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Abstract 

Over the past decades, alternative sources of energy have been the subject of extensive research 

due to the scarcity of fossil fuels and international concerns on greenhouse gas emission. 

Considerable efforts have been focused on developing thermoelectric (TE) materials and their 

applications in waste heat recovery, power generation, and refrigeration. Thermoelectric 

generators (TEGs) can harvest energy by converting waste heat into electricity. The advantages of 

TE power generators include solid-state operation, maintenance-free with long life-span, and 

negligible emission of greenhouse gases. Conventional semiconducting TE materials, as today’s 

TE materials of choice, have many disadvantages such as high cost, scarcity, and toxicity.  

In recent years, organic TE materials have attracted more attention because of their various 

advantages, such as light weight, low cost, flexibility, and simple synthesis. However, compared 

with their semiconducting counterparts, polymers have lower TE efficiencies, which have limited 

their applications. A fundamental challenge to improve the efficiency of polymeric TE materials 

is to simultaneously enhance their Seebeck coefficient and electrical conductivity while 

suppressing their thermal conductivity. In this context, the materials would have the electrical 

properties of a crystalline material and the thermal properties of an amorphous or glass-like 

material.  

The proposed research aims to develop micro-and-nano structuring strategies, as novel 

processing techniques, to design and fabricate organic materials with promising TE efficiencies 

for future TEGs. Achieving this objective requires decoupling the highly interconnected TE 

parameters. The main idea of this research is to decrease the thermal conductivity of the material 

system by introducing a cellular structure in the bulk of material. Furthermore, incorporating 
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carbon nanoparticles as conducting fillers will help to improve the electrical conductivity of 

polymeric materials. As a result, the thermoelectric performance of the material system would be 

significantly enhanced.  

This study showed that microcellular foaming is highly effective in enhancing the TE 

efficiency of polymer nanocomposites. The result of this research suggests micro/nano-cellular 

foaming as a novel fabrication method to promote the TE efficiency of polymeric materials. The 

proposed method provides an opportunity to develop polymer-based materials, as an 

environmentally friendly alternative for their semiconducting counterparts, for green energy 

harvesting. 
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Chapter 1. Introduction 

1.1 Preamble 

Over past decades, considerable efforts have been made on developing thermoelectric (TE) 

materials and their utilization for energy-related applications such as waste heat recovery, power 

generation, air-conditioning, and refrigeration. Thermoelectric materials are designed to convert 

waste heat into electrical energy as a result of the Seebeck effect. They can also be used in solid-

state refrigeration devices due to their Peltier effect. TE materials are most beneficial in fabricating 

thermoelectric generators (TEGs), where they can be utilized for green energy harvesting. The 

advantages of thermoelectric power generators include solid-state operation, silence in operation, 

absence of toxic residuals, environmentally friendly with negligible direct emissions of greenhouse 

gases, vast scalability, maintenance-free operation with the lack of moving parts or chemical 

reactions, and long lifespan of reliable service. However, because of the low energy conversion 

efficiencies of TE materials, current TEGs have found limited commercial application. 

Semiconducting-based TE materials such as bismuth telluride alloys are current TE materials 

of choice. These materials provide superior TE efficiencies, which can be characterized by the 

dimensionless figure of merit (ZT). However, conventional semiconducting TE materials have 

several drawbacks such as high cost, scarcity, rigidity, high density, and toxicity. Moreover, 

because of their instability, they cannot be used at high temperatures in air. In recent years, organic 

materials have become attractive alternatives for TE applications despite their lower ZT values. 

Unlike semiconducting TE materials, polymers have various advantages such as lightweight, low 
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cost, flexibility, and simple synthesis. The potential to tailor the versatility of polymeric TE 

materials also represent another critical advantage, especially for wearable electronics.  

1.2 Technology Gaps and Challenges 

Polymers have very low TE efficiencies compared to their semiconducting counterparts. To 

improve the TE performance of polymeric materials, their electrical conductivity and Seebeck 

coefficients should be enhanced without compromising their low thermal conductivity. 

Developing TE materials with superior performances needs tailoring their inherent TE parameters. 

However, these three properties of materials are highly interrelated, which make it virtually 

impossible to increase the TE efficiency above certain level. An ideal TE material should have the 

electrical properties of crystalline materials and the thermal properties of glass-like materials.  

Polymeric materials are intrinsically poor thermal conductors, which makes them excellent 

choices for TE applications. However, typical polymers have low electrical conductivities and low 

Seebeck coefficients, which adversely affects their TE performances. Intrinsically conducting 

polymers (ICPs) are mostly suggested by researchers for TE applications. ICPs provide high 

electrical conductivities and relatively good Seebeck coefficients, especially at high doping levels. 

However, their properties usually change over time due to oxidization in air. Their complicated 

synthesizing techniques are also considered as their disadvantages for any commercial 

applications. 

A few studies have suggested the utilization of conventional non-conducting polymers for TE 

applications. The electron transport properties of polymer matrices can be significantly enhanced 

by adding conducting nanoparticles. Creating conductive filler networks within the polymer 

nanocomposite can potentially promote the electrical conductivity and the Seebeck coefficient of 
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the material. However, the introduced electrical contact resistance at a multitude of filler-filler 

junctions as well as at filler-polymer interfaces adversely affect the final electrical conductivity of 

the nanocomposite sample. Moreover, the incorporation of conducting fillers will increase the 

thermal conductivity of the polymer, which is detrimental for its TE efficiency. 

A fundamental challenge in developing organic TE materials is to promote their electrical 

conductivity and Seebeck coefficient without compromising their low thermal conductivity. To 

achieve this aim, a new processing technique should be introduced to decouple their TE parameters 

to be able to tune them simultaneously. Consequently, the energy conversion efficiency of the 

fabricated material system will be effectively enhanced. 

1.3 Research Goals and Objectives 

The long-term goal of this study is to suggest a novel processing technique to develop new 

polymeric TE material systems that have improved TE efficiency, reduced weight, tailored 

multifunctionality, and simple manufacturability. To achieve this goal, the following short-term 

objectives are defined in the current dissertation:  

i) to design and fabricate super thermal insulating polymeric samples. For this aim, 

different foaming strategies were introduced in this study. 

ii) to design and fabricate polymer nanocomposite samples with high electrical 

conductivities and low percolation threshold values. To achieve this purpose, great 

control over the distribution of conducting fillers within polymer matrices is required. 

Therefore, a three dimensional (3D) conducting network throughout the bulk of 

polymeric samples can be created. 
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iii) to integrate and combine the suggested processing techniques in the previous phases of 

this research and fabricate polymer nanocomposite foams with improved TE 

conversion efficiencies. 

The main idea of this study is to apply both foaming and micro-nanostructuring to 

simultaneously tune TE parameters and enhance the TE efficiency of organic materials. By 

introducing cellular structure within polymeric samples, their thermal conductivity will be 

significantly suppressed. Incorporating carbon nanoparticles as conducting nanofillers inside the 

polymer matrices will result in simultaneously promoting their electrical conductivities and 

Seebeck coefficients. This approach will potentially result in a remarkable improvement in the ZT 

value as a measure of the TE energy conversion efficiency.  

With the aid of foaming techniques, super thermal insulating polymeric materials with 

nano/micro-cellular structures can be fabricated. By utilizing different foaming methods such as 

supercritical carbon dioxide foaming and salt leaching method, polymeric porous templates with 

both types of open-cell and closed-cell foam structures can be fabricated to provide high thermal 

insulation. In order to overcome low electrical conductivity of polymers, nanocomposite samples 

with low percolation threshold will be developed by arranging a conductive network of nanofillers 

throughout polymeric matrices. Consequently, novel polymer nanocomposite foams with high TE 

efficiency, high flexibility, and lightweight can be developed.  

Incorporating hybrid 1D and 2D carbon nanoparticles within the polymeric foam samples will 

result in simultaneously promoting their electrical conductivity as well as Seebeck coefficient, and 

thereby enhancing their ZT values. The synergistic effects arising from the interaction among 

different conducting fillers can potentially facilitate the charge carrier transportation within their 
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networks. Using conducting types of polymers in combination with conducting nanofillers will 

also help to maximize the TE properties of organic materials. The effects of different processing 

parameters on the TE efficiency of the fabricated samples will also be investigated and optimized 

in this study. Different types of polymers and nanofillers, along with multiple foaming conditions 

will be examined to achieve the best thermoelectric efficiency. 

1.4 Overview of the Thesis 

This manuscript is organized in eight chapters covering different experimental studies on the 

design and fabrication of organic thermoelectric materials with enhanced energy conversion 

efficiencies. The research mainly focused on utilizing non-conducting polymers for TE 

applications due to their excellent mechanical features and good processability for fabricating 

thermoelectric generators. 

Chapter two provides a brief review on the thermoelectric phenomenon, its applications, and 

different types of thermoelectric materials. This chapter reports a more in-depth study on polymer-

based TE materials and various strategies to promote their efficiencies. Moreover, the physical 

properties of TE materials, their interrelation, and different parameters that can affect the carrier 

transport properties of these materials are discussed. This part of the dissertation aims to review 

the most recent research and developments in thermoelectric polymer nanocomposites, to better 

understand different challenges that impede the advancement of their TE properties. 

In the third chapter, polypyrrole (PPy)/multiwalled carbon nanotubes (MWCNT) 

nanocomposite samples were fabricated, and their potential for TE applications was explored. PPy 

was used as a conducting type of polymer to provide good electron transport properties. A 

systematic experimental study was performed to investigate the effects of different processing 
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parameters on the TE performance of PPy/MWCNT nanocomposites. The effect of using different 

dopants on the morphology and TE properties of the nanocomposite samples were also examined 

in this phase of the research. 

In chapter four, physical foaming is suggested as an innovative and effective processing 

strategy to simultaneously tune the TE properties of nanocomposite materials. The results of this 

phase of studies showed that incorporating thermally insulating air voids in nanocomposite foams 

significantly suppresses their thermal conductivities. Moreover, creating cellular structures within 

polymer nanocomposites helped to alter the localization of nanofillers and thereby control the 

formation of electrically conductive pathways in the polymer matrices. Consequently, this 

fabrication method led to a significant improvement in the TE efficiencies of the nanocomposite 

materials. 

Freeze-drying method was utilized in chapter five to fabricate nanocomposite foams with 

improved TE properties. By in-situ polymerization of PPy, as a conducting type of polymer, within 

freeze-dried PVA foams, conducting networks for electron transferring through the insulative 

polymer matrices were created. The addition of graphene nanoplatelets throughout the material 

system helped to further promote the electrical conductivity and Seebeck coefficient and thereby 

the ZT value of the material. The effects of different processing parameters on the TE properties 

of the fabricated foams were investigated to optimize their properties. This study suggested a new 

technique to develop organic TE materials by using insulating polymer matrices to overcome the 

processing challenges and poor mechanical properties of conducting polymers as current 

polymeric TE materials of choice. 
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In chapter six, a simple and efficient processing technique is proposed to fabricate TE polymer 

nanocomposites with enhanced energy conversion efficiencies. This approach uses macroporous 

polymer foams with open cellular structures as templates to assist the formation of conductive 

filler networks within polymer matrices. As a case study, polyvinylidene fluoride (PVDF) foam 

templates were fabricated and coated with MWCNTs using deep coating method. The created 3D 

network of MWCNTs and the macro-porosity of the foam substrates helped to simultaneously 

promote the electrical conductivity and suppress the effective thermal conductivity of organic 

thermoelectric materials, and thereby enhance their TE efficiencies. In-situ polymerization of PPy 

during the template-assisted nanotube coating process, also promoted the Seebeck coefficient of 

the polymer nanocomposites, while suppressing their electrical conductivity. A series of 

parametric experiments were performed in this study to investigate the effects of open-cell 

morphology, nanotubes content, and PPy-MWCNT interfaces on the TE properties of organic 

materials. 

The effects of filler hybridization (i.e., using one-dimensional and two-dimensional conducting 

nanofillers) on TE properties (i.e., electrical conductivity, thermal conductivity, and Seebeck 

coefficient) of nanocomposite foams have been thoroughly investigated in chapter seven. Layer 

by layer (LBL) deposition of MWCNTs and graphene nanoplatelets (GnPs) throughout the cellular 

structures of PVDF foams, resulted in a segregated network of conducting fillers. The results 

showed that the synergistic effects of the filler-filler junctions and filler-polymer interfaces help 

to simultaneously promote the electrical conductivity and the Seebeck coefficient of the material 

system without compromising its low thermal conductivity. 

The last chapter (i.e., chapter eight) reports some concluding remarks and key contributions of 

different phases of the study. Several research strategies are also proposed, as potential future 
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plans, to enhance the TE performance of organic materials and make them viable for industrial 

applications in power generation. 
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Chapter 2. Literature Review 

2.1 Thermoelectric Phenomenon 

Global warming and energy crisis are the main concerns of human beings in 21st century. The 

environmental impacts and lack of resources of fossil fuels require developing new technologies 

to utilize different renewable energy sources such as solar, wind, and geothermal. On the other 

hand, the dissipation of a vast amount of energy in the form of waste heat from power plants and 

industries necessitates utilizing new techniques for thermal management. The statistics show that 

more than 60 percent of the produced energy is usually wasted to the environment in the form of 

heat (Figure 2.1) [1]. Recovering this enormous amount of waste heat would significantly save 

money while being beneficial for the environment in terms of reducing greenhouse gases. 

Recycling this excessive waste heat in another form of energy has recently been considered as an 

alternative low cost, environmentally friendly source of power. 

During the last decades, thermoelectric phenomenon has drawn broad interests from 

researchers in two contexts: thermal management and energy harvesting. These two applications 

are based on the Peltier effect and the Seebeck effect, respectively. The schematic illustration of a 

TE module in both power generation and refrigeration modes is shown in Figure 2.2 [2]. When an 

electric current, flows through a junction of two dissimilar materials, it will either absorb or reject 

heat. This phenomenon occurs due to  the Peltier effect and can be utilized for cooling applications 

such as for air-conditioning or in refrigeration [3]. The reverse phenomenon, the Seebeck effect, 

is related to the generation of electricity when a temperature gradient is imposed through a 

thermoelectric material [4]. In other words, TE materials can produce an electric potential when 
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they are exposed to a temperature gradient due to the material’s Seebeck effect. The generated 

electric voltage is directly related to the temperature difference and the Seebeck coefficient of the 

material, as shown in Equation (2-1): 

∆� = �∆� (2-1) 

where ∆� is the generated electric potential (μV), ∆� is the temperature difference (K), and S is 

the Seebeck coefficient (μVK-1). 

 

Figure 2.1 Potential sources of waste heat in real life for the application of thermoelectric 

materials. Adapted with permission from Ref. [1] 
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Figure 2.2 Displaying a thermoelectric module operating in: (a) power generation; and (b) 

refrigeration modes. Adapted with permission from Ref. [2] 

2.2 Thermoelectric Application 

Over the past decades, thermoelectric materials have attracted significant research interests for 

green energy harvesting and waste heat recovery [5–8]. These materials can directly convert 

thermal energy into electricity. This phenomenon can be utilized to harness energy from various 

heat sources such as automobiles or solar cells and to improve the efficiency of many power 

generating systems [9–11]. It also opens new routes for extracting small amounts of waste heat 

from the human body where it can be applied to provide power for wearable or portable biomedical 

devices (e.g., pacemakers) and electronics (e.g., smartphones) [12]. 

Considering the large number of available heat sources, thermoelectric generators can be an 

alternative source of electrical energy in the future [13]. Thermoelectric generators have many 

advantages over conventional power generators (i.e., combustion engines and turbines) such as 
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solid-state and silent operation, scalability, maintenance-free with lack of moving parts or 

chemical reactions, long life-span and high reliability, absence of toxic residuals, lack of pollution 

and negligible emission of greenhouse gases. TEGs can be utilized in remote areas and spacecrafts 

because of their light weight and high reliability. Despite all these advantages, TE modules have 

found limited commercial applications due to their low energy conversion efficiencies. 

A TEG consists of several pairs of n-type and p-type thermoelectric elements which are 

arranged electrically in series and thermally in parallel to give high voltage output. The 

semiconducting elements are usually sandwiched between two ceramic plates which are 

maintained at two different temperatures. The hot side is considered as heat source, and the cold 

plate works as heat sink in the TE module. The absorption and rejection of heat at ceramic plates 

induce a temperature gradient across TE elements [14]. The temperature difference causes 

diffusion of charge carriers, that were initially uniformly distributed, from the hot side to the cold 

side of TE elements. This flow of charge carriers in TE couples results in a potential difference 

across the TE module [15]. In p-type semiconductors, positively charged holes are the majority of 

charge carriers, while in n-type semiconductors, negatively charged electrons are the main 

contribution in charge transportation. Figure 2.3 schematically illustrates the typical structure of a 

TE module [15]. 
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Figure 2.3 A thermoelectric module consisting of multiple couples of n-type and p-type TE 

elements. Adapted with permission from Ref. [15] 

Statistics show that more than 50 percent of the fuel energy in automobiles is usually wasted 

in the form of heat while being escaped to the environment. TEGs have already been implemented 

in the automobile industry (e.g., BMW) to recover the exhaust heat and reduce fuel consumption. 

TEGs have potential usage in the aerospace sector as well, due to the remote locations which 

require reliable sources of electrical energy to run autonomous systems. These generators have 

been utilized by NASA, for more than 50 years, to provide power for spacecrafts [16]. 

Radioisotope TE generators (RTGs) are another example of practical application of TEGs, which 
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have long been used to produce electricity in space probes and satellites. Figure 2.4 summarizes 

multiple applications of TE devices in industry. It also plots a typical value of the energy 

conversion efficiency (ZT) for different types of TE materials with respect to their operating 

temperature range. 

 

Figure 2.4 Various applications of thermoelectric modules. The graph shows different TE 

materials and their typical ZT values based on their working range of temperature. Adapted with 

permission from Ref. [17] 

The energy conversion efficiency of thermoelectric devices is usually less than 10 percent, 

which has limited their applications. Aside from the impacts of fabrication techniques and the 
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temperature difference on the performance of TEGs, the TE properties of the material have a 

crucial contribution in this regard. Therefore, a significant improvement in the efficiency of TE 

materials is required to make TEGs competitive with industrial power generating or refrigerating 

systems. 

2.3 Thermoelectric Efficiency  

The energy conversion efficiency of TE materials is usually characterized by the dimensionless 

figure of merit (ZT) as expressed in Equation (2-2): 

�� =
����

�
 (2-2) 

where σ is the electrical conductivity (Scm-1), S is the Seebeck coefficient (µVK-1) which is also 

known as thermopower, k is the thermal conductivity (Wm-1K-1), and T is the absolute temperature 

(K).  

The power factor (PF), expressed as (���), is another parameter that is frequently used in the 

literature to measure the TE performance of materials. Materials with high TE conversion 

efficiencies (i.e., high ZT value) should have high Seebeck coefficients, high electrical 

conductivities, and low thermal conductivities. These materials should also withstand high 

operating temperatures to provide maximum TE efficiencies. 

The efficiency of a thermoelectric device in cooling applications is given by Equation (2-3): 

�� =
��
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where, �� and �� are the temperature of hot and cold sides of the module (K), respectively. ����� 

is the average figure of merit for both p-type and n-type TE elements. The energy conversion 

efficiency of a TE generator is usually calculated through the following Equations [18]: 

� = 	 �� �
�1 + ����� − 1

�1 + ����� +
��

��
�

� (2-4) 

�� = 	
�� − ��
��

 (2-5) 

where �� represents the Carnot efficiency of the system.  

Like all heat engines, the maximum efficiency of TEGs for power generation is 

thermodynamically limited to the Carnot efficiency. It should be noted that the efficiency of a TE 

generator depends on the operating temperature, as the TE properties of materials can vary at 

different temperatures. Therefore, to achieve the highest efficiency for TEGs, thermoelectric 

parameters of materials (S, σ, k) should be optimized in the specific operating range of temperature.  

There are some limitations and challenges related to the fabrication and commercialization of 

TEGs. The synthesis of TE materials with high efficiencies is time-consuming and mostly not 

reproducible. Furthermore, their TE properties may change over time, which provides insufficient 

accuracy of the estimated efficiency of TE modules. Due to the uncertainty of the measurement 

methods and thereby lack of repeatable experiments, many lab-made materials with claimed high 

ZT values were not considered for real applications [16]. Current commercial TE materials have a 

relatively low figure of merit, which is about unity. For fabricating an ideal TEG, there should be 

a perfect electrical and thermal contact between TE elements to reduce the joule heating and to 

provide continuous heat flow throughout the TEG. Therefore, the average efficiency of existing 
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TEGs is approximately five percent, which is pretty small compared to conventional power 

generating systems [19]. Considering the relatively low efficiency of current TEGs compared with 

typical power generating systems, they are potentially useful for small scale applications, where 

the thermal energy input is provided by waste heat. 

2.4 Improving TE Efficiency 

A fundamental challenge to increase the TE efficiency of materials is to simultaneously 

enhance their electrical conductivity and Seebeck coefficient while suppressing their thermal 

conductivity. In this context, Slack suggested that the best TE material should have “phonon-glass 

electron-crystal” (PGEC) behavior, which means it should have the electrical properties of 

crystalline materials (i.e., high electrical conductivity) and the thermal properties of amorphous 

glass-like materials (i.e., low thermal conductivity) [20]. In this situation, electrons will carry 

charges freely but phonons, as heat carriers, will be scattered and disrupted within the atomic 

structure. However, in most materials, high electrical conductivity usually comes with high 

thermal conductivity. The electrical conductivities of materials, on the other hand, typically have 

an inverse relationship with their Seebeck coefficients [21,22]. The three TE properties of 

materials (i.e., S, σ, and k) are intrinsically interrelated as a function of carrier concentration, carrier 

mobility, electron energy bands, and many other factors [23]. Therefore, the critical limitation to 

improve a material’s TE efficiency is the need to decouple the TE parameters [24]. 

