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Abstract 
 

Polymer nanocomposites are a combination of polymer matrix and nano-fillers which 

have at least one dimension in the nanometer range. There are various nano-fillers with different 

dimensions such as, zero-dimensional (0-D) which include quantum dot, one-dimensional (1-D) 

including nanotubes and nanofibers, two-dimensional (2-D) including layered like materials, and 

three-dimensional (3-D) including spherical particles. Over the last decade, the polymer 

nanocomposites have attracted tremendous interests in both academia and industry research. 

This thesis reports the properties of conducting polymers, more specifically polyaniline 

(PANI) nanostructured composites filled with carbonaceous nano-fillers such as SWCNT (1-D), 

MWCNT (1-D), and RGO (2-D), as a function of nano-fillers content and presents possible 

direction to optimize their thermoelectric performance and energy storage capability. 

 Three series of PANI/SWCNT, PANI/MWCNT, and PANI/RGO composites are 

synthesized by in situ polymerization of aniline in the presence of varying amount of the nano-

fillers ranging from 0 to 21 wt-% in acidic medium. SEM, TEM, X-ray diffraction, and Raman 

spectroscopy were employed to investigate their structure and morphology. SEM and TEM 

images exhibit that the fillers are covered by a polymer layer resulting in core-shell structure in 

which filler as core and polyaniline as shell are presented. These structures indicate good 

interaction through π-π stacking between filler and matrix as evidenced by Raman spectroscopy 

and X-ray studies. 

 The electrical conductivities of the samples are measured by 4-probe method. The 

electrical conductivity of the nanocomposites follows a percolation behavior and electrical 

transport mechanism takes place through 2-D conductive network. It is observed that a 

significant enhancement in electrical conductivity is strongly related to tunneling effect in the 

composites. 

Furthermore, laser flash method and DSC are employed to investigate the thermal 

properties of the composites. The experimental results reveal that thermal diffusivity, volumetric 

heat capacity, and thermal conductivity increase with the addition of carbonaceous nano-fillers. 

Unlike electrical conductivity, the thermal conductivity of the composites increases only slightly 

with the nano-fillers fraction. Effective medium approximation (EMA) model is used to estimate 

the interfacial resistance (Rk) between the filler and the polymer host.  
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To evaluate the thermoelectric performance, the Seebeck coefficient carried out on 

homemade Seebeck measurement system is investigated as a function of the nano-fillers content. 

Compared to that of pure PANI, the thermoelectric performance of the composites exhibits a ZT 

enhancement. 

Moreover, a comparative study on electrical and thermal transport and thermoelectric 

properties are carried out in order to investigate the dimensionality effect in these properties. It is 

observed that inclusion of 2-D nano-fillers into matrix makes layers like core-shell structures but 

addition of 1-D nano-fillers (SWCNT and MWCNT) gives rod-like core-shell structures. The 

electrical properties show that although nano-fillers have different dimensions, the electrical 

percolation follows 2-D conduction process. But there is significant dimensionality effect on 

electrical conductivity enhancement, percolation threshold, and tunneling phenomena. Also 

thermal conductivity and volumetric heat capacity depend on the dimensions of the fillers. The 

results show three different signatures of the Seebeck coefficient for three different fillers. It is 

observed that at lower concentration of MWCNT fillers, the Seebeck coefficient behaves like 

PANI/SWCNT composites whereas at higher concentration, the behavior of Seebeck coefficient 

is like PANI/RGO composites. The thermoelectric performance ZT is associated with the 

dimensions of the fillers. 

 

In addition, for extension of the research on PANI/RGO composites, others properties of 

same series of chemically synthesized PANI/RGO nanocomposites are investigated. Thermal 

properties of the composites are analyzed through photothermal radiometry (PTR) at room 

temperature. The contributions of RGO nano-fillers to various thermal parameters such as 

thermal diffusivity (α), thermal effusivity (e), thermal conductivity (k) and volumetric heat 

capacity (ρC) of the nanocomposites are subsequently determined. The analyses indicate that the 

thermal conductivity barely changes at lower RGO nano-fillers loading (<1 vol-%) but rises 

sharply beyond that percentage. Likewise, the influence of the nano-filler concentration on the 

volumetric heat capacity shows significant enhancement. While the thermal conductivity of the 

nanocomposites shows no percolation behaviour, however, the evolution of volumetric heat 

capacity displays the opposite phenomenon. This valuable characteristic of the nanocomposites 

is expected to find potential applications in high heat capacitive materials. To gain further insight 
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into the thermal properties of the nanocomposites, their heat storage factor or heat absorption per 

unit area Q (J/m
2
) is assessed with a new analytical model proposed for first time in this study.  

Also the dielectric properties of PANI/RGO nanohybrids are investigated by Broadband 

Dielectric Spectroscopy at different temperature. The observed dielectric relaxation peaks are 

analyzed within the framework of the Kohlrausch-Williams-Watts (KWW) model. At room 

temperature, it is shown that charge trapping occurs at the PANI/RGO interface. The relaxation 

dynamics of trapped charges are studied as a function of volume fraction of RGO. This charge 

trapping process is thermally activated and exhibits an Arrhenius-like behavior. The dielectric 

relaxation mechanism associated with the interfacial polarization in the nanocomposites is found 

to shift towards lower frequencies on increasing temperature. The effective activation energy 

value is negative. Basic concepts of the Sillars dielectric theory of a heterogeneous medium are 

revisited for a material consisting of conducting platelets dispersed in a semi-insulating matrix in 

order to explain the negative sign of the relaxation energy. A plausible explanation to this 

observation involves a thermally activated de-trapping mechanism through the effective potential 

barrier at the interfaces between RGO and PANI. It results in an enhancement of the density of 

charge carriers which contributes to DC conductivity at expense of the density of charge carriers 

that relax within RGO inclusions.  
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GENERAL INTRODUCTION 
 

The energy information administration (EIA) of the U.S. department of energy reported 

yearly basis energy consumption data which is depicted in Figure 1 [1]. For example, in 2007, 

495 quadrillion British Thermal Units (BTUs) which is equivalent to an average power of 16.6 

Terawatts (TW) were consumed by global civilization [2,3]. The report shows an enhancement 

of energy consumption up to 49% by 2035 in comparison with energy consumption which was 

495 quadrillion British Thermal Units (BTUs) [2,3]. The amount is definitely a cause for alarm 

because it will be a challenge to supply energy on this scale.  

 

 

Figure 1. World marketed energy consumption, 2007-2035 (quadrillion BTU). Non-OECD 

stands for nations outside the organization for economic co-operation and development and 

OECD stands for organization for economic co-operation and development  [1].   
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Also the noticeable point is that almost two third (~66%) of the energy consumed in 

different ways is lost to the environment as waste heat. Recent time, although the planet is facing 

the energy resource limitation problem, heat is wasted in daily life. Figure 2 presents the energy 

statistics which shows that 34% of total energy is used.  

