 

700 In-plane bending of quinoid ring 

984 C–H in-plane bending of benzenoid ring 

1168 C–H bending deformation of benzenoid ring 

1352 C-N+ stretching 

1412 C–N stretching amine 

1497 C=N stretching imine 

1577 C=C stretching of quinoid structure 

 

These results suggest that the electrochemical coating of the fibers with PEDOT is the 

most homogeneous since the presence of peaks derived from the felt fabric is residual. On 

the other hand, the electrodeposition of PANI on the fibers is the one that gives the worst 
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result since the presence of felt peaks is detected. Furthermore, these results agree with the 

SEM images in Figure 4.10. Therefore, we can affirm that the strategy used is suitable for 

the electrochemical coating of felt fibers with PEDOT and PPy, but not for PANI since 

there is an exfoliation of the coating on the fibers that can be a severe drawback for its use 

in wearable thermoelectric devices. 

4.2.7 Thermal stability 

Another important parameter is the thermal stability of the fabrics obtained. This parameter 

was studied through thermogravimetric analysis (TGA) of the felt, and the felt after the 

different coatings. Figure 4.12 shows the thermogram of the different samples analyzed.  

 

 

Figure 4.12 TGA curves of pristine felt fabric and the felt fabric coated with MWCNT, 
PEDOT:ClO4, PPy:ClO4, PANI:H2SO4.  

 

The pristine felt shows an abrupt drop at 450 ºC due to the decomposition of the 

polymeric chains.75 After coating the fibers with multiwall carbon nanotubes, the thermal 

stability of the textile increases slightly since the decomposition start temperature at 5% 

loss weight (T5%) increases practically 10 ºC (Table 4.2).76 However, the electrochemical 

coating of felt-MWCNTs fibers with conductive polymers decreases the thermal stability 

of the fabric. Coating the fibers with PEDOT:ClO4 and PPy:ClO4 reduces the 

decomposition initiation temperature by approximately 100 and 130 ºC, respectively, 

compared to the pristine fabric. These results suggest that electrosynthesis reduces its 
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thermal stability by coating felt fabrics with PEDOT:ClO4 and PPy:ClO4. However, the 

decomposition starting temperature of the fabrics coated with these conductive polymers 

is above the range of use of the fabrics as thermoelectric materials without being a serious 

drawback.  

 

Table 4.2 Weight loss temperature at different percentages and residue percentages at 700 ºC of 
pristine felt fabric and the felt fabric coated with MWCNT, PEDOT:ClO4, PPy:ClO4, 
PANI:H2SO4. 

 Felt 
Felt + 

MWCNT 

Felt + 
MWCNT + 

PEDOT:ClO4 

Felt + 
MWCNT + 
PPy:ClO4 

Felt + 
MWCNT + 

PANI:H2SO4 

T5% (ºC) 367.65 376.85 262.22 234.39 91.87 

T10% (ºC) 387.51 393.02 334.41 324.54 251.39 

T20% (ºC) 402.33 406.45 389.81 365.05 355.95 

T30% (ºC) 411.02 414.41 404.90 387.32 387.70 

T40% (ºC) 417.45 420.40 413.88 401.99 401.25 

T50% (ºC) 422.87 425.65 420.59 412.31 410.09 

T60% (ºC) 427.91 430.68 426.71 420.69 417.00 

T70% (ºC) 433.93 436.84 434.19 429.13 423.59 

T80% (ºC) 452.84 453.28 457.64 451.20 437.39 

T90% (ºC) 479.08 486.04 480.68 527.04 480.87 

T95% (ºC) 487.97 530.56 488.68 498.77 482.07 
Residue % 
(700 ºC) 

0 0 0.56 2.068 0.669 

 

On the other hand, coating with PANI:H2SO4 drastically reduces the decomposition 

initiation temperature to 92 ºC. This result and the exfoliation observed in the SEM images 

(Figure 4.10) indicate that the felt fabric is partially degraded during the PANI:H2SO4 

electrochemical deposition process. Therefore, the decomposition initiation temperature is 

just at the limit of the range of applicability of these fabrics as thermoelectric materials. 

4.3 Electrochemical Synthesis of an 
Organic Thermoelectric Power Generator 

In the previous section, the electrodeposition process of conductive polymers on a felt 

textile has been optimized, with the PEDOT:ClO4 coating the one that provides the best 
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thermoelectric properties and thermal stability. Therefore, in this section, a thermoelectric 

generator will be made using two textiles (felt and cotton) with a PEDOT:ClO4 coating. 

4.3.1 Materials 

Poly (diallyl dimethylammonium chloride) (PDADMAC, Mw = 105 g mol-1, 20 wt. % in 

water), and sodium deoxycholate (DOC, ≥ 97 % by titration) were purchased from Sigma-

Aldrich. 3,4-Ethylenedioxytiophene (EDOT) 97 % lithium perchlorate (LiClO4), and 

acetonitrile (ACN) were purchased from Alfa Aesar. Multiwalled carbon nanotubes 

(MWCNTs, 12−15 nm outer and 4 nm inner wall diameter, > 1 μm length, C ≥ 95 wt %) 

were obtained from Bayer MaterialScience (Leverkusen, Germany). Cotton fabric 400 with 

a grammage of 100 g m−2 was purchased from Testfabrics Inc. (West Pittston PA, USA). 

Felt fabric (made by polyester fibers) with a grammage 140 g m−2 and 0.8 mm of thickness 

was purchased from MW Materials World (Barcelona, Spain). All chemicals except fabrics 

were used as received. The fabrics were washed with ethanol in an ultrasound bath for 15 

minutes. 

4.3.2 Layer-by-Layer Assembly of MWCNT over fabrics 

Cotton and felt fabric materials were coated with MWCNTs by Layer-by-Layer deposition 

to obtain a conductive material. The coating of the fabric surface followed the procedure 

schematically depicted in Figure 4.13. MWCNT suspensions were stabilized either with 

poly(diallyldimethylammonium chloride) (PDADMAC, cationic polyelectrolyte) or with 

sodium deoxycholate (DOC, anionic surfactant).77 The assembly of MWCNT bilayers 

(BLs) is controlled by the electrostatic interaction between these two oppositely charged 

substances. The cotton and felt fabrics were coated with 10, 15, 20, 25, and 30 BLs to 

optimize the MWCNTs coating process.  
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Figure 4.13 Schematic representation of the preparation of PEDOT by electrochemical 
deposition on fabric substrates coated with carbon nanotubes through Layer-by-
Layer (LbL). 

 

The results in Figure 4.14 indicate that the conductivity increases until 20 BLs and 

reaches a plateau afterward, presumably due to saturation. The cotton fabric achieved a 

plateau after 20 BLs with a conductivity of 2.03 10−6 S cm−1, while the felt fabric reached 

the plateau at the same number of BLs but with an electrical conductivity of 1.5 10−7 S 

cm−1. Since no improvement in the conductivity is observed after 20 BLs, we used this 

number of layers in the subsequent experiments of polymerization of EDOT on the fabrics. 

 

Figure 4.14 Electrical conductivity as a function of the number of bilayers of MWCNTs onto 
cotton and felt fabrics. 
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4.3.3 Electrosynthesis of PEDOT:ClO4 on MWCNT-fabrics 

The synthesis of PEDOT on MWCNT–fabrics was carried out by electrochemical 

polymerization applying a current intensity of 6 mA for 1 h using a solution containing 

EDOT (0.01 M) and LiClO4 (0.1 M) in acetonitrile. Three electrodes formed the 

electrochemical cell: a counter electrode (platinum grid), a reference electrode (Ag/AgCl), 

and the MWCNT–fabric, the latter used as the working electrode. The working electrode 

was assembled as follows to avoid contact between the electrochemical solution and the 

copper electrodes: the MWCNT–the fabric was placed between two pieces of polyethylene 

terephthalate–indium tin oxide (PET–ITO), one of them connected to a copper tape. Then, 

PET–ITO sheets with the fabric in between, held with a clamp. After polymerization, the 

MWCNT–PEDOT fabric was rinsed several times with acetonitrile and ethanol. 

The electropolymerization of EDOT was achieved using the MWCNT-coated fabric 

as a working electrode and applying a current intensity to the working electrode 

(MWCNT–fabric).77 The polymerization mechanism proceeds as follows. Two monomer 

radicals are initially generated through electrochemical oxidation. Subsequently, the 

radicals react with each other, forming a dimer and releasing two protons. New 

electrochemical oxidation forms oligomeric radicals, which results in the polymer reacting 

successively with other oligomeric or monomeric radicals. The electrochemical 

polymerization of EDOT on the fabrics is also shown in the representation of Figure 4.13. 

LbL assembly of MWCNTs by electrostatic interactions was used to coat the fabrics, 

followed by the electrochemical synthesis of PEDOT:ClO4. At the beginning of the 

electrochemical deposition, small polymer nuclei form and serve as centers from which the 

conductive coat grows. 

4.3.4 Raman and FTIR spectroscopy analysis 

The infrared spectra (FTIR) of cotton, Figure 4.15(a), show the typical vibrational modes 

of the cellulose structure, 𝜈 O–H at 3310 cm−1 and 𝜈 C–O–C at 1315 cm−1. The successive 

coating with MWCNTs and PEDOT decreases the intensity of the cotton peaks. In the 

infrared spectra of the felt fabric (Figure 4.15(b)), based on polyester, a sharp peak is 

observed at 1715 cm−1, ascribed to the presence of the carbonyl group. Two peaks at 1250 

and 1100 cm−1 can be attributed to the symmetric and asymmetric stretching of the ester 

group. 
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Figure 4.15 FTIR spectra of pristine fabrics, coated with MWCNTs and after EDOT 
polymerization for (a) cotton and (b) felt fabrics. 

 

The effect of the different coatings was analyzed by Raman spectroscopy (Figure 

4.16). Spectra corresponding to cotton fabric substrates shows two regions of signals: 

1750–800 cm−1 and 610–200 cm−1. The bands in the first region are related to skeletal, 

symmetric, and asymmetric glycosidic ring breathing (at 1040 and 1128 cm−1), methylene 

(CH2) bending, rocking, and wagging (at 1508, 1460, 1356, and 969 cm−1).78,79 The second 

region is given by CCC and COC ring deformation (at 478, 394, 355, and 310 cm−1).80 

Spectra of felt substrates present different vibrational modes at 610 and 1274 cm−1 related 

to the C–C aliphatic chain vibration. The peaks at 840 cm−1 and 1082 cm−1 correspond to 

the symmetric C–O–C deformation and asymmetric C–O–C deformation, respectively; the 

peak at 1604 cm−1 is related to the aromatic ring vibration; and, finally, the peak at 1720 

cm−1 corresponds to the carbonyl vibration of the ester group. After the coating process of 

the fabrics with the carbon nanotubes, the intensity of the Raman peaks related to the 

fabrics decreased, and appeared the peaks corresponding to the MWCNTs. The D-band at 

around 1300 cm−1 is ascribed to the presence of disorder in sp2-hybridized carbon systems. 

The peak around 1600 cm−1 is related to the G-band, which corresponds to sp2 vibrations 

of the graphite crystal and is associated with an ordered graphitic structure.74 Finally, after 

the electrodeposition of PEDOT, the Raman intensity of the peaks related to the fabrics 

and the MWCNTs decreased. Therefore, the Raman peaks observed are mainly attributed 

to the vibrational modes of PEDOT. Peaks at around 420, 560, and 980 cm−1 are related to 

the vibrational modes of the oxyethylene ring. The symmetric C–S–C and C–O–C 

deformation appears at 690 and 1120 cm-1, respectively. The Cα–Cα (inter-ring) and Cβ–Cβ 

stretching modes are located at 1252 and 1363 cm-1, each one. The peak at 1430 cm−1 
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corresponds to the symmetric stretching mode Cα= Cβ(–O) and the asymmetric stretching 

of C=C appears into two Raman peaks at 1490 cm−1 (overlapped with the previous peak) 

and 1530 cm−1.81 These spectra indicate that all fabrics were well-coated with MWCNTs 

and PEDOT. 

 

Figure 4.16 Raman spectra of fabric substrates coated with MWCNT and after PEDOT deposition 
based on (a) cotton and (b) felt fabrics. 

4.3.5 Morphology of PEDOT coating 

The morphology of the PEDOT deposited on the fabrics was studied by scanning electron 

microscopy (SEM). Micrographs of both fabrics (Figure 4.17) show that, after deposition, 

MWCNTs were homogeneously distributed around the fibers, as judged by the lack of 

agglomerates. Some bridges observed between fabrics correspond to MWCNTs that 

electrically connect the fibers. After electrodeposition of PEDOT on the fabrics covered 

with MWCNT, the polymer is homogeneously distributed around the fabric. SEM images 

indicate that PEDOT is not only deposited on the superficial layer but also on most of the 

internal fibers. PEDOT depicts globular, typical of the electrochemical deposition of 

conductive polymers using the chronopotentiometry method.71,72,81 
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Figure 4.17 SEM images of uncoated fabrics (a–d), coated with MWCNTs (e–h), and after EDOT 
polymerization (i–l). 

4.3.6 Thermoelectric properties of PEDOT-coated fabrics 

The electrical conductivity and the Seebeck coefficient of the fabrics were determined 

through the plane because the designed thermoelectric generator required it. Dielectric 

relaxation spectroscopy measured the electrical conductivity through the plane, in which 

the sample was introduced between two gold electrodes. The real component of the 

complex conductivity σ' = σac (S cm−1) of the fabrics covered with MWCNTs and PEDOT 

was determined as a function of frequency at room temperature, as shown in Figure 4.18 

for cotton and felt fabrics. The electrical conductivity of fabric samples without coating 

increases as a function of the frequency from 10−11 to 10−7 S cm−1 in the case of cotton and 

from 10−15 to 10−9 S cm−1 for felt samples, reflecting the dipole polarization contribution 
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to macroscopic conductivity. After the deposition of 20 BLs of MWCNTs onto the fabric 

samples, the electric conductivity increases, reaching a constant value independent of the 

frequency, reflecting that polarization due to charge migration is dominant. The electrical 

conductivity of cotton and felt fabrics coated with MWCNT was  2.03·10-5 S cm-1, and 

1.55·10-7 S cm-1, respectively. Then, PEDOT was deposited by electrosynthesis onto 

fabrics covered by 20 BLs of MWCNTs, increasing the conductivity by 5 and 6 orders of 

magnitude for cotton and felt fabrics, respectively, compared to fabrics covered with only 

MWCNTs. The electrical conductivity of cotton and felt fabrics after PEDOT 

electrodeposition was  4.18 S cm-1, and 0.318 S cm-1, respectively. The big increase in the 

electrical conductivity results from the presence of PEDOT, which acts as an electrical 

connector between the fibers covered with MWCNTs, making a highly electrically 

conductive fabric network. Nevertheless, the higher thickness of the felt fabric compared 

to the cotton fabrics can be responsible for the differences observed in the conductivity 

values of both samples. The higher number of interfaces and boundaries in felt fabric affect 

electric transport through the sample, being lower than the cotton fabric. 

 

Figure 4.18 Electrical conductivity at room temperature as a function of the frequency for (a) 
cotton, and (b) felt fabrics, coated with MWCNTs, and after EDOT polymerization. 

 

The Seebeck voltage, Figure 4.19, was measured as a function of the temperature 

gradient through the plane for the fabrics coated with MWCNTs and MWCNTs/PEDOT. 

It should be noted that the Seebeck coefficient of the uncoated fabrics could not be 

measured due to their insulating nature. For the case of the fabrics coated with MWCNTs, 

the Seebeck coefficient was 9.7 µV K−1 and 6.7 µV K−1 for cotton and felt fabrics, 

respectively. After PEDOT deposition by electrochemical polymerization, the Seebeck 

coefficient of the fabrics increases until values around 15 µV K−1. These values are very 

similar to typical ones of PEDOT films and other fabrics coated with PEDOT,82–87 
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evidencing that the whole fabric is coated by PEDOT, which is consistent with the SEM 

observations (Figure 4.17). 

 

Figure 4.19 Seebeck coefficient (a) cotton, and (b) felt coated with MWCNTs, and after EDOT 
polymerization. 

4.3.7 Torsion and bending test 

In developing fabric-based wearable thermoelectric devices, it is essential to assess their 

flexibility to guarantee their stability during daily use. Therefore, the normalized electrical 

conductivity of the fabrics coated with MWCNTs and PEDOT were evaluated as a function 

of torsion and bending tests. For this purpose, five twisting cycles were carried out. The 

corresponding data, shown in Figure 4.20, indicates that the electrical conductivity 

increases as the torsion angle increases due to the interconnection improvement between 

the fibers of the fabrics. This increase is more remarkable in the case of felt fabric, which 

can be correlated with a decrease in the number of boundaries while twisting. The electrical 

conductivity only decreases as the torsion cycles vary due to the wear that this causes on 

the fabric. Bending tests, also performed on both fabrics, show that after 3000 bending 

cycles, the electrical conductivity drops by 5% for the case of cotton fabrics and 3% for the 

felts, thus showing high flexibility and stability of the fabrics. 
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Figure 4.20 Variation of the normalized electrical conductivity (σ0 is the initial electrical 
conductivity) as a function of twist angle for: (a) cotton + MWCNT, (b) felt + 
MWCNT, (c) cotton + MWCNT + PEDOT:ClO4, and (d) felt + MWCNT + 
PEDOT:ClO4 fabrics for 5 cycles. Variation of the normalized electrical conductivity 
as a function of the number of bendings for: (e) cotton and (f) felt fabrics coated with 
MWCNT and PEDOT:ClO4. 
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4.3.8 Thermoelectric generator based on fabrics 

The MWCNT-coated cotton and felt fabrics, after electrodeposition of PEDOT:ClO4 on 

them, were cut into small squares of 0.5 cm2 and assembled as shown in Figure 4.21(a). 

Each piece represents an element of the thermoelectric generator (TEG). The bottom and 

top parts of each element were covered with silver paste and then with copper tape (0.5 

cm2). Each element was electrically connected with aluminum wires thermally bounded 

with tin. The TEGs were composed of 20 and 30 elements connected in series and 

distributed on a 7 x 8 cm support fabric, as shown in Figure 4.21(b).  

 

Figure 4.21 (a) Schematic representation of each element of the thermoelectric module, and (b) 
photograph of the thermoelectric module. 

 

Three thermoelectric modules were built to test the thermoelectric performance of the 

fabrics. First, a TEG was made based on 20 elements series-connected of cotton fabric 

coated with MWCNT and PEDOT:ClO4. The maximum power of the generator based on 

cotton fabrics was 47 nW with a temperature difference of 9 K, Figure 4.22(a). A 20-

element TEG based on the felt fabric coated with MWCNT and PEDOT:ClO4 was also 

produced. This generator based on felt fabrics allowed a higher temperature gradient, 

around 25 K. Thus, the power output increased six times (0.3 µW) compared with the 



Chapter 4. Thermoelectric fabrics 

136 

cotton TEG one, Figure 4.22(b). The use of felt fabrics allows higher thermal gradients, 

increasing the power output obtained by a TEG with the same number of elements. For this 

reason, a third thermoelectric generator was made, increasing the number of elements to 

30, and they were distributed in the same area as the previous TEG. In this case, the output 

power was 0.9 µW with a temperature difference of 31 K, Figure 4.22(c). In addition, it is 

worth highlighting the lower internal resistance of the thermoelectric generators (lower 

than 40 Ω), which indicates that the architecture of the device is adequate for electron 

propagation across the thermoelectric elements.  

 

Figure 4.22 Voltage and power output as a function of the load resistance for the thermoelectric 
modules composed by (a) 20 elements of cotton/MWCNTs/PEDOT at ΔT = 9 K, (b) 
20 elements of felt/MWCNTS/PEDOT ΔT = 25 K and (c) 30 elements 
felt/MWCNTS/PEDOT ΔT= 31 K. 

