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General introduction  

Challenges related to the environment and energy are one of the major issues in the 21st 

century. Several studies show that around 66 % of all global primary energy consumed by the 

human activity is lost as waste heat after conversion [1]. Due to the growing global energy 

demand and limited access to cost-effective renewable energy, the conversion of waste heat 

into electricity would make a significant contribution to energy efficiency. Thermoelectric (TE) 

generators would be the perfect solution to these problems, as they can convert heat directly 

into electricity without any moving parts and fluid, but some major scientific and technological 

locks remain.  

The fundamental concept of TE technology relies on TE materials, which have the ability, 

thanks to the Seebeck effect, to generate electrical power from the thermal energy and vice 

versa, to create a temperature gradient when a voltage is applied, thanks to the Peltier effect. 

This conversion has numerous advantages, such as producing no chemical waste, resulting in 

minimal environmental impact. Moreover, TE materials can be used over a wide temperature 

range, ensuring high reliability in various applications. The performance of a thermoelectric 

material is assessed in terms of its figure of merit ZT, which is a function of its electrical 

conductivity, its thermal conductivity, its Seebeck coefficient (also known as thermoelectric 

power) and the temperature T. Depending on the application, it is generally accepted that a good 

thermoelectric material should have a ZT greater than 1. With less accuracy, the power factor 

(PF), which depends only on the electrical conductivity and the Seebeck coefficient, can also 

be used to describe the thermoelectric properties of a material.  

From Fig. 1, it can be seen that the most efficient TE materials are inorganic 

semiconductors made from metalloids and metal alloys such as skutterudites, telluride-based 

materials (e.g., BiSbTe), copper ion liquid like materials (e.g., Si-Ge alloys). For applications 

relatively closed to ambient temperature (around 300 K), only bismuth telluride (Bi2Te3) and 

its derivatives such as Bi2-xSbxTe3 are enough competitive with a ZT higher than 1.5. However, 

due to their potential toxicity and mechanical rigidity, this class of semiconductors are not 

suitable for large scale applications.  
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Figure 1. Figure of merit (ZT) of the most efficient TE materials as a function of temperature 

application [2].  

At the same time, over the last decade, a new field named Organic Electronics has 

emerged with the development of organic semiconductors, especially for photovoltaic 

applications. It is now possible to use this new class of materials for thermoelectric applications. 

These organic materials offer an alternative that is both less expensive and easier to process 

compared to their inorganic equivalents. For example, organic materials based on electronically 

conducting polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT), or polyaniline 

(PANI) and their nanocomposites containing conductive nanofillers have been proposed for TE 

applications. Fig. 2 presents the power factor (PF) and figure of merit (ZT) of polymer-based 

materials at room temperature which were reported in the last 10 years. As can be seen, hybrid 

organic-inorganic composites, composed of a polymer matrix and an inorganic nanofiller, are 

currently the most efficient thermoelectrics: PEDOT filled with Bi2Te3 achieves a ZT of 0.6 

and polyvinylpyrrolidone (PVP) filled with Ag2Se nanostructures achieves 1.1. Besides, 

organic semiconductors, made from insulating polymer matrix filled with carbon nanotubes 

(CNT) have also attracted considerable interest for low-temperature TE uses (T < 500 K) due 

to their easy processability, flexibility, low cost, and low intrinsic thermal conductivity.  



 

3 
 

 

Figure 2. PF and ZT of polymer-based materials for thermoelectric application at room 

temperature [3]. 

Up to now, the relationships between the structure and TE properties of polymer/CNT 

nanocomposites are not well understood. Therefore, in order to optimize the TE performances 

of these materials, it is necessary to investigate the correlation between the elaboration, 

morphology and TE properties. For instance, it is essential to investigate the influence of CNT 

dispersion and orientation, as well as the impact of crystallinity of the polymer matrix on TE 

properties of nanocomposites. In addition, considering the depletion of petroleum resources and 

the need for more sustainable products, it seems relevant to replace petro-sourced polymers by 

bio-based polymers wherever possible. Among natural polymers, polylactic acid (PLA) is 

readily available commercially and exists in both amorphous and crystallizable forms. 

Therefore, the aim of this dissertation is to comprehensively study the correlation between 

elaboration, structure and thermoelectric properties of PLA/carbon nanotubes nanocomposites, 

for several types of CNT including multi-walled-, single-walled- and functionalized single-

walled carbon nanotubes, in order to contribute to the development of new flexible organic 

thermoelectric materials.  

This manuscript is divided into four chapters.  

Chapter I is a state of the art review that aims to provide background knowledge on TE 

principles, a summary of the most popular TE materials, and a presentation of the main 

materials used in this research, i.e. PLA and CNT.  
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Chapter II provides detailed information on all materials, the different elaboration 

processes and characterization methods.  

Chapter III, partly in the form of an article, is devoted to the study of the TE properties 

of PLA/CNT nanocomposites containing filler weight fractions from 2 to 40 wt%. The impact 

of the elaboration processes and the structure (amorphous/semi-crystalline) of the polymer 

matrix on the TE properties of thick PLA/CNT samples is investigated. The anisotropic TE 

properties of thick samples are also discussed. In addition, the effect of CNT orientation on the 

electrical conductivity of PLA/CNT nanocomposites is also analyzed.  

Chapter IV focuses on the influence of CNT types (Multi-Walled CNT, Single Walled 

CNT, and functionalized Single Walled CNT) on the TE properties of thin films of PLA-based 

nanocomposites. Finally, the evolution of the TE properties of thin films with temperature from 

room temperature to 400 K is discussed in this last chapter.  
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1. Introduction 

This chapter presents a literature review about the most popular thermoelectric (TE) 

materials and their applications. First of all, a brief introduction to the thermoelectricity and TE 

effects will be highlighted, followed by a presentation of TE generators and their operating 

principle. Then, the summarizing of widely-used TE materials including inorganic and organic 

materials will be presented, along with their dimensionless figure of merit (ZT) or power factor 

(PF). Finally, this chapter will be devoted to the discussion of thermoplastic polymer/carbon 

nanotubes (CNT) nanocomposites, with the main focus on the elaboration processes and their 

impact on TE properties. In particular, a state of the art on PLA/CNT nanocomposites, which 

is the material used in this study will be reviewed with a focus on their elaboration process, 

structure, and TE properties for room temperature applications.  
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2. Generalities on thermoelectricity 

 Thermoelectric effects 

When two ends of a conducting or semiconducting material are kept at different 

temperatures, a temperature gradient is created across the material, and the resulting movement 

of charge carries from the hot end to the cold end, creates a potential difference. Conversely, 

when an electric current or voltage is applied across a material, the release or absorption of heat 

occurs at the two ends of the material, depending on the direction of the current. These 

phenomena are known as thermoelectric effects. 

  Seebeck effect 

In 1821, Thomas Seebeck, an Estonian-German physicist, discovered that when two 

dissimilar metals A and B are used to make two junctions in an open circuit, one of which is 

heated and the other is cooled, a resultant electromotive force (Seebeck voltage) is generated 

between the two metals (Fig 1.1). This phenomenon was entitled the Seebeck effect. The 

induced voltage difference (ΔV) can be raised by increasing the temperature gradient (ΔT), but 

the voltages produced by Seebeck effect are small, usually only a few microvolts per kelvin of 

temperature difference at the junction of two metals. 

The voltage is proportional to the temperature difference as the eq. 1.1: 

𝑆 =  −
𝛥𝑉

𝛥𝑇
= −

𝑉𝐻−𝑉𝐶

𝑇𝐻−𝑇𝐶
(eq 1.1)   

where 𝑆 is the Seebeck coefficient (V K-1), 𝛥𝑉 is the difference in voltage (V), and 𝛥𝑇 is the 

difference in temperature (K), the indices H and C refer to the hot junction and the cold junction, 

respectively [1–3]. This linear relation is true only for small changes of temperatures. The 

Seebeck coefficient is also called thermopower or TE power. This coefficient is an inherent 

property of the circuit. 𝑆 is of the order of µV K−1 for metals and 100 µV K−1 for 

semiconductors. The sign can be both negative and positive, depending on the charge of the 

majority carriers. 
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Figure 1.1. Schematic of the Seebeck effect.  

  Peltier effect 

In 1834, Jean-Charles A.Peltier, a French physicist, discovered the inverse of the Seebeck 

effect. He observed that a current flowing in the circuit of two dissimilar conducting materials 

resulted in a temperature difference across the two junctions. This effect represents the calorific 

effect of an electrical current at the junction of two different metals (Fig. 1.2). The direction of 

the current would determine the heating or cooling of the junction. The rate of heat absorbed or 

emitted at either of the two junctions in the circuit is given by eq. 1.2:  

𝑄𝐴−𝐵 = ᴨ𝐴𝐵. 𝐼 = (ᴨ𝐴 − ᴨ𝐵). 𝐼 (eq 1.2) 

where QA−B is the heat generated at the junction per unit time (W), ᴨA and ᴨB are the Peltier 

coefficient of the conductors A and B (V), and 𝐼 is the electric current (A) [1].  

 

Figure 1.2. Schematic of the Peltier effect. 

  Thomson effect 

In 1851, William Thomson (also known as Lord Kelvin), a British scientist, observed the 

interdependency between Seebeck and Peltier effects. Unlike previous effects, Thomson effect 

does not require junctions. Thomson described that a conductor with a current flowing through 

it and subject to a temperature gradient exchanges heat with its surroundings and that, 

conversely, a current is generated in a material subject to a temperature difference and through 

which heat flows [4]. A quantity of linear heat 𝒅𝑸/𝒅𝒙 absorbed or emitted by a portion of the 
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conductor of length 𝒅𝒙 is proportional to the product of the thermal gradient 𝒅𝑻/𝒅𝒙 and the 

current intensity 𝐼 as expressed in eq. 1.3. The proportionality coefficient is called the Thomson 

coefficient β given in V K-1. 

𝑑𝑄

𝑑𝑥
=  𝛽𝐼

𝑑𝑇

𝑑𝑥
(eq 1.3)  

By convention, β is positive if the conductor absorbs heat when the current flows from 

the hot end to the cold end. 

Lord Kelvin established that the three coefficients (S, π, β) governing the thermoelectric 

effects are linked by two relationships, namely the Thomson relations: 

ᴨ𝐴𝐵 = 𝑆𝐴𝐵. 𝑇 (eq 1.4) 

𝛽 =  𝑇 
𝑑𝑆

𝑑𝑇
(eq 1.5) 

 Thermoelectrics and energy conversion   

 Seebeck coefficient  

The Seebeck coefficient is basically the voltage developed per unit temperature difference 

applied across a material and it is expressed in µV K-1. The Seebeck coefficient is positive for 

p-type and negative for n-type semiconductors. The typical values of the Seebeck coefficient 

for metals, semiconductors, and insulators are ~5, ~100 µV K-1, and >1 mV K-1, respectively.  

Table 1.1 summarizes S values for some materials at room temperature. It can be seen that the 

semiconductor materials exhibit higher Seebeck values than metals, indicating the potential for 

using these materials in thermoelectric applications. 
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Table 1.1. Seebeck values of some materials at room temperature.  

Materials S (µV K-1) Ref. 

Metal 

Zn 2.4 

[5] 

In 1.68 

Rb - 10 

Pb - 1.05 

Cd 2.55 

Cu 1.83 

Al - 1.66 

Ag 1.5  

Semiconductor 

Si 148 [6] 

Ge 280 [6] 

Bi2Te3 - 140 [7] 

Mg2Si - 250 [8] 

CaZn2Sb2 120 [9] 

CoSb3 - 120 [10] 

Insulator Thermoplastic polymers -  

 

A good way to understand the microscopic origin of the Seebeck coefficient is to use the 

Mott relation (eq. 1.6) [11], which gives the expression of the Seebeck coefficient for metals, 

intrinsic semiconductors, and conducting pol ymers. 

𝑆 =
ᴨ2

3

𝑘𝛽
2

𝑞
𝑇 (
𝑑𝑙𝑛𝜎

𝑑𝐸
)
𝐸= 𝐸𝐹

= 
ᴨ2

3

𝑘𝛽
2

𝑞
𝑇 (

1

𝑛

𝑑𝑛(𝐸)

𝑑𝐸
+
1

µ

𝑑µ(𝐸)

𝑑𝐸
)
𝐸= 𝐸𝐹

(eq 1.6) 

where 𝑘𝛽 is the Boltzmann constant, 𝑞 is the carrier charge, 𝑇 is the temperature, 𝜎 is the 

electrical conductivity, 𝑛(𝐸) is the charge carrier density at energy E, 𝑛 is the carrier 

concentration, µ(𝐸) is the mobility at energy E, and 𝐸𝐹 is the Fermi energy. Using the Constant 

Scattering Time Approximation, it can be shown that 

𝑆 =
8𝜋2𝑘𝛽

2

3𝑞ℎ2
𝑚∗𝑇(

𝜋

3𝑛
)2/3 (eq 1.7) 

where ℎ is the Planck’s constant, 𝑚∗ is the effective mass of the charge carriers [1]. As can be 

seen, the Seebeck coefficient depends on the electronic band structure of the materials and the 

density of states (DOS) essentially at the Fermi level. Higher DOS and moderate carrier 

concentration will generate a larger Seebeck coefficient [12, 13]. 

Measuring the Seebeck coefficient of TE materials involves some criteria (i) both 

temperature and voltage gradient should be measured simultaneously when the system is in a 
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steady state, (ii) the voltage response to the temperature gradient should be linear, and (iii) 

temperature and voltage should be measured within the same points [6]. 

  Electrical conductivity  

Electrical conductivity (σ in S m-1) is an important property of material, which measures 

the ability of a material to conduct electrical current. The electrical conductivity of a 

semiconductor is given by the following equation: 

𝜎 = 𝑒(𝜇𝑒𝑛 + 𝜇ℎ𝑝) (eq 1.8) 

where 𝑒, 𝑛, 𝑝, µe and µh are the elementary charge (1.6 x 10-19 C), electron concentration (m-3), 

hole concentration, electron mobility (m2 V-1 m-1), the hole mobility, respectively. The charge 

mobility is expressed as the following relation: 

𝜇 =  
𝑒𝜏

𝑚∗
(eq 1.9) 

where τ is the scattering time (s) i.e. the average time between two carrier collisions, and m∗ is 

the effective mass (kg).  

The electrical conductivity of materials can be tuned either by varying the carrier 

concentration or by varying the carrier mobility. The carrier mobility and concentration depend 

on the temperature. In semiconductors, electrical conductivity rises with temperature. A high 

carrier concentration is generally required for a high electrical conductivity, which needs to be 

optimized to have a high thermoelectric efficiency. High carrier mobility is also desired for 

efficient conduction of electricity, which is determined by the electronic structure of the 

materials and the various scattering mechanisms, such as lattice scattering, impurity scattering, 

etc. For example, lattice scattering increases with temperature leading to a decrease in carrier 

mobility. Contrary to this, impurity scattering is dominant at low temperature. Hence, the type 

of material, doping, impurities, and temperature determine the electrical conductivity of TE 

materials [6, 13, 14].   

Typical values of the electrical conductivity for a good TE material are on the order of 

107 S m-1. Table 1.2 summarizes the conductivity values for various metals, semiconductors, 

and thermoplastic polymers. It is evident that metals consistently have the highest conductivity 

values, followed by semiconductors, and finally, thermoplastics, which exhibit σ values close 

to insulators.   

Table 1.2. Electrical conductivity of some materials at room temperature.  
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Materials 
σ 

(S m-1) 

Ref. 

Metal 

Zn 1.7 x 107 

[15] 

In 1.2 x 107 

Rb 0.8 x 107 

Pb 0.5 x 107 

Cd 1.4 x 107 

Cu 5.9 x 107 

Al 3.8 x 107 

Ag 6.3 x 107 

Semiconductor 

Si 2.5 x 10-4 

[15] 
Ge 1.5 

Bi2Te3 4 x 104 [16] 

Mg2Si 3 x 104 [8] 

CaZn2Sb2 4.2 x 104 [9] 

CoSb3 4 x 104 [17] 

Insulator Thermoplastic polymers 10-12 – 10-15 [18] 

 

  Thermal conductivity 

The thermal conductivity (κ) of a material determines its ability to conduct heat. It was 

experimentally introduced by Joseph Fourier through the following law named after him:  

𝜑⃗ =  −𝜅𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑇 (eq 1.10) 

where 𝜑⃗  is the heat rate through the material (W m-2), grad⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗𝑇 is the thermal gradient across the 

material (K m-1) and 𝜅 is the thermal conductivity of the material (W m-1 K-1).  

The thermal conductivity (𝜅) is the sum of the lattice thermal conductivity (𝜅𝑙), due to 

lattice vibrations called phonon, and the charge carrier thermal conductivity (𝜅𝑐), due to 

electrons and/or holes: 

𝜅 =  𝜅𝑙 + 𝜅𝑐 (eq 1.11) 

The charge-carrier component is related to the electrical conductivity 𝜎 via the 

Widemann-Franz law 

𝜅𝑐 = 𝐿𝜎𝑇 (eq 1.12) 

where 𝜎 is the electrical conductivity (S m-1), 𝐿 is the Lorentz constant, which is equal to 2.45 

x 10-8 V2 K-2 for metals and 1.5 x 10-8 V2 K-2 for nondegenerate semiconductor, and 𝑇 is the 

absolute temperature (K). Hence, an increase in electrical conductivity, in turn, leads to an 
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increase in the thermal conductivity due to charge-carriers. In a metal, the contribution of 𝜅𝑐 is 

much greater than that of 𝜅𝑙, whereas in an insulator the opposite is true. Thermal conductivity 

will not be the same for an amorphous solid as for a crystalline solid. Moreover, the lattice 

thermal conductivity depends on the crystal structure and lattice parameters of the material [6, 

13]. 

The lattice thermal conductivity can be expressed as: 

𝜅𝑙 = 
1

3
𝐶𝑝𝑣𝑎𝑙𝑝 (eq 1.13) 

where 𝐶𝑝 is the specific heat capacity, 𝑙𝑝 is the mean free path of the phonons and 𝑣𝑎 is the 

group velocity of the phonons. The smaller the mean path, the more collisions there are between 

phonons and the lower the thermal conductivity. For example, the use of nanostructured 

materials makes this possible and therefore reduces the thermal performance of the material 

compare to bulk material. 

Typical values of thermal conductivity for some metals, semiconductors, and 

thermoplastic polymers are summarized in Table 1.3. Thermoplastic polymers which have low 

electrical values (Table 1.2) also exhibit low thermal conductivity values, which limits their use 

in thermoelectric application.  

Table 1.3. Thermal conductivity of some materials at room temperature.  

Materials 
𝜅 

(W m-1 K-1) 

Ref. 

Metal 

Zn 116 

[15] 

In 82 

Rb 58 

Pb 35 

Cd 97 

Cu 401 

Al 237 

Ag 429 

Semiconductor 

Si 148 
[15] 

Ge 59.9 

Bi2Te3 2.1  [16] 

Mg2Si 12.14 [8] 

CaZn2Sb2 2.6 [9] 

CoSb3 10 [17] 

Insulator Thermoplastic polymers 0.1 – 0.5  [19] 

  Power factor and Figure of merit 
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The conversion efficiency of a thermoelectric material depends on the performance of the 

material that is determined by its dimensionless figure of merit (𝑍𝑇) given by: 

𝑍𝑇 =  
𝑆2𝜎

𝜅
𝑇 (eq 1.14)  

where, 𝑆2𝜎 is the power factor (PF) (µW m-1 K-2), 𝑆 is the Seebeck coefficient (µV K-1), 𝜎 is 

the electrical conductivity (S m-1), 𝜅 is the thermal conductivity of the material (W m-1 K-1), and 

𝑇 is the absolute temperature (K). A good TE material should then possess a high electrical 

conductivity (𝜎), a high Seebeck coefficient (𝑆), and a low thermal conductivity (𝜅) in order to 

have a high 𝑍𝑇. 

The efficiency of a TE generator is expressed in terms of figure of merit as eq. 1.15:  

𝜂 =  
𝑇𝐻− 𝑇𝐶

𝑇𝐻

√1+ 𝑍𝑇𝑀−1

√1+ 𝑍𝑇𝑀+ 
𝑇𝐶
𝑇𝐻

(eq 1.15)  

where, 𝑍𝑇𝑀 is the average 𝑍𝑇 of temperature drop (𝑇𝑀=(𝑇𝐻+𝑇𝑐)/2), 𝑇𝐻 and 𝑇𝐶 are the 

temperatures of the heat source (hot side) and cold side, respectively [20, 21].  

A maximum ZT value leads to maximum conversion efficiency. For TE materials at high 

temperature (Fig. 1.3), ZT should be equal to or higher than 1 to obtain a conversion efficiency 

of 10 %. To obtain a conversion efficiency of 20 % to 25 %, ZT of at least 3 would have to be 

achieved, but such ZT values have not yet been reached. Experimentally, the highest ZT values 

are around 2.5 obtained for PbTe and SnSe. 

 

Figure 1.3. The thermoelectric conversion efficiency as a function of differential operating 

temperature and ZT [6]. Tcold = 400 K, and ZTave = ZTM of eq. 1.5. 

 Thermoelectric module 

T = 400 K 
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TE element (TE couple) is the basic working unit of TE devices. Fig. 1.3 illustrates the 

working mechanism of TE devices. TE element consists of a p-type (containing positive charge 

carriers - holes) and a n-type semiconductor (containing negative charge carriers - electrons). 

In this, a junction is formed from these two conducting materials. Heat source at the junction 

causes carriers to flow away from the junction, making an electrical generator which is also 

called power generation mode. In this case, the Seebeck effect comes into play (Fig 1.4a). 

Similarly, when electrical current is passed in the appropriate direction through the junction, 

both types of charge carriers move away from the junction, and convey heat away, thus cooling 

the junction (cooling mode) [20]. In this case the Peltier effect is involved (Fig 1.4b).   

 

Figure 1.4. Thermoelectric couple operating (a) in power generation mode and (b) in cooling 

mode [22].  

The TE performance of a single couple is not sufficient, so it is necessary to combine 

several units to increase efficiency. Alternating p-type and n-type semiconductors arranged 

thermally in parallel and electrically in series compose a thermoelectric module. The TE 

semiconductors are connected by copper conducting strips fixed at a thermal conducting and 

electrical insulating spare ceramic plate. Each thermoelectric module consists of several tens to 

hundreds of pairs of TE couples (Fig. 1.5) [23] .    
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Figure 1.5. A thermoelectric module [23].  

  Evolution with charge carrier concentration  

 The relationships between the Seebeck coefficient, the electrical conductivity, the 

thermal conductivity as well as its lattice component, ZT and charge carrier concentration are 

presented in Fig. 1.6. It can be seen that the charge carrier concentration has an inverse effect 

on the electrical conductivity and the Seebeck coefficient since an increase in the charge carrier 

concentration leads to an increase in the electrical conductivity and a decrease in the Seebeck 

coefficient. Therefore, an optimal carrier concentration can tune the power factor (S2σ), 

implying that semiconductors are potential candidates for TE applications. The thermal 

conductivity is almost constant and is mainly determined by lattice scattering phenomena until 

at high concentration charge carriers which contributes to increase the total thermal 

conductivity. Indeed, in metals, the increase of electronic thermal conductivity degrades 

thermoelectric performance. Usually, the highest figures of merit are obtained for charge carrier 

concentrations between 1018 and 1022 cm-3, which corresponds to highly doped semiconductors. 
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Figure 1.6. Evolution of electrical and thermal conductivities, Seebeck coefficient, and figure 

of merit as a function of carrier concentration in insulators, semiconductors, and metals [24].  

3. Thermoelectric materials  

 Inorganic materials  

Historically, research into TE materials initially focused on inorganic materials. Fig. 1.7 

illustrates the summary of figures of merits of various p-type and n-type inorganic TE materials. 

 

Figure 1.7. Summary of some of the best ZT for bulk inorganic TE materials as a function of 

applied temperature [25]: a) p-type and b) n-type.  
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 The following paragraphs will describe some of the conventional inorganic TE 

materials.  

•  Bismuth telluride (Bi2Te3) has been known as a very effective semiconductor with a 

narrow band gap of approximately 0.15 eV, for energy conversion at low temperature (ambient 

temperature range). This material is often described as having a distorted rock-salt structure 

with a repeat of five layers Te1-Bi-Te2-Bi-Te1 that are hold together through Van der Waals 

interactions [26].  

Bi2Te3 displays unique properties such as a high Seebeck coefficient (~ 200 µV K-1), good 

electrical conductivity (~ 4 x 104 S m-1), and low thermal conductivity (~ 1.5 W m-1 K-1) [16]. 

The high ZT of 1.35 at room temperature has been reported for the bulk p-type Bi2Te3 with a 

layer structure synthesized by the melt-spinning and spark plasma sintering (SPS) process [27].  

•  Lead telluride (PbTe) is a promising TE material than can efficiently operate at 

medium temperature (600 – 800 K). It forms a crystalline structure similar to NaCl, where the 

cation sites are occupied by Pb atoms, and Te creates the anionic lattice. A band gap of 0.32 eV 

allows it to be optimized for power-generation applications and can be doped either n- or p-

type with appropriate dopants. The highest ZT values for PbTe have been reported to be 0.8 – 

1.0 at around 650 K [28].  

•  Skutterudites normally refer to naturally occurring mineral CoAs3, which are 

materials that crystallize in a BCC (body-centered cubic) structure made up of XY6 octahedral 

molecules (where X = Co, Rh, Ir and Y = P, As, Sb). The spaces between these octahedrons 

can accommodate a large metal atom, giving rise to a filled skutterudite. This structure was first 

synthesized by Jeitschko et al. [29], is written R4+[T4X12]
4-, where R is an electropositive ion, 

T is Fe, Ru or Os, and X is As, P, or Sb. The atoms filling the skutterudite modulate the 

electronic concentration of the material and reduce thermal conductivity by phonon reflection 

[30]. The most recent results concern nickel-doped skutterudites and show ZT between 0.45 

and 1.25 at temperature between 600 and 900 K [28].   

•  TAGS (Te-Ag-Ge-Sb) has been developed for applications around 700 K. Its thermal 

conductivity is low, but sophisticated mixtures are required to combine mechanical strength 

with thermal and electrical properties. Recent improvements have been made possible by 

complex formulation, yielding a ZT value of 2 [31].  

•  Half-Heusler (HH) compounds (HH alloys) are ternary intermetallic compounds with 

the formula of ABX, where A is a transition metal, a noble metal, or a rare earth element, B is 

a transition metal or noble metal, and X is the main group element. HH alloys contain MgAgAs-
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type cubic structure with the space group F43m. It is made up of three filled interpenetrating 

FCC (face-centered cubic) sublattices and one vacant FCC sublattice. The most attractive 

properties of HH compounds for thermoelectricity are high S (up to 300 µV K-1), and high σ (~ 

105 – 106 S m-1) at room temperature. However, they also present high thermal conductivity (~ 

10 W m-1K-1) which is the only drawback of HH compounds. Therefore, to degrade the thermal 

conductivity, some techniques currently have been studied for this material such as introducing 

nano-scale composites, doping and increasing the phonon scattering on the boundaries [6, 32]. 

The ZT values close to 1.5 at 700 K have been reported by Shutoh and Sakurada [33] for the 

compound Ti0.5(Zr0.5Hf0.5)0.5NiSn0.998Sb0.002.   

 Organic thermoelectrics 

Inorganic TE materials demonstrate excellent TE properties (ZT > 1) but their high cost, 

difficulty in processing, and rigidity restrict their use. Organic TE materials have therefore 

attracted increasing attention. These materials are commonly based either on intrinsic 

conducting polymers or polymers filled with conductive nanoparticles, such as carbon 

nanotubes. 

  Carbon nanotubes (CNT) 

Carbon nanotubes (CNT) were first observed and described in 1952 by Radushkevich and 

Lukyanovich [34]. But, the discovery of CNT is often attributed to Lijima as the first scientist 

who described the multi-walled carbon nanotubes (MWCNT) preparation process after a 

random event during the testing of a new arc evaporation method for C60 carbon molecule 

fabrication in 1991 [35]. CNT are graphene sheets rolled into a seamless cylinder that can be 

open ended or capped, having very high aspect ratio with diameters as small as 1 nm and a 

length of several micrometers. Depending on the number of sheets rolled into concentric 

cylinders, there are two main kinds of CNT, namely multi-walled carbon nanotubes (MWCNT) 

and single-walled carbon nanotubes (SWCNT). Fig. 1.8 illustrates the transmission electron 

microscopy (TEM) images of different types of CNT.  
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Figure 1.8. TEM images of different types of CNT. a) SWCNT, b) MWCNT with 

different number of layers (5, 2, and 7) [35, 36].  

The atomic structure of nanotubes can be described in terms of chiral vector: 𝐶ℎ⃗⃗⃗⃗ = 𝑛𝑎1⃗⃗⃗⃗ +

𝑚𝑎2⃗⃗⃗⃗  , as shown in Fig. 1.9, where n, m are integers, and 𝑎1⃗⃗⃗⃗  and 𝑎2⃗⃗⃗⃗  are unit vectors. Nanotubes 

with n = m are called armchair tubes (chiral angle of 30°), and nanotubes with m = 0 are known 

as zigzag tubes (chiral angles are 0°). For any other values of n and m the tubes are chiral tubes 

[37].  

 

Figure 1.9. The schematic representation of the construction of a nanotube by rolling-up a 

graphene sheet [38].  
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•  Single-walled carbon nanotubes (SWCNT) 

SWCNT (Fig. 1.10) are made up of a single graphene layer wrapped into a hexagonal 

close-packed cylindrical structure whose diameter varies from 0.4 – 3.0 nm and length ranges 

from 20-1000 nm [39]. Armchair single-walled carbon nanotubes are metallic, while zigzag 

nanotubes are semiconducting. Statistically, a commercial powder batch of SWCNT contains 

1/3 of metallic and 2/3 of semiconducting nanotubes [40]. SWCNT have a high electrical 

conductivity (up to 109 S m-1), excellent current-carrying capacity (up to 109 A cm-2), high 

charge-carrier mobility (up to 105 cm2 V-1 s-1 at room temperature), and chirality-dependent 

conductivity and optical properties which promise a wide range of applications, especially in 

the field of TE applications [41–43].    

 

Figure 1.10. Single-walled carbon nanotubes [44].  

•  Multi-walled carbon nanotubes (MWCNT) 

MWCNT (Fig. 1.11) consist of several concentric single-walled tubes, which are held 

together by Van der Waals bonding. The outer diameter of MWCNT can range from 2 to 100 

nm, but usually between 10 and 20 nm, while the inner diameter is in the range of 1-3 nm, the 

interlayer spacing is around 0.34 nm and their length is 0.2 to several µm [45]. To describe the 

structures of MWCNT two models can be used, namely Russian doll model and parchment 

model. According to Russian doll model, sheets of graphene are arranged in concentric 

cylinders. In the parchment model, a single sheet of graphite is rolled in around itself, 

resembling a scroll of parchment or a rolled newspaper [45].   