 

 

Figure 2. Representation of energy statistic 

However, during the last two decades, increasing demand for energy and pollutants free 

environments has led to continuous investigation of leading-edge technological products with 

high energy efficient performance and low fabrication cost. In order to address these problems, 

thermoelectric energy conversion could be the best possible solution.  

Thermoelectric (TE) possess the capability to capture heat from natural sources or waste 

heat and convert it into electricity. Figure 3 schematically displays the conversion of waste heat 

to electricity by the TE device. The major challenge of the conversion system is that how a small 

gradient of temperature with respect to the environmental temperature can be efficiently 
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harvested [3]. This energy conversion provides extremely reliable, small in size, light and silent 

in operation power source with no moving parts and no need for maintenance. But the main 

disadvantage is the low efficiency of the existing thermoelectric systems. Therefore, 

improvement of the efficiency is a key issue in this research area. Thus the research on different 

thermoelectric materials is still being conducting in order to improve the efficiency.   

 

 

 

Figure 3. Conversion of waste heat to electricity by thermoelectric system. 

TE materials are good candidates for the fabrication of energy harvesting systems or 

heating/cooling devices. The gradual advances realized over the years and further improvement 

in TE technology could find widespread commercial applications in cost-effective and 

sustainable energy conversion and recovery. For the maximum efficiency and low cost thermal 

energy conversion technology, inexpensive and abundant materials are required, which can be 

easily processable at room temperature, preferably via chemical processing methods. For these 

reasons, polymer nanocomposites can be an exciting group of materials, which could potentially 

fulfill most of these requirements. More specifically, conducting polymer nanocomposites lead 

to a special class of materials which have low thermal conductivity and high electrical 
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conductivity. Thus, the polymer nanocomposites can be considered as good materials in order to 

achieve the promising thermoelectric performance or figure of merit (ZT) at room temperature. 

But, the important question is that what factors are responsible for improving their thermoelectric 

efficiency (ZT). In consequence, we need a clear understanding of electrical and thermal 

properties in these materials.   

A combination of a polymer and nano-filler is represented as a typical polymer 

nanostructured composite which has at least one dimension in the nanometer range. Owing to 

their relatively ease of syntheses and their unique attributes, polymer nanocomposites have 

opened up new frontiers in both academia and industrial research over few years. More 

specifically, progress in the field of material research has taken a new lead since the advent of 

conducting polymer nanocomposites due to their novel properties such as electrical, thermal, and 

mechanical properties [4–9]. Due to these outstanding properties, conducting polymer 

composites are used in a wide variety of industrial applications such as light emitting diode, 

electrodes, battery and fuel cell, corrosion resistance materials, and antistatic media  [6,9]. To 

avoid a low mechanical strength, a heavy weight and a poor processability when high fillers 

concentrations are added, a low filler content and good filler dispersion into the host are 

preferable condition to achieve desirable polymer nanocomposites [10,11]. Reinforcing materials 

such nano-fillers are often used in order to obtain efficient changes in various properties. Many 

previous studies have attempted to investigate the contributions of the different fillers in different 

conducting polymers such as polypyrrole, PEDOT: PSS, and polyaniline composites. 

Various inorganic and organic nano-fillers can be dispersed into host materials to change 

the properties of nanocomposites in large scale range. Under ideal conditions, the incorporation 

of nano-fillers into the host is conducted without sacrificing the properties of the neat polymer, 

rather should improve their overall characteristics [12,13]. Central to the enhancement of 

composite properties are several challenging key factors that remain to be optimized:  the method 

of preparation and subsequent processing which are often dependent on fillers morphology 

(length, width, thickness, chirality and size/shape), its architectural network and interaction with 

the host matrix [14]. It is, therefore, not surprising that much intense theoretical and applied 

research are still being conducted in hope to better understand the synergistic role played by the 

multi-components of the composite materials. 
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Especially, carbon based fillers have been tremendous interest in research in the field of 

polymer composites due to their uses in different potential applications [4,15–17]. Moreover, 

fillers with different dimensions (0-D, 1-D, 2-D, and 3-D) can play important role in the 

properties of the composites. Specially, low dimensional (less than three dimensions) 

carbonaceous nano-fillers (the carbon allotropes) such as SWCNT (1-D), MWCNT (1-D), and 

graphene and its derivatives (2-D) have emerged in material research due to their extraordinary 

physical properties [4,15,17]. Till date, many researchers have demonstrated the influences of 

fillers on different properties such as, electrical [18–20], thermal [21–25], and mechanical  

properties [26,27] of polymer nanocomposites.  

In order to improve the effective electrical conductivity (>10 S/m) as well as to maintain 

light weight and corrosion resistance, carbonaceous fillers are employed into polymer 

matrix [28,29]. Till date, within the framework of classical percolation theory and/or the inter-

particle tunneling conduction, different polymer composites filled with different dimensional 

carbonaceous nano-fillers have been investigated to identify the responsible factors for improved 

electrical properties [9,30–33]. Miyasaka et al. [34] reported that electrical conductivity in the 

carbon-polymer composites enhances by almost 10 orders of magnitude at a critical 

concentration of fillers designated as the threshold concentration. For appropriate utilization of 

these novel materials in commercial applications, we need an in-depth understanding and 

predictive capability of the key structure–property relationships that govern the electrical 

properties of polymer nanocomposites. Although numerous studies have been taken on electrical 

properties of polymer composites filled with carbonaceous fillers over past two decades, there 

are many unresolved questions, especially the specific effect of filler properties and composite 

structure on the electrical properties of the system. As a consequence, well-defined systems are 

needed in order to investigate required theoretical and experimental studies on electrical 

properties. 

Thermal performance plays an important role for the applications such as thermal barrier 

coating, nuclear fuels, and thermoelectric energy conversion and it is also vital for some 

technologies where primary goal is non-thermal  [35]. In general, the many nano-devices require 

a sophisticated and controlled thermal transport as the nanoscale. Improved thermal stability [36] 

and thermal conductivity [11]
 
of the related nanohybrid materials are often attributed to the high 
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aspect ratio of the filler which facilitates its good dispersion  into the matrix via its good 

polymer/filler interactions. While the many physical properties of the polymer/carbonaceous 

nano-fillers composites have been extensively investigated, there is still room for further 

understanding of their thermal properties [13,37] and their ability to store thermal energy.  

So far most high-performance TE units are based on inorganics/ metalloids [38,39] or 

their composites  [40]. Since the discovery of TE properties of intrinsically conducting polymers 

(ICPs) such as polyanilines (PANI), polypyrroles (PPY), polythiophenes (PTH, PEDOT:PSS), 

ICPs or their derivatives are intensively investigated because they possess relatively low thermal 

conductivity, good electrical conductivity, air stability, light weight, easy preparation,  and much 

less costly in their production compared to their inorganic counterparts  [41,42]. Recently, it has 

been demonstrated that the introduction of low dimensional nanostructures in composites 

materials such as PANI/Bi2Te3 [43], and PEDOT:PSS/ Ca3Co4O9 [44] has significantly improved 

TE characteristics due to inter-component junctions, thereby leading to phonon scattering and 

hopping of charge carriers [45,46]. In addition, the use of carbonaceous nanomaterials like 

carbon nanotubes (CNT) or graphene in polymer-based TE composites have attracted much 

attention due to their exceptional electrical, thermal and mechanical characteristics  [47]. In 

particular, it has been recently demonstrated that the change in nanotube characteristics (single or 

multiple-walled carbon nanotubes, oxidized or un-oxidized) allows a better tuning of the TE 

properties in PANI/CNT composites  [7].  