For electrically conductive materials, their thermal conductivity generally comprises of two 

parts as a contribution of electronic and lattice thermal transport effects: 

� =	�� + �� (2-6) 
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where �� is the electronic thermal conductivity and �� is the lattice thermal conductivity of the 

material (Wm-1K-1). The electronic part of thermal conductivity is the heat transportation from 

charge carriers (electrons and holes), and the lattice part is the result of heat transfer from moving 

phonons through the crystal lattice vibration [19]. Based on the Wiedemann-Franz law, the 

electronic thermal conductivity is correlated with the electrical conductivity of material [15]: 

�� = 	��� (2-7) 

where � is the Lorenz factor, which is equal to 2.4×10-8 J2K-2C-2 for free electrons, and it varies 

depending on carrier concentration.  

According to Equations (2-6) and (2-7), by increasing the electrical conductivity of material, 

its thermal conductivity will also increase. This interrelation of the properties adversely affects the 

ZT value. Consequently, decreasing the lattice thermal conductivity of TE materials is the best 

approach to suppress the k without compromising the σ to maximize their ZT value. In this 

approach, the flow of a spectrum of phonons with various wavelengths through the bulk of material 

should be scattered with different synthesizing techniques. 

The electrical conductivity of materials is related to carrier concentration, carrier mobility, and 

electron charge through the following Equation [25]: 

� = ��� (2-8) 

where n is the carrier concentration (cm-3), μ is the carrier mobility (cm2V-1S-1), and e is the 

electron charge (1.602×10-19 C). The Pisarenko equation expresses the Seebeck coefficient of 

materials in terms of their transport properties [26]: 
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where kB is the Boltzmann constant (1.38×10-23 JK-1), e is the carrier charge (the electron charge, 

C), h is the Planck’s constant (6.626×10-34 Js), m* is the effective mass of charge carriers (also 

known as the density of states effective mass, kg), and n is the carrier concentration (cm-3).  

According to Equations (2-8) and (2-9), by increasing the carrier concentration, the electrical 

conductivity of material will increase. However, the Seebeck coefficient will decrease, which 

adversely affects the TE efficiency. In order to get the best ZT value, charge carrier concentration 

and carrier mobility should be tuned to maximize the power factor (S2σ). Simple models of electron 

transport in thermoelectric materials have proven that maximum ZT value typically occurs at 

carrier concentrations of about 1019 to 1021 carriers per cm3. This value of concentration is usually 

found in heavily doped semiconductors [15]. The interrelation between the electrical conductivity, 

thermal conductivity, and Seebeck coefficient of TE materials is illustrated in Figure 2.5 [27]. This 

plot also shows the variations in these parameters based on the free charge carrier concentration 

of the material. The maximum value of the power factor (S2σ) curve happens at an optimum doping 

level of 1019 cm-3. 
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Figure 2.5 Variation in TE parameters of materials and their relations to the lattice (Ʌph) and 

electronic (Ʌel) thermal conductivities as a function of their charge carrier concentration n. 

Adapted with permission from Ref. [27] 

2.5 Processing Methods for Improving TE Performances 

Over the past decade, considerable effort has been devoted on developing more efficient 

thermoelectric materials. Some of the research is focused on minimizing the lattice thermal 

conductivity, while others are working on materials which exhibit larger power factors (S2σ). 

Investigating the potential of bulk materials for TE applications is an active area of research. Since 

the discovery of thermoelectric effect, various processing techniques have been developed to 

enhance the TE efficiency of different classes of materials [25,28]. Recent advances in 

nanotechnology have opened a new route to partially decouple the TE properties of materials 
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[17,19]. The introduction of nanostructures has become a potential strategy for decoupling the 

interrelated physical properties of TE materials by simultaneously increasing the Seebeck 

coefficient and suppressing the thermal conductivity. A big challenge on the development of 

nanostructured bulk TE materials is the electron scattering at their structural interfaces and 

boundaries, which reduce their electrical conductivity while suppressing thermal conduction. 

Nanostructured materials with various dimensions such as superlattices, nanowires, and nanodots 

have been recently developed with improved TE efficiencies [29].  

Decreasing the lattice thermal conductivity of TE materials can potentially promote their TE 

efficiencies without compromising their electron transport properties. Several approaches have 

been successfully implemented in this regard such as creating rattling structures and point defects 

by alloying (e.g., clathrates and skutterudites), fabricating complex crystal structures to achieve a 

phonon-glass, and providing multiple interfaces for phonon scattering in multiphase composites 

[15]. An enhancement of TE properties is expected by nanostructuring of materials. Introducing 

nano-interfaces enhances interfacial reflection and scattering of phonons within the bulk of 

materials without significantly affecting the transport of charge carriers. Hierarchical complexities 

are required to scatter phonons within broad length scales which are involved in heat transfer 

through the material’s structure. 

The quantum confinement of electron charge carriers has been suggested as a successful 

technique to promote the TE efficiency of materials. As the confinement increases and the 

dimensionality of the material decreases, the energy bands get narrower in the material system, 

which provides higher Seebeck coefficients. In nanostructured materials, the quantum confinement 

effect helps to alter their electronic density of states, leading to enhanced Seebeck coefficients 

[30–32]. Fabricating small dimensional material structures such as quantum wells (two 
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dimensional), quantum wires (one dimensional), quantum dots (zero-dimensional), and thin films 

has been demonstrated as an effective strategy to promote the TE efficiency of materials. Electron 

transport regions with such low dimensions might enhance the Seebeck coefficient of the material 

through carrier confinement and electron filtering [15]. Moreover, phonons with short mean free 

paths will be scattered in regions with small dimensions (i.e., on the order of nanometer or 

angstrom scales). 

Carrier energy filtering is an alternative strategy to improve the thermopower of TE materials. 

In this approach, charge carriers with lower energy levels can be blocked within the material 

system by introducing nanostructures and multiple interfaces in the bulk of material. As a result, 

lower charge carrier concentration with higher average energy level will provide high 

thermopower and thereby promote the ZT value [18,33].  

2.6 Thermoelectric Materials 

Thermoelectric materials comprise a broad family of materials from semimetals and 

semiconductors to ceramics and polymers. TE materials contain various structures from 

monocrystals and polycrystals to nanocomposites [25]. The following sections will provide a brief 

literature review on conventional and state-of-the-art TE materials. This part is specially focused 

on reviewing organic TE materials, which are the subject of this dissertation. The latest 

advancements in synthesizing techniques of TE materials will also be discussed in this section. 

2.6.1 Semiconducting Thermoelectric Materials 

Among different material families, semiconducting alloys have the best combination of 

properties (i.e., high Seebeck coefficients and good electrical conductivities) that lead to high TE 

efficiencies. Depending on the desired operating temperature range, TE semiconductors are mostly 
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alloys of Bismuth (Bi), Selenium (Sb), Tellurium (Te), Antimony (Se), Lead (Pb), Silicon (Si), 

and Germanium (Ge) elements. Conventional semiconducting TE materials (i.e., alloys of 

Bi2Te3 and Sb2Te3) have high Seebeck values, exhibiting superior thermoelectric efficiency of ZT 

≈ 1 at near-room temperature. Bi2Te3 and Sb2Te3 alloys can be applied for waste heat recovery at 

temperatures below 200°C.  

Tuning of carrier concentrations alongside decreasing the lattice thermal conductivity is 

possible in these alloys, which has made them as most widely used TE materials within last 

decades. For power generation at mid-range temperatures (i.e., 500-900 K), alloys of PbTe, GeTe, 

and SnTe are typically used as TE materials with the highest efficiencies [15]. For high-

temperature applications (i.e., >900 K), bulk materials such as skutterudites, clathrates, half-

Heusler alloys, and complex chalcogenides are being investigated in recent decades [34]. Silicon-

germanium (SiGe) alloys are also considered as high-temperature TE materials. Basic crystal 

structure of these materials ensures good electric properties. Also, spacious voids in their lattice 

structures reduce thermal conductivity by strong phonon scattering. Figure 2.6 shows the best ZT 

values achieved from different types of bulk thermoelectric materials (separated as n-type or p-

type TE materials) at various working temperatures [35]. 
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Figure 2.6 Variation of the ZT value of p-type and n-type bulk TE materials at different working 

temperatures. Adapted with permission from Ref. [35] 

2.6.2 Polymer-based Thermoelectric Materials 

Semiconductors (e.g., bismuth telluride alloys) are commonly used for TE applications due to 

their high Seebeck coefficients and relatively good electrical conductivities that result in their high 

ZT values (i.e., ~1 to 2) [36,37]; however, their toxicity for the environment, scarcity, high cost, 

and complexities of processing have restricted their widespread applications. Moreover, they are 

heavy and rigid. Recently, polymeric TE materials have become the subject of interest as potential 

alternatives for semiconductors for TE-related applications [38]. Unlike semiconducting TE 

materials, polymers are more readily available and possess many other advantages for TE 

applications [39]. These include low cost, light weight, flexibility, simple processability, and 

environmental sustainability [40,41]. The potential to tailor the flexibility of polymer-based TE 

materials also represent another critical advantage, especially for wearable electronics. The 

intrinsic low thermal conductivities of polymers are desirable to achieve high ZT values. In 

contrast, their electrical conductivities and Seebeck coefficients should be significantly improved 
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to make them viable options for TE applications. The low TE efficiency of polymeric materials is 

considered as their main drawback for their use in this area of research. 

During past few years, researchers have achieved a significant improvement in TE efficiency 

of organic materials. Conjugated polymers have great potential for TE applications due to their 

relatively good electrical conductivities [42,43]. However, complexities of processing and 

unstable properties due to air degradation are some disadvantages of using conducting polymers 

for TE applications. Polymer nanocomposites, containing non-conducting polymers, have also 

been investigated for thermoelectric applications. Embedding conductive fillers such as metallic 

or carbon particles (i.e., carbon nanotubes (CNTs), graphene, graphite, carbon fiber, and carbon 

black) in polymer matrices can promote their electrical conductivities [44–48]. On the other hand, 

the addition of conducting fillers would compromise the material system’s low thermal 

conductivity, which would negatively affect their TE efficiencies [49–53]. As for any TE material, 

the main challenge to improve the ZT value of polymeric materials is the needs to simultaneously 

tune their TE parameters (i.e., electrical conductivity, Seebeck coefficient, and thermal 

conductivity), which are usually highly correlated. 

2.6.2.1 Conducting Polymers 

Conjugated polymers or intrinsically conducting polymers (ICPs) are among the most 

investigated organic materials for TE applications, while many studies have recently focused on 

improving their TE performances [54]. The electrical conductivity of conjugated polymers can 

reach the levels of semiconducting materials through different doping mechanisms [42]. Among 

different types of conjugated polymers, poly(3,4- ethylenedioxythiophene) (PEDOT), polyaniline 

(PANI), poly-thiophene (PTh), polypyrrole (PPy) and their derivatives have attracted most 
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research interests in this area due to their high TE properties [54–61]. The molecular structure of 

some common conducting polymers is displayed in Figure 2.7 [62]. 

 

Figure 2.7 Chemical structure of common conducting polymers. Adapted with permission from 

Ref. [62] 

A review on conducting polymers and their TE nanocomposites by Du et al. reported that their 

value of Seebeck coefficient ranges from -4088 to 1283 μVK-1, σ ranges from 10-7 to 104 Scm-1, 

and k falls between 0.02 to 1.2 Wm-1K-1 [63]. Most researchers have tried increasing the power 

factor of conducting polymers while maintaining their thermal conductivity within the range of 

0.2-0.6 Wm-1K-1 [64,65]. Zhang et al. investigated the TE transport in one-dimensional (1D) 

conducting polymers as organic TE materials [66]. They achieved an optimized PF value of 35.8 

μWm-1K-2 for PEDOT nanowires (PEDOT NWs) assembly. 
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The electrical conductivity of conductive polymers improves with high level of doping; 

however, their Seebeck coefficient decreases when doping increases as a result of increased charge 

carrier density. Recent study by Maiz et al. showed an improvement in TE properties of iron-doped 

poly[N-9’-heptadecanyl-2, 7-carbazole-alt-5, 5-(4’,7’-di-2-thienyl-2’,1’,3-benzothiadiazole)] 

(PCDTBT) polymer film [67]. Using FeCl3 as a doping agent, the electrical conductivity of 

PCDTBT polymer films was increased without significantly increasing their thermal conductivity. 

Consequently, an enhancement of two orders of magnitude in the ZT value of the polymer film 

was observed. 

Wang et al. reported the highest power factor of 7.05 μWm-1K-2 for poly(3-octylthiophene) 

(P3OT)/carbon fiber composites [68]. They solution casted P3OT, as a conducting polymer, on 

carbon fiber sheets to prepare the composite TE material.  Meng et al. used CNT to improve the 

transport properties of polyaniline (PANI) [69]. Their results revealed that the TE performance of 

CNT/PANI nanocomposites was remarkably enhanced when compared with both of their bulk 

parent samples. The power factors of the CNT/PANI nanocomposites were still inferior to those 

of conventional semiconducting TE materials, mainly due to the poor absolute Seebeck coefficient 

of PANI. A study by He et al. revealed that adding Bi2Te3 nanowires in poly(3-hexylthiophene) 

(P3HT) polymer would effectively enhance the power factor of the polymer matrix from 3.9 μWm-

1K-2 to 13.6 μWm-1K-2 [23]. The introduced organic-inorganic interfaces in the nanocomposite 

material system served as energy-filtering barriers, which increased the Seebeck coefficient 

without significantly suppressing the electrical conductivity. 

2.6.2.2 Polymer Nanocomposites 

Most developed conducting polymers for thermoelectric applications such as PANI, PEDOT, 

PTh, PPy, polyacetylene (PA), and polycarbazole (PC) have poor processability and low stability 
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especially at high temperatures, which has limited their widespread applications [70]. A few 

studies are available on developing organic TE materials using non-conducting polymers. Polymer 

nanocomposites have attracted much attention during the last decades in microelectronic industry 

and sensor applications. In addition to typical advantages of polymers (Such as light-weight, low 

cost, and good processability), the promotion of electrical properties (e.g., electrical conductivity) 

by the inclusion of a small amount of conductive fillers into polymer matrices have made polymer 

nanocomposites versatile multifunctional materials. Incorporating carbon-based, semiconducting, 

and metallic particles within polymer matrices along with hybridization of different types of fillers 

and polymers are among various strategies that have been investigated to develop polymeric TE 

materials [71–75]. 

Literature studies show that electrical conductivity and TE performance of polymeric materials 

strongly depend on their nanostructures [76–78]. By introducing nanostructured interfaces into the 

bulk material, the lattice thermal conductivity of the material will decrease because of phonon 

scattering. Incorporating different range of nanostructures will help to reduce the mean free path 

(MFP) of phonons in a broad range and effectively suppress the thermal conductivity, without 

affecting electron transport in nanocomposite materials [19]. Moreover, the mismatch between 

molecular vibration of polymer particles and nanofillers in polymer nanocomposites will help to 

filter phonon transport at the junction of polymer-filler, which results in suppressing thermal 

conductivity of the material system [79]. However, the constituent materials in nanocomposites 

should be selected in a way that their electronic mismatch would not adversely affect the electron 

transport properties of the material. The processing conditions of polymer nanocomposites can 

significantly affect the material system’s morphology and structure. Therefore, it is essential to 
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determine the roles of different processing parameters in tuning the micro-and-nanostructures of 

polymer nanocomposites, which will influence their TE efficiencies. 

Among different electrically conductive fillers, carbon nanotubes represent one of the best 

candidates for manufacturing conductive polymer nanocomposites because of their excellent 

electric properties. With an extremely high aspect ratio, uniform dispersion of a small amount of 

CNT can produce an efficient conductive network throughout the insulating polymer matrix. Many 

studies have investigated the electrical properties of polymeric composites and nanocomposites 

with multi-walled carbon nanotubes or single-walled carbon nanotubes (SWCNT). Nasr et al. 

showed that the DC electrical conductivity of MWCNT/Poly(vinyl alcohol) PVA nanocomposites 

increased by several orders of magnitude with the introduction of the conductive nanofiller into 

the PVA matrix [80]. Aguilar et al. studied the effect of CNT dispersion state (agglomerated vs. 

uniformly dispersed) on the electrical conductivity of CNT/polymer composite films [81]. They 

revealed that clustering of CNT, especially for CNT contents close to the percolation threshold, 

would promote the electrical conductivity of CNT/polymer nanocomposite films. 

Many researchers have investigated polymer nanocomposites for TE applications. Carbon 

nanofillers such as CNTs and graphene nanoplatelets (GnPs) have shown promising TE 

efficiencies because of their high electrical conductivities and relatively high Seebeck coefficients 

[82–85]. By controlling the dispersion of carbon nanofillers within polymer matrices, continuous 

three dimensional (3D) networks can be created to facilitate electron transfer and promote the 

electrical conductivity of polymer nanocomposites [86,87]. Moreover, creating filler-filler 

junctions and organic-inorganic interfaces in polymer nanocomposites have demonstrated great 

potentials to increase their Seebeck coefficients through carrier filtering effect, while suppressing 

their thermal conductivity via phonon scattering [88,89]. 
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Carbon nanotubes are promising candidates for developing lightweight and low-cost polymeric 

TE materials. Studies have demonstrated that CNT/polymer thin films with some degrees of 

heterogeneity allow for slight decoupling of TE parameters, leading to an increase in ZT value 

[90]. Yu et al. suggested polymer nanocomposites with segregated network of conductive fillers 

as possible replacement of semiconducting materials for thermoelectric applications [86]. They 

managed to develop an electrically connected and thermally disconnected network of carbon 

nanotubes around emulsion polymer particles, which resulted in a ZT value as high as 0.006 at 300 

K. The effect of CNT’s type on TE properties of Nafion polymer nanocomposites was investigated 

by Choi et al. [91]. They found that the CNT type has a significant effect on the electrical 

conductivity of polymer nanocomposites. However, their Seebeck coefficients were insensitive to 

the type of CNT, especially at high CNT loading. They achieved a maximum PF value of 1 μWm-

1K-2 for few-walled CNT/Nafion nanocomposites with approximately 30 wt.% filler loading.  

Choi et al. studied the effects of CNT loading on TE properties of poly(dimethylsiloxane) 

(PDMS)/CNT nanocomposites [92]. They realized that by increasing the CNT content, the 

electrical conductivity and Seebeck coefficient of the polymer nanocomposite significantly 

improved without a remarkable increase in their thermal conductivity. With 10 wt.% loading of 

CNT, they measured a maximum Seebeck coefficient and ZT values of 10.4 μVK-1 and 7.7×10-7, 

respectively, at 100 °C for fabricated nanocomposite samples. Liebscher et al. investigated the 

effects of differently functionalized MWCNTs on TE properties of polycarbonate (PC)/MWCNT 

nanocomposites [93]. Their results showed that by increasing the oxygen content of MWCNTs, 

the Seebeck coefficient of the nanocomposite samples improved. Their maximum reported 

electrical conductivity and Seebeck coefficient values were around 0.1 Scm-1 and 12 μVK-1, 

respectively, for PC/MWCNT composites with 2.5 wt.% of filler content. In another study, the 
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effect of SWCNT loading on TE parameters of PVDF/SWCNT composite thin films was 

investigated [94]. Their results demonstrated that reducing the SWCNT content in PVDF/SWCNT 

nanocomposite films was beneficial to their TE efficiency, and the ZT value ranged from 7×10-6 

for pure SWCNT film to 10-4 for PVDF-based nanocomposite film loaded with 5 wt.% SWCNT.  

Sung et al. compared the TE properties of CNT/glass fiber (GF)/epoxy composites with carbon 

fiber (CF)/epoxy composites at various filler loadings [95]. They observed higher in-plane 

electrical and thermal conductivities than the corresponding through-thickness results for 

composite samples. The results of their study showed a maximum ZT value of 2×10-6 for 

CNT/GF/epoxy samples with 5 wt.% of CNT/GF loading. Recent research has demonstrated 

improvement in TE power output of an organic multilayered CNT-based TE module [96]. By 

selecting the appropriate type of CNT and dopant for the conducting layers (i.e., SWCNT for the 

p-type layers and polyethylenimine-doped SWCNT for the n-type layers) and using polyvinylidene 

fluoride as the base polymer, a single thermocouple Seebeck coefficient of 96 ± 4 μVK-1 was 

observed.  

A study conducted by Hewitt et al. on TE properties of few-layer graphene platelet (FLG)/ 

PVDF composites revealed the importance of optimizing the trade-off between the electrical 

conductivity and the Seebeck coefficient of polymer composites to achieve high power factors 

[97]. They reported a maximum PF value of 0.52 μWm-1K-2 for FLG/PVDF composites with 80 

wt.% FLG content. A practical approach to improve ZT values of polymer nanocomposites is to 

increase their electrical conductivity by creating an efficient network of conductive fillers through 

the insulative polymer matrix. A study by Zhao et al. demonstrated the potential of graphene-CNT 

aerogels for thermoelectric application [98]. By fabricating a 3D porous structure of graphene and 
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CNT with ultra-low thermal conductivity, the electrical conductivity and the Seebeck coefficient 

of the nanocomposite aerogel was increased, which resulted in a ZT value of 0.001.  