Owing to the sp2 hybridization in MWCNT, delocalized electrons are generated along the 

wall which are responsible for the 𝜋-𝜋 interactions between adjacent cylindrical layers leading 

to less flexibility and more structural defects. Therefore, MWCNT always have more defects 

than SWCNT, which reduces their desired properties. 
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Figure 1.11. Multi-walled carbon nanotubes [44] with Russian doll model.   

Table 1.4 presents the typical properties of MWCNT and SWCNT. 

Table 1.4. Typical properties of MWCNT and SWCNT [46–50].  

Properties MWCNT SWCNT 

Tensile strength (GPa) 10 – 60 50 – 500 

Elastic modulus (TPa) 0.3 – 1 ~ 1 

Elongation at break (%) - 5.8 

Density (g cm-3) 1.8 – 2.0 1.3 – 1.5 

Electrical conductivity (S m-1) 107 (individual CNT) 108 (individual CNT) 

Thermal conductivity (W m-1 K-1) 3000 6000 

Thermal stability > 700 °C 

Typical diameter (nm) ~ 20 ~ 1 

Specific surface area (m2 g-1) 10 – 20 

•  Carbon nanotube functionalization (f-CNT) 

Functionalization is the generation of functional groups on the surfaces of CNT. Due to 

the presence of functional groups, the translational symmetry of CNT is disrupted by changing 

sp2 carbon atoms to sp3 carbon atoms, and properties of CNT, such as electronic and electron 

transport are influenced. Besides, the functionalization of CNT can enhance the solubility and 

can increase the interaction between CNT and the polymer leading to a homogenous dispersion 

of CNT in the polymer matrix [51, 52].  

In a general context, the functional groups can be divided into three main categories: 

hydrocarbon groups (which include alkyl and alkenyl), halogen groups (such as fluorine and 

chlorin), and oxygen groups (which include hydroxyl, carbonyl, carboxyl, and ester). Out of 

these groups, oxygen groups are most often used in functionalization at the defect sites. In the 

present work, in order to investigate the effect of functionalization group on the thermoelectric 
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properties of nanocomposites, commercial SWCNT functionalized with - COOH group (Fig. 

1.12) will be used as fillers in the polymer matrix.  

 

Figure 1.12. SWCNT functionalization (SWCNT-COOH). 

3.2.1.1.  Synthesis methods 

The unique structures and properties of CNT are strongly affected by the synthesis 

methods of CNT. Fig. 1.13 summarizes several methods that can be used to produce CNT. 

Among these methods, three primary approaches taken to produce CNT including chemical 

vapor deposition, arc-discharge, and laser ablation [38, 53, 54]. 

 

Figure 1.13. Currently used methods for CNT synthesis [53].  

•  Chemical vapor deposition (CVD) 

CVD is currently the most widely used technique due to its low cost, high yield, and good 

controllability [55]. In this process, a combination of hydrocarbon gases such as ethylene, 

methane, or acetylene is mixed with a process gas consisting of ammonia, nitrogen, or 

hydrogen. This mixture undergoes a chemical reaction with a heated metal substrate inside a 
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reaction chamber, typically at a temperature of around 700 to 900 °C, at atmospheric pressure. 

So, CNT are grown by decomposing an organic gas over a substrate covered with metal catalyst 

particles. The catalyst particles can either remain at bottom or top of the growing CNT. The 

catalyst is one of the most important factors in CVD method, because the nature and the type 

of CNT will be defined by this latter. The typical substrate material is silicon, but glass and 

alumina are also employed. Metal nanoparticles such as Fe, Co, Ni can be used as catalysts and 

can be deposited on substrates by means of electron beam evaporation, physical sputtering or 

solution deposition [55, 56]. Nanotubes synthetized by CVD are generally known to be longer 

than those obtained by other methods. 

•  Arc discharge 

 Arc discharge is known as the oldest method for the production of CNT. This technique 

was first used to synthesize carbon nano-onions in 1980 [57], and then in 1991, Lijima used 

this method [35] to synthesize MWCNT. In this method, two high-purity graphite rods are used 

as anode and cathode, and a stable arc is created by applying direct current (or pulse current). 

Due to the power of the arc, carbon is separated from the anode and condensed on the cathode 

to form soot. Most CNT synthesized by arc discharge are MWCNT but, by penetrating graphite 

rods, and filling them with graphite powder and metal catalyst, SWCNT can be achieved [58], 

[36]. CNT synthesized by arc discharge have very few structural defects and are quite straight. 

However, the yield of this process is low and the purification procedure is complex.  

•  Laser ablation  

Laser ablation is a process of removing materials from a solid surface by irradiating the 

surface with a laser beam. At low laser flux, the solid material is heated by the absorbed laser 

energy to evaporate or sublimate. Laser ablation was developed in 1995 to produce CNT [59]. 

In a typical laser ablation process for CNT growth, a graphite block is placed inside an oven 

and irradiated by a pulsed laser, and Argon gas is pumped along the direction of the laser point. 

The oven temperature is set at approximately 1200 °C. As the laser ablates the target, carbon is 

vaporized and carried by the following gas onto a cool copper collector. CNT grow on the 

cooler surfaces of the reactor as the vaporized carbon condenses. SWCNT are formed from a 

composite block of graphite and metal catalyst particles [59], whereas MWCNT are formed 

from pure graphite as the starting material [60]. CNT produced by this method have high purity, 

high yield and are mainly SWCNT, but are not suitable for mass production and also require 

expensive and specialized equipment.  
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3.2.1.2.  Carbon nanotubes in thermoelectricity 

 There are two main reasons why CNT are a potential material for thermoelectric 

applications. Firstly, CNT represent a unique one-dimensional (1D) structure which satisfies 

the conditions of quantum confinement effect to enhance the TE efficiency [61]. Low-

dimensional materials can significant increase the ZT value mainly due to the change in the 

density of state. Therefore, 1D conductors exhibit significantly better TE performance 

compared to both bulk and two-dimensional (2D) materials [62]. Secondly, due to their 

mechanical properties, CNT provide a framework for the development of light weight and 

flexible TE devices. Although carbon nanotubes have been extensively studied since the 

discovery by Lijima in 1991, enormously different values of physical properties can be found 

in the literature, especially regarding the electrical and thermal conductivities, meaning that 

there are still a lot to understand about these very particular objects.  

CNT can exhibit both p-type and n-type thermoelectric properties through the 

introduction of different kinds of dopants. However, CNT are typically regarded as p-type 

materials, in which holes are the main charge carriers [63]. In general, the TE properties of CNT 

are considered for SWCNT. SWCNT samples can consist of either only metallic SWCNT (m-

SWCNT) or a combination of both metallic and semiconducting SWCNT (s-SWCNT). Tables 

1.5 and 1.6 illustrate the TE properties of p-type and n-type SWCNT at room temperature. It 

can be seen that the TE properties will be different depending on the nature of CNT (metallic 

or semiconductor), and the form of samples (bundles, individual, or films). 

Table 1.5. TE properties of p-type SWCNT at room temperature.  

Samples 
S  

(µV K-1) 

σ 

(S m-1) 

PF  

(µW m-1 K-2) 
Ref.  

SWCNT bundle  

(Metallic) 
48 - - [64] 

Individual SWCNT 

(Metallic) 
35 - - 

[65] 
Individual SWCNT 

(Semiconductor) 
260 - - 

SWCNT films 

(Metallic) 
13 3 x 104 5.1 

[66] 
SWCNT films 

(Semiconductor) 
88 2.7 x 104 510 
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Table 1.6. TE properties of n-type SWCNT at room temperature.  

Samples 
S  

(µV K-1) 

σ 

(S m-1) 

PF  

(µW m-1 K-2) 
Ref.  

SWCNT bundle  

(Metallic) 
- 30 - - [64] 

Individual SWCNT 

(Metallic) 
- 40 - - [65] 

SWCNT films  

(Semiconductor) 
- 78.5 11.9 x 104 730 [67] 

SWCNT films  

(Semiconductor) 
-64 36.3 x 104 1500 [68] 

 

•  Electrical conductivity  

As we know, CNT are effectively rolled-up graphene sheets and share the exceptional 

physical properties of graphene. In terms of carbon atoms bonding in CNT, which are organized 

in a hexagonal lattice, each carbon atom is covalently connected to three nearest neighbors 

through sp2 molecular orbitals. As a result, the fourth valence electron in each unit stays free, 

and these free electrons are delocalized over all atoms and contribute to the electrical character 

of CNT [69]. The inherent structure of CNT significantly impacts their characteristics, 

especially when it comes to electrical conductivity. Armchair nanotubes display a semi-metallic 

or metallic nature, with a slight overlap between their conduction and valence bands, zigzag 

and chiral nanotubes, depending on their diameter and in case of chiral nanotubes their exact 

chirality, may have different widths of bandgaps. Thus, their characteristics can vary from 

practically semi-metals up to wide bandgap semiconductor properties [70].  

The electrical properties of perfect MWCNT are rather similar to perfect SWCNT. 

However, due to weak coupling between concentric cylinders of MWCNT, only the outer shell 

contributes to the electron transport and thus to the final electrical conductivity of MWCNT 

[71]. The electrical resistivity of individual SWCNT and MWCNT has been reported around 

10-8 Ω m [72, 73] and 3x10-7 Ω m [74], respectively. This indicates that, at room temperature, 

CNT could be better conductor than metal like copper. However, in most cases, the presence of 

various defects or impurities that form during the growth of CNT leads to significantly lower 

conductivity in individual CNT compared to those observed under ideal conduction conditions 

[75].  
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•  Thermal conductivity  

Thermal conductivity mechanism of CNT is similar to non-metallic materials, based on 

the phonon conduction mechanism. There are many factors that directly affect the conduction 

mechanism of phonon such as the number of phonon active modes, the boundary surface 

scattering, the phonon mean free path [19]. The thermal conductivity of CNT depends on the 

atomic arrangement (CNT structure: armchair, zigzag, chiral), the length and diameter of CNT, 

types of CNT (SWCNT or MWCNT), the structural defects, the morphology, and the presence 

of impurities [76, 77]. According to the report of Kumanek and Janas [78], CNT demonstrate 

different values of thermal conductivity, from the level of thermal insulation with the thermal 

conductivity of 0.1 W m-1 K-1 (bundle CNT) to such high values of 6600 W m-1 K-1 (individual 

CNT).  

In addition, as mentioned above, SWCNT are formed by the rolling of a single layer of 

graphene, meanwhile MWCNT are composed of several graphene cylinders leading to more 

phonons scattering between walls and inducing thermal conductivity values decrease. 

Numerical simulations shows that the thermal conductivity of isolated SWCNT and MWCNT 

reached high levels of more than 6000 W m-1 K-1 [79] and 3000 W m-1 K-1 [80], respectively .  

  Conducting polymers 

Although inorganic semiconductor materials exhibit high thermoelectric performance, 

the disadvantages in using inorganics for thermal energy harvesting are their high cost, 

brittleness, use of rare elements, and unsuitability for large scale applications [81]. In addition, 

for applications at near-ambient temperatures, only bismuth telluride (Bi2Te3) and its 

derivatives are enough competitive, with a ZT higher than 1 [6]. These challenges have recently 

led the scientific community to turn its attention to organic semiconductors, especially 

conducting polymers, also known as electronically or intrinsically conducting polymers. 

Although they have been studied since the 1960s, they have become the real backbone of a new 

field called “organic electronics” since the Nobel prize in Chemistry of MacDiarmid, Heeger 

and Shirakawa in 2000. During the last decade, they have become really appealing for 

thermoelectric applications, because they are naturally abundant carbon- and hydrogen-based 

systems, often inexpensive due to the availability of cheap raw materials, light weight, flexible, 

and thus promising systems for low-cost and large-scale applications.  
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Conducting polymers constitute a special class of organic materials whose ability to 

conduct electrical charge is uniquely due to 𝜋-conjugation, hence their name: conjugated 

polymers.  

In a regular thermoplastic polymer, all the available electrons are bound in strong covalent 

bonds and are characterized by sp3 hybridization, making them insulator materials with very 

low electrical conductivity values (10-12 – 10-15 S m-1 [18]). In conjugated polymers, sp2 

hybridization enable 𝜋-bond electrons to be delocalized over many carbon atoms. However, the 

band gaps of these conjugated polymers lie in the range 2 – 3 eV, which is characteristic of 

semiconductors, even insulators. In order to acquire semi-metallic characteristics, a doping 

process is used, but in contrast to inorganic doping, involving atoms replacement, doping in 

conducting polymers is due to an oxidation or reduction process. The latter obtained by 

removing/adding an electron from/to the polymer via an electron transfer reaction with a 

chemical species (redox reaction) or with an electron (electrochemical reaction). The doping 

charge is stabilized on the polymer by a counterion (cation/anion) to ensure electroneutrality of 

the materials.  

Another major attraction of conducting polymers for thermoelectric applications is their 

inherently low thermal conductivity, which varies from 0.2 W m-1 K-1 for poly(3,4-

ethylenedioxythiophene) complexed with polystyrene sulphonic acid (PEDOT:PSS) to 0.7 W 

m-1K-1 for highly doped polyacetylene [82–84].  

In this section, we will summary the most popular electronically conducting polymers for 

thermoelectric applications, especially for room temperature applications. 

•  Poly(3,4-ethylenedioxythiophene) (PEDOT) 

PEDOT is simply the most widely used conducting polymers in the last 40 years, 

especially as transparent conducting electrodes in organic photovoltaics [85]. In addition, 

PEDOT also exhibits a low thermal conductivity, low density, easy handling, and high 

thermoelectric performance [86, 87]. Fig. 1.14 presents the chemical structure of PEDOT and 

its copolymers. PEDOT exhibits a bandgap of 0.9 eV, a Seebeck coefficient of about −140 µV 

K-1 for n-type and about 100 µV K-1 for p-type. However, its low electrical conductivity value 

and its poor solubility are major drawbacks for thermoelectric applications [88]. These 

disadvantages are usually solved by using polystyrene sulfonate as a counterion to form 

copolymers such as PEDOT:tosylate (PEDOT:Tos) or PEDOT:polystyrene sulfonate 

(PEDOT:PSS), giving an aqueous dispersion that is commercially available at different levels 

of oxidation, hence electrical conductivity. At room temperature, the ZT value of PEDOT:Tos 
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is about 0.25 [89]. For PEDOT:PSS, the electrical conductivity is increased by 9 % compared 

to PEDOT:Tos. In the report of Kim et al. [90], when PEDOT:PSS  mixed with 

dimethylsulfoxide (DMSO) is treated with ethylene glycol, the electrical conductivity again 

increases improving the ZT value to 0.42. In addition to DMSO, N,N-dimethyl formamide 

(DMF) is also known to enhance carrier transport and help to improve thermoelectric properties 

of PEDOT:PSS [91].  

 

Figure 1.14. Chemical structure of a) PEDOT, b) PEDOT:Tos, and c) PEDOT:PSS [92]. 

•  Poly(2,7-carbazole) 

Electronic band structure calculations performed on poly(2,7-carbazole) and its 

derivatives have revealed good potential for these materials in thermoelectric applications [93]. 

From the chemical structure in Fig. 1.15, it was found for poly(2,7-carbazole) derivatives that 

the nitrogen atom is oxidized before the backbone, and the charge is then localized [94–96]. 

This feature could contribute to a large Seebeck coefficient in poly(2,7-carbazole). According 

to the study of Aïch et al. [97], doping poly (2,7-carbazole) revealed high electrical conductivity 
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(up to 5 x 104 S m-1) and a high Seebeck coefficient, up to 70 µV K-1. This polymer presents a 

maximum power factor value of 19 µW m-1 K-2. 

 

Figure 1.15. Chemical structure of poly(2,7-carbazole) [6].  

•  Poly(3-hexylthiophene) (P3HT)  

P3HT (Fig. 1.16) is an alkylated derivative of polythiophene, and widely used in organic 

electronic applications. It has good solubility in a variety of organic solvents, which enhances 

its film processing properties, and it is commercial available [98]. In 2010, Xuan et al. [99] 

evaluated thermoelectric properties of P3HT films doped with nitrosonium 

hexafluorophosphate (NOPF6). The maximum power factor was achieved at approximately 1.4 

x 10-7 W m-1 K-1 when the doping was increased between 20 % and 31 %. By doping P3HT 

with ferric salt of triflimide (TFSI−) anions, Zhang et al. also succeed in optimizing its power 

factor to a value greater than 20 µW m-1 K-1 [100].  

 

Figure 1.16. Chemical structure of Poly(3-hexylthiophene) [99].  

•  Polyaniline (PANI) 

PANI is promising for wide thermoelectric applications because of several attractive 

properties such as easy preparation, easy processing, and low cost. The chemical structure of 

PANI is shown in Fig. 1.17. Depending on the y value, three different structures can be 

obtained. Due to a very poor thermoelectric response of pure PANI, the electronic conductivity 

and Seebeck coefficient of PANI can be further improve through “doping” [101, 102]. Li et al. 

[101] prepared hydrochloric acid-doped PANI by chemical oxidative polymerization. The 

results show that when HCl concentration increases, the electrical conductivity and ZT are 
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found to increase, along with the decrease in the Seebeck coefficient. The maximum ZT can 

obtain 2.67 x 10-4 at 432 K for 1 M HCl-doped PANI.  

 

Figure 1.17. Chemical structure of Polyaniline (PANI) [6].  

(y=1: Leucoemeraldine, y=0: Pernigraniline, y=0.5: Emeraldine) 

Table 1.7 gathers the TE performance of the various conducting polymers presented in 

this section. 

Table 1.7. Thermoelectric performance of conducting polymers at room temperature.   

Materials 
σ 

(S m-1) 

S 

(µV K-1) 

κ 

(W m-1 K-1) 

PF 

(µW m-1 K-2) 
ZT Ref. 

PEDOT : Tos films 6.7 x 103 220 0.37 324 0.25  [89] 

PEDOT : PSS + EG 

(DMSO treatment) 
8.8 x 104 72 0.24 4.8 x 104 0.42 [90] 

PEDOT : PSS 

(Formamide 

treatment) 

2.9 x 105 17.4 0.19 8870 0.04 [91] 

P3HT 

(doped NOPF6) 
10-2 - 102 25 - 340 - 10-4 – 0.14 - [99] 

P3HT 

(doped ferric salt of 

TFSI−) 

̴ 5 x 103 ̴ 60 - ̴ 20 - [100] 

Poly(2,7-carbazole) 

(doped film) 
5 x 104 70 - 19 x 102 - [97] 

PANI (doped HCl) 4.1 x 104 9 0.276 - 0.4 x 10-4 [101] 

  

  Conducting polymer/CNT nanocomposites  

The preparation of conducting polymer/CNT nanocomposites is a common strategy to 

enhance the properties of organic thermoelectric materials [103–105]. The conducting polymers 

possess conjugated 𝜋 bonds that can create strong 𝜋-𝜋 interactions between their backbones 

and the surfaces of CNT [106–108]. The interaction not only strengthens the bonds between the 

polymer chains and the CNT but also induces a structured chain arrangement on the CNT 

surface. These improved connections and ordered structure contribute to increase carrier 

mobility, thereby enhance the electrical transport properties of materials [109–111]. Table 1.8 
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summarizes the TE properties of various CNT-based nanocomposites with different conducting 

polymers. It can be seen that both MWCNT and SWCNT can enhance the TE properties of 

nanocomposites. However, SWCNT demonstrates a comparative advantage over MWCNT in 

terms of improving the electrical conductivity (σ) and Seebeck coefficient (S), resulting in 

higher TE efficiency. It should be noticed that in all the reported studies on conducting 

polymer/CNT nanocomposites, the filler content is high (up to 60 wt%). 
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Table 1.8. TE properties of CNT- conducting polymer-based composites at room temperature. 

Material + % fillers 
σ 

(S m-1) 

S 

(µV K-1) 

κ 

(W m-1 K-1) 

PF 

(µW m-1 K-2) 

ZT 

(T=300K) 
Ref. 

PANI/PEDOT:PSS + 22.6 wt% graphene + 31.7 wt% DWCNT  1.9 x 105  120 - 2710 - [112] 

PEDOT:PSS + 60 wt% SWCNT  1.7 x 105  55.6  0.5 526 0.4 [113] 

PEDOT:PSS/TCPP + 40 wt% SWCNT 9.6 x 104 70 - 470 - [108] 

PEDOT:PSS/PVAc + 60 wt% SWCNT 105 40 ~ 0.2 160 ~ 0.3 [114] 

PANI + 65 wt% SWCNT 1.4 x 105 38.9 0.44 217  0.14 [115] 

P3HT + 10 wt% MWCNT 5.89 x 104 29 - 53 - [110] 

PEDOT + 26.5 wt% MWCNT 9.5 x 103 56.1 - 25.9 - [116] 

PEDOT:PSS/TCPP + 40 wt% MWCNT 9.5 x 103 40 - 15 - [108] 

PPy + 20 wt% MWCNT 35 25 - 2 - [117] 

PANI: Polyaniline / PEDOT: Poly(3,4-ethylenedioxythiophene) / PEDOT:PSS : PEDOT:polystyrene sulfonate / P3HT: Poly(3-hexylthiophene) 

/ PPy: Polypyrrole 
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  Insulating polymer/CNT nanocomposites 

Nanocomposites based on insulating thermoplastic polymers and conductive fillers such 

as CNT are also interesting systems to consider for thermoelectric applications because of the 

ease of processability and flexibility of thermoplastic polymers compared with conductive 

polymers.  

3.2.4.1. Elaboration processes  

CNT form aggregates due to Van der Waals interactions, making it difficult to achieve a 

homogenous dispersion in polymer matrices, which can have a direct impact on the properties 

of nanocomposites. Several methods are currently used to disperse the CNT in polymer 

matrices, of which melt blending, solution mixing, and in situ polymerization are the most 

widely used. Each of these methods has advantages and disadvantages that can have a direct 

impact on the resulting properties of the nanocomposites. 

•  Melt-blending 

Melt-blending has been known as the simplest and most effective method, particularly 

from an industrial perspective, as it enables the production of high-performance polymer 

nanocomposites at large scale with low process cost. In this method, CNT are mechanically 

dispersed into a polymer matrix using a high temperature and high shear force mixer or 

compounder. The shear force helps to break nanotube aggregates or prevent their formation 

[118]. To get well dispersed CNT within the polymer phase during melt-blending process, 

several parameters need to be optimized such as mixing time, screw speed, and mixing 

temperature. Many studies have investigated these parameters to improve the properties of 

materials. For example, Kasaliwal et al. [119] study the influence of varying mixing speed on 

the dispersion of CNT on polycarbonate (PC) matrix of different molecular weights. The results 

show that at high speed of mixing, regardless of temperature or melt viscosity, the degree of 

dispersion of CNT in the PC matrix was the same. However, when the melt mixing speed was 

low, a good dispersion was achieved either at a low temperature or at a high melt viscosity of 

the PC matrix. Min et al. [120] have studied the impact of various processing parameters 

(mixing time, rotor speed, cooling rate) on the surface resistivity of nanocomposites 

polypropylene (PP)/MWCNT and ethylene-propylene-diene (EPD)/MWCNT. Melt mixing has 

been successfully applied for the preparation of various polymer-CNT nanocomposites in 

thermoelectric applications such as polycarbonate (PC)/CNT [121], polypropylene (PP)/CNT 

[122, 123], poly(lactic acid) PLA/MWCNT/expanded graphite [124]. 
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Generally, the direct melt preparation method does not give a very good dispersion of the 

nanofillers in the different polymer matrices because the aggregates of nanotubes are highly 

stabilized and the compatibility between the polymer chains and CNT is low. Moreover, high 

shear during the melt-blending process may also lead to CNT breakage that can limit the 

expected increase in mechanical and electrical properties. In addition, the CNT content is 

limited to low content due to the viscosity increase with the addition of CNT.  

•  Solution mixing 

To increase the CNT content and improve the dispersion of CNT in the polymer matrix 

phase, solution mixing is the process mostly employed in preparing nanocomposites. This 

process usually involves three main steps: dispersing the CNT in a suitable solvent using 

mechanical stirring and/or sonication, then dissolving the polymer in the previous dispersion 

while stirring it appropriately, and finally removing all the remaining solvents from 

nanocomposites. Note that during the solvent evaporation step, a CNT re-aggregation can 

occur. The complete removal of the solvent is a critical issue when using solution mixing for 

the preparation of nanocomposites, as toxicity concerns can arise when organic solvents are 

used. Besides, the presence of residual solvents results in plasticization of the polymer matrix, 

which can have a significant effect on its physical properties such as the mechanical properties 

[125]. Many studies have employed solution mixing to prepare nanocomposites, based on 

thermoplastic matrix as well as conducting polymer matrix, and investigated the thermoelectric 

properties as shown in Tables 1.7 and 1.8 for conducting polymer-based composites.  

As mentioned earlier, it is extremely difficult to achieve a homogenous dispersion of 

pristine CNT in the solvent by simple stirring. Therefore, high-power ultrasonication method is 

more effective for the formation of a CNT dispersion. The aggregation and entanglement of 

CNT can be effectively broken down by using the multi-effects of ultrasound [51]. However, it 

should be noticed that high-power sonication for a long period of time can break tubes, reduce 

the aspect ratio, which is detrimental to the nanocomposite properties and increases the surface 

defects [126]. The optimum sonication conditions (time and power) need to be determined and 

depend on the nanotube concentration. Chen et al. [127] prepared polycarbonate (PC)/MWCNT 

composites through solution mixing and precipitation technique, the dispersion of CNT in PC 

solution was processed by sonication at frequency of 20 kHz for 10 min. The results show that 

the CNT were unentangled and well dispersed into PC matrix due to both ultrasonic and stirring. 

Safadi et al. [128] dispersed MWCNT in polystyrene (PS) using ultrasound at 300 W for 30 

min. Homogenous dispersion of CNT in PS was achieved by sonication. Additionally, the 
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functional groups of CNT is another effective way to prevent the agglomeration of nanotubes, 

the covalent functionalization of nanotube can improve nanotube dispersion in solvents and 

polymer [51, 129], but it can significantly impact the electric and thermal properties. A 

dispersing agent like dodecylbenzene sulfonate can also be used to favor dispersion of CNT.   

3.2.3.2.  Thermoelectric properties of insulating thermoplastic polymer/CNT 

Most of thermoplastic polymer matrices are intrinsically poor thermal conductors, ideal 

for thermoelectricity, but also electrical insulators, which prevents them from being potential 

candidates for TE applications. The use of CNT as fillers has been shown to greatly improve 

the electrical conductivity of nanocomposites, as soon as the fillers concentration is higher than 

the percolation threshold, while maintaining the poor thermal conductivity of the polymer 

matrix, resulting in improved TE properties.  

The thermoelectric behavior of polyvinyl acetate (PVAc)/CNT was first demonstrated by 

Yu et al. [81]. In this study, with 20 wt% of SWCNT, a segregated-network was observed 

between CNT and the PVAc matrix, which yielded to an electrical conductivity of 4800 S m-1, 

a thermal conductivity of 0.34 W m-1 K-1, a Seebeck coefficient of 40 µV K-1 and a final ZT of 

0.006 at room temperature. The results demonstrated that the electrical conductivity was 

significantly enhanced by the formation of the CNT network, while the evolution of Seebeck 

coefficient and the thermal conductivity do not mainly depend on the concentration of CNT, in 

particular notably to the existence of the junctions that significantly hinder the thermal 

transport. Liebscher et al. [121] showed that different MWCNT surface functionalization 

groups can have an impact on the Seebeck coefficient of PC/MWCNT nanocomposites. At a 

loading of 2.5 wt%, the highest Seebeck coefficient was 11 µV K-1 obtained for carboxyl 

functionalized MWCNT meanwhile non-functionalized MWCNT resulted in a S value of 7.5 

µV K-1.  

Tables 1.9 and 1.10 provide a summary of TE properties of various thermoplastic 

polymer/CNT (MWCNT and SWCNT) composites at room temperature. Generally, due to the 

intrinsic properties of SWCNT compared to those of MWCNT, composites using SWCNT as 

fillers exhibit ZT values 100 times higher than those using MWCNT. Additionally, it can be 

seen that the thermoelectric performance of nanocomposites is strongly dependent on the CNT 

concentration. Typically, a higher concentration of CNT contributes to the enhancement of 

thermoelectric performance. PVDF-based nanocomposites containing 50 wt% of MWCNT, as 

investigated by Brun et al. [130], achieved a ZT value of around 10-5, significantly higher than 

the ZT value reported for PVDF containing 8 wt% filler by Sun et al. [131], which is around 
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10-9. Another example is ABS/MWCNT nanocomposites with 4 wt% of fillers, exhibiting a ZT 

value more than 100 times higher than that of 1 wt% of MWCNT [132]. The improvement of 

the ZT value with the addition of CNT mainly comes from the huge increase of the electrical 

conductivity while a slight decrease of the Seebeck coefficient and a weak increase of the 

thermal conductivity are observed. Note that in the case of PS/75 wt% SWCNT 

nanocomposites, Suemori et al. [81] report a ZT value of 0.41 which is much higher than those 

of other insulated polymer based nanocomposites filled with SWCNT in Table 1.9. Here again, 

the origin of its high value of ZT seems to mainly come from the high electrical conductivity.  

Even if this ZT value should be taken with caution (in particular, the thermal conductivity value 

which is very low considering the high content of SWCNT), this result suggests that it is 

possible to achieve good thermoelectric materials based on insulating polymer nanocomposites 

with high filler CNT. However, a high increase in the CNT content will affect the elaboration 

process due to the increasing viscosity [124].  

In addition, it is important to note that the morphology and the structure of 

nanocomposites can vary depending on the sample elaboration processes, leading to a direct 

impact on the thermoelectric properties. Porosity generation in polymers and their composites 

is widely used to enhance the thermoelectric performance [103, 133]. From Table 1.9, it can be 

observed that PVDF/ MWCNT nanocomposites with a porous structure [134] exhibit a ZT 

value (3.3 x 10-3, at 15 wt% MWCNT) much higher than those of bulk PVDF/MWCNT samples 

(1.6 x 10-9, 8 wt% MWCNT) [131]. This significant difference is mainly due to the porous 

structure which could reduce the thermal conductivity and enhance the Seebeck coefficient by 

inducing the phonon scattering and the energy-filtering effect [134].  

Regarding the effect of the polymer matrix on the thermoelectric properties of 

nanocomposites, Table 1.10 shows that in the case of SWCNT, the Seebeck coefficient can be 

positive or negative, depending on the polymer matrix. To our knowledge, the origin of this 

phenomenon is not clear up to now. Some authors suggest that the nitrogen present in the amide 

and amine groups in polyamides and ABS can bring an electron-donating effect resulting in a 

negative Seebeck coefficient [132]. Furthermore, some works showed that the crystallinity of 

the polymer could also impact the electrical and thermal conductivities, as well as the Seebeck 

coefficient. For example, in the work of Brun et al. [130], the thermoelectric properties of bulk 

poly(vinylidene fluoride)/multi-walled carbon nanotubes (PVDF/CNT) composites have been 

investigated. The results showed that the nature of the crystalline phase of PVDF has a 

significant influence: the polar γ−phase of PVDF brought a slight effect on σ and 𝜅, and yielded 

a 30 % increase in Seebeck value, resulting in the improvement in ZT value. Wang et al. [135] 
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demonstrated the increase in electrical conductivity and the reduction in electrical percolation 

thresholds of PP/CNT nanocomposites by inducing crystallinity in the PP matrix by controlling 

the cooling rate. Therefore, understanding the structure-property relationships in polymer/CNT 

nanocomposites is essential for improving their thermoelectric performances. 