We report herein a detailed investigation of the electrical and thermal properties of three 

series of PANI/SWCNT, PANI/MWCNT, and PANI/RGO nanocomposites which are 

synthesized by in situ polymerization as a function of nano-fillers content ranging from 0-21 wt-

%. More specifically, SEM, TEM, XRD, and Raman spectroscopy are employed to investigate 

the morphology and structural properties of the prepared samples. Electrical ( and thermal (k) 

conductivities of the composites are characterized by four probes method and laser flash, and 

DSC techniques respectively. In order to investigate the transport mechanism in these 

composites, the physical models are used with experimental data. In addition, Seebeck 

coefficients (S) of these composites are also determined by using a homemade setup. The 

combination of k, and S allows to optimize the thermoelectric performance or figure of merit 
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(ZT) of these composites. To make an idea on dimensionality effect of the fillers in these 

proposed properties, a comparative study (1-D filler/ 2-D filler) is discussed in this thesis.   

In addition, others properties of same series of PANI/RGO nanocomposites are discussed 

here. We make use of a photothermal radiometry (PTR) technique to modulate the frequency of a 

laser beam so as to photothermally excite the composites and detect the subsequent thermal 

responses emitted from the surface of the materials. The results obtained are analyzed as a 

function of RGO loading which provide various dynamic thermal parameters such as thermal 

diffusivity (α) and thermal effusivity (e) from which the thermal conductivity (k) is obtained. 

Using the thermal diffusivity, thermal effusivity and the thermal conductivity, the volumetric 

heat capacity (ρC) is computed.  The heat storage factor (or heat absorption per unit area factor, 

Q (J/m
2
)) of these composites has been determined with a proposed analytical model which, we 

expect to be quite useful for assessing the Q values of other nanohybrid materials. 

Also, the data obtained with Broadband Dielectric Spectroscopy (BDS) are exploited to 

investigate the electrical and dielectric properties of the PANI/RGO composites with various 

RGO loadings. The obtained dielectric permittivity data are analyzed within the framework of 

Kohlrausch-William-Watts (KWW) model in order to correlate DC-conductivity along the 

network with capacitance phenomena resulting from electric charge trapping at interfaces. The 

effect of temperature on the charge relaxation mechanisms taking place at the polarized 

RGO/PANI interfaces which, unexpectedly, provided negative values for the corresponding 

relaxation energies is also discussed. In order to explain the negative sign of the relaxation 

energy, the Sillars dielectric theory of a heterogeneous medium are revisited for a material 

consisting of conducting platelets dispersed in a semi-insulating matrix.  

In this thesis, chapter 1 is focused on some informations of proposed materials such as 

thermoelectric materials, conducting polymers, carbonaceous nano-fillers, and carbonaceous 

based polymer nanocomposites. Chapter 2 relates to theoretical background. It includes the 

electrical, thermal, Seebeck coefficient, thermoelectric performance, and dielectric properties of 

the materials. In chapter 3, we highlight the experimental techniques. We discuss about material 

synthesis, SEM, TEM, Raman spectroscopy, X-ray diffraction, 4-probe method, Seebeck 

coefficient measurement, laser flash method, DSC, photothermal radiometry (PTR), and 
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broadband dielectric spectroscopy. Chapter 4 is devoted to experimental results on 

PANI/SWCNT, PANI/MWCNT, PANI/RGO nanocomposites. More specifically, electrical, 

thermal properties of the studied materials are investigated. In this chapter, dielectric properties 

of the PANI/RGO nanocomposites are also discussed. Finally, in chapter 5, a comparison 

between 1-D and 2-D nano-fillers is developed and after that general conclusion is presented.   
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CHAPTER 1 MATERIALS 
 

 

Here, we present a discussion of the different materials which have been used in our 

study with a focus on their intrinsic properties. The knowledge of these intrinsic properties is 

important to address their utilizations in different application fields. In this section, a brief 

introduction on the properties of thermoelectric materials, conducting polymers, carbonaceous 

nano-fillers, and their nano-composites is presented. 

 

1.1. Thermolectric (TE) materials 
 

Waste heat can be converted to electricity by thermoelectric generators. But the development 

is hindered by the lack of cheap materials with good thermoelectric properties. In recent years, 

inorganic materials such as Bi2Te3, PbTe, GeTe and Sb2Te3, are still the main focus in TE 

research  [48–52]. Figure 4 shows the figure of merit of various inorganic materials as a function 

of temperature. 

Nevertheless, due to the scarcity and expensiveness of their raw materials, the toxicity of the 

elements and the difficulty of processing, the use of inorganic materials limits the practical 

application  [53–56]. 

 



20 

 

 

Figure 4. Figure of merit ZT of current state of the inorganic thermoelectric materials versus 

temperature. The dashed lines show the maximum ZT values for bulk state of the art materials, 

and the solid lines show recently reported ZT values, many of which were obtained in bulk 

nanostructured materials [40]. 

In order to overcome this problem, organic semiconductor can be alternative 

thermoelectric materials. More specifically, organic polymer TE materials can lead the 

thermoelectric research field due to their unique superiorities, for instance, low thermal 

conductivity,  low density, facile processing into versatile forms and adjustable molecular 

structures, etc.  [53–56]. Organic conducting polymers, such as polyaniline (PANI), poly (3,4- 

ethylenedioxythiophene) (PEDOT),  polythiophene (PTh), polypyrrole (PPy), polyacetylene 

(PA), polycarbazole (PC) and their derivatives, have exhibited enormous potential for the 

applications in TE field. In recent time, organic polymer TE materials have achieved significant 

progress. Although low thermal conductivity of the polymers makes better thermoelectric 

materials, low electrical conductivity confines the thermoelectric applications. So, to improve the 

electrical conductivity, inclusion of conducting nano-fillers into polymer matrix can play 

significant contribution which can improve ZT. Generally, combination of low thermal 
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conductivity of polymers and high electrical conductivity of nano-fillers can be promising 

thermoelectric materials. For example, carbon- based materials are shown to have improved 

electrical conductivity  [30]. Thus, a novel class of conducting polymer/carbonaceous TE 

composites has received increasing attention due to their extremely high electrical conductivities 

that can remarkably improve TE performance. 

 

1.2. Conducting polymers 
 

Conventional polymers such as plastics or rubbers are electrically insulating materials. 