Moriarty et al. studied the effect of semiconducting (meso-tetra(4-carboxyphenyl) porphine 

(TCPP)) and insulative (sodium deoxycholate (DOC)) stabilizers on TE properties of polyvinyl 

acetate (PVAc)/CNT nanocomposites [99]. They reported an improvement in Seebeck coefficient 

of MWCNT:TCPP/PVAc compared to MWCNT:DOC/PVAc nanocomposites (up to five times) 

using two types of carbon nanotubes (double-walled and multi-walled CNTs). Chung et al. 

reported a significant enhancement in TE behavior of carbon fiber/epoxy composites by 

incorporating a combination of inorganic fillers (i.e., tellurium, bismuth telluride) and carbon black 

[100]. Their results showed an increase in thermoelectric figure of merit of the composite samples 

from 9×10-6 to 9×10-2 by adding multiple fillers. While tellurium increased the TE power, bismuth 

telluride increased the electrical conductivity and decreased the thermal conductivity. Moreover, 

carbon black improved the composite’s electrical conductivity. 

2.7 Foaming 

Foaming is a process to create a porous structure within the material system. Plastic foaming 

is a processing technology that generates porous structure in polymer matrix for a variety of 

scientific and industrial applications such as insulation, cushioning, absorbents, filtering, tissue 

engineering, and scaffolds [101]. Introducing cellular structure will help to modify mechanical and 

transport properties of materials such as impact absorption, thermal insulation, and acoustic 

properties [102]. Porosity will also result in decreasing the density of samples, which means 

reducing the overall weight and saving the material usage.  
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Foam samples are generally divided into two groups based on their cellular structures; open-

cell and closed-cell foams. Figure 2.8 demonstrates the morphology of polymeric foam samples 

with open-cell and closed-cell structures. In open-cell foams, the cells are not fully encapsulated 

while there are lots of ruptures on the cell-walls. Therefore, the pores are usually interconnected 

due to the openings on the walls of the adjacent cell. In closed-cell foams, however, the cells are 

fully enclosed by their walls. Consequently, the pores are mostly isolated from each other. 

Increasing demand for lightweight materials with improved mechanical and thermal properties has 

led to several foaming techniques for various material systems (i.e., one-step and two-step 

foaming, physical and chemical foaming). A variety of chemical and physical foaming methods 

have been developed in past decades to fabricate open-cell and closed-cell foams with different 

porous structures. 

 

Figure 2.8 The morphology of polymer foams with: (a) open-cell; and (b) closed-cell structures. 

Adapted with permission from Ref. [103] 

Environmentally friendly techniques have been adopted in industry using supercritical fluids 

(such as CO2 and N2) for polymer processing and foaming applications [104]. In this method, the 

polymeric sample is firstly saturated with supercritical fluid under high pressure. The polymer/gas 
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mixture is then supersaturated by bringing into a thermodynamically unstable state, which happens 

through reducing pressure or increasing temperature. This phenomenon results in the nucleation 

and growth of cells within the polymer matrix [105]. This method usually produces microcellular 

foams with average cell-sizes of 10 to 100 microns, depending on the foaming conditions. 

Supercritical carbon dioxide (ScCO2) is most often used, because of its physical properties (i.e., 

non-toxic, non-flammable, abundance, and highly soluble). 

2.7.1 Thermal and Electrical Conductivity of Polymeric Foams 

Polymer foams are widely investigated for thermal insulating applications due to their low 

thermal conductivities. Generally, four different terms contribute in thermal conduction of foams: 

� = 	�� + �� + �� + �� (2-10) 

In this equation, ��, ��, ��, and �� are solid phase conduction, gas phase conduction, radiation, 

and convection (Wm-1K-1), respectively. Foam samples with closed-cell structures have usually 

lower thermal conductivities in comparison with open-cell foams. This property is due to the 

negligible effect of convection mechanism in overall thermal conductivity of foams with closed-

cell structures.  

Studies have demonstrated that by decreasing the cell-size, the thermal conductivity of foam 

samples usually decreases [106]. In foam samples with small cell-sizes, the convection heat 

transfer mechanism can be ignored. Moreover, because of the Knudsen’s effect, by reducing the 

cell-size around the mean free path value of gas molecules or smaller than that, the gas conduction 

term significantly decreases [107]. This phenomenon happens due to the increased number of 

collisions of gas molecules with the cell-walls, which results in lower gas mobility and thereby 

lower gas-phase thermal conduction [108,109]. In this context, nanocellular foaming has offered 
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significant improvement in thermal insulation of polymer foams [110]. However, fabrication of 

porous samples with nanocellular structures and controlling their cell structures are the main 

challenges that need to be resolved [111].  

Alvarez et al. reported that the thermal conductivity of open-cell Polyolefin foams was slightly 

higher than the closed-cell ones with the same range of densities [112]. Their study also revealed 

that by decreasing the cell-size, the thermal conductivity of polymer foam decreases. Experimental 

studies have demonstrated that the thermal insulation property of materials with porous structures 

has a direct relation with their densities [113]. Aerogels are highly porous materials with ultra-low 

densities, which can provide extremely low thermal conductivities [114]. Aerogels have open-cell 

structures while their pore sizes are typically around 1 to 100 nm, which is close to the mean free 

path of gas molecules in the air (i.e., around 7 nm at 1 bar). This structure of aerogels provides a 

high suppression of the gaseous heat transfer (i.e., conduction and convection) through the sample 

[115]. 

Foaming has recently been applied to alter electrical and thermal conductivity of polymer 

nanocomposites. Inclusion of different nanofillers in polymer matrices, on the other hand, can help 

to control the morphology and cell structure of polymer foams [101,116]. A study by Baseghi et 

al. showed that CO2 foaming of polymer nanocomposites could decrease the percolation threshold 

of the filler content [117]. As a result, introducing microcellular foam structures helped to promote 

the electrical conductivity of polymer nanocomposites by using lower amount of fillers. Yang et 

al. applied batch foaming with the aid of ScCO2 to control the electrical conductivity and 

percolation threshold of MWCNT/Polystyrene (PS) nanocomposite [118]. By decreasing the cell-

wall thickness, they were able to achieve higher electrical conductivity values. Jun et al. 

investigated the effect of graphene sheet size on the electrical conductivity of 
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graphene/Polydimethylsiloxane (PDMS) foam [119]. The results of their study revealed that by 

increasing the filler’s aspect ratio, the electrical conductivity of the polymer nanocomposite foam 

increases because of enhanced interconnectivity among conducting fillers. 

By simultaneously incorporating an electrically conductive network of fillers and creating a 

thermally insulating cellular structure through the polymer matrix, the TE efficiency of the 

polymer system will potentially enhance. Fabricating aerogel structures from conducting 

nanoparticles can help to simultaneously improve their electrical conductivity and suppress their 

thermal conductivity [120]. Zhao et al. managed to decouple the thermoelectric parameters of a 

hybridized aerogel made up of MWCNTs and carbonized resorcinol-formaldehyde (RF) resin  

[121]. Their results showed that by creating a porous structure within a conducting network of 

carbon nanotubes, three TE parameters (electrical conductivity, thermal conductivity, Seebeck 

coefficient) can be simultaneously tuned to maximize the ZT value. 

2.8 Concluding Remarks 

While extensive research has been conducted to investigate on the strategies to improve the 

TE conversion efficiencies of various material families, the success in developing polymer 

nanocomposites with high TE efficiencies was more limited. Because of several niche benefits of 

TE polymer nanocomposites (e.g., lightweight, flexibility, low cost), any new strategy that can 

significantly promote the TE efficiency of polymer nanocomposites would represent a significant 

technological breakthrough. Ongoing studies on TE materials are mainly focused on increasing 

the electrical conductivity and the Seebeck coefficient; because the thermal conductivity of 

polymer nanocomposites was found to moderately increase while increasing their electrical 
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conductivity. In this context, current study aims to investigate the potential of using different 

foaming techniques, as a novel strategy, to fabricate thermoelectric organic materials.  

The suggested approach can potentially enhance the TE conversion efficiency of polymeric 

materials by not only promoting their electrical conductivity and Seebeck coefficient but also 

simultaneously suppressing their thermal conductivity. The effects of different processing 

parameters and material combinations on TE properties of nanocomposite samples were also 

studied in this research. The findings have proven that foaming can serve as an innovative 

technique to enhance the efficiency of various polymeric TE materials and make them viable as 

replacement of semiconductors for energy harvesting and waste heat recovery. 
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Chapter 3. Polypyrrole/Multi-walled Carbon 

Nanotubes Nanocomposites with Enhanced 

Thermoelectric Efficiencies1 

3.1 Introduction 

Charge transport properties of intrinsically conducting polymers (ICPs) is highly related to their 

microstructures. Processing conditions and material formulations can alter the morphology of ICPs 

and thereby their electrical and thermoelectric properties. In this chapter, the effects of different 

processing parameters on the electrical conductivity and TE performance of polypyrrole/multi-

walled carbon nanotubes nanocomposites were investigated. PPy/MWCNT nanocomposite 

samples were prepared by in-situ oxidative polymerization method. The effects of polymerization 

time, oxidant-to-monomer ratio, filler-to-monomer ratio, and reaction medium on electrical 

conductivity and Seebeck coefficient of the fabricated PPy/MWCNT nanocomposite samples were 

explored to optimize their TE efficiencies. The results of this study revealed that the MWCNT-to-

monomer molar ratios of 0.1 and 1 provided the highest electrical conductivity and the maximum 

power factor, respectively. Moreover, the addition of methanol to the reaction solution led to finer 

structures in the nanocomposites, and thereby enhanced their electrical conductivity as well as 

their TE efficiencies. 

 
1 This chapter is based on reference [171] 
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3.2 Experimental 

3.2.1 Sample Preparation 

PPy/MWCNT nanocomposites were fabricated using in-situ oxidative polymerization method. 

An aqueous solution of MWCNT (AQ0101, Nanocyl) was firstly prepared using deionized (D.I.) 

water. The solution was sonicated for one hour with an ultrasonic probe (Q700, QSonica) to ensure 

uniform distribution of carbon nanofillers. The pyrrole monomer (Py, reagent grade, 98%, Sigma 

Aldrich) was then added to the solution while the sonication was continued for 5 minutes. An 

aqueous solution of iron (III) chloride (FeCl3, reagent grade, 97%, Sigma Aldrich) was separately 

prepared and added dropwise into the Py/MWCNT solution to initiate the polymerization of PPy. 

The pyrrole concentration in the final reaction solution remained constant at 0.04 mol/L for all 

composite samples. The solution’s temperature was retained at 0 °C to 5 °C using an ice bath, for 

the duration of polymerization, to slow down the polymerization process. Decreasing the 

polymerization rate will result in longer conjugation, which would provide better electron transfer 

along the polymer’s backbone [122,123]. The reaction solution was vigorously stirred for one hour 

to achieve a uniform distribution of MWCNTs within the PPy matrix.  

Three reaction times (i.e., 1, 5, and 24 hrs) were selected to study its effects on the TE properties 

of the fabricated samples. Three types of additives (i.e., methanol, methyl orange (MO), and 

sodium dodecyl sulfate (SDS)) were separately added to the reaction mediums, and their effects 

on the PPy/MWCNT nanocomposite’s morphology and TE efficiency were investigated. The 

selected concentrations of methanol and SDS in the final reaction solutions were 20 wt.% and 0.1 

mol/L, respectively. The MO-to-Py molar ratio of 0.05 was selected for the samples prepared by 

using methyl orange. Upon the completion of polymerization, the precipitate was filtered and 
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rinsed with D.I. water and ethanol for multiple cycles to remove any remaining oxidants or 

impurities. The fabricated nanocomposites were then dried in an oven with air atmosphere at 60 

°C for 12 hours, and the dried powders were weighed to determine the filler contents of 

PPy/MWCNT nanocomposites. Different oxidant-to-monomer molar ratios (R1; ranged from 0.1 

to 8) and filler-to-monomer mass ratios (R2; ranged from 0.01 to 5) were used to investigate the 

effects of these processing parameters on the TE efficiency and morphology of the fabricated 

samples. 

3.2.2 Characterization 

The nanocomposite powders were cold pressed at 4000 psi into circular discs of 20 mm in 

diameter and 2 mm in thickness using a compression molding machine (Craver Press, 4386 CH). 

The microstructure of polymer nanocomposite samples was characterized using scanning electron 

microscopy (SEM: FEI Company, Quanta 3D FEG) with an accelerating voltage of 20 kV. The 

cross sections of samples were exposed by cryo-fracturing them within liquid nitrogen, following 

by gold coating using a sputtered coating machine (Denton Vacuum, Desk V Sputter Coater). The 

void fractions of the cold-pressed samples were estimated by calculating the density of the 

composite material using their mass and physical dimensions, and considering the densities of 

MWCNTs and PPy to be 1.75 gcm-3 and 1.5 gcm-3, respectively [72,124]. The electrical 

conductivities of nanocomposite samples were measured by the four-point method using a 

multifunctional source meter (Keithley, SMU 2450) and a four-point probe (SP4 probe head) 

installed on a probing fixture (Signatone probe S-302-4). According to ASTM F84-02 standard, 

the samples’ bulk electrical conductivities were calculated using the size and thickness correction 

factors. The Seebeck coefficient was determined using a custom-built analyzer, that measured the 

induced voltage across the surface of a sample once exposed to a temperature difference. Figure 
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3.1 shows a schematic picture of the equipment which was used for measuring the Seebeck 

coefficient of the composite samples during this study. All samples were subjected to temperature 

differences in the range of 2 K to 4 K by putting them between two copper blocks. One of the 

blocks was embedded with a heating module while the other embedded with a cooling module. A 

thin layer of glass was used as a contact medium between the nanocomposite sample and the 

copper blocks to limit the current flow through the sample. The temperature difference across the 

sample was measured using two thermocouples. The Seebeck coefficient was calculated as the 

slope of the linear change in measured voltage versus the temperature difference across the 

sample’s surface. 

 

Figure 3.1 The custom-build unit for measuring the Seebeck coefficient of the fabricated 

samples in: (a) through-surface direction; and (b) through-thickness direction 
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3.3 Results and Discussion 

3.3.1 Effect of Reaction Time on the Degree of Polymerization  

Two sets of PPy/MWCNT samples with oxidant-to-monomer molar ratios (R1) of 1 and 2.5 

were prepared. The PPy contents of the fabricated samples were measured after 1, 5, and 24 hr to 

investigate the required reaction time to complete the polymerization process. The MWCNT-to-

monomer mass ratio (R2) was maintained at 1 for all samples. For an R1 ratio of 1, the PPy contents 

in the fabricated samples were virtually unchanged (approximately 64.3 wt.%) when the 

polymerization time increased from 1 hr to 24 hr. Similarly, the PPy contents of the 

nanocomposites, prepared at the R1 ratio of 2.5 and the polymerization time of 1 hr and 5 hr, were 

about the same (approximately 66.6 wt.%). In contrast, with the same R1 ratio (i.e., 2.5), the PPy 

fraction slightly increased to 71.0 wt.% when the polymerization time increased to 24 hr. These 

results showed that the polymerization process of PPy was mostly accomplished in the first hour. 

However, in the remaining part of this study, all the PPy/MWCNT samples were fabricated with 

a polymerization time of 24 hr to ensure complete PPy polymerization. 

3.3.2 Effect of Oxidant Concentration on the Structures and Properties of PPy/MWCNT 

Nanocomposites 

Figure 3.2(a) through (e) illustrate the effects of oxidant concentration on the final MWCNT 

content, void fraction, and TE properties of PPy/MWCNT samples. Two series of samples were 

prepared with MWCNT-to-Py mass ratios of 0.1 and 1. The void contents of the nanocomposite 

samples, prepared with different oxidant-to monomer molar ratios (R1), is shown in Figure 3.2(a). 

By increasing the oxidant concentration from 0.1 to 1, the volume percent of the voids within 

PPy/MWCNT samples significantly decreased as more PPy was produced and potentially exposed 
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within the porous structure of the entangled MWCNTs. Further increasing the oxidant 

concentration demonstrated less noticeable effect on the samples’ void content, which means Py 

monomer had been mostly polymerized with R1 ratio of 1. According to Figure 3.2(b), by 

increasing the R1 ratio within the reaction system, the MWCNT content in the fabricated 

nanocomposites initially decreased and eventually became plateau when R1 was raised beyond 2.5. 

This phenomenon indicated that setting R1 to about 2.5 was sufficient to complete the 

polymerization process. Therefore, further addition of the oxidant had a negligible effect on 

polymerizing Py within the PPy/MWCNT samples. An optimum value of around 2 to 2.5 was also 

reported in the literature for the oxidant-to-monomer molar ratio to achieve 100% polymerization 

of Py monomer [122,125]. 

Figure 3.2(c) reveals that the electrical conductivity of the PPy/MWCNT samples with lower 

MWCNT loading (i.e., R2 = 0.1) was significantly affected by the oxidant concentration while 

showed its maximum value at an R1 ratio of 2.5. However, for the samples prepared with higher 

MWCNT loading (i.e., R2 = 1), the effect of R1 ratio on their electrical conductivity was less 

noticeable. Figure 3.2(d) indicates that the Seebeck coefficients of the nanocomposite samples had 

an inverse relation to their electrical conductivities. Such observation is consistent with the results 

reported in the literature [126,127].  
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Figure 3.2 The effects of oxidant-to-monomer molar ratio on: (a) void fraction; (b) MWCNT 

content; (c) electrical conductivity; (d) Seebeck coefficient; and (e) power factor of 

PPy/MWCNT nanocomposite samples 
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Figure 3.2(e) illustrates the effect of oxidant-to-monomer molar ratio on the power factor of 

PPy/MWCNT samples. The results showed that increasing the R1 ratio had a negligible influence 

on the TE performance of PPy/MWCNT nanocomposites; however, the samples with higher 

MWCNT loadings resulted in higher TE efficiencies. The effects of the processing parameters of 

PPy/MWCNT nanocomposites on their TE properties could be explained by considering the 

MWCNT content and the morphologies of the fabricated samples. A detailed discussion in this 

regard is provided in the following sections. 

The SEM micrographs of PPy/MWCNT samples prepared with different oxidant-to-monomer 

molar ratios (i.e., 1, 2.5, and 8) are illustrated in Figure 3.3(a) through (f). The morphologies of 

the nanocomposite samples consisting of different amounts of PPy are demonstrated in Figure 

3.3(a) through (c). A fibrous microstructure, which resembled the tubular shapes of MWCNTs, 

was observed for the samples prepared with an R1 ratio of 1. However, when the R1 ratio increased 

to 2.5 and 8, more continuous microstructures were observed due to the increased PPy content in 

the composite system. Figure 3.3(d) indicated that carbon nanotubes served as templates to direct 

the growth of PPy polymer chains along them, which was evidenced by the presence of a thin layer 

of PPy over MWCNTs. As it is shown in Figure 3.3(e), increasing the oxidant concentration in the 

Py/MWCNT reaction solution led to higher PPy contents (i.e., ~90 wt.% PPy with R1 ratio of 2.5 

versus ~65 wt.% PPy with R1 ratio of 1). The pores among the entangled tubular PPy/MWCNT 

nanocomposites were filled up by additional PPy contents, leading to a more uniform and 

continuous microstructure. Further increasing the oxidant content showed a trivial effect on the 

morphology of PPy/MWCNT nanocomposites (Figure 3.3(f)). This observation supported the 

previous assumption that the R1 ratio of 2.5 was sufficient to completely polymerize the 

monomers.  
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Figure 3.3 The SEM micrographs (with two different magnifications) of PPy/MWCNT 

nanocomposite samples prepared in water medium with R2 ratio of 0.1 and containing different 

oxidant concentrations: (a) & (d) R1 = 1; (b) & (e) R1 = 2.5; and (c) & (f) R1 = 8 

3.3.3 Effects of MWCNT Content on the Structures and Properties of PPy/MWCNT 

Nanocomposites 

The effects of MWCNT-to-Py mass ratio (R2) on the final MWCNT concentration, void 

content, and TE properties of PPy/MWCNT samples are plotted in Figure 3.4(a) through (e).  Two 

sets of samples were fabricated (i.e., samples prepared with and without the addition of methanol 

to the reaction solutions) to study the effect of methanol on the TE performance of PPy/MWCNT 

nanocomposite samples. According to Figure 3.4(a), increasing the R2 ratio from 0.01 to 0.1 

decreased the void content of the samples. At very low MWCNT loadings, the MWCNTs served 

as templates to grow PPy on their surfaces. Consequently, increasing the MWCNT content would 

help to produce a finely structured fibrous PPy/MWCNT morphology with better packing 
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efficiencies, which would provide lower void contents. The graphs also reveal that using methanol 

within the reaction medium created lower volume fractions of pores in the nanocomposite samples. 

This phenomenon indicated that methanol was more effective to produce a uniform distribution of 

PPy on top of the MWCNT networks and create a fine PPy/MWCNT microstructure. As shown in 

Figure 3.4(b), increasing the R2 ratio would increase the MWCNT content in the fabricated 

nanocomposite, while its maximum MWCNT content remained constant at approximately 35 

wt.%. This result indicated that at elevated R2 ratios (i.e., R2  2), the produced PPy matrix during 

the in-situ polymerization was not enough to perform as a binder phase among all MWCNTs. 

Therefore, the excess MWCNTs content was potentially washed off from the nanocomposite 

powders after completing the polymerization. Consequently, the final MWCNT content of 

PPy/MWCNT samples remained constant at approximately 35 wt.%. 