Finally, the electrical conductivity of polymer nanocomposites reinforced by CNT has 

exhibited anisotropic behavior as shown in literature by the measurements of σ values in two 

directions (in-plane and cross-plane) on the same sample [136, 137]. Especially, the anisotropy 

of σ values is a critical issue which can bring significant impact on the final ZT [130]. Detailed 

values illustrating the influence of anisotropy on the thermoelectric properties are presented in 

Table 1.9 for PVDF/ 50 wt% MWCNT nanocomposites [130], in which σin-plane is 10-100 times 

higher than the cross-plane value, resulting in the final ZTin-plane appearing 1-2 orders of 

magnitude higher compared to the ZTcross-plane at the same filler fraction.   

Regarding the effect of the elaboration process (melt blending/solution mixing…) on 

the TE properties, it is difficult to conclude from the results summarized in Table 1.9 and 1.10 

because there is no comparison of the processes for a same composite (same polymer matrix, 

same fillers). 
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Table 1.9. TE properties of MWCNT- thermoplastic polymer-based composites at room temperature. 

Polymer + % MWCNT 
Preparation 

method 

σ 

(S m-1) 

S 

(µV K-1) 

κ 

(W m-1 K-1) 

PF 

(µW m-1 K-2) 

ZT 

(300) 
Ref. 

PLA + 18 vol% Melt-blending 1.15 x 102 9.0 0.41 - 7.0 x 10-5 [124] 

PBT + 2 wt% Melt-blending 5.1 6.8 0.27 2.0 x 10-4 
2.7 x 10-7 

(313 K) 
[132] 

PVDF + 2 wt% Melt-blending 3.2 14.3 0.28 7.0 x 10-4 
7.4 x 10-7 

(313 K) 

PVDF + 50 wt% 
Solution mixing 

1.2 x 102 (cross-plane) 20 0.87 4.6 x 10-2 1.6 x 10-5 

[130] 
PVDF + 50 wt% 1.9 x 103 (in-plane) 20 0.87 7.6 x 10-1 2.6 x 10-4 

PVDF + 8 wt% (solid) Melt-blending 2.0 x 10-2 12 0.55 - 1.6 x 10-9 [131] 

PVDF + 15 wt% (porous) 

Solution 

mixing/phase 

separation 

16 325 0.15 1.7 3.3 x 10-3 [134] 

PP + 2 wt% 

Melt-blending 

1.6 9.5 0.28 1.0 x 10-4 
1.7 x 10-7 

(313 K) 

[132] 

PC + 2.5 wt% 8.5 8.5 0.28 6.0 x 10-4 6.8 x 10-7 

ABS + 1 wt% 0.3 3.0 0.28 2.2 x 10-6 2.9 x 10-9 

ABS + 4 wt% 25.7 3.6 0.26 3.0 x 10-4 3.8 x 10-7 

PA6 + 5 wt% 2.0 x 10-2 6.1 0.26 7.7 x 10-7 8.6 x 10-10 

PA66 + 2 wt% 5.0 6.3 0.28 2.0 x 10-4 2.2 x 10-7 

Cellulose film + 5 wt% Solution mixing 15 10 0.08 1.5 x 10-3 6.0 x 10-6 

[138] 
Cellulose aerogel + 5 wt% Solution mixing 3.5 x 10-1 11 0.03 4.2 x 10-5 4.7 x 10-7 

PLA: Polylactic acid / PBT: Poly(butylene terephthalate) / PVDF: Poly(vinylidene fluoride) / PP: Polypropylene / PC: Polycarbonate /  

ABS:  Acrylonitrile butadiene styrene/ PA6: Polyamide 6/ PA66: Polyamide 66 
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Table 1.10. TE properties of SWCNT-thermoplastic polymer-based composites at room temperature. 

Polymer + % SWCNT 
Preparation 

method 

σ 

(S m-1) 

S 

(µV K-1) 

κ 

(W m-1 K-1) 

PF 

(µW m-1 K-2) 

ZT 

(300) 
Ref. 

PVAc + 20 wt% Polymer emulsion 4800 40.0 0.34 7.70 6.0 x 10-3 [81] 

PS + 75 wt% 

Solution 

mixing/planetary 

ball milling 

1.25 x 105 61  0.3 413  0.41 [107] 

PBT + 2 wt% 

Melt-blending 

18.6 58.2 0.27 6.3 x 10-2 7.0 x 10-5 

[132] 

PVDF + 2 wt%  139.3 24.0 0.27 8.0 x 10-2 9.0 x 10-5 

PP + 2 wt% 12.1 47.2 0.27 2.7 x 10-2 3.0 x 10-5 

PC + 2 wt% 1.0 34.8 0.26 1.2 x 10-3 1.4 x 10-6 

ABS + 1 wt% 4.2 - 50.9 0.27 1.0 x 10-2 1.2 x 10-5 

ABS + 4 wt% 66.2 - 32.7 0.27 7.0 x 10-2 7.9 x 10-5 

PA6 + 5 wt% 64.6 - 47.0 0.27 1.4 x 10-1 1.6 x 10-4 

PA66 + 2 wt% 28.2 - 29.5 0.27 2.5 x 10-2 2.7 x 10-5 

Cellulose film + 8 wt% Solution mixing 125 45.6 0.11 2.6 x 10-1 7.4 x 10-4 
[138] 

Cellulose aerogel + 10 wt% Solution mixing 22 29.3 0.09 1.9 x 10-2 6.4 x 10-5 

    PVAc: Polyvinyl acetate/ PS: Polystyrene 
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• Electrical conductivity models 

The electrical conductivity of the polymer-based nanocomposites can vary significantly 

depending on a lot of parameters such as the intrinsic properties of the components, the volume 

fraction and the distribution of the fillers, defect concentration, purity of both the polymer and 

fillers, temperature.... To understand the conduction mechanism and to estimate the evolution 

of the electrical conductivity of the nanocomposites as a function of filler fraction and 

temperature, several electrical models have been proposed in literature. This section will 

describe some of the most important electrical conductivity models for nanocomposites, 

especially those relating to volume fraction of fillers and temperature.  

• Percolation threshold model  

The electrical conductivity of a nanocomposite is strongly dependent on the volume 

fraction of the conductive phase. The evolution of electrical conductivity as a function of CNT 

volume fraction is shown in Fig. 1.17. At low volume fractions (region A), the electrical 

conductivity remains very close to that of the pure matrix. When a certain volume fraction is 

reached (region B), the electrical conductivity of the nanocomposites increases dramatically by 

several orders of magnitude indicating the existence of conduction paths via connecting CNT. 

This phenomenon is known as percolation threshold and can be explained by the scaling law of 

percolation theory (eq. 1.16), also known as Kirkpatrick law [139]: 

𝜎 =  𝜎𝑜(𝛷 − 𝛷𝑐)
𝑡 (eq 1.16) 

where σ is the electrical conductivity of nanocomposites (S m-1), σo is the intrinsic electrical 

conductivity of filler (S m-1), Φ is the volume fraction of filler (vol%), Φc is the volume 

percolation concentration or percolation threshold (vol%), and t is a critical exponent. This 

equation is valid when Φ > Φc and (Φ − Φc) is small. The critical exponent t depends on the 

dimensionality of the percolation structure with calculated values of t ~ 1.3 and t ~ 2.0 in two 

and three dimensions, respectively [140, 141].  
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Figure 1.17. Electrical conductivity of composites as a function of filler fraction [142].  

• Influence of temperature on electrical conductivity  

The influence of temperature on electrical conductivity depends on the nature of the 

material: σ decreases with increasing temperature for metals whereas the opposite behavior is 

observed for ordered semiconducting materials. In the former case, this is due to the reduced 

mobility of charge carriers as the temperature rises. In the latter case, it is due to the increase of 

the charge carriers number with temperature.  

 In the case of disordered semi-conducting material such as polymer/CNT 

nanocomposites, it can be considered that the number of charge carriers almost remains 

constant, while the mobility of the charge carriers increases with temperature. In this case, 

charge carriers move either by tunneling or by hopping.  

Note that if MWCNT are uniformly dispersed in the polymer matrix, the conductivity of 

nanocomposites at a given temperature can be described by the behavior of a single tunnel 

junction [143]. In that case, the conductivity should follow the following rule:  

𝑙𝑛 𝜎  ∝  𝑤−
1

3 (eq 1.17)  

Where, 𝑤 is the weight fraction of MWCNT in nanocomposites. 

• Temperature dependent models  

Various models are proposed in literature to characterize charge transport mechanisms in 

disordered solids. The most encountered models are: 
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- For homogenous systems, the Mott or Variable-range hopping (VRH) and the Efros 

and Shklovskii models.  

- For heterogenous systems, the charging energy limited tunneling (CELT) and the 

thermal fluctuation induced tunneling (FIT) models. 

Mott or Variable-range hopping (VRH) model (eq. 1.18) is developed for homogenous 

and amorphous system. The charge carriers are assumed to have no interactions and the 

electrical conductivity is expressed as: 

𝜎(𝑇) =  𝜎0𝑒𝑥𝑝[−(𝑇0/𝑇)
𝛾] ;  𝛾 =  

1

𝑧 + 1
(eq 1.18) 

where σ is the electrical conductivity (S m-1), σ0 is a constant (S m-1), T0 is the Mott temperature 

(K), and 𝛾 is related to the dimensionality of system (z represents the dimension of conduction 

process) [144].   

When the density of charge carriers is high, it is not possible to neglect the interactions 

between the charges. The Efros and Shklovskii model describes the mechanism of movement 

of charges by hopping to the empty nearest neighboring site. The formula is similar to eq. 1.18 

where γ is equal to ½ and T0 is the Efros and Shklovskii temperature. 

The charging energy limited tunneling (CELT) model was developed for granular media 

where the charge energy of the gap 𝐸𝑐 is higher than the thermal energy 𝑘𝐵T. This is the case 

when the size of the conductivity fillers is smaller than the thickness of the insulating polymer 

matrix layer between fillers (heterogenous systems). The equation of the model is similar to eq. 

1. 18 but the exponent γ depends on the temperature. At low temperature γ is equal to ¼, at 

intermediate temperature γ is equal to ½ and γ is higher than ½ for high temperature.  

The thermal fluctuation induced tunneling (FIT) model [145] corresponds to the reverse 

situation, when the thermal energy is higher than the charge energy of the gap, i.e. when the 

layer of the insulating polymer is thin compared to the CNT. In these systems, electrical 

conductivity is ascribed to tunneling through a potential barrier of varying height due to thermal 

fluctuations. This behavior is described by: 

𝜎𝑑𝑐(𝑇) =  𝜎0𝑒𝑥𝑝 [−
𝑇1

𝑇 + 𝑇0
] (eq 1.19) 

where, σ0 is a pre-exponential factor, T1 is the temperature at which thermal fluctuations 

become large enough to allow charge carriers to cross the insulator gap between particles 
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aggregates and T0 is the temperature below which the tunneling effect is independent of thermal 

fluctuations. 

4. Thermoelectrics of Polylactic acid (PLA)/CNT materials 

 Polylactic acid (PLA) 

  Synthesis 

Polymers obtained from sustainable sources are now seen as promising alternatives to 

traditional petroleum-based polymers as they address current environment concerns. Among 

them, polylactic acid (PLA) stands out as a highly promising bioplastic due to its mechanical 

properties compare to the ones of polyethylene terephthalate (PET), or polystyrene (PS), low 

emission of greenhouse gases, low amount of energy used for its production, potential 

biodegradability and high industrial production capacity [146, 147]. 

Polylactic acid is a linear aliphatic polyester with a repeat unit (C3H4O2)n. The monomer, 

the lactic acid is generally made from fermented plant starch such as corn, sugarcane or cassava. 

Lactic acid has a chiral carbon, leading to the presence of two stereoisomers consisting of 

enantiomeric D- and L-lactic acid units in different ratios, as presented in Fig. 1.17. 

 

Figure 1.17. Different isomeric forms of lactic acid [148]. 

Two main routes are used to synthesize PLA polymers from lactic acid as illustrated in 

Fig. 1.18.  



Chapter I – State of the art 

 

45 
 

Figure 1.18. Routes for synthesis of PLA polymers: (a) direct polycondensation of lactic acid, 

(b) ring-opening polymerization of lactide (ROP) [149].   

- The direct polycondensation of lactic acid: this process yields a low-molecular-weight 

leading to a brittle polymer, which is not suitable for many applications.  

- The polymerization of lactide by Ring-opening Polymerization (ROP): this method 

permits the synthesis of high-molecular-weight PLA (Mw > 100 000 g mol-1), which is adopted 

by major PLA manufactures. In this method, PLA is dehydrated at high temperature and under 

vacuum condition is poly-condensed into its oligomers. Then, through internal 

transesterification, it would be catalytically depolymerized into lactide. Finally, L/D/meso- 

lactide monomer is converted into corresponding polymer by ROP. This step must be carried 

out using a metal catalyst depending of PLA required [150]. 

As mentioned before, lactic acid possesses asymmetric carbons which bring lactide to a 

chiral diester. It is then possible to obtain 3 different stereoisomeric forms of lactides: DD-, LL-

, and DL-lactides (meso-lactide), as shown in Fig. 1.19.  

 

Figure 1.19. Different forms of lactide isomers [148].  



Chapter I – State of the art 

 

46 
 

Based on these three types of dimers, three types of polylactic acid can be produced: 

•  Poly-L-Lactic acid (PLLA), resulting from the synthesis of L-Lactide 

•  Poly-D-lactic acid (PDLA), resulting from the synthesis of D-lactide 

•  Poly-D,L-lactic acid (PDLLA), a random copolymer issued from synthesis of a mixing 

of L-lactide and D-lactide or meso-lactide. These materials are classified into different grades 

according to the different L/D isomer ratios. It has been shown in the literature that this D-

isomer content strongly influences the properties of the material. Particularly this parameter has 

a direct influence on the crystallinity degree of the material. In general, high stereochemical 

purity (higher L-) favors crystallization of the material, while those rich in D- isomers are fully 

amorphous [151].  

The polylactides of this PhD work are PDLLA copolymers containing different D- isomer 

as minor units. For sake of simplification these copolymers will be noted only as PLA.   

  PLA properties 

Properties of PLA strongly depend on the D-isomer content, processing temperature, 

annealing time and molecular weight [152–154]. Besides, the thermal history and 

stereochemistry directly influence PLA crystallinity and therefore its end-use properties such 

as hardness, elastic, modulus, tensile strength, stiffness, and melting point [155]. Crystallinity 

is therefore one of the most important factors in selecting a polymer for a required application. 

PLA can be amorphous or semi-crystalline according to its stereochemical structure with a 

crystallinity degree up to 40 % [156]. PLA containing more than 93 % L-Lactic acid is semi-

crystalline, whereas those containing between 50 % and 93 % of L-lactic acid are completely 

amorphous [157].  

PLA exhibits three different crystalline structures (α, β, and γ forms) depending on their 

preparation conditions. The α form, which is the most encountered one, is induced upon 

thermally crystallization by slow cooling from the melt and upon stretching. On the other hand, 

the β form can be obtained upon mechanical stretching under specific stretching conditions (e.g. 

high stretching speed). Finally, the γ form is a specific crystalline structure which has been 

reported to develop on hexamethylbenzene substrate [158]. Note that another form of 

crystalline PLA phase is the stereo-complex form obtained from the mixing of enantiomeric 

PLLA and PDLA [159].  

PLA is a slow-crystallizing material similarly to PET. The fastest rates of isothermal 

crystallization for pure PLA are found in the temperature range between 110 and 130 °C. The 
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rate and extent of crystallization depends on numerous factor such as temperature-above-Tg, 

molecular weight and the presence or not of nucleating agents... D-isomer content strongly 

influences the crystallization kinetics of PLA. Huang et al. [160] reported that a copolymer 

containing 0.4 % of D-isomer crystallize over 40 times faster than the one containing 6.6 % of 

D-isomer. Recently, Tábi et al. [161] also presented that the decrease of the D-isomer content 

induces a shift of the cold crystallization towards lower temperatures. Saeidlou et al. [162] 

summarized in their review that the increase of D-isomer results in a severely slowing down of 

isothermal crystallization kinetics, resulting in a limitation of maximum achievable 

crystallinity. For PLA containing higher than 10 % of D content, crystallization is suppressed, 

leading to non-crystallizable amorphous materials.  

Regarding thermal properties (see Table 1.11), the glass transition temperature (Tg) of 

PLA is comprised between 50 – 60 °C and its melting temperature (Tm) is around 180 °C for 

PLLA and steadily decreases up to 140 – 150 °C with the increase of the D-isomer content. The 

standard melting of 100 % crystalline PLA (∆Hm
0 ) has been reported equal to 93 J g-1 [163]. 

The Tm and degree of crystallinity are dependent on the molar mass, thermal history and purity 

of the polymer, and the crystallization kinetics [155, 160, 164]. The density of amorphous and 

semi-crystalline PLLA has been reported as 1.248 g cm-3 and 1.290 g cm-3 [165], respectively. 

Regarding thermal stability, thermal degradation occurs when PLA is exposed to elevated 

temperatures, resulting in the breakdown of polymer chains and the release of volatile 

degradation products, independently of initial lactic distribution. PLA polymers start to 

thermally degrade at above 200 °C and completely decompose at 400 °C when tested under 

dried nitrogen environment [166]. 

In terms of solubility of PLA, PLA products are soluble in dioxane, acetonitrile, 

chloroform, methylene chloride, 1,1,2-trichloroethane and dichloroacetic acid. At lower 

temperature, ethylene, toluene, acetone and tetrahydrofuran exhibit limited ability to dissolve 

PLA, whereas they readily dissolve in these solvents when they are heated to their boiling 

points. PLA is not soluble in water, alcohols (methanol, ethanol and poly propylene glycol), 

and unsubstituted hydrocarbons (hexane and heptane) [167].  

Concerning the mechanical properties, PLA can cover a wide range of properties 

spanning from soft and elastic plastics to rigid, and high-strength materials. Generally, when 

seeking enhanced mechanical properties, semi-crystalline PLA is the preferred choice over its 

amorphous counterpart [155]. Semi-crystalline PLA has an approximately tensile modulus of 

1 to  5 GPa, a tensile strength of 50 – 70 MPa, a flexural strength of 100 MPa, and an 
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elongation at break of few % at room temperature [168, 169]. Table 1.11 summarized the 

mechanical properties of PLA, as a function of the dimer used.  

Table 1.11. Physical properties of PLA [170].  

Properties PLA PLLA 

ρ (g cm-3) 1.21 – 1.25 1.24 – 1.30 

σ (MPa) 21 – 60 15 – 150 

E (GPa) 0.35 – 3.5 2.7 – 4.14 

Εbreak (%) 2.5 – 6 3.0 – 10.0 

Tg (°C) 45 – 60 55 – 65 

Tm
 (°C) 150 – 162 170 – 200 

A review of the literature also reveals that PLA is sensitive to degradation. On the one 

hand, as PLA belongs to the family of aliphatic polyesters, the hydrolytic degradation of its 

ester groups can happen in the presence of water leading to the formation of lactic acid 

monomers, and this process is accelerated at higher temperatures, i.e. in its processing 

temperature range [171]. One the other hand, exposure to ultraviolet (UV) light also induces 

photochemical degradation, breaking PLA chains and generating free radicals. Mechanical 

stress combined with environmental and humidity contribute to the mechanical degradation of 

PLA. Finally, regarding its end of life, PLA demonstrates biodegradability under composting 

conditions, breaking down into environmentally friendly compounds [155, 171].  

 PLA/CNT nanocomposites  

  Elaboration processes 

Concerning the melt-blending process, numerous studies have focused on optimizing the 

manufacturing process to achieve PLA/CNT nanocomposites with the desired properties. For 

example, Villmow et at. [172] studied the impact of different screw profiles, temperature 

profiles and rotation speeds on the dispersion of MWCNT within PLA matrix. In general, 

according to literature about PLA/CNT nanocomposites, the typical processing conditions 

correspond to temperatures between 160 and 180 °C, mixing times of 5 to 10 min, and rotation 

speed between 50 and 100 rpm. After mixing, the nanocomposites are often molded into flat 

sheets obtained by thermo-compression. This one is usually performed between 160 and 200 

°C for 2 – 5 min, under 10 to 15 MPa [125].  

Regarding the solution mixing, as previously mentioned, PLA is soluble in some organic 

solvents such as CHCl3, THF, or DMF… Among these solvents, CHCl3 is the most used solvent 
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to prepare PLA/CNT nanocomposites [173–177]. Despite, some authors obtain good results 

with THF [178, 179], and dichloromethane [180, 181]. McCullen et al. [182] conclude that a 

combination of CHCl3 and DMF is beneficial. 

  PLA/CNT nanocomposites and thermoelectricity  

Pristine PLA is an electrical insulator with extremely low electrical conductivity (σ ≈ 1 

x 10-12 to 10-15 S m-1) [183], [184]. Dispersing CNT in such an insulating polymer can form 

conductive polymer nanocomposites, indicating potential applications for thermoelectric 

materials. Besides, CNT reinforcement also affects the crystallization behavior of PLA, and 

this can directly affect the thermoelectric parameters such as thermal and electrical 

conductivities. 

The incorporation of CNT can act as nucleating agents, accelerating the crystallization 

rate and improving the crystallinity of PLA. The presence of CNT provides sites for PLA 

molecules align and organize, facilitating the nucleation and growth of crystalline regions [185–

187]. Many studies have focused on the impact of CNT on crystallization behaviors and crystal 

structure of PLA. For example,  the work of Barrau et al. [188] analyzed the non-isothermal 

and isothermal crystallization behaviors of PLA/CNT nanocomposites prepared by solution and 

melt-mixing processes. The results show that the presence of CNT significantly increased the 

crystallization kinetics of the PLA matrix, and the incorporation of 1 wt% CNT does not modify 

the crystalline structure of PLA, α-type was formed for both PLA and PLA/CNT 

nanocomposites. In addition, from the optical microscopy results, nanofillers increase the 

number of nucleation sites and thus decrease the average crystalline size. A similar observation 

was also reported in the study of Wu et al. [185], in which MWCNT-COOH act as nucleating 

agents on both the melt-crystallization and the cold-crystallization of PLA. Furthermore, it was 

found that the crystallinity of the PLA matrix had a significant influence on electrical 

conductivity of the nanocomposites [189, 190]. Huang et al. [190] have reported that electrical 

conductivity of PLA/CNT composites was enhanced by increasing the degree of crystallinity 

of PLA matrix for CNT filler lower than percolation threshold (wc ≈  0.73 wt%).  

Until now, most published research has focused on the electrical conductivity [178, 191–

193] and thermal conductivity [177, 193, 194] of PLA-based nanocomposites with CNT as 

fillers. Regarding thermoelectric properties, to the best of our knowledge, only the research of 

Antar et al. [124] has focused on this area. In this research, the authors present the 

thermoelectric properties of PLA/MWCNT/EG (expanded graphite) composites. The results 
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show the Seebeck coefficient was 17 µV K-1 at 32 vol% of EG and the maximum achieved ZT 

was 7.0 x 10-5 at 18 vol% of MWCNT at room temperature.  

5. Conclusion and objectives of the study 

This state-of-the-art chapter has presented the basic principle of thermoelectricity, the 

materials developed for thermoelectric applications, and the PLA. The limitations of 

conventional inorganic materials for application at near ambient temperature have been 

highlighted. These limitations justify the need for the development of new, cost-effective and 

environmentally friendly materials.  

Nanocomposites based on insulating polymer matrix filled with conductive nanofillers 

have been developed for thermoelectric applications in recent year. In particular, the use of 

CNT as the filler for polymer-based nanocomposite has revealed some interesting properties in 

terms of electrical and thermal conductivities.  

In this context, the main goal of this study is to investigate the relationships between 

elaboration, structure, and thermoelectric properties of PLA/CNT nanocomposites. Two 

commercial grades of PLA including amorphous (A-) and crystallizable (Sc-) will be selected 

as polymer matrix, and three different types of CNT including MWCNT, SWCNT, and 

SWCNT-COOH will be used as fillers.  

The materials and experimental methods used in this work will be described in Chapter 

II.  

Chapter III will be dedicated to the influence of different elaboration processes (melt-

blending and solution mixing) on the thermoelectric properties of PLA/CNT nanocomposites. 

The impact of crystallinity of PLA and the effect of CNT orientation in PLA matrix on the 

thermoelectric properties will also be investigated and discussed.   

Then, Chapter IV will be focused on the thermoelectric properties of thin film 

nanocomposites, based on A-PLA matrix filled with three types of CNT including MWCNT, 

SWCNT, and SWCNT-COOH and the effect of temperature between 300 and 400 K on the 

thermoelectric properties will be presented.  

 Finally, a conclusion and perspective of this work will be presented.  
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1. Introduction  

This chapter will firstly provide detailed information about all materials used in this study 

for preparing nanocomposites.  

This work investigates the impact of elaboration processes and structure on the TE 

properties of PLA/CNT nanocomposites. Different elaboration processes including melt-

blending, solution mixing, and combination between solution mixing and melt-blending will be 

carefully described. Two kinds of sample prepared from the above elaboration processes, 

including thick disc (bulk sample) and thin films nanocomposites, will also be detailed.  

Then, a detailed description of the techniques and methodologies used in this work to 

investigate the properties of PLA/CNT nanocomposites such as structure of nanocomposites, 

the dispersion of CNT in PLA, and in-plane or cross-plane TE properties will be presented.  
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2. Materials 

Both commercial amorphous PLA grade (4060D) and semi-crystalline PLA grade 

(6202D) were purchased from NatureWorks LLC. The amorphous PLA is a copolymer 

containing 12 % of D-isomer. Its weight- and number- average molar weights are                          

𝑀𝑤
̅̅ ̅̅̅ = 240 000 g mol-1 and 𝑀𝑛

̅̅ ̅̅  108 000 g mol-1 [1]. The semi-crystalline PLA contains less than 

2 % of D-lactide and molar weights are  𝑀𝑤
̅̅ ̅̅̅ = 234 000 g mol-1 and 𝑀𝑛

̅̅ ̅̅  = 112 890 g mol-1 [2]. 

The amorphous and semi-crystalline PLA will be denoted further A-PLA and Sc-PLA, 

respectively 

All carbon nanotubes (CNT) used in this study were commercially available and were 

used without purification:  

•  MWCNT are Nanocyl 7000 produced by catalytic chemical vapor deposition; their 

length and average diameter are 1.5 µm and 9.5 nm, respectively and the purity is around 90 %. 

•  SWCNT come from IOLITEC (Ionic Liquids Technologies GmbH). Their outside 

diameter and length are 1-2 nm and 5-20 µm, respectively and the purity is higher than 90%. 

•  SWCNT-COOH come from Timesnano. They were produced by methane 

decomposition over Co-based catalyst; the COOH content is 2.73 wt%, the outside diameter 

and length are 1-2 nm and 5-30 µm, respectively. The purity is higher than 90 %. 

Chloroform (CHCl3) was purchased from Sigma-Aldrich, the purity is higher than 99 %, 

the boiling point temperature is 61.5 °C. This CHCl3 was used as a solvent to dissolve PLA 

pellets and MWCNT in the solution mixing protocol. 

3. Elaboration processes 

 Thick discs of PLA/MWCNT nanocomposites (bulk samples) 

In this section, the 3 different elaboration processes will be described for preparing thick 

disc nanocomposites (thickness around 500 µm). Both A- and Sc-PLA grades were chosen as 

the polymer matrix, MWCNT were used as fillers.  

  Melt-blending process (Extrusion process) 

Fig. 2.1 gives a schematic view of the followed melt-blending process. 

 

Figure 2.1. Melt-blending process for thick samples made with PLA/MWCNT preparation. 
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In this process, mixed PLA pellets with MWCNT were extruded by using a twin-screw 

extruder (Thermo Scientific Process 11 Parallel Twin-Screw Extruder) under atmospheric 

condition. Before processing, PLA granules were dried in a blast drying oven at 55 °C during 

12 h to minimize water content. The adjusted temperature profile along the melting zone was 

from 190 to 210 °C (from the feed zone to die), and the screw speed was 100 rpm. The weight 

fractions of MWCNT were 2, 5, and 10 wt%. Note that in this study, we are dealing with 

electrically conductive materials. In this context, the minimum weight fraction of MWCNT was 

fixed at 2 wt%. Due to the increase in viscosity with increasing CNT content, the highest 

concentration of CNT was fixed at 10 wt% in accordance with the limitation of the extrusion 

equipment. PLA/MWCNT pellets were then thermo-compressed into thick discs of 13 mm in 

diameter. During the thermo-compression step, pellets were heated at 210 °C, compressed 

during 5 min, under 50 bar, and cooled down to room temperature under pressure using a 

cooling rate of about - 15 °C min-1. For comparison, a thick pristine PLA disc was processed 

under similar conditions to ensure identical thermal history.  

The final stage (thermo-compression process) will be performed to all thick samples from 

the other processes and will not be detailed again.  

The melt extruded samples were elaborated at ENSAIT GEMTEX.   

  Solution mixing process 

Solution mixing was used as a second protocol to prepare thick PLA/MWCNT samples. 

The purpose of using this second protocol is, on one hand to compare the effect of processing 

conditions (solution/extrusion) on the thermoelectrical properties and on the other hand, to be 

able to increase the CNT content within the PLA matrix beyond 10 wt%. 

As described in Fig. 2.2, MWCNT were first dispersed in CHCl3 by ultrasonic tip at room 

temperature. Then, PLA was dissolved in the previous solution and the PLA/CNT ratio has 

been calculated to elaborate nanocomposites with 2, 5, 10, 30, 40 wt% MWCNT contents. The 

mass ratio of (PLA/CNT)/CHCl3 was 1:20 (weight to weight). Finally, the solution was 

magnetically stirred at 40 °C, for 12 h to obtain homogenous dispersion.  
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Figure 2.2. Solution mixing process for thick samples made with PLA/MWCNT preparation.  

To allow solvent evaporation, the obtained solution was poured into a silicon mold and 

left at room temperature under atmospheric pressure for 12 h. Then, the residual solvent was 

removed by placing the nanocomposites in a vacuum oven at 120 °C for 8 h. These conditions 

have been defined based on complementary experiments presented in the Appendix-1 (A.1.1).  

In this solution mixing process, the crucial step is the dispersion of the nanotubes in the 

solvent. Since MWCNT form stabilized bundles due to Van der Waals interactions, the 

dispersion of MWCNT in CHCl3 and PLA matrix is a challenge [3]. Therefore, different 

ultrasonic conditions (step one) were used to investigate the dispersion of MWCNT in CHCl3, 

the Appendix-1 (A.1.2) summarizes all the conditions tested. Based on these experiments, CNT 

were dispersed in CHCl3 by ultrasonic tip with the optimum condition at 20 % of maximum 

amplitude, during 15 seconds (maximum power: 200W) at room temperature. 