However, in the past decades, newer types of synthetic polymers capable of conducting 

electricity have emerged. They are  divided into four major categories: (a) conductively-filled 

polymers made of conventional polymers, e.g. polyvinyl chloride or epoxy resin containing 

variable amounts of added metallic particles (b) ionically conducting polymers which are also 

composed of conventional polymers as the insulating matrix (e.g., polyethers) containing 

electrolytes such as lithium ions (c) charge transfer polymers which combine charge donors (e.g., 

fullerenes) and acceptors (e.g., tetracyanoquinodimethanes) and (d) intrinsically conducting 

polymers (ICPs), “synthetic metals” or “organic conducting polymers” such as doped 

polyanilines (PANI), polypyrroles (PPY), polyacetylenes and 3,4-polyethylenedioxy thiophenes 

(PEDOT). The discovery of free standing, highly conducting iodine-doped polyacetylene films 

in the 1970s has spurred extensive research and applications of a number of ICPs which 

eventually culminated in the award of a Nobel prize in chemistry (in the year of 2000) to A. J. 

Heeger, A. J. MacDiarmid and Shirakawa  [57]. In general, ICPs share a common and critical 

feature needed for conductivity, i.e., they contain conjugated repeating units as indicated by the 

presence of alternating double and single bonds (Figure 5).  The double bond contains the less 

strongly localized  bonds which are weaker than the strong localized chemical  bonds. 

Electrical conductivity is facilitated in the polymer chains because of the delocalization of 

electrons through the extended overlapping p-orbitals. It is to be pointed out that most organic 

conducting polymers do not have intrinsic charge carriers (i.e., they are insulating) and that the 

presence of conjugation is only a pre-requisite criterion for conductivity. 
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Figure 5. Chemical structures of some intrinsically conducting polymers. 

 

So, a doping process is required to introduce the needed charge carriers. Such a process 

often involves a redox reaction which could be achieved via partial oxidation (p-doping) of the 

polymer chains in the presence of electron acceptors (oxidizing agents) or partial reduction (n-

doping) with electron donors (reducing agents). However, some conducting polymers are 

discussed below.    

 

1.2.1. Polyacetylene 

 

Polyacetylene, a prototype ICP, is insulating and is made of long chains of alternating 

single and double carbon-carbon bonds in which each carbon holds one hydrogen atom. It can be 

rendered conducting either through oxidation (p-doping, e.g. with I2 or AsF5) or reduction (n-

doped; e.g. with metallic elements such as Na or K).  The latter process is shown below (Figure 

6).  
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Figure 6. A schematic description of the formation of polaron, bipolaron, and soliton pair on a 

polyacetylene chain by n-doping. At right: shaded and unshaded boxes represent the valence 

bands and conduction bands, respectively  [58].  

 

It can be seen that the addition of an electron from Na or K to the bottom of the 

conduction band of a polyacetylene chain leads to partially filled conduction band with the 

formation of a radical anion or polaron (Figure 6(b)). This process creates new energy states in 

the band gap. A polaron carries both spin (1/2) and charge (-1e). Addition of a second electron 

results in the formation of a spinless bipolaron obtained through dimerization of two polarons, 

which can lower the total energy (Figure 6(c)). In extended conjugated polymers the bipolarons 
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can further lower their energy by dissociating into two spinless solitons at one-half of the gap 

energy (Figure 6(d)).  

Conversely, the process of oxidative p-doping with e.g., I2 or AsF5 (not shown in the 

Figure 6), via the removal of an electron from the top energy level of a valence band will create a 

polaronic radical cation (spin ½ and +1e charge). The removal of another electron will lead to a 

spinless bipolaron which may reorganize into two spinless solitons in a polymer chain. 

 In general, the population of polarons, bipolarons, and/or solitons increases with higher 

doping levels, leading to new energy bands between and even overlapping the valence and 

conduction bands, through which electrons can flow upon application of an electrical potential.  

Figure 7 provides a simplified explanation of electrical conductivity taking place in a polymer 

chain matrix in which charged species, obtained from redox doping processes, that may migrate 

under the influence of an electric field. 

  

 

 

Figure 7. A simplified explanation of the electrical conductivity of conducting polymers. (a) The 

dopant removes or adds an electron from/to the polymer chain, creating a delocalized charge. (b) 

It is energetically favorable to localize this charge and surround it with a local distortion of the 

crystal lattice. (c) A charge surrounded by a distortion is known as a polaron (a radical ion 

associated with a lattice distortion. (d) The polaron can travel along the polymer chain, allowing 

it to conduct electricity  [59].  
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1.2.2. Poly (3,4-ethylenedioxythiophene) (PEDOT) 

 

Poly(3,4-ethylenedioxythiophene) (PEDOT) which is a polythiophene (PTh) derivative is 

another interesting conjugated and conducting polymer whose structures are shown in Figure 8 . 

It exhibits optical transparency in its conducting state, moderate band gap, high electrical 

conductivity (better conductivity and thermal stability than Polypyrroles), good chemical and 

environmental stabilities. PEDOT and its derivatives have been investigated and found 

applications in the areas of biosensing, neural electrodes, nerve grafts and heart muscle patches 

etc. A major disadvantage of PEDOT is its poor solubility in many solvents including water.  

However, it is possible to prepare an aqueous suspension of PEDOT by complexing it with large 

dopant counter anions such sodium polystyrene sulfonate (PSSNa) forming PEDOT:PSS Na 

(Figure 8). The aqueous suspension can be easily processed into, e.g., thin films [60] coated on 

glass or plastic substrates which can be used in e.g., LCD devices or solar cells [61].     

        

 

 
(a) (b) 

 

 

  Figure 8. The chemical structures of PEDOT: (a) dedoped ; (b) doped in the form of 

PEDOT:PSSNa.  
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1.2.3. Polyaniline (PANI) 
 

Polyaniline can be defined as a linear chain macromolecule consisting of para-coupled 

aniline [62,63]. Polyaniline (PANI) is the one of the most studied ICPs because of its ease of 

synthesis, high environmental stability, light weight and good electrical conductivity. Figure 9 

shows the basic chemical structure of PANI. PANI can exist in a variety of forms that differ in 

physical and chemical properties  [64–66]. PANI can be found in different oxidation states: the 

fully oxidized pernigraniline base (blue/violet [C6H4N]n), half-oxidized emeraldine base (green 

for the emeraldine salt, blue for the emeraldine base {[C6H4NH]2[C6H4N]2}n) and fully reduced 

leucoemeraldine base (white/grayish [C6H4NH]n). 

 

 

 

 

Figure 9. The basic structure of polyanilines. 

 

Of all known PANI, emeraldine is the most used form because it can be easily switched 

between its conductive and resistive states, via doping with an acid (e.g. HCl or H2SO4) and 

dedoping with a base (e.g. NaOH or NH3 (aq.). Figure 10 shows various forms of PANI 

emeraldine states: (a) the emeraldine base (blue) in its resistive state (EB), the conductive states 

(green): emeraldine salt (ES) (b) with separated polarons or (c) with bipolaron.  
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Figure 10. Various forms of PANI emeraldine state: (a) the resistive emeraldine base (EB), the 

conducting emeraldine salts (ES) (b) with separated polarons and (c) bipolarons.  