According to Figure 3.4(c), the maximum measured electrical conductivity of the 

nanocomposite samples was at an R2 ratio of 0.1, while the MWCNT contents of the samples were 

about 6-7 wt.%. Surprisingly, increasing the R2 ratio above 0.1 resulted in a remarkable reduction 

in the electrical conductivity of the PPy/MWCNT nanocomposites. Similar behavior was observed 

in previous studies for the electrical conductivity of polymer/CNT composites by using a 

conducting type of polymer [42,128]. It is believed that a critical amount of PPy content was 

required to modify the MWCNT-MWCNT junctions and promote the formation of connected 

pathways for electron transferring through the polymer nanocomposite. By increasing the R2 ratio 

above this critical level, less PPy polymer was exposed at the MWCNT-MWCNT intersections, 

which was insufficient to create a continuous path for electron transferring throughout the 

composite system. Therefore, the introduced electrical resistance at filler junctions suppressed the 

samples’ electrical conductivities. 
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Figure 3.4 The effects of MWCNT-to-monomer mass ratio on: (a) void content; (b) MWCNT 

content; (c) electrical conductivity; (d) Seebeck coefficient; and (e) power factor of 

PPy/MWCNT nanocomposite samples 
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As shown in Figure 3.4(d), by increasing the MWCNT-to-Py mass ratio for the processing of 

the nanocomposite samples, the changes in Seebeck coefficients followed a similar trend to their 

MWCNT contents. For samples prepared by R2 0.1, their Seebeck coefficients were 

approximately 6 μVK-1. Increasing the R2 ratio above 1 resulted in Seebeck coefficients within the 

range of 12-16 μVK-1, which was similar to the values measured for pure MWCNT films. The 

MWCNT film was prepared by solution casting of the aqueous 1 wt.% MWCNT solution and 

drying at room temperature. The through-surface Seebeck coefficient of the MWCNT film was 

measured with the same method used for PPy/MWCNT composite samples. The observed results 

indicated that the Seebeck coefficient of PPy/MWCNT samples with MWCNT contents of higher 

than 30 wt.%, was mainly governed by the Seebeck effect of carbon nanotubes. Figure 3.4(e) plots 

the power factor of nanocomposite samples with different MWCNT contents. Experimental results 

revealed that an optimized level of filler loading within PPy nanocomposite samples is required to 

maximize their thermoelectric performances. The highest power factor was obtained for the 

samples with an R2 ratio of 1, in which their MWCNT contents were around 30 wt.%. 

Figure 3.4(c) through (e) also show the TE properties of the nanocomposite samples prepared 

by adding methanol to their reaction solution. Experimental results reveal that methanol helped to 

promote the electrical conductivity of PPy/MWCNT nanocomposites while had negligible effects 

on the nanocomposites’ Seebeck coefficients. As a result, methanol could improve the overall 

power factor and thereby, the TE efficiency of PPy/MWCNT nanocomposite samples. As an 

example, the power factor of the samples prepared with R2 ratios of 0.1 and 1 increased 2.6 and 

1.6 times, respectively, after the addition of methanol in their polymerization process. 

The SEM micrographs of the fabricated nanocomposite samples with different MWCNT 

loadings are shown in Figure 3.5(a) through (f). The SEM images with lower magnifications (i.e., 
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Figure 3.5(a) through (c)) illustrate the morphology of the samples’ cross-sections. With an R2 

ratio of 0.01, a rough surface morphology with porous structure was observed. By increasing the 

MWCNT loading of the samples, a more uniform structure was achieved with less porosity; 

however, further increasing the MWCNT content resulted in a fibrous structure. Figure 3.5(d) 

through (f) show that PPy/MWCNT samples, depending on their MWCNT contents, could 

demonstrate three different microstructures. The MWCNT-to-Py ratio of 0.01 created islands of 

polymer nanocomposite with poor packing efficiency and resulted in high levels of porosity.  

 

Figure 3.5 The SEM micrographs (with two different magnifications) of PPy/MWCNT 

nanocomposite samples prepared in water medium with R1 ratio of 2.5 and loaded with different 

MWCNT contents: (a, d) R2 = 0.01; (b, e) R2 = 0.1; and (c, f) R2 = 1 

At an R2 of 0.1, a finer polymer nanocomposite texture with lower porosity was observed. The 

PPy polymer was uniformly deposited on the network of MWCNTs and at their junctions that 

resulted in a continuous microstructure. Nanocomposite samples prepared with an R2 ratio of 1 
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demonstrated a fibrous morphology because individual MWCNTs were lightly coated by PPy 

while the PPy content was not enough to create a continuous PPy/MWCNT microstructure. 

Figure 3.6(a) through (d) compare the morphology of PPy/MWCNT nanocomposites prepared 

with and without the addition of methanol. The morphologies of the nanocomposite samples 

containing methanol in their reaction solutions revealed fine particles of PPy deposited on the 

surfaces of MWCNTs. In this case, PPy particles were mostly scattered along the MWCNT 

surfaces and at the MWCNT-MWCNT intersections rather than uniformly coating individual 

MWCNTs. Therefore, PPy polymer helped to create more connected MWCNT networks with 

fewer obstacles for electron transferring within the PPy/MWCNT material system. 

 

Figure 3.6 The SEM micrographs of PPy/MWCNT samples prepared with R1 ratio of 2.5 by 

using: (a) water with R2 = 1; (b) water with R2 = 5; (c) methanol with R2 = 1; and (d) methanol 

with R2 = 5 
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3.3.4 Effects of Additives on the Structures and Properties of PPy/MWCNT 

Nanocomposites 

According to literature, methanol, methyl orange (MO), and sodium dodecyl sulfate (SDS) are 

three additives that have been previously used as dopants to modify the microstructure and 

electrical conductivity of PPy [129–133]. These three additives were used in the current study, 

within the reaction systems during the polymerization of PPy, to explore their effects on the 

morphology and TE performance of the PPy/MWCNT nanocomposites. The MWCNT content, 

the void fraction, and the measured TE parameters of the fabricated samples with different reaction 

mediums are shown in Figure 3.7(a) and (b). All samples were prepared using R1 and R2 ratios of 

2.5 and 1, respectively. Therefore, the MWCNT contents of the samples prepared using different 

additives were within the same range (i.e., 25 wt.% to 30 wt.%) as illustrated in Figure 3.7(a). The 

nanocomposite samples prepared by using methanol and water showed the lowest and highest void 

contents, respectively, compared with the other two samples (i.e., the ones prepared by using MO 

and SDS). These findings indicated that methanol was the best medium for creating a fine 

PPy/MWCNT microstructure with less porosity, which could help to promote their electron 

transport properties. Figure 3.7(b) shows that the Seebeck coefficients of the fabricated samples 

remained within the range of 13-16 μVK-1, while all samples contained 25-30 wt.% of MWCNTs. 

The results indicated that the nanocomposite samples prepared by adding methanol demonstrated 

the best electrical conductivities and thereby the highest power factors. However, SDS and methyl 

orange provided a negligible effect on the TE performance of the fabricated nanocomposites. 

Therefore, methanol was the best additive, among the three being studied, to promote the TE 

efficiency of PPy/MWCNT nanocomposites.  
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Figure 3.7 The effects of using different additives during the polymerization of PPy on: (a) 

MWCNT concentration and void content; and (b) TE properties of PPy/MWCNT nanocomposite 

samples (The R1 and R2 ratios were 2.5 and 1, respectively) 

The microstructures of the PPy/MWCNT samples, fabricated by using different additives, are 

illustrated in Figure 3.8(a) through (h). The samples were prepared with R1 and R2 ratios of 2.5 and 

1, respectively. The micrographs illustrate that methanol helped to create the most uniform 

nanocomposite structure with the lowest porosity when compared to the other two additives. These 
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findings reveal that the presence of pores in the nanocomposite samples could adversely affect 

their electrical conductivities by increasing the charge carriers’ scattering within their structures.  

 

Figure 3.8 The SEM micrographs (with two different magnifications) of PPy/MWCNT 

nanocomposite samples prepared by using: (a) & (e) water; (b) & (f) methanol; (c) & (g) methyl 

orange (MO); and (d) & (h) and sodium dodecyl sulfate (SDS) 

Previous studies reported that the electrical conductivity of PPy samples with tubular 

nanostructure is related to the nanotubes’ diameters [134]. In this research, the microstructures of 

the samples, prepared with pure water or with the addition of MO and SDS, were in the form of 

nanofibers. The experimental results and the SEM micrographs indicated that the electrical 

conductivity of the fabricated samples has an inverse relation to the average diameters of their 

nanofibers. However, the Seebeck coefficients of PPy/MWCNT nanofibers were almost 

insensitive to their microstructures. 
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3.4 Conclusion 

In this study, PPy/MWCNT nanocomposite samples were fabricated using in-situ 

polymerization method. The effects of different processing parameters such as polymerization 

time, oxidant concentration, MWCNT loading, and using additives within the reaction solution on 

the TE efficiencies of the PPy/MWCNT nanocomposites were thoroughly investigated. The 

optimal oxidant-to-monomer molar ratio was found to be around 2.5, which ensures complete 

polymerization of PPy using FeCl3 as the oxidant. The MWCNT-to-Py mass ratio was identified 

as the most effective parameter on maximizing the electrical conductivity and TE power factor of 

PPy/MWCNT nanocomposites. Moreover, using methanol helped to promote the electrical 

conductivity and thereby the TE efficiency of the fabricated samples by modifying their 

morphologies. However, the effects of adding methyl orange and SDS during the polymerization 

process was negligible on tuning the TE properties of the samples. The results of this study provide 

a detailed insight about the potential of different processing parameters on controlling 

thermoelectric properties and the electrical conductivities of polymer nanocomposite materials 

containing conducting polymers and carbon nanotubes. 

  



56 
 

Chapter 4. Enhancement of Thermoelectric 

Conversion Efficiency of Polymer/Carbon 

Nanotube Nanocomposites through Foaming-

Induced Microstructuring2 

4.1 Introduction 

This study aims to investigate the potential of using physical foaming as a novel strategy to 

enhance the TE conversion efficiency of nanocomposite materials. Multi-walled carbon 

nanotube/high density polyethylene (HDPE) nanocomposite foams were fabricated as a case 

example to explore the potential of the proposed method. The effects of different processing 

parameters on the thermal and electrical conductivity of the nanocomposite foams were studied in 

this phase of research. 

This study revealed that an enhancement in the TE efficiency of the fabricated nanocomposite 

samples was achieved not only by promoting their electrical conductivity and Seebeck coefficient 

but also by simultaneously suppressing their thermal conductivity. The experimental results 

showed that introducing cellular structures in MWCNT/HDPE nanocomposites, loaded with 15 

wt.% MWCNT, would enhance their ZT values by 600-fold. This great improvement was achieved 

through a significant reduction in their effective thermal conductivity, along with a simultaneous 

 
2 This chapter is based on reference [71] 
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improvement in their electrical conductivities and Seebeck coefficients. The findings have proven 

that foaming can serve as a novel technique to enhance the efficiency of various polymeric TE 

materials. 

4.2 Experimental 

4.2.1 Materials 

Commercially available MWCNT/HDPE masterbatch (Nanocyl, Plasticyl HDPE1501) loaded 

with 15 wt.% of MWCNT was used as the base material to fabricate the nanocomposite foams. 

This material system was selected as a case study to demonstrate the effects of in-situ foaming on 

promoting the TE efficiency of polymer-based materials. The applied physical foaming agent was 

carbon dioxide (CO2) (Linde Gas Inc., 99.8% purity). The physical properties of the masterbatch 

and its constituents (i.e., HDPE and MWCNT) are summarized in Table 4.1 to Table 4.3. 

Table 4.1 Physical properties of MWCNT/HDPE nanocomposite (Nanocyl, Plasticyl 

HDPE1501) 

Property Value Unit 

MWCNT loading 15 wt.% 

Density 997 kgm-3 

Melting temperature 135 °C 

Thermal conductivity 0.50-0.70 Wm-1K-1 

Table 4.2 Physical properties of HDPE (Borealis, MG9641B) 

Property Value Unit 

Density 964 kgm-3 

Melting temperature 130-137 °C 

Thermal conductivity 0.45-0.52 Wm-1K-1 
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Table 4.3 Physical properties of MWCNT (Nanocyl, NC7000TM) 

Property Value Unit 

Avg. diameter 9.5 nm 

Avg. length 1.5 µm 

Volume resistivity 10-5-10-4 Ωcm 

Thermal conductivity ≥ 3000 Wm-1K-1 

Surface area 250-300 m2g-1 

4.2.2 Preparation of MWCNT/HDPE Nanocomposite Foams 

A calculated amount of MWCNT/HDPE nanocomposite pellets was weighed and loaded into 

a circular disc mold of 115 mm in diameter and 500 µm in thickness. The pellets were compression 

molded by the following procedures:  

Step 1. MWCNT/HDPE nanocomposite pellets were charged into the mold and loaded into a 

compression molding machine (Craver Press, 4386 CH) preset at 155 °C. 

Step 2. The sample and the mold were equilibrated at 155 °C for 5 minutes to ensure complete 

melting of the nanocomposite. 

Step 3. The sample and the mold were pressurized to and maintained at 4000 psi (at 155 °C) for 

5 minutes to compression mold the materials into thin-disc samples.  

Step 4. The samples were transferred to a cooling module with flowing water channels for 

solidification. 

These nanocomposite samples were then cut into rectangular stripes of 4 cm by 2 cm before 

being physically foamed by carbon dioxide (CO2). After that, the cut samples were placed into a 

batch foaming chamber and saturated with CO2 at a designated pressure and temperature for a 
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specific time. Subsequently, a fast pressure drop and thereby thermodynamic instability were 

induced by rapidly releasing CO2 from the foaming chamber. This pressure drop would result in 

the nucleation and expansion of bubbles in the nanocomposite matrices. Table 4.4 summarizes the 

ranges of key processing parameters studied in the foaming experiments. 

Table 4.4 Investigated parameters in physical foaming experiments 

Variable Value Unit 

Saturation Pressure 1000 - 2000 psi 

Saturation Temperature 130 - 145 °C 

Saturation Time 15, 30, 60 min 

4.2.3 Sample Characterization 

The apparent densities of MWCNT/HDPE nanocomposite foams were determined in 

accordance with ASTM D792 [135]. After measuring their masses in air and water, the apparent 

density (ρ) and the volume expansion ratio (ϕ) can be determined by Equations (4-1) and (4-2), 

respectively: 

� =
����������

���� − ������
 (4-1) 

where ρ is the apparent density of samples, mair and mwater are the samples’ masses measured in air 

and water, respectively, and ρwater is the density of water: 
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��
��

 (4-2) 

where ρs and ρf are the densities of solid and foam samples. 

The phase and foam morphologies of MWCNT/HDPE nanocomposite foams were 

characterized by scanning electron microscopy (FEI Company Quanta 3D FEG). The cross-
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sections of all samples were exposed by cryo-fracturing the samples under liquid nitrogen. The 

fractured surfaces were then sputter-coated with gold (Denton Vacuum, Desk V Sputter Coater). 

The cell-size and cell population density were obtained by analyzing the SEM micrographs of the 

foams. The cell population density (N0) with respect to the unfoamed volume was determined by 

Equation (4-3): 

3 22

0

nM
N

A


 
  
 

 (4-3) 

where n is the number of cells in the SEM micrograph, M is the magnification factor, and A is the 

area of the micrograph.  

All three TE-related parameters of the samples were measured in the through-thickness 

direction of nanocomposite films in order to calculate their through-plane TE efficiencies. The 

effective thermal conductivity (keff) of MWCNT/HDPE nanocomposite and its foams were 

measured with a thermal conductivity analyzer (C-Therm Technologies Ltd., Tci Thermal 

Conductivity Analyzer) based on the modified transient plane source (MTPS) technique [136]. In 

this method, a small amount of heat is momentarily applied to the sample using a one-sided heat-

reflectance sensor. By measuring the rate of voltage-change in the sensor, caused by the heating 

of the sample-sensor interface, the thermal conductivity of the sample can be calculated. The 

electrical conductivity of the samples was characterized based on the two-point probe technique 

using a multifunctional source meter (Keithley, 2450 Source Meter). A conductive silver-epoxy 

paste was applied to both sides of each sample as electrodes to introduce a current through the 

nanocomposite film. The Seebeck coefficients of the samples were measured using a custom-made 

unit. By applying a temperature difference (∆T) across the sample’s thickness within the range of 
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2 ºC to 8 ºC, the generated voltage (ΔV) was recorded by the source meter. The Seebeck coefficient 

was calculated from the slope of the ΔV versus ∆T plot. The electrical conductivity and the Seebeck 

coefficient were simultaneously characterized at the same point of contact on the samples to 

minimize measurement inconsistency. The effects of foaming on the melting temperature and 

crystallinity of the MWCNT/HDPE nanocomposites were analyzed using differential scanning 

calorimetry (DSC) (TA Instruments, Q20). The DSC test was performed by heating the samples 

from 60 °C to 170 °C at a rate of 10 °Cmin-1. 

4.3 Results and Discussion 

4.3.1 Effects of Foaming Conditions on Volume Expansion Ratios 

Figure 4.1(a) through (c) illustrate the effects of different foaming conditions (i.e., saturation 

time, saturation pressure, and saturation temperature) on the volume expansion ratio of 

MWCNT/HDPE nanocomposite foams. The saturation time, saturation temperature, and 

saturation pressure of the base case were set to be 30 minutes, 135 °C, and 1000 psi, respectively. 

To examine the effect of each foaming parameter on the volume expansion ratio of the foamed 

samples, the other two parameters remained constant at the values corresponded to the base case. 

The average values and the standard deviation of all data points were obtained from measurements 

of three samples. 
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Figure 4.1 Effects of foaming conditions on the volume expansion ratios of MWCNT/HDPE 

foams: (a) saturation time; (b) saturation temperature; and (c) saturation pressure 

Experimental results reveal that saturation time had a negligible effect on the volume 

expansion of the nanocomposite foams. This observation indirectly suggests that 15 minutes or 

more would be sufficient to saturate the MWCNT/HDPE specimens. Therefore, the saturation time 

for all remaining foaming experiments was fixed at 30 minutes to ensure full saturation of the 

samples. Unlike the saturation time, both the saturation temperature and saturation pressure had 

significant effects on the volume expansion ratios of MWCNT/HDPE foams. The trends show that 
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the volume expansion ratios of the nanocomposite foams decreased as these two parameters 

increased. The processing-to-structure relationship in the physical foaming of MWCNT/HDPE 

nanocomposites would be discussed in the next section by evaluating the average cell-size and the 

cell population density of different foam samples. 

4.3.2 Effects of Foaming Conditions on Foam Morphologies 

The cell morphologies of MWCNT/HDPE foams, fabricated at different saturation 

temperatures or different saturation pressures, were evaluated in terms of their average cell-sizes, 

cell-size distributions, and cell population densities. The results were illustrated in Figure 4.2(a) 

and (b). It can be observed that increasing the saturation temperature would suppress the cell 

nucleation without significantly affecting the average cell-size of the foam samples. As the 

saturation temperature increased, the solubility of CO2 in HDPE decreased. The reduced CO2 

contents in the HDPE matrices led to lower nucleating power and thereby a gradual reduction in 

the nanocomposite foam’s cell population density. As a result, the nanocomposite foams’ volume 

expansion ratios decreased with increasing their saturation temperatures. 

 

Figure 4.2 Effects of foaming conditions on the cell morphologies of MWCNT/HDPE foams: 

(a) saturation temperature; and (b) saturation pressure 
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Surprisingly, it was observed that the cell population density was decreased by increasing the 

saturation pressure from 1000 psi to 1500 psi or 2000 psi. In contrast, the average cell-size had an 

opposite relationship with the saturation pressure. It was due to the coupled effects of higher cell 

nucleating power and promoted cell coalescence at elevated saturation pressures. Higher saturation 

pressure would result in more dissolved CO2 within the polymer matrix, which was expected to 

promote the cell nucleation as well as the volume expansion ratio. However, when the saturation 

pressure was too high, the plasticizing effect, caused by the dissolved CO2, became more 

pronounced [103]. This effect led to a severe cell coalescence, which suppressed the cell 

population density while simultaneously increased the cell-sizes and their size distribution. The 

excessive gas loss caused by the cell-wall rupture contributed to the reduction in the volume 

expansion ratio, as the saturation pressure further increased to 2000 psi. Overall, the processing-

to-structure relationships of the fabricated MWCNT/HDPE foams could be revealed by examining 

their microstructures. Figure 4.3 through Figure 4.6, show the SEM micrographs as well as the 

cell-size distributions of the MWCNT/HDPE foams prepared at different processing conditions.  

 

Figure 4.3 SEM micrographs of MWCNT/HDPE foams fabricated at different saturation 

temperatures: (a) 131 °C; (b) 135 °C; (c) 139 °C; and (d) 144 °C 
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Figure 4.4 Cell-size distributions of MWCNT/HDPE foams fabricated at different saturation 

temperatures: (a) 131 °C; (b) 135 °C; (c) 139 °C; and (d) 144 °C 

 

Figure 4.5 SEM micrographs of MWCNT/HDPE foams fabricated at different saturation 

pressures: (a) 1500 psi; and (b) 2000 psi 
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Figure 4.6 Cell-size distributions of MWCNT/HDPE foams fabricated at different saturation 

pressures: (a) 1500 psi; and (b) 2000 psi 

4.3.3 Effects of Foaming on HPDE Crystallization 

The results of the previous section revealed that the nanocomposites foamed at 1000 psi 

yielded more uniform cellular morphologies. Therefore, the effects of foaming on crystallization 

of the HDPE matrix in MWCNT/HDPE samples were explored with varying the saturation 

temperature while maintaining the saturation pressure at 1000 psi. Figure 4.7 illustrates the 

thermograms obtained from MWCNT/HDPE nanocomposites and their foams, prepared at 

different saturation temperatures and at a saturation pressure of 1000 psi. The average degrees of 

crystallinity of all the foamed samples were compared with that of their solid nanocomposite. The 

degree of crystallinity was determined by Equation (4-4) considering the enthalpy of fusion for a 

100% crystalline HDPE sample as 293.6 Jg-1 [137]. 