  Combining solution mixing and melt-blending processes 

With the purpose of improving the dispersion of MWCNT in the PLA matrix, a 

combination between solution mixing and melt-blending processes was applied. In this 

preparation, only the nanocomposite containing A-PLA matrix and 2 wt% of MWCNT was 

processed due to the viscosity limitation of the micro-extruder used. The nanocomposite was 

elaborated in two main steps, first by solution mixing using the same protocol described in 

section 3.1.2, and then by extrusion. In the second step, a twin-screw micro-extruder from DSM 
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Xplore operated at 210 °C, with a screw speed of 50 rpm, and a residence time of 10 min under 

nitrogen atmosphere was used.  

  Inducing crystallinity in semi-crystalline PLA/MWCNT nanocomposites  

To study the impact of the crystallinity on the thermoelectric properties of 

nanocomposites, two thermal treatments were used to induce crystallinity in the Sc-PLA matrix: 

•  The first treatment is an annealing of the sample in solid state at 120 °C for 60 min, the 

chosen temperature and duration were selected from literatures [4,5].  

•  The second treatment corresponds to a slow cooling from melt state (cooling rate:           

~ − 1 °C min-1).  

Nanocomposites from the melt-blending process containing 2 and 5 wt% MWCNT were 

chosen for this investigation, and for the sake of comparison, pristine Sc-PLA was processed 

under similar conditions to ensure identical thermal history. The crystal structure was 

characterized by wide-angle X-ray scattering (WAXS) and the degree of crystallinity was 

determined by both DSC and WAXS.  

  Inducing orientation of MWCNT in nanocomposites 

To study the potential effect of MWCNT orientation on the thermoelectric properties of 

nanocomposites, uniaxial tensile tests have been performed on nanocomposites containing 2 

and 5 wt% of MWCNT using an Instron 4466 apparatus. For each nanocomposite, specimens 

with 100 mm, 30 mm and 0.5 mm in length, width and thickness respectively were compression 

molded using the same procedure as described in section 3.1.1.  

Tests were carried out at 70 ± 2 ºC (i.e. above the glass transition temperature of A-PLA) 

using an initial strain rate (𝜀̇) of 10-2 s-1. It is recalled that: 

𝜀̇(𝑡) =
𝑑

𝑑𝑡
(
𝐿−𝐿0

𝐿0
) =

1 

𝐿0

𝑑𝐿

𝑑𝑡
=

𝑣

𝐿0
(eq 2.1)  

where 𝜀̇, 𝐿0, 𝐿, and 𝑣 are the strain rate, the initial gauge length (6 cm), the length at time t, and 

the crosshead speed (0.6 mm min-1), respectively. The goal is to achieve strains (ε) of 100 %, 

150 % and 250 %. 

  Thin films of A-PLA/CNT nanocomposites 

A-PLA/MWCNT thin films, with thicknesses of around 15 µm, were obtained by drop 

casting. The key points in this process are the nature of the substrate and its surface properties. 

Here the choice of the substrate is governed by the future analyses carried out on the samples. 
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The substrate is a specific consumable supply, a Van-der Pauw (VDP) electronic chip, 

purchased from the manufacturer of the thermoelectric Thin Film Analyser (TFA Linseis) 

described below in section 4.3. 

The detailed process for preparing thin films combines three main steps: solution 

preparation (same protocol as described in solution mixing process Fig. 2.2), plasma cleaning 

of the chip and solution deposition on the chip. In this elaboration, A-PLA was chosen as the 

polymer matrix, and three types of nanotubes were used including MWCNT, SWCNT, and 

SWCNT-COOH.  

Plasma treatment was used to clean and to activate the area dedicated to the sample to be 

deposited. Indeed, with the action of the plasma, traces of contaminants (organic matter) will 

be removed from the surface of the chip without affecting the membrane. By eliminating the 

impurities, the adhesion between the sample solution and the VDP chip is improved and the 

wettability is increased due to decrease of the surface tension [6,7]. In order to target only the 

useful area of the chip and to protect platinum contacts during the deposition of the sample, a 

Teflon mask have been adapted as illustrate in Fig. 2.3.  

 

Figure 2.3. Plasma cleaning for VDP chip. 

The plasma cleaner used is the Zepto model from Diener Electronic which operates at the 

frequency of 40 kHz at a maximum power of 100 W into a small vacuum chamber. The plasma 

cleaning of the chips was performed at 90 W during 10 minutes under argon at low pressure. 

Although the manufacture of the TFA, LINSEIS, recommends a plasma cleaning under pure 

O2 in its application note, argon was found to give better results compared to pure O2 and even 

air.  

After cleaning, the VDP chips are ready for solvent solution deposition by the drop 

casting method (Fig. 2.4). The amount of solvent in the solution was adjusted to obtain a 

solution with the right viscosity (1:20 weight to weight sample solvent). A pipetting of around 

10 µL of solution, is carried out and then deposited on the substrate. Chips were dried in the 
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oven under vacuum at 120 °C, for 60 min to remove all residual solvents before measurements. 

Finally, the thickness of the films was determined using a stylus profilometer (KLA-Tencor 

Alpha Step IQ) was typically between 10 and 20 µm.  

 

Figure 2.4. Drop casting of PLA/CNT solution on VDP chip for TFA measurement.  

4. Characterization 

 Characterization techniques 

  Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was used in this work to measure the CNT content in 

the nanocomposites. The measurements were performed on Analyzer TA Discovery – TA 

instrument under nitrogen flow (50 mL min-1), from 25 to 850 °C with a heating rate of 10 °C 

min-1. Three replicas were done for each concentration.  

From the TGA curve, both pristine PLA grades degrade at around 380 °C (Fig. 2.5 and 

2.6). In the case of Sc-PLA, a small residue is still present at temperature above the degradation 

one (~ 0.5 wt% at 550 °C for Sc-PLA from two elaboration processes). All nanocomposites 

show similar temperature degradation as pristine PLA which suggests that degradation of both 

PLA matrix is not influenced by the presence of CNT. Moreover, according to literature, we 

consider that CNT do not degrade until 600 °C [8].  
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Figure 2.5. TGA and DTG (inset graphs) for thick PLA/MWCNT samples from melt-

blending process: a) A-PLA/MWCNT, b) Sc-PLA/MWCNT.  

  

Figure 2.6. TGA and DTG (inset graphs) for thick PLA/MWCNT samples from solution 

mixing process: a) A-PLA/MWCNT, b) Sc-PLA/MWCNT.  

For the determination of the CNT content in the nanocomposites, the Sc-PLA residue in 

the nanocomposite is considered in order to be as accurate as possible in particular for low CNT 

concentrations.  

Results are summarized in Tables 2.1 and 2.2 for thick samples. It can be seen that the 

experimental MWCNT content is closed to or in the same order of magnitude as the expected 

value. Note that in the results section, the physical properties will be presented as a function of 

experimental values of MWCNT content measured by TGA. 

Regarding thin films, the experimental CNT content was also checked. To do that the 

nanocomposites solution was drop-cast on the glass substrate and then the dry samples were 
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removed and TGA measurement was performed. The obtained CNT weight fractions are close 

to the expected one.  

Table 2.1. Experimental MWCNT content (wt%) in thick samples from melt-blending.   

Samples 2 wt% 5 wt% 10 wt% 

A-PLA/MWCNT 2.1 ± 0.4 4.8 ± 0.5 9.6 ± 0.1 

Sc-PLA/MWCNT 2.0 ± 0.5 4.6 ± 0.3 11.5 ± 0.4 

 

Table 2.2. Experimental MWCNT content (wt%) in thick samples from solution-mixing.   

Samples 2 wt% 5 wt% 10 wt% 20 wt% 30 wt% 40 wt% 

A-PLA/MWCNT 2.0 ± 0.3 4.8 ± 0.3 9.8 ± 0.4 22.8 ± 1.7 29.7 ± 2.6 43.3 ± 2.5 

Sc-PLA/MWCNT 1.1 ± 0.5 4.5 ± 0.1 11.2 ± 0.7 26.6 ± 3.3 37.9 ± 2.4 43.9 ± 9.0 

 

  Hydrostatic density balance 

Density is an important parameter because it is involved in the calculation of thermal 

conductivity as will be shown latter. The density (ρ) of each sample was determined at room 

temperature with a precision scale thanks to a kit for density measurement. The sample was 

initially weighed in air, and then immersed into ethanol (Fluka, purity ≥ 99.8 %); the density 

is calculated by applying the Archimedes’ principle (eq. 2.2):  

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = 
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 (𝑎𝑖𝑟)

𝑚𝑠𝑎𝑚𝑝𝑙𝑒 (𝑎𝑖𝑟) − 𝑚𝑠𝑎𝑚𝑝𝑙𝑒(𝑒𝑡ℎ𝑎𝑛𝑜𝑙)
 𝜌𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (eq 2.2) 

where 𝜌𝑠𝑎𝑚𝑝𝑙𝑒 is the density of nanocomposites or pristine PLA (g cm-3), 𝜌𝑒𝑡ℎ𝑎𝑛𝑜𝑙 is the density 

of ethanol (0.79 g cm-3 at 20 °C), 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 (𝑎𝑖𝑟) and 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 (𝑒𝑡ℎ𝑎𝑛𝑜𝑙) are the weight of sample 

in air and immersed into ethanol, respectively (g).  

Tables 2.3 and 2.4 show the densities of thick disc PLA/MWCNT nanocomposites from 

the two elaboration processes.  

Table 2.3. Density in g cm-3 of thick samples from melt-blending.   

Samples Pristine PLA 2 wt% 5 wt% 10 wt% 

A-PLA 1.24 ± 0.01 1.25 ± 0.01 1.26 ± 0.01 1.29 ± 0.01 

Sc-PLA 1.24 ± 0.01 1.25 ± 0.01 1.26 ± 0.01 1.29 ± 0.01 
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Table 2.4. Density in g cm-3 of thick samples from solution mixing. 

Samples Pristine PLA 2 wt% 5 wt% 10 wt% 20 wt% 30 wt% 40 wt% 

A-PLA 1.23 ± 0.01 1.25 ± 0.01 1.26 ± 0.01 1.28 ± 0.01 1.32 ± 0.02 1.36 ± 0.02 1.41 ± 0.02 

Sc-PLA 1.24 ± 0.01 1.25 ± 0.01 1.26 ± 0.01 1.28 ± 0.01 1.33 ± 0.01 1.37 ± 0.01 1.40 ± 0.02 

 

Density also allows the conversion of weight fraction to volume fraction of MWCNT 

which is often used to model physical behaviors thanks to the following equation:   

Ф𝑀𝑊𝐶𝑁𝑇 =  
𝜌𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝜌𝑀𝑊𝐶𝑁𝑇
. 𝑤𝑀𝑊𝐶𝑁𝑇 (eq 2.3)  

where Ф𝑀𝑊𝐶𝑁𝑇 is the volume fraction of MWCNT (vol%), 𝜌𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 and 𝜌𝑀𝑊𝐶𝑁𝑇 are the 

density of nanocomposites and MWCNT, respectively (g cm-3), 𝑤𝑀𝑊𝐶𝑁𝑇 is the weight fraction 

of MWCNT in nanocomposites (wt%).  

𝜌𝑀𝑊𝐶𝑁𝑇 was determined using eq. 2.4 which relates the density of nanocomposites to the 

density of PLA, MWCNT and the weight fraction of MWCNT:  

1

𝜌𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
= 𝑤𝑀𝑊𝐶𝑁𝑇 (

1

𝜌𝑀𝑊𝐶𝑁𝑇
−  

1

𝜌𝑃𝐿𝐴
) +

1

𝜌𝑃𝐿𝐴
(eq 2.4)     

The evolution of  
1

𝜌𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
 as a function of the weight fraction of MWCNT should 

be linear with the slope corresponding to (
1

𝜌𝑀𝑊𝐶𝑁𝑇
−  

1

𝜌𝑃𝐿𝐴
 ) and the y-intercept to 

1

𝜌𝑃𝐿𝐴
 . Fig. 2.7 

shows an example of curve obtained for A-PLA/MWCNT nanocomposites. The linear 

evolution is satisfied and gives the outcome values of 1.24 ± 0.01 and 1.74 ± 0.04 g.cm-3 for 

densities of A-PLA and MWCNT, respectively.  
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Figure 2.7. Linear fitting for calculating the density of A-PLA and MWCNT. 

Compared to values found in literature, the density of A-PLA is in good agreement with 

the work of Bai et al. [9] and the density of MWCNT is closed to the measured value from the 

study of Kim et al. [10]. In addition, according to the work of Laurent et al. [11], with the outer 

diameter and the obtained density of MWCNT, we can estimate the number of walls of 

MWCNT in this study which varies between 5 and 10 walls (Fig. 2.8).  

 

Figure 2.8. The density of CNT versus the outer diameter for different numbers of walls [11]. 
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Finally, based on the density of MWCNT, the volume fraction of MWCNT (vol%) in 

nanocomposites was calculated and presented in Table 2.5.  

Table 2.5. Convert value from weight fraction to volume fraction for PLA/MWCNT 

nanocomposites. 

Samples 2 wt% 5 wt% 10 wt% 20 wt% 30 wt% 40 wt% 

Melt-blending 

(A-PLA/MWCNT) 

wt% 2.1 ± 0.4 4.8 ± 0.5 9.6 ± 0.1 - - - 

vol% 1.5 ± 0.3 3.5 ± 0.4 7.1 ± 0.1 - - - 

Melt-blending 

(Sc-PLA/MWCNT) 

wt% 2.0 ± 0.5 4.6 ± 0.3 11.5 ± 0.4 - - - 

vol% 1.5 ± 0.4 3.5 ± 0.3 8.9 ± 0.3 - - - 

Solution mixing 

(A-PLA/MWCNT) 

wt% 2.0 ± 0.3 4.8 ± 0.3 9.8 ± 0.4 22.8 ± 1.7 29.7 ± 2.6 43.3 ± 2.5 

vol% 1.4 ± 0.2 3.5 ± 0.2 7.2 ± 0.3 17.3 ± 1.3 23.3 ± 2.1 35.2 ± 2.1 

Solution mixing 

(Sc-PLA/MWCNT) 

wt% 1.1 ± 0.5 4.5 ± 0.1 11.2 ± 0.7 26.6 ± 3.3 37.9 ± 2.4 43.9 ± 9.0 

vol% 0.8 ± 0.4 3.4 ± 0.1 8.7 ± 0.5 21.3 ± 2.6 31.3 ± 2.0 37.0 ± 7.6 

 

  Scanning electron microscopy (SEM) 

The morphology of PLA/CNT nanocomposites was observed by scanning electron 

microscopy (SEM). Basically, the electrons from the microscope interact with the sample, this 

generates electron and photons. For imaging, two types of electrons are used: the backscattered 

and secondary electrons which give information on chemical composition and on topography, 

respectively. In this study, only the image from secondary electrons are used. 

Observations are realized on a field emission scanning electron microscopy (FE-SEM), a 

JEOL 7800F apparatus operating at an acceleration voltage of 3 kV and smallest aperture to 

reduce beam damage. All samples were cryo-fractured after immersion in liquid nitrogen and 

the surface was sputter coated with carbon coating to prevent electrical discharge during 

observation. All experiments were carried out by Alexandre Fadel, Institut Chevreul.  

  Differential scanning calorimetry (DSC) 

The thermal transitions of nanocomposites (melting, crystallization, glass transition 

temperature….) have been characterized by conventional DSC experiments in which the 

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

is measured as a function of temperature. The basic principle of this technique is to always 
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maintain the temperature measured in the sample pan equals to that of the reference pan. When 

the sample undergoes phase transitions, more or less heat will be needed to keep the same 

temperature as reference. The increase or decrease of heat flow depends on whether the process 

is exothermic (such as crystallization) or endothermic (such as melting). In addition, the 

variation of heat capacity during the glass transition will also be recorded. Fig. 2.9 illustrates a 

typical DSC curve for a semi-crystalline polymer exhibiting a cold crystallization phenomenon.   

 

Figure 2.9. Typical DSC thermogram of a semi-crystalline polymer during a heating scan.  

Differential scanning calorimetry (DSC) analysis were performed using a Q20 DSC 

apparatus from TA Instrument under nitrogen (50 mL min-1). Temperature and heat flow were 

calibrated with a high-purity indium sample using a standard procedure. Aluminum non-

hermetic pans and lids were used. The sample (10 mg) was heated from 10 to 200 °C at 10 °C 

min-1. The glass transition temperature Tg is defined as the temperature at the half value of step 

change of heat capacity (Cp). Cold crystallization (Tcc) and melting (Tm) temperatures were 

taken at the maximum of the corresponding peaks.  

The degree of crystallinity χc of pristine Sc-PLA and Sc-PLA/CNT nanocomposites was 

determined by DSC by using following equation: 

𝜒𝑐 = [
(∆𝐻𝑚−∆𝐻𝑐𝑐)

∆𝐻𝑚
0  .  (1−𝑤)

] . 100% (eq 2.5)

where ∆𝐻𝑚 is the melting enthalpy during the heating process (J g-1), ∆𝐻𝑐𝑐 is the enthalpy of 

cold crystallization, ∆𝐻𝑚
0  is the enthalpy of melting of 100 % crystalline PLA, which is 93.6 J 

g-1 [5], and 𝑤 is the weight fraction of CNT (wt%).  
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The heat capacity (Cp) values have been measured by modulated DSC (MDSC) which is 

known to give quicker and more accurate Cp value than conventional DSC. The operating 

principle of MDSC
 

uses two simultaneous heating rates - a linear heating rate that provides 

information similar to standard DSC, and a sinusoidal or modulated heating rate that allows the 

measurement of reversing heat capacity [12].  

 Cp measurement was performed using Q2000 DSC apparatus from TA Instrumental 

under nitrogen (50 mL min-1). The mass of the sample was around 15 mg. The experimental 

program set-up used for Cp measurement is summarized in Table 2.6 according to the TA 

application note [12]. A calibration test with sapphire sample is previously performed, knowing 

that the value of Cp (sapphire) at 26.8 °C is 0.7788 J g-1 °C-1. Three samples for each 

concentration were tested to ensure the reproducibility of the results. Fig. 2.10 illustrates the 

way to determine the Rev Cp of sample.   

Table 2.6. Experimental set-up for 𝐂𝐩 measurement by MDSC.  

Number Description 

1 Data storage OFF 

2 Zero heat flow at 26.8 °C 

3 Equilibrate at 26.8 °C 

4 Modulate ± 1.00 °C every 100 seconds 

5 Isothermal for 5.00 mins 

6 Data storage ON 

7 Isothermal for 10.00 mins 

 

Figure 2.10. Example of determination of Rev. 𝐂𝐩 value using MDSC with an A-PLA/ 5 

wt% MWCNT nanocomposite.  
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  Wide angle X-ray diffraction analysis (WAXS) 

Wide-angle X-ray diffraction is a non-destructive technique that provides detailed 

information about the crystallographic structure of materials. When an X-ray beam is sent on 

matter, photons interact with the internal structure of the material and the re-emitted waves 

scattered by the electrons of atoms can result in diffuse scattering as well as constructive or 

destructive interferences (Fig. 2.11). Particularly, the interferences are constructive when 

Bragg’s condition is satisfied:  

2𝑑 𝑠𝑖𝑛 𝜃 = 𝑛. 𝜆 (eq 2.6) 

with 𝑛 = 1, 2, 3…the order of interference, d the interplanar distance of the considered (hkl) 

plane, 2𝜃 the Bragg’s angle and 𝜆 the used wavelength. 

 

Figure 2.11. X-ray diffraction scheme in a crystal structure.  

In this work, WAXS experiments were used to investigate the amorphous and crystalline 

part of PLA and PLA/CNT nanocomposites. The experiments were performed on a Xeuss 2.0 

(Xenocs) in transmission mode at room temperature. The equipment is composed of a 

microsource using the Cu Kα radiation ( 𝜆 = 1.54 Å), collimated and monochromatized by a 

FOX3D optic. 2D WAXS patterns are collected on a Pilatus 200k hybrid pixel detector 

(Dectris). The sample-to-detector distance is precisely determined using reference sample 

(AgBe powder). 1D intensity files are computed using the Foxtrot® software by radial 

integration of the 2D WAXS patterns. Standard corrections, such as dark current and 

background removal, were applied before analysis. 

The determination of the phase(s) content(s) is proceeded by deconvolution of the average 

intensity profile 𝐼 = 𝑓(2𝜃) using the Peakfit® software. Gaussian functions are used in a fitting 

process as previously used in literature [13]. A Gaussian function can be expressed by: 

𝐼(𝑥) = 𝐼° × 𝑒−0.5×[
𝑥−𝑥°

∆𝑥
]
2

(eq 2.7) 
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where 𝑥° is the central peak position, ∆𝑥 is the full-width at half-maximum (FWHM) value, 

and 𝐼° is the maximum peak intensity. 

Deconvolution is performed in the 2θ range: 5 – 46°. The profile for A-PLA was 

deconvoluted into three components with 2θ ≈ 15.5°, 2θ ≈ 21.7°, and 2θ ≈ 32.5° as proposed 

in [14]. In case of nanocomposites, the additional reflexion peak observed at 2θ ≈ 25.5° 

corresponds to the (002) lattice planes related to CNT [15]. An example of deconvoluted 

profiles from pristine A-PLA and A-PLA/ 5 wt% MWCNT nanocomposites can be seen in    

Fig. 2.12. For each simulation the four representative components of amorphous phase were 

fixed in terms of peak position and FWHM values. 

 

Figure 2.12. Examples of deconvoluted profiles from an extruded pristine A-PLA (a) and a 

A-PLA/ 5 wt% MWCNT nanocomposite (b).  

In the case of Sc-PLA grade, different organized phases can be encountered. Fig. 2.13. 

shows an example of deconvolution of a pristine Sc-PLA sample (in this case the α crystalline 

form is involved). It is observed that, by adding Gaussian functions of peaks at 2θ ≈ 14.7°, 2θ 

≈ 16.5°, 2θ ≈ 18.9° and 2θ ≈ 22.2° to the formerly defined functions for amorphous phase, the 

fitting is satisfying. The new peaks are functions with small FWHM values (usually ≈ 0.5°) 

characteristic of long range order.  

Note that the positions of the crystalline phase characteristic peaks were found to be in 

agreement with what has been reported in literature [14,16]. 
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Figure 2.13. A deconvoluted profile example from a pristine Sc-PLA containing 𝛂 phase.  

From these deconvolutions, the proportion of the different phases (amorphous/crystalline) 

can be calculated by dividing the area of the characteristic peaks of the phase by the total 

scattered area. The obtained crystallinity will be compared with that determined by DSC 

(degree of crystallinity). 

 Thermoelectric properties for thick PLA/MWCNT samples (cross-plane) 

First of all, let’s remind that three parameters are required to obtain the thermoelectric 

figure of merit ZT at the temperature T: the thermal conductivity κ, the electrical conductivity 

σ, and the Seebeck coefficient S. The following paragraphs are dedicated to the various 

techniques that were used during this work to measure these physical quantities. Regarding 

thick discs (500 µm thick), thermoelectric parameters were measured cross-plane, i.e. through 

the thickness, and at room temperature. Note that for electrical conductivity, an in-plane 

measurement has also been performed for thick discs as presented in the following. 

  Thermal conductivity 

The thermal conductivity κ of thick PLA/CNT samples was deduced from thermal 

diffusivity measurements according to the following equation  

𝜅 =  𝛼𝜌𝐶𝑝 (eq 2.8)   

where 𝛼 is the thermal diffusivity (m2 s-1), 𝜌 is the density (kg m-3) and 𝐶𝑝 is the specific heat 

capacity (J kg-1 °K-1). Thermal conductivity (𝜅) is expressed in W m-1 K-1. Three samples for 
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each filler fraction were systematically measured to ensure the reproducibility of the results. 

The 𝜌 and Cp measurement have already been presented in section 4.1.2 and 4.1.4, respectively. 

Thermal diffusivity of the samples was measured by a Netzsch light flash analyzer (LFA) 

467 HyperFlash (Netzsch-Gerätebau GmbH). In this technique, the lower surface of a plane-

parallel sample is heated by a light pulse and the resulting temperature rise of the sample top 

surface is recorded as a function of time. In our system, a xenon flash lamp is used and the 

increase in temperature of the upper sample surface is measured by an infrared (IR) detector 

(Fig. 2.14). The thermal diffusivity value is calculated using eq. 2.9 where Ls is the specimen 

thickness and t1/2 is the time required for the rear face temperature rise to reach half of 

temperature increase as shown in Fig. 2.15.  

α = 0.1388.
Ls
2

t1
2

(eq 2.9) 

Note that the pristine PLA sample required a small dusting of graphene on both sides by 

contrast to the nanocomposites where CNT have an excellent light absorption. 

 

Figure 2.14. Principle of a laser flash analyzer experiment.  
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Figure 2.15. Genetic curve to calculate the diffusivity with an A-PLA/ 5 wt% MWCNT).  

In this work, thermal diffusivity is calculated using the optimization method suggested 

by the LFA constructor.  

  Electrical conductivity 

4.2.2.1. Dielectric spectroscopy (cross-plane) 

Dielectric spectroscopy is used to measure the cross-plane electrical conductivity of thick 

samples. Dielectric spectroscopy is also known as impedance spectroscopy. In this experiment, 

the sample, acting as a capacitor, is mounted between two electrodes connected to the 

appropriate analyzer which measures the complex impedance 𝑍∗ of the material. A sinusoidal 

voltage is applied to the sample, causing a current to flow at the same frequency in the sample 

but out of phase with the voltage. In complex terms 𝑍∗ = 𝑉∗/𝐼∗ = 1/𝑖𝜔𝐶∗ where 𝐶∗ is the 

complex capacitance. The measurements in this thesis were carried out in a frequency range of 

0.1 Hz to 1 MHz and the amplitude of the applied sinusoidal voltage is 1 V. 

So, dielectric spectroscopy allows to characterize the frequency-dependent electrical 

properties of the CNT-filled systems [17]. This technique is based on the measurement and 

subsequent evaluation of some frequency-dependent parameters, including particularly the 

complex dielectric permittivity, 𝜀∗(𝜔): 

𝜀∗(𝜔) =  
1

𝑖𝜔𝑍∗(𝜔)𝐶0
 =  𝜀′(𝜔) − 𝑖𝜀′′(𝜔) (eq 2.10) 

where 𝐶0 is the empty cell capacitance dependent on the surface area A, and the sample 

thickness t, ε0 (C0=ε0A/t) is the vacuum permittivity, 𝜔 is the angular frequency, 𝑖2 = −1 is 

the imaginary constant, 𝜀′ and 𝜀′′ are the real and imaginary parts of the complex permittivity, 

respectively.  
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The relevant parameter for our thermoelectric study is to find the electrical conductivity. 

The real part 𝜎′(𝜔) of the complex electrical conductivity 𝜎∗(𝜔) is related to 𝜀∗(𝜔) as follows: 

𝜎′(𝜔) = 𝜔𝜀0𝜀𝑟
′′ (eq 2.11) 

where 𝜀𝑟"(𝜔) is the imaginary part of the complex relative permittivity of material (𝜀∗ = 𝜀0𝜀𝑟
∗) 

and 𝜀0 (8.85 x 10-12 F m-1) is the vacuum permittivity.  

In addition, the frequency dependence of the 𝜎′ follows a universal dielectric response 

proposed by A. K. Jonscher in 1977 [18] and modified by Almond-West latter. This model is 

widely used to analyze the frequency dependence of the real part of the complex conductivity.  

Thus, 𝜎′(𝜔) or the total 𝜎𝐴𝐶 conductivity can be represented by a power law as expressed in the 

following eq. 2.12 [19]:  

𝜎′(𝜔) =  𝜎(0) + 𝜎𝐴𝐶(𝜔) =  𝜎𝐷𝐶 + 𝐴𝜔
𝑠 = 𝜎𝐷𝐶 (1 + (

𝜔

𝜔0
)
𝑠

) (eq 2.12) 

where σDC is the independent frequency conductivity, also called DC conductivity (at 𝜔 → 0), 

A is a constant depending on temperature, s is an exponent depending on both frequency and 

temperature with values in the range 0 – 1, and 𝜔0 is a critical angular frequency.  

Fig. 2.16 demonstrates a typical example of the frequency dependence of 𝜎′(𝑓) for semi-

conductor materials. This graph can be described in three regions: (i) at low frequencies with 

decreasing frequency (region I) the observed decrease in conductivity is due to the phenomenon 

of electrodes polarization, (ii) at intermediate frequencies (region II) a plateau appears which is 

almost frequency independent and where 𝜎𝐷𝐶  can be estimated, (iii) at high frequencies (region 

III) 𝜎′(𝜔) increases according to a power law where the critical frequency fc can be evaluated. 

Note that regions II and III will be fitted by the previously introduced universal dielectric 

response (eq. 2.12). In this work, we will not be interested by the electrode polarization. 
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Figure 2.16. Typical evolution of real part of the complex electrical conductivity as a 

function of frequency for a semi-conductor sample.   

The measurement of cross-plane electrical conductivity by dielectric spectroscopy is very 

sensitive and can be highly dependent on the conditions used for its acquisition. To probe this 

phenomenon, some dielectric measurements were performed on the same sample at room 

temperature by using two kinds of dielectric spectroscopy equipment. The first equipment is a 

ModuLab MTS Materials Test System from Solartron analytical supplied by HTDS (formerly 

Ameteck), equipped with a sample and reference module (useful for insulating materials) and 

a 12962A sample holder, which allows work at room temperature only. The second one is a 

broadband dielectric spectrometer (Novocontrol Technologies Alpha Analyzer) coupled to a 

high frequencies analyzer (Novocontrol Technologies RF impedance analyzer) and a thermal 

regulation system (Novocontrol Quatro controller).  

For the Novocontrol spectrometer, the sample was placed between two gold-plated brass 

electrodes which were pressed together with a micrometer screw. There is neither intrinsic 

control of sample thickness nor clamping force. Thickness is measured with an external 

micrometer. Measurements were performed with increasing the clamping force. Results are 

presented in Fig. 2.17 which shows the evolution of 𝜎′ versus frequency. Curve 0 is recorded 

with the lowest clamping force and curve 8 for the highest one. Note that the curve 8 was 

measured with a so high clamping force that we are at the limit of the equipment damage. The 

electrical conductivity 𝜎′ continuously increases with the clamping force: a variation of about 

one and a half decades can be obtained. One can assume that the contact between electrodes 
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and sample is not perfect for the curves 0 to 2. In the case of the Solartron impedance meter, 

the sample holder includes a micrometer for measuring sample thickness and a system to ensure 

the same clamping force. In addition, the bottom electrode has a guard ring to reduce the effect 

of stray fields on the edge of the sample. The curve obtained with the Solartron spectrometer is 

in the average value of those obtained with the Novocontrol analyzer. The main advantage of 

this apparatus is the control of the experimental conditions (clamping force and thickness) 

inducing repeatability of the measurement.  