 

These results look very promising when compared to other thermoelectric devices 

based on fabrics coated with PEDOT:PSS using polyester fabric or using a cleanroom 

wiper fabric, where they show a TGE with a power output of 12.29 nW at ΔT = 75.2 K and 

2 nW at ΔT = 0.6 K, respectively.86,88 Other works based on vapor phase polymerization 

of PEDOT:Cl onto cotton textiles or the deposition of PEDOT:Tos with ionic liquid in 

different textiles; reached a power output of 4.5 nW at ΔT = 25 K and 62 nW at ΔT = 100 

K, respectively.87,89 On the other hand, the results obtained are more similar to those 
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obtained by bulk synthesis of PEDOT:Cl (power output 0.375 μW at ΔT = 16.5 K);90 by 

alternative doping of carbon nanotube fibers with PEDOT:PSS and oleamine wrapped with 

felt fibers (power output 4.64 μW at ΔT = 44.4 K);91 or by dipping cotton cellulose fibers 

with a solution of PEDOT:PSS and ethylene glycol (power output density 2.6 μW·cm-2 at 

ΔT = 48.5 K);92 thus indicating that MWCNTs coated felt fabrics and subsequently the 

electrochemical deposition of PEDOT:ClO4 are a good alternative for the manufacture of 

textile-based TEGs. 

4.4 Effect of counterions on the 
thermoelectric and mechanical properties 
of PEDOT coated fabrics 

In the previous section, the felt fabric-based thermoelectric generator obtained a better 

power output because it could establish a more significant thermal gradient than the cotton 

fabric-based thermoelectric generator. Therefore, this section will try to increase the 

thermoelectric efficiency of PEDOT-coated felt fabrics by using different counterions. At 

the same time, the effect of these counterions on the thermal and mechanical properties 

will be studied. Finally, a new thermoelectric generator with a different architecture will 

be developed. 

4.4.1 Materials 

Poly(diallyldimethylammonium chloride) (PDADMAC) with a molecular weight of 

105 g mol−1, sodium deoxycholate (DOC), 1-Butyl-3-methylimidazolium 

hexafluorophosphate (PF6), and 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (BTFMSI) were purchased from Sigma-Aldrich. 3,4-

Ethylenedioxythiophene (EDOT), lithium perchlorate, and acetonitrile were purchased 

from Alfa Aesar. Multiple-wall carbon nanotubes (MWCNTs) were obtained from Bayer 

Material Science (Leverkusen, Germany, 12–15 nm outer and 4 nm inner wall diameter, 

length > 1mm, purity 95 wt %). Felt fabric (made by polyester fibers) with a grammage 

140 g m−2 and 0.8 mm of thickness was purchased from MW Materials World (Barcelona, 

Spain). All chemicals were used as received. 
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4.4.2 Electrochemical deposition of PEDOT 

The synthesis of PEDOT with different counterions on MWCNT–fabrics was carried out 

following the optimized conditions above. That was, by applying a current intensity of 6 

mA for 1 h using as a working electrode a felt fabric coated with 20 BL of MWCNT. In 

this section, the PEDOT polymeric chain was doping with three counterions: ClO4, PF6, 

and BTFMSI. The first comes from LiClO4 and the others from two ionic liquids, 1-Butyl-

3-methylimidazolium hexafluorophosphate and 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, respectively. Different solutions were prepared. To 

obtain PEDOT:ClO4, a 0.01 M EDOT and 0.1 M LiClO4 solution was prepared in 

acetonitrile. For the deposition of PEDOT:PF6 and PEDOT:BTFMSI, 0.01 M solutions of 

EDOT and 0.01 M of the ionic liquids were prepared using acetonitrile as solvent. Three 

electrodes formed the electrochemical cell: a counter electrode (platinum grid), a reference 

electrode (Ag/AgCl), and the MWCNT–fabric as the working electrode. As previously 

mentioned, the working electrode was assembled between two sheets of PET–ITO 

connected to the copper tape.  Then, PET–ITO sheets with the fabric are clamped. The 

polymerization of EDOT is achieved using the MWCNT-coated fabric as a working 

electrode and applying a current intensity to the working electrode (MWCNT–fabric).77 

The electrochemical polymerization of EDOT on the fabrics is also shown in the 

representation of Figure 4.13.  

4.4.3 Morphology of felt fiber coatings 

Once the felt fabrics coated with MWCNTs and PEDOT with different counterions were 

obtained, the homogeneity of the coating was determined by scanning electron microscopy 

(SEM). Figure 4.23 shows SEM micrographs at two magnifications. The low 

magnification images give us an idea of the uniformity of the coating of the felt fibers, 

showing a consistent coating both with MWCNTs and PEDOT. Then, at higher 

magnifications, the coating of the fibers can be observed in more detail.  
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Figure 4.23 SEM images of felt and felt coated fabrics with carbon nanotubes and PEDOT with 
different counterions. 

 

On the one hand, as we have seen in the previous sections, after coating the felt fabric 

with multi-walled carbon nanotubes, fibers are perfectly coated with MWCNTs and some 

PDADMAC-DOC agglomerates. Once the felt fabrics have been coated with MWCNTs, 

PEDOT is electrodeposited in the presence of different counterions. At first glance, a clear 

trend is observed, indicating that PEDOT electrodeposition using ionic liquids as 

counterions leads to a higher degree of fiber coating compared to the fibers coated with 

lithium perchlorate as a counterion. Moreover, several differences in terms of the 
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morphology of the coating have been observed between the different samples produced. 

For the PEDOT:ClO4, the coating depicted a globular morphology, while the coating based 

on PEDOT:PF6 and PEDOT:BTFMSI  presented a cauliflower-like morphology indicating 

a more compacted deposition which is preferable for the electric transport. Both 

morphologies are typical of the electrochemical deposition of conductive polymers by 

chronoamperometry.71,72 

4.4.4 Raman spectroscopy analysis 

The effect of the coating can also be analyzed by Raman spectroscopy,  Figure 4.24. As in 

the previous section, the spectrum of the felt fabric presents the vibrational modes 

corresponding to the vibration of the aliphatic chain (610 and 1274 cm-1), the symmetric 

and asymmetric C–O–C deformation (840 and 1082 cm-1), the vibration of the aromatic 

ring (1604 cm-1) and the vibration of the carbonyl corresponding to the ester group (1720 

cm-1).93 After coating the felt fibers with MWCNTs, the PET signals are masked due to the 

typical carbon nanotube D and G bands ( located at 1300 and 1600 cm-1, respectively). 

Also, bands located at 610, 840, and 1720 cm-1 are present in a much lower intensity, 

relative to that of the D and G bands, which evidences the homogeneity of the MWCNTs 

on top of the felt fabrics. The spectra drastically enhance after the electrochemical 

deposition of PEDOT due to the presence of its typical bands. For the case of PEDOT:ClO4, 

it is still possible to find some bands attributed to the felt. In contrast, the PEDOT:PF6 and 

PEDOT:BTFMSI coatings do not show these residual peaks, revealing an improved 

adhesion onto the textile fibers when these ionic liquids are used as counterions. 
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Figure 4.24 Raman spectra of felt fabric substrate (pink) coated with MWCNT (orange) and after 
PEDOT deposition with different counterions: PEDOT:ClO4 (green), PEDOT:PF6 
(blue), and PEDOT:BTFMSI (purple). 

4.4.5 Thermo-mechanical analysis 

After the chemical characterization of the coatings on the felt fibers, one of the main 

objectives of this section is to evaluate the effect of the deposition of the different coatings 

on the thermo-mechanical properties of the felt fibers. The textile properties can be affected 

when they are heated due to their thermosensitivity. Therefore, this analysis is required to 

evaluate its use in wearable devices. The thermogravimetry curves (TGA) in Figure 4.25 

shows that the degradation of the felt control sample takes place in two steps, the first with 

a thermogravimetric derived temperature peak of 425 ºC and the second of 480 ºC.75 When 

the felt fibers are covered with carbon nanotubes, a slight increase in thermal stability is 

observed since the decomposition initiation temperature (T5%) increases by 10 ºC, see 

Table 4.3. However, when the fibers are electrochemically coated with PEDOT, a decrease 

in mass is observed at temperatures below 367 °C. This weight loss in the range between 

300 and 400 ºC could be attributed to the decomposition of the thiophene chain.94  
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In addition, the decomposition initiation temperature decreases by approximately 100 

ºC for PEDOT:ClO4, 50 ºC for PEDOT:PF6, and 40 ºC for PEDOT:BTFMSI, see Table 

4.3. These results show that PEDOT coatings with ionic liquids as counter ions provide 

greater thermal stability than the PEDOT:ClO4 coating. Therefore, these fabrics are more 

stable against higher thermal gradients. 

Figure 4.25 TGA measurements of felt fabric and coated felt fabrics. 

Table 4.3 Weight loss temperature at different percentages and residue percentages at 700 ºC of 
pristine felt fabric and the felt fabric coated with MWCNT, PEDOT:ClO4, 
PEDOT:PF6 and PEDOT:BTFMSI. 
 

 Felt 
Felt + 

MWCNT 

Felt + 
MWCNT + 

PEDOT:ClO4 

Felt + 
MWCNT + 
PEDOT:PF6 

Felt + MWCNT + 
PEDOT:BTFMSI 

T5% (ºC) 367.65 376.85 262.22 316.87 328.10 

T10% (ºC) 387.51 393.02 334.41 341.50 354.88 

T20% (ºC) 402.33 406.45 389.81 371.16 379.62 

T30% (ºC) 411.02 414.41 404.90 393.11 391.97 

T40% (ºC) 417.45 420.40 413.88 406.97 401.68 

T50% (ºC) 422.87 425.65 420.59 416.94 410.81 

T60% (ºC) 427.91 430.68 426.71 425.74 417.80 

T70% (ºC) 433.93 436.84 434.19 433.91 429.01 

T80% (ºC) 452.84 453.28 457.64 454.26 454.06 

T90% (ºC) 479.08 486.04 480.68 522.32 478.32 

T95% (ºC) 487.97 530.56 488.68 543.47 482.07 
Residue % 
(700 ºC) 

0 0 0.56 0.615 0.199 
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The DSC allows rapid detection and measurement of the physical and chemical 

transformations of the material as a function of temperature. The thermal program used 

consisted of a first heating cycle up to 300°C to erase the thermal history of the sample. 

The sample was kept at 300 °C for 10 min to ensure that all the sample is molten. After 

this first heating cycle, a cooling cycle was carried out to 0°C at 50 ºC/min, and finally, a 

second heating cycle was carried out to 300°C. The thermogram obtained from the second 

heating cycle, Figure 4.26, was used for the analysis. It shows a step in the baseline of the 

measurement curve around 80 ºC associated with the glass transition of the felt. At higher 

temperatures, an endothermic process is observed between 240°C -255°C associated with 

the melting of the crystalline phase present in the samples. The thermogram corresponding 

to the second heating cycle of the pristine felt fabric shows a glass transition temperature 

(Tg) at 83 ºC and a melting point of 253 ºC. The DSC thermogram of pure polyethylene 

terephthalate (PET) shows a Tg at 85.4 ºC and a Tm of 254.9 ºC.95,96 These results indicate 

that the felt fabric used is made of PET. In addition, the FTIR and Raman spectra (Figure 

4.15(b) and Figure 4.24, respectively) confirm the presence of ester groups and aromatic 

rings, which supports that the felt fabric is made of PET.  

 

Figure 4.26 DSC measurements of felt, felt coated with MWCNT, and after PEDOT deposition 
with different counterions: PEDOT:ClO4, PEDOT:PF6, and PEDOT:BTFMSI. The 
thermograms have been moved vertically to observe better the evolution of the glass 
transition temperature and the melting temperature. 
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Focusing on the evolution of the Tg after the different coatings, we can observe that it 

decreases when the felt fibers are coated with the MWCNTs, and it decreases even more 

after the electrodeposition of PEDOT with the different counterions. Especially noticeable 

is the case of the use of ionic liquids as counterions of the PEDOT chains since the glass 

transition temperature decreases 20 ºC compared to the pure felt fabric. This suggests that 

the ionic liquid can easily diffuse on the surface of the fibers resulting in an improved 

plasticization of the felt fibers.45 It can also be clearly seen in the DSC thermogram that 

adding the different coatings decreases the melting temperature while keeping the melting 

enthalpy constant (Table 4.4). This melting point decrease indicates that the coating of felt 

fibers slightly reduce the backbone rigidity. From the values of the enthalpy of fusion, 𝛥𝐻 

(J g-1), obtained by measuring the area under the melting curve in each of the thermograms, 

we can estimate the crystalline fraction (𝜒) of each of the samples with the Equation (4.1). 

For this, we compare the values obtained with the crystalline melting enthalpy for a 100% 

crystalline polyester felt material. For the calculation, a value of 𝛥𝐻,௧ (J g-1) = 140.1 J 

g-1 has been used, in accordance with the literature.96 

 
𝜒(%) =

𝛥𝐻

𝛥𝐻,௧
· 100 (4.1) 

 

Table 4.4 Glass transition temperature (Tg), melting temperature (Tm), enthalpy of fusion (𝜟𝑯𝒎) 
and crystallinity percentage (𝝌𝒄) of felt fabric and coated felt obtained by DSC. 

 Tg (ºC) Tm (ºC) 𝜟𝑯𝒎 (J g-1) 𝝌𝒄 (%) 

Felt 83.06 252.96 45.493 32.5 

Felt + MWCNT 78.30 246.58 43.581 31.1 

Felt + MWCNT + PEDOT:ClO4 76.43 242.90 51.004 36.4 

Felt + MWCNT + PEDOT:PF6 63.90 242.09 46.695 33.3 

Felt + MWCNT + PEDOT:BTFMSI 64.58 240.28 45.990 32.8 

 

According to Rodríguez et al.97 polyester fibers are obtained by spinning the polymer 

above its glass transition temperature. This process produces an outer layer in the fibers 

whose orientation is significantly greater than that of the inner or core layer. So that the felt 

fibers are composed of microfibrils with crystalline blocks (crystallites) linked by an 

isotropic amorphous phase oriented in the fiber axis direction. These microfibrils are linked 

to each other in the transverse direction by an amorphous phase also oriented along the 

fiber axis. Figure 4.27 shows the pattern of the felt fiber microstructure. 
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Figure 4.27 Model of felt fiber microstructure. Reproduced with permission.97 Copyright 2018, 
Sociedade Portuguesa de Materiais (SPM). 

 

The dynamic mechanical analysis provides valuable information about the polymer 

stiffness, molecular motion, and relaxation processes of composite systems.98 Figure 4.28 

shows the evolution of the storage modulus (E'), loss modulus (E''), and tan δ as a function 

of temperature for the felt, felt + MWCNT, and felt + MWCNT coated with PEDOT:ClO4 

fabrics, PEDOT:PF6 and PEDOT:BTFMSI by electrodeposition. From the DSC and DMA 

results, it is clear how the complex microstructure of the polyester fibers affects molecular 

mobility, both in terms of the amorphous phase portions and the crystalline phase portions 

present. The plot of tan δ and loss modulus (E'') as a function of temperature shows the 

presence of two relaxation processes that are attributed to two glass transition temperatures. 

This indicates the presence of two amorphous phases of a different nature, with very 

different mobility of the chain segments. The first, around 80 ºC, corresponds to the free 

amorphous phase with greater mobility. The second, around 125 ºC, corresponds to the 

amorphous phase constrained between the crystalline phase of the microfibrils that make 

up the felt polyester fibers, with restricted mobility. This second glass transition is very 

poorly visible on DSC.  
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In addition, Figure 4.28 shows that the pristine felt fabric has a storage modulus value 

at 35 ºC of 3.2 MPa. After deposition of 20 BL of MWCNT by LbL on the felt fabric, the 

storage modulus at 35°C increased to 38 MPa, indicating that MWCNT act as a 

reinforcement.99 However, the electrochemical polymerization of PEDOT with the 

different counterions reduces the storage modulus at 35 ºC until 15 MPa, 4.7 MPa, and 3.5 

MPa for the PEDOT:PF6, PEDOT:BTFMSI, and PEDOT:ClO4 coatings, respectively. 

The nature of the felt fabric is non-woven, and therefore the felt fibers are randomly 

distributed and spaced. The behavior of the storage modulus can be attributed to the fact 

that during the coating of the felt fibers with MWCNT, the fibers compact, decreasing the 

free volume between them. However, upon electrodeposition of PEDOT with the different 

Figure 4.28 Storage modulus (E’), loss modulus (E’’), and tan δ as a function of the temperature 
for the felt, felt coated with MWCNT, and after PEDOT deposition with different 
counterions: PEDOT:ClO4, PEDOT:PF6, and PEDOT:BTFMSI. 
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counterions, the PEDOT polymer chains begin to grow on the surface of the MWCNT-

coated fibers so that the free volume between the fibers increases. These results show that 

coating the felt fibers with carbon nanotubes increases the viscoelastic stiffness. However, 

the electrodeposition of PEDOT with different counterions decreases, being the 

PEDOT:ClO4 and PEDOT:BTFMSI coatings those with similar viscoelastic stiffness to 

that of pristine felt. The tan δ shows an α relaxation process that corresponds to the Tg. The 

decrease in the tan δ values at 35 ºC upon adding the different coatings to the felt fibers 

suggests a good interfacial adhesion between the fibers and the coating.45,100 

4.4.6 Torsion and bending test 

Thermoelectric fabric bending and torsion tests are essential to evaluate their potential use 

in wearable thermoelectric generators since reliability during daily use must be guaranteed. 

Three types of tests were carried out. Therefore, the evolution in the electrical conductivity 

was evaluated as a function of the twist angle, bending cycles on a 15 mm diameter 

cylinder, and bending radius. In the first study, the fabric was clamped with two clamps, 

one fixed and one freely rotating. Electrical conductivity was evaluated every 30º of 

rotation. Figure 4.29(a) to (d) show the normalized electrical conductivity evolution as a 

function of the twist angle for the fabrics coated with MWCNT and PEDOT:counterions. 

The general trend depicted that as the twist angle increases, the electrical conductivity 

increases due to a higher degree of compaction between the felt fibers, which causes greater 

electrical contact between the coated fibers. This improves the mobility of electrons 

through the fabric, reaching higher electrical conductivity. This trend is more evident in 

the fabrics coated with PEDOT, in which the electrical conductivity at high twist angles is 

higher than in the fabric coated with MWCNTs. This indicates that the PEDOT is coating 

the fibers and polymerizing beyond them, occupying interstitial voids. On the other hand, 

the electrical conductivity slightly decreases after each torsion cycle. This is probably 

because after performing the previous cycle, the stress caused on the fibers during the 

torsion generates distension when they return to the original state (0º twist angle), 

increasing the free space between the fibers. However, despite this decrease in electrical 

conductivity after five complete torsion cycles, the electrical conductivity only decreased 

by 10% over the initial one, indicating a high torque capacity. 
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Figure 4.29 Variation of the normalize electrical conductivity (σ0 is the initial electrical 
conductivity) as a function of twist angle of (a) felt + MWCNT, (b) felt + MWCNT 
+ PEDOT:ClO4, (c) felt + MWCNT + PEDOT:PF6, and (d) felt + MWCNT + 
PEDOT:BTFMSI fabrics for 5 cycles. (e) Variation of the normalize electrical 
conductivity as a function of the number of bendings, and (f) variation of the 
normalize electrical conductivity as a function of the bending radius for the 
different coated felt fabrics. 
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For the second study, Figure 4.29(e), the electrical conductivity was studied as a 

function of the number of bendings made on the same fabric with a constant bending radius 

of 15 mm. The graph shows that the electrical conductivity slightly decreases with the 

number of bendings cycles, reaching a 3% loss of the electrical conductivity after 3000 

bending cycles in the MWCNTs-coated felt fabric. However, the electrical conductivity 

after completing the bending cycles of electrochemically coated  PEDOT felt fibers shows 

a loss of only 1.5%, which indicates an excellent adhesion of the coating to the fibers. 

Finally, in the last study, Figure 4.29(f), the electrical conductivity is studied as a function 

of the bending radius. In this case, it is also observed that the MWCNTs-coated felt fabric 

exhibits a greater electrical conductivity variation than the PEDOT-coated felt fabrics. 

Overall, the results indicated that the electrochemical coating of PEDOT on textile 

fibers coated with MWCNTS is an excellent alternative for coating textiles for wearable 

thermoelectric applications since the electrical conductivity remains practically constant 

after the different torsion and flexibility tests. 

4.4.7 Thermoelectric properties 

The electrical conductivity and Seebeck coefficient were measured at 25 ºC in the plane. 