� =
��

����
 (4-4) 
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where χ is the degree of crystallinity; ΔH is the enthalpy of fusion of the sample; Hc is the enthalpy 

of fusion of a 100% crystalline HDPE sample, and Vp is the weight fraction of polymer in the 

nanocomposite specimen. 

The DSC thermographs indicate that foaming induces a negligible effect on the melting 

temperature of the nanocomposite. The degrees of crystallinity of all foamed samples, in contrast, 

were higher than the unfoamed samples. It was found that CO2 foaming had led to an average 

increase in the degree of crystallinity from 66.1% to 73.1%, with a standard deviation of 3.1% 

among nanocomposite foams prepared at different temperatures. This deviation was caused by the 

plasticization effect of the dissolved CO2 in the polymer matrices as well as the strain-assisted 

crystal nucleation during the foam expansion [138].  

 

Figure 4.7 DSC thermograms of MWCNT/HDPE nanocomposite and their foams prepared at 

different saturation temperatures (saturation pressure = 1000 psi) 
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4.3.4 Effects of Foaming Conditions on the Effective Thermal Conductivity of 

MWCNT/HDPE Nanocomposite Foams 

Figure 4.8(a) and (b), plot the effects of foaming conditions on the effective thermal 

conductivity of MWCNT/HDPE nanocomposite foams. Experimental results reveal that reducing 

either the saturation temperature or the saturation pressure helped to suppress the nanocomposite 

foam’s effective thermal conductivity. This observation can be explained by the higher volume 

expansion ratio of nanocomposite foams achieved under these conditions. High volume expansion 

ratio led to more insulating voids in the matrices. Moreover, it would also enhance the number of 

boundaries throughout the matrices, and thereby hindered the movement of phonons as heat 

carriers through the bulk of material [139]. As illustrated in the SEM micrographs in Figure 4.5, 

higher saturation pressure would result in more cell coalescence. The high degree of cell openings 

would be detrimental to the thermal insulation of the nanocomposite foams and thereby increased 

their effective thermal conductivity. The results indicate that the effective thermal conductivity of 

nanocomposite foams is one order of magnitude lower than the nanocomposite samples before 

foaming. In particular, an average thermal conductivity of 0.06 Wm-1K-1 for nanocomposite foams 

was obtained versus 0.61 Wm-1K-1 for the solid nanocomposites. In other words, while the addition 

of MWCNT to HDPE would increase its thermal conductivity by about twofold, the incorporation 

of cellular structures in nanocomposite matrices considerably suppressed their effective thermal 

conductivity [140,141]. 
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Figure 4.8 Effects of foaming conditions on the effective thermal conductivity of 

MWCNT/HDPE nanocomposite foams: (a) saturation temperature; and (b) saturation pressure 

4.3.5 Effects of Foaming Conditions on the Electrical Conductivity of MWCNT/HDPE 

Nanocomposite Foams 

The effects of foaming conditions on the through-thickness electrical conductivity of the 

MWCNT/HDPE nanocomposite foams are shown in Figure 4.9(a) and (b). The experimental 

measurements show that MWCNT/HDPE nanocomposite foams provided higher electrical 

conductivities than their solid counterparts. In particular, the average electrical conductivity of the 

foamed samples was up to five times higher than that of the solid nanocomposite specimens (i.e., 

1.0 × 10-1 Scm-1 vs. 1.9 × 10-2 Scm-1). During the compression molding process to prepare the 

nanocomposite specimens, some degrees of MWCNT alignment along the in-plane direction 

would have been caused by the flow of polymer melt. In the nanocomposite foam specimens, these 

partially aligned MWCNTs were reoriented and led to more connected paths across the thickness 

direction. This phenomenon could be attributed to the growth of the nucleated cells during the 

foaming process. Moreover, the foaming-induced biaxial stress field around the cell-walls would 
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generate a local flow of polymer melt tangential to the cell-walls. This stress would lead to the 

stretching of the cell-walls that increased their lateral dimension and reduced their thickness. 

Overall, these effects resulted in localization and enhanced alignment of fillers along the cell-walls 

[142]. As a result, the nanocomposite foams would contain more electrically conductive paths in 

the through-plane direction of the samples. This observation was consistent with those made by 

Ameli et al. and Motlagh et al. [143,144]. The results also indicated that reducing either the 

saturation temperature or the saturation pressure decreased the foam’s electrical conductivity. This 

phenomenon could be related to the fact that excessive volume expansion beyond an optimal level 

would be detrimental to the filler-to-filler interactions because of the breakage of the conductive 

network.  

 

Figure 4.9 Effects of foaming conditions on the electrical conductivity of MWCNT/HDPE 

nanocomposite foams: (a) saturation temperature; and (b) saturation pressure 

Figure 4.10 shows the SEM images of MWCNT’s dispersion in polymer matrices for foamed 

and unfoamed nanocomposites. By introducing cellular structures in polymer nanocomposites, 

MWCNTs were localized around the bubbles while being aligned along the cell-walls. Eventually, 
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MWCNT created a series of conductive networks throughout the insulative polymer matrices, 

which helped to increase the overall electrical conductivity of the nanocomposite foams. 

 

Figure 4.10 Distribution of carbon nanotubes in polymer matrix for (a) solid; and (b) foam 

samples 

4.3.6 Effect of Foaming on Seebeck Coefficient of MWCNT/HDPE Nanocomposites 

In order to study the effect of foaming on the Seebeck coefficients of MWCNT/HDPE 

nanocomposites, measurements were conducted on both solid and foamed samples. Measuring the 

Seebeck coefficients in the through-thickness direction of the solid MWCNT/HDPE 

nanocomposite samples was challenging. The small thickness of the samples together with their 

moderate effective thermal conductivity resulted in a very small temperature difference across 

them. To circumvent this challenge, several layers of solid samples were pressed together to 

conduct the measurement. For verification purpose, measurements were also made to 

nanocomposite samples with larger thicknesses (i.e., 1.5 mm to 3.0 mm). The through-plane 

Seebeck coefficients of both thin and thick solid nanocomposite samples were consistent with an 

average value of 1.56 μVK-1 and a standard deviation of 0.25. More importantly, the experimental 

results also reveal that foaming could result in more than three-fold increase in the Seebeck 
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coefficients of the MWCNT/HDPE nanocomposites. The measured Seebeck coefficient of the 

MWCNT/HDPE foams had an average value of 5.28 μVK-1 with a standard deviation of 0.35. The 

foaming-induced localization and partial alignment of MWCNTs along the cell-walls would result 

in the formation of highly interconnected MWCNT networks within the HDPE matrix. It is 

speculated that reorientation of MWCNTs induced by the foam expansion might alter the 

HDPE/MWCNT interfacial barrier by introducing more junctions among the MWCNTs. The 

filtration of the charge carriers with low energy levels at these filler junctions, could contribute to 

the moderate increase in the Seebeck coefficient of the foamed samples. This outcome is similar 

to the observation made by Zhang et al. in a PEDOT hybrid system [145]. However, further 

investigation in future work will be needed to elucidate the underlying mechanism behind this 

trend. Moreover, the Seebeck coefficients of the nanocomposite foams were virtually independent 

to the saturation temperature and pressure used in the foaming process.  

4.3.7 Effect of Physical Foaming on the Thermoelectric Conversion Efficiency of 

MWCNT/HDPE Nanocomposite Foams 

Figure 4.11 compares the average values for the TE parameters of the MWCNT/HDPE 

nanocomposite foams, with those of solid MWCNT/HDPE nanocomposites loaded with 15 wt.% 

MWCNT. While previous sections showed varying foaming conditions could influence the 

nanocomposite foam’s TE properties, all foams demonstrated a drastic decrease in their effective 

thermal conductivities (i.e., one order of magnitude) and a moderate increase in their electrical 

conductivities and Seebeck coefficients (i.e., about five and three times respectively) compared 

with solid MWCNT/HDPE nanocomposites. Previous studies on TE materials demonstrated that 

promoting the electrical conductivity usually result in increasing in the thermal conductivity and 

suppressing the Seebeck coefficient, which adversely affects the TE figure of merit of the material. 
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Therefore, the experimental results obtained in this work reveal that foaming is a useful technique 

to favorably decouple these three interrelated properties of nanocomposites in an attempt to 

promote their TE energy conversion efficiency. As discussed earlier, simultaneously promoting 

the TE material’s electrical conductivity and Seebeck coefficient, and suppressing its thermal 

conductivity would be beneficial in increasing its ZT value. Overall, MWCNT/HDPE 

nanocomposite foams demonstrated a 600-fold increase, on average, in their TE efficiencies (ZT) 

over the solid nanocomposites. The results of this study suggest that foaming would significantly 

increase the polymeric TE material’s ZT value and provide a feasible route to improve their TE 

conversion efficiency to a practical level. Currently, the best CNT/polymer TE composites have a 

ZT value of approximately 0.02, which is still much lower than the TE efficiency of 

semiconducting materials (i.e., ZT ≈ 1). While HDPE/MWCNT nanocomposites were used in this 

work as a case study to demonstrate the effects of physical foaming on different TE-related 

parameters and thereby the TE efficiency of nanocomposites, this technique can easily be adopted 

in a wide spectrum of polymer nanocomposite material systems to enhance their TE efficiencies. 

Therefore, the significant increase in the TE efficiency, demonstrated in this study, represents a 

remarkable advancement in the development of polymeric TE materials. 
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Figure 4.11 Comparison of MWCNT/HDPE nanocomposites and their foams in terms of: (a) 

electrical conductivity; (b) effective thermal conductivity; and (c) Seebeck coefficient 

4.4 Conclusion 

Physical foaming was utilized in this research as a processing technique to improve the TE 

efficiency of polymer-based materials. The MWCNT/HDPE nanocomposite foams were 

fabricated by physical foaming, using CO2 as the foaming agent. The effects of different foaming 

conditions (i.e., foaming temperature, foaming pressure, and saturation time) on the thermal and 

electrical conductivity as well as on the Seebeck coefficient of the nanocomposite samples were 

investigated. While the saturation time had a negligible effect on cell structure and physical 
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properties of the nanocomposite foams, the saturation pressure and saturation temperature showed 

pronounced effects on expansion ratio and TE properties of the foamed samples.  

Experimental results revealed that introducing cellular structures in nanocomposites 

significantly suppressed their effective thermal conductivity by about one order of magnitude. 

Moreover, the nanocomposite’s through-thickness electrical conductivity and Seebeck coefficient 

were also improved about three and five times, respectively, after foaming. Consequently, the ZT 

value of MWCNT/HDPE nanocomposites enhanced more than two orders of magnitude (about 

600 times), which would lead to a promising improvement in the energy conversion efficiency of 

these materials. This study suggests foaming as a novel strategy to effectively promote the TE 

efficiency of polymer nanocomposites. This makes them viable for energy harvesting from waste 

heat sources, especially at low-temperature gradients. Extending this processing strategy in future 

studies to prepare TE polymer-blend nanocomposites, consisting of conductive polymers, is 

believed to provide a new venue for fabricating highly efficient polymeric TE material systems. 
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Chapter 5. Fabricating Freeze-Dried Poly(vinyl 

alcohol)/Polypyrrole/Graphene Nanoplatelets 

Foams with Enhanced Thermoelectric 

Efficiencies 

5.1 Introduction 

The previous phase of our studies demonstrated that introducing microcellular foam structure 

within polymer nanocomposite materials could significantly improve their thermoelectric 

efficiency [71]. Using physical foaming method to create a closed-cell foam structure within the 

polymer matrix, yielded simultaneous improvement in all three TE parameters of high-density 

polyethylene (HDPE)/MWCNT nanocomposites and thereby enhanced their ZT values by about 

600 times.  

In this research, Poly(vinyl alcohol) (PVA)/Polypyrrole nanocomposite foam samples were 

fabricated, with enhanced TE efficiencies, using freeze-drying and vapor-phase oxidative 

polymerization techniques. An aqueous solution of PVA/iron(III) chloride was firstly prepared and 

freeze-dried in order to create a foam sample with high porosity and open-cellular structure. The 

PVA/oxidant foam samples were then exposed to the pyrrole monomer vapor at room temperature 

to start the polymerization process of PPy. Graphene nanoplatelets were also incorporated within 

the polymer matrix to promote the electrical conductivity and Seebeck coefficient of the samples. 
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The effects of oxidant concentration and GnP content, as the most important processing parameters 

on TE efficiencies of the nanocomposite samples, were investigated in this research.  

The experimental results revealed that incorporating the conducting polymer effectively 

enhanced the electrical conductivity of PVA samples, while their measured conductivity values 

were orders of magnitude higher than the reported results for PVA/CNT nanocomposites. Addition 

of GnPs, on the other hand, resulted in promoting the Seebeck coefficients of the fabricated 

samples. Moreover, introducing foam structures helped to simultaneously suppress the thermal 

conductivity of the nanocomposite foams. Consequently, the thermoelectric efficiency of the 

material system significantly enhanced due to the partial decoupling of its three TE parameters. 

5.2 Experimental 

5.2.1 Fabrication of PVA Foam Samples 

Poly(vinyl alcohol)  (PVA, 99% hydrolyzed, Sigma-Aldrich) powders were firstly dissolved 

in D.I. water at 80 °C for  2 hours. The iron(III) chloride (FeCl3, reagent grade 97%, Sigma-

Aldrich) powders were then added to the prepared PVA solution and stirred for 5 minutes at room 

temperature to fully dissolve the oxidant and achieve a uniform PVA/oxidant solution. Three PVA 

concentrations (i.e., 2, 5, and 10 wt.%) were used to fabricate foam samples with different 

porosities and various foam structures. The oxidant concentrations of the prepared solutions were 

also set at 20 and 40 wt.% to study its effect on the TE properties of the fabricated samples. To 

fabricate foam samples with graphene fillers, the graphene platelets (GnP, Grade 2, CheapTubes) 

were also added into the polymer/oxidant solution. The solution was sonicated with a sonicator 

probe for 10 minutes to effectively disperse the GnP fillers within the PVA polymer matrix. The 

nanocomposite samples were prepared with 5 and 10 wt.% GnP loading. 
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For the freeze-drying process, the aqueous solution was first frozen at -40 °C for 10 hr, then 

put into a freeze-drying machine (Harvest Right freeze dryer). The polymeric foams were achieved 

after drying the samples for 36 hr in the freeze-dryer. The PPy polymerization process for the foam 

samples was performed while exposing the PVA foams to the pyrrole vapor in a sealed container 

at room temperature. The polymerization process was very slow. This process can be recognized 

by the color changing of the samples. To ensure achieving a complete vapor-phase polymerization, 

the samples were kept inside the containers for three days. 

5.2.2 Characterization  

The electrical conductivity of each foam sampl was measured at room temperature using the 

four-point method. The samples’ Seebeck coefficients were measured using a Seebeck coefficient 

analyzer, which was a custom set-up in our lab (M3Lab). The generated voltage (VTE) in the 

samples, resulted from an applied temperature gradient (∆T ≈ 2-4 K), was recorded using a source 

meter. The samples’ Seebeck coefficients were calculated from the slope of VTE versus ∆T graph. 

The thermal conductivity of the nanocomposite samples was measured by a thermal conductivity 

analyzer (C-Therm Technologies Ltd., TCi Thermal Conductivity Analyzer). The foam and phase 

morphologies were characterized by exploring the cross-sections of the samples using a scanning 

electron microscopy (FEI Company Quanta 3D FEG). 

5.3 Results and Discussion 

5.3.1 Morphology and Microstructure of Freeze-Dried Foams 

The cell structures of the fabricated foam samples (without adding GnP) were shown in Figure 

5.1. The SEM micrographs compare the foam samples prepared using two different PVA 

concentrations (i.e., 2 and 10 wt.% PVA) at two magnification levels. The micrographs reveal that 
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the foam samples had high levels of porosity with lots of interconnections among their cells, which 

imply open-cellular structures. By increasing the PVA concentration, the porosities of the polymer 

foams decreased due to the increased amount of solid phase within the bulk of foam samples. 

 

Figure 5.1 SEM micrographs of the freeze-dried PVA foams prepared with 2 and 10 wt.% of 

PVA at two different magnifications 

Figure 5.2 illustrates the effects of GnP addition on the foam morphologies of the fabricated 

PVA samples with 2 wt.% PVA concentration. The SEM graphs show that by loading the 

polymeric foams with 10 wt.% GnP, the shapes of the cells changed into a layered structure due 

to the 2D structures of the graphene nanoplatelets. However, the open-cell structures of the foams 

was retained. 
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Figure 5.2 SEM micrographs of the freeze-dried PVA foams prepared with 2 wt.% PVA, and 

loaded with 0 and 10 wt.% GnP, at two different magnifications 

The surface morphologies of the foam samples, before and after the creation of PPy within 

their structures, are displayed in Figure 5.3. The SEM micrographs reveal that after PPy 

polymerization throughout the porous structure of the PVA foams, a completely different phase 

morphology was achieved due to the growth of PPy polymer chains on the cell walls of the foam 

samples. 
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Figure 5.3 Surface morphology of the freeze-dried PVA foams prepared with 2 wt.% PVA and 

20 wt.% oxidant, before and after the creation of PPy polymer, at two different magnifications 

The fibrous structure of PPy polymer, formed within the PVA foams, is shown in Figure 5.4. 

Due to the growth of PPy polymer throughout the porous structures of the PVA foam templates, a 

network of conducting PPy fibers was generated throughout the foams’ cellular structures. This 

PPy network would provide an efficient electron transferring through the insulating PVA matrix. 

The effect of increasing the oxidant concentration from 20 wt.% to 40 wt.%, on the cell-wall 

structure of PVA foams is illustrated in Figure 5.5. The SEM pictures show that increasing the 

oxidant resulted in creating lots of pores and ruptures of the cell-walls after polymerization of PPy. 

Increasing the oxidant concentration in the polymer solution led to higher PPy contents after the 

vapor phase polymerization of PVA foams. The unidirectional growing of PPy polymer chains, 
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embedded within the PVA matrix, could be the potential reason for creating the cell-wall ruptures 

and holes. 

 

Figure 5.4 Creation of PPy networks after exposing the PVA foams to the monomer vapor 

 

Figure 5.5 Comparing the cell-wall structures of the PVA foams prepared with 20 wt.% and 40 

wt.% oxidant concentrations 

5.3.2 Thermal Conductivity of the Thermoelectric Foams 

The thermal conductivity of PVA/PPy nanocomposite foams containing different amount of 

GnP loadings is plotted in Figure 5.6. The conductivity results are measured for the foam samples 
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prepared with 2 wt.% and 5 wt.% of PVA and containing 20 wt.% of oxidant. The experimental 

results show that by increasing the GnP loading from 0 to 10 wt.%, the thermal conductivity of the 

samples slightly increased. However, all the samples provided extremely low thermal conductivity 

values (i.e., k  0.04 Wm-1K-1) because of their high porosities, which were achieved from the 

utilized freeze-drying fabrication technique. The results also indicated that the thermal 

conductivities of the samples prepared with 2 wt.% PVA were inferior to those prepared with 5 

wt.% PVA. Higher PVA concentration results in larger solid volume in the fabricated foams. 

Consequently, more heat conduction through the solid part of the samples contributed to the 

promotion of their thermal conductivities. 

 

Figure 5.6 Thermal conductivity of PVA/PPy foams prepared with different PVA and GnP 

concentrations 

5.3.3 Electrical Conductivity of the Thermoelectric Foams 

The electrical conductivity of the fabricated PVA/PPy nanocomposite foams is plotted in 

Figure 5.7. The results show that adding 5 wt.% GnP particles significantly promoted the electrical 
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conductivity (i.e., around one order of magnitude) of the samples prepared with 2 wt.% of PVA. 

However, further increasing the GnP loading provided a negligible effect in this regard. The 2D 

structure of the graphene nanoparticles, their extremely high aspect ratios (~ 100-1000), and the 

strong Van der Waals interaction between these nanosheets made it very difficult to uniformly 

disperse them within the polymer solution, especially at elevated loading levels. Therefore, at 10 

wt.% GnP loading, more stacking of the nanosheets would prevent their efficient distribution 

throughout the polymer matrix and thereby adversely affected the electrical conductivity of the 

samples. 