Also, during this PhD study, all the dielectric measurements were performed with the 

Solartron spectrometer for the calculation of the through-plane electrical conductivity. Three 

samples for each filler fraction were measured for the reproducibility and the final value is the 

mean value of all measurements. 

 

Figure 2.17.  Comparison of the cross-plane electrical conductivity as a function of frequency 

between Novocontrol (full symbols) and Solartron (empty symbols) analyzers. Curves 0 to 8 

are recorded with increasing clamping force. 

  4.2.2.2. 4-point collinear probe (in-plane) 

 The 4-point probe method was used to measure the surface (in-plane) electrical 

conductivity. In this technique, the 4 collinear probes, with the same distance (s) between each 

probe, are brought into contact with the surface of the samples. The two outer probes (1 and 4) 

are connected to a DC current source. The two inner probes (2 and 3) are used to measure the 

resulting voltage drop across the surface of the sample (Fig. 2.18).  
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Figure 2.18. a) the experimental set-up, and b) schematic drawing of the 4-point collinear 

probe method. 

The resistivity (ρ) is calculated as follows: 

𝜌 =  
𝜋

𝑙𝑛2

𝑉

𝐼
 𝑡 𝐹 = 4.532 

𝑉

𝐼
 𝑡 𝐹 (eq 2.13) 

where 𝜌 is the resistivity (Ω cm), 𝑉 is the voltage measured between probes 2 and 3 (V), 𝐼 is 

the magnitude of the source current (A), t is the sample thickness (cm), and F is a geometrical 

correction factor.  

Electrical conductivity (σ) is then defined as the reciprocal of resistivity, that is:  

𝜎 =  
1

𝜌
(eq 2.14) 

The geometrical correction factor F depends on the thickness and surface area of the 

sample and the probe spacing. F is divided into 3 corrections factors as F = F1.F2.F3. 𝐹1 (eq. 

2.15) is the factor related to the finite thickness (𝑡) of the sample, 𝐹2 (eq. 2.16) is related to the 

alignment of the probes near the edge of the sample, and 𝐹3 (eq. 2.17) takes into account the 

finite lateral width of the sample [20].  

𝐹1 = 
𝑙𝑛2

𝑙𝑛 {
[𝑠𝑖𝑛ℎ (

𝑡
𝑠)]

[𝑠𝑖𝑛ℎ (
𝑡
2𝑠)]

}

(eq 2.15)

 

𝐹2 = (1 +
𝑠

2𝑑 + 𝑠
−

𝑠

2𝑑 + 2𝑠
−

𝑠

2𝑑 + 4𝑠
+

𝑠

2𝑑 + 5𝑠
)
−1

(eq 2.16) 
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F3 = 
ln2

ln2 + ln

{
 
 

 
 [(

d
s)

2

+ 3]

[(
d
s)

2

− 3]
}
 
 

 
 

(eq 2.17)

 

In the present study, the resistance (
𝑈

𝐼
) was measured by a 4-point collinear Cascade 

Microtech EP6 probe station (Süss Microtec) equipped with a Keithley 2635 source meter. The 

probe spacing was 2 mm and the geometry of the sample was a circle. For each sample, 

measurements were made with the probes placed in different positions (but centered with 

respect to the circular sample) and on both sides of the sample. In our case the correction factor 

F1 varies from 0.9523 to 0.9896, while F2 and F3 are equal to 1 and 0.8297, respectively. Three 

samples were measured for each filler fraction, and the final value of resistivity is obtained by 

taking the mean value of all measurements. 

  Seebeck coefficient 

Seebeck coefficient (also known as thermoelectric power) is an essential parameter to 

evaluate the nature and density of charge carriers and the potential thermoelectric performances 

as well. The principle is to measure a voltage difference (𝛥𝑉) induced by a small temperature 

gradient (𝛥𝑇) applied across the sample. The Seebeck coefficient is then calculated using the 

following equation: 

𝑆 =  −
𝛥𝑉

𝛥𝑇
(eq 2.18) 

In other words, 𝛥𝑉 is the voltage difference between the hot and cold sides of the sample 

and 𝛥𝑇 =  𝑇ℎ𝑜𝑡  − 𝑇𝑐𝑜𝑙𝑑.  

In this work, the cross-plane Seebeck coefficient was measured with an in-house built 

device (Fig. 2.19). In this device, the samples are mounted between two 13 mm diameter 

aluminum discs, to which copper wires for voltage measurement and K-type thermocouples for 

temperature gradient ∆T measurement are connected. The two aluminum discs are crimped into 

brass blocks and clamped to each other with four plastic screws to ensure good contact. Each 

brass block is crossed by a heating cartridge controlled by an accurate homemade system 

(software + power supply). During the measurement, one block is kept at a constant temperature 

(25 °C), while the other one is heated in 0.5 °C increments from 25 °C up to 35 °C. The 

generated thermoelectric voltage ∆V is measured by a Keithley 2182 nanovoltmeter (Keithley 

Instruments Inc.). The Seebeck coefficient is derived from the slope of the ∆𝑉 vs ∆𝑇 curves by 
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linear fitting. The device was calibrated with well-known materials (Cu, Ni, Ag and Si) so that 

a 𝑆𝑐𝑖𝑟𝑐𝑢𝑖𝑡 = − 3.3 µV K-1 correction appears to be necessary in order to consider the contribution 

of copper wires and aluminum discs to the measured thermoelectric voltage. 

 

Figure 2.19. a) the experimental set-up, and b) schematic layout for the Seebeck coefficient 

measurement.  

  Figure of merit (cross-plane) 

After obtaining all the values of thermal conductivity, electrical conductivity (cross-

plane), and Seebeck coefficient, the figure of merit (cross-plane) for thick nanocomposites 

samples was calculated at room temperature (T = 300 K) using eq. 1.14 in Chapter I.   

 Thermoelectric properties for thin films (in-plane) 

The thermoelectric figure of merit ZT of thin nanocomposites films, was measured using 

the TFA-Linseis Thin Film Analyzer (Linseis, Germany) (Fig. 2.20) within a temperature range 

of 25 to 125 °C. The VDP chips are put into a vacuum chamber pumped by a Pfeiffer HiCube 

pumping station reaching a vacuum below 5 x 10-4 mbar. Pumping is necessary to avoid 

radiation transfer with the air during the thermal conductivity measurement. The three 

measurements including electrical conductivity, Seebeck coefficient and thermal conductivity, 

are taken successively at each temperature level. It should be noted that most of the following 

is taken directly from the manual supplied by the manufacturer, Linseis. 
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Figure 2.20. a) TFA - Thin Film Analyzer (Linseis, Germany), b) testing chamber, and c) 

VDP chip.  

VDP chips are based on Si substrate passivated with a Al2O3 layer. The used electrodes 

and contact material are Platinum. The red area (Fig. 2.21) for solution deposition is 100 nm 

thin SiN membranes, which are used for the thermal conductivity and Seebeck coefficient 

measurements.    

Pads 2, 4, 6, and 7 are used for Van-der Pauw (VDP) measurements (electrical 

conductivity) and are directly connected to the sample. The Seebeck coefficient is measured by 

the Pads 2, 8, 10, 11, 12. Finally, the Pads 13-18 are used for thermal conductivity. Detailed 

mechanism set-up and preparation of the VDP chip have been described in the work of Linseis 

[21].    

 

Figure 2.21. Schematic of Van-der Pauw chip before (a) and after (b) deposition.  

  Thermal conductivity (3-omega method) 

The TFA is the only commercially available instrument that implements the so called 3-

omega method (3ω method). Aside from thermo reflectance techniques (Time-domain or 

frequency-domain TDTR/FDTR), which are dedicated to thin films with thicknesses below 1 

µm only, the 3-omega method is currently the most accurate technique to measure the thermal 
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conductivity of polymer films. It was first introduced by D.G. Cahill in 1987 [22] and since 

then many papers have been published, particularly on polymers [23].  

We will give here the fundamentals of this technique, but for particulars of the specific 

implementation into the Linseis TFA, please refer to the paper of Vincent Linseis [24]. 

In this measurement, an AC current 𝐼(𝑡) =  𝐼𝑜 ∗ 𝑐𝑜𝑠 (𝜔𝑡) is applied to a metallic heating 

stripe, causing a rise in temperature of the membrane by the Joule effect. In fact, the power 

dissipated in a resistor is made up of a constant part Prms and an alternating part PAC(t) 

(frequency 2ω). Prms is responsible of the increase of temperature 𝑇𝐷𝐶 and PAC induces 

oscillation in temperature (𝛥𝑇𝐴𝐶) with 𝛥𝑇 = 𝑇𝐷𝐶 +  𝛥𝑇𝐴𝐶(𝑡) appears in the form of 𝛥𝑇𝐴𝐶(𝑡) =

 ∆𝑇0𝑐𝑜𝑠 (2𝜔𝑡 +  𝜑) where 𝜑 is the thermal phase (phase shift between PAC power and 

temperature oscillations). Consequentially an oscillation in the resistance of the stripe occurs 

𝑅 =  𝑅0(1 +  𝛽∆𝑇) at the angular frequency of 2𝜔, where 𝑅0 is the initial resistance and β is 

the temperature coefficient resistance. By measuring the voltage drop across the heater, 

according to Ohm’s law 𝑉 = 𝑅𝐼, one gets an amplitude modulated signal which has a small 

component at the third harmonic 3ω, which can be extracted with a lock-in amplifier. 𝑉 = 𝑅𝐼 

results in: 

𝑉(𝑡) = 𝑅0𝐼0 [(1 + 𝛽𝛥𝑇𝐷𝐶) 𝑐𝑜𝑠(𝜔𝑡) +
1

2
𝛽|𝛥𝑇𝐴𝐶|𝑐𝑜𝑠(𝜔𝑡 + 𝜑) +

1

2
𝛽|𝛥𝑇𝐴𝐶|𝑐𝑜𝑠(3𝜔𝑡 +  𝜑)] (eq 2.19) 

The 3ω oscillation is then given by: 

 𝑉3𝜔 =
1

2
𝑅0𝐼0𝛽|𝛥𝑇𝐴𝐶| 𝑐𝑜𝑠(3𝜔𝑡 + 𝜑) (eq 2.20) 

By solving the 2D partial differential heat equation across the sample with regard to the 

given boundary conditions, the theoretical expression of 𝛥𝑇𝐴𝐶𝑐𝑜𝑠(3𝜔𝑡 + 𝜑) can be obtained 

and linearized, and appears as a function of Prms and 𝜔. The latter can then be extracted by 

fitting |𝑉3𝜔| as a function of ω with the appropriate equation [24]. It should be added that the 

only limitation for thermal conductivity measurement with the TFA, aside from the potential 

difficulties of deposition on the chips, is that the thermal conductance of the sample 

(𝜅Sample*TSample) must be higher than 3 x 10-7 W K-1, which is the thermal conductance of the 

membrane supporting the sample. 

  Electrical conductivity (Van-der-Pauw method) 

In-plane electrical conductivity of thin films was measured by the Van der Pauw 

technique. In the measurement chip, this determination has been performed using contacts 2, 4, 
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6, 7 (see Fig. 2.21). The resistivity of the sample is measured by applying a current between 

two contacts and by measuring the voltage drop between the other contacts. After cyclic 

changing of the contacts, the measurement is repeated and the resistivity ρ can be calculated by 

solving the Van-der-Pauw formula (eq 2.21). To perform a good measurement, the sample 

surface must be closed and of homogenous thickness.  

𝑒𝑥𝑝 (−
𝜋𝑑

𝜌
. 𝑅24,67) + 𝑒𝑥𝑝 (−

𝜋𝑑

𝜌
. 𝑅26,47) = 1 (eq 2.21) 

Since the electrical conductivity (𝜎) is the reciprocal of resistivity, the conductivity can 

be easily obtained from the result eq. 2.14. 

  Seebeck coefficient 

For measurement, a current will be applied to the heating stripe on the larger membrane, 

leading to temperature distribution along the membrane (Fig. 2.22). The temperature gradient 

causes a thermovoltage between the hot contact in the middle of the membrane and the cold 

contact located on the bulk silicon chip body. The temperature of the hot contact can be 

measured using the passivated resistance thermometer, which connects to Pads 8, 10, 11 and 

12 (see Fig. 2.21). The cold temperature can be measured with a thermocouple, located in the 

sample holder. 

 

Figure 2.22. VDP chip setup with heater and resistance thermometer on the larger 

membrane [25].  

The Seebeck coefficient is calculated using the classical formula: 

𝑆 =
−𝑉𝑇ℎ
𝛥𝑇

= 
−(𝑉𝐻𝑜𝑡  −  𝑉𝐶𝑜𝑙𝑑)

𝑇𝐻𝑜𝑡 − 𝑇𝐶𝑜𝑙𝑑
(eq 2.22) 
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  Figure of merit 

The in-plane ZT value for all samples was obtained directly from the TFA measurement. 

The experimental bar calculation for each value, including σ, κ, and S, are associated with errors 

of the equipment provided by the manufacturer which are ± 10 % for thermal conductivity (κ), 

± 6 % for electrical conductivity (σ), and ± 7 % for Seebeck coefficient (S). The error bar for 

ZT values was calculated from the combination of these errors. The main advantage of this TFA 

device is that it can simultaneously measure the three quantities involved in the figure of merit: 

the experimental conditions are therefore identical. 
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1. Introduction  

The aim of chapter 3 is focused on discussing the relationships between the elaboration 

processes, structure and cross-plane thermoelectric properties of thick discs of PLA/CNT 

nanocomposites at room temperature. For that, A-PLA and Sc-PLA were chosen as the polymer 

matrix and multi-walled Carbon Nanotube (referred as CNT in this chapter) was selected as 

filler.  

In the first part of this chapter, thick discs of PLA/CNT nanocomposites with various 

CNT content will be prepared by using two elaboration processes including melt-blending (up 

to 10 wt%) and solution mixing (up to 40 wt%), and then the influence of these elaboration 

processes on the cross-plane thermoelectric properties at room temperature will be examined. 

Then, the impact of the polymer structure (amorphous/semi-crystalline) on the thermoelectric 

properties will be explored. Finally, the anisotropy of the electrical conductivity (σ) and figure 

of merit (ZT) of thick discs of PLA/CNT nanocomposites will be investigated and discussed. 

All these results are presented in the form of a publication.  

With the expect to improve the dispersion of CNT in the PLA matrix, thick discs of           

A-PLA/CNT nanocomposite (2 wt%) will be prepared through a combination of solution 

mixing and melt-blending elaboration processes. The results are presented in the second part of 

this chapter. In particular, the cross-plane thermoelectric properties of these samples will be 

compared with those of samples elaborated from the melt-blending or the solution mixing 

processes.  

In the third part, the influence of CNT orientation on the electrical conductivity of thick 

discs of PLA-based nanocomposites containing 2 and 5 wt% CNT will be investigated at room 

temperature.  

Finally, thick discs of Sc-PLA/CNT nanocomposites will be prepared and their 

thermoelectric properties will be investigated. The results will be compared with those obtained 

for A-PLA/CNT samples. 
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Abstract: 

 In this work, the influence of the elaboration process, the crystallinity of the polymer 

matrix and the direction of measurement on the thermoelectric (TE) properties of thick and thin 

films of poly(lactic acid)/multi-walled carbon nanotubes nanocomposites (PLA/CNT) was 

investigated at room temperature. Two industrial grades of PLA were used: an amorphous one 

(A-PLA), and a semi-crystalline one (Sc-PLA). Thick nanocomposite discs, filled with various 

amount of carbon nanotubes, were prepared by melt-blending (up to 10 wt% CNT) and solution 

mixing (up to 40 wt% CNT) and the cross-plane TE properties were studied. It appears that the 

elaboration process and the structure of the PLA (amorphous or semi-crystalline) have no 

significant impact on the TE properties. In addition, thin films of PLA/CNT nanocomposites, 

with the same filler content as thick discs, were prepared by drop-casting on dedicated 

electronic chips and the in-plane TE properties were measured by a thin film analyzer. In-plane 

values of electrical conductivity (σ) and figure of merit (ZT) appeared 100 to 1000 times higher 

than those obtained from cross-plane measurements, revealing a strong anisotropy of electrical 

conductivity. By contrast, the thermal conductivity and the Seebeck coefficient show only slight 

differences between in-plane and cross-plane values. In both cases, the thermal conductivity 

exhibits a linear increase with the addition of CNT. The Seebeck coefficient (S) values have 

positive signs for all nanocomposites demonstrating a p-type semiconducting behavior; besides, 

these values decreased as increasing the content of fillers and do not seem to be dependent on 

the thickness of samples either. The highest achieved ZT in this work was 1.2 x 10-4 for thin 

films with 40 wt% of MWCNT, which is the best ZT value that can be found in the literature 

for reinforced thermoplastic filled with multi-walled carbon nanotubes.   
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 Introduction 

Thermoelectrics are semiconducting materials that can be used to convert heat directly 

into electricity. Devices based on these materials can use any heat source but are now expected 

to harvest and convert waste heat. The thermoelectric performance of a material is generally 

evaluated by the dimensionless figure of merit 𝑍𝑇 = 
𝜎𝑆2

𝜅
𝑇, which depends on the electrical 

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

(T). Therefore, thermoelectric materials should exhibit a good electrical conductivity, a high 

Seebeck coefficient, and a low thermal conductivity, in order to reach a ZT as high as possible 

at a given temperature.  

Nowadays, the most efficient thermoelectric materials are inorganic semiconductors and 

metal alloys such as skutterudites (e.g. CoSb3), telluride-based materials (e.g. PbTe, Sb2Te3, 

Bi2Te3), rare earth chalcogenides (e.g. La3Te4), copper ion liquid-like materials (e.g. 

Cu2Se),…[1]. In particular, for near-ambient temperature applications, only bismuth telluride 

(Bi2Te3) and its derivatives, with a ZT higher than 1, are enough competitive and widely used 

as thermoelectric materials [2]. However, due to its potential toxicity, and its scarcity, this class 

of materials is limited to specific applications [3]. Organic thermoelectrics are commonly based 

either on intrinsically conducting polymers (ICPs), such as poly(3,4-ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT:PSS), polyaniline (PANI), poly(3-hexylthiophene) (P3HT) 

and their derivatives, or polymers (conducting or insulating) filled with conductive 

nanoparticles, such as carbon nanotubes (CNT), graphene, or metallic nanoparticles [4–8]. 

Composites with insulating polymer matrix and conductive fillers have received much attention 

in recent years, as the low thermal conductivity of the matrix and the potentially high electrical 

conductivity of the fillers can enable the development of high-performance flexible 

thermoelectric materials. 

Poly(lactic acid) (PLA) is one of the most promising polymer to replace conventional 

petroleum-based plastics. It is an aliphatic thermoplastic polyester derived from renewable and 

biodegradable resources. It is synthesized from lactic acid (C3H6O2) by direct condensation 

polymerization or more commonly by ring-opening polymerization of lactide which allows to 

produce high molecular weight PLA. Its degradation products are non-pollutant and non-toxic. 

This polyester is used in various applications such as packaging, biomedical and tissue 

engineering fields [9]. As lactic acid is an enantiomeric molecule with two stereoisomers (L- 

and D- lactide), different homopolymers (PLLA, PDLA) and random copolymer (PDLLA) 

grades can be obtained. Depending of the L/D ratio, random copolymers are able or not to 



Chapter III – Thermoelectric properties of bulk PLA/MWCNT nanocomposites  

 

105 
 

crystallize. Typically, it has been shown that PDLLA holding higher than 10 % of D content 

are amorphous. At a concentration less than 10 % of D, PDLLA is able to crystallize but its 

crystallization kinetics are slow. Like most thermoplastics, PLA has a low thermal conductivity 

(κ ≈ 0.1 – 0.5 W m-1 K-1 [10]) and is electrically insulating with a very low electrical 

conductivity (σ ≈ 1 x 10-12 to 10-15 S.m-1 [11, 12]).  

To improve the intrinsic properties of polymers and extend their field of application, the 

addition of nanofillers represents an interesting way, particularly for enhancing the thermo-

mechanical properties as well as for providing additional functionalities. In this context, 

nanocomposites based on PLA filled with multi-walled carbon nanotubes (CNT) have been 

widely studied, for mechanical reinforcement, thermal and electrical performance [13–15], but 

much less for thermoelectric applications [16]. 

CNT possess great mechanical strength [17], and electrical conductivity [18] which is a 

potential candidate to reinforce PLA for thermoelectric performance. The effectiveness of CNT 

depends on both their inherent properties and their morphological characteristics such as their 

dispersion and orientation into the polymer matrix. Since CNT usually form aggregates/bundles 

due to Van der Waals interactions, obtaining a homogenous dispersion in a viscous polymer is 

quite difficult. Therefore, how to control and improve the dispersion of CNT is one of the 

biggest challenges in the preparation of nanocomposite. To obtain the dispersion of CNT in 

PLA matrix, the most two common methods frequently used are melt blending and solution 

mixing. Melt blending is a highly scalable, and economically appealing process for creating 

nanocomposites. There have been many reports using this method to prepare and characterize 

the properties of PLA nanocomposites reinforced with CNT [19–22]. In this method, the CNT 

are directly incorporated into the molten polymer, and the dispersion state of CNT can be 

optimized by varying mixing speed, time, and temperature parameters. However, the main 

disadvantages of this method are the limitation of the fillers content and usually the low 

dispersion degree of CNT in the polymer matrix due to the viscosity increase during operation. 

The second process, the solution mixing, allows to increase the filler content and usually 

improve the dispersion of CNT in the matrix phase [14, 23–25]. This user-friendly efficient 

method usually involves three main steps: dispersing the CNT in a suitable solvent by 

mechanical stirring and/or sonication, then dissolving the polymer in the previous dispersion 

while stirring appropriately, and finally removing all the remaining solvent from the 

nanocomposites. Each method can bring both advantages and disadvantages in preparing 
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nanocomposites, and to the best of our knowledge, no researchers have compared the impact of 

the elaboration process on the thermoelectric properties, especially for composite PLA/CNT.  

The orientation of CNT into the sample is also an important parameter to consider, 

especially for electrical conductivity (σ). The use of electrical and magnetic fields, as well as 

tape casting, technique involving shear forces, are different methods inducing CNT alignment. 

In the case of elaboration of polymer/CNT nanocomposite films using the doctor blade 

technique, some authors have shown a huge increase (x 106) of the electrical conductivity in 

the direction of alignment of CNT compared to that of the composite with random oriented 

nanotubes. This effect is less marked at high nanotubes concentration [26]. To explain this 

electrical conductivity anisotropy, the authors suggest the creation of more junctions or contacts 

between nanotubes resulting in the formation of more conducting channels on the polymer 

matrix in the direction of the nanotube alignment. Others authors have also observed differences 

between the surface and bulk electrical conductivities for nanocomposites prepared by solution 

mixing followed by a hot-pressing step [27, 28]. All these studies show that the anisotropy of 

σ values is a critical issue that can have a significant impact on the final ZT value.  

 In addition to the dispersion and orientation of the nanofillers within the matrix, some 

works have shown that for semi-crystalline matrix, the structure of the polymer could also have 

an impact on the electrical and thermal conductivities as well as on the Seebeck coefficient. For 

example, the work of Brun et al. [27], focused on poly(vinylidene fluoride)/multi-walled carbon 

nanotubes (PVDF/CNT) composites, has revealed that the polar γ-phase of PVDF induces a      

30 % increase in the Seebeck coefficient compared to the same nanocomposite with PVDF 

crystallized in a non-polar form. Wang et al. [29] observed an increase in electrical conductivity 

and a reduction in the electrical percolation threshold for polypropylene (PP)/CNT 

nanocomposites by crystallizing the PP matrix under controlled cooling conditions. 

Furthermore, Huang et al. [18] have reported that electrical conductivity of PLA/CNT 

composites was enhanced by increasing the crystallinity in PLA matrix for CNT fillers content 

lower than percolation threshold (Фc ≈ 0.73 wt%). Most of works dealing with the issue of the 

impact of crystallinity has focused on composites with CNT content in a range close to the 

percolation threshold. To our knowledge, few studies only have focused on the aforementioned 

investigation at CNT content much higher than the percolation threshold.  

In the current work, the thermoelectric properties of PLA/CNT nanocomposites, prepared 

by melt-blending and solution mixing processes, are reported. The cross-plane thermoelectric 

properties will be fully investigated and discussed for both amorphous and semi-crystalline 
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thick discs of PLA/CNT samples. A strong anisotropy of the electrical conductivity is evidenced 

by measuring the in-plane electrical conductivity at the surface of the thick discs and the 

complete thermoelectric figure of merit of thin films by drop-casting from the same solution.  

 Experimental 

  Materials   

Both commercial amorphous PLA grade (4060D) referred to A-PLA and semi-crystalline 

PLA grade (6202D) referred to Sc-PLA were purchased from NatureWorks LLC. Theirs 

corresponding weight average molecular weights (Mw) are 240 000 g mol-1 and 234 000 g mol-

1. Multi-walled carbon nanotubes (CNT) produced from the catalytic chemical vapor deposition 

(CCVD) process were obtained from Nanocyl (Nanocyl 7000 series, Belgium). The length and 

average diameter were 1.5 µm and 9.5 nm, respectively. The purity was about 90 wt%, and the 

CNT were used without purification. Chloroform (CHCl3) was purchased from Sigma-Aldrich.  

  Elaboration processes 

2.2.2.1.  Thick discs of PLA/CNT nanocomposites 

Melt-blending was used to prepare nanocomposites PLA/CNT as the first elaboration 

process. Dry-mixed PLA pellets and CNT were extruded by using a twin-screw extruder 

(Thermo Scientific Process 11 Parallel Twin-Screw Extruder). The adjusted temperature profile 

along the melting zone was from 190 to 210 °C (from the feed zone to the die one), and the 

weight fraction of CNT was 2, 5, and 10 wt%. The obtained final materials were cut into small 

pellets for the next steps.  

Solution mixing procedure was employed as a second protocol to prepare PLA/CNT 

nanocomposites containing 2, 5, 10, 20, 30, and 40 wt% of CNT. In this procedure, CNT was 

first dispersed in CHCl3 by tip-ultrasonic at room temperature. Since CNT form stabilized 

bundles, different conditions were processed to investigate the dispersion of CNT in CHCl3 by 

tip-ultrasonic and the optimum condition being used in this step is at 20 % of maximum 

amplitude, during 15 seconds (maximum power: 200W). PLA pellets were then dissolved in 

solution of CNT, the mass ratio of (PLA/CNT)/CHCl3 was 1:20 (weight to weight). Finally, the 

solution was magnetically stirred at 40 °C, for 12 h. To allow solvent evaporation, the obtained 

solutions were poured into a silicon mold and left at room temperature under atmospheric 

pressure for 12 h. The residual solvent was removed by placing the nanocomposites in a vacuum 

oven at 120 °C for 8 h. The duration of this thermal treatment has been established after 
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monitoring the evolution of the glass transition temperature as a function of time. It is assumed 

that all residual solvent is removed from the sample as soon as Tg is constant.  

After obtaining the final products from melt-blending and solution mixing processes, 

thick PLA/CNT discs of 13 mm-diameter were thermo-compressed at 210 °C, under 50 bars 

using a cooling rate of about - 15 °C min-1 (fast cooling conditions). For the sake of comparison, 

thick discs of pristine PLA were elaborated under similar conditions to ensure an identical 

elaboration history. The thickness of all thick discs was about 500 m.  

To study the impact of PLA crystallinity on the thermoelectric properties, two thermal 

treatments were used to induce crystallinity in Sc-PLA/CNT containing 2 and 5 wt% CNT. The 

former was an annealing of the thermo-compressed samples at 120 °C during 60 min. This 

annealing conditions were used according to the literature [30, 31]. The latter thermal treatment 

was a slow-cooling from the melt state to room temperature (cooling rate of about                              

- 1 °C min-1). For sake of comparison, pristine Sc-PLA samples were also processed using the 

two processes previously described.  

2.2.2.2.  Thin films of PLA/CNT nanocomposites 

Thin films of A-PLA/CNT nanocomposites were prepared by drop casting method on 

special chips produced by Linseis [32]. The solutions were prepared using the same protocol as 

described previously for thick discs. Before solution deposition, the surface of the chip was 

cleaned using a plasma treatment (argon atmosphere during 10 min). The quantity of solution 

for each chip is between 6 and 10 µl. The final chips were then dried in the oven under vacuum 

at 120 °C, during 60 min to remove all residual solvents before testing in the Thin Film Analyzer 

(TFA) chamber. The thin films thickness determined by a stylus profilometer, was in the range 

15 to 20 µm.   

  Morphology and structure of the nanocomposites 

The morphology of PLA/CNT nanocomposites was observed by field emission scanning 

electron microscopy (FE-SEM) using a JEOL 7800F apparatus operating at an acceleration 

voltage of 3 kV and low current to reduce beam damage. All the samples were cryo-fractured 

after immersion in liquid nitrogen and the surface was sputter coated with carbon coating to 

prevent electrical discharge during observation.  

The experimental weight content of CNT (wt%) of each nanocomposite was determined 

by TGA (Thermogravimetric Analyzers TA Discovery – TA instruments). This experiment was 

processed under nitrogen flow, from 25 to 850 °C with a heating rate of 10 °C min-1. At least 
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three samples for each composition were measured. The weight fraction of CNT was 

determined as the weight remaining at 550 °C, i.e far above the PLA degradation temperature 

which is around 380 °C. As necessary, the CNT amount can be converted into volume fraction 

using the following relation:  

Ф𝐶𝑁𝑇 =  
𝜌𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝜌𝐶𝑁𝑇
. 𝑤𝐶𝑁𝑇 (1) 

where Ф𝐶𝑁𝑇𝑠 is the volume fraction of CNT, 𝜌𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 and 𝜌𝐶𝑁𝑇 are the density of 

nanocomposite and CNT, respectively, 𝑤𝐶𝑁𝑇 is the weight fraction of CNT in nanocomposite. 

The density (𝜌𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) of each sample was determined with a precision scale thanks to a 

kit for density measurement: the sample was initially weighed in air, and then immersed into 

ethanol (Fluka, purity ≥ 99.8 %, density = 0.79 g cm-3); the density was calculated by applying 

the Archimedes’ principle, and the detailed values are presented in Table S1 (supplementary 

document). The density determination of CNT was explained in a supplementary document, 

and the value was 1.24 ± 0.01 g cm-3. 

Thermal characterization was performed on a DSC Q20 (TA instruments) and the 

thermograms was recorded during the first heating from 10 to 200 °C with a constant heating 

rate of 10 °C min-1. The glass transition temperature, Tg, was taken at the inflexion point of the 

heat capacity change; the melting point, Tm, and the cold crystallization temperature, Tcc, refer 

to the maximum of the endotherm peak and the minimum of the exotherm peak respectively. 

The degree of crystallinity 𝜒𝑐 of pristine Sc-PLA and nanocomposites Sc-PLA/CNT were 

determined by the following equation: 

𝜒𝑐 = [
(∆𝐻𝑚 − ∆𝐻𝑐𝑐)

∆𝐻𝑚
0  .  (1 − w𝐶𝑁𝑇)

] (2) 

where ∆𝐻𝑚 is the melting enthalpy during the heating process, ∆𝐻𝑐𝑐 is the enthalpy of cold 

crystallization, ∆𝐻𝑚
0  is the enthalpy of melting of 100 % crystalline PLA, which is 93 J g-1 [31], 

and 𝑤𝐶𝑁𝑇 is the CNT weight fraction.   