Figure 4.30(a) shows the evolution of electrical conductivity measured by Van der Pauw 

method, the Seebeck coefficient, and Power Factor as a function of the coating on the felt 

fibers. The electrical conductivity and the Seebeck coefficient increase simultaneously with 

the different coatings deposited on the felt fabric following the order BTFMSI > PF6 > 

ClO4. The electrical conductivity of the fabric coated with MWCNTs is of the order of 10-

4 S cm-1, and after the electrochemical deposition of PEDOT, the electrical conductivity 

increases four orders of magnitude. The Seebeck coefficient also increases progressively 

after PEDOT electrodeposition, reaching a maximum value of 52.3 μV K-1 for the 

PEDOT:BTFMSI coating. It is unusual that the electrical conductivity and the Seebeck 

coefficient increase simultaneously because both are inversely dependent on the carrier 

concentration. For this reason, we measured carrier concentration and mobility with the 

Van der Pauw geometry at room temperature using an Ecopia HMS-3000 Hall 

Measurement system. An external magnetic field of 1T and a current of ~150 µA were 

applied with ohm contact established using Au electrodes. Ten separate measurements 

were taken on each sample at 100, 150, and 200 µA, and the measurements were averaged 

to represent the reported values, Figure 4.30(b).  
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Figure 4.30 (a) Electrical conductivity, Seebeck coefficient and Power Factor for the different 
coatings of the felt fabrics. (b) Carrier concentration (n) and carrier mobility (μ) 
for the different coatings of the felt fabrics. 

 

The fabrics coated with PEDOT:counterions show that the concentration of charge 

carriers remained practically unvaried. This trend agrees with the expected oxidation level 

of PEDOT generated by electrochemical polymerization. This process typically controls 

the charge carrier concentration in the synthesized materials.  In the present study, the same 

experimental conditions were used for the electrodeposition of PEDOT with the three 

counterions. Therefore, the concentration of charge carriers should be the same. Thus, 

electron mobility is responsible for the simultaneous increase in electrical conductivity and 

the Seebeck coefficient. This trend agrees with several studies that have reported that the 

order improvement of the polymeric chains induces an increase in the mobility of the 

charge carrier, which causes the simultaneous increase in the Seebeck coefficient and the 

electrical conductivity in the π–π stacking direction.101–104 Therefore, the counterion used 

plays a fundamental role not only in the doping of the polymeric chains but also in the 

polymer chain conformation. Figure 4.31 shows a schematic of ordering the PEDOT 

polymeric chains depending on the counterion used during the electrochemical synthesis. 

The PEDOT chains are randomly ordered with the perchlorate ion, which is the smallest in 

size. However, increasing a counterion size, such as PF6 or BTFMSI, can instigate the 

polymer chains to take on a linear-like conformation that is more favorable for the PEDOT 

chains to be orderly stacked.81  
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Figure 4.31 Schematic representation of counterion effect on the PEDOT chain conformation. 
 

In addition, another factor to consider in the enhancement of the Seebeck coefficient 

is the delocalization of the polarons since it improves charge transport.105,106 If we consider 

the Seebeck coefficient as an entropy flux per unit charge,107,108 the presence of polarons 

in the polymeric chain can modify the vibrational frequencies associated with the atomic 

positions, producing a change in vibrational entropy. As the polaron delocalizes and 

spreads over more positions (larger counterion), the vibrational modes smooth out, and the 

total vibrational entropy change for the polaron associated with these atomic positions 

increases, improving the Seebeck coefficient.104 Therefore, the use of BTFMSI as a 

counterion in the PEDOT chain allows higher Power Factor values to be achieved since, 

being the largest counterion used, it allows a greater delocalization of the polarons as well 

as an improvement in the ordering of the polymeric chains. 

 

Figure 4.32 (a) Thermal conductivity of different felt fabric, felt + MWCNT and felt + 
MWCNT coated with PEDOT:ClO4, PEDOT:PF6, and PEDOT:BTFMSI. (b) 
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Figure of Merit for felt + MWCNT and felt + MWCNT coated with PEDOT:ClO4, 
PEDOT:PF6, and PEDOT:BTFMSI. 

 

Thermal conductivity is an important parameter in determining the thermoelectric 

efficiency of TE materials. For this purpose, the research group has built up a setup to 

determine the thermal conductivity of textiles based on the axial heat flow method, which 

is indicated for the measurements of thermal conductivity of textiles.109 Figure 4.32(a) 

shows that the thermal conductivity remains practically constant after the different coatings 

with MWCNT and PEDOT. The value for felt fabric is 0.033 W m-1 K-1, very similar to 

the obtained by Yang et al.110 in the study of thermal properties of a polyester nonwoven 

textile. After the LbL coating of MWCNTs on the felt fibers, the thermal conductivity 

increases by only 3%. However, after electrochemical deposition of PEDOT:BTFMSI, the 

increase up to 0.037 W m-1 K-1. Despite this increase, the thermal conductivity of the final 

material is an order of magnitude lower than that of the conductive polymer due to the fiber 

architecture of the final material.81 Therefore, these results demonstrate that coating textile 

fibers with conductive polymers are an effective method to obtain thermoelectric materials 

with a low thermal conductivity since the interstitial spaces in the fiber effectively 

contribute to the reduction of heat transfer. Finally, the Figure of Merit, ZT (Figure 

4.32(b)) was determined with the results of the Power Factor and the thermal conductivity. 

The thermoelectric efficiency of the felt fabric coated with MWCNT has a value of ZT = 

1.5 · 10-8, which is two orders of magnitude lower than the ZT estimated by Paleo et al.111, 

where they coated cotton fabric with carbon nanotubes. After the electrochemical 

polymerization, the ZT value increases reaching the best thermoelectric efficiency (ZT = 

0.009) with the fabric based on PEDOT:BTFMSI. This value is very similar to other ZT 

values from the literature on thermoelectric textiles based on conductive polymers and 

carbon nanotubes.112–114 

4.4.8 Textile-based wearable thermoelectric generator 

The felt fabric coated with MWCNT and PEDOT:BTFMSI has the best thermoelectric 

performance, and we chose this coating to manufacture a wearable thermoelectric generator 

(wTEG) with a bracelet shape. The prototype consisted of 14 thermoelectric units 

connected in series, in which the final open-circuit voltage and resistance are equal to the 

sum of the voltage and resistance of each unit, respectively. The basic thermoelectric unit 

was made with ten pieces of felt coated with MWCNT and PEDOT:BTFMSI ( 10 x 5 mm)  
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connected in parallel to reduce the final resistance (Figure 4.33(a)). The initial resistance 

of each piece was around 8 Ω, and the final resistance of one basic unit was 1.2 Ω. After 

connecting the 14 units, the designed thermoelectric generator gave a total resistance of 

16.5 Ω. The textile-based wearable thermoelectric generator (T-wTEG) was thermally 

contacted with thermal paste, and different thermal gradients were applied to evaluate the 

power output Figure 4.33(b). 

 

Figure 4.33 (a) Schematic representation of T-wTEG bracelet designed. (b) Real images of the 
T-wTEG bracelet. 

 

The power generated by the thermoelectric generator was determined as a function of 

the output current intensity (Figure 4.34(a)) and the input resistance (Figure 4.34(b)). 

Figure 4.34(a) shows a linear trend of output voltage with output current, following Ohm's 

Law. The output voltage (Figure 4.34(b)) increases progressively until reaching a plateau 

corresponding to the open-circuit voltage. Both figures show that the output power 

increases with the thermal gradient reaching a maximum power output of 6.5 μW with a 

thermal gradient of 57 K. In the case of Figure 4.34(b), the maximum output power 

obtained by the generator is reached when the input resistance is equal to the internal 

resistance of the TEG. 
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Figure 4.34 (a) Output voltage and output power as a function of output intensity for different 
thermal gradients. (b) Output voltage and output power as a function of input 
resistance for different thermal gradients. Open dots for Output Power and full dots 
for Output voltage. 

 

The results show that the electrochemical coating of PEDOT:BTFMSI on the felt 

fibers-MWCNTs and the new architecture of the wearable thermoelectric generator 

improves four times the Power Output obtained in the previous section (0.9 μW, ΔT=31 K) 

with the approximately the same thermal gradient (3.6 μW, ΔT=35 K). In addition, if we 

compare the results with other works published until the date based on textile-based 

thermoelectric generators, we can consider that the results obtained in this work are 

promising. Table 4.5 shows the main textile-based wearable thermoelectric generators 

during the last seven years. Textile-based wTEGs have been developed with inorganic 

semiconductors,115–118 with carbonaceous materials,113,119,120 with conductive 

polymers,40,41,114,121–124 and with hybrid materials combining inorganic semiconductors or 

carbonaceous materials with conductive polymers.42,125–133 The power output obtained by 

the wearable thermoelectric generator developed in this work, 6.5 μW at ΔT =57 K, is 

superior to many of the textile-based TEGs reported. This value is similar to those obtained 

in the literature. Komatsu et al.120 synthesized a knittable carbon nanotube fiber with 

excellent thermoelectric properties. This resulted in a thermoelectric generator with a 

power output of 5 μW for a thermal gradient of 60 K. Sun et al.131 coated carbon nanotube 

fibers with PEDOT:PSS (p-type) and with oleamine (n-type). The obtained generator 

produced an output power of 4.64 μW with a thermal gradient of 44 K. Therefore, the 

method presented in this work based on the electrochemical coating of textile 

fibers/MWCNTs with PEDOT:BTFMSI has enormous potential for further development 
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on T-wTEGs due to fact that the resulting internal resistance is very low maximizing the 

final power output. 

 

Table 4.5 Comparison of textile-based wTEG performance. 
 

Textile TEG 
p-n 

pairs/ 
legs * 

ΔT (K) 
Maximum Voltage 

Output 
Maximum Power 

Output 
Year Reference 

p-type: PEDOT:PSS 
n-type: Ag2Te 

2 pairs 20 3.5 mV 5 nW 2015 125 

PEDOT:PSS 5 legs 75.2 4.4 mV 12.29 nW 2015 40 
p-type: Sb2Te3 
n-type: Bi2Te3 

- 200 45.2 mV 14.1 μW 2016 115 

p-type: Bi0.5Sb1.5Te3 
n-type: Bi2Se0.3Te2.7 

2 pairs 12 10 mV 18 nW 2016 116 

p-type: CNT/FeCl3 
n-type: CNT/PEI 

60 
pairs 

5 47 mV 4.2 μW 2017 113 

PEDOT:PSS 26 legs 66 21 mV 12 nW 2017 121 
p-type: Bi0.5Sb1.5Te3 
n-type: Bi2Se3 

7 pairs 60 97 mV 1.65 μW 2017 117 

p-type: PEDOT:PSS 
n-type: constantan 

5 pairs 74.3 18.7 mV 212.6 nW 2017 126 

p-type: CNT/PEG 
n-type: CNT/[BMIM]PF6/PEG 

- 25 10 mV 8 nW 2017 119 

p-type: WPU/PEDOT:PSS/CNT 
n-type: WPU/n-doped CNT 

10 
pairs 

66 0.8 mV 2.6 nW 2017 127 

p-type: PEDOT:PSS/CNT 
n-type: PEDOT:PSS/CNT/PEI 

12 
pairs 

10 8 mV 0.43 μW 2018 128 

p-type: PEDOT:PSS/CNT 
n-type: PEDOT:PSS/CNT/PEI 

12 
pairs 

10 16 mV 0.61 μW 2018 129 

p-type: PEDOT:PSS 
n-type: CNT/PEI 

5 pairs 60 21 mV 0.43 μW 2018 130 

p-type:P3HT 
n-type: Ag paste 

13 
pairs 

50 12 mV 1.15 μW 2018 122 

PEDOT:Cl 2 legs 25 1.2 mV 4.5 nW 2019 41 
Ag2Se 4 legs 30 18 mV 0.46 μW 2019 118 
p-type: PEDOT:Tos 
n-type: n-doped CNT 

5 pairs 100 22 mV 62 nW 2019 42 

PEDOT:PSS 48 legs 0.6 0.98 mV 2 nW 2019 123 
PEDOT:Cl - 16.5 14 mV 0.375 μW 2019 114 
PEDOT:PSS 5 legs 70 7 mV 1.4 μW 2020 124 
p-type: CNT/PEDOT:PSS 
n-type: CNT/oleamine 

- 44 26 mV 4.64 μW 2020 131 

CNT/PEDOT:ClO4 30 legs 31 11 mV 0.9 μW 2020 Our work 
p-type: rGO/PEDOT:PSS 
n-type: rGO 

10 
pairs 

16.5 20 mV 0.45 μW 2021 132 

CNT fibers doped with ICl 4 legs 60 80 mV 5 μW 2021 120 
p-type: CNT/PEDOT:PSS 
n-type: CNT/PEI 

8 pairs 51 35.2 mV 0.62 μW 2022 133 

CNT/PEDOT:BTFMSI 14 legs 57 15 mV 6.5 μW 2022 Our work 
* The term pair is used for TEGs made with p-n junctions. The term leg is used for TEGs made with p-p junctions or n-
n junctions. 
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4.5 Conclusions 

This chapter has developed a different methodology to obtain textiles electrochemically 

coated by conductive polymers. This new methodology involves coating textile fibers with 

carbon nanotubes using the LbL technique to use the MWCNT-coated textile as a working 

electrode and electrodeposit different conductive polymers. In the first section of this 

chapter, three of the most widely used conductive polymers were used: PEDOT, PPy, and 

PANI. First, a study was carried out by varying the electrodeposition time to determine the 

optimal time for the electrical conductivity and the Seebeck coefficient to be high but for 

the polymer mass deposited to be low. Then, the quality of the different coatings was 

evaluated using SEM images and Raman spectroscopy. As a result, the coating of the textile 

fibers with MWCNTs, PEDOT, and PPy were very homogeneous, unlike that of PANI. In 

addition, the thermal stability study carried out by TGA showed that the felt fabric coated 

with PANI:H2SO4 is the least stable, probably due to a deterioration of the fibers in the acid 

medium necessary for the synthesis of PANI.  

Since the coating of the textile with PEDOT:ClO4 is the one that offers the best 

thermoelectric properties and the one that best covers the fibers, it was decided to continue 

the development of thermoelectric fabrics with said coating. In the second section of this 

chapter, two textiles were used: one made of felt, which is not woven, and the other made 

of cotton, which is woven. As in the previous section, these fabrics were coated with carbon 

nanotubes and then with PEDOT:ClO4 by electrodeposition. Through Raman spectroscopy 

and analysis of SEM images, it was shown that the coating of both MWCNTs and 

PEDOT:ClO4 was very homogeneous in both fabrics. The flexible properties of both 

fabrics were evaluated by monitoring the evolution of electrical conductivity as a function 

of the torsion angle and the number of bends performed on each fabric. The results showed 

that the cotton and felt fabrics maintained 90% of the initial electrical conductivity after 

the flexibility tests were performed. Finally, a thermoelectric module of 20 elements was 

made with cotton fabric and another with felt fabric. The results showed an eight times 

higher power output favorable to the felt cloth. This difference in power output was 

attributed to the felt fabric's ability to generate a higher thermal gradient and thus generate 

higher power. Finally, a third thermoelectric generator based on the felt cloth coated with 

PEDOT:ClO4 and with 30 legs was elaborated, with which an output power of 0.9 μW was 

obtained with a thermal gradient of 31 K.  
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The last section of this chapter sought to improve the thermoelectric efficiency of 

PEDOT-coated felt fabrics with different counterions. SEM images and Raman 

spectroscopy showed that the coating of the PEDOT felt fibers with the different 

counterions is excellent. The thermogravimetric analysis showed that all the coatings are 

stable up to 250 ºC. Differential scanning calorimetry together with DMA determined the 

glass transition temperature of the felt fabrics. Furthermore, the storage modulus showed 

that the viscoelastic stiffness increases after coating the pristine felt fabric with MWCNT. 

Then, the electrodeposition of PEDOT with different counterions decreases the storage 

modulus of the Felt/MWCNT fabric. The flexible capacity of thermoelectric fabrics was 

also evaluated by monitoring the change in electrical conductivity as a function of twist 

angle, a number of bends, and bending radius. After testing, the fabrics with the PEDOT 

coatings showed less variation in electrical conductivity. The thermoelectric properties of 

felt fabrics (electrical conductivity, Seebeck coefficient, and thermal conductivity) were 

evaluated for the different coatings, showing that the PEDOT:BTFMSI coating offers the 

highest thermoelectric efficiency. For this reason, a wearable thermoelectric generator was 

finally elaborated with the felt fabrics coated with MWCNTs and PEDOT:BTFMSI, 

through which an output power of 6.5 μW was obtained with a temperature difference of 

57 K. 
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Content 

This chapter shows the in-situ polymerization of terthiophene within a polymer matrix and 

their thermoelectric properties to develop flexible thermoelectric thin films. Furthermore, 

a hybrid plasmonic/TEG system has been designed with a synergy of plasmonic and 

thermoelectric materials properties to generate thermal gradients by the sunlight 

absorption. This chapter is divided into several sections. First, an introduction explains the 

different routes to obtaining blends with conductive polymers and the fundamentals of 

plasmonic heating. Then, three studies such as the optimization of polymerization 

conditions to obtain polythiophene (PTh) films embedded in polymethyl methacrylate 

(PMMA) and polyurethane (PU) matrices using silver (I) and copper (II) perchlorate as an 

oxidizing agent, the optimization conditions of the plasmonic material, and the 

development of the hybrid plasmon/TEG are presented. 

5.1 Introduction 

The use of wearable and stretchable electronic devices is becoming more and more 

common in our daily lives. Therefore, there is a need to improve mechanical stretchability 

without compromising electrical performance. Conductive materials with versatile 

properties such as flexibility, stretchability, light weight, and thermal stability are required 

to face these improvements. As shown in previous chapters, conductive polymers are one 

of the most promising candidates due to their mechanical properties, high electrical 

conductivity, and low density. However, one of the main challenges of conductive 

polymers is their processability since, due to the rigidity of the aromatic backbone and the 

stacking force between molecules, the solubility of conductive polymers is compromised.1 

The most significant advance in improving the processability of conductive polymers is 

the addition of polystyrene sulfonate (PSS), which stabilizes poly(3,4-

ethylenedioxythiophene) (PEDOT) polymer chains in water and some polar organic 

solvents.2 Currently, aqueous PEDOT:PSS is a commercial product with modifiable 

electrical properties during the processing, secondary doping, and post-treatment methods. 

These processes remove the dopant excess (PSS, for example), leading to phase separation 

or a morphological rearrangement.3–7 However, despite the high electrical conductivity (up 
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to 2240 S cm-1) obtained by these processes, PEDOT:PSS films have a tensile strain of 

around 2%. Therefore, the next generation of wearable devices requires materials with 

good electrical conductivity and deformability beyond flexibility, that is, a degree of 

stretchability greater than 10%.8–10 For this reason, in recent years, different blending 

routes have been established to obtain conductive materials with improved mechanical 

properties. 

5.1.1 Blending routes for conductive polymers 

The term blending in the area of polymers is known as the mixture of polymers to modify 

their properties. The development of blending methods to process conductive polymers is 

based on understanding the difficulties in the processability of conductive polymers due to 

their aromatic structure and charge delocalization.11 

5.1.1.1 Molecularly Miscible Polymer Blends 

This blending route uses small molecular plasticizers, such as surfactants (Zonyl, Xylitol, 

Triton X-100),12–14 ionic liquids, and polymeric matrices to process conductive polymers. 

For example, when PEDOT:PSS films are mixed with increasing concentrations of Zonyl, 

an increase in the size of the PEDOT domains is observed, as seen in the AFM images of 

Figure 5.1(a). In addition, the 10% Zonyl weight concentration sample exhibits a high 

aspect ratio, indicating greater ductility. The mixture of conductive polymers with a 

plasticizer causes a partial swelling of the PEDOT:PSS films, weakening the hydrogen 

bonds between the PSS chains. Then, the free volume of the PEDOT and PSS chains 

increases, allowing a greater relaxation of the chains against tensile stress.15 In addition, 

small molecular additives can promote the mobility of charge carriers, obtaining higher 

electrical conductivity. However, the main disadvantage of using molecular plasticizers is 

that they can seep out during the application of the material and, therefore, lose mechanical 

properties. Apart from using molecular plasticizers, it is possible to obtain highly 

stretchable PEDOT:PSS films by incorporating ionic liquids.16–18  The work developed by 

Bao et al.19 reported a highly stretchable conductive polymer doped with ionic liquids, with 

an electrical conductivity greater than 3100 S cm-1 below 0% tension and 4100 S cm-1 

below 100% tension. The author proposed that ionic liquids with sulfonate or sulfonimide 

functional groups reduce the electrostatic interaction between PEDOT and PSS chains by 
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triggering an aggregation of PEDOT chains within a PSS matrix schematized in Figure 

5.1(b). 