Figure 5.7 also demonstrates that the foam samples prepared with 5 wt.% of PVA provided 

slightly lower electrical conductivity values while incorporating GnPs showed a negligible effect 

on promoting their electrical conductivities. Lower PVA concentration (i.e., 2 wt.% versus 5 wt.%) 

results in less solid content and more porosities within the nanocomposites foams, which is 

detrimental for the electron transferring throughout the material system. As a result, the electrical 

conductivity of the PVA/PPy foams with 5 wt.% PVA and 0 wt.% GnP was noticeably higher than 

those fabricated with 2 wt.% PVA. On the other hand, once GnPs are added to the polymer 

matrices, more PVA concentration promotes the chances of entirely wrapping the graphene sheets 

within the insulating polymer. This phenomenon would create electron blocking at the fillers’ 

intersections and suppressed the electron transferring throughout their networks. Consequently, 

loading GnPs to the foam samples prepared with 5 wt.% PVA showed a negligible impact on their 

electrical conductivities. 
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Figure 5.7 Electrical conductivity of PVA/PPy foams prepared with different PVA and GnP 

concentrations 

5.3.4 Seebeck Coefficient of the Thermoelectric Foams 

The relation of the Seebeck coefficients of the PVA/PPy nanocomposite foams to their GnP 

contents is depicted in Figure 5.8. The results showed that by increasing the GnP loading, the 

Seebeck coefficient of the samples also increased because of the intrinsic properties of the added 

fillers. Moreover, the PVA/PPy foams with 2 wt.% PVA provided higher Seebeck values 

compared with the 5 wt.% PVA samples. This phenomenon is due to more charge carrier mobilities 

throughout the filler networks, which came from more efficient interaction of the fillers within the 

nanocomposite foams. Thinner polymer interphases at GnP junctions in 2 wt.% PVA samples 

facilitated the electron mobilities. 
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Figure 5.8 Seebeck coefficient of PVA/PPy foams prepared with different PVA and GnP 

concentrations 

5.3.5 Effects of Oxidant Concentration on TE Properties of the Thermoelectric Foams 

The effects of increasing the oxidant concentration on the electrical conductivity and the 

Seebeck coefficient of PVA/PPy nanocomposite foams are illustrated in Figure 5.9 and Figure 

5.10, respectively. Surprisingly, experimental results revealed that higher oxidant concentration 

adversely affected both TE parameters of the samples. By increasing the oxidant content of the 

polymer foams from 20 to 40 wt.%, their electrical conductivities decreased around one order of 

magnitude, while their Seebeck coefficients also suppressed up to around 50%. This could be due 

to the increased number of pores and ruptures in cell-walls of the foams at higher oxidant levels 

(Figure 5.5), which caused more charge carrier blocking or scattering within the bulk of material. 
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Figure 5.9 Effects of oxidant concentration on the electrical conductivity of PVA/PPy foams 

prepared with different PVA and GnP concentrations 

 

Figure 5.10 Effects of oxidant concentration on the Seebeck coefficient of PVA/PPy foams 

prepared with different PVA and GnP concentrations 
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5.3.6 Energy Conversion Efficiency of the Thermoelectric Foams 

The calculated power factors (PF) and ZT values of the nanocomposite foams are plotted in 

Figure 5.11. The results are shown for the samples prepared with 2 wt.% and 5 wt.% PVA 

concentrations and containing different GnP amounts. For the samples prepared with 2 wt.% PVA, 

both TE parameters increased about one order of magnitude by adding GnP fillers to their matrices. 

However, the TE efficiencies of the nanocomposite foams fabricated using 5 wt.% PVA were 

almost unchanged after the addition of carbon nanoparticles. This result was expected as GnP 

loading showed a negligible effect on promoting the electrical conductivity or Seebeck coefficient 

of these samples. Overall, maximum PF and ZT values of 5.04×10-5 μWm-1K-2 and 4.58×10-7, 

respectively, were achieved for PVA/PPy foams prepared with 2 wt.% PVA and loaded with 10 

wt.% GnP. 

 

Figure 5.11 Effects of GnP contents on the power factor (PF) and ZT value of the PVA/PPy 

foams prepared with: (a) 2 wt.% PVA; and (b) 5 wt.% PVA 
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5.4 Results Comparison 

A summary of the highest achieved values for the TE properties of the PVA/PPy foams is 

shown in Table 5.1. The results of the current study are compared with some reported values for 

solid composite samples (without porous structures) in the literature. The results indicated that the 

maximum electrical conductivity of the fabricated PVA/PPy nanocomposite foams (with and 

without GnPs) was more than one order of magnitude higher than the reported values for 

PVA/CNT nanocomposites with 20 to 40 wt.% filler loadings. These results were also comparable 

with the reported electrical conductivity value for a PVA-PPy nanocomposite.  

Introducing a porous structure within a material system adversely affects the material’s 

electrical transport properties due to the electron scattering effects. Therefore, the increased 

electrical properties of the nanocomposite foam samples due to the fabrication method in this 

research are promising. Moreover, the highest ZT value of the fabricated foam samples was two 

orders of magnitude higher than the reported results for a PVA/GnP nanocomposite containing 40 

wt.% of nanofillers. This significant enhancement in the TE efficiency of the PVA/PPy foam 

samples was the result of foaming effects on suppressing their thermal conductivities without 

compromising their charge carrier transport properties (i.e., σ and S). These findings indicated that 

foaming is an effective technique to simultaneously promote the TE parameters of polymer 

nanocomposite materials and thereby enhance their TE efficiencies. 
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Table 5.1 Comparison of the thermoelectric properties of the fabricated PVA/PPy foam samples 

with the reported results for similar polymer nanocomposites in the literature 

Material 
Fabrication 

Method 

Electrical 

Conductivity 

(Scm-1) 

Seebeck 

(µVK-1) 
PF ZT Ref. 

PVA-MWCNT 

(20 wt.%) 

Solution 

casting 
1.3×10-5 - - - [146] 

PVA-CNT 

(40 wt.%) 
Wet spinning 10-4 - - - [147] 

PVOH/CNT 

(20 wt.%) 

Solution 

casting 
10-3 - - - [148] 

PVA-PPy 

Solution 

casting & 

Chemical 

oxidative 

polymerization 

2.16×10-3 

(@ 303 K) 
- - - [149] 

PVA-PPy 

Freeze drying 

& Vapor phase 

polymerization 

1.91×10-3 10.06 1.93×10-5 1.75×10-7 
This 

study 

PVA/GnP 

(40 wt.%) 

Solution 

casting 
0.22 23.1 1.17×10-2 4.47×10-9 [150] 

PVA-PPy-GnP 

(10wt.%) 

Freeze drying 

& Vapor phase 

polymerization 

2.28×10-3 14.87 5.04×10-5 4.58×10-7 
This 

study 

5.5 Conclusion 

A simple processing strategy was proposed in this study to fabricate organic TE materials with 

low density, high flexibility, and enhanced TE efficiency. The fabricated nanocomposite foams 

demonstrated ultra-low thermal conductivities even after being loaded with conducting fillers (i.e., 
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GnPs and PPy). The proposed processing method helped to partially decouple the three TE 

parameters (i.e., electrical conductivity, thermal conductivity, and Seebeck coefficient) of the 

material and simultaneously tune their properties to promote their TE efficiencies. The 

experimental results revealed that optimized levels of PVA and oxidant concentrations are required 

to achieve the best TE efficiency of the fabricated samples. By replacing the utilized conducting 

materials in this research with their counterparts, which possess more promising TE properties 

(like SWCNTs, PEDOT:PSS, and PANI) higher TE efficiencies would be achieved with this 

fabrication method. The proposed processing technique can be utilized to design organic 

nanocomposite materials with enhanced TE efficiencies for industrial applications. 
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Chapter 6. Fabrication of Open-Cell 

Thermoelectric Polymer Nanocomposites by 

Template-Assisted Multi-Walled Carbon 

Nanotubes Coating3 

6.1 Introduction 

In this study, open-cellular PVDF foams were fabricated and coated with MWCNTs to create 

a polymer nanocomposite material system with high TE efficiency. Using open-cellular polymer 

foams as templates helped to effectively localize carbon nanotubes within the polymer and create 

a continuous three-dimensional (3D) network of conductive fillers throughout the insulating 

matrix. The achieved highly interconnected MWCNT network would enhance polymer 

nanocomposites’ electrical conductivity while the super porous structure would help to retain the 

ultra-low thermal conductivity of the polymeric template. The effects of different foam 

morphologies on the TE properties of the PVDF/MWCNT nanocomposites were also investigated 

in this study.  

The present study has proven that the proposed approach can serve as a potential technique to 

fabricate polymer-based TE materials using conventional non-conducting polymers. Furthermore, 

by incorporating conducting PPy polymer within the PVDF/MWCNT nanocomposite foams, the 

 
3 This chapter is based on reference [157] 
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changes in the TE properties of the resultant material system was also explored in this research. 

Using an in-situ polymerization method, MWCNT fillers were wrapped with PPy to enhance the 

Seebeck coefficient of the polymer nanocomposite through carrier filtering effects at CNT-

polymer interfaces [69]. Finally, the TE parameters of both PVDF/MWCNT and 

PVDF/MWCNT/PPy nanocomposite foams were compared in this chapter. An optimum ZT value 

of 1.4×10-5 was achieved for PVDF/MWCNT nanocomposite foams with 24.9 wt.% MWCNT 

loading. In the current work, PVDF polymer matrix and MWCNT/PPy conducting fillers were 

selected as a case study to demonstrate the effects of the recommended fabrication process on 

development of polymeric materials with high TE efficiencies. This study presents a new route to 

effectively decouple the TE properties of polymeric materials and promote their TE efficiencies. 

6.2 Experimental 

6.2.1 Fabrication of Open-Cell Organic Thermoelectric Foams 

PVDF (KAYNAR 740, ARKEMA) powders were dry-blended with sieved sodium chloride 

(NaCl) powders. PVDF-NaCl mixtures were prepared using different salt sizes (i.e., 106 – 250 

m, 250 – 500 m, and >500 m) and different salt contents (i.e., 85 wt.%, 90 wt.%, and 95 wt.%) 

to fabricate PVDF foams with various cell morphologies. The PVDF-NaCl mixtures, loaded with 

NaCl, were molded by a compression molding machine (Craver Press, 4386 CH) at 185 °C and 

4000 psi into disc samples of 20 mm in diameters and 2 mm in thicknesses. The open-cell PVDF 

templates were achieved after leaching out NaCl from the PVDF matrices by immersing the 

samples into water at room temperature (23 °C) for 72 hours, while water was changed regularly 

to avoid saturation of NaCl. The open-cell PVDF templates were then dried in an oven at 50 °C 

for 24 hours. A low drying temperature was selected to prevent any potential phase transformation 
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or change in the crystal structure of the polymer matrix because of the heat treatment. The masses 

of dried samples were weighed to confirm the complete leaching of NaCl from the PVDF matrices. 

The fabricated PVDF open-cell templates were immersed into an aqueous solution of 1.0 wt.% 

MWCNT for multiple cycles and subsequently dried in an oven at 50 C for 24 hours. A 

commercially available MWCNT solution (AQUACYL AQ0102, Nanocyl), which contains an 

anionic surfactant to provide stability and uniform dispersion of nanofillers within the solution, 

was used in this study. In each MWCNT coating cycle, the submerged templates and the MWCNT 

solution were sonicated using a sonicator probe (Q700, QSonica) to facilitate the penetration of 

carbon nanofillers throughout the porous template and create a uniform MWCNT coating on the 

cell-walls of PVDF foams. The sample masses were weighted before and after each cycle to 

determine the MWCNT loading in the open-cell PVDF-MWCNT nanocomposite foams.  

The PVDF-PPy-MWCNT nanocomposite foams were prepared by similar procedures used for 

fabricating the PVDF-MWCNT samples, except the additional steps for the in-situ polymerization 

of PPy. The PVDF open-cell templates were immersed into a solution of MWCNT and pyrrole 

(Py) monomers (reagent grade, 98%, Sigma Aldrich) in deionized (DI) water. The MWCNT-to-

Py mass ratio was set at 2 for the experiments. The solution was sonicated for three minutes to 

facilitate the proper coating of templates by MWCNT and Py. An aqueous solution of FeCl3 was 

used as an oxidant and its dropwise addition into the Py-MWCNT solution would initiate the in-

situ polymerization of PPy. The FeCl3-to-Py molar ratio was set at 2.5, which is close to the 

optimized value reported in the literature to achieve PPy powders with high electrical conductivity 

[91,98]. The solution temperature retained at 0 to 5 °C in an iced bath, while the entire solution 

was vigorously stirred for 5 hours to complete the polymerization process. The PVDF-PPy-
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MWCNT open-cell nanocomposite foams were washed multiple times, using DI water and 

ethanol, to remove any impurities. The samples were then dried in an oven at 50 C for 48 hours. 

6.2.2 Characterization  

The electrical conductivity of the samples was measured at room temperature by using a two-

probe setup equipped with a source meter unit (SMU, Keithley, 2450 Source Meter). A conductive 

silver-epoxy paste was applied to both sides of each sample as an electrode to impose electric 

voltage across the sample’s thickness for the measurements. The samples’ Seebeck coefficients 

were measured using a Seebeck coefficient analyzer equipped with a pair of temperature-regulated 

heating and cooling blocks as well as two T-type thermocouples. Preset temperature differences 

(∆T), ranging from 2 K to 4 K, were applied across the opposite surfaces of each sample. The 

generated voltage (VTE) from the thermoelectric effect was measured by the SMU. The Seebeck 

coefficient was calculated by the slope of the VTE versus ∆T graph. The electrical conductivity and 

the Seebeck coefficient were measured simultaneously at the same points of contact on each 

sample to ensure measurement consistency. The effective thermal conductivity was measured by 

using a thermal conductivity analyzer (C-Therm Technologies Ltd., TCi Thermal Conductivity 

Analyzer), which was based on the modified transient plane source (MTPS) technique. In this 

method, a small amount of heat is applied on the sample’s surface using a sensor coil. By 

measuring the rate of voltage-change in the sensor, caused by heating of the sample-sensor 

interface, the effective thermal conductivity of the sample was calculated. The foam and phase 

morphologies were characterized using scanning electron microscopy (FEI Company Quanta 3D 

FEG). The cross-sections of all samples were exposed by cryo-fracturing the samples under liquid 

nitrogen. The fractured surfaces were then sputter-coated with gold (Denton Vacuum, Desk V 

Sputter Coater). The open-cell content of each foam sample was analyzed by a pycnometer 
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(Ultrapyc 1200e). Using the gas-displacement method, the total volume of the solid part and the 

closed-cell part of the foam samples was firstly measured (VP) by employing the ideal gas law. 

The volume percentage of open cells (OC) is then calculated by considering the geometric volume 

of open-cell foams (VG): 

�� =	
�� − ��
��

 (6-1) 

6.3 Results and Discussion 

6.3.1 Fabrication and Morphology of Organic Thermoelectric Foams 

The PVDF thermoelectric foams were fabricated by open-cell template-assisted MWCNT 

coating. The effects of NaCl content and size on the open-cell morphology of the nanocomposite 

foams were studied. The effects of cell morphology on the development of 3D MWCNT networks 

were also investigated. As-fabricated PVDF nanocomposite foams covered with MWCNTs 

maintained the sponge-like structures of their open-cell templates.  They had extremely low 

densities (around 210 mgcm-3) and high porosities. The SEM micrograph, as shown in Figure 

6.1(a) and (b), reveal that the 3D MWCNT network uniformly adhered on all the cell-walls and 

created a continuous mat-like surface morphology, which resembled MWCNT structures.  

The formation of continuous layers of MWCNT on both sides of a cell-wall, within the PVDF 

foam template, is shown in Figure 6.2. It must be noted that a high level of porosity creates lots of 

ruptures on the cell-walls, which provides openings and pathways for the MWCNT solution to 

penetrate the templates’ cores. The development of a uniform and highly interconnected 3D 

MWCNT network is crucial to promote the electrical conductivity of the organic TE materials. 
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Figure 6.1 SEM micrographs of a PVDF open-cell foam coated with 3D MWCNT network 

(NaCl content and size were 90 wt.% and 250-500 m, respectively for the fabricated foams): (a) 

low magnification image showing the cell-wall of a PVDF foam; and (b) high magnification 

image demonstrating the surface morphology of the cell-wall coated with MWCNTs 

 

Figure 6.2 An SEM micrograph from the cell-wall of a PVDF foam, representing thin layers of 

MWCNT coated on both sides of the cell-wall 
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Figure 6.3(a) through (c) illustrate the morphologies of the PVDF-MWCNT open-cell foams, 

fabricated by the particulate leaching method, using 90 wt.% of NaCl with three different size 

ranges of the salt particles: (i) 106 – 250 m; (ii) 250 – 500 m; and (iii) >500 m. The individual 

cells resembled the cubic NaCl crystals which were uniformly distributed throughout the PVDF 

matrices before being removed during the salt leaching process. As expected, using larger NaCl 

particles yielded open-cell foams with larger cell-sizes and lower cell population densities. It can 

be observed that holes and cell ruptures were omnipresent on virtually all cell-walls, ensuring a 

continuous flow path for the MWCNT solution to penetrate throughout the entire template in the 

solution immersion step. 

  

Figure 6.3 SEM micrographs of open-cell PVDF-MWCNT foams prepared by 90 wt.% of NaCl 

particles (before salt leaching) with different cell-sizes: (a) 106 – 250 m; (b) 250 – 500 m; and 

(c) >500 m 

The NaCl content and size are two governing factors that affect the open-cell morphology of 

the PVDF templates. Figure 6.4 illustrates the effects of these two parameters on the open-cell 

contents of the PVDF foams before and after MWCNT coating. The experimental results revealed 

that the open-cell contents of PVDF foams increased with the NaCl loadings; however, the NaCl 
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particle size had negligible effect on their open-cell contents. It is believed that the high NaCl 

loadings (i.e., 85 wt.%) were sufficient to achieve close-packing of NaCl particles throughout the 

PVDF matrices, and thereby ensured high levels of openness and interconnections among adjacent 

cells after all the salt particles had been leached out. Furthermore, the MWCNT coating slightly 

reduced the templates’ open-cell contents as the resultant 3D MWCNT networks would cover 

some small openings on the cell-walls. Nevertheless, the open-cell contents of all the PVDF foams 

remained very high (i.e., 87 vol%) after MWCNT coating. 

 

Figure 6.4 Effects of the cell-size and the salt-content (before salt leaching) on open-cell content 

of PVDF foams 

Figure 6.5 illustrates the effects of both salt-content and cell-size on final MWCNT loading of 

the PVDF foams. Increasing both parameters resulted in higher MWCNT coating on the polymeric 

porous template; however, the effect of salt content had been more pronounced. Increasing the salt 

content promoted the volume percent of voids inside the foam samples, which provided larger 

surface area to absorb carbon nanotubes. Larger salt size, on the other hand, would result in larger 
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cell-openings because of the lower packing efficiency of larger salt particles. This led to a slight 

increase in the open-cell content, as shown in Figure 6.4, and provided readily accessible pathways 

for MWCNT solution throughout the polymer foam during the coating process. 

 

Figure 6.5 Effects of the cell-size and the salt-content (before salt leaching) on MWCNT 

absorption into PVDF foams 

6.3.2 Effective Thermal Conductivity of Organic Thermoelectric Foams 

The effective thermal conductivity of PVDF foams and their nanocomposites, prepared by 

using different salt-contents and different cell-sizes, are demonstrated in Figure 6.6. The 

experimental results revealed that by increasing the salt-content, the effective thermal conductivity 

of the polymer foams decreased. Higher salt-contents created foam samples with elevated amount 

of void fraction. This helped to further reduce their effective thermal conductivity due to the 

trapped air in voids, as well as because of the increased phonon scattering within their porous 

structures. The cell-size, however, had negligible effect on the effective thermal conductivity of 
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PVDF foams. It is believed that the investigated cell-size range in this study was too small to 

clearly show the effect of this parameter on the effective thermal conductivity of polymer foams. 

According to Figure 6.6, the effective thermal conductivity of PVDF foam templates increased 

after coating with MWCNT; however, it remained very low (i.e., 0.056 Wm-1K-1) even after 40 

wt.% MWCNT coating. 

 

Figure 6.6 Effects of the cell-size and the salt-content (before salt leaching) on effective thermal 

conductivity of PVDF foams before and after the CNT coating 

6.3.3 Electrical Conductivity of Organic Thermoelectric Foams 

The electrical conductivity of PVDF-MWCNT samples with different cell-sizes and different 

salt-contents are shown in Figure 6.7. The achieved electrical conductivity values in this study was 

higher than the values reported in the literature (i.e., 10-2 Scm-1 for PVDF/MWCNT nanocomposite 

with 20 wt.% filler loading) by more than one order of magnitude [151]. The electrical conductivity 
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of the nanocomposite samples with different foam morphologies was directly related to their 

MWCNT content (as illustrated in Figure 6.5 and Figure 6.7).  

 

Figure 6.7 Effects of the cell-size and the salt-content (before salt leaching) on electrical 

conductivity of PVDF-MWCNT foams 

By increasing both the cell-size and the salt-content used to fabricate PVDF foams, the 

resultant nanocomposites’ electrical conductivities were also enhanced because of the higher 

amount of MWCNT absorption during the solution coating process. The error bars of the 

conductivity graph indicated that the foam templates fabricated by using 95 wt.% NaCl, showed 

less consistent measurements. This might be due to a lower uniformity in MWCNT coating 

because of their flimsy cellular structure. Moreover, considering the electrical conductivity data 

and the MWCNT contents of all PVDF-MWCNT samples, the PVDF foams prepared with 90 

wt.% salt-content and salt-size of 250-500 μm demonstrated the best performance serving as a 

template to efficiently create 3D conductive networks after CNT coating. 
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6.3.4 Seebeck Coefficient and TE Efficiency of Organic Thermoelectric Foams 

The Seebeck coefficient of the PVDF-MWCNT nanocomposite foams with different cellular 

morphologies is presented in Figure 6.8. The cell-morphology of the polymeric templates 

demonstrated a negligible effect on the Seebeck coefficient of PVDF-MWCNT nanocomposites. 