 

Moreover, the conducting state in PANI can also depend on the oxidation (loss of 

electron) and reduction (gain of electron). Since both processes take place at same time in the 

reaction medium, the terms (oxidation and reduction) are combined in one word which is defined 

as oxidoreduction or redox reaction. For example, in dedoped PANI (not protonated) which is 

nonconductive, there are 2 types of N-atoms. One is amine nitrogen and the other one is imine 

nitrogen (Shown in Figure 11(a)). During reaction the imine N-atoms transfer its electron 

negative charge to an electron acceptor (oxidizing agent) which is shown in Figure 11(b). As a 

consequence, the N turned into positive (+) charge and the PANI becomes conducting (shown in 

Figure 11(c)).  
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Figure 11. (a) Non conducting state of PANI. (b) charge transfer process in PANI during 

reaction, and (c) conducting state of PANI. 

 

So, in order to improve conducting properties of doped PANI, the conditions of 

preparation/dopant incorporation is of fundamental importance. Veluru Jagadeesh Babu  et al. 

 [67] reported that acid doped conducting polymers influence more on conducting properties in 

comparison with metal oxides. For example, HCl is considered as oxidizing agent here. The 

reaction process of PANI and HCl is shown in Figure 12(a). The proton or H
+
 accepts the 

electron from N resulting in conducting state of PANI or protonated PANI which is shown in 

Figure 12(b). 
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Figure 12. (a) The reaction process of PANI and HCl (b) conducting state of PANI after reaction 

with HCl. 

 

 

Furthermore, the most common green emeraldine PANI exhibits conductivity on a 

semiconductor level of the order of 1 S/cm which is many orders of magnitude higher than that 

of common polymers (<10
–9

 S/cm) but lower than that of typical metals (>10
4 

S/cm). Also 

protonated PANI, (e.g., PANI hydrochloride) can be converted into a non-conducting blue 

emeraldine base by using ammonium [66] which is shown in Figure 13. 
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Figure 13. Polyaniline (emeraldine) salt is deprotonated in the alkaline medium to polyaniline 

(emeraldine) base. A
– 

is an arbitrary anion, e.g., chloride  [68].  

 

However, the reaction conditions can affect the effective conductivity of PANI  [68]. The 

different reaction temperature, reaction volume, and reaction pressure provides different values 

of the conductivity of PANI. There are also additional factors which can influence the 

conductivity of PANI such as palletization effect, temperature during conductivity 

measurements, and storage etc. 

The acid or base induced properties of PANI make it very attractive for many applications 

in the areas of chemical vapor sensors, actuators, supercapacitors, electrochromics, antistatic 

coatings, electromagnetic shielding and flexible electrodes. In addition, PANI has also been 

applied in biology as biosensors, neural probes, controlled drug delivery and tissue engineering 

applications. The establishment of the physical properties of PANI reflecting the conditions of 

preparation is thus of fundamental importance. 

 

https://en.wikipedia.org/wiki/Actuators
https://en.wikipedia.org/wiki/Supercapacitors
https://en.wikipedia.org/wiki/Electrochromics
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1.3. Carbonaceous nano-fillers 
 

A nano-filler is defined as a material confined in one, two or three dimensions at 

nanoscale (1-100 nm). Many nanotechnology applications are based on novel as well as 

conventional materials deliberately engineered to be nanostructured for which the term ‘nano-

filler’ is now frequently used. Some nano-fillers exhibit additional features and/or properties as 

compared to coarser materials with similar chemical composition. These nano-fillers are now 

used in a wide range of innovative technological applications and products. There are different 

types of nano-fillers whose names stem from their individual shapes and dimensions. These 

include nanoparticle, nanofibers and nanoplates. Nanoparticles are the materials in which all 

three dimensions are within the nanoscale. However, nanofibers have a diameter in the nanoscale 

but can be several hundred nanometers long or even longer. Further, nanofibres are divided into 

nanotubes (hollow nanofibres), nanorods (solid nanofibres) and nanowires (solid or hollow 

electrically conducting or semiconducting nanofibres). Nanoplates are the nano-fillers with one 

external dimension at nanoscale and the two others external dimensions are usually significantly 

larger.  

Carbonaceous nano-filler is an important family of sp
2
 bonded graphitic carbons 

nanomaterials.  In the past two decades, zero-dimensional (fullerenes and their derivatives), one-

dimensional (carbon nanotubes), and two-dimensional (graphene and their derivatives) 

carbonaceous nano-fillers (Figure 14) have attracted significant attention from the scientific 

community.  This is due to their unique electronic, optical, thermal, mechanical, and chemical 

properties which are strongly dependent on their atomic structures and interactions with other 

materials. These nano-fillers are experiencing renewed interests as they are the basis of 

numerous applications which include but are not limited to electronic, optoelectronic, 

photovoltaic, and sensing devices. 
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Figure 14. Carbonaceous nanomaterials with different dimensions [69].  

 

1.3.1.  1-D carbonaceous nano-fillers 
 

As a 1-D carbonaceous nano-filler, carbon nanotubes (CNTs) were first discovered in 

1991 by Iijima  [70]. These nanomaterials have structures with diameters varying from fractions 

of a nanometer to several dozen nanometers and length ranging from one micron to several 

hundred microns or more. CNTs may exist in two forms: single wall carbon nanotubes 

(SWCNT) and multi wall carbon nanotubes (MWCNT) as shown in Figure 15. 

 

 

 

Figure 15. Different structural types of carbon nanotubes  [71]. 
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They exhibit unique electromagnetic, optical and mechanical properties. For example a) 

the current density in metallic nanotubes may be several orders greater than in conventional 

metals and b) they possess high electric and thermal conductivity along the tube axis while in the 

lateral directions they act as insulators. A number of one dimensional CNTs applications have 

been reported. They are also used in mechanically enhanced composites, energy and hydrogen 

storage devices, field emission displays and high performance semiconductor components and 

interconnects [70]. In addition, CNTs can be used for organic diodes and field effect transistors, 

needles in scanning tunneling and atomic force microscopy and the development 

of semiconductor heterostructures. 