 

Figure 5.1 (a) AFM images of PEDOT:PSS films with different weight percentages of Zonyl. 
Reprinted with permission.15 Copyright 2014, WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. (b) Representation of the PEDOT:PSS film morphology before 
and after adding ionic liquids. Reprinted with permission.19 Copyright 2017, The 
Authors; American Association for the Advancement of Science. 

 

Another way to obtain stretchable PEDOT:PSS films is by blending PEDOT:PSS with 

a high loading of soft polymers such as PVA, PEO, and PEG. According to Reynolds et 

al.20 electrical conductivity and stretchability depend on the morphology and crystallinity 

of the polymer used. Their work showed that PEDOT:PSS blends with crystalline polymers 

showed a faster increase in conductivity than blends with amorphous polymers, but, on the 

contrary, the elongation at break was lower. In addition to these polymers, it is also possible 

to obtain blends of PEDOT:PSS with triblock copolymers and water-based polyurethane 

(WPU) to prepare stretchable conductive materials.21,22 
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The main drawback of this blending route is the need for the conductive polymer and 

the host polymeric matrix to be miscible. As we know, conductive polymers have very low 

solubility in organic solvents and water. Only PEDOT:PSS is soluble in water and polar 

organic solvents, so this blending route privates the use of the rest of the conductive 

polymers and requires that the additives also be soluble in the same solvent. 

5.1.1.2 Phase-separated polymer blends 

This route involves obtaining a continuous conductive pathway on an elastomeric matrix 

by mixing immiscible polymers. The incompatibility of the blended polymers can be 

solved by the addition of amphiphilic agents such as PDMS-b-PEO block copolymer or 

Triton X-100.23,24 Jin-Seo Noh showed that the addition of the PDMS-b-PEO block 

copolymer improved the miscibility between PEDOT:PSS and PDMS and also greatly 

influenced the morphology of the mixtures (Figure 5.2(a)). Without the block copolymer, 

the PEDOT:PSS and the PDMS are separated into two phases. After the progressive 

addition of the PDMS-b-PEO they begin to mix until the isolated PDMS granules 

significantly decrease, forming a continuous network of PEDOT:PSS supported in the 

PDMS matrix.  

 

Figure 5.2 (a) Optical images of PEDOT:PSS/PDMS blends with different amounts of PDMS-
b-PEO block copolymer. Reprinted with permission.23 Copyright 2014, The Royal 
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Society of Chemistry. (b) Scheme of PEDOT preparation:PSS/cellulose blends by 
vacuum filtration. Reprinted with permission.25 Copyright 2017, Elsevier Ltd. 

 

On the other hand, Luo et al.24 showed an improvement in the miscibility of 

PEDOT:PSS in the PDMS matrix by adding a non-ionic surfactant such as Triton X-100. 

The hydrophilic groups of the Triton X-100 come into contact with the aqueous 

PEDOT:PSS solution and the hydrophobic groups of the surfactant with the PDMS 

solution. 

Another way to mix immiscible polymers without needing a compatibilizing agent is 

by vacuum-assisted sequential filtration of both components. For example, Ko et al.25 

demonstrated that the production of PEDOT:PSS composites with cellulose nanofibers 

(CNF) by vacuum-assisted filtration (Figure 5.2(b)) could achieve a competitive electrical 

conductivity compared to other previous works. In addition, flexibility tests demonstrated 

that the electrical conductivity of the final composite was not altered after bending cycles 

at different angles. This route also requires a soluble conductive polymer. Since only 

PEDOT:PSS is soluble, this route can only be used to obtain mixtures with PEDOT:PSS. 

5.1.1.3 In-situ polymerization in polymer matrices 

As an alternative to the two previous routes, in-situ polymerization allows obtaining 

composites based on conductive polymers and insulating polymeric matrices by mixing the 

host polymeric matrix with monomers or oligomers and their initiator. Therefore, this route 

enables using other non-soluble conductive polymers. In addition, an interpenetrating 

polymeric network (IPN) is obtained after polymerization, which improves the mechanical 

properties of conductive polymers and prevents phase segregation. 

Teng et al.26 proposed using PEDOT:PSS as a host matrix to which they incorporated 

PDMS oligomers and curing agents (Figure 5.3(a)). As a result, they obtained an 

interpenetrating polymeric network composed of a PEDOT:PSS aerogel network and a 

flexible PDMS network (Figure 5.3(b)). The composite remained elastic under 

deformation stress (43%) and compression stress (60%) and, in addition, maintained its 

electrical conductivity under deformation. 
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Figure 5.3 (a) Schematic procedure of PDMS infiltration in a PEDOT:PSS aerogel matrix. (b) 
SEM images of the PEDOT:PSS/PDMS aerogel. Reprinted with permission.26 
Copyright 2013, The Royal Society of Chemistry. (c) Schematic procedure and 
optical images of nanocellulose/polypyrrole aerogel. Reprinted with permission.27 
Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

For the formation of blends with other conductive polymers, it is necessary to 

introduce the monomer and the oxidizing agent into the insulating host polymer matrix. 

After the in-situ polymerization, the conductive polymer becomes interpenetrated within 

the host polymeric matrix. For example, Lin et al.28 synthesized a PANI/PEEK composite 

using a one-step in-situ polymerization in which PANI grows in the free volume of the 

PEEK chains. On the other hand, Shi et al.27 and Li et al.29 used cellulose as a templating 

agent for the in-situ polymerization of polypyrrole, forming an interpenetrating polymeric 

network. First, they synthesized a hydrogel based on nanocellulose and immersed it in an 

iron (III) chloride solution (oxidant). Once the hydrogel was impregnated with the oxidant, 

the in-situ polymerization of the pyrrole was carried out differently. In the first work, Shi 

et al. used the vapor phase polymerization method to avoid polymerization outside the 

hydrogel (Figure 5.3(c)). Li et al. simply immersed the oxidant-doped hydrogel in a 
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monomer solution. In both cases, the polymerization of the pyrrole generated an 

interpenetrating polymeric network in which the nanocellulose matrix supports the 

polypyrrole. Barani et al.30 used a similar technique to coat cotton fabrics with polyaniline 

and polypyrrole. In this case, they first impregnated the cotton with a solution containing 

the monomer and then introduced the oxidant, producing oxidative polymerization on the 

fibers of the cotton fabric. 

 

Figure 5.4 (a) Scheme of the in-situ polymerization process. (b) Evaluation of thermoelectrical 
properties as a function of the molar ratio oxidant:monomer. Reprinted with 
permission.31 Copyright 2020, American Chemical Society. 

 

These in-situ polymerization methods are good strategies for obtaining hydrogels, 

membranes, and textiles coated with conductive polymers. However, it may not be the best 

choice if thin films are the goal. Our research group developed an in-situ synthesis of 

polythiophene thin films embedded in a PMMA polymeric matrix (Figure 5.4(a)).31 In this 

method, the thiophene polymerization, and doping reaction occur simultaneously in the 

solid state within a host matrix of PMMA using copper (II) perchlorate as an oxidizing 

agent. As a result, the polymerization reaction is very fast, and it is possible to obtain a thin 
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film, 80 nm, with good conductive properties in a matter of minutes. Furthermore, it is easy 

to modify the thermoelectric properties of the film since the concentration of charge 

carriers can be adjusted by controlling the oxidant:monomer molar ratio (Figure 5.4(b)). 

This innovative in-situ polymerization method is compatible with large-area industrial 

printing methods and therefore represents a new approach to obtaining thermoelectric 

materials based on conductive polymers. 

5.1.2 Solar thermoelectric generators 

The development of wearable thermoelectric materials aims to replace the batteries and 

supercapacitors needed to supply electrical energy to portable electronic devices. The main 

advantage of thermoelectric materials is that they do not need to be constantly charged to 

provide electrical energy since they harness thermal gradients to generate it. However, the 

power they can supply depends significantly on the thermal gradient they are exposed to. 

If we consider, for example, a thermoelectric generator for body heat harvesting, the 

temperature difference between the epidermis and the ambient temperature is barely a 

couple of degrees.32 Therefore, the power supplied by the thermoelectric generator for body 

heat harvesting will be much lower than the power generated with higher temperature 

gradients. However, incorporating plasmonic nanoparticles into thermoelectric material 

can increase the thermal gradient through the absorption of solar radiation. This 

phenomenon is known as plasmonic heating.33,34 Thus, the output power of a thermoelectric 

generator for body heat harvesting incorporating plasmonic nanoparticles should increase 

due to the higher thermal gradient. 

5.1.2.1 Plasmonic heating 

The plasmonic heating phenomenon is a physical phenomenon within a subfield of 

plasmonics called thermo-plasmonics, which uses metallic nanoparticles as light-

controlled nanoheat sources. This phenomenon is particularly interesting in bio-

applications since it can be used in hyperthermic cancer therapies through the adhesion of 

metallic nanoparticles to cancerous organs. Only the cancerous organs are damaged when 

the nanoparticles are irradiated at a specific wavelength.35 Another biomedical application 

of thermo-plasmonics is the release of drugs for therapeutic purposes. In this case, the 

therapeutic agents adhere to the metallic nanoparticles, and when they are in the desired 

position, the drug is released by heating the nanoparticles with laser illumination.36 
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Plasmonic heating is due to a localized surface plasmon resonance (LSPR), defined as 

a collective oscillation of electrons in a metal.37,38 Metals are not good conductors at optical 

frequencies; therefore, upon illumination, electrons oscillating at the electric field 

frequency of the incident light dampen the incident radiation by a Joule mechanism 

resulting in heat generation (Figure 5.5(a)).39 The loss of kinetic energy of the electrons 

produces the Joule effect. This effect occurs as a consequence of the collision between the 

atoms of the metallic nanoparticles during electronic transitions when excited by the 

incident radiation. 

 

Figure 5.5 (a) Schematic process of plasmonic heating. Reprinted with permission.39 Copyright 
2017, IOP Publishing Ltd. Ag-Plasmonic band resonance as a function of particle size 
for (b) nanobars and (c) nanorice. Reprinted with permission.40 Copyright 2006, 
American Chemical Society.  Au-Plasmonic band resonance as a function of (d) 
graphene coating and (e) amines and thiols ligands. Reprinted with permission.41 
Copyright 2007, American Chemical Society. 
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The surface plasmon resonance of nanostructured plasmonic materials can be modified 

mainly by morphology (shape and size) and environment. The shape of the plasmonic metal 

nanoparticles determines the position of the plasmonic resonance bands. For example, 

Wiley et al.40 synthesized different morphologies of silver nanoparticles. Each sample had 

a plasmon resonance band visible in UV-Vis but centered at different wavelengths (Figure 

5.5(b)). In other work, Wiley et al.41 modified the dimensions of two different 

morphologies of silver nanoparticles, and it was observed that, for a given morphology, an 

increase in size leads to a bathochromic shift in the plasmonic resonance band (Figure 

5.5(c)). Another factor that influences plasmonic resonance and, therefore, the efficiency 

of plasmonic heating is the environment. The nanometric size of plasmonic nanoparticles 

makes a large part of the atoms located on the surface. Thus, these atoms are highly exposed 

to the environment and will be sensitive to environmental dielectric properties such as 

changes in the density of liquids or gases, the formation of organic layers of the ligands 

that stabilize the nanoparticles, and, in general, to any surface adsorption of the different 

chemical agents (Figure 5.5(d) and (e)).42,43 

5.1.2.2 Thermoelectric solar harvesting 

A solar thermoelectric generator (STEG) is a system that harvests solar power by 

converting solar heat into electricity. In general, a STEG consists of five main elements 

(see Figure 5.6(a)): an optical collector, which collects the photons coming from the sun; 

an opto-thermal converter, which converts the captured photons into heat; a thermal 

collector, which conducts the heat obtained towards the thermoelectric material; a 

thermoelectric converter, which converts heat into electricity using the Seebeck effect; and, 

a heat sink, which dissipates heat from the thermoelectric generator at the cold end.44 The 

efficiency of a solar thermoelectric generator depends on the individual efficiency of each 

element that makes up the STEG. However, the efficiency of the opto-thermal converter is 

the most critical because, in this type of thermoelectric generator, the final efficiency will 

largely depend on the conversion of the captured photons into heat. In general, an opto-

thermal converter should have an absorbance equal to one and an emissivity equal to zero 

over the full range of the solar spectrum. Thus, solar power absorption would be maximized 

while minimizing thermal loss. These characteristics are found in materials with high 

absorbance in the UV-Vis range and high reflectance at longer wavelengths (Figure 

5.6(b)). 
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Figure 5.6 (a) Basic scheme of a solar thermoelectric generator. (b) Solar spectra and different 
opto-thermal converters. Reprinted with permission.45 Copyright 2014, CIOMP. 

 

One of the materials used as an opto-thermal converter is the solar cells, giving rise to 

the Hybrid Thermoelectric Photovoltaic Generator.46 Solar cells can produce electrical 

power by themselves and convert solar energy into thermal power. In fact, a large part of 

the solar power not converted to electrical power is converted to heat in the solar cell.47 

Therefore, the efficiency of a hybrid thermoelectric/photovoltaic system will be given by 

the efficiency of the thermoelectric generator and the photovoltaic contribution of the solar 

cell. However, the main drawback of using solar cells as opto-thermal converters is the 

need for high thicknesses to increase light absorption. On numerous occasions, this leads 

to low conversion efficiencies.48 The integration of plasmonic structures in solar cells 

allows a significant decrease in the thickness of the photovoltaic cell while maintaining 

good absorbance.49,50 Therefore, another potential candidate for solar absorbing is 

plasmonic nanoparticles since they absorb light at the wavelength corresponding to 

plasmonic resonance and convert it into heat. In addition, the  addition of ligands to 

crosslink the metallic nanoparticles helps to achieve a more significant aggregation of the 

nanoparticles and increases the light absorption in the entire visible spectrum instead of a 

particular wavelength corresponding to the plasmonic resonance.51,52 
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5.2 In-situ synthesis of polythiophene in 
a PMMA matrix 

This first part of the chapter aims to optimize the synthesis of polythiophene films by in-

situ polymerization of terthiophene within polymethylmethacrylate (PMMA) matrix using 

as oxidant a silver perchlorate salt, based on the previous work in the research group. 

5.2.1 Materials 

Terthiophene (3T) 99% purity, silver perchlorate, (1-methoxy-2-propyl) acetate (MPA) 

stabilized with 2,6-di-tert-butyl-4-methylphenol for synthesis and poly(methyl 

methacrylate) (PMMA) with weight-average molar mass of 996.000 by GPC and glass 

transition temperature (Tg) is 112 ºC were purchased from Aldrich. 

5.2.2 Synthesis of polythiophene films 

The in-situ polymerization of terthiophene (3T) within a PMMA polymeric matrix takes 

place through an oxidative polymerization mechanism with silver perchlorate (AgClO4) as 

an oxidizing agent. PMMA was used as a host polymer matrix because PMMA can be 

quickly processed into thin films utilizing different solvents by several deposition 

techniques. First, different amounts of 3T were dissolved in a solution of 4 wt % of PMMA 

in MPA. Then, a specific quantity of oxidant salt solution in MPA was added to obtain 

several Ag(I)/3T molar ratios. During the formation of the film, the precursor solution, 

which contains the PMMA, 3T, and AgClO4, was deposited by spin-coating (1800 rpm, 30 

s) on a glass substrate and then heat treatment was performed. Initially colorless, the film 

acquires a yellowish tone at the initial heat treatment state. Later on, the film begins to 

develop a bluish tone. As a result, a thermoelectric material based on a conductive polymer 

interpenetrated in a polymer network of PMMA has been synthesized in a single step by 

oxidative polymerization, as shown in Figure 5.7.  
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Figure 5.7 Scheme of the in-situ polymerization of 3T in PMMA matrix. 
 

This section studies different experimental conditions such as reaction time, reaction 

temperature, and oxidant:oligomer molar ratio to optimize the synthesis of polythiophene 

thermoelectric films embedded in a PMMA matrix. The reaction was studied at a fixed 

temperature and oxidant:oligomer molar ratio, being possible to obtain information on the 

reaction mechanism. After the previous step, the reaction temperature was varied at the 

previously optimized time and a fixed AgClO4:3T molar ratio. Finally, the molar ratio was 

varied, keeping the previously optimized reaction time and temperature constant. This 

procedure allowed us to study the doping level of thermoelectric films and, therefore, to 

obtain a film with the highest possible efficiency. 

5.2.3 Optimization of reaction time 

The first parameter optimized was the reaction time since it is necessary to determine the 

time needed to complete the polymerization reaction for a fast film processing. The reaction 

time was optimized with an oxidant:oligomer molar ratio of 2.8:1 (based on previous 

works) exposed to heat treatment at 160 ºC for different reaction times.31  Figure 5.8(a) 

shows the electrical conductivity dependence with polymerization time. During the first 15 

seconds, the electrical conductivity reaches values around 80 S cm-1 and continues 

increasing until it reaches a maximum of 117 S cm-1 when the curing time is 60 seconds. 

From this point on, the electrical conductivity decreases due to the conductive polymer's 

degradation, which disturbs the π-conjugate system.53 These results indicate that the 

optimum reaction time is 60 s. This oxidative chemical polymerization kinetics was 

followed using UV−Vis−NIR spectroscopy, shown in Figure 5.8(b). Initially, the colorless 

film turned yellow in a few seconds and then blue due to the doping of perchlorate anions 

in the polythiophene polymer chain.54–56. The PTh−AgClO4−PMMA films first exhibited 

a maximum absorption peak around 367 nm, corresponding to the π−π* band transition of 
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the 3T because the PMMA is transparent in that region of the spectra. With increasing 

reaction time, this peak shifts towards values around 560 nm due to the transitions of the 

conjugated π−π* bands. At the same time, the polaronic (800 nm) and bipolaronic states 

(1400 nm) bands also appear due to the increase in the doping level of the conductive 

polymer by perchlorate.57,58 These three bands increase progressively until reaching a 

maximum at a reaction time of 60 s when the maximum electrical conductivity is observed. 

At higher reaction times, the bands corresponding to the polaronic and bipolaronic states 

decrease in intensity due to possible decomposition of the polythiophene.  

 

Figure 5.8 (a) Electrical conductivity and (b) UV-Vis-NIR spectra of a PTh-PMMA IPN film 
as a function of reaction time. 

 

The fact that the peak located at 560 nm does not decrease in intensity evidenced the 

presence of the plasmonic band of silver nanoparticles.59,60 The presence of silver 

nanoparticles and, therefore, of its plasmonic resonance band is confirmed through X-ray 

fluorescence spectroscopy, as seen in Figure 5.9. This figure shows the characteristic peaks 

of Ag 3d5/2 and Ag 3d3/2 whose binding energies are 368.4 and 374.4 eV, respectively, with 

a binding energy difference of 6 eV, indicating the formation of silver nanoparticles.61–63 

In addition, the different XPS spectra show the polymerization time effect. At 30 seconds 

of reaction, two additional bands also appear at 367 and 373 eV due to the presence of Ag+ 

ions. After 60 seconds of reaction, the bands related to the Ag+ ions are still present but in 

a much smaller proportion than the Ag0 bands. Finally, after 120 seconds of reaction, the 

only bands that appear are those due to the silver nanoparticles. These results suggest that 

the reaction needs only 60 seconds to be completed since, at lower times, the presence of 

Ag+ ions indicates that not all the 3T has been oxidized to PTh. This kinetic study of the 

reaction demonstrates that AgClO4 is a fast-polymerizing agent and acts as an oxidizing 
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agent as well as a doping one. Moreover, this methodology makes it possible to obtain 

films with higher conductivity values due to the presence of silver nanoparticles. 

 

Figure 5.9 Ag 3d XPS spectra of a PTh-PMMA IPN film as a function of reaction time. 
 