The structure of nanocomposites was also investigated by wide-angle X-ray scattering 

(WAXS). WAXS experiments were performed in transmission mode at room temperature on a 

Xeuss 2.0 (Xenocs) operating under vacuum with a GeniX3D microsource (λ = 1.54 Å) at 0.6 

mA and 50 kV and a 2D Pilatus 3R 200 K detector. The sample-to-detector distance was 121 

mm.  

  Thermoelectric properties measurements for thick discs  
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All thermoelectric measurements for thick discs were performed through the sample 

thickness at room temperature. The same samples (13 mm-diameter discs) were used for 

electrical, thermal conductivities, and Seebeck coefficient measurements. At least three samples 

of each composition were measured to ensure reproducibility.   

Broadband dielectric spectroscopy (BDS) was used to measure the cross-plane electrical 

conductivity. BDS measurements were carried out using a ModuLab-MTS impedance analyzer 

(Solartron Analytical, Ametek) in the frequency range from 0.1 to 106 Hz. The amplitude of the 

applied sinusoidal voltage was 1 V. The complex dielectric permittivity 𝜀∗(𝑓) =  𝜀′(𝑓) −

𝑖𝜀"(𝑓) is linked to the complex conductivity by 𝜎∗(𝑓) = 𝑖2𝜋𝑓𝜀∗(𝑓) = 𝜎′ + 𝑖𝜎". The static 

electrical conductivity 𝜎𝐷𝐶  is extrapolated from the real part of the complex conductivity 

calculated with 𝜎′ = 2𝜋𝑓𝜀" and 𝜎𝐷𝐶  corresponds to the plateau value from the low frequency 

side of 𝜎′(𝑓) [33].  

To compare both cross-plane and in-plane electrical conductivities, a 4-point collinear 

probe (Süss MicroTec + Keithley 2635 source meter) was used to measure the in-plane 

electrical conductivity at the sample surface. This method involves applying a direct current to 

the material while measuring the produced voltage across the surface sample. The slope of the 

current-voltage characteristic and corrective factors were used to obtain the resistivity and the 

reverse gives the in-plane conductivity of the samples [34]. 

The cross-plane thermal conductivity (κ) of the samples was calculated using the formula 

(3):  

𝜅 =  𝛼𝜌𝐶𝑝 (3)

where α is the thermal diffusivity (mm2 s-1), ρ is the density (g cm-3) and Cp the specific heat 

capacity (J g-1 °C-1). A Netzsch light flash device LFA 467 HyperFlash (Netzsch-Gerätebau 

GmbH) was used to measure thermal diffusivity (α). In this technique, a light pulse generated 

by a xenon flash lamp heats the lower side of a plane-parallel sample while an infrared (IR) 

detector measures the increases of the temperature resulting at on the upper side. The thermal 

diffusivity is then calculated using an optimization method: in this work, all measured curves 

were perfectly fitted by a Cowan model with a pulse correction. In contrast to the 

nanocomposites, for which no dusting was necessary due to the CNT’ excellent light 

absorption, the pristine PLA sample required a small dusting of graphite paint on both sides.  

Density has been measured by Archimedes’ principle as previously described.  
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Specific heat capacity (Cp) was performed from DSC measurements using a Modulated 

DSC Q2000 (TA Instruments). After calibration with sapphire, the Cp of samples (weight 

around 15 mg) was determined at 26.85 °C. 

The cross-plane Seebeck coefficient (or thermoelectric power in V K-1) was measured 

with an in-house built device, already described in [27].  

Finally, the cross-plane figure of merit (ZT) was calculated at T = 300 K as follows:   

𝑍𝑇 =
𝑆2𝜎

𝜅
𝑇, using all cross-plane values.  

  Thermoelectric properties measurements for thin films 

Thermoelectric properties of thin films, including Seebeck coefficient (S), electrical 

conductivity (σ), thermal conductivity (κ), and figure of merit (ZT) were measured using Thin 

Film Analyzer (TFA, Linseis, Germany). 

In the TFA, the in-plane electrical conductivity and the in-plane thermal conductivity are 

determined by the Van-der-Pauw and the 3-omega methods, respectively. For the Seebeck 

coefficient, the measurement of the thermovoltage at different temperature gradients is used to 

calculate 𝑆 =  −
𝑉𝑡ℎ

∆𝑇
. Details of the operation mechanism for TFA have been described in the 

work of Linseis et al. [32].  

The error of the equipment provided by the manufacturer which is ± 10 % for thermal 

conductivity, ± 6 % for electrical conductivity, and ± 7 % for Seebeck coefficient. The error 

bar for ZT values was calculated from the combination of these errors.  

 Results and discussion 

  The influence of elaboration processes on thermoelectric properties of thick 

discs of A-PLA/CNT nanocomposites 

The dispersion of CNT in the A-PLA matrix for all elaboration processes was investigated 

by SEM observations. Fig. 1 a-d and 1 e-h show the micrographs of the cross-sectional area of 

nanocomposites, with 2 wt% and 10 wt% of CNT for samples from melt blending, and with 2 

wt% and 40 wt% for samples from solution mixing, respectively. For the lowest CNT 

concentration, both isolated and bundles of CNT are observed at high magnification, whatever 

the elaboration process. This may be surprising considering that a better CNT dispersion is 

usually expected for the solution process [35]. This indicates that the elaboration conditions 

used in this study are not sufficient to break or prevent the Van der Waals interactions between 

CNT, leading to the presence of CNT aggregates in the matrix, even in the case of the solution 
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process. At higher concentration, the dispersion of CNT within the PLA matrix is homogenous 

at a few micrometer scales and no difference is evidenced between the elaboration process.  

 
 

 Figure 1. SEM images of cross-section samples from melt-blending process with      

a-b) 2 wt%, c-d) 10 wt% of CNT and from solution mixing process with e-f) 2 wt% CNT, g-

h) 40 wt% CNT. 

The weight fractions (wt%) of CNT determined by TGA are reported in Table 1. The 

measured CNT weight ratios are in agreement with the expected values. In the following, the 

e) f) 

g) h) 
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thermoelectrical properties will be presented as a function of the actual content of CNT. 

Regarding the thermal transition, whatever the CNT content, all nanocomposites display the 

same glass transition temperature around 55  2 °C, similar to pristine PLA. For more details, 

thermograms are presented in supporting information (Fig. S2). Literature has already reported 

several studies in which the Tg of PLA is not influenced by the presence of CNT [31, 36, 37] 

or other nanofillers such as Halloysite nanotubes [38] even at high concentrations. This suggests 

that there is poor interfacial interaction between CNT and PLA.  

Table 1. Experimental content (wt%) of CNT in each nanocomposite at 550 °C with A-PLA 

matrix obtained from TGA analysis. The number in italic is the corresponding volume 

fraction (vol%). 

Samples 2 wt% 5 wt% 10 wt% 20 wt% 30 wt% 40 wt% 

Melt-

blending 

2.1 ± 0.4 

(1.5 ± 0.3) 

4.8 ± 0.5 

(3.5 ± 0.4) 

9.6 ± 0.1 

(7.1 ± 0.1) 

   

Solution 

mixing  

2.0 ± 0.3 

(1.4 ± 0.2) 

4.8 ± 0.3 

(3.5 ± 0.2) 

9.8 ± 0.4 

(7.2 ± 0.3) 

22.8 ± 1.7 

(17.3 ± 1.3) 

29.7 ± 2.6 

(23.3 ± 2.1) 

43.3 ± 2.5 

(35.2 ± 2.1) 

 

The cross-plane thermoelectric properties (σ, κ, S, and ZT) of thick A-PLA/CNT discs as 

a function of CNT content are presented in Fig. 2 at room temperature for both elaboration 

processes.  
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Figure 2. Cross-plane thermoelectric properties as a function of CNT volume fraction. 

a) electrical conductivity (σ), b) thermal conductivity (κ), c) Seebeck coefficient (S), and d) 

figure of merit (ZT). 

As expected, while pristine PLA is electrically insulating (2.0 x 10-13
 S.m-1), an increase 

of σ of about 13 orders of magnitude is observed with the addition of CNT. The electrical 

conductivity is 1.5 x 10-2 S m-1 for sample with 2 wt% of CNT and reach a value of 1.5 S m-1 

for sample with 40 wt% (Fig. 2a). These values are much higher than those obtained by Ivanov 

et al. [39] for composites prepared by a melt-blending process (σ = 7.86 x 10-4 S m-1 at 3 wt% 

of MWCNT). However, they are lower than those obtained by Antar et al. [16] (σ = 1.15 x 102 

S m-1 at 18 vol% ≈ 22 wt% of CNT) for samples elaborated by melt-blending and 

thermocompression. By comparing with the values in Table 3, the obtained cross-plane 

electrical conductivity values are of the same order of magnitude to the other polymer/CNT 

nanocomposite. According to the electrical conductivity level, the nanocomposites can be 

considered as semi-conductor. It can be seen that for a given CNT content, the electrical 
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conductivity values are similar whatever the elaboration process, in accordance with the 

morphological observations.  

The percolation theory model was used to explain the nanocomposite electrical response 

as a function of CNT fraction. This model predicts that a critical concentration is required for 

the formation of an effective conductive network into the composite, changing it from an 

insulator to a conductor. The equation that describes this theory is: 

𝜎𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝜎𝐶𝑁𝑇(Ф𝐶𝑁𝑇 −Ф𝑐)
𝑡 𝑓𝑜𝑟 Ф𝐶𝑁𝑇 > Ф𝑐 (4) 

where Ф𝐶𝑁𝑇 is the volume fraction of CNT (vol%)  and Ф𝑐 is the percolation volume fraction 

(vol%), σc and σCNT (S m-1) are the electrical conductivities of nanocomposite and CNT 

respectively, t is the critical power law exponent which depends on the dimensionality of the 

network, t ~ 1.3 and t ~ 2 corresponding to two- and three-dimensional percolation systems, 

respectively [40, 41]. Due to the pretty similar values in electrical conductivity from the two 

elaboration processes and only few data at low CNT concentration, only one percolation 

threshold curve has been fitted for all samples and the obtained threshold concentration is      

0.36 vol% (0.44 wt%). The nanocomposites from this work have a threshold concentration 

lower than that obtained in the work of Huang et al. [18] which was 0.73 wt% CNT in the case 

of PLA/CNT. This shows that the two elaboration processes allow to obtain a rather good CNT 

dispersion inside the PLA matrix. Note that Faraguna et al. [35] clearly showed the difference 

between melt and solution blending in the case of polystyrene (PS)/CNT nanocomposites. 

Indeed, they found a lower percolation threshold (0.15 wt%) for samples prepared by solution 

mixing than for samples by melt-blending process (0.50 wt%). In the present study, we are 

unable to distinguish the two processes regarding their ability of CNT dispersion because we 

have no specific studies around the percolation threshold and the lowest CNT concentration is 

far above the percolation threshold.  

The cross-plane thermal conductivity is shown in Fig. 2b as a function of CNT volume 

fraction. A linear increase of 𝜅 is observed, from 0.19 W m-1 K-1 for pristine PLA to 0.80 W m-

1 K-1 for samples with 40 wt% CNT. These values are close to those already reported for 

PLA/MWCNT nanocomposites which mostly range between 0.2 – 1.0 W m-1 K-1 [16, 39]. At 

low concentrations (from 2 to 10 wt% CNT), the thermal conductivity values of samples from 

the two elaboration processes are pretty similar. Besides, PLA/CNT nanocomposites have 

thermal conductivity values almost one order of magnitude lower than the thermal conductivity 

of pristine 3D bulk multi-walled CNT, which is approximately 3.0 W m-1 K-1 [42]. In semi-

conductor, thermal transport mechanisms come from both lattice thermal conductivity (phonon) 
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and charge carrier thermal conductivity. The well-known Wiedemann-Franz law, 𝜅𝑒 = 𝐿𝜎𝑇, 

give the link, at the temperature 𝑇, in metals, between the thermal and the electrical conductivity 

due to electrons (𝐿 = 2.44 10−8 𝑉2𝐾−2 is the Lorentz constant) [43]. In our case, for the 

sample with 40 wt% CNT at 300 K, it leads to 𝜅𝑒 = 1.1 𝑥 10−5 𝑊 𝑚−1 𝐾−1, which 

demonstrates that the contribution of electrons (more exactly holes in the present case of a p-

type semi-conductor) is far negligible in front of the contribution of phonons. Some authors 

have claimed that the thermal conduction of 3D bulk CNT materials is mostly dominated by 

the lattice thermal conductivity [42]. The low thermal conductivity of PLA/CNT 

nanocomposites, even at very high concentration, may be due to phonon scattering occurring at 

the CNT-CNT and CNT-polymer interfaces which shortens the mean free path of phonons and 

hence the thermal conductivity.  

The value of the cross-plane Seebeck coefficient (Fig. 2c) shows a decrease when the 

content of CNT is increased, from 11.9 µV K-1 (2 wt%) down to 9.4 µV K-1 (40 wt%) for 

solution mixing samples and 11 µV K-1 (2 wt%) down to 9.6 µV K-1
 (10 wt%) for melt-blending 

samples. This drop is in accordance with the empirical trend generally observed in 

thermoelectric materials considering that the Seebeck coefficient is mostly dependent on the 

concentration of charge carriers and the Fermi level [44, 45]. In addition, all Seebeck values 

are positive, meaning that the majorities of charge carriers are holes, which is consistent with 

the known p-type semiconducting behavior of multi-walled CNT bundle. These values are 

consistent and close to those already reported for polymer/MWCNT nanocomposites which 

mostly range between 9 and 14 µV K-1 [16, 46].  

Finally, the dimensionless figure of merit (ZT) has been calculated at 300 K and values 

are reported as a function of CNT volume fraction in Fig. 2d. As expected, the values 

continuously increase with CNT content, and with a maximum of 4.9 x 10-8 obtained, at 300 K, 

for samples containing 40 wt% of CNT, elaborated by solution mixing. Due to no clear 

difference in 𝜎, 𝜅, and S values between both elaboration processes, the final ZT in this study 

appears independent on the elaboration protocols. The main benefit of the solution mixing 

process has been to enable the preparation of nanocomposites with high levels of CNT. Table 

2 gathers the thermoelectric values obtained with insulating/multiwall CNT composites. By 

comparing with data from literature, the ZT value obtained for our best composite seems quite 

low. However, it is important to note that depending of the studies, the calculation of the ZT 

parameter can be based on a mixture of thermoelectric quantities measured in-plane and in-

volume, notably regarding the electrical conductivity. As will be shown later, this has a huge 
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impact on the value of the thermoelectric properties. In any case, the ZT value obtained for our 

best nanocomposite is acceptable but is still largely insufficient for applications in waste heat 

harvesting.  

Table 2. Thermoelectric performances of insulating polymer/CNT composites. 

Samples  
σin-plane 

(S m-1) 

σcross-plane 

(S m-1) 

Scross-plane 

(µV K-1) 

𝜅cross-plane 

(W m-1 K-1) 

ZT  

(T = 300 K) 

PLA + 18 vol% CNT 

[16]  
1.15 x 102  9.0 0.41 6.8 x 10-5 

PLA + 40 wt% CNT  

(this work) 
 1.5 9.4 0.8 2.5 x 10-8 

Polycarbonate (PC) + 

2.5 wt% CNT [46] 
7.3  8.5 0.33 6.8 x 10-7 

Polypropylene (PP) + 2 

wt% CNT [46] 
1.6  9.5 0.28 

1.7 x 10-7 

(313 K) 

Acrylonitrile butadiene 

styrene (ABS) + 4 wt% 

CNT [46] 

25.7  3.6 0.28 
1.7 x 10-7 

(313 K) 

Polyamide 66 (PA66) + 

2 wt% CNT [46] 
5.0  6.3 0.28 

2.2 x 10-7 

(313 K) 

Cellulose film + 5 wt% 

CNT [47] 
15  10 0.08 6.8 x 10-6 

Polyvinylidene fluoride 

(PVDF) + 50 wt% CNT 

[27] 

 1.2 x 102 20 0.87 1.6 x 10-5 

PVDF + 8 wt% CNT 

[48] 
 2.0 x 10-2 12 0.55 1.6 x 10-9 

PVDF foam + 8 wt% 

CNT [48] 
 4.0 x 10-3 8.0 0.10 7.7 x 10-10 

 

  The impact of crystallinity on thermoelectric properties of thick discs of Sc-

PLA/CNT nanocomposites 

Pristine Sc-PLA and Sc-PLA /MWCNT nanocomposites filled with 2 wt% and 5 wt% 

CNT prepared by melt-blending were used to study the impact of polymer matrix crystallinity 

on thermoelectric properties. The real CNT content of these two nanocomposites determined 

by TGA were 2 ± 0.5 wt% and 4.6 ± 0.3 wt%. Initial thick discs of pristine Sc-PLA and Sc-

PLA/CNT nanocomposites obtained by thermo-compression molding using fast cooling rate 

condition (around – 15°C min-1) were analyzed by DSC and WAXS. The thermograms (Fig. 

3a) of pristine Sc-PLA and nanocomposites show a clear glass transition (Tg) step around 59  
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1°C whatever the samples, and two distinct exo- and endothermic peaks related to cold 

crystallization (113 < Tc < 126 °C) and melting (Tm  160 °C), respectively. Note that the cold 

crystallization peak is more pronounced for nanocomposites which indicates that CNT 

promotes the crystallization of PLA matrix. The degrees of initial crystallinity (Table 3) are 

closed to zero showing that the Sc-PLA is globally in amorphous state for all samples. 

To confirm this result, WAXS diffraction profiles have been performed in the 2θ range 

from 5° to 46°. The X-ray pattern of Sc-PLA (Fig. 3b) is deconvoluted using three Pearson 

functions located to 2θ ≈ 15.5°, 2θ ≈ 21.5°, and 2θ ≈ 32.5°. As established by Stoclet et al. [49], 

these broad diffraction halos were assigned to the amorphous state of PLA. In the case of 

nanocomposites (Fig. 3 c, d), the three same Pearson functions are used for the PLA part and a 

fourth reflection peak at 2θ ≈ 26° is added for the nanotube contribution. This reflection is 

attributed to the (002) lattice planes of CNT. Its position of this peak is related to the inter-sheet 

distance which is in the present case in the order of 0.34 nm, in agreement with literature [50]. 

Besides, the intensity of this peak increase according to the content of CNT fillers. To 

summarize, this WAXS analysis confirm the amorphous state of Sc-PLA in all samples.  

 

 

 



Chapter III – Thermoelectric properties of bulk PLA/MWCNT nanocomposites  

 

119 
 

 

Figure 3. a) Heating thermograms of pristine Sc-PLA and Sc-PLA/CNT 

nanocomposites (2 wt% and 5 wt%) obtained after a fast cooling process. Treatment of 

WAXS intensity profile of b) pristine Sc-PLA, c) Sc-PLA/2 wt% CNT and d) Sc-PLA/5 wt% 

CNT obtained after fast cooling from melt state. 

Fig. 4a exhibits the thermograms of both pristine Sc-PLA and Sc-PLA/CNT 

nanocomposites after thermal treatments (annealing at 120 °C and slow cooling from the melt). 

In all cases, a predominant melting peak is observed without no cold crystallization 

phenomenon. This indicates that both thermal treatments have induced crystallinity inside the 

Sc-PLA matrix in agreement with was expected from literature [30]. WAXS diffractograms 

(Fig. 5) confirm the presence of the orthorhombic -crystalline structure of PLA for all samples 

as shown by the presence of the diffraction peaks located at 2θ ≈ 16.6°, 14.7°, 19.0°, and 22.2°. 

Whatever the thermal treatment, the presence of CNT does not modify the crystalline structure 

of PLA matrix. Note that the reflection peak corresponding to the (002) lattice planes of CNT 

is not visible due to its low intensity compared with that of the crystalline peaks of PLA. The 

crystal content relative to the PLA part is reported in Table 3. It seems that annealed samples 

exhibit a slightly higher crystallinity than samples slow cooled from the melt whatever the 

composition. However, a slight increase in crystallinity is observed with the addition of CNT 

for samples slow cooled from the melt while no clear trend is noted for annealed samples. To 
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further investigate the role of CNT regarding the crystallization behavior of PLA, Fig. 4b shows 

the thermograms recorded during the slow cooling step of pristine Sc-PLA (black line) and 

nanocomposite 5 wt% CNT (red line). The more pronounced exothermic peak around 120 °C 

for the Sc-PLA/CNT sample confirms that CNT promote the crystallization of PLA by inducing 

a strong heterogeneous nucleation effect.  

 

Figure 4. a) DSC thermograms of pristine Sc-PLA and Sc-PLA/CNT nanocomposites (2 wt% 

and 5 wt%) after thermal treatments. Straight lines for annealing and dash lines for slow 

cooling from the melt. b) Cooling thermograms of pristine PLA and Sc-PLA/5 wt% CNT 

with a rate of - 1°C min-1 (slow cooling from melt state). 

Table 3. Degree of crystallinity (𝜒𝑐) of Sc-PLA/CNT nanocomposites.         

Samples 
𝝌𝒄(%)

𝒂 

(± 2%) 

𝝌𝒄(%)
𝒃 

(± 2%) 

Pristine 

Sc-PLA 

Fast cooling 2 ⎼ 

Annealing 59 49 

Slow cooling 44 48 

2 wt% 

Fast cooling  2 ⎼ 

Annealing  54 49 

Slow cooling 48 48 

5 wt% 

Fast cooling  1 ⎼ 

Annealing 56 53 

Slow cooling 52 58 
a Calculated by DSC 
b Calculated by WAXS diffractograms 
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Figure 5. WAXS intensity profiles of Sc-PLA/CNT nanocomposites. Straight lines and dash 

lines are used to distinguish the both pretreatments: annealing and slow cooling from melt 

state, respectively. 

The thermoelectric response of all samples has been measured at 300 K and reported in 

Table 4. Regarding the electrical conductivity, at the same CNT content, similar values of σ is 

measured within the error bars whatever the Sc-PLA matrix is in amorphous or semi-crystalline 

state. Huang et al. [18] have reported a significant increase of σ with the crystallinity for PLLA 

filled with low content of CNT (0.75 and 1 wt%). In this range, the lower the CNT 

concentration, the greater the impact of crystallinity on electrical conductivity. However, this 

effect is no longer observed at 2 wt% of CNT; i.e. far above the percolation threshold, in 

agreement with ours results. Considering that electrical conductivity is only related to the CNT 

conductive network, the link between the structure (amorphous/semi-crystalline) of the non-

conductive matrix and the electrical properties may seem rather confusing. In fact, the 

crystallization of the PLA from the melt state may significantly change the CNT network, due 

to selective exclusion of CNT from crystalline phase. This subsequently induces an increase of 

CNT ratio in the amorphous phase which in the case of concentration close to the percolation 

threshold, can reach the required CNT concentration to form a conductive network. By contrast, 

at filler concentration well above the percolation threshold as in our study, the matrix 

crystallization will not significantly modify the CNT network which is already conductive 
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leading to similar electrical conductivity. Regarding the annealing treatment, samples remain 

in the solid state so the CNT network is not modified when PLA crystallization occurs.  

Regarding the Seebeck coefficient values, a slightly improvement of S is observed with 

the presence of crystals. Indeed, values increase from 11 to 12 µV K-1 and from 10 to 11 µV K-

1 for samples containing 2 wt% and 5 wt% CNT, respectively. The same trend was reported in 

the previous work of Brun et al. [27], studying thermoelectric properties of PVDF/MWCNT 

composites. To the best of our knowledge, the origin of this evolution is not understood up to 

now.  

 Crystallinity increases the thermal conductivity of PLA nanocomposites as shown in 

Table 4. The effect is especially observed for nanocomposites containing 5 wt% of CNT. for 

which κ increases from 0.29 W m-1K-1 for the fast-cooled sample to 0.37 W m-1K-1
 (+27%) for 

the slow cooled sample. This could be due to the increased thermal conductivity of the PLA 

matrix when it is in a semi-crystalline state, as the more ordered structures favor the heat 

transport [51].  

 Within the error bars, as electrical conductivity remains unchanged, Seebeck coefficient 

and thermal conductivity slightly increases, ZT value is almost the same when comparing 

samples with the same filler fraction whatever the degree of crystallinity. To summarize, no 

impact of crystallinity on thermoelectric properties is evidenced in this study focused on 

PLA/CNT with fillers content higher than the percolation threshold.  

Table 4. Thermoelectric properties of Sc-PLA/CNT samples from different pre-treatments to 

induce or not crystallinity.    

 
𝛔 (x 10-2) 

(S m-1) 

S 

 (µV K-1) 

𝜅  

(W m-1K-1) 

ZT (x 10-9) 

(T = 300 K) 

Fast cooling 

(amorphous) 

2wt% 1.3 ± 0.1 11 ± 0.3 0.24 ± 0.01 2.1 ± 0.7 

5wt% 5.0 ± 0.3 10 ± 0.2 0.29 ± 0.01 5.6 ± 1.6 

Annealing 
2wt% 0.9 ± 0.5 12 ± 0.3 0.26 ± 0.02 1.3 ± 0.7 

5wt% 4.0 ± 0.3 11 ± 0.2 0.32 ± 0.01 4.4 ± 2.6 

Slow cooling 
2wt% 1.3 ± 1.0 12 ± 0.2 0.27 ± 0.02 2.1 ± 1.6  

5wt% 3.4 ± 2.0 11 ± 0.2 0.37 ± 0.03 3.7 ± 1.9 
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  Comparison of thermoelectric properties of thin and thick films of A-

PLA/CNT nanocomposites at 300 K 

The in-plane electrical conductivity of thin films and both cross-plane and in-plane 

electrical conductivities of thick discs of A-PLA/CNT are compared in Fig. 6a.  

 

Figure 6. Cross-plane and in-plane thermoelectric properties at 300 K as a function of CNT 

concentration: a) electrical conductivity (σ), b) thermal conductivity (𝜅), c) Seebeck 

coefficient (S), and d) figure of merit (ZT). 

As a reminder, the in-plane electrical conductivity for thick discs was assessed by 4-point 

collinear probe technique. Two major results are observed: first of all, the in-plane electrical 

conductivity values of thin films are about 100-1000 times higher than the cross-plane 

measurements of thick discs for the same CNT composition; in addition, it is very interesting 

to note that the values of the in-plane electrical conductivity of thick discs and thin films are of 

the same order of magnitude for the same filler content, showing an independence of σin-plane on 
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sample thickness. This result clearly establishes that the electrical conductivity is highly 

anisotropic in thick discs: the electrical conductivity at the surface is 100-1000 times higher 

than the one in volume measured cross-plane. This result is in line with the work of Audoit et 

al. [52] focused on 2D-silver microplates/PVDF nanocomposites. These authors have shown 

that σin-plane was 1000 times higher than σcross-plane and that the percolation threshold was lower 

through the sample thickness than on the surface. In the case of PVDF/MWCNT 

nanocomposites, Brun et al. [27] have also revealed that σin-plane was 10 times higher than σcross-

plane. In all these cases, samples were prepared using a hot-pressing step. One hypothesis to 

explain this anisotropic behavior in electrical conductivity could be that during the                  

thermocompression step, nanotubes close to the surface are preferentially oriented in the surface 

plane, favoring conductive paths. Indeed, CNT near the surface would orient their long axis 

perpendicular to the compression stress whereas CNT in the bulk would be aligned more 

randomly. Considering that carbon nanotubes have higher electrical conductivity along their 

long axis [53], their specific orientation close to the surface will then induce a higher in-plane 

electrical conductivity. Note that this effect is equally observed on both sides of thick discs. 

Regarding the similar results in σin-plane of thin films and thick discs, as thin films do not have a 

thermocompression step in their elaboration process, the explanation lies elsewhere. Min et al. 

[54] explained that “Slight tilting of the nanotubes in the composite film could easily create 

additional contacts between nanotubes resulting into higher electrical conductivities in the film 

than in the bulk”. In other words, nanotubes in solvent can be thought of as toothpicks thrown 

into water and they tend to organize themselves horizontally, which is undoubtedly due to their 

high aspect ratio, and what creates numerous new and “better” horizontal contacts between 

them. The correct assessment of the electrical conductivity is of prime importance considering 

the thermoelectric performance. To the best of our knowledge, only few works have highlighted 

the difference in electrical conductivity between in-plane and cross-plane for thermoelectric 

applications [27]. To evaluate the ZT parameter, a lot of authors use surface electrical 

conductivity while the other properties are assessed in volume, as summarized in Table 2.  

The comparison of thermal conductivity between thick discs and thin films is shown in 

Fig. 6b. It can be seen that contrary to electrical conductivity which presents a clear anisotropy 

according to direction measurements, the obtained in-plane and cross-plane thermal 

conductivity values show nearly the same values for a same filler fraction of CNT. 

Theoretically, this means that the mean free path of phonons remains the same in both thin films 

and thick discs and that phonons are affected more by the number of contacts between the tubes 

rather than by their orientation to each other. 
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For the Seebeck coefficient (Fig. 6c), the values of S for thin films are of the same order 

of magnitude as for thick samples with values around 11 to 10 µV K-1. Therefore, the Seebeck 

coefficient values obtained in the investigation are almost equal in both directions (cross-plane 

and in-plane). The order of magnitude of S values is normal but the decrease was expected to 

be more significant. The explanation could be related to the way the measurement is performed 

by the TFA in which the area used on the chip to evaluate the Seebeck is very small (~1 µm) 

and the corresponding thickness and volume concentration cannot be perfectly controlled. 

Therefore, the values obtained in this study will be considered equal in both directions. 

As a result, the final thin-films (in-plane) ZTs are shown in Fig. 6d. The values lie 

between 5.4 x 10-6 for 2 wt% of MWCNT and 1.2 x 10-4 for 40 wt% and are about 103 times 

higher than that of thick discs. This shows that the thermoelectric properties of thermoplastic 

based composites are mainly controlled by the electrical conductivity and that the ZT of thin 

films is much higher than that of thick discs for the same composition. This behavior also 

confirmed that thermoelectric properties can be highly anisotropic, hence one can emphasize 

that in order to accurately evaluate the thermoelectric efficiency of materials, all parameters 

including σ, 𝜅, and S must be measured along the same direction as the applied temperature 

gradient. To the best of our knowledge, until now only one research by Antar et al. [16] has 

reported a figure of merit (ZT) for similar PLA based nanocomposites with the highest value at 

7 x 10-5 (18 vol% ≈ 22 wt% of CNT). Regarding thermoplastic/MWCNT composites, the ZT 

value of 1.2 x 10-4 obtained in this study for samples with 40 wt% of MWCNT is the best value 

that can be found in the literature.  