                                             

 

1.3.1.1 Single wall carbon nanotubes (SWCNT)- structure and properties 

 

SWCNT nano-fillers are allotropes of carbon with a cylindrical structure which is 

consider as a “rolled-up” form of another carbon allotrope called graphene. They consist of sp
2
- 

hybridized bonds and have a very high aspect ratio. Structurally SWCNT nano-fillers are 

characterized by the chiral vector 𝐶ℎ⃗⃗ ⃗⃗  = 𝑛𝑎1⃗⃗⃗⃗ + 𝑚𝑎2⃗⃗⃗⃗ = (𝑛,𝑚), which links pairs of atoms that 

coincide upon this imaginary process of wrapping, where n and m (n ≥ m) denote the number of 

unit vectors along two directions in the honeycomb crystal lattice of graphene sheet at a given 

carbon atom (Figure 16). The different values of n and m give the tubes totally different 

properties such as nanotubes with n–m divisible by 3 are metallic (or narrow-gap 

semiconductors) while the rest of the nanotubes are semiconductors, although their band gap 

approaches zero with increasing diameters. Further, there are “zigzag” nanotubes, also known as 

(n, 0) nanotubes and “armchair” (n, n) nanotubes. These two classes of nanotubes are optically 

inactive while all other nanotubes are chiral. The values of n and m uniquely define the diameter 

and band structure of SWCNT. The diameter (dSWCNT) of an individual SWCNT in nanometer is 

determined as  [72]: 

dSWCNT = 
0.246

𝜋
  ( √𝑛2 + 𝑛𝑚 + 𝑚2  1 

http://eng.thesaurus.rusnano.com/wiki/article1809
http://eng.thesaurus.rusnano.com/wiki/article1691
http://eng.thesaurus.rusnano.com/wiki/article535
http://eng.thesaurus.rusnano.com/wiki/article719
http://eng.thesaurus.rusnano.com/wiki/article1553
http://eng.thesaurus.rusnano.com/wiki/article1953
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Among the CNTs, SWCNT possess the most interesting combination of physical 

properties. They have been used for various purposes, e.g., photovoltaic devices, 

nanoelectronics, molecular sensors and anti-cancer agents. 

 

 

 

Figure 16. Structures of single-walled carbon nanotubes  [73]. 

 

1.3.1.2 Multi wall carbon nanotubes (MWCNT)- structure and properties 

 

Besides SWCNT, multi wall carbon nanotubes (MWCNT) which consist of multiple 

layers of graphenes rolled up resulting in a cylindrical shape structure are also presented as one-

dimensional nano-fillers.  This structure can be viewed as a collection of concentric SWCNT 
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with different diameters, lengths and properties (Figure 17). The distance between each layer is 

approximately 0.34 nm, slightly larger than the interlayer distance of graphite sheets and the 

layers are coupled to each other through van der Waals forces  [74,75]. The properties of 

MWCNT resemble those of SWCNT to some extent in that they have high chemical stability, 

high electrical conductivity, high mechanical properties and a high aspect ratio with lengths 

typically more than 100 times the diameter, and in certain cases much higher. They have 

excellent tensile strength and thermal stability (more than 600 °C) depending on the level of 

defects and the degree of purity. Much like their SWCNTs counterparts, MWCNTs find 

applications in many areas, e. g. as chemical sensors, or components in reinforced structural 

composites (aerospace, sporting goods), in energy applications such as lithium ion batteries  [76]. 

 

 

Figure 17. Multi-walled carbon nanotubes [77]. 
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1.3.2. 2-D Carbonaceous nano-objects 
 

Two dimensional (2-D) carbonaceous nano-fillers (Figure 18) have been the subject of 

intensive research in recent years since the successful isolation of individual graphene sheets by 

micromechanical cleavage of highly oriented pyrolytic graphite (HOPG). While one of the 

dimensions of these nano-fillers is in nanoscale, the others may be significantly larger. Members 

of these 2-D carbon allotropes may be produced or isolated in the form of graphene sheets, 

graphene nanoplates, graphene oxide nanoplates, reduced graphene oxide sheets. Out of these, 

reduced graphene oxide (RGO) is discussed below. 

 

 

Figure 18. The structure of two dimensional (2-D) carbonaceous nano-fillers. 

Across the globe, researchers are looking for ways to understand the properties of 

graphene sheets whose thickness is that of one carbon atom. Attempt to access relatively pure 

graphene sheets can be achieved by reduction of graphene oxide (GO) either chemically, 

thermally or electrochemically (Figure 19)  [78].  
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Figure 19. The chemical structure of reduced graphene oxide [79]. 

Though numerous efforts have been made to produce RGO [80], the reduction process is 

extremely sensitive and has a large impact on the quality of the RGO produced, and therefore 

determine how close RGO will come, in terms of structure, to pristine graphene [81]. The 

presence of residual functional groups and defects dramatically alter the structure of the carbon 

plane, therefore, it is not appropriate to refer the as-prepared materials to “RGO”s. The structure 

of RGO is usually described by the presence of nanometric sp
2
 graphitic islands separated by 

regions of oxidized graphene in which the tendency of oxygen to agglomerate into highly 

oxidized domains surrounded by areas of pristine graphene. This feature has been recently 

demonstrated by first principle approximation and statistical calculations  [82]. Because the 

physical properties of RGO depend on the degree of reduction, they show both insulating and 

conducting characters, depending on the percentage of oxygen left on the graphene sheet. It has 

been recently reported that electrochemically produced RGO exhibits a very high carbon to 

oxygen ratio and excellent electronic conductivity (8500 S/m) higher than that of silver 6300 S/m 

 [81]. RGO also has a high surface area, close to that of pristine graphene. Even in large scale 

operations where large quantities of graphenes are needed for industrial applications, RGO is 

most likely the desired substitute for pristine graphene, due to the relative ease for the 

preparation of sufficient quantities of relatively pure RGO with the desired quality levels. RGO 

is expected to be exploited in e.g., supercapacitors for energy storage, electrodes in Li-ion 

batteries or transparent electrodes in solar cells, photoluminescence applications  [83–85]. 
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1.4. Polymer nanocomposites  
 

Polymer nanocomposites are generally defined as hybrid materials arising from the 

combination of a polymer matrix and fillers with at least one of its dimensions in the nanoscale 

range. The structure of the fillers can be three dimensional (such as spherical nanoparticles), two 

dimensional (which include layered like structures) or one dimensional (examples include 

nanotubes and nanofibers). Often, these nano-fillers are incorporated into the matrix so as to 

enhance the overall properties of the composites.  The polymer matrix and fillers may be bonded 

to each other by weak intermolecular forces, while chemical bondings are rarely involved. But, if 

the fillers are well dispersed at the nanoscale and connected with the matrix by chemical 

bondings, then significant improvements of the overall characteristics are achieved or 

unexpected new properties might be realized  [86]. 

Owing to the large surface area of nano-fillers (compared to their micro and macro 

counterparts), polymer nanocomposites have attracted much interest in science and technological 

fields since the past few decades. The presence of small amounts of nano-fillers embedded into 

the nanocomposite gives outstanding overall properties such as mechanical strength, barrier 

resistance, flame retardancy, water resistance, optical, magnetic and electrical properties  [86–

89]. These different properties of polymer nanocomposites will determine the application to 

which it is appropriate.  