The results obtained from the electrical conductivity as a function of the reaction time, 

Figure 5.8(a), fit an exponential equation at low reaction times, indicating that the kinetics 

is pseudo-first-order with a reaction constant of 0.14 s-1. Therefore, the reaction mechanism 

would be the one that appears in Figure 5.10. The Ag+ ions are responsible for initiating 

the oxidative polymerization of 3T within the PMMA matrix. As a result, Ag+ ions are 

reduced to Ag0, forming silver nanoparticles dispersed within the PMMA and 

polythiophene (PTh) matrix. Furthermore, perchlorate anions from the oxidizing salt act as 

doping agents along the polymeric chain of PTh, allowing the generation of bipolaronic 

states.56 The presence of bipolaronic states implies an oxidation degree of the 

polythiophene with higher electronic transport.54 The presence of silver nanoparticles 

explains the yellowish color that the terthiophene film acquires in the first reaction 

moments.64 
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Figure 5.10 Oxidative polymerization of terthiophene by AgClO4. 

5.2.4 Optimization of reaction temperature 

Once the optimal reaction time has been determined to complete the in-situ polymerization 

in the shortest possible time, we optimized the reaction temperature. This parameter is 

important for the processability of polythiophene films because low temperatures can lead 

to slower reaction rates, and high temperatures could degrade the conductive polymer and 

the host matrix. Figure 5.11 shows the effect of the curing temperature on the electrical 

conductivity for films with an oxidant:oligomer molar ratio of 2.8:1 and subjected to 

heating for 60 seconds. 

 

Figure 5.11 (a) Evolution of the electrical conductivity as a function of reaction temperature 
of PTh-PMMA for a curing time of 60 s;( b) UV-Vis-NIR spectra of a PTh-PMMA 
IPN film as a function of reaction temperature. 

 

Usually, the polymerization reactions of conductive polymers occur at low 

temperatures,65,66 however, Figure 5.11(a) shows that the film obtained at 80 ºC has an 

electrical conductivity of 5·10-5 S cm-1, suggesting that the extent of the reaction is not 

large enough to create a conductive path within the PMMA matrix. As the curing 

temperature increases, the electrical conductivity also increases, and at 120 ºC, the 

electrical conductivity is six orders of magnitude higher than the initial one. The highest 

electrical conductivity, 117 S cm-1, is reached at curing temperatures of 160 ºC. Beyond 

180 ºC, the electrical conductivity decreases gradually, confirming that an degradation of 

the conductive polymer occurs. Figure 5.11(b) confirms these observations with the UV-
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Vis-NIR spectrum. At low reaction temperatures, the band corresponding to the π-π* 

electronic transitions of the conjugated polymeric chain has a greater intensity than the 

bands of the polaronic and bipolaronic states. This is indicative of very low electrical 

conductivity. However, as the curing temperature increases, the intensity of the polaronic 

and bipolaronic bands begins to increase until reaching maximum values between 160 and 

180 ºC. This fact suggests that increasing the curing temperature increases the oxidation 

state (doping) of the polythiophene polymeric chain and, therefore, the electrical 

conductivity of the film will increase.67,68 Finally, at a curing temperature of 220 ºC, the 

polaronic and bipolaronic bands of the PTh chain disappear entirely, indicating a decrease 

in the doping level.69 With the results obtained, we can confirm that the films obtained are 

not stable at temperatures above 180 ºC. Figure 5.12 shows the thermogravimetric analysis 

of the conductive IPN film in-situ synthesized and its precursors.  

 

Figure 5.12 TGA curves of polymethylmethacrylate (PMMA), terthiophene (3T), 3T-PMMA, 
and 3T-AgClO4-PMMA. 

 

PMMA solution thermogram shows two stages of weight loss. The first of them, 

located between 120 and 160 ºC, is due to the evaporation of the solvent (MPA). The 

second stage, located between 300 and 360 ºC, corresponds to the decomposition of the 

PMMA. The thermogram of the oligomer (3T) also shows two steps. The first one also 

corresponds to solvent evaporation and the second one, with an intense weight loss at 140 

ºC, almost corresponds to its flashpoint. 

On the other hand, the thermogram of the mixture of 3T-PMMA shows an intense 

weight loss at 160 ºC, which corresponds to the solvent evaporation; at 230 ºC, 

corresponding to the decomposition of 3T; and at 350 ºC, corresponding to the 

decomposition of PMMA. These results indicate that the mixture of 3T with PMMA 
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improves the relative thermal stability. Finally, in the reaction mixture (Ag(I)-3T-PMMA), 

the thermal degradation between 120 and 300 ºC is significantly less than the degradation 

of the 3T-PMMA mixture, demonstrating the interpenetration of the polythiophene in the 

PMMA polymeric network since the thermal stability of the film is improved.70 An 

important weight loss can be observed at 400 ºC, which corresponds to the decomposition 

of the aromatic rings of the polymeric chain since they are more stable against 

combustion.71 

5.2.5 Optimization of oxidant:oligomer molar ratio 

The last step in optimizing the synthesis of IPN films is to study the evolution of electrical 

conductivity as a function of the oxidant:oligomer molar ratio. This study is critical since 

the oxidant:oligomer ratio modifies the concentration of charge carriers and, therefore, the 

electrical conductivity values and the Seebeck coefficient.72,73 To carry out this study, the 

previously optimized synthesis conditions (60 seconds and 160 ºC) have been used for the 

different AgClO4:3T molar ratios. As expected, Figure 5.13(a) shows that the electrical 

conductivity of the obtained films increases with the AgClO4:3T molar ratio, following a 

percolation-type curve. 

 

Figure 5.13 (a) Electrical conductivity of PTh-PMMA IPN films as a function of the 
AgClO4:3T molar ratio. According to the percolation theory, fitting equations to 
the experimental results are included; (b) UV-Vis-IR spectra for the films obtained 
with different molar ratio AgClO4:3T. 

 

The electrical conductivity of an IPN is related to the conductive polymer content into 

the insulating host polymer and is based on the principles of the Percolation Theory given 

by:74  

 𝜎 = 𝜎(f − f)
௧ (5.1) 
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where σ is the IPN conductivity, f is the volume of the conductive polymer in the film, 

fc is the percolation threshold, σ0 is a scaling factor, and t is the critical exponent. 

Percolation theory is frequently used to describe insulating-to-conductive transitions of 

materials based on conductive fillers and an insulating matrix. Generally, a low percolation 

threshold indicates a homogeneous distribution of the conductive polymer in the polymeric 

matrix. Therefore, this value has a remarkable effect on the properties of the IPN film in 

terms of morphology, electrical, mechanical, and thermal properties of the host matrix.75 

On the other hand, the critical exponent in a percolation system is assumed to depend solely 

on the dimensionality of the lattice and is independent of the details of the lattice 

structure.76 That is, for 3D systems, the critical exponent acquires values between 1.6 and 

2.0, and for 2D systems, the critical exponent varies between 1.1 and 1.3.74 However, in 

conductive systems, the critical exponent does not follow the universal trend. The inverted 

Swiss-cheese model can be applied in systems based on insulating matrices with embedded 

conductive fillers and where the conduction process is controlled by tunneling between 

fillings. This model predicts values of the critical exponent between 0.8 and 1 for 2D 

systems and between 1.6 and 1.8 for 3D systems.74,77 

Figure 5.13(a) shows the electrical conductivity as a function of the molar ratio of 

silver perchlorate and terthiophene. Experimental data were fitted to Equation (5.1) to 

determine the percolation threshold, and three regions can be distinguished. At low 

oxidant:oligomer molar ratios (region a), the film's conductivity is very low and cannot be 

measured. The percolation threshold is achieved at a critical molar ratio (region b) around 

1.25. At this point, enough polythiophene is synthesized, and the conductive polymer's 

chains begin to contact each other to form a continuous conductive network through the 

host polymer matrix. At values above the percolation threshold, there is an increase of 3 

orders of magnitude in electrical conductivity, varying the molar ratio from 1.5 to 1.75. As 

the AgClO4:3T molar ratio increases (region c), a second percolation curve can be observed 

in which the electrical conductivity increases by one order of magnitude. UV-Vis-NIR 

spectra, Figure 5.13(b), supported these results. When the oxidant:oligomer molar ratio 

increases, the intensity of the conjugated π-π* band decreases, and the intensity of the 

polaronic and bipolaronic bands increases. This indicates a change in the oxidation state of 

the polythiophene polymeric chains. Furthermore, fitting the percolation curve also reveals 

the value of the critical exponent for electrical conductivity. From the fit of the first 
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percolation curve (green line), the value was t = 1.77. This value indicates a 3D distribution 

of the polythiophene throughout the host matrix. 

The second percolation curve (pink line) shows t = 0.91. This second percolation curve 

appears at high values of the AgClO4:3T molar ratio, meaning a high amount of silver 

content. Thus, this curve should be related to the percolation of silver nanoparticles in the 

PTh-PMMA polymeric matrix. The value of the critical exponent of the electrical 

conductivity of the IPN film suggests the possibility that the Ag nanoparticles are 

introduced into the host matrix forming 2D systems. This result can be explained by 

considering that the silver nanoparticles are placed between two polythiophene polymeric 

chains, as shown in Figure 5.14. So, in the end, the IPN film would be made up of a random 

distribution of the polythiophene polymeric chains in the three directions of space at the 

same time that the Ag-nanoparticles are always distributed between two polythiophene 

polymeric chains. 

 

Figure 5.14 3D and cross-section schemes of the percolation distribution of Ag-nanoparticles 
in the PTh-PMMA matrix. 

 

  Figure 5.15(a) shows XPS spectra of PTh-Ag(I)-PMMA films measured in energy 

regions corresponding to the Ag 3d for three different Ag(I):3T ratios. According to the 

reaction proposed in Figure 5.10, after the oxidative polymerization of 3T, the main by-

product may be Ag(0). Ag(0) shows the Ag 3d5/2 and 3d3/2 binding energy at 568.2 and 

374.2 eV with a binding energy difference of 6 eV, indicating the formation of silver 

nanoparticles. That result agrees with the XRD spectra of PTh-Ag(I)-PMMA at different 

molar ratios oxidant:monomer (Figure 5.15(b)). The diffraction peak at a 2θ value of 38°, 

increases with the Ag(I):3T ratio. This diffraction peak is strongly associated with the plane 

(111) of silver nanoparticles.  
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Figure 5.15 (a) Ag 3d XPS spectra and (b) XRD diffractogram of a PTh-PMMA IPN film as 
a function of AgClO4:3T molar ratio. 

 

As the Ag(I):3T ratio increases, a higher content of silver nanoparticles is in-situ 

formed inside the PMMA matrix. The formation of that nanoparticles is also observed in 

TEM images. Figure 5.16 shows the TEM images of PTh-PMMA films synthesized at 

different Ag(I):3T molar ratios. We can observe that the in-situ polymerization of 3T inside 

PMMA generates homogeneous conductive IPNs, but as the Ag(I):3T ratio increases from 

1.8 to 2.8 and 3.6, TEM images reveal the formation of Ag nanoparticles embedded in the 

IPN film. These results agree with the XPS spectra, the diffraction peak measured in XRD, 

and the percolation curve of Figure 5.13(a). 
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Figure 5.16 TEM images of PTh-PMMA IPN films with different AgClO4:3T molar ratios. 
 

Figure 5.17 shows the thermoelectric properties of the films as a function of the 

AgClO4:3T molar ratio. As it was discussed earlier, the electrical conductivity increases as 

a function of the oxidant ratio with a maximum of 117 S cm-1 at a 2.8 AgClO4:3T molar 

ratio. However, the values of the Seebeck coefficient follow a different trend. The Seebeck 

coefficient decreases from 66 to 52 µV K-1 until an AgClO4:3T molar ratio of 2.0. This 

trend is typically observed in conductive polymers when the electrical conductivity 

increases, and the Seebeck coefficient decreases due to the presence of more charge carriers 

(holes in this case).  
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Figure 5.17 Electrical conductivity, Seebeck coefficient, and Power Factor as a function of 
AgClO4:3T molar ratio. 

 

In contrast, at larger AgClO4:3T molar ratios, the Seebeck coefficient changes the 

trend and increases until values around 70 µV K-1 due to the presence of a higher amount 

of silver nanoparticles that have reached the percolation threshold. This fact is explained 

by the carrier filtering effect of the silver nanoparticles, allowing the Seebeck coefficient 

to increase without suppressing electrical conductivity, as shown in hybrid and 

nanocomposites based on conductive nanofillers.78,79 At higher AgClO4:3T molar ratios 

(3.0), this effect is inhibited by the overoxidation of the PTh, decreasing the Seebeck 

coefficient until 50 µV K-1. A maximum power factor (PF=S2 σ) of 51 µW m-1 K-2 was 

obtained for an Ag(I):3T molar ratio of 2.8. These values are in the range of highly doped 

conductive polymers and nanocomposites.69,80,81 However, thin films contain PMMA 

which helps to keep both the integrity and processability of the films. 

5.3 In-situ synthesis of polythiophene in 
a polyurethane matrix  

Once the polythiophene polymerization conditions were optimized in a PMMA matrix 

using AgClO4 as an oxidant, we changed the PMMA polymeric matrix to a polyurethane 

one. This change is based on the difference in the mechanical properties of these two 



Chapter 5. In-situ polymerization of polythiophene in polymer matrices 

198 

matrices. PMMA, at room temperature, is a rigid polymer. In contrast, a thermoplastic 

elastomeric polyurethane is a flexible polymer at room temperature. This property is 

beneficial for obtaining flexible thermoelectric films suitable for developing wearable 

thermoelectric generators. 

5.3.1 Materials 

Terthiophene (3T), silver perchlorate, copper (II) perchlorate hexahydrate, analytical grade 

1-Methoxy-2-propyl acetate (MPA), methoxy ethanol, and dimethylformamide (DMF) 

were purchased from Aldrich. The segmented thermoplastic elastomeric polyurethane was 

obtained from the reaction of methylene diphenyl diisocyanate (MDI) and polycarbonate 

diol UH100, using butanediol as chain extender. The mass average molecular weight is 

250.000 and its glass transition temperature (Tg) is -6.4ºC. All chemicals were used as 

received. 

5.3.2 Synthesis of polythiophene films 

Thermoelectric thin films based on polythiophene (PTh) were obtained by in-situ oxidative 

polymerization of terthiophene in an oxidizing salt embedded in a polyurethane matrix. 

The previous work and the section before demonstrate that silver perchlorate and copper 

(II) perchlorate are two oxidizing salts that can be used in this process.31 The reaction 

solution was prepared by mixing a terthiophene (3T) with a 4% polyurethane (PU) solution 

and the oxidizing agent. The solutions were then deposited on a PET substrate by spin 

coating at 1800 rpm (see Figure 5.18(a)). A thin polymeric film is formed after being 

subjected to a curing treatment at 160 °C for 1 minute. The solvent evaporates during the 

curing stage, and the polyurethane embeds the polythiophene. As a result, the oxidative 

polymerization reaction polymerizes the terthiophene to polythiophene, reducing the 

oxidizing salt metal. In the case of the silver salt, Ag+, it will be reduced to Ag0, and with 

the copper salt, Cu+2, to Cu+, as demonstrated in our previous works (see Figure 5.18(b)).31 
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Figure 5.18 (a) Scheme of the synthesis procedure of polythiophene films in a polyurethane 
matrix. (b) Oxidative polymerization of terthiophene by AgClO4 and Cu(ClO4)2. 

5.3.3 Molar ratio oxidant:oligomer study 

Thermoelectric properties depend on the concentration of charge carriers. The synthesis of 

polythiophene-based thermoelectric films can modulate the concentration of charge 

carriers through control of the oxidant:3T molar ratio. The charge carrier concentration is 

inversely proportional to the Seebeck coefficient (S) and directly proportional to the 

electrical conductivity (σ).56,68 Therefore, the greater amount of oxidant, the higher 

concentration of charge carriers, and the greater the electrical conductivity of the film will 

be. However, it will have a lower Seebeck coefficient value. Therefore, the study seeks to 

find the optimal oxidant:3T molar ratio based on the maximum Power Factor (PF). 
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Figure 5.19 Electrical conductivity, Seebeck coefficient, Power Factor, and UV-Vis-NIR 
spectra of the polythiophene films as a function of the oxidant:3T molar ratio: (a) 
and (b) for AgClO4, and (c) and (d) for Cu(ClO4)2. 

 

Figure 5.19 shows the thermoelectric properties of the films as a function of the 

oxidant:3T molar ratio. As expected, the electrical conductivity increases as a function of 

the oxidant ratio, reaching 97 S cm-1 and 4 S cm-1 with AgClO4 and Cu(ClO4)2, 

respectively. This huge difference in the electrical conductivity can be explained by 

looking at the reduction potential of both metal species. The reduction reaction from Ag+ 

to Ag0 has a potential of 0.80 V, and the reduction reaction from Cu2+ to Cu+ has a potential 

of 0.34 V. Therefore, the silver salt has a greater oxidizing behavior than the copper (II) 

salt, and that leads to a higher concentration of charge carriers along the polymer chain of 

polythiophene.82,83 These results are supported by the UV-Vis-NIR spectra. In both spectra, 

regardless of the oxidant used, three bands appear. The first one is located between 400-

550 nm and is related to aromatic fragments and π-π* transitions of the molecule; the 

second, over 775 nm, is associated with the polarons band, and the third band is centered 

at 1400 nm and is related with the presence of bipolarons. By increasing the proportion of 

oxidizing agents, the absorption intensity of the polaron and bipolar bands increases, 

indicating an increase in the charge carrier concentration.56,84,85 Furthermore, the Seebeck 
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coefficient values follow a different trend decreasing with the oxidant:3T molar ratio. This 

trend is typically observed in conductive polymers due to the increased concentration of 

charge carriers. The Seebeck coefficient values are generally in the range of highly doped 

conductive polymers and nanocomposites.58,80,81,86 Therefore, by increasing the oxidant 

molar ratio, the doping level of polythiophene is greater, increasing the electrical 

conductivity and decreasing the Seebeck coefficient. Finally, the maximum Power Factor 

was achieved for an oxidant:3T molar ratio of 2.5:1 for both oxidants. 

 

Figure 5.20 TEM images of thin films synthesized with different oxidant:3T molar ratios using 
(a) AgClO4 and (b) Cu(ClO4)2. 
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Figure 5.20 shows TEM images of polythiophene films synthesized with silver and 

copper oxidant salts at different molar ratios. According to the reactions proposed in Figure 

5.18(b), after the oxidative polymerization of 3T with AgClO4 the main by-product is 

Ag(0). However, after the polymerization of 3T with copper (II) perchlorate, a copper (I) 

salt is obtained as a by-product. Figure 5.20(a) shows that the polythiophene films 

obtained at different AgClO4:3T molar ratios contain inorganic nanoparticles embedded 

within the film. After analyzing these films by XRD (Figure 5.21(a)), a defined diffraction 

peak is observed at a 2θ value of 38°, which increases with the AgClO4:3T ratio. This 

diffraction peak is strongly associated with the plane (111) of silver nanoparticles. As the 

AgClO4:3T ratio increases, higher content and smaller size of silver nanoparticles are in-

situ formed inside the polyurethane matrix. The higher content and smaller silver 

nanoparticles are related to the explosive nucleation due to a higher concentration of 

AgClO4. In this case, the nucleation process becomes dominant, making the growth of 

silver crystals relatively complicated.87 

 

Figure 5.21 XRD diffractograms of the films as a function of the oxidant:3T molar ratio using 
(a) AgClO4 and (b) Cu(ClO4)2. 

 

 TEM images of the film synthesized with Cu(ClO4)2 as oxidant (Figure 5.20(b)) show 

small crystalline solids embedded in the polyurethane matrix with a high Cu(II):3T molar 



Chapter 5. In-situ polymerization of polythiophene in polymer matrices 

203 

ratio. The XRD diffractogram (Figure 5.21(b)) reveals that the crystalline solids observed 

in the TEM images present an XRD pattern that corresponds to the planes (110), (11-1), 

and (111) of copper (II) oxide.88 According to the reaction proposed in Figure 5.18(b), the 

solid that should have been embedded in the polymeric matrix is copper (I) perchlorate, 

however, this was probably oxidized during the thermal treatment in the presence of 

oxygen and became formed copper(II) oxide. 