The measured Seebeck coefficients of all PVDF-MWCNT nanocomposite foams, regardless of 

their MWCNT loadings, were between 9 and 10 μVK-1; however, their electrical conductivities 

increased from 0.06 Scm-1 to 0.24 Scm-1 as the MWCNT loading increased. This trend is in 

contrast with bulk semiconducting materials in which the Seebeck coefficient usually decreases as 

their electrical conductivity increases [15,152,153]. The potential to promote the PVDF-MWCNT 

nanocomposite foam’s electrical conductivity without compromising its Seebeck coefficient 

would be beneficial to optimize the overall TE property of such polymeric material system. 

The effects of salt-content and cell-size of PVDF foams on the ZT value of their resultant 

PVDF-MWCNT nanocomposites is shown in Figure 6.9. By increasing the cell-size range from 

106-250 μm to 250-500 μm, the ZT value significantly improved. This improvement was more 

noticeable for foam samples fabricated using lower NaCl contents. As the effective thermal 

conductivity and the Seebeck coefficients of all samples were maintained at the same levels, the 

nanocomposite foams’ ZT values were mostly governed by their electrical conductivities, and 

thereby by their 3D MWCNT networks. 
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Figure 6.8 Effects of the cell-size and the salt-content (before salt leaching) on Seebeck 

coefficient of PVDF-MWCNT foams 

The reduction in the ZT value indicated that the polymer foams prepared by using salt-size of 

250 μm and salt-content of 90 wt.% yielded a fewer number of 3D conductive paths as a result 

of less interconnections in their cellular structures. Less porosity was another reason which caused 

poor absorption of MWCNTs into their porous structure that suppressed their electrical 

conductivity. The foam samples prepared with high salt-content (i.e., 90 wt.%) and large cell-

sizes (i.e., 500 μm), on the other hand, demonstrated a negligible improvement in their ZT values 

even with higher MWCNT absorption; these samples were also too fragile because of their high 

porosity and elevated amount of cell ruptures. The results of TE parameters for the PVDF-

MWCNT samples with different foam morphologies indicated that polymer foams with 90 wt.% 

salt-content and the cell-size of 250-500 μm served as best templates for fabricating PVDF-

MWCNT nanocomposites for TE applications. 
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Figure 6.9 Effects of the cell-size and the salt-content (before salt leaching) on ZT value of 

PVDF-MWCNT foams 

6.3.5 Effect of MWCNT-Content on TE Properties of Organic Thermoelectric Foams 

To investigate the effects of MWCNT-content on the thermoelectric properties of PVDF-

MWCNT nanocomposite samples, the salt-content and the salt-size used to fabricate the polymer 

foam templates were retained constant at 90 wt.% and 250–500 m, respectively, as a standard 

foam preparation condition. Figure 6.10 and Figure 6.11 plot the relationships between MWCNT 

loadings and the TE properties (i.e., electrical conductivity, thermal conductivity, Seebeck 

coefficient, and ZT value) of the PVDF-MWCNT foams. By increasing the MWCNT-content of 

the polymer foams from 12 wt.% to 29 wt.%, their electrical conductivity improved by more than 

8 times without a significant increase in their effective thermal conductivity (i.e., only 20% 

increase).  
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Figure 6.10 The CNT-content effect on the thermal and electrical conductivity of PVDF-

MWCNT foams 

 

Figure 6.11 The CNT-content effect on the Seebeck coefficient and ZT value of PVDF-

MWCNT foams 
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The results indicated that the open-cell PVDF foam templates had a dominant contribution on 

suppressing the effective thermal conductivity of the final nanocomposite samples. The Seebeck 

coefficient of the polymer nanocomposites remained insensitive to their MWCNT-content and 

demonstrated a negligible relation to their electrical conductivity values. Consequently, the TE 

figure of merit of the nanocomposite foams showed nearly 7-folded improvement after increasing 

their MWCNT-content from 12 wt.% to 29 wt.%. The experimental results revealed that the 

proposed fabrication method effectively decoupled the TE parameters of polymer-based TE 

materials, which provided an easier processing route to optimize their ZT values. 

6.3.6 Effect of In-situ Polymerization of PPy on TE Properties of Organic Thermoelectric 

Foams 

The thermoelectric properties of PVDF-PPy-MWCNT nanocomposite foams are summarized 

in Table 6.1 while their results are compared with PVDF-MWCNT samples incorporating similar 

amount of filler-content. PVDF foam templates with similar cell structures (i.e., cell-size of 250-

500 µm and the salt-content of 90 wt.%) were used to fabricate both types of nanocomposite 

samples. The results revealed that the effective thermal conductivity of all samples remained in 

the same range of that of PVDF foams (i.e., about 0.045 Wm-1K-1). The addition of conductive 

fillers (i.e., MWCNTs and PPy) had negligible effect on the effective thermal conductivity of the 

polymer foams. The electrical conductivity of the nanocomposite foams containing PPy was lower 

than the measured values for PVDF-MWCNT samples.  

 

 

 



108 
 

Table 6.1 Thermoelectric properties of PVDF-MWCNT foam samples with and without PPy 

Sample 
Coating 

wt.% 

Thermal 

Conductivity 

(Wm-1K-1) 

Electrical 

Conductivity 

(Scm-1) 

Seebeck 

Coefficient 

(µVK-1) 

ZT 

PVDF–MWCNT 24.9 0.045 0.199 10.1 1.4E-5 

PVDF-PPy-

MWCNT 
26.6 0.044 0.055 19.8 1.5E-5 

Figure 6.12 demonstrated an SEM micrograph of a PVDF foam template coated with PPy-

MWCNT. The surface morphology of the PPy-MWCNT coated sample is similar to the uniform 

fibrous morphology of PVDF templates coated with pure MWCNTs (Figure 6.1(b)). This 

observation indicated that an in-situ polymerization of PPy resulted in coating of individual 

MWCNTs with a thin layer of PPy polymer, which provided lower electrical conductivities than 

pure MWCNTs. This phenomenon increased the electrical resistance at the CNT-CNT junctions 

and adversely affected the overall electrical conductivity of the nanocomposite samples. The 

measured Seebeck coefficient of the PVDF-PPy-MWCNT samples, on the other hand, was two 

times higher than that of the PVDF-MWCNT nanocomposites. This can be attributed to the energy 

filtering effect at the introduced MWCNT-PPy interfaces in MWCNT-MWCNT junctions that 

prohibited transferring of charge carriers with lower energy, thereby increased mean carrier energy 

level [154–156]. Consequently, the ZT value of PVDF-MWCNT nanocomposite foams remained 

around the same range after addition of the conducting polymer.  
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Figure 6.12 An SEM picture of a PVDF foam template coated with PPy-MWCNT 

Using other types of conducting polymers with higher intrinsic electrical conductivities (such 

as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) or PANI) could result 

in further improvement in the ZT value of the final material system. The results showed that while 

the introduction of MWCNT-PPy interfaces would effectively promote the material system’s 

Seebeck coefficient, the undesired decrease in the electrical conductivity prohibited further 

improvement in its TE efficiency. Therefore, a maximum ZT value for PVDF-PPy-MWCNT 

nanocomposite foams should be achieved by optimizing their power factor. 

The results of this study showed that polymer foams with open-cell structure can be utilized as 

a template to effectively create a 3D network of conductive fillers within polymer matrices. 

Fabricating a polymer nanocomposite with the proposed method helped to simultaneously achieve 

high electrical conductivity and ultra-low thermal conductivity values. Moreover, coating the 

PVDF templates with a combination of conducting polymers and carbon nanotubes was an 

effective strategy to promote the material system’s Seebeck coefficient. Consequently, the 
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suggested processing strategies provide potential routes to independently tune the polymer 

nanocomposites’ TE parameters in attempt to maximize their ZT values. 

6.4 Conclusion 

This study suggested a new route to develop polymer nanocomposite materials with enhanced 

TE energy conversion efficiencies. The introduced technique also helped to separately tune the 

thermoelectric parameters (i.e., electrical conductivity, effective thermal conductivity, and 

Seebeck coefficient) of polymer nanocomposites. Salt leaching technique was utilized to fabricate 

open-cell polymer foams with ultra-low thermal conductivity. Open-cell polymer foams were used 

as templates to assist the formation of 3D conductive multi-walled carbon nanotubes networks 

throughout the polymer matrix. Both salt size and salt content, used in the particulate leaching 

process, were found to be important factors governing the morphology of porous templates and 

thereby the amount of MWCNT uptake. Therefore, these two parameters critically influenced the 

nanocomposite foam’s electrical conductivity. Furthermore, the in-situ polymerization of 

polypyrrole during the MWCNT coating within the open-cell matrix helped to promote the 

Seebeck coefficient of the nanocomposite material by creating multiple CNT-polymer junctions, 

which act as barriers for low-energy charge carriers. The addition of PPy, however, suppressed the 

electrical conductivity of the nanocomposite foams which adversely affected their TE efficiency. 

The optimum achieved ZT value was about 1.4×10-5 for PVDF/MWCNT nanocomposite foams 

with 24.9 wt.% MWCNT loading. The proposed method provides an opportunity to favorably tune 

the thermal and electrical conductivity of polymer nanocomposites and promote their TE 

efficiency. In the long run, this research can open a window to develop polymeric TE materials 

with high energy conversion efficiencies for green energy harvesting. 
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Chapter 7. Thermoelectric Nanocomposite 

Foams using Non-Conducting Polymers with 

Hybrid 1D and 2D Nanofillers4 

7.1 Introduction 

A facile processing strategy to fabricate thermoelectric polymer nanocomposite foams with 

non-conducting polymers and carbon fillers is reported in this study, while the hybridization 

effects of conducting nanoparticles on the TE performances of the fabricated samples were 

investigated. Multilayered networks of graphene nanoplatelets and multi-walled carbon nanotubes 

are deposited on macroporous polyvinylidene fluoride foam templates using layer-by-layer (LBL) 

assembly technique. The open cellular structures of the foam templates provide a platform to form 

segregated 3D networks consisting of one-dimensional (1D) and two-dimensional (2D) carbon 

nanoparticles. Hybrid nanostructures of GnP and MWCNT networks synergistically enhance the 

material system’s electrical conductivity. Furthermore, the polymer foam substrates possess high 

porosity to provide ultra-low thermal conductivity without compromising the electrical 

conductivity of the TE nanocomposites. With an extremely low GnP loading (i.e., ~1.5 vol.%), the 

macroporous PVDF nanocomposites exhibit a thermoelectric figure-of-merit of ~10-3. To the best 

of our knowledge, this ZT value is the highest value reported for organic TE materials using non-

conducting polymers and MWCNT/GnP nanofillers. The proposed technique represents an 

industrially viable approach to fabricate organic TE materials with enhanced energy conversion 

 
4 This chapter is based on reference [72] 
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efficiencies. Current study demonstrates the potential to develop light-weight, low-cost, and 

flexible TE materials for green energy generation. 

7.2 Materials and Methods 

7.2.1 Fabrication of Macroporous PVDF Templates 

Polyvinylidene fluoride (PVDF, Kynar 740, Arkema) was used to fabricate polymeric foam 

templates by salt-leaching method. A typical thermoplastic polymer was selected in this study due 

to its ease of processing, good mechanical strength and flexibility to serve as a template for 

fabricating TE polymer nanocomposite samples. PVDF powders were dry-blended with sodium 

chloride (NaCl) salt with particle sizes ranged from 250 m to 500 m. PVDF-NaCl samples were 

made by hot-pressing the mixture at 185 C and 4000 psi into disc-shaped molds of 20 mm in 

diameters and 2 mm in thicknesses. PVDF-NaCl composite samples were immersed in a water 

bath at room temperature (i.e., 23 C) for 72 hours to leach out the salt content and produce 

macroporous PVDF foam templates with open-cellular structures. The fabricated PVDF foams 

were dried in an oven at 70 C for 12 hours and weighed to ensure complete removal of their salt 

contents. A high percentage of salt particles within the PVDF-NaCl mixtures was crucial in this 

fabrication technique to allow the complete removal of all NaCl and achieve open cellular foam 

structures. The effects of different foam structures on the thermal conductivities and filler 

adsorption abilities of PVDF templates were investigated in the previous phase of our research 

[157]. In this study, the PVDF foam templates were fabricated using 90 wt.% of NaCl to achieve 

high porosity with excessive specific surface areas. This type of morphology made the foams ideal 

templates for absorbing carbon nanoparticles in a way that they form continuous filler networks. 
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7.2.2 Multilayer Deposition of GnP-MWCNT Network 

The nanocomposite samples were prepared by layer-by-layer (LBL) deposition of conducting 

nanofillers on the cell-walls of as-fabricated polymeric foam templates, prepared by the salt 

leaching method. Multi-walled carbon nanotubes (MWCNT, 1.0 wt.% aqueous dispersed, 

AQ0101, Nanocyl) and graphene nanoplatelets (GnP, Grade 2, CheapTubes) were used as 

conducting nanoparticles to fabricate polymer nanocomposite samples. As-fabricated PVDF 

foams were repeatedly immersed into aqueous solutions of carbon nanofillers following by drying 

in an oven at 70 C for 12 hours to coat multiple layers of nanoparticles over their porous 

structures. Each coating cycle was performed by sonicating the templates in the filler solutions for 

two minutes using an ultrasonic probe (Q700, QSonica). This would facilitate the penetration of 

nanoparticles throughout the pores of PVDF templates and create a uniform coating of 

nanoparticles on their cell walls.  

An aqueous solution of GnPs was prepared using sodium dodecyl sulfate (SDS, Sigma-

Aldrich) as surfactant, with GnP:SDS mass ratio of 1, to ensure a stable dispersion of GnP. 

Solutions of MWCNT-GnP mixtures with MWCNT:GnP mass ratios of 1 and 0.1 were also 

prepared to fabricate nanocomposite samples filled with hybrid GnP-MWCNT fillers. The 

solutions were sonicated for 10 minutes to ensure uniform dispersion of nanoparticles. The total 

filler content of all the solutions were gradually increased after each coating cycle from 0.1 wt.% 

to 1 wt.% in order to achieve a desired coating level and ensure proper attachment of fillers onto 

the cell walls. The adsorption of MWCNTs and GnPs onto the interior surfaces of the 

interconnected pores within the PVDF foams, would yield a multilayered and continuous network 

of conductive nanoparticles throughout them. The experimental results revealed that fewer coating 

cycles would be needed to achieve a desired filler loading level while using MWCNTs compared 
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with GnPs or hybrid fillers. This phenomenon is because of the unidirectional shape of MWCNTs 

and their wavy structure, which provide better entanglement during their multilayered stacking 

within polymeric foam templates. 

7.2.3 Sample Characterization 

Scanning electron microscopy (FEI Company, Quanta 3D FEG) was used to analyze the 

surface morphologies and microstructures of the nanocomposite foams. The cross-sections of 

nanocomposite foams were exposed by cryo-fracturing the samples under liquid nitrogen. The 

fractured surfaces were sputter-coated by gold using a sputter-coating machine (Denton Vacuum, 

Desk V Sputter Coater). The electrical conductivities of the nanocomposite foams were measured 

by four-point method using a multifunctional source meter (Keithley, SMU 2450) and a collinear 

four-point probe (SP4 probe head) installed on a probing fixture (Signatone probe S-302-4). A 

constant electric current was induced on the surfaces of all the fabricate nanocomposite samples, 

while the measured voltage was recorded to calculate the resistance value. A very small current 

level (i.e., 1 mA) was selected to avoid joule heating within the samples which could cause 

measurement error.  Using ASTM F84-02 standard, the sample’s surface electrical conductivity 

was converted into their bulk conductivity value by using the size and thickness correction factors 

for each sample. The thermal conductivities of the nanocomposite foams were measured based on 

the modified transient plane source (MTPS) method using a thermal conductivity analyzer (C-

Therm Technologies Ltd., TCi Thermal Conductivity Analyzer). The Seebeck coefficient was 

measured using a custom-made unit. By applying a temperature difference (∆T) across the 

sample’s surface, within the range of 2 ºC to 4 ºC, the generated voltage (VTE) was recorded by a 

source meter. The Seebeck coefficient was calculated from the slope of the VTE versus ∆T plot. All 
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the thermoelectric parameters of the fabricated samples were measured at room temperature (i.e., 

300 K) to provide consistent and comparable results.  

7.3 Results and Discussion 

7.3.1 Open-Cellular Morphologies of Macroporous PVDF Templates 

Figure 7.1 illustrates the SEM micrographs of the PVDF foams, before and after coating with 

carbon nanoparticles, at different magnifications. The open-cellular foam morphologies revealed 

the high levels of porosity and interconnectivity of pores throughout the polymeric templates. The 

SEM micrographs also indicated that after depositing multilayered structure of carbon nanofillers, 

the open-cellular structures of the foam templates remained nearly intact. 

7.3.2 Phase Morphology of Macroporous PVDF Templates and their Nanocomposites 

The phase morphologies of the nanocomposite foams are demonstrated in SEM micrographs 

with higher magnifications in Figure 7.1. The micrographs revealed uniform coating of conductive 

fillers on the interior pore surfaces of the PVDF foams, while carbon nanoparticles were 

interconnected and evenly adhered to the cell walls. This uniform coating was achieved as filler 

solutions were able to penetrate throughout the entire volume of the templates due to their open-

cellular structures and high porosities. Figure 7.1(f) illustrates that the PVDF-MWCNT 

nanocomposite sample contained a continuous fibrous layer of MWCNT which was thoroughly 

covering the cell walls of the PVDF foam. As shown in Figure 7.1(o), the PVDF-GnP 

nanocomposite sample demonstrated a different surface morphology caused by the stacked layers 

of GnPs deposited on top of the PVDF template. 
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Figure 7.1 SEM micrographs that illustrate the foam and phase morphologies of: (a-c) PVDF 

foams; (d-f) PVDF-MWCNT nanocomposites; (g-i) PVDF-MWCNT-GnP nanocomposites with 

MWCNT:GnP ratio of 1; (j-l) PVDF-MWCNT-GnP nanocomposites with MWCNT:GnP ratio of 

0.1; and (m-o) PVDF-GnP nanocomposites at three different magnifications 
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Figure 7.1(i) and (l) show the interactions between MWCNTs and GnPs within the PVDF 

nanocomposites containing hybrid nanoparticles with MWCNT:GnP ratios of 0.1 and 1, 

respectively. In PVDF-MWCNT-GnP nanocomposite samples with MWCNT:GnP ratio of 1, 

MWCNTs were widespread all over the samples due to their high aspect ratios compared with 

GnPs. Consequently, MWCNTs were covering most of the surface areas of GnPs while MWCNT 

agglomerations were observed on templates’ surfaces. In PVDF-MWCNT-GnP nanocomposites 

with MWCNT:GnP ratio of 0.1, on the other hand, MWCNTs were scattered on GnPs’ surfaces 

while bridging along the surfaces and the gaps of adjacent graphene nanoplatelets. Therefore, 

hybridization of 1D and 2D nanoparticles with low 1D:2D filler ratio created more connected 

pathways for electron transferring throughout the polymer matrix. 

7.3.3 Electrical Conductivity of Macroporous PVDF Nanocomposites 

The current-voltage graph for the PVDF nanocomposite samples containing different 

nanofillers is plotted in Figure 7.2. As a case study, the samples loaded with about 1.4 wt.% of 

carbon fillers were selected to investigate their conductivity behavior by changing the induced 

electric current. All samples showed a linear current-voltage characteristic, which represented their 

ohmic behavior within the applied current range. The electrical conductivities of the samples could 

be calculated from the slop of their I-V graphs. 

Figure 7.3(a) plots the electrical conductivity of the polymer nanocomposites, containing 

different carbon nanoparticles, as a function of the volume percentage of nanoparticles within 

PVDF templates. The weight percent of nanofillers loaded on PVDF foams were obtained by 

measuring the weight of samples before and after each coating cycle. The volume fraction (vol.%) 

of carbon fillers within PVDF templates were calculated using their wt.% and taking into account 

the total volume of voids and the solid part of foams. The densities of MWCNTs and GnPs were 
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considered to be 1.75 g cm-3 (for NC7000 type of MWCNTs) and 2.2 g cm-3 (a typical reported 

value for GnPs in literature), respectively [158,159]. 

 

Figure 7.2 The current-voltage graph of PVDF nanocomposite samples loaded with about 1.4 

wt.% of different carbon nanofillers 

By increasing the filler loadings of the nanocomposite samples, their electrical conductivities 

showed an initial sharp increase following by a gradual improvement at higher filler loadings. This 

behavior indicated that a percolated network of conducting nanoparticles had established. The 

percolation behavior for the electrical conductivity typically follows a power law relationship as 

expressed in Equation (7-1): 

� ∝ (∅ − ∅�)
� (7-1) 

where σ is the electrical conductivity, ϕ is the filler content, ϕc is the percolation threshold, and t 

is a critical exponent reflecting the dimensionality of the composite system [160].  

The log(σ) versus log(ϕ-ϕc) plot for the experimental measurements of all nanocomposite 

samples, as shown in the inset of Figure 7.3(a), demonstrated a linear trend representing the 
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percolation behaviors. According to Table 7.1, the nanocomposite foams containing only 

MWCNTs had the lowest percolation threshold, which was consistent with the reported 

experimental results in the literature [161,162]. The higher aspect ratios of MWCNTs increased 

their chances of creating conducting networks within the polymeric matrix at low filler contents. 