Carbonaceous nano-filler-based polymer nanocomposites have increasingly attracted 

much attention over the last few years and scientists set them apart in their own class due to their 

distinct properties. In order to overcome the limitation of many properties of the host polymers 

e.g., electrical conductivity and thermal conductivity, carbonaceous nano-fillers such as carbon 

black, SWCNT, MWCNT, graphene, graphene oxide and reduced graphene oxide are added into 

the host to produce enhanced properties of the resulting nanocomposites. For example, filler 

loadings play an important role in 2-D or 3D percolation behavior of electrical and thermal 

properties [18,90]. Further, interfaces between filler and host control the charge trapping or 

phonon scattering in the systems [91,92].   
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On the basis of different applications, carbonaceous nano-objects could be used in 

conjunction with various conducting polymers (PPy, PANI and PEDOT etc.) to make the final 

products.  The present study focuses on carbonaceous nano-fillers based PANI nanocomposites 

such as: 

1. SWCNT-based PANI nanocomposites (PANI/SWCNT). 

2. MWCNT-based PANI nanocomposites (PANI/MWCNT). 

3. RGO-based PANI nanocomposites (PANI/RGO). 

 

1.4.1. SWCNT-based PANI nanocomposites  
 

PANI/SWCNT nanocomposites are prepared through several methods described in the 

literature  [7,93–97]. For example, W.K. Msser et al. [98] synthesized PANI/SWCNT 

composites by using “in situ” polymerization process using SWCNT in concentrations ranging 

from 2 to 50 weight percentage (wt-%)  and showed that SWCNT favors the formation of 

inhomogeneous mixtures rather than of a homogeneous composite materials, independent of the 

SWNT concentration. Nakamatsu et al. (2007) [99] described a unique fabrication technique to 

control the electrical conductivity of PANI/SWCNT composite by a conventional rubbing 

technique. A combination of outstanding properties of SWCNT and those of intrinsically 

conducting polymer (PANI) allows the fabrication of  hybrid devices whose properties find wide 

applicability in various fields such as sensing, energy harvesting and storage, electromagnetic 

interference shielding, and so on [7,93–95]. Naturally, such hybrid properties critically depend 

on the PANI−SWCNT interfacial physicochemical and electronic interactions (Figure 20). In 

particular, a strong coupling between SWCNT and PANI through π-π-interaction enhances a set 

of practically important properties of the nanocomposites such as thermal stability, conductivity, 

and processability [7,100–102]. Another important characteristic of the PANI/SWCNT 

composites is the nanoscopic dimension of their components. This dimensionality suggests that 

the materials can potentially show size-dependent effects and a singularity or nonlinearity in 

their structure−property relationships [102]. In the present work, core-shell SWCNT-PANI 

nanocomposites are synthesized via an in-situ polymerization process and their physical 

properties are exploited in thermoelectric and storage materials. 
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Figure 20. Schematic representation of π-π interactions between fully protonated PANI chains 

with the basal walls of un-oxidised carbon nanotubes  [7]. 

 

 

1.4.2. MWCNT-based PANI nanocomposites 
 

Much like PANI/SWCNT, reports on the preparation, properties and applications of 

PANI/MWCNT are found in the literature  [7,103–105]. For example, MWCNT/poly(o-

anisidine) composite degrades at higher temperature than poly(o-anisidine) alone [106]. The 

room temperature resistivity of PANI films containing 10% MWCNT decreases by one order of 

magnitude compared to that of neat PANI [107].  Murielle Cochet at al. [108] showed that the 

synthesis of PANI/MWCNT by an in-situ process leads to effective site-selective interactions 

between the quinoid ring of the PANI and the MWNTs facilitating charge-transfer processes 

between the two components. PANI/MWCNT nanocomposites had been used for microwave 

absorption and EMI shielding  [109]. Other applications of PANI/MWCNT composites are 

found in, e.g., fuel cells, sensors, transistors, actuators photovoltaic cells showing the promising 

use of these nanostructured hybrid materials  [109].  
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Furthermore, It is shown that the strong interfacial interaction of MWCNT with the PANI 

through π-π interaction significantly contributes to produce core-shell MWCNT-PANI 

nanocomposites [7,108,110]. Generally, MWCNT based nanocomposites show different 

behavior in structural order, oxidation state, imperfection of the molecular structure, and 

thermostability, from the neat PANI. The enhancing influence of the PANI shell on practical 

properties of the synthesized powder nanocomposites is illustrated by the example of the sharp 

growth of thermostability of the nanocomposites and the remarkable reduction of the response 

time for gaseous ammonia sensors  [111]. Despite these reports, there is still a lack of 

understanding of some of the principles and mechanism paths that control the overall 

characteristics. In this work, we have tried to shed some light on the influence of MWCNT 

loadings in enhancing the characteristics of the composites via synergistic effects of the 

MWCNT and PANI. The composite data are also compared separately to those of the pristine 

MWNT and neat PANI (synthesized under the same conditions).  

 

 

1.4.3. RGO-based PANI nanocomposites 
 

Although SWCNT and MWCNT polymer nanocomposites hold excellent properties for 

many applications, these can be restricted because they can be commercially expensive. To 

overcome this problem, researchers are finding new carbonaceous nano-object – based polymer 

nanocomposites such as graphene and its derivative based polymer nanocomposites, e.g., RGO 

based PANI nanocomposites may be the alternative materials. The choice of RGO stems partly 

from their strong electrochemical activity, satisfactory electrochemical stability and advantage of 

production in large quantities via chemical reduction of GO colloidal dispersion [112]. So far, 

there are two ways to produce RGO based PANI nanocomposites. One method is in situ growth 

involving the polymerization of PANI on graphene sheets, and the other is to polymerize anilines 

on graphene sheets by electrochemical synthesis  [112]. Despite the availability of these recent 

methods, additional theoretical research and applied research are still being conducted in hope to 

better understand the combined role played by RGO and PANI in the nanocomposites. For 

example, it has recently been found that electrical transport properties of (modified) reduced 

graphene-filled PANI nanocomposites invariably exhibit an increasing non-linear trend as a 
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function of the filler whose quite low % is often sufficient to induce electrical percolation 

 [113,114]. In addition, RGO based nanocomposites have turned out to be able to enhance the 

thermal conductivity, mechanical strength of the nanocomposites  [115–117]. Other applications 

are found in the areas of thermal management equipments, reinforced mechanical systems, EMI 

shielding devices, supercapacitors or memory devices for portable electronics [112,118–122]. In 

this work, we focus on the influence of the loadings of RGO and their interfacial interactions 

with PANI in tuning the overall properties of the resulting nanocomposites and their potential 

use as thermoelectric and energy storage materials. 
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CHAPTER 2 THEORITICAL BACKGROUND 

2.1. Introduction 

Fillers-based polymer nanocomposites are usually called random heterogeneous materials 

(RHM) owing to the position and composition disorder of their constituents that characterize 

them  [123]. One type of RHM makes use of polymers that contain various dimensional nano-

fillers: zero-dimensional (0-D), one-dimensional (1-D) and two-dimensional (2-D). The behavior 

of these systems relies on the combination of physical properties of filler and host material. 