5.3.4 Increasing the amount of 3T 

One strategy to improve the thermoelectric properties of blends based on a conductive and 

an insulating material is by increasing the amount of conductive material on the insulating 

matrix. In this way, the electrical conductivity can increase without appreciably modifying 

the Seebeck coefficient, enhancing the final Power Factor.89 In our case, we gradually 

increased the amount of oligomer (3T) on the polyurethane polymeric matrix, maintaining 

the previously optimized oxidant:3T molar ratio (2.5:1). Figure 5.22 shows the 

thermoelectric properties and UV-Vis-NIR spectra as a function of the weight percentage 

of 3T regarding the polyurethane for both oxidants. 

 

Figure 5.22 Electrical conductivity, Seebeck coefficient, Power Factor, and UV-Vis-NIR spectra 
as a function of the percentage of 3T with respect to the amount of polyurethane with 
an oxidant:3T molar ratio 2.5:1 for (a - b) AgClO4 and (c - d) Cu(ClO4)2. 
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This study aims to know the maximum amount of 3T embedded in the polyurethane 

matrix to obtain maximum electrical conductivity, keeping the constant oxidant:3T molar 

ratio at 2.50:1. The Seebeck coefficient oscillates between (30 ± 4) μV K-1 and (42 ± 3) μV 

K-1 for the silver and copper oxidants, respectively. Since the oxidation states of the 

conductive polymer are not altered in this study, the concentration of charge carriers should 

be approximately the same, and it is expected that the Seebeck coefficient will remain 

constant around a given value. However, regarding electrical conductivity, a different trend 

is observed. In the presence of a silver oxidant, there is a progressive increase in electrical 

conductivity until reaching a plateau, which remains constant despite increasing the weight 

percentage of 3T. However, using the Cu (II) oxidant at low concentrations of 3T, the 

electrical conductivity increases slowly up to 60% of 3T, which grows exponentially. This 

difference in behavior is due to the greater oxidative character of Ag+, which leads to a 

higher concentration of charge carriers along the polymer chain of polythiophene. 

Therefore, at lower 3T concentrations, we can reach the highest electrical conductivity. As 

a result, the maximum Power Factor (20 μW m-1 K-2) is obtained with a 3T weight 

percentage of 62.7% in the case of silver salt. On the other hand, since with the copper (II) 

salt, the maximum of the percolation curve has not been reached, a stable Power Factor has 

not been obtained, and as seen in Figure 5.22(c), it continues to increase with the 

percentage of 3T. 

In addition, Figure 5.22 shows the UV-Vis-NIR spectra of the samples as a function 

of the 3T weight percentage maintaining the oxidant:3T molar ratio at 2.50:1 for both 

oxidants. Figure 5.22(b) and (d) show that as the quantity of oligomer in the polyurethane 

matrix increases, the absorption intensity of the bands corresponding to the conjugated, 

polaron, and bipolar double bonds increases progressively. This indicates a higher 

concentration of charge carriers on the final film and, therefore, a higher electrical 

conductivity. 
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Figure 5.23 TEM images of polythiophene films obtained using silver and copper (II) oxidants 
with oxidant:3T molar ratio 2.5:1 at a different weight percentage of 3T. 

 

Furthermore, the peak centered around 500 nm appears more defined in the case of 

silver oxidant. This can be related to the absorption of the plasmonic resonance of silver 

nanoparticles, indicating that their concentration has increased in the obtained film. TEM 

micrographs, Figure 5.23, confirm the formation of silver nanoparticles because of the 

reduction of Ag+ to Ag0. In addition, nucleation is more visible since increasing the 

concentration of 3T in the synthesis increases the concentration of silver, and new 

crystallization nucleus are formed with smaller sizes. On the other hand, in the case of the 

copper (II) salt, small crystals are again observed due to copper (II) oxide, as suggested by 

the XRD pattern in Figure 5.21. 

In addition, the thermal conductivity of the films optimized using the silver and copper 

oxidants was determined by the frequency-domain thermoreflectance method (Table 5.1).  
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Table 5.1 Thermal conductivity determined by frequency-domain thermoreflectance of thin 
films covered with gold. Composition: oxidant:oligomer molar ratio 2.5:1, 62.7% 
3T. 

𝜿 (W m-1 K-1) 

PU 0.36 

PTh-Ag-PU 0.40 

PTh-Cu-PU 0.37 

The results show that the thermal conductivity of PTh-Ag-PU and PTh-Cu-PU films 

is very similar to the thermal conductivity of a PU film, and they are of the order of other 

conductive polymers.90–93 In addition, the presence of silver nanoparticles in the PTh-Ag-

PU film causes a slight increase in thermal conductivity compared to the film PTh-Cu-PU 

because silver nanoparticles are excellent thermal conductors.94,95 

5.3.5 Plasmonic effect 

The plasmonic resonance band of the silver nanoparticles that appears in the UV-Vis-NIR 

spectrum invites us to study the effect of plasmonic heating of the films. As mentioned in 

the introduction, plasmonic heating is due to localized surface plasmon resonance (LSPR), 

in which electrons oscillate at the electric field frequency of the incident light and dampen 

the incident radiation by a Joule mechanism that generates heat.37,38,96 Therefore, a different 

number of layers with an oxidant:3T molar ratio of 2.5:1 and a 3T weight percentage of 

62.7% were deposited on the PET substrate to study this effect. The multilayer deposition 

aims to increase the concentration of silver nanoparticles generated in situ on the film and 

increase the plasmonic heating. In order to verify the effect of plasmonic heating of silver 

nanoparticles, a comparative study was conducted with both oxidants: silver perchlorate, 

which generates silver nanoparticles; and copper (II) perchlorate, which does not generate 

copper nanoparticles. 
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Figure 5.24 Electrical conductivity, Seebeck coefficient, and Power Factor of the films 
obtained in the presence of: (a) AgClO4 and (b) Cu(ClO4)2 after the formation of 
successive layers. Carrier concentration (n) and carrier mobility (μ) as a function 
of the number of layers for (c) PTh-Ag-PU, and (d) PTh-Cu-PU films. 

 

Chapter 3 demonstrates that multilayer systems are useful to improve thermoelectric 

properties.97,98 Therefore, in the first place, the evolution of electrical conductivity, 

Seebeck coefficient, and Power Factor as a function of the number of layers deposited on 

the substrate was studied. Figure 5.24(a) and (b) show the evolution of these properties 

for the PTh-Ag-PU and PTh-Cu-PU films, respectively. In both cases, the Seebeck 

coefficient increases progressively with the number of layers. This enhance is due to a 

higher density of interconnections between the layers produced by the reaction of the 

residual oligomers on the surface of the film with the subsequent layer. Figure 5.24(c) and 

(d) show the Hall effect measurements on PTh-Ag-PU and PTh-Cu-PU films up to 4 layers. 

The concentration of charge carriers hardly varies with the increase in the number of layers 

while the carrier mobility is enhanced. These results indicate that the improved electrical 

conductivity and the Seebeck coefficient with the increasing number of layers are mainly 

due to the higher carrier mobility. In fact, the increase in carrier mobility supports the idea 

of a greater density of interconnections between layers. In addition, the results of the Hall 

effect explain the higher electrical conductivity and lower Seebeck coefficient of the PTh-



Chapter 5. In-situ polymerization of polythiophene in polymer matrices 

208 

Ag-PU films compared to those of PTh-Cu-PU. The electrical conductivity increases as the 

number of layers increase until the fourth layer, then progressively decreases. This decrease 

in the electrical conductivity from the 4th layer is related to the rise of the thickness beyond 

the fourth layer. Finally, the maximum Power Factor was obtained with four layers, 

indicating that the optimal number of layers is four from the thermoelectric point of view. 

The transmittance measurements of the films give us information about the relative 

absorption in the range of 350 to 2000 nm. Figure 5.25 shows the evolution of 

transmittance as a function of the number of layers deposited on the PET substrate. 

  

Figure 5.25 Transmittance spectra as a function of the number of layers deposited on the PET 
substrate using (a) AgClO4 and (b) Cu(ClO4)2. 

 

As expected, as the number of layers increases, the transmittance of the films 

progressively decreases, indicating a greater relative absorption in the range of wavelengths 

studied. If we compare the spectra of the films obtained with the different oxidizing salts, 

we observe that the films obtained with the same number of layers deposited with silver 

perchlorate have a higher relative absorption (Table 5.2). In addition, the peak centered at 

500 nm appears more defined than in the films obtained with copper (II) perchlorate. This 

indicates the presence of silver nanoparticles embedded in the polymeric matrix. The 

deposition of 6 and 8 layers reaches practically 100% relative absorption for the films 

obtained with the silver and copper oxidant, respectively. Since the optimal Power Factor 

is found after the deposition of 4 layers and in the case of films obtained with AgClO4 a 

relative absorption of 90% is reached, these films were used to study plasmonic heating. 
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Table 5.2 Relative absorption data as a function of the number of layers using the different 
oxidizing metal salts. The relative absorption is calculated as the percent area under 
the curve. 

 

 Absorption (%) 
No. 

Layers 
PTh-Ag-PU PTh-Cu-PU 

1 47.69 28.39 
2 69.10 48.15 
3 79.53 62.92 
4 89.51 75.32 
5 93.02 84.17 
6 95.14 90.36 
7 97.47 92.50 
8 98.35 95.64 
9 99.19 98.04 
10 99.53 98.60 

 

The plasmonic heating tests were carried out by covering half of the film with plastic 

so that half of the film can be irradiated (see Figure 5.26(a)). Then, the coated film was 

introduced into a dark box with a hole to insert a solar simulator lamp ABET Technologies 

Light Sources of 1.5 suns.  

 

Figure 5.26 (a) Scheme of the plasmonic heating measure. (b) Temperature difference 
obtained by the plasmonic heating for PTh-Ag-PU and PTh-Cu-PU films with 4 
layers. 

 

As shown in Figure 5.26(b), when irradiating with the lamp, a temperature difference 

of 1.7 ºC is reached when silver nanoparticles are embedded in the film. On the contrary, 

PTh-Cu-PU films show an increase of 0.4 ºC. This thermal gradient can be attributed to the 

absorption of the polymer. In the vast majority of applications of plasmonic materials, 
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plasmonic nanoparticles are excited by lasers or at the plasmonic resonance wavelength, 

which leads them to reach temperature increases of between 5 and 15 ºC.99,100 In this work, 

we have reached a temperature difference of 1.7 ºC using a solar simulator of 1.5 suns. The 

thermal gradient is probably not that high because the metallic nanoparticles must resonate 

together for effective plasmonic heating and must be close. In these films, the silver 

nanoparticles are not distributed orderly throughout the polymeric matrix, as shown in 

TEM images in Figure 5.23. Therefore, the plasmonic resonance is slight, and the 

plasmonic heating is low. For this reason, an easy and low-cost method for obtaining a 

plasmonic layer has been developed in the third part of this work, which can generate a 

more significant thermal gradient. 

5.4 Hybrid system thermoelectric-
plasmonic 

The thermal gradient obtained by the plasmonic heating of the silver nanoparticles 

generated in-situ during the polymerization of terthiophene in the polyurethane host matrix 

is not very high to create significant electrical power in a thermoelectric generator for the 

collection of bodies. For this reason, we decided to add a plasmonic layer to the developed 

thermoelectric material that acts as an optothermal converter and thus generates a higher 

thermal gradient. 

5.4.1 Materials 

Silver nitrate, titanium (IV) tetraisopropoxide (TTIP), triethanolamine (TEA), Pluronic 

P123, terthiophene (3T), silver perchlorate, copper (II) perchlorate hexahydrate, analytical 

grade 1-Methoxy-2-propyl acetate (MPA), methoxy ethanol, and dimethylformamide 

(DMF), polyvinyl alcohol (PVA) Mw = 30000, polymethylmethacrylate (PMMA) Mw = 

360000, and poly(2-ethyl-2-oxazoline) (PEOX) Mw = 200000 were purchased from 

Aldrich. The segmented thermoplastic elastomeric polyurethane was obtained from the 

reaction of methylene diphenyl diisocyanate (MDI) and polycarbonate diol UH100, using 

butanediol as chain extender. All chemicals were used as received. 
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5.4.2 Synthesis of Ag-NP plasmonic layer 

The plasmonic layer was obtained by photocatalyzed synthesis of silver nanoparticles 

embedded in different polymeric matrices using the spin-coating technique and subsequent 

exposure to UV light to reduce Ag+ to Ag0. This reaction is photochemically catalyzed by 

a layer of titanium (IV) oxyhydroxide, TiO2-0.5xOHx (Patent Application P202130501 of 

06/02/2021) deposited on the PET substrate. In order to optimize the plasmonic 

performance of Ag nanoparticles embedded in a polyurethane matrix to obtain a maximum 

absorption in the visible range (380 - 750 nm), the influence of the AgNO3 concentration 

and the exposure time under a UV light lamp for the formation of Ag nanoparticles have 

been investigated (Figure 5.27(a)).101 

 

Figure 5.27 (a) Scheme of photocatalyzed synthesis of Ag nanoparticles. UV-Vis-NIR spectra 
of Ag nanoparticle films embedded in a polyurethane matrix as a function of (b) 
the AgNO3 concentration and (c) the time it remains under the UV light lamp. 

 

Figure 5.27(b) represents the UV-Vis-NIR spectra obtained at different AgNO3 

concentrations. The UV-Vis-NIR spectra show a peak centered between 450-500 nm, 

corresponding to the plasmonic resonance of Ag-NP obtained by the photoreduction 

reaction. The intensity of this peak increases with the concentration of silver nitrate until a 

maximum intensity when the concentration of AgNO3 is 0.75 M. Once the optimal 
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concentration of the silver nitrate solution has been established, we study the time that the 

film should remain under UV light. As represented in Figure 5.27(c), the intensity of the 

plasmonic resonance band of the silver nanoparticles progressively increases under the 

irradiation of the films with UV light. Beyond an irradiation time of 180 s, the intensity of 

the band decreases because the exposure of the polymeric matrix to UV light causes 

thermal degradation and exposes the nanoparticles to a different surrounding medium 

which can affect the plasmon resonance band.101 Therefore, we have selected an AgNO3 

concentration of 0.75 M and a photoreduction time by TiO2-0.5xOHx under a UV lamp of 

120 seconds as optimal conditions for the photocatalyzed synthesis of Ag-NP plasmonic 

layer. 

5.4.3 Stability of plasmonic layer 

As mentioned before, the plasmonic resonance of metallic particles also depends on the 

surrounding medium. Therefore, finding a polymeric matrix capable of embedding silver 

nanoparticles and remaining stable under solar radiation is necessary. Four different ones 

have been selected. On the one hand, polyurethane (PU) has been chosen for its flexibility, 

which is important for developing flexible devices. On the other hand, polymethyl 

methacrylate (PMMA) has also been chosen because it is widely used in optoelectronic 

materials due to its transparency. Finally, polyvinyl alcohol (PVA) and poly(2-ethyl-2-

oxazoline) (PEOX) matrices have been used because they are two of the most widely used 

polymeric matrices for the formation and stabilization of silver nanoparticles.102,103 Figure 

5.28 shows the SEM images of the silver nanoparticle films embedded in different 

polymeric matrices. In the case of the PVA polymer matrix, silver aggregates are obtained. 

However, using PU and PMMA polymer matrices, it is possible to obtain silver 

nanoparticles of approximately 20 nm. On the other hand, silver nanoparticles with a cubic 

morphology of about 50 nm are obtained when the polymeric matrix is PEOX. 
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Figure 5.28 SEM micrographs of the films with silver nanoparticles embedded in different 
polymeric matrices. 

 

Figure 5.29 shows the X-ray diffractogram (XRD) of the synthesized films. Ag-films 

with PVA, PU, and PMMA matrices show a diffraction plane (111) typical of silver 

nanoparticles. In the case of the film with PEOX, it presents two diffraction planes (111) 

and (200) characteristic of a silver fcc crystalline structure. The network constant 

calculated for this pattern was 4.087 Å, a value in agreement with that reported in the 

literature (a = 4.086 Å JCPDS 04-0783). In addition, the ratio between the (200) and (111) 

planes is slightly higher than the conventional value (0.57 vs. 0.4). This fact suggests that 

silver nanocubes have abundant {100} facets and are oriented parallel to the substrate.104  
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Figure 5.29 XRD diffractogram of the films with Ag-NP in different polymer matrices. 
 

The main objective of introducing this plasmonic layer is to obtain the greatest 

temperature difference by irradiating it with sunlight. Since the localized surface plasmon 

resonance responsible for plasmonic heating depends on the environment in which the 

silver nanoparticles are placed, it is important to determine which polymeric matrix most 

effectively contributes to plasmonic heating. For this reason, we elaborated a measurement 

setup in which only half of the substrate was covered with Ag-films. Two K-type 

thermocouples were placed at the ends of the substrate, one in direct contact with the 

plasmonic layer and the other in contact only with the substrate. In this way, the plasmonic 

heating effect is due solely to light absorption since the solar simulator heats equally on 

both sides of the film. Figure 5.30 shows the temperature difference between the end with 

the Ag-film and the end without it, generated by plasmonic heating. The PMMA and PU 

polymeric matrices reached the highest thermal gradients, 7.5 K and 7.3 K, respectively. 

However, the PVA and PEOX matrices obtained slightly smaller values (6.7 K and 6.2 K, 

respectively).  
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Figure 5.30 Temperature difference between the side with the Ag-film and without it, generated 
by plasmonic heating. 

 

Looking at the SEM images, Figure 5.28, these temperature differences can be 

explained based on the different morphology of the silver nanoparticles obtained with the 

different polymeric matrices. With PU and PMMA matrices, the nanoparticles are smaller, 

allowing a greater number of nanoparticles to resonate when sunlight illuminates the film. 

On the contrary, with the PVA matrix, the silver aggregates interfere with the plasmonic 

resonance of the smaller silver nanoparticles, producing less plasmonic heating, as 

observed in Figure 5.30. Finally, with the PEOX matrix, the silver nanocubes are far away 

from each other, and thus the plasmon resonance effect of the nanocubes is diminished. If 

we look at the UV-Vis-NIR spectrum (Figure 5.31), the plasmonic resonance band of the 

film obtained in a PEOX matrix is very similar to that obtained in the rest of the matrices 

suggesting that the plasmon resonance that produces the heating is not due to the nanocubes 

but probably to small spherical silver nanoparticles. We can conclude that the PU and 

PMMA matrices contribute more significantly to the plasmonic heating since they favor 

the nucleation of silver nanoparticles, thus obtaining a significant number of smaller 

nanoparticles.59,105 

Temporary stability in room conditions and stability against prolonged use are two 

important parameters in selecting the polymeric matrix that protects the plasmonic Ag-NPs 

and maintains their performance. In this work, two stability studies have been carried out 
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by monitoring the absorption changes of the plasmonic resonance of the Ag-NPs. On the 

one hand, the stability against a sun exposure of 15 min (Figure 5.31(a)) and, on the other 

hand, the stability under ambient conditions for two months (Figure 5.31(b)). 

 

Figure 5.31 UV-Vis-NIR spectra of the films with Ag nanoparticles embedded in different 
polymeric matrices: (a) before (solid line) and after (dash line) solar simulator 
exposure for 15 min; (b) as a function of time under ambient conditions. 
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Figure 5.31(a) reveals that the plasmonic resonance band of the silver nanoparticles 

embedded in the PU and PEOX matrices was not altered after exposure to the solar 

simulator for 15 minutes. However, in the case of the PVA and PMMA matrices, a decrease 

in the plasmonic resonance band was observed. On the other hand, Figure 5.31(b) shows 

that the plasmonic resonance band of the plasmonic Ag-NPs in the PU and PMMA matrices 

hardly changed after two months in room conditions. On the contrary, absorption intensity 

decreased considerably after two months of obtaining the films with the PVA and PEOX 

matrices. These results can be explained considering that the PVA and PEOX matrices are 

soluble in water, and the environmental humidity can partially dissolve the polymeric 

matrix and expose the silver nanoparticles to the air. Therefore, the results of solar and 

temporal stability show that the polyurethane matrix is the most suitable.  