 Conclusions  

In the present study, thick PLA/CNT nanocomposite discs (from 2 to 40 wt% of CNT) 

have been prepared by melt-blending and solution mixing processes. For each sample, the CNT 

content was controlled by TGA, which confirmed that the final values were close to those 

expected. The electrical percolation model was used to fit the electrical conductivity as a 

function of CNT volume fraction yielded a percolation threshold value at 0.36 vol% CNT, 

which is lower than other literature. All thermoelectric parameters including electrical 

conductivity (σ), thermal conductivity (𝜅), Seebeck coefficient (S), and figure of merit (ZT) 

were determined and compared for the two elaboration processes. It can be concluded that the 

preparation methods have no significant effect on the thermoelectric properties when the filler 

content is well above the percolation threshold. In addition, the impact of PLA crystallinity on 

the thermoelectric response of the nanocomposites have been investigated. Although electrical 
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conductivity remains at the same values compared to amorphous PLA/CNT and Seebeck 

coefficient and thermal conductivity are slightly enhanced by the crystallinity of PLA, the final 

ZT of nanocomposites is almost unchanged after inducing crystallinity in PLA. Finally, thin 

nanocomposite films were prepared with the same filler as thick discs and thermoelectric 

properties were measured using thin films analyzer (TFA). The comparison of thermoelectric 

properties between thick discs and thin films revealed a strong anisotropy of the electrical 

conductivity and the resulting figure of merit, with in-plane values 1000 times higher than 

cross-plane values.  
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3. Thermoelectric properties of A-PLA/CNT nanocomposite (2 wt%) obtained from 

solution mixing combining melt-blending process 

In order to optimize the dispersion of CNT, an A-PLA/CNT nanocomposite containing 2 

wt% of fillers was prepared by combining solution mixing followed by melt blending. Fig. 3.1 

presents the dispersion of CNT in PLA matrix using SEM. The SEM images show no significant 

difference in the distribution of CNT within the PLA matrix compared to the sample containing 

2 wt% CNT produced via either the melt-blending or solution mixing process (see Fig. 1), 

where both isolated and bundles of CNT can also be observed at high magnification.  

 

Figure 3.1. SEM images of cryofractured cross-sections of sample 2 wt% obtain from 

solution mixing and melt-blending. 

The actual weight fraction of CNT (wt%) in this sample was also determined by TGA 

and the obtained value close to the expected content which is 1.2 ± 0.2 vol% CNT (equivalent 

to 1.6 ± 0.2 wt%). Concerning thermal transition, the glass transition temperature was around 

55 °C, which is similar to the sample prepared from solution mixing or melt-blending protocols 

with the same CNT content.   

 In terms of thermoelectric properties, Fig 3.2 (a-d) illustrates a comparison of the cross-

plane thermoelectric properties of the nanocomposite (2 wt% CNT) produced through three 

elaboration processes. It can be seen that, within the error bars, the achieved values of the 

sample from the combination of solution mixing and melt-blending present no discernible 

difference when compared to the samples produced by other process. The values of electrical 

conductivity (σ), thermal conductivity (κ), Seebeck coefficient (S), and figure of merit (ZT) 

are 8.3 x 10-3 S m-1, 0.22 W m-1 K-1, 11.7 µV K-1, and 1.6 x 10-9, respectively. 

To summarize, it can be concluded that the combination of solution mixing and melt-

blending process does not exhibit a pronounced effect on the thermoelectric properties in the 
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case of nanocomposite containing 2 wt% of CNT (i.e. concentration higher that the percolation 

threshold).    

 

Figure 3.2. Cross-plane thermoelectric properties comparison of nanocomposite (2 wt% 

CNT) from three elaboration processes. a) electrical conductivity (σ), b) thermal conductivity 

(κ), c) Seebeck coefficient (S), and d) figure of merit (ZT). 

4. The influence of CNT orientation on thermoelectric properties 

In order to better understand the influence of CNT orientation on thermoelectric 

properties, A-PLA/CNT nanocomposites have been uniaxially drawn at 70 °C (just above Tg) 

at different draw ratios. Fig. 3.3 displays SEM images of the surface of uniaxially drawn 

samples at various strains, ranging from 100 % to 150 % for sample containing 2 wt% CNT 

(Fig. 3.3 a1 – a3), and from 100 % to 250 % for sample containing 5 wt% (Fig. 3.3 b1 – b4). 

Note that, to clearly observe the distribution and orientation of CNT in the polymer matrix, the 

surface of the nanocomposites was imaged without the use of a carbon coating. While no clear 

evolution is evidenced for the nanocomposites containing 2 wt% of CNT, the images for the 
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nanocomposites with 5 wt% reveal that CNT bundles tend to align along the stretching 

direction, and that this alignment, as expected, becomes more pronounced as the draw ratio 

increases. Furthermore, as the strain increases, a decohesion between the oriented CNT bundles 

and the polymer matrix appears. Due to its higher deformation level, this separation is most 

pronounced in the 5 wt% CNT sample for  = 250 % (Fig. 3.3 b4). These results suggest that 

the CNT network within the polymer could be disrupted as the strain increases, with consequent 

effects on the electrical conductivity and thermoelectric properties of the nanocomposites.  

  

 

Figure 3.3. SEM images of surface of A-PLA/CNT nanocomposites (2 wt% and 5 wt%). a1-

b1), a2-b2) and a3-b3) corresponding to the strain of 0, 100 %, and 150 %, b4) sample 5 wt% 

at the strain of 250 %. Red arrows show the stretching direction.  
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Fig. 3.4 illustrates the 𝜎𝑐𝑟𝑜𝑠𝑠−𝑝𝑙𝑎𝑛𝑒 and 𝜎𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 values of the nanocomposite as a 

function of strain. Overall, the electrical conductivity values of both samples decrease as the 

draw ratio increased. Specifically, for the sample containing 2 wt% CNT (Fig. 3.4a), the cross-

plane value significantly decreases as the deformation reaches 150 %, dropping from                  

9.2 x 10-3 S m-1 to 4.3 x 10-5 S m-1. Meanwhile, the nanocomposite with 5 wt% of CNT shows 

a less pronounced decrease, falling from 2.0 x 10-1 S m-1 to 4.3 x 10-4 S m-1. The decrease of  

with deformation has already been reported in literature for stretchable electrodes based on 

silicone and various fillers [1,2]. This phenomenon may be explained by the increase of the 

distance between CNT with strain in the stretching direction which may disrupt the CNT 

network. This phenomenon is expected to be more pronounced at low CNT concentrations 

which explains the higher decrease of  for nanocomposite containing 2 wt%. Moreover, the 

formation of voids with stretching, as observed in SEM, is another contribution to the decrease 

of .   

Regarding the in-plane conductivity values, the sample with 2 wt% of CNT could only 

be measured for a deformation at  = 100 %. At 150 %, the measurement becomes impractical 

probably due to surface fracture, which disrupts the CNT network. By contrast, the 5 wt% CNT 

sample allows the determination of in-plane values as the deformation increases up to 250 %. 

To go further about the influence of CNT orientation on the electrical conductivity, the 

𝜎𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 measurement was conducted in both directions including parallel (//) (to the 

stretching direction) and perpendicular direction (⊥). The values obtained at low deformation 

were similar for both directions, but at the deformation of 250 % for 5 wt% CNT sample (Fig. 

3.4 b), a significant difference in values between the two measurement directions was observed, 

with the perpendicular direction being less than 10 times that of the parallel direction. These 

results indicate that σin−plane is significantly influenced by the orientation of CNT. In 

particular, for the sample drawn at  = 250 %, it can be assumed that the nanotubes are more 

aligned along the drawn direction. As expected, the higher value of σin−plane parallel to the 

stretching direction indicates that the conductivity along the nanotubes is higher than that 

perpendicular to the nanotube [3,4].  
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Figure 3.4. The effect of deformation on the cross-plane and in-plane (parallel and 

perpendicular to the measurement direction) electrical conductivity of PLA/MWCNT 

nanocomposites containing 2 wt% (a) and 5 wt% of CNT (b).   

5. Thermoelectric properties of Sc-PLA/CNT nanocomposites 

This part is dedicated to the results obtained on thick samples of nanocomposites based 

on crystallizable PLA. As a reminder, the elaboration conditions are similar as those previously 

used for A-PLA/CNT nanocomposites. Similar approach is used to investigate the relation 

between structure and thermoelectric properties on these nanocomposites. The distribution of 

CNT within the Sc-PLA matrix is presented in Fig. 3.5 a-d and 3.5 e-h for nanocomposites 

containing 2 wt% and 10 wt% CNT for samples produced through the melt-blending process, 

and 2 wt% and 40 wt% CNT for samples from the solution mixing process, respectively. In 

comparison to the A-PLA/CNT nanocomposites with the same CNT content (see Fig. 1), the 

dispersion of CNT in the Sc-PLA matrix does not show significant differences compared to that 

of A-PLA matrix, and there is no difference between the two elaboration processes.  

The weight fraction (wt%) of CNT in nanocomposites was determined by TGA and their 

conversion to volume fraction (vol%) is given in Table 2.5 of Chapter 2.  



Chapter III – Thermoelectric properties of bulk PLA/MWCNT nanocomposites  

 

138 
 

 

 Figure 3.5. SEM images of cross-section Sc-PLA/MWCNT samples from melt-

blending process with a-b) 2 wt%, c-d) 10 wt% of CNT and from solution mixing process 

with e-f) 2 wt% CNT, g-h) - 40 wt% CNT. 

Fig. 3.6 shows the cross-plane thermoelectric properties (σ, κ, S, ZT) of thick                       

Sc-PLA/CNT discs as a function of CNT content (vol%) at room temperature for both 

elaboration processes. 
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Fig. 3.6 a illustrates the anisotropy of electrical conductivity of Sc-PLA/CNT thick discs, 

where the σin-plane is 100-1000 times higher than σcross-plane. The underlying rationale of this 

behavior has already been deliberated in the publication (section 2.3.3), and will not be 

discussed again. Note that the order of magnitude for σ values is comparable to that observed 

for the thick discs of A-PLA/CNT nanocomposite. In addition, we also observe the similarity 

in σ of samples from the two elaboration processes which is similar to that in the case of A-

PLA/CNT.  

Following the same evolution as A-PLA/CNT samples, Sc-PLA/CNT nanocomposites 

also show a linear increase in thermal conductivity as function of CNT content, in which the 

minimum value is 0.19 W m-1 K-1 for pristine Sc-PLA and, and the maximum is 0.8 W m-1 K-1 

for the sample containing 40 wt% CNT (Fig. 3.6 b), i.e. in the same order of magnitude that for 

A-PLA/CNT samples.  

The cross-plane Seebeck coefficient decreases as a function of CNT, as presented in Fig. 

3.6c. The values fall within the range of 9 – 12 µV K-1 for nanocomposites from two elaboration 

processes, which is consistent with the range of values observed for A-PLA/CNT sample.  

Finally, the ZT value has been calculated at 300 K, and the results are graphically 

presented in Fig. 3.6d as a function of CNT concentration. The data exhibits a consistent upward 

trend with increasing CNT content, with the highest achieved value reaching 4.2 x 10-8 for the 

sample containing 40 wt% CNT prepared through the solution mixing process. Due to no clear 

difference in the values of 𝜎, 𝜅, and S between both elaboration processes up to 10 wt%, the 

final ZT in this section appears to be independent of the elaboration processes.  

The similarity in the cross-plane thermoelectric properties between the thick discs of Sc-

PLA/CNT and A-PLA/CNT nanocomposites could be attributed to the fabrication process. 

Specifically, the thermo-compression process, followed by fast cooling condition step, results 

in an amorphous structure in the thick Sc-PLA/CNT discs, as confirmed by the results from 

DSC and WAXS in section 2.3.2. Therefore, in this research, the Sc-PLA/CNT nanocomposites 

obtained through the fast cooling condition correspond to an amorphous sample with 

thermoelectric properties similar to those of A-PLA/CNT. Additionally, these results serve as 

evidence that the thermoelectric properties are independent of the elaboration process when the 

CNT content used exceeds the percolation threshold.  
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Figure 3.6. Cross-plane thermoelectric properties of nanocomposites-based Sc-PLA as a 

function of CNT volume fraction. a) electrical conductivity (σ), b) thermal conductivity (κ), c) 

Seebeck coefficient (S), and d) figure of merit (ZT).  

6. Conclusion 

Thick discs of PLA/CNT nanocomposites containing CNT concentration that far exceeds 

the percolation threshold (from 2 to 40 wt% CNT) were prepared by different elaboration 

processes and cross-plane thermoelectric properties were investigated at room temperature. The 

first result demonstrated that thermoelectric properties of all nanocomposites were independent 

on the elaboration processes. Crystallinity was induced into the Sc-PLA matrix to evaluate the 

impact of the crystalline structure on the thermoelectric properties. The results show that there 

was no impact of crystallinity degree on thermoelectric properties of PLA/CNT 

nanocomposites when the filler content exceeds the percolation threshold.  

The impact of CNT orientation within the polymer matrix on the thermoelectric properties 

was investigated by deforming the thick samples at different levels. The results suggest that 
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both in-plane and cross-plane electrical conductivity decreases with material deformation, with 

a notable difference in the in-plane measurement along the direction of CNT.  

Finally, an important outcome result of this chapter is that we have demonstrated the 

anisotropic characteristics of electrical conductivity and ZT values in thick disc 

nanocomposites, where in-plane values are 100 – 1000 times higher than the cross-plane values 

at the same CNT contents. 
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1. Introduction 

The aim of chapter 4 is to discuss the TE properties of thin A-PLA/CNT films. For that, 

A-PLA was chosen as the polymer matrix and three kinds of fillers including MWCNT, 

SWCNT, and SWCNT-COOH were selected. The nanocomposites were prepared by solution 

mixing with filler content up to 40 wt%. All the thermoelectric properties were assessed on the 

sample surface (in-plane measurements) by TFA.  

In chapter 3, the in-plane TE properties of thin A-PLA/MWCNT films were compared 

with the cross-plane TE properties of thick A-PLA/MWNCT discs at room temperature (300 

K). The obtained results allowed to clarify the anisotropic behavior of electrical conductivity 

and thermoelectric properties for these PLA/CNT nanocomposites.  

In the first part of this chapter, the influence of different types of CNT fillers (MWCNT, 

SWCNT, and SWCNT-COOH) on the thermoelectric properties of PLA-based nanocomposites 

will be investigated. The electrical conductivity, thermal conductivity, and Seebeck coefficient 

were systematically measured and compared at 300 K. The expected result will be valuable for 

comparing and optimizing the thermoelectric performance of PLA/CNT nanocomposites.   

In the second part of this chapter, the temperature-dependence of thermoelectric 

properties for these three kinds of nanocomposites was shown over a temperature range from 

300 to 400 K. This evolution will provide information about the relationship between 

temperature and thermoelectric properties of thin PLA/CNT films.  
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2. Effect of carbon nanotube type (MWCNT, SWCNT, and SWCNT-COOH) on 

thermoelectric properties at 300K 

In this section, in order to improve the TE properties of our nanocomposites, the results 

obtained with MWCNT, previously studied, are compared to those of SWCNT and 

functionalized SWCNT-COOH at room temperature.  

  Electrical conductivity 

The in-plane electrical conductivities of thin films of A-PLA-based nanocomposites filled 

with different types of CNT are shown in Fig 4.1 and Table 4.1. As expected, it can be seen 

that the σin−plane values of all the nanocomposites increased with CNT concentration. Regarding 

the effect of CNT nature, the best values of σin−plane are obtained for A-PLA/SWCNT 

nanocomposites are 10 times higher than those obtained for A-PLA/MWCNT. The A-

PLA/SWCNT-COOH nanocomposites display intermediate σin−plane values. Here, the highest 

values obtained with 40 wt% of MWCNT, SWCNT, are SWNCT-COOH are 3.5 x 103 S m-1, 

1.3 x 105 S m-1, and 3.5 x 104 S m-1, respectively. Compared with the σ values of insulating 

polymer-based nanocomposites summarized in Table 9 and 10 of Chapter 1, it is observed that 

these obtained values are in the same order of magnitude at the same filler contents of CNT.  

 

Figure 4.1. In-plane electrical conductivity measured by TFA of thin A-PLA/CNT 

(MWCNT, SWCNT, and SWCNT-COOH) films at 300 K as a function of CNT weight 

fraction.  
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Table 4.1. Electrical conductivity measured by TFA of thin A-PLA/CNT (MWCNT, SWCNT 

and SWCNT-COOH) films at 300 K. The uncertainty of these values is 6 %. 

CNT (wt%) 
σA-PLA/MWCNT  

(S m-1) 

σA-PLA/SWCNT 

(S m-1) 

σA-PLA/SWCNT-COOH 

(S m-1) 

Pristine A-PLA 2.0 x 10-13 2.0 x 10-13 2.0 x 10-13 

2 2.4 x 101 3.8 x 102 9.8 x 101 

5 1.2 x 102 9.6 x 102 4.0 x 102 

10 3.5 x 102 5.6 x 103 2.0 x 103 

20 1.3 x 103 1.6 x 104 6.5 x 103 

30 2.4 x 103 5.7 x 104 1.9 x 104 

40 3.5 x 103 1.3 x 105 3.5 x 104 

 

It is well known that the difference in the structure between MWCNT and SWCNT leads 

to a difference in electrical conductivity [1]. SWCNT consist of a single layer of carbon atoms 

and can be visualized as a rolled-up sheet of graphene. Therefore, the transport of electrons can 

only occur over distances along the wall axis of the tubes. Meanwhile, electron transport 

through MWCNT is more complex, involving movement both along the wall axis and between 

different layers. This complexity results in lower conductivity compared to SWCNT [2].  

Regarding the difference in electrical conductivity between nanocomposites filled with 

SWCNT and SWCNT-COOH, the lower value of SWCNT-COOH compared to SWCNT could 

be attributed to two main reasons as proposed in literature. Firstly, the introduction of a 

functional group - COOH into a conjugated 𝜋-electron system induces the carbon hybridization 

from sp2 to sp3, the structural changes interrupt the conjugation and induce a distortion of the 

SWCNT layer. According to [3], this phenomenon induces the half-occupied state around the 

Fermi level and significantly may affect the carrier transport of nanotubes. In addition, these 

sp3 carbons on the SWCNT wall can also be regarded as defects or scattering centers, which 

reduce the conductivity of nanotubes [4].  

To conclude, using SWCNT showed a significant enhancement in the electrical 

conductivity of nanocomposites compared to using MWCNT. Although A-PLA/SWCNT-

COOH nanocomposites show a lower conductivity than A-PLA/SWCNT ones, the value is still 

10 times higher than that of MWCNT based films. Therefore, in general, SWCNT demonstrate 

a potential to improve the electrical performances of PLA/CNT nanocomposites.         
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 Thermal conductivity 

The thermal conductivity of all A-PLA/CNT nanocomposites is shown in Fig 4.2 and 

Table 4.2. As expected, the  values increase with CNT fraction and are between 0.15 W m-1 

K-1 for 2 wt% of CNT and 1.0 W m-1 K-1 for 40 wt% of CNT. As can be seen, the values are 

just slightly higher in the case of SWCNT than for MWCNT, which is far less significant 

compared to the evolution of the electrical conductivity: for concentrations higher than 5 wt%, 

a difference of 10 % only is observed. In addition, although the functional groups can act as 

defects on the surface of SWCNT, and could then decrease the thermal conductivity, COOH-

functionalized SWCNT do not show any significant effect on the thermal conductivity of the 

PLA-based nanocomposites at a same filler content. These values are close to those already 

reported for PLA/CNT nanocomposites which mostly range between 0.2 – 1.0 W m-1 K-1 [5,6].  

 

Figure 4.2. Thermal conductivity measured by TFA of thin A-PLA/CNT (MWCNT, 

SWCNT, and SWCNT-COOH) films at 300 K as a function of CNT weight percent.  
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Table 4.2. Thermal conductivity measured by TFA of thin A-PLA/CNT (MWCNT, SWCNT 

and SWCNT-COOH) films at 300 K. The uncertainty of these values is 10 %.  

CNT (wt%) 
κA-PLA/MWCNT 

(W m-1 K-1) 

κA-PLA/SWCNT 

(W m-1 K-1) 

κA-PLA/SWCNT-COOH 

(W m-1 K-1) 

Pristine A-PLA 0.10 0.10 0.10 

2 0.15 0.36 0.32 

5 0.30 0.50 0.47 

10 0.45 0.61 0.58 

20 0.67 0.76 0.75 

30 0.84 0.93 0.88 

40 0.92 1.0 0.99 

 

As mentioned in Chapter 1, the thermal conductivity of MWCNT and SWCNT can 

significantly vary from 6000 W m-1 K-1, for a perfect individual tube, to below 0.1 W m-1 K-1 

for some bundled forms, almost perfect insulators [7]. The lower thermal conductivity for 

MWCNT is due to higher phonon scattering through all the inner walls. The SWCNT also show 

a high number of phonon vibrational modes, but a relatively low defect density compared to 

MWCNT, leading to a potentially higher thermal conductivity [8]. It is also important to notice 

that even with nanotube concentrations as high as 40 wt%, the thermal conductivity does not 

exceed 1.0 W m-1 K-1, indicating a clear decorrelation between electrical and thermal 

conductivity, and confirming that the contribution of phonons is greater than that of charge 

carriers [7]. In addition, this low thermal conductivity, whereas the electrical conductivity is 

hugely enhanced, is a key property for the optimization of thermoelectric performances. 

  Seebeck coefficient 

Fig. 4.3 and Table 4.3 show the Seebeck coefficients obtained with TFA for the 3 A-

PLA/CNT nanocomposite types. All values are positive, meaning that the majority of the charge 

carriers are holes, which is consistent with the behavior of p-type semiconductors of MWCNT 

and SWCNT [9]. 
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Figure 4.3. Seebeck coefficient measured with TFA of thin A-PLA/CNT (MWCNT, 

SWCNT, and SWCNT-COOH) films at 300 K as a function of CNT weight fraction.  

Table 4.3. Seebeck coefficient values of thin A-PLA/CNT (MWCNT, SWCNT, and 

SWCNT-COOH) films at 300 K. The uncertainty of these values is 7 %.  

CNT (wt%) 
SA-PLA/MWCNT 

 (µV K-1) 

SA-PLA/SWCNT 

(µV K-1) 

SA-PLA/SWCNT-COOH 

(µV K-1) 

2 11 21 37 

5 10 18 36 

10 11 20 37 

20 10 - 37 

30 10 17 - 

40 10 19 35 

 

In the case of SWCNT-COOH, it should be mentioned that the carboxyl group (- COOH) 

affects the structure of SWCNT backbone as the electron-withdrawing leading to the 

introduction of holes in the SWCNT structure as charge carriers, so that the Seebeck coefficient 

for A-PLA/SWCNT-COOH nanocomposites is also in positive sign [10]. As observed in the 

previous section, one can see that the values as a function of filler content are unexpectedly 

almost constant, or just slightly decreasing. Nevertheless, the 3 sets of measures are 

significantly different: A-PLA/SWCNT-COOH nanocomposites exhibit the highest Seebeck 

coefficients around 35~37 µV K-1, then 20~21 µV K-1 for SWCNT and finally 10~11 µV K-1 

for MWCNT (the lowest). These results are close to those reported by Lan et al. [4], which are 
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34.8 µV K-1 and 21.7 µV K-1 for SWCNT-COOH and SWCNT films, respectively. Such a 

significant increase between SWCNT and SWCNT-COOH is due to the local conversion of sp2 

to sp3 hybridized bonding by the introduction of functional groups on the SWCNT walls. 

According to Lan et al., this effect brings a significant impact on the charge carrier scattering, 

resulting in a decreased charge carrier concentration and an increased Seebeck coefficient. In 

addition, the Seebeck coefficient is directly related to an asymmetric shape of density of states 

(DOS) around the Fermi level [11]. It can be assumed that the introduction of – COOH groups 

on SWCNT backbone can promote an asymmetry increase in the DOS at the Fermi level, 

leading to an enhancement of the Seebeck coefficient. 

When comparing our Seebeck values with those of all nanocomposites summarized in 

Table 1.9 and 1.10 of Chapter 1, the Seebeck values obtained in this study are within the same 

order of magnitude. They typically fall in the range of 9 and 14 µV K-1 for MWCNT, and in the 

range of 24 and 58 µV K-1 for SWCNT-based nanocomposites. The only exception is the value 

of 325 µV K-1, reported by Du et al. [12], for a porous PVDF/MWCNT nanocomposite 

containing 15 wt% of fillers.  

 Figure of merit 

The figure of merit (ZT) has been calculated at 300 K. The CNT concentration 

dependence of ZT has been reported in Fig. 4.4 and Table 4.4. As can be seen, ZT evolution 

for all nanocomposites followed the same trend as the electrical conductivity, showing a 

continuous increase up to 20 wt% of fillers and then more or less a plateau. It is interesting to 

note that A-PLA/SWCNT and A-PLA/SWCNT-COOH nanocomposites eventually exhibit the 

same values, the higher electrical conductivity of one offsetting the higher Seebeck of the other. 

More interesting is that due to their much higher Seebeck coefficient and electrical conductivity 

values, these nanocomposites have a much higher ZT, of 2 orders of magnitude, than A-

PLA/MWCNT ones for the same filler content, which increase from 1.2 x 10-4 for 2 wt% of 

fillers content up to 0.02 for 40 wt% compared to 5.4 x 10-6 and 1.4 x 10-4, respectively.  
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Figure 4.4. Figure of merit of thin A-PLA/CNT (MWCNT, SWCNT, and SWCNT-COOH) 

films at 300 K as a function of CNT weight fraction deduced from TFA measurements.  

Table 4.4. Figure of merit values of thin A-PLA/CNT (MWCNT, SWCNT, and 

SWCNT-COOH) films at 300 K.  

CNT (wt%) ZTA-PLA/MWCNT ZTA-PLA/SWCNT ZTA-PLA/SWCNT-COOH 

2 5.4 x 10-6 1.4 x 10-4 1.2 x 10-4 

5 1.3 x 10-5 1.8 x 10-4 3.3 x 10-4 

10 3.0 x 10-5 1.2 x 10-3 1.4 x 10-3 

20 6.4 x 10-5 - 3.5 x 10-3 

30 8.7 x 10-5 1.2 x 10-2 - 

40 1.2 x 10-4 2.3 x 10-2 2.2 x 10-2 

 

As far as we know, ZT = 0.023 at room temperature is one of the best ZT value that can 

be found in the literature for a thermoplastic based nanocomposite filled with SWCNT. Until 

now, one of the highest value that has been found was 0.006 for PVAc/20 wt% SWCNT [13], 

which is fully comparable to the value found in this work for similar SWCNT content.  

3. The evaluation of thermoelectric properties as a function of temperature (300 – 400 K) 

In this section, the evolution with temperature of the thermoelectric properties of the 3 

sets of previous thin nanocomposites is studied. The temperature range between 300 and 400 K 

corresponds to the possible range of use of these materials. Moreover, as the glass transition of 
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the polymer matrix occurs in this temperature range, it is also interesting to analyze the 

evolution of TE properties as a function of the glassy or rubbery state of the polymer. 

 Electrical conductivity 

The evolution of in-plane electrical conductivity on temperature range from 300 to 400 

K of all A-PLA/CNT nanocomposites is shown in Fig. 4.5. In the graphs (a-c) of this figure 

logarithmic-linear scale is used. It can be observed that whatever the CNT type and the CNT 

content, σ varies poorly with temperature. Generally speaking, as shown previously, the 

SWCNT-based nanocomposites has better electrical conductivity than the nanocomposites 

containing SWCNT-COOH fillers, and the lowest electrical conductivity is obtained for 

nanocomposites containing MWCNT.  

To better visualize the effect of T on σ, Fig. 4.5 (a1-c1) presents the normalized electrical 

conductivity of nanocomposites containing the lowest (2 wt%) and the highest (40 wt%) CNT 

content, expressed as σ(K)/σ(300 K). Over the investigated temperature range, the electrical 

conductivity does not increase more than 6-8 %. Moreover, different behaviors depending of 

the type of CNT are highlighted. In the case of A-PLA/MWCNT nanocomposites, the electrical 

conductivity tends to exhibit a positive correlation with increasing temperature, indicative of a 

semiconductor behavior [14]. Meanwhile, in the cases of A-PLA/SWCNT and A-

PLA/SWCNT-COOH, the conductivity exhibits a decreasing trend over a certain temperature 

range, rather indicative of a metallic behavior [15]. This result should be related to the 

composition of the commercial powder batch of SWCNT. Indeed, it is worth reminding that 

statistically, 1/3 of a commercial powder batch of SWCNT has metallic properties, and the 

remaining 2/3 exhibits a semiconducting electronic structure [16]. In addition, over the studied 

temperature range, it can be observed an inflection point between 50 – 70 °C (323 – 343 K) in 

these conductive curves, i.e. around the glass transition temperature (Tg). As the filler content 

increases, this inflection around the Tg region is less pronounced, or even no present for 

nanocomposites containing 40 wt% CNT. This behavior was observed in all three kinds of 

nanocomposites. These phenomena may be attributed to the movement of polymer chain within 

its glass transition temperature (Tg). In nanocomposite containing 2 wt% CNT, as the 

temperature approaches the Tg region,  tends to be independent of the temperature. 

Considering that the conductivity is related to the connectivity of the conductive network, one 

may assume that the mobility of polymer chains may disrupt the conductive network established 

by the CNT. Meanwhile, in the cases of nanocomposite with a higher CNT content (40 wt%), 

the presence of a larger quantity of CNT and the extensive interconnections between them gives 
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rise to a significant number of electrical contacts. In these conditions, charge carrier conduction 

predominates, with minimal influence from the movement of polymer chains when the 

temperature is around Tg.   
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Figure 4.5.  Evolution as a function of temperature of the electrical conductivity 𝜎(𝑇) and the normalized conductivity 𝜎(𝐾)/𝜎(300) of thin A-

PLA/CNT films (measured with TFA): a) and a1) A-PLA/MWCNT, b) and b1) A-PLA/SWCNT, c) and c1) A-PLA/SWCNT-COOH. 

Normalized curves concern only for 2 and 40 wt% of fillers.
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In order to discuss what mechanisms control the conduction of PLA/CNT 

nanocomposites, different theoretical models (presented in Chapter 1) were used.  

According to literature, for a random distribution of the conducting particles, a linear 

relation between ln  and 𝑤−1/3 could support a charge transport by tunneling effect [17, 18]. 

A linear correlation between ln (σ) and 𝑤−1/3 will be considered as soon as the correlation 

coefficient is higher than 0.98 [19]. Fig 4.6 a and b presents the ln (σ) versus 𝑤−1/3 for all A-

PLA/CNT nanocomposites at 300 K and 400 K. Based on the correlation coefficient values, 

only the PLA/MWCNT composites exhibit a linear behavior which suggests that charge carriers 

are rather transported by tunnel effect in these materials. By contrast, poor correlation is found 

for all SWCNT-based composites. This may be not surprising considering that as shown 

previously the behavior of these materials is rather metallic in the investigated temperature 

range.  

 

Figure 4.6. logarithmic plot of electrical conductivity versus 𝑤−1/3 for A-PLA/CNT 

nanocomposites at 300 K (a) and 400 K (b), where 𝑤 is the weight fraction.  