These hybrid properties are controlled through some crucial parameters such as the interactions 

between filler and host, the quality of the filler dispersion or interfacial space of the 

nanocomposites. Nevertheless, intense theoretical and applied researches are still being 

conducted in hope to pinpoint the influences and better understand the roles played by both 

components of the composites at nanoscale level. In this chapter, we present briefly a theoretical 

overview on some of the properties of the nanocomposites that govern or dictate their 

applications. 

2.2. Electrical properties 

2.2.1. Background 

The Electrical properties of a material determine ability of material to be suitable for the 

flow of electric current. In order to study the electrical properties of the material, electrical 

conductivity (σ) and electrical resistivity (ρ) are used. The electrical conductivity measures a 

material's ability to conduct an electric current. The SI unit of the electrical conductivity is 

Siemens per meter (S/m). And the electrical resistivity (ρ) is the reciprocal of electrical 

conductivity. 
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Electrical conductivity of the polymer composites reinforced with conducting nano-fillers 

shows great technological importance. Generally, conducting polymers have very low electrical 

conductivity which cannot meet the requirements for many applications. For a practical 

standpoint, efforts to improve the electrical properties of conducting polymer nanocomposites 

have sustained continued challenges in the area of theoretical and applied sciences. Figure 21 

displays a schematic diagram of electrical characteristics of materials ranging from insulating to 

the typical metallic conductors. To achieve high electrical conductivity, proper selection of the 

polymer matrix materials and conducting nano-fillers are very important. The incorporation of 

conducting nano-fillers into matrix can improve the electrical conductivity of the composites 

significantly. The effective electrical conductivity of polymer composites can increase by several 

orders of magnitude. But the effective electrical conductivity can be affected by several factors 

such as the aspect ratio and type of fillers, functionalization and dispersion of fillers, as well as 

the conditions of the material processing.   

 

 
 

Figure 21. Schematic diagram of conductivity range of conducting polymers and carbon 

materials. 
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2.2.2. Conduction mechanism 
 

In general, the conductive composites are two-phase system with quasi insulating phase 

(polymer matrix) and conductive phase (nano-fillers). The understanding of the conduction 

mechanisms that control the electrical conductivity of matrix and nano-fillers helps the material 

research for future potential applications.  

As pointed out in Chapter 1, the key structural feature for conducting polymers is their 

extensive conjugation. In the absence of charged species, they are essentially insulators. So, to 

make the materials conducting a doping process is needed which produces, e.g., polaronic 

species with conduction proceeding via variable range hopping (VRH) of the polarons. 

Generally, the conductivity and charge mobility of doped materials are low and the bandgap of 

the systems is approximately 1.5-2.5 eV. The conduction mechanisms of polyaniline doped with 

oxidizing agent have been described in Chapter 1 (section 1.2.3). However, in some cases (e.g. 

polyacetylenes) the doping with oxidizing agents such as iodine can make the systems extremely 

reactive with oxygen  [124]. Consequently, the polymers become more unstable. So selection of 

materials for the doping process could be challenging. 

 However, this drawback can be circumvented with the use of carbonaceous materials which 

act as the conducting inclusions and interact with matrix through Van Der Walls attractions 

resulting in  no decrease in the stability of the composites  [90]. Carbonaceous materials may be 

metallic or semiconductor, but sometimes in bulk form, these materials can behave as pseudo 

metals with conductivity of approximately 10
5
 S/m. Generally, in the semiconducting 

carbonaceous materials, electrons and holes can be represented as the charge carriers which are 

responsible for the electrical conductivity of the materials. The carriers may be scattered strongly 

by the disordered structures. As a result, the mean free path may sometimes be in the order of the 

scale of the disorder. So, carbonaceous fillers with different forms exhibit different electrical 

conductivity because of different conduction mechanism. 

From electrical conduction point of view, SWCNT is represented as quasi one-dimensional 

electronic system  [125–127]. SWCNT can be either semiconducting or metallic by changing 

their spiral structure and diameter [127]. However, the basic electrical properties of the tubes are 
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controlled through conduction mechanisms in SWCNT. Although many efforts have been done 

to understand the charge transport mechanism in SWCNT, It is still not fully understood. Fischer 

et al. [128] reported that SWCNT crystalline ropes exhibit metallic resistivity. Also variable 

range hopping (VRH) conduction mechanisms can be observed in SWCNT  [129–131]. SWCNT 

can show different dimensional VRH. Y. Yosida et al.  [129] reported that three-dimensional 

VRH (3D VRH) conduction can be observed in SWCNT, and that the effect of the Coulomb gap 

is negligible. And Z.K. Tang et al. reported that one-dimensional VRH (1D VRH) can be 

observed in SWCNT aligned in 1 nm sized channels of zeolite crystals  [130]. In general, 1D 

VRH is expected in SWCNT because of their quasi-1D structure.  

 Like SWCNT, MWCNT behaves one-dimensional electronic system. Also MWCNT shows 

almost same conduction mechanism like SWCNT. But their conduction level is different from 

SWCNT.  As a consequence, both show different electrical conductivity because aspect ratio, 

diameter of tubes, and length of the tubes affect the overall electrical conductivity.  

Also, reduced graphene oxides exhibit two-dimensional electronic systems which favor 2-D 

conduction mechanism. At room temperature, conduction mechanism of reduced graphene oxide 

is dominated by two-dimensional (2D) electric field-assisted, thermally-driven variable-range 

hopping (VRH) through highly disordered regions  [132]. Joung et al.  [133] reported that at low 

temperature electron transport of chemically reduced graphene oxide (RGO) sheets with 

different carbon sp
2
 fractions of 55 to 80 % follow Efros-Shklovskii variable range hopping (ES-

VRH) in in the low bias (Ohmic) regime. At high temperature above 1000°C, the electrical 

conduction mechanism of the reduced graphene oxide thin-films synthesized from defective 

graphene oxide shows a band-like transport with small thermal activation energy (Ea~10 meV) 

that occurs during high carrier mobility (~210 cm
2
/Vs) [134]. origin of the band-like transport 

can be interpreted by the charge carriers, which are more easily excited into the conduction band 

due to the decreasing energy gap with the expansion of the conjugated π-electron system in the 

reduced graphene oxides  [134].  
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2.2.3. Electrical conductivity models  
 

Past studies show that depending on the concentration of conducting fillers, the electrical 

conductivity of the composites can be tailored over many order of magnitude. The activity can be 

performed for any polymers by using traditional doping resulting in charge carriers. The 

electrical conductivity of the composites can also vary substantially depending on molecular 

weight, distributions, defect concentration and purity of both the filler and polymer. To 

understand the changing of electrical conductivity value, several electrical conductivity models 

are used. The accurate models simplify the behavior of the materials. Here, few important 

models are described for filler volume fraction dependent and temperature dependent electrical 

conductivity.  

 

2.2.3.1 Filler volume fraction dependent electrical conductivity 

  

The effective electrical conductivity of the composites depends on the conductivity of matrix 

and the conductivity of fillers. Thus, the electrical conductivity of polymer composites can be 

changed as function of filler concentration. So, the electrical conductivity of the composites is 

characterized