5.4.4 Hybrid thermoelectric-plasmonic generator 

The overall objective of this work is to take advantage of the plasmonic heating of silver 

nanoparticles to generate a temperature gradient with sunlight and transform it into 

electrical energy, maximizing the collection of residual energy and energy efficiency.106 

For this purpose, an assembly structure has been designed to generate a temperature 

increase in only one side of the film by plasmonic heating produced by the Ag-NPs 

absorption of sunlight, as shown in Figure 5.32. First, the Ag-NP plasmonic film was 

deposited using the PU matrix on a half substrate using the optimized conditions (0.75 M 

AgNO3 and 120 s UV lamp). Subsequently, on the complete substrate, the deposition and 

subsequent polymerization of the polythiophene were carried out with the conditions 

optimized in our previous work (2.5:1 oxidant:3T molar ratio, 62.7% 3T), using silver 

perchlorate as an oxidant. 
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Figure 5.32 Scheme of the plasmonic heating mechanism to produce a thermal gradient in a 
thermoelectric layer deposited over the plasmonic layer. 

 

According to the designed prototype, the thermoelectric layer needs to be transparent 

enough to allow sunlight to pass through it and reach the plasmonic layer. Therefore, 

optimizing the number of thermoelectric layers deposited over the plasmonic substrate is 

necessary. As seen in Figure 5.24(a), the Power Factor of the thermoelectric film increases 

progressively up to the fourth layer. For this reason, the effect of plasmonic heating up to 

the fourth layer was studied. Figure 5.33(a) shows the transmittance spectra of the 

assembly of the plasmonic and thermoelectric films.  

 

Figure 5.33 (a) Transmittance spectra and (b) open circuit voltage and thermal gradient as a 
function of the number of TE layers deposited over the plasmonic one.  

 

As expected, as the number of thermoelectric layers deposited on the plasmonic 

substrate increases, the absorption of incident sunlight increases, indicating that the 

thermoelectric film is getting darker and does not allow solar radiation to reach the silver 

nanoparticles in the plasmonic layer. For this reason, the thermal gradients generated by 
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the plasmonic heating (see Figure 5.33(b)) decrease progressively with the number of 

layers. Figure 5.33(b) shows the electrical potentials generated by the hybrid system as a 

function of the number of layers exposed to sunlight. The highest voltage was 225 μV, 

achieved with the two and three thermoelectric layers deposited over the plasmonic film. 

Although the Seebeck coefficient of the three-layer system was higher than that of the two-

layer system (Figure 5.24(a)), the temperature difference established between the ends of 

the film with two thermoelectric layers on the plasmonic layer was greater and, therefore, 

allowed reaching a final voltage similar with three layers one. The system formed by only 

a thermoelectric layer on top of the plasmonic layer reached the highest thermal gradient, 

but since its Seebeck coefficient was the lowest, the generated voltage was small. Finally, 

the system composed of four thermoelectric layers is the one that established the lowest 

thermal gradient between the ends of the film and, despite having the highest Seebeck 

coefficient, it did not reach the voltage obtained with the two- and three-layer system. 

Incorporating the plasmonic heating effect in thermoelectric generators (TEG) allows 

for an increase in the thermal gradient of the TEG by the absorption of sunlight by the Ag-

NP film and, therefore, increases the power output of the TEG. Figure 5.34 shows the open 

circuit voltages generated by the hybrid plasmonic/TEG system, connecting 20 units in 

series, under illumination with a solar simulator. In both cases, the voltage with 20 units 

was practically 20 times the system voltage with a single unit. The hybrid plasmonic/TEG 

system fabricated with one plasmon layer and three thermoelectric layers reaches a higher 

open circuit voltage, around 4.8 mV. 

 

Figure 5.34 Open circuit voltage obtained under solar simulator of the hybrid 
plasmonic/thermoelectric generator with 1 and 20 units for: (a) plasmonic layer 
coated with two thermoelectric layers; and (b) plasmonic layer coated with three 
thermoelectric layers. 

 

1 module 20 modules 20 modules 1 module 
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Another advantage offered by incorporating the plasmonic layer is the possibility of 

connecting the thermoelectric generator as if they were p-n systems by alternating the 

position of the plasmonic layer (Figure 5.35(a)).  

 

Figure 5.35 (a) Scheme of the hybrid plasmonic/thermoelectric generator. (b) Output voltage 
(full dots) and output power (open dots) as a function of the input resistance for 
the hybrid plasmonic/TEG films with two layers (ΔT = 6.6 K) and three layers (ΔT 
= 6.3 K). Inset of the real hybrid plasmonic/thermoelectric generator. 

 

Using this configuration, two hybrid plasmon/TEG systems were elaborated by 

varying the number of thermoelectric layers (2 and 3), and the output power of the 

generator was measured under the illumination of a solar simulator (Figure 5.35(b)). The 

highest output power (1.3 nW) was achieved with the three thermoelectric layer system, 

while with the two-layer system, the output power reached 0.65 nW. The output power 

obtained with both generators is deficient, but we must consider that the resistance of each 

module is around 1 kΩ and, therefore, the final power generated is minimal. However, we 

must take this result as a proof of concept in which it is shown that a hybrid system made 

up of a plasmonic part and a thermoelectric part can generate an extra thermal gradient 

under solar stimulation, thanks to the effect of plasmonic heating, and improve the TEG 

performance for wearable devices. 
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5.5 Conclusions 

This chapter showed a study of the optimal conditions based on the electrical conductivity 

of the in-situ polymerization of terthiophene within a PMMA matrix. Then these optimal 

conditions were transferred to a flexible polyurethane matrix. Optimized polymerization 

conditions were: reaction time, temperature, and oxidant:oligomer molar ratio. By varying 

the reaction time, it was observed that the electrical conductivity increased progressively 

until reaching a maximum of 60 s. Subsequently, the electrical conductivity decreased due 

to polythiophene decomposition processes. A similar trend was found in the variation of 

the polymerization temperature. The electrical conductivity increased progressively until 

reaching 160 ºC, and, beyond this temperature, the electrical conductivity decreased. Once 

these parameters were optimized, the influence of the oxidant:oligomer molar ratio was 

studied. In this case, a study was carried out applying the theory of percolation, and it was 

observed that at high values of the oxidant:oligomer ratio, the silver nanoparticles 

percolated between polythiophene polymer chains. The thermoelectric properties were also 

studied as a function of the oxidant:oligomer molar ratio, reaching a Power Factor of 50 

μW m-1 K-2 with a molar ratio of 2.8:1.  

Next, the PMMA matrix was changed to a polyurethane one, and the previously 

optimized reaction conditions for the in-situ polymerization of terthiophene within the 

polyurethane matrix were applied, using AgClO4 and Cu(ClO4)2 as oxidants. First, the 

optimal oxidant:oligomer molar ratio was determined again within this new matrix. Then, 

the amount of oligomer in the reaction mixture was increased while maintaining the 

optimal molar ratio constant. In this way, an improvement in electrical conductivity was 

produced without significantly changing the Seebeck coefficient, reaching a Power Factor 

of 20 μW m-1 K-2 when the oxidizing silver salt was used and 8 μW m-1 K-2 when the 

oxidizing salt of copper was used. TEM images showed silver nanoparticles embedded in 

the polythiophene/polyurethane matrix, while no copper nanoparticles were observed in 

the films with the copper oxidant. For this reason, it was decided to study the plasmonic 

heating effect of silver nanoparticles on the film. For this, the number of layers on the 

substrate was varied, finding that the highest Power Factor with both oxidants was found 

with 4 layers. Next, the effect of plasmonic heating was evaluated, showing that the films 

with silver nanoparticles reached a thermal gradient between the extremes of 1.72 ºC, and 

the films without silver nanoparticles (copper oxidant) only obtained a thermal gradient of 
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0.4 ºC. However, this temperature difference is not enough to generate significant electrical 

power. Therefore, a plasmonic layer was added to the PTh-Ag-PU film to generate a greater 

thermal gradient. 

The reaction conditions (silver precursor concentration and reaction time) and the host 

polymeric matrix of the plasmonic layer were first optimized. The polymer host matrix is 

very important to ensure and maintain the plasmonic performance of the silver 

nanoparticles. With all this, it was concluded that the polyurethane matrix was the most 

suitable for this system. Finally, a hybrid system was developed in which the plasmonic 

layer was assembled with successive thermoelectric layers. The best values of the open-

circuit voltage were obtained with 2 and 3 thermoelectric layers over the plasmonic one. 

Two plasmon/TEG with 2 and 3 thermoelectric layers were made, getting a value of 1.2 

nW for the system with three thermoelectric layers. Although the output power obtained is 

very low, the combination of thermoelectric and plasmonic materials allows us to connect 

the modules as p-n junctions.
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Content 

This chapter summarizes the main general conclusions of this thesis. In addition, it presents 

future lines of work to consider for the development of the main outputs in this thesis.  

6.1 General conclusions 

In this thesis, thermoelectric hybrid materials have been developed in different ways. In 

chapter 3, layered hybrid thermoelectric materials were obtained based on two methods. 

The first one used the Layer-by-Layer technique to prepare multilayered structures by 

combining PEDOT:Tos nanoparticles and different types of CNTs (MWCNT, DWCNT, 

SWCNT). SWCNT with PEDOT:Tos nanoparticles at a 1:2 EDOT:FeTos molar ratio 

achieved the highest Power Factor, 72 μW m-1 K-2, three orders of magnitude higher than 

the pristine  PEDOT:Tos nanoparticles. The second method consisted of obtaining layered 

hybrid materials by electrodeposition PEDOT:ClO4 and SnS:Ag. The morphology and 

thermoelectric properties vary depending on the amount of silver introduced. 

In Chapter 4, thermoelectric fabrics were developed by electrodeposition of 

conductive polymers on MWCNT-coated fabrics. The electrical conductivity of the fabric 

increases progressively up to 20 BL of MWCNT. The electrodeposition of PANI:H2SO4 

partially degrades the felt fibers. The PEDOT:ClO4 coating showed a better Power Factor 

than the PPy:ClO4 coating. The PEDOT:ClO4 coating was applied to cotton and felt fabrics, 

both coated with 20 BL of MWCNT. The PEDOT:ClO4 coated cotton fabric had a higher 

electrical conductivity. However, the felt fabric-based thermoelectric generator obtained a 

higher power output. Finally, an output power of 0.9 μW was reached at ΔT=31 K with 30 

thermoelectric junctions. In the last part of this chapter, the influence of the electrochemical 

deposition of PEDOT with different counterions on the mechanical and electrical 

properties of the felt was studied. After coating the felt fabric with MWCNT, the storage 

modulus (E') increased. However, after electrochemical deposition of PEDOT, E' 

decreased, reaching values similar to those of the pristine fabric. The electrical conductivity 

and Seebeck coefficient of the PEDOT:BTFMSI coating was the highest. With this coating, 

a bracelet thermoelectric generator was elaborated, with an output power of 6.5 μW at 

ΔT=57 K with 14 thermoelectric units. 
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In chapter 5, thermoelectric blends based on PMMA and PU with polythiophene were 

developed through in-situ synthesis. The reaction time and temperature greatly influence 

the electrical conductivity. The optimal oxidizing:3T molar ratio was 2.5:1 for the 

oxidizing salts of silver perchlorate and copper (II) perchlorate. By keeping this molar ratio 

constant, it was possible to increase the amount of 3T in the polymeric matrix, reaching an 

electrical conductivity of 250 S cm-1. The presence of silver nanoparticles generates a 

plasmonic heating effect, obtaining a thermal gradient of 1.72 K. A plasmonic layer of 

silver nanoparticles was then added in order to increase the thermal gradient. The polymeric 

matrix in which the Ag-NPs are embedded influences the plasmonic heating. 

Consequently, PU and PMMA matrices gave the highest thermal gradient. Finally, a hybrid 

thermoelectric-plasmonic generator was elaborated, obtaining an output power of 1.3 nW 

at ΔT=6.3 K with 20 thermoelectric units. In addition, this hybrid generator offers the 

possibility to connect p-type thermoelectric legs as if they were p-n junctions. 

6.2 Future work 

This thesis has been the starting point of many research lines that can be explored and 

developed further. For example, one of the main problems of wearable thermoelectric 

generators (wTEG) is the low thermal gradient established along the device. In chapter 5 

we have seen that the inclusion of plasmonic materials can help to increase the thermal 

gradient due to the absorption of sunlight by the effect of plasmonic heating. Furthermore, 

the efficiency of the plasmonic material can be increased by modifying the aggregation 

state of the metallic nanoparticles. In recent months, we have worked on the colloidal 

synthesis of silver nanoparticles to cross-link the ligand with a spacer capable of 

aggregating the nanoparticles. In this way, the dispersion obtained acquires a black 

coloration and presents an absorption band in the entire visible range instead of only at the 

plasmonic resonance wavelength. Light absorption throughout the visible spectrum allows 

greater use of sunlight and, therefore, more significant plasmonic heating, generating a 

greater thermal gradient. With the colloidal dispersion, paints can be formulated to cover 

part of the units that make up the thermoelectric generator. 

Another problem with wTEGs is that the thermal gradient they reach is not constant 

since the ambient temperature fluctuates depending on the time of day or the season. We 

are investigating a possible solution in our research group by including phase change 
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materials (PCM) in thermoelectric generators. In this way, when the ambient temperature 

is higher than the melting temperature of the PCM, this material melts, storing thermal 

energy. Conversely, when the ambient temperature drops below the melting temperature 

of the PCM, it crystallizes, releasing the previously-stored thermal energy. In the 

laboratory, we developed polystyrene nanocapsules with PCM inside and coated felt 

fabrics with these nanocapsules. 

In general, I believe that for the development of wearable thermoelectric generators, 

we should not only focus on improving the thermoelectric properties or the architecture of 

the wTEG, but also on the search for new approaches that increase the thermal gradient 

along the wTEG and thus maximize its output power. 
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Resumen en castellano 

Motivación 

Uno de los objetivos de la Organización de las Naciones Unidas (ONU) para el Desarrollo 

Sostenible 2030 es obtener energía asequible y no contaminante. Por este motivo, se 

recomiendan encarecidamente las mejoras en la eficiencia energética y las fuentes de 

energía verde como soluciones óptimas para reducir las emisiones de dióxido de carbono 

y, por tanto, reducir la huella de carbono de nuestra sociedad. Las emisiones de carbono se 

han cuadriplicado desde 1950 y actualmente contribuyen en torno al 80 % de las emisiones 

de gases de efecto invernadero. Como resultado de este cambio, el clima global sufre 

cambios en las tendencias globales de lluvia y una reducción en los casquetes polares. Con 

el impacto de los cambios climáticos globales cada vez más severos, los gobiernos están 

tratando de reducir los niveles de emisión de carbono y lograr un desarrollo sostenible en 

sus países mediante el uso de fuentes de energía renovables. Aprovechan recursos naturales 

como la luz solar, la lluvia, el calor geotérmico y las olas para producir energía limpia y 

sin emisiones de gases de efecto invernadero. Los resultados de generación eléctrica 

indican que la tendencia es cada vez más sostenible a medida que la apuesta por las energías 

renovables aumenta anualmente. Sin embargo, las fuentes de energía primaria más 
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consumidas a nivel mundial siguen siendo el petróleo y sus derivados (83,15%), y solo el 

5,7% de la energía global consumida proviene de fuentes de energía renovables. 

Además, el consumo de energía cayó en 2020 en torno a un 4,5% respecto al año 

anterior debido a la crisis provocada por el Covid-19. Sin embargo, se espera que el 

consumo de energía aumente en los próximos años según la Agencia Internacional de 

Energía (AIE). Es de vital importancia que este aumento de la demanda energética por 

parte de la sociedad vaya de la mano con la mejora de la eficiencia energética para cumplir 

con los objetivos sostenibles de la ONU. Solo así será posible alcanzar las Emisiones Netas 

Cero para el Escenario 2050 en el período 2020-2030. 

Por otro lado, es de vital importancia mejorar la eficiencia energética ya que se estima 

que el 62% del combustible utilizado para generar energía se pierde en forma de calor. 

Además, la energía se pierde en forma de calor en las centrales eléctricas durante los 

procesos de conversión de energía, y solo el 5% de la energía se usa en los hogares. Por lo 

tanto, encontrar formas de recuperar toda esta energía desperdiciada es imperativo. Parte 

de esta energía perdida se puede recuperar recolectando energía y convirtiéndola en energía 

eléctrica. Los tres fenómenos principales que pueden recuperar energía son: 

piezoelectricidad, que puede convertir el estiramiento mecánico en corriente eléctrica, la 

triboelectricidad, que puede producir energía eléctrica a través del contacto friccional entre 

diferentes materiales, y la termoelectricidad, que puede recuperar energía eléctrica de 

pérdidas de calor. En los últimos años, este último fenómeno se ha convertido en la forma 

más prometedora de mejorar la eficiencia energética, ya que es una propiedad de los 

semiconductores que puede convertir un gradiente de temperatura en corriente eléctrica y 

viceversa. La eficiencia termoeléctrica de un material viene dada por la Figura de Mérito, 

ZT. 

Los materiales termoeléctricos más utilizados para aplicaciones comerciales se han 

desarrollado gracias a los avances significativos en la síntesis de nuevos materiales y 

estructuras con un rendimiento termoeléctrico mejorado. Se ha buscado mejorar la Figura 

de Mérito mediante la reducción de la conductividad térmica de la red. Una forma de lograr 

este objetivo es a través de la llamada estrategia de cristal de electrones de vidrio de 

fonones, en la que el material debe conducir el calor como el vidrio, pero la electricidad 

como un cristal. El resultado de esta investigación son materiales como skutteruditas y 

clatratos. 

Otra estrategia para mejorar la eficiencia termoeléctrica es mediante la reducción de la 

conductividad térmica de la red, basada en el uso de materiales con estructuras de baja 
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dimensionalidad. Hicks y Dresselhaus, en 1993, demostraron el uso potencial de los pozos 

cuánticos para mejorar la Figura de Mérito. Como resultado de este trabajo, materiales 

como Bi2Te3/Sb2Te3, PbSeTe o SiGe alcanzaron valores de ZT en torno a 2. 

Sin embargo, estos materiales inorgánicos tienen varios inconvenientes, como el alto 

costo de producción, la toxicidad de algunos de los elementos utilizados y la escasez de 

materias primas. Todos estos inconvenientes hacen que los materiales termoeléctricos 

inorgánicos no sean adecuados desde el punto de vista del desarrollo energético sostenible. 

Por esta razón, muchos estudios se han centrado en la búsqueda de materiales 

termoeléctricos eficientes y amigables con el medio ambiente. Uno de los candidatos 

potenciales para aplicaciones a temperatura ambiente son los semiconductores orgánicos, 

particularmente los polímeros conductores, debido a su abundancia, bajo costo, 

flexibilidad, y fácil modificación. Además, los polímeros conductores brindan otros 

beneficios. Desde un punto de vista medioambiental, los polímeros conductores están 

compuestos principalmente por carbono, que es un elemento abundante, de bajo coste y no 

tóxico. Esas propiedades implican que la obtención de materiales termoeléctricos a partir 

de polímeros conductores es mucho más sostenible que los materiales inorgánicos 

tradicionales. Desde un punto de vista químico, los polímeros conductores se pueden 

modificar fácilmente para proporcionar funcionalidades adicionales y, además, las 

propiedades flexibles son útiles para imprimir áreas grandes. Otra ventaja es que los 

polímeros conductores suelen tener una conductividad térmica (0,1 – 1 W m-1 K-1) por 

debajo de la conductividad térmica de metales y semiconductores inorgánicos. Todas esto 

hace que los polímeros conductores sean unos candidatos ideales para la próxima 

generación de materiales termoeléctricos porque es posible obtener dispositivos flexibles 

de bajo costo y gran área para la recolección de energía térmica de bajo grado. Sin embargo, 

a pesar del aumento significativo en la eficiencia termoeléctrica de los polímeros 

conductores en la última década, la Figura de Mérito sigue siendo mucho más baja que la 

ZT de los materiales inorgánicos. Por lo tanto, es necesario encontrar nuevas estrategias 

para mejorar la eficiencia de los polímeros conductores como: 1) optimización del nivel de 

dopaje, 2) mejora del ordenamiento de las cadenas poliméricas, 3) obtención de materiales 

híbridos orgánico-inorgánicos. 
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Objetivos 

El principal objetivo de esta tesis ha sido elaborar materiales termoeléctricos híbridos 

basados en polímeros conductores para mejorar su eficiencia termoeléctrica. Este objetivo 

principal se divide en los siguientes subobjetivos: 

1. Síntesis y preparación de materiales termoeléctricos híbridos basados en PEDOT

con nanotubos de carbono y SnS:Ag.