To try to go further in the case of PLA/MWCNT nanocomposites, the  (𝜎) as a function 

of T was fitted using the thermal Fluctuation Induced Tunneling (FIT) and the charging energy 

limited tunneling (CELT) models. Fig. 4.7 illustrates the results for nanocomposites containing 

2 wt% and 40 wt% of MWCNT for both models. Considering the poorly evolution of  with 

temperature and the error bars, both models are able to fit the experimental data. Also, over the 

studied temperature range, it is not possible to conclude about the tunneling conduction 

mechanisms involved in these A-PLA/MWCNT nanocomposites. 
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Note that in the case of the FIT model, the parameter T0 which corresponds to the 

temperature above which the thermal activated conduction over the barrier begins to occur is 

found to be equal to 0, meaning that the FIT model is reduced to the Arrhenius law. In this case, 

the calculated activation energy is similar for both samples (Fig 4.7 e and f).  

 

 

Figure 4.7. Fitting models for electrical conductivity values of A-PLA/MWCNT 

nanocomposites (2 and 40 wt% MWCNT). a) and b) corresponding to FIT model, c) and d) 

corresponding to CELT model, e) and f) corresponding to Arrhenius model. 
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 Thermal conductivity 

Fig 4.8 (a-c) shows the measured thermal conductivity 𝜅 over a temperature range 

between 300 and 400 K for all kinds of nanocomposites. Generally, no clear effect of T in κ 

values is observed when comparing the three nanocomposites at the same scale while the 

thermal conductivity increases with the CNT fillers content, as shown previously.  

 Regarding the temperature dependence of thermal conductivity, to better visualized the 

evolution of the results, the normalized conductivities 𝜅(𝐾)/𝜅(300) are represented in Fig 4.8 

(a1-b1) corresponding to A-PLA/MWCNT, A-PLA/SWCNT, and A-PLA/SWCNT-COOH 

nanocomposites, respectively. For the sake of clarity, only the curves for the lowest and highest 

concentrations of fillers are shown. The normalized curves have a change around the Tg region 

of the polymer matrix between 50 – 70 °C and this phenomenon is more pronounced for low 

concentrations of CNT and almost no visible for the highest CNT concentration. Moreover, we 

can notice the jump of the thermal conductivity around Tg is more marked for the 

PLA/MWCNT than for PLA/SWCNT nanocomposites. Theoretically, the thermal conductivity 

is related to the specific heat, the density, and the mean speed and the mean free path of the 

phonons. The evolution of the thermal conductivity looks like the increase specific heat with 

temperature suggesting that the main factor which governs 𝜅(T) is the change of Cp(T).  

 According to the study of dos Santos et al. [20], the changes in thermal conductivity 

around Tg region can be explained in terms of molecular mobility. Below Tg, 𝜅 increases with 

temperature due to the specific heat increase effect and the fact that the mean free path of the 

phonons is assumed almost constant. When the temperature increases to Tg, the polymer 

undergoes a transition from a glassy state to the soft rubbery state. In the rubbery state (just 

above Tg), there is an increase in the large-scale mobility of macromolecules, and chain 

segments undergo thermal motion and torsional rotations. This introduction of movement in the 

polymer chains results in the formation of scattering center for phonons, leading to alterations 

in thermal conductivity. In the case of the nanocomposites containing high concentration of 

CNT, we can suspect that the large-scale mobility of chains is limited. 

 Note that, at temperatures well above the glass transition, the evolution of thermal 

conductivity as a function of temperature was not the same for the three kinds of 

nanocomposites. Indeed, in this study, nanocomposites containing MWCNT continue to show 

an increasing trend with temperature while SWCNT and SWCNT-COOH are almost 

temperature independent.  
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 In conclusion, based on the normalized curve, it is possible to highlight an increase in 

thermal conductivity of each nanocomposite over the studied temperature range. From the 

lower to the highest temperature, the thermal conductivity increases of 20, 5 and 10 % for 

PLA/MWCNT, PLA/SWCNT and PLA/SWCNT-COOH, respectively.  

 



Chapter IV – Thermoelectric properties of thin film PLA/CNT nanocomposites 

 

159 
 

 

Figure 4.8. Thermal conductivity and normalized thermal conductivity evolutions of thin film nanocomposites as a function of temperature for 

various loading concentrations and measured with TFA: a) and a1) A-PLA/MWCNT, b) and b1) A-PLA/SWCNT, c) and c1) A-PLA/SWCNT-

COOH. Normalized curves concern only for 2 and 40 wt% of fillers.
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 Seebeck coefficient   

Fig. 4.9 (a-c) show the temperature dependence of the Seebeck coefficient for the 

previous studied nanocomposites. The Seebeck coefficient of the three types of nanocomposites 

increases almost linearly with the temperature, from 300 to 400 K. This could be expected 

considering the theoretical expression of the Seebeck coefficient (see eq. 1.7 in chapter I). By 

drawing S with the same scale, it can be observed that SWCNT-COOH nanocomposites show 

the highest Seebeck coefficient values, followed by SWCNT and then MWCNT ones. The 

reason for this difference has already been discussed in the section 2.3. In the considered 

temperature range, the Seebeck coefficient values are found to be between 10 and 11 µV K-1 

for the A-PLA/MWCNT composite, between 19 and 25 µV K-1 for the A-PLA/SWCNT and 

between 35 and 43 µV K-1 for the A-PLA/SWCNT-COOH ones. In addition, there is no 

significant difference in the Seebeck coefficient value of each nanocomposite according to the 

increase in filler contents. 

 Unlike the two others parameters involved in thermoelectricity (𝜎 and 𝜅), the normalized 

Seebeck coefficient curves (S(K)/S(300)) of all nanocomposites are showed in Fig. 4.9 (a1-c1) 

for the lowest and the highest CNT concentration. Contrary to 𝜎 and 𝜅, it can be observed that 

the glass transition of the polymer has no impact on Seebeck coefficient.  

Over the investigated temperature range, the Seebeck coefficient increase of 40 to 60% 

for the three kind of nanocomposites. This increase is a good point to improve the ZT values 

and optimize the TE performance of nanocomposites A-PLA/CNT at high temperatures. 
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Figure 4.9. Seebeck coefficient and normalized Seebeck coefficient evolutions of thin film nanocomposites as a function of temperature for 

various loading concentrations and measured with TFA: a) and a1) A-PLA/MWCNT, b) and b1) A-PLA/SWCNT, c) and c1) A-PLA/SWCNT-

COOH. Normalized curves concern only for 2 and 40 wt% of fillers. 
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 Figure of merit  

Finally, the temperature dependence of the figure of merit (ZT) is shown in Fig. 4.10 for 

the three previous types of nanocomposites. First of all, it can be seen that ZT increases nearly 

linearly with temperature. As already reported in the room temperature study of the previous 

section, an increase in ZT values is observed when the loading concentration increases. The ZT 

values of A-PLA/SWCNT and A-PLA/SWCNT-COOH nanocomposites appear 1000 times 

higher than those of the A-PLA/MWCNT sample. The highest ZT values are recorded at 400 

K and 40 wt% fillers, i.e. 3.5 x 10-5 for A-PLA/MWCNT sample, 4.2 x 10-2 for A-PLA/SWCNT 

nanocomposite, and 3.3 x 10-2 for A-PLA/SWCNT-COOH one. The values at 400 K are almost 

double the values at 300 K and remain among the best values found in the literature for 

insulating polymer/SWCNT composites. 

If we assume that the evolution of electrical and thermal conductivities over the studied 

temperature range (only 100 °C variation) is roughly constant, it is the increase of Seebeck 

coefficient values with temperature that leads to the improvement of ZT with temperature. 

Although the glass transition has an impact on the evolution with temperature of 𝜎 and 𝜅, there 

is no evidence in the evolution of ZT, even when the concerned area is zoomed in. Finally, 

although the Seebeck coefficient evolution with temperature is more marked in A-

PLA/SWCNT-COOH nanocomposites than in A-PLA/SWCNT ones, the achieved ZT values 

of both samples are in the same order of magnitude. Therefore, the introduction of -COOH 

functionalization in SWCNT in this study did not show any positive effect on the final ZT value.   
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Figure 4.10. Figure of merit of thin films nanocomposites as a function of temperature for different filler concentration and obtained from TFA 

measurement: a) and a1) A-PLA/MWCNT, b) and b1) A-PLA/SWCNT, c) and c1) A-PLA/SWCNT-COOH. Normalized curves concern only for 

2 and 40 wt% of filler
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4. Conclusion  

In summary, in this chapter, we have successfully characterized and compared the TE 

properties of thin film PLA-based nanocomposites with different kinds of fillers including 

MWCNT, SWCNT, and SWCNT-COOH whose loading concentration ranged from 2 to 40 

wt%.  

It can be found that SWCNT fillers significantly improve the thermoelectric performance 

of PLA/CNT nanocomposites, the maximum value achieved at room temperature and 40 wt% 

of loading is 2.3 x 10-2 compared with 1.2 x 10-4 of using MWCNT fillers. Meanwhile, although 

SWCNT-COOH fillers enhance the Seebeck coefficient value of nanocomposites, this 

functionalization of SWCNT lowers their electrical conductivity values leading to final ZT 

values in the same order of magnitude of A-PLA/SWCNT samples.  

 Finally, the evolution of thermoelectric properties of PLA/CNT (MWCNT, SWCNT, 

SWCNT-COOH) nanocomposites as a function of temperature was demonstrated from 300 K 

to 400 K. The results present the relationship between temperature and thermoelectric 

properties of PLA/CNT.    
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Conclusion  

In this work, a comprehensive study to understand the correlation between elaboration, 

structure and thermoelectric properties of PLA/CNT nanocomposites was conducted. To do 

this, both industrial grades of PLA, an amorphous one and a crystallizable one, were chosen as 

a polymer matrix. Different types of CNT including MWCNT, SWCNT and functionalized 

SWCNT were selected as fillers.  

The PLA-based nanocomposites filled with different percentages of CNT were prepared 

by two different elaboration processes: melt-blending (up to 10 wt% CNT) and solution mixing 

(up to 40 wt% CNT). In addition, two kinds of samples were elaborated: a) thick discs of 

PLA/MWCNT were prepared by thermocompression method, in which TE properties were 

characterized in the cross-plane direction, b) thin films (PLA/MWCNT, PLA/SWCNT and 

PLA/SWCNT-COOH) were obtained by drop-casting method for which in-plane TE properties 

were studied. The combination of the two previous elaboration processes (solution mixing and 

melt-blending) was also employed to prepare samples with the purpose to improve the 

dispersion of MWCNT in PLA matrix.  

In the case of thick samples, it has been first shown that the dispersion of MWCNT in the 

PLA matrix was little affected by the elaboration process: for the lowest CNT concentrations, 

isolated CNT and CNT bundles have been observed, while a homogeneous dispersion of fillers 

was appeared at higher concentrations. As regards the polymer matrix, PLA was in amorphous 

state for all the nanocomposites, even for the crystallizable grade under the elaboration 

conditions used. Regarding the cross-plane thermoelectric properties, as expected, the ZT 

values increased according to filler content, the highest value reaching 4.9 x 10-8 for 40 wt% 

MWCNT at room temperature. This result was mainly attributed to a significant enhancement 

by several orders magnitude of the electrical conductivity 𝜎 with the addition of CNT, while 

the increase of thermal conductivity 𝜅 was very slight, and the decrease of the Seebeck 

coefficient S remained limited. The positive Seebeck values S indicated a p-type semi-

conducting material. No clear difference in 𝜎, 𝜅, and S values between the melt-blending and 

solution mixing processes were observed in the resulting final ZT, which seems then 

independent of the elaboration protocols. Regardless of the process used, both grades of PLA 

were in amorphous under the elaboration processes used leading to similar cross-plane TE 

values for all nanocomposites with the same filler fraction. Besides, the electrical percolation 

threshold has been estimated to 0.36 vol% MWCNT, in the same order of magnitude found by 

other researchers. But more importantly, the values of the in-plane electrical conductivities were 
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100-1000 higher than the cross-plane ones, revealing a strong anisotropic behavior. It has been 

discussed that this behavior may be due to a preferential horizontal orientation of the CNT in 

the solvent and across the sample during its evaporation, especially at the surface of both sides.  

The impact of crystallinity on the thermoelectric properties has been studied on Sc-PLA 

based nanocomposites containing 2 and 5 wt% of MWCNT. Two protocols involving an 

annealing or a slow cooling from the melt step have been used to induce crystallinity into the 

PLA matrix. The crystal structure and crystal content were determined by WAXS and DSC 

analysis. The TE properties were compared with those of amorphous nanocomposites 

containing the same filler fraction. Although σ value remains unchanged compared to that of 

A-PLA/MWCNT, the crystal phase of PLA lead to a slight increase of S and κ values, resulting 

in unchanged ZT values. This study showed no effect of the crystallinity on the TE properties 

probably because the filler content well above the percolation threshold.  

The effect of CNT orientation has been studied thanks to uniaxially stretched 

nanocomposites containing 2 and 5 wt% MWCNT. The electrical conductivities were measured 

at room temperature along the sample thickness (σcross−plane), and at the surface (σin−plane) 

of the film. In the latter case, measurements perpendicular (σin−plane⊥)  and parallel 

(σin−plane//)  to the stretching direction were carried out. A decrease of all electrical 

conductivities with the draw ratio has been observed due to the disrupt in the CNT network. 

For the sample containing 5 wt % MWCNT uniaxially stretched at the highest draw ratio, the 

in-plane electrical conductivity is anisotropic (σin−plane// > σin−plane⊥) due to the orientation 

of the CNT along the stretching direction. 

The last part of this work was dedicated to the effect of CNT type on the in-plane TE 

properties of thin A-PLA based nanocomposite films. The effect of MWCNT was thus 

compared with that of SWCNT and functionalized SWCNT-COOH, which are also 

commercially available. The nanocomposites reinforced with SWCNT showed the best TE 

properties with a maximum ZT value of 2.3 x 10-2 at 300 K for the sample containing 40 wt% 

of nanotubes. Even though the -COOH functionalization of SWCNT significantly increased the 

Seebeck coefficient values, it also slightly decreased the electrical conductivity, resulting in no 

improvement regarding of the ZT values. Finally, the influence of the temperature on the in-

plane thermoelectric properties over the range from 300 and 400 K was studied for all three 

types of thin nanocomposite films. An increase in ZT with increasing temperature was 

systematically observed for each type of CNT, and the values almost double between 300 and 

400 K, with a maximum value of 4.2 x 10-2 at 400 K for 40 wt% of SWCNT.   
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Perspectives  

A number of questions remain unanswered from this experimental PhD work, requiring 

further studies. In the future works, it will be interesting to prepare PLA/CNT nanocomposites 

by in-situ polymerization which is known to favor a core/shell nanostructure. In-situ 

polycondensation of the commercially available lactic acid monomer in the presence of CNT 

or reactive extrusion process could be envisaged [1]. The purpose will be to evaluate the impact 

of in-situ polymerization on the CNT dispersion and the morphology of nanocomposite then to 

compare the thermoelectric properties of such nanocomposites with those of this research. In 

addition, beside different types of CNT (MWCNT, SWCNT, and SWCNT-COOH) were used 

in this study, it will be interesting to elaborate nanocomposite filled with double-walled carbon 

nanotubes (DWCNT). DWCNT have demonstrated the ability to significantly enhance the 

Seebeck coefficient and electrical conductivity, thereby expected to improve the thermoelectric 

properties of PLA/CNT nanocomposites [2,3].  

From a long-term perspective of manufacturing a prototype of thermoelectric generator, 

it would be interesting to develop organic n-type semiconductor materials. The Bi2Te3 possesses 

a negative Seebeck coefficient and recently a novel synthetic methodology to prepare Bi2Te3 

nanoparticles with a nanotubular morphology has been developed at ENSICAEN [4,5]. 

Therefore, it could be interesting to investigate PLA/Bi2Te3 nanocomposites in order to perhaps 

obtain n-type semiconductors and to consider manufacturing TE generator prototypes for 

flexible and portable application, operating at low temperature and with very low power. IoT 

objects such as connected watches and all types of self-powered micro-sensors could be among 

the most envisaged direct applications. 
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Appendix-1.  Elaboration processes 

A.1.1. Checking remaining solvent in PLA/CNT nanocomposites 

DSC was used to ensure all residual solvent in sample from solution mixing process was 

evaporated. For example, Fig. A.1 shows the evolution of the DSC thermal response of A-PLA 

filled with 10 wt% of MWCNT for various durations of time spent in the vacuum oven (T = 

120 °C), from 2 to 8 h. It can be seen that 8 h is the minimum time because no trace of solvent 

is present in the sample (no peak between 90 and 150 °C) and the obtained Tg value is closed 

to the Tg one of pristine A-PLA (60 °C).   

 

Figure A.1. DSC thermograms for checking remaining solvent in nanocomposite containing 

10 wt% MWCNT.  

A.1.2. Investigation of CNT dispersion condition in solvent 

In the solution mixing process of preparing PLA/MWCNT nanocomposites, the crucial 

step is the dispersion of the nanotubes in the solvent. Since MWCNT form stabilized bundles 

due to Van der Waals interactions, the dispersion of MWCNT in CHCl3 and PLA matrix is a 

challenge. Therefore, different ultrasonic conditions were used to investigate the dispersion of 

MWCNT in CHCl3, and the final thick discs were conductively investigated by dielectric 

spectroscopy (Solartron) to select optimal conditions. Two ultrasonic systems were used. The 

former is an ultrasonic cleaning unit Elmasonic S 30H operating at 37 kHz with a power of 80 

W, namely ultrasonic bath. The latter is an ultrasonic homogenizer Bandelin Sonoplus UW 

3200 used with a TT13 probe, abbreviated ultrasonic tip. The ultrasound frequency of this 
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equipment is 20 kHz and the maximum of HF-power is 200 W. The applied power used is given 

in percentage of the amplitude of maximum power. All experiments were performed at room 

temperature.  

 Table A.1 demonstrates different conditions for preparing the solution of MWCNT, 

CHCl3, and A-PLA pellets. The first step is the dispersion of MWCNT in CHCl3 by using the 

ultrasonic bath during 3 h or the ultrasonic tip with different powers and durations. Then, the 

solutions were mixed with A-PLA and stirred for 12 h. Finally, the solutions were dispersed 

again by the ultrasonic bath or not before evaporating the solvent and thermo-compressing 

samples. 

Table A.1. The dispersion conditions of MWCNT in CHCl3 (10 wt% MWCNT). 

Sample Dispersion parameters 

1 Ultrasonic bath (3 h) – mixing with PLA – Ultrasonic bath (3 h) 

2 Ultrasonic tip (10 %, 15 min) – mixing with PLA (12 h) 

3 Ultrasonic tip (10 %, 15 min) – mixing with PLA (12 h) – Ultrasonic bath (3 h) 

4 Ultrasonic tip (20 %, 30 min) – mixing with PLA (12 h) 

5 Ultrasonic tip (20 %, 30 min) – mixing with PLA (12 h) – Ultrasonic bath (3 h) 

6 Ultrasonic tip (30 %, 30 min) – mixing with PLA (12 h) – Ultrasonic bath (3 h) 

7 Ultrasonic tip (40 %, 30 min) – mixing with PLA (12 h) – Ultrasonic bath (3 h) 

8 Ultrasonic tip (50 %, 30 min) – mixing with PLA (12 h) – Ultrasonic bath (3 h) 

9 Ultrasonic tip (20 %, 15 seconds) – mixing with PLA (12 h) 

 

Figure A.2 shows the cross-plane electrical conductivity as a function of the dispersion 

conditions. As can be seen, the values (σDC) of all samples are in the same order of magnitude 

when changing the dispersion conditions. But, sample number 9 which used 20 % amplitude of 

maximum power of ultrasonic tip during 15 seconds to make the dispersion of MWCNT shows 

the highest value in σ. These conditions with a quite small power and the shortest time in 

elaboration process allow to spare energy and spent time. Therefore, throughout this study, 

these conditions will be chosen as optimum conditions to make the dispersion of all kinds of 

CNT in CHCl3.  
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Figure A.2. Cross-plane electrical conductivity of A-PLA/ 10 wt% MWCNT samples at 

different dispersion conditions summarized in table A.1. 

Appendix-2.  Thermal analysis 

Fig. A.3 shows DSC thermograms of A- and Sc-PLA/MWCNT nanocomposites from 

two elaboration processes. The DSC data of A- and Sc-PLA/MWCNT nanocomposite from two 

processes are presented in Table A.2 and A.3 corresponding to melt-blending and solution 

mixing, respectively.  
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Figure A.3. DSC thermograms of nanocomposites from two elaboration processes. a) and b) 

corresponding to A- and Sc-PLA/MWCNT from melt-blending process, c) and d) 

corresponding to A- and Sc-PLA/MWCNT from solution mixing 

Table A.2. DSC data of the pristine PLA and PLA/CNT nanocomposite from melt-blending. 

Sample 
MWCNT  

(wt%) 

Tg 

(°C) 

Tc 

(°C) 

Tm 

(°C) 

ΔHcc 

 (PLA fraction) 

(J g-1) 

ΔHmm 

 (PLA fraction) 

(J g-1) 

𝝌𝒄 

(%) 

(±2%) 

A-

PLA/MWCNT 

0 55 - - - - - 

2 55 - - - - - 

5 55 - - - - - 

10 55 - - - - - 

Sc-

PLA/MWCNT 

0 59 113 166 13 15  2 

2 59 124 164 39 40  1 

5 59 126 164 36 38  2 

10 59 115 165 34 37  3 
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Table A.3. DSC data of the pristine PLA and PLA/CNT nanocomposite from solution 

mixing. 

Sample 
MWCNT  

(wt%) 

Tg 

(°C) 

Tc 

(°C) 

Tm 

(°C) 

ΔHcc 

 (PLA fraction) 

(J g-1) 

ΔHmm 

 (PLA fraction) 

(J g-1) 

𝝌𝒄 

(%) 

(±2%) 

A-

PLA/MWCNT 

0 56 - - - - - 

2 56 - - - - - 

5 56 - - - - - 

10 56 - - - - - 

20 56 - - - - - 

30 56 - - - - - 

40 56 - - - - - 

Sc-

PLA/MWCNT 

0 60 131 164 26 27  1 

2 60 113 166 36 39  3 

5 60 114 165 37 39  2 

10 60 117 161 35 37  2 

20 60 110 162 28 33  5 

30 60 109 162 27 32  5 

40 60 111 160 21 26  5 

 

Appendix-3. Thermoelectric properties 

A.3.1. Dielectric spectroscopy 

The cross-plane electrical conductivity measurement for nanocomposites was 

systematically performed by using two kinds of dielectric spectroscopy equipment. The first is 

a ModuLab MTS Materials Test System from Solartron analytical supplied by HTDS (formerly 

Ameteck), equipped with a sample and reference module (useful for insulating materials) and 

a 12962A sample holder, which allows work to be carried out at room temperature only (Fig. 

A.4 a). The second is a broadband dielectric spectrometer (Novocontrol Technologies Alpha 

Analyzer) coupled to a high frequencies analyzer (Novocontrol Technologies RF impedance 

analyzer) and a thermal regulation system (Novocontrol Quatro controller) (Fig. A.4 b). 
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Figure A.4. Broadband dielectric spectroscopy a) Solartron and b) Novocontrol.  

A.3.2. Hydrostatic density balance 

The density (𝜌) of each sample was determined with a precision scale thanks to a kit for 

density measurement (Fig. A.5) 

 

Figure A.5. A kit for density measurement.   

 

 

 

 

 

 

a) 

b) 
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Abstract  

 This project is part of a scientific and economic context in which energy recovery has 

become a major issue for our society. In this context, the development of organic thermoelectric 

materials for converting waste heat into electricity at low temperatures (T < 100 °C) is essential. 

This work has focused on investigating the relationships between elaboration process, structure 

and thermoelectric properties of polylactic acid/carbon nanotubes (PLA/CNT) nanocomposites. 

Both industrial grades of PLA including an amorphous (A-) and a semi-crystalline (Sc-) were 

used as a polymer matrix, and different types of CNT including multi-walled (MWCNT), 

single-walled (SWCNT), and functionalized single-walled (SWCNT-COOH) were used as 

filler.  

 Thick discs of PLA/CNT nanocomposites containing different amounts of MWCNT 

were prepared by two elaboration processes: melt-blending (up to 10 wt% MWCNT) and 

solution mixing (up to 40 wt% MWCNT). The cross-plane thermoelectric figure of merit 𝑍𝑇 =

 
𝑆2𝜎

𝜅
𝑇 of these thick discs were measured at room temperature by measuring the electrical 

conductivity (σ) with dielectric spectroscopy, the Seebeck coefficient S (also known as 

“thermoelectric power”) with an in-house built device and the thermal conductivity (𝜅) by laser 

Flash Analysis (LFA). The results show that the elaboration process and the structure of PLA 

do not significantly affect the thermoelectric properties of the nanocomposites, but the in-plane 

values measured for the electrical conductivity (σ), by a 4-point collinear probe, are 100 to 1000 

times higher than the cross-plane values, revealing a strong anisotropy of the thermoelectric 

properties in these samples. In addition, thin PLA/CNT nanocomposite films were elaborated 

by drop-casting, using the same solution mixing procedure and with the same filler content as 

the thick discs. The complete in-plane figure of merit (ZT) has been measured by a Thin Film 

Analyzer (TFA), from room temperature and up to 400 K, and the room temperature electrical 

conductivity appears completely similar to the in-plane values measured on the thick discs.  

 A study the impact of nanotube orientation was carried out. Uniaxial stretching has been 

performed on thick specimens with different strains to induce the alignment of CNT within the 

A-PLA matrix. The in-plane and cross-plane electrical conductivities of these samples were 

measured at room temperature, revealing a decrease in 𝜎 value with an increasing percentage 

of deformation. Particularly, at high deformation level, a clear difference in surface electrical 

conductivity has emerged between the measurements taken perpendicular and parallel to the 
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orientation of the CNT. In this case, the parallel conductivity values were found to be 10 times 

higher than the perpendicular values.  

 Finally, thin A-PLA based nanocomposite films with different types of CNT fillers 

(MWCNT, SWCNT, and SWCNT-COOH) were prepared and their in-plane thermoelectric 

figure of merit (ZT) was measured with the TFA from 300 K to 400 K. The obtained result 

show that SWCNT filler improve the thermoelectric properties of PLA/CNT nanocomposites 

by 2 orders of magnitude, with a maximum ZT value of 2.3 x 10-2 for 40 wt% of SWCNT at 

300 K compared to 1.2 x 10-4 for 40 wt% of MWCNT at the same temperature. Moreover, these 

values are the best values in the literature for thermoplastic-based composites filled with CNT. 

 

Keywords: Organic thermoelectrics, polymer composites, carbon nanotubes 
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Résumé  

 Ce projet s’inscrit dans un contexte scientifique et économique où la récupération 

d'énergie est devenue un enjeu majeur de notre société. Dans ce cadre, le développement de 

matériaux thermoélectriques organiques pour la conversion de chaleur fatale en électricité, à 

basse température (T<100 °C) est primordial. Cette thèse de doctorat s’est concentrée sur l'étude 

des relations entre l’élaboration, la structure et les propriétés thermoélectriques de 

nanocomposites Acide polylactique/nanotubes de carbone (PLA/NTC). Deux grades de PLA 

industriels ont été utilisés en tant que matrice polymère : un PLA amorphe (A-) et un PLA semi-

cristallin (Sc-). Les charges conductrices sont, quant à elles, différents types de NTC : des 

nanotubes de carbone multi-feuillets (MWCNT), mono-feuillet (SWCNT), et mono-feuillet 

fonctionnalisés (SWCNT-COOH). 

 Des nanocomposites épais PLA/NTC, ont été élaborés sous forme de disques, pour 

différentes quantités de MWCNT, par 2 procédés : par mélange en voie fondue (jusqu'à 10 % 

en masse de NTC) et par mélange en solution (jusqu'à 40 % en masse de NTC). La figure de 

mérite thermoélectrique transversale (dans l’épaisseur) 𝑍𝑇 =  
𝑆2𝜎

𝜅
𝑇 de ces disques a été 

mesurée, à température ambiante, en mesurant la conductivité électrique (σ) par spectroscopie 

diélectrique, le coefficient Seebeck S (aussi appelé “pouvoir thermoelectrique”) avec un 

appareil développé en interne et la conductivité thermique (κ) par Laser Flash Analysis (LFA). 

Les résultats démontrent que le processus d'élaboration et la structure du PLA n'ont pas d'impact 

significatif sur les propriétés thermoélectriques des nanocomposites, mais les valeurs dans le 

plan (à la surface) mesurées pour la conductivité électrique (σ), par la méthode des 4 pointes 

alignées, sont 100 à 1000 fois plus élevées que les valeurs transversales, révélant une forte 

anisotropie des propriétés thermoélectriques dans ces échantillons. De plus, des films minces 

PLA/CNT ont été élaborés par « drop-casting », en utilisant la même procédure de mélange en 

solution et avec la même teneur en charge que les pastilles. La figure de mérite (ZT) dans le 

plan a été mesurée par un analyseur de film mince (TFA), de la température ambiante et jusqu'à 

400 K, et la conductivité électrique à température ambiante apparaît complètement similaire 

aux valeurs mesurées dans le plan sur les pastilles. 

 Une étude de l'impact de l'orientation des nanotubes a été réalisée. Pour ce faire, un 

étirement uniaxial a été appliqué sur des échantillons épais à différents taux de déformation afin 

d'induire l'alignement des nanotubes au sein de la matrice A-PLA. Les conductivités 

électriques, dans le plan et transverses, ont été mesurées à température ambiante, révélant une 
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diminution des valeurs de σ avec une augmentation du pourcentage de déformation. En 

particulier, à forte déformation, une nette différence de conductivité électrique de surface est 

apparue lorsque les mesures ont été effectuées perpendiculairement et parallèlement à 

l'orientation des NTC. Dans ce cas, les valeurs de conductivité parallèle se sont révélées être 10 

fois supérieures aux valeurs perpendiculaires. 

 Enfin, des films minces de nanocomposites à base de PLA amorphe (A-PLA), avec 

différents types de NTC (MWCNT, SWCNT, and SWCNT-COOH) ont été préparés, et leur 

figure de mérite thermoélectrique dans le plan a été mesurée avec le TFA, de 300 K à 400 K. 

Les résultats obtenus montrent que les nanotubes de carbone mono-feuillet (SWCNT) 

améliorent de 2 ordres de grandeur les propriétés thermoélectriques des nanocomposites, 

comparées aux MWCNT, avec une valeur maximale du facteur de mérite (ZT) de 2.3 x 10-2 à 

une concentration de 40 % en masse de SWCNT, à 300 K, pour une valeur maximale de            

1.2 x 10-4 pour 40% en masse de MWCNT, à la même température. Ces valeurs de (ZT) sont 

par ailleurs les meilleures valeurs de la littérature concernant des thermoplastiques chargés en 

nanotubes de carbone. 

Mots clés: Thermoélectricité organique, composites polymères, nanotubes de carbone 

 

 

 