The results also revealed that the calculated percolation thresholds of the polymeric foams 

containing hybrid nanofillers were at least 50% lower than their values for PVDF-GnP samples. 

At low filler loadings, MWCNTs helped to bridge among scattered GnP fillers, and thereby 

facilitated the formation of percolated pathways for electron transferring throughout the PVDF 

foam templates. 

 

Figure 7.3 The electrical conductivities of PVDF nanocomposite samples as a function of filler 

loadings: (a) a logarithmic plot showing the percolation behaviors of σ with increasing filler 

loadings; and (b) a linear plot demonstrating differences in σ values of PVDF nanocomposites 

As illustrated in Figure 7.3(a), increasing the nanofiller loadings above 0.1 vol.%, significantly 

enhanced the electrical conductivity of the nanocomposite foams containing GnPs and surpassed 

that of PVDF-MWCNT samples. Figure 7.3(b) plots the electrical conductivity of the fabricated 

samples in linear scale to clearly demonstrate the changes in their σ values by increasing their filler 
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contents. With 1.0 vol.% filler loading, the electrical conductivity of the PVDF-GnP samples were 

3.5 times higher than that of the PVDF-MWCNT nanocomposites. This observation indicated that 

GnPs provided more efficient electron transferring pathways within the polymer matrix. Similar 

results were reported in literature comparing the electrical conductivity of polymer 

nanocomposites prepared with GnPs, MWCNTs or a mixture of them [163,164]. This behavior 

could be attributed to the 2D structures of graphene platelets, which provided high electron 

mobility and strong filler interactions [165]. It should be noted that the overall electrical 

conductivity of the nanocomposite samples was much lower than the measured values for pure 

MWCNT and GnP samples (i.e., 30 S/cm for MWCNT film prepared by solution casting, and 74 

S/cm for GnP solid sample prepared by cold pressing) due to the electrical contact resistance at 

the introduced filler interfaces. 

Table 7.1 The percolation thresholds and the critical exponents of PVDF nanocomposite foams 

coated with different types of carbon nanoparticles 

Sample 
PVDF-

MWCNT 

PVDF-MWCNT-GnP 

MWCNT:GnP=1 

PVDF-MWCNT-GnP 

MWCNT:GnP=0.1 

PVDF-

GnP 

Percolation 

Threshold (c) 
0.009 0.032 0.024 0.065 

Critical 

Exponent (t) 
1.40 1.45 1.63 1.36 

The experimental results also revealed that the hybrid nanocomposite foams with 

MWCNT:GnP ratio of 0.1 showed the highest electrical conductivity values among all the 

nanocomposite samples. Omnipresence of MWCNTs among GnPs helped to bridge the adjacent 

platelets and thereby promoted the formation of interconnected networks throughout the insulating 

PVDF matrix. Therefore, simultaneously utilizing the high intrinsic electrical conductivity of GnPs 
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and the low percolation threshold of MWCNTs, resulted in promoting the nanocomposite’s 

electrical conductivity. However, with a MWCNT:GnP ratio of 1, MWCNTs were presented all 

over the foam’s cell-walls and created more agglomerated domains on GnPs’ surfaces. 

Consequently, the MWCNT fillers with their inferior electrical conductivities adversely affected 

the electron transferring among the GnP networks. 

7.3.4 Thermal Conductivities of Macroporous PVDF Nanocomposites 

The effect of filler contents on the thermal conductivities (k) of the nanocomposite foams is 

depicted in Figure 7.4. As expected, the thermal conductivity of the open-cellular PVDF templates 

without nanoparticle coating was extremely low (i.e., ~0.04 Wm-1K-1) because of their high 

porosity. 

 

Figure 7.4 Thermal conductivities of PVDF nanocomposites as a function of filler loadings 

The experimental results indicated that the deposition of MWCNTs on PVDF templates had 

negligible effects on their thermal conductivity, while PVDF foams containing GnPs showed a 

slight increase in their k. GnPs have reportedly better thermal transport properties compared with 
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MWCNTs because of their unique 2D atomic structures [166–168]. Nevertheless, the overall 

thermal conductivities of all PVDF nanocomposites remained very low (i.e., k < 0.08 Wm-1K-1) 

despite the adsorption of up to 15 wt.% nanoparticles. The increased phonon scattering due to the 

introduced interfacial thermal resistance at filler-filler junctions along with the high porosity of the 

PVDF templates, helped to retain the extra-low thermal conductivities of the nanocomposite foams 

[169]. Consequently, the measured thermal conductivities of the PVDF nanocomposites were 

significantly lower than the typical values reported for polymer nanocomposites containing carbon 

fillers (i.e., ~0.5-1 Wm-1K-1) [53]. 

7.3.5 Seebeck Coefficient of Macroporous PVDF Nanocomposites 

The effects of filler-type and filler concentration on the Seebeck coefficients (S) of the 

fabricated nanocomposite foams are illustrated in Figure 7.5. All nanocomposite samples had 

positive Seebeck values indicating a p-type thermoelectric behavior. MWCNT and GnP have 

reportedly shown p-type thermoelectric behavior because of their oxygen-doping during exposure 

to the air. Surprisingly, the experimental results revealed that the Seebeck coefficients of the 

nanocomposite foams were significantly higher than the measured values for pure conducting 

fillers (i.e., S  8 µVK-1 for MWCNT film prepared by solution casting, and S  11 µVK-1 for GnP 

solid sample prepared by cold pressing). This phenomenon could be attributed to the energy 

filtering effect aroused from charge carrier scattering at the significantly large number of filler 

junctions throughout the pore surfaces of the open-cellular templates [22,170]. 

The maximum Seebeck coefficients for the PVDF nanocomposites were achieved once their 

filler loadings had reached their percolation thresholds. By increasing the filler loadings of the 

nanocomposite foams, their Seebeck coefficients initially dropped and thereafter remained around 

the same range. The reduction in their Seebeck coefficients was expected as higher filler loadings 
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led to enhanced electrical conductivities and there is usually a trade-off between σ and S in TE 

materials. It should be noted that the decrease in the Seebeck coefficients of all the nanocomposite 

foams was negligible compared to the increase in their electrical conductivities (i.e., ΔS < 30% vs. 

Δσ > 103 times). The increased interfacial interaction between the conducting nanoparticles, as a 

result of the layer-by-layer coating process, helped to retain the high Seebeck coefficients of the 

nanocomposite samples while enhanced their electrical conductivities. 

 

Figure 7.5 Seebeck coefficients of PVDF nanocomposites foams as a function of filler loadings 

The PVDF-GnP foams demonstrated the highest Seebeck values among all the nanocomposite 

samples (i.e., ~37 µV K-1) and their Seebeck coefficients were three times higher than those of 

PVDF-MWCNT samples. The experimental results for the nanocomposite samples loaded with 

hybrid fillers also showed that a lower MWCNT:GnP ratio was more favorable to achieve high 

Seebeck coefficients. These evidences indicated that GnPs have better Seebeck properties than 

MWCNTs. 
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7.3.6 TE Figure-of-Merit of Macroporous PVDF Nanocomposites 

The measured ZT values of the fabricated nanocomposite samples are displayed in Figure 7.6. 

By increasing the filler contents of the polymeric foams, their TE efficiencies significantly 

improved showing a percolation behavior. At high filler loadings, the PVDF-GnP nanocomposite 

samples demonstrated the highest ZT values among all fabricated nanocomposites due to their high 

Seebeck coefficients. Despite the highest measured electrical conductivities, the ZT values of 

PVDF foams containing hybrid nanofillers with MWCNT:GnP ratio of 0.1 were slightly lower 

than those of PVDF-GnP samples because of their lower Seebeck coefficients. At low loadings 

(i.e., < 0.1 vol.%), however, PVDF-GnP nanocomposites showed the lowest TE efficiencies 

because of their low electrical conductivities. It is worth to mention that among the three TE 

parameters (i.e., σ, S, and k) of the fabricated samples, the changes in their electrical conductivities 

during nanoparticle deposition were more noticeable. Therefore, σ was the decisive parameter for 

designing the nanocomposite foam sample with highest ZT value. 

 

Figure 7.6 TE efficiencies of PVDF nanocomposite foams as a function of filler loadings 
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The results of this study suggested that GnP was the more promising candidate than MWCNT 

for fabricating TE polymer nanocomposites. The observations indicated that the TE efficiencies 

of the nanocomposite samples containing hybrid fillers could potentially be maximized by 

optimizing the MWCNT:GnP mass ratio and utilizing the interactions between 1D and 2D 

conducting nanoparticles. Figure 7.7 shows a schematic diagram, illustrating the synergistic effects 

of the hybridization of 1D and 2D nanoparticles. The Loose packing of the hybrid MWCNT-GnP 

fillers can facilitate the electron transferring through their 3D networks without compromising the 

Seebeck coefficients due to the carrier filtering effect at the filler-filler interfaces. Moreover, this 

3D filler network can suppress the thermal conductivity via phonon scattering at the introduced 

multiple filler junctions. 

 

Figure 7.7 The synergistic effects of 1D and 2D conducting nanoparticles on electron and 

phonon transferring through their 3D networks 

This study proposed the utilization of polymer foam templates as a new fabrication strategy 

to partially decouple the TE properties of polymer nanocomposite materials and promote their TE 

efficiencies. A maximum ZT value approaching 10-3 was achieved by PVDF nanocomposites 

containing extremely low loadings (i.e., < 1.5 vol.%) of carbon nanoparticles. This value is among 
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the highest ZT values reported in literature for organic TE materials using conventional non-

conducting polymers. It is believed that by using the suggested fabrication technique and utilizing 

conducting fillers with better σ and S properties (e.g., SWCNTs or semiconducting fillers), further 

increase in ZT values could undoubtedly be achieved for polymeric TE materials. 

7.4 Conclusion  

A new technique has been developed in current study to fabricate lightweight organic 

materials with high TE efficiencies. Polymeric foams with open-cellular structures were employed 

as templates to create segregated networks of conducting nanofillers within the insulating polymer 

matrices. The resultant composite material system demonstrated low percolation thresholds and 

high electrical conductivities, without compromising the ultra-low thermal conductivities of the 

PVDF foam templates. The synergistic effects of 1D and 2D carbon nanoparticles in promoting 

the TE properties of polymer nanocomposites containing hybrid fillers was also investigated in 

this research. The experimental results revealed that by controlling the MWCNT:GnP mass ratio, 

incorporated in polymeric matrices, it was possible to tune their electrical conductivities, Seebeck 

coefficients, and percolation thresholds. The proposed processing method has proven to be a facile 

and effective approach to simultaneously improve the electrical conductivities, enhance the 

Seebeck coefficients, and suppress the thermal conductivities of polymer nanocomposites. 

Overall, it helps to promote the TE efficiency of polymer nanocomposites without the uses of 

conducting polymers that have poor processability. The suggested fabrication method is simple 

and scalable for processing flexible TE nanocomposites, which increases the potential of their 

industrial applications. 

  



127 
 

Chapter 8. Conclusion 

8.1 Summary of Contributions 

Thermoelectric generators can be utilized to harvest green energy by recycling waste heat 

generated from various sources and converting it into electrical energy. Organic or polymer-based 

thermoelectric materials have recently received a significant research interest due to their many 

advantages over conventional semiconducting TE materials. The poor energy conversion 

efficiency of polymeric TE materials, as their main drawback, should be significantly improved to 

make them industrially applicable. Most of the previous studies have focused on developing 

conjugated polymers as organic materials for TE applications. Because of the delocalized electrons 

in their backbones, conducting polymers usually provide high Seebeck coefficients and good 

electrical conductivities. However, their complex processing techniques and instability in air has 

limited their widespread application. 

This study aimed at developing novel processing techniques to fabricate fully organic TE 

materials by mostly using non-conducting polymers as the matrix, with minimal loading of 

conducting fillers such as carbon nanoparticles or conjugated polymers. This objective ensures 

simultaneously achieving good mechanical properties, simple and replicable fabrication process, 

low manufacturing cost, stable physical properties, and enhanced TE efficiency of the material 

system. Achieving this objective requires to overcome a critical challenge which is separately 

tuning and optimization of the highly interrelated TE parameters of the material. 

In the first part of this study, nanocomposite samples were characterized by using PPy as a 

conducting type of polymer with MWCNTs as conducting carbon nanoparticles. The effects of 
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different processing parameters (i.e., the oxidant:monomer molar ratio, the MWCNT:monomer 

mass ratio, and the secondary solution additive) on the TE parameters and microstructures of the 

fabricated samples were also investigated in this chapter. The optimized processing parameters 

were explored to achieve the maximum TE efficiency of the material. The samples prepared by 

using water-methanol as their solution medium, with oxidant:monomer molar ratio of 2.5, and 

MWCNT:monomer mass ratio of 1 provided the highest TE performance. The experimental results 

proved that there is an inverse correlation between the electrical conductivity and the Seebeck 

coefficient of the samples which prohibited increasing their TE efficiencies higher than a certain 

level. 

Considering the complexities of the synthesizing of conducting polymers, conventional non-

conducting polymers were suggested in the next phase of this research for fabricating organic TE 

materials. Polymer foaming was utilized to develop HDPE/MWCNT polymer nanocomposite 

samples with super-low thermal conductivities. Supercritical carbon dioxide foaming was used, as 

an in-situ foaming technique, to create bubbles within polymeric matrices and fabricate 

nanocomposite foams with closed-cell structures. The in-situ foaming of the polymer 

nanocomposite samples resulted in decoupling their TE parameters and simultaneously tuning 

these properties of the materials. The thermal conductivity of nanocomposite foams was decreased 

up to one order of magnitude by introducing an insulating cell structure within the polymer matrix. 

The electrical conductivity of nanocomposite foams increased about three times while their 

Seebeck coefficients were promoted by five times of the original values from unfoamed samples. 

Consequently, the ZT value of the polymer nanocomposites significantly increased (i.e., about 600 

times) after the foaming process. 
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In the third phase of this research, freeze-drying method was used to fabricate polymer 

nanocomposite foams with enhanced TE properties. By incorporating a conducting polymer (i.e., 

PPy) in combination with GnP carbon nanoparticles within PVA polymer matrices, the electron 

transport properties of the insulative samples were improved. Therefore, polymer foam samples 

with high electrical conductivities and increased Seebeck coefficients were achieved. The 

experimental results showed that the electrical conductivities of the fabricated samples were 

significantly higher than the reported values for PVA nanocomposites containing carbon fillers. 

The proposed processing method was simple and replicable to be easily adopted in industries for 

the fabrication of lightweight and flexible thermoelectric modules. The overall ZT values of the 

foam samples were still very low, indicating that the PVA matrix was entirely wrapping the 

conducting fillers and probably blocking their intersections from transferring the charge carriers 

through the filler networks. 

Salt-leaching method was introduced in the next chapter of this dissertation to prepare 

polymeric samples with high porosities and open-cellular structures. The fabricated open-cellular 

PVDF foams were then used as templates and coated with conducting nanoparticles (i.e., 

MWCNTs). Utilization of the foam templates helped to create 3D networks of conducting 

nanofillers within polymer matrices. As a result, the nanocomposite samples demonstrated low 

percolation thresholds and high electrical conductivities, along with ultra-low thermal 

conductivities. These material properties are desirable to achieve high TE efficiencies. The effects 

of incorporating a conducting polymer (i.e., PPy) within conventional thermoplastic polymers 

were also investigated in this study and has proven to be substantial in enhancing the TE efficiency 

of organic materials. The nanocomposite foams provided a maximum ZT value of 1.4×10-5 with 
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24.9 wt.% MWCNT loading. This value was up to two orders of magnitude higher than the 

achieved value from the previous phases of this study. 

In the last part of this dissertation, polymer nanocomposite material systems containing hybrid 

fillers were synthesized and their TE properties were characterized. The effects of using a 

combination of one-dimensional and two-dimensional conducting fillers on charge carrier 

transportation of the polymer nanocomposites were investigated in this research. The experiments 

revealed that the hybridization of 1D and 2D carbon nanoparticles will help to promote the TE 

properties of polymer nanocomposites due to the synergistic effects of the nanoparticles in charge 

carrier transportations. In this chapter, the effects of using GnPs as conducting fillers in promoting 

the TE properties of the nanocomposite foams also were studied while compared with the results 

for MWCNT-loaded samples. A maximum ZT value of ~10-3 was measured for the nanocomposite 

foams prepared with extremely low filler loadings (i.e., ~1.5 vol.%). To the best of our knowledge, 

this value is the highest reported ZT value for organic thermoelectric materials prepared with non-

conducting polymers and carbon nanofillers. 

The maximum achieved thermoelectric properties of the fabricated nanocomposite samples 

from different phases of this study are summarized in Table 8.1. The measured densities and filler 

loadings of the polymer nanocomposite samples are also reported in this table. The uncertainty 

values of the measured TE parameters were calculated using the general error propagation rule 

considering the error limits of the testing instruments: 
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Table 8.1 Summary of maximum achieved TE properties, densities and filler contents of the 

fabricated nanocomposite samples in this study 

Sample 

Density 

(gr/cm3) 

K 

(W/mK) 

σ 

(S/cm) 

S 

(µV/K) 

ZT 

(×10-3) 

PVA-PPy/GnP 

(10 wt.%) 

0.04 0.035±0.002 0.002±(2e-8) 14.9±0.11 0.0004±(1e-5) 

HDPE/MWCNT 

(15 wt.%) 

0.1 0.06±0.003 0.1±(1e-5) 5.3±0.04 0.0014±(7e-5) 

PVDF/MWCNT 

(21 wt.%) 

0.2 0.048±0.0024 0.48±(5e-6) 13±0.09 0.052±0.0026 

PPy/MWCNT 

(35 wt.%) 

1 0.55±0.0275 13.5±0.0016 14.1±0.10 0.15±0.0076 

PVDF/MWCNT-GnP 

(22 wt.%) 

0.2 0.08±0.004 3.79±0.0004 23.6±0.18 0.79±0.0413 

PVDF/GnP 

(22 wt.%) 

0.2 0.077±0.0038 1.75±0.0002 36.1±0.27 0.89±0.0464 

The results show a dramatic improvement in the TE efficiency of the fabricated samples during 

different phases of study. It should be noted that the PVDF-GnP nanocomposite foams 

demonstrated the highest ZT value among all samples. While the figure of merit of these 

nanocomposite foams surpassed the measured values from the PPy-MWCNT nanocomposites 

without foaming, the densities and the filler loadings of these foam samples were much lower than 
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the PPy-MWCNT samples. These findings indicated that much lower conducting fillers were 

required to fabricate organic materials with high TE efficiencies as a result of foaming technique. 

This study suggested a new processing route to develop polymer materials with enhanced TE 

energy conversion efficiencies. The proposed method has proven as an effective approach to 

partially decouple and tune the three TE properties of polymer nanocomposites, which resulted in 

promoting their TE performance. The suggested fabrication method has the potential for industrial 

scale application due to its ease of processing and repeatability. In the long run, this research can 

open a new route to develop polymer-based TE materials for green energy harvesting which can 

contribute on preserving the environment and resolving the global warming issue. 

8.2 Future Outlooks 

The research and studies on organic thermoelectric materials are still in its early stages. Despite 

the significant improvements within the last decade, the TE performance of polymer-based 

materials requires further enhancement to achieve the desired value (i.e., ZT  1) for their 

widespread application in industries. To achieve this objective, the structure-to-properties 

relationships of these materials should be thoroughly investigated in molecular levels and in 

microstructures. Moreover, the measurement techniques and test methods for evaluating TE 

properties of materials require further improvement to provide more reliable and replicable results. 

In this regard, some worldwide standards should be defined for characterization of TE properties 

of materials which will be utilized by all researchers to report comparable results. 

The results of this study revealed that partial decoupling of the TE properties (i.e., electrical 

conductivity, thermal conductivity, and Seebeck coefficient) of nanocomposite materials is 

possible through foaming methods. This achievement enlightens new routes to simultaneously 
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promote these TE parameters and thereby effectively enhance the TE performance of the material. 

The proposed foaming techniques in this dissertation potentially can be utilized to promote the TE 

efficiency of not only polymer composites, but also other families of TE materials. Various types 

of fillers such as metallic or semiconducting particles can also be used in limited amounts to 

promote the electron transportation properties of polymer matrices without significantly affecting 

their favorable mechanical properties. 

Most of previous studies on thermoelectric area have experimentally explored the TE 

properties of different materials and designed various material systems for TE applications. Along 

with the experimental research, more computational studies and numerical simulations are 

required to provide a detailed insight into these material properties. These studies are necessary to 

assist in material selection while designing highly efficient TE material systems. Computational 

studies can also suggest the optimized levels of material combinations to maximize the TE 

efficiency of thermoelectric composites. 

Most of current studies are focused on developing p-type TE materials, while a limited number 

of studies have been devoted to designing n-type TE materials due to their instable properties in 

ambient conditions. To fabricate thermoelectric generators with highest efficiencies, both p-type 

and n-type TE materials should be designed with similar ranges of ZT values. The ultimate purpose 

of this research is to make organic thermoelectric generators with high energy conversion 

efficiencies as a renewable source of energy. In this context, inventing new techniques for 

fabricating polymeric TEGs with improved efficiencies, high flexibilities, and light weights is 

required to prove the potential of organic TE materials for industrial applications in energy 

generation. Due to multiple advantages of polymers compared with many other families of 

materials, TE polymer nanocomposites have a great potential to achieve widespread applications, 



134 
 

even with low TE efficiencies, as portable thermoelectric generators in remote areas. They can 

also be used in clothing industries or wearables devices to capture the heat from human bodies and 

provide power for small electronic modules. 
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