2. Síntesis y desarrollo de tejidos termoeléctricos recubiertos con MWCNT/polímeros

conductores para la obtención de materiales termoeléctricos vestibles.

3. Fabricación de un generador termoeléctrico a partir de los tejidos obtenidos.

4. Optimización de la polimerización in situ de mezclas de tertiofeno con diferentes

matrices poliméricas y agentes oxidantes.

5. Elaboración de un sistema híbrido plasmónico/TEG para la captación de energía

térmica a partir de la luz solar.

Metodología 

Esta tesis doctoral se ha dividido en 6 capítulos. Cada capítulo, a excepción de la 

introducción general (Capítulo 1), las técnicas de caracterización (Capítulo 2) y las 

conclusiones generales (Capítulo 6), están organizados con el mismo esquema: una parte 

introductoria que repasa los conceptos fundamentales del capítulo, seguido de los 

resultados y discusión de los experimentos realizados y, finalmente, las principales 

conclusiones del capítulo. 

El capítulo 3 se centra en la obtención de materiales laminares híbridos basados en 

PEDOT con nanotubos de carbono (CNT) o SnS:Ag. La primera serie de experimentos 

describe la formación y caracterización termoeléctrica de materiales híbridos PEDOT/CNT 

obtenidos por deposición capa por capa (LbL) de nanopartículas de PEDOT 

funcionalizadas con un polielectrolito catiónico (PDADMAC) y varios tipos de nanotubos 

de carbono (MWCNT, DWCNT, SWCNT) funcionalizados con un tensioactivo aniónico 

(DOC). El segundo trabajo se centra en la obtención y caracterización de películas híbridas 

estratificadas de PEDOT/SnS:Ag obtenidas por electrodeposición. 
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El Capítulo 4 se emplea la electrosíntesis para preparar tejidos termoeléctricos 

recubiertos con polímeros conductores (PEDOT, PPy, PANI). La primera parte de este 

capítulo describe la estrategia utilizada para cubrir textiles de fieltro con polímeros 

conductores por electrosíntesis. La segunda parte del capítulo se centra en el polímero 

conductor que ofrece las mejores propiedades termoeléctricas del apartado anterior 

(PEDOT) para depositarlo en diferentes textiles (algodón y fieltro) y construir un 

dispositivo termoeléctrico con ambos tejidos. Finalmente, en la última parte del capítulo, 

luego de seleccionar el textil recubierto de PEDOT que ofrece una mayor potencia de 

salida, se modifican los contraiones de las cadenas del polímero PEDOT y se realiza otro 

dispositivo termoeléctrico. 

El capítulo 5 muestra la optimización de la polimerización in situ de tertiofeno (3T) en 

matrices poliméricas (PMMA y poliuretano) con diferentes agentes oxidantes (AgClO4, 

Cu(ClO4)2). En la primera parte de este capítulo, se optimizan las condiciones de 

polimerización 3T dentro de la matriz de PMMA utilizando AgClO4 como oxidante. Con 

estas condiciones, en la segunda parte del capítulo, se cambia la matriz polimérica de 

PMMA por la de poliuretano (PU), y se hace un estudio sistemático de las películas de 

politiofeno (PT) obtenidas con ambos oxidantes. Finalmente, en la última parte de este 

capítulo, debido a la presencia de nanopartículas de plata en la película de PT/PU/AgClO4, 

se estudia el efecto de calentamiento plasmónico de estas nanopartículas metálicas tras 

irradiar la película con un simulador solar. La diferencia de temperatura alcanzada es 

mínima; por lo tanto, se añadió una capa plasmónica a la película termoeléctrica, 

consiguiendo un gradiente térmico más significativo. Con este sistema híbrido 

plasmón/termoeléctrico se diseñó un generador termoeléctrico que podría recuperar 

energía de la luz solar. 

La caracterización de los materiales obtenidos se llevó a cabo mediante técnicas 

espectroscópicas, como Raman, FTIR, Uv-Vis, XRD y XPS; una caracterización 

morfológica, como microscopía electrónica de barrido y de transmisión; una 

caracterización eléctrica y térmica mediante medidas de efecto Seebeck, conductividad 

eléctrica y térmica, con equipos experimentales desarrollados durante la tesis; y una 

caracterización mecánica mediante análisis dinámico-mecánico y ensayos de flexibilidad 

y torsión. La conductividad eléctrica es uno de los factores que determinan la eficiencia 

termoeléctrica del material, ya que se encuentra en el numerador de la expresión de ZT. 

Por lo tanto, se diseñó un montaje experimental para llevar a cabo dichas medidas 
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siguiendo el método de Van Der Paw, el cual es adecuado para películas delgadas. Para 

ello se realizan 4 contactos metálicos equidistantes sobre la superficie de las muestras. 

Para la medida del efecto Seebeck se diseñó un dispositivo experimental que fue 

desarrollado en el laboratorio para la realización de la presente tesis doctoral. El dispositivo 

para determinar el coeficiente de Seebeck consta de un multímetro para registrar la 

diferencia de potencial, un controlador de temperatura, dos peltiers (uno actúa como 

refrigerador y el otro como calentador), dos sensores de temperatura PT100 y dos cables 

que contactan los extremos de la muestra. Para la obtención del coeficiente Seebeck, la 

muestra es sometida a una diferencia de temperatura entre los extremos, de modo que se 

registra la tensión entre los contactos de los extremos de la muestra en función de la 

diferencia de temperatura. 

Para la medida de la conductividad térmica se emplearon dos métodos distintos. Para 

películas delgadas se empleó el método de termoreflectancia en el dominio de la frecuencia 

y para los textiles termoeléctricos se empleó el método de flujo de calor axial. Este último 

se desarrolló en el laboratorio y consta de un peltier que suministra el calor, un sensor que 

detecta la variación del flujo de calor y dos termopares. 

Conclusiones 

En esta tesis se han desarrollado materiales híbridos termoeléctricos de diferentes maneras. 

En el Capítulo 3 se describe dos metodologías para obtener materiales termoeléctricos 

híbridos en capas. El primer método consiste en formar estructuras multicapa mediante la 

combinación de capas de nanopartículas de PEDOT:Tos funcionalizadas con un 

polielectrolito catiónico (PDADMAC) con capas de nanotubos de carbono (MWCNT, 

DWCNT, SWCNT) funcionalizados con un tensioactivo aniónico (DOC). El Factor de 

Potencia óptimo se alcanza a partir de 30-40 bicapas ya que, a mayor número de bicapas, 

un efecto de interdifusión crea aglomerados aislantes de PDADMAC y DOC. Además, se 

utilizaron diferentes nanotubos de carbono en el sistema multicapa con nanopartículas 

PEDOT:Tos. SWCNT con nanopartículas de PEDOT:Tos en una relación molar 

EDOT:FeTos de 1:2 logró el factor de potencia más alto, 72 μW m-1 K-2, tres órdenes de 

magnitud más alto que el factor de potencia de las nanopartículas de PEDOT:Tos en el 

mismo molar relación. 
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El segundo método se basa en la electrodeposición de sulfuro de estaño dopado con 

plata sobre un electrodo de trabajo PEDOT:ClO4. Para optimizar el dopaje electroquímico 

de SnS con plata, se añadieron a la mezcla de reacción diferentes cantidades en peso de 

nitrato de plata. La morfología de las películas está influenciada por la adición de Ag y la 

temperatura de síntesis. El análisis estructural (XPS) y las imágenes SEM indican la 

presencia de Ag8SnS6, que se muestra que influye negativamente en las propiedades 

termoeléctricas de las películas. La conductividad eléctrica aumenta en función del 

contenido de Ag mientras que el coeficiente de Seebeck alcanza el valor máximo a una 

concentración de Ag de 0.15% en la solución electroquímica. El factor de potencia máximo 

observado es de 58.6 µW m–1 K–2, alcanzado con 0.15 % de Ag, cuatro veces mayor que 

la película PEDOT:ClO4 prístina. Además, las películas de PEDOT/SnS:Ag tienen una 

buena flexibilidad que permite 1800 ciclos de doblado con un radio de 20 mm con poca 

influencia en la resistencia eléctrica. No hay duda de que los materiales termoeléctricos 

híbridos en capas representan una excelente estrategia para mejorar la eficiencia 

termoeléctrica de los polímeros conductores. Además, los resultados de este capítulo 

representan una clara mejora en la eficiencia termoeléctrica híbrida y orgánica sobre 

materias primas sostenibles en comparación con el estado del arte. 

En el Capítulo 4 se ha desarrollado una metodología diferente para obtener textiles 

revestidos electroquímicamente por polímeros conductores. Esta nueva metodología 

consiste en recubrir fibras textiles con nanotubos de carbono utilizando la técnica LbL para 

utilizar el tejido recubierto con MWCNT como electrodo de trabajo y electrodepositar 

diferentes polímeros conductores. En la primera sección de este capítulo, se utilizaron tres 

de los polímeros conductores más utilizados: PEDOT, PPy y PANI. En primer lugar, se 

realizó un estudio variando el tiempo de electrodeposición para determinar el tiempo 

óptimo para que la conductividad eléctrica y el coeficiente de Seebeck sean altos pero la 

masa de polímero depositada sea baja. Luego, se evaluó la calidad de los diferentes 

recubrimientos mediante imágenes SEM y espectroscopia Raman. Como resultado, el 

recubrimiento de las fibras textiles con MWCNTs, PEDOT y PPy fue muy homogéneo, a 

diferencia del PANI. Además, el estudio de estabilidad térmica realizado por TGA mostró 

que el tejido de fieltro recubierto con PANI:H2SO4 es el menos estable, probablemente 

debido a un deterioro de las fibras en el medio ácido necesario para la síntesis de PANI. 

Dado que el recubrimiento del textil con PEDOT:ClO4 es el que mejores propiedades 

termoeléctricas ofrece y el que mejor cubre las fibras, se decidió continuar con el desarrollo 
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de tejidos termoeléctricos con dicho recubrimiento. En la segunda sección de este capítulo 

se utilizaron dos textiles: uno de fieltro, que no es tejido, y otro de algodón, que es tejido. 

Al igual que en el apartado anterior, estos tejidos se recubrieron con nanotubos de carbono 

y luego con PEDOT:ClO4 por electrodeposición. Mediante espectroscopía Raman y 

análisis de imágenes SEM, se demostró que el recubrimiento tanto de MWCNT como de 

PEDOT:ClO4 era muy homogéneo en ambos tejidos. Las propiedades flexibles de ambos 

tejidos se evaluaron mediante el seguimiento de la evolución de la conductividad eléctrica 

en función del ángulo de torsión y del número de pliegues realizados en cada tejido. Los 

resultados mostraron que las telas de algodón y fieltro mantuvieron el 90% de la 

conductividad eléctrica inicial después de realizar las pruebas de flexibilidad. Finalmente, 

se elaboró un módulo termoeléctrico de 20 elementos con tela de algodón y otro con tela 

de fieltro. Los resultados mostraron una salida de potencia ocho veces superior favorable a 

la tela de fieltro. Esta diferencia en la producción de energía se atribuyó a la capacidad del 

tejido de fieltro para generar un gradiente térmico más alto y, por lo tanto, generar más 

energía. Finalmente, se elaboró un tercer generador termoeléctrico en base de tela de fieltro 

recubierta con PEDOT:ClO4 y de 30 unidades, con el cual se obtuvo una potencia de salida 

de 0.9 μW con un gradiente térmico de 31 K. 

La última sección de este capítulo buscó mejorar la eficiencia termoeléctrica de las 

telas de fieltro recubiertas de PEDOT con diferentes contraiones. Las imágenes SEM y la 

espectroscopia Raman mostraron que el recubrimiento de las fibras de fieltro PEDOT con 

los diferentes contraiones es excelente. El análisis termogravimétrico mostró que todos los 

recubrimientos son estables hasta los 250 ºC. La calorimetría diferencial de barrido junto 

con DMA determinaron la temperatura de transición vítrea de las telas de fieltro. Además, 

el módulo de almacenamiento mostró que la rigidez viscoelástica aumenta después de 

recubrir el tejido de fieltro prístino con MWCNT. Luego, la electrodeposición de PEDOT 

con diferentes contraiones disminuye el módulo de almacenamiento del tejido 

Fieltro/MWCNT. La capacidad flexible de las telas termoeléctricas también se evaluó 

mediante el control del cambio en la conductividad eléctrica en función del ángulo de 

torsión, el número de flexión y el radio de curvatura. Después de las pruebas, las telas con 

recubrimientos de PEDOT mostraron menos variación en la conductividad eléctrica. Se 

evaluaron las propiedades termoeléctricas de los tejidos de fieltro (conductividad eléctrica, 

coeficiente de Seebeck y conductividad térmica) para los diferentes recubrimientos, 

demostrando que el recubrimiento PEDOT:BTFMSI ofrece la mayor eficiencia 

termoeléctrica. Por tal motivo, finalmente se elaboró un generador termoeléctrico portátil 
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con las telas de fieltro recubiertas con MWCNTs y PEDOT:BTFMSI, a través del cual se 

obtuvo una potencia de salida de 6.5 μW con una diferencia de temperatura de 57 K. 

El Capítulo 5 mostró un estudio de las condiciones óptimas, basadas en la 

conductividad eléctrica, de la polimerización in-situ de tertiofeno dentro de una matriz de 

PMMA. Luego estas condiciones óptimas fueron transferidas a una matriz de poliuretano 

flexible. Las condiciones de polimerización optimizadas fueron: tiempo de reacción, 

temperatura y relación molar oxidante:oligómero. Variando el tiempo de reacción se 

observó que la conductividad eléctrica aumentaba progresivamente hasta alcanzar un 

máximo de 60 s. Posteriormente, la conductividad eléctrica disminuyó debido a los 

procesos de descomposición del politiofeno. Se encontró una tendencia similar en la 

variación de la temperatura de polimerización. La conductividad eléctrica aumentó 

progresivamente hasta alcanzar los 160 ºC y, más allá de esta temperatura, la conductividad 

eléctrica disminuyó. Una vez optimizados estos parámetros, se estudió la influencia de la 

relación molar oxidante:oligómero. En este caso, se realizó un estudio aplicando la teoría 

de la percolación, y se observó que a valores altos de la relación oxidante:oligómero, las 

nanopartículas de plata percolaban entre cadenas de polímero de politiofeno. También se 

estudiaron las propiedades termoeléctricas en función de la relación molar 

oxidante:oligómero, alcanzando un Factor de Potencia de 50 μW m-1 K-2 con una relación 

molar de 2.8:1. 

A continuación, se cambió la matriz de PMMA a una de poliuretano y se aplicaron las 

condiciones de reacción previamente optimizadas para la polimerización in-situ del 

tertiofeno dentro de la matriz de poliuretano, utilizando como oxidantes AgClO4 y 

Cu(ClO4)2. En primer lugar, se determinó de nuevo la relación molar óptima de 

oxidante:oligómero dentro de esta nueva matriz. Luego, se aumentó la cantidad de 

oligómero en la mezcla de reacción mientras se mantenía constante la proporción molar 

óptima. De esta forma, se produjo una mejora en la conductividad eléctrica sin cambiar 

significativamente el coeficiente de Seebeck, alcanzando un Factor de Potencia de 20 μW 

m-1 K-2 cuando se utilizó la sal de plata oxidante y de 8 μW m-1 K-2 cuando se utilizó como

oxidante la sal de cobre. Las imágenes de TEM mostraron nanopartículas de plata 

incrustadas en la matriz de politiofeno/poliuretano, mientras que no se observaron 

nanopartículas de cobre en las películas con el oxidante de cobre. Por esta razón, se decidió 

estudiar el efecto de calentamiento plasmónico de las nanopartículas de plata sobre la 

película. Para ello se varió el número de capas sobre el sustrato, encontrando que el mayor 
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Factor de Potencia con ambos oxidantes se encontró con 4 capas. A continuación, se evaluó 

el efecto del calentamiento plasmónico, mostrando que las películas con nanopartículas de 

plata alcanzaron un gradiente térmico entre los extremos de 1.72 ºC, y las películas sin 

nanopartículas de plata (oxidante de cobre) solo obtuvieron un gradiente térmico de 0.4 ºC. 

Sin embargo, esta diferencia de temperatura no es suficiente para generar energía eléctrica 

significativa. Por lo tanto, se agregó una capa plasmónica a la película de PTh-Ag-PU para 

generar un mayor gradiente térmico. 

Primero se optimizaron las condiciones de reacción (concentración de precursor de 

plata y tiempo de reacción) y la matriz polimérica huésped de la capa plasmónica. La matriz 

polimérica huésped es muy importante para asegurar y mantener el rendimiento 

plasmónico de las nanopartículas de plata. Con todo esto se concluyó que la matriz de 

poliuretano era la más adecuada para este sistema. Finalmente, se desarrolló un sistema 

híbrido en el que la capa plasmónica se ensamblaba con sucesivas capas termoeléctricas. 

Los mejores valores de voltaje en circuito abierto se obtuvieron con 2 y 3 capas 

termoeléctricas sobre la plasmónica. Se realizaron dos sistemas plasmón/TEG con 2 y 3 

capas termoeléctricas, obteniendo un valor de 1.2 nW para el sistema con tres capas 

termoeléctricas. Aunque la potencia de salida obtenida es muy baja, la combinación de 

materiales termoeléctricos y plasmónicos nos permite conectar los módulos como uniones 

p-n.

Esta tesis ha sido el punto de partida de muchas líneas de investigación que pueden 

explorarse y desarrollarse más. Por ejemplo, uno de los principales problemas de los 

generadores termoeléctricos portátiles (wTEG) es el bajo gradiente térmico que se 

establece a lo largo del dispositivo ya que la diferencia de temperatura entre el ambiente y 

la epidermis es de apenas un par de grados centígrados. En el capítulo 5 hemos visto que 

la inclusión de materiales plasmónicos puede ayudar a aumentar el gradiente térmico 

debido a la absorción de la luz solar por efecto del calentamiento plasmónico. Además, se 

puede aumentar la eficiencia del material plasmónico modificando el estado de agregación 

de las nanopartículas metálicas, de manera que se mejora la resonancia plasmónica de las 

nanopartículas metálicas. En los últimos meses hemos trabajado en la síntesis coloidal de 

nanopartículas de plata para entrecruzar el ligando con un espaciador capaz de agregar las 

nanopartículas. De esta forma, la dispersión obtenida adquiere una coloración negra y 

presenta una banda de absorción en todo el rango visible en lugar de sólo en la longitud de 

onda de resonancia plasmónica. La absorción de luz en todo el espectro visible permite un 
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mayor aprovechamiento de la luz solar y, por tanto, un calentamiento plasmónico más 

importante, generando un mayor gradiente térmico. Con la dispersión coloidal se pueden 

formular pinturas para cubrir parte de las unidades que componen el generador 

termoeléctrico. 

Otro problema de los wTEG es que el gradiente térmico que alcanzan no es constante 

ya que la temperatura ambiente fluctúa según la hora del día o la estación del año. Estamos 

investigando una posible solución en nuestro grupo de investigación mediante la inclusión 

de materiales de cambio de fase (PCM) en generadores termoeléctricos. De esta forma, 

cuando la temperatura ambiente es superior a la temperatura de fusión del PCM, este 

material se funde, almacenando energía térmica. Por el contrario, cuando la temperatura 

ambiente desciende por debajo de la temperatura de fusión del PCM, este cristaliza y libera 

la energía térmica previamente almacenada. De esta forma se puede conseguir suministrar 

un gradiente térmico de manera constante al generador termoeléctrico para reconvertirlo 

en energía eléctrica útil. En el laboratorio, se ha desarrollado nanocápsulas de poliestireno 

con PCM en su interior y telas de fieltro recubiertas con estas nanocápsulas. 

En general, creo que, para el desarrollo de generadores termoeléctricos portátiles, no 

solo debemos centrarnos en mejorar las propiedades termoeléctricas o la arquitectura del 

wTEG, sino también en la búsqueda de nuevos enfoques que aumenten el gradiente térmico 

a lo largo del wTEG y así maximizar su potencia de salida. 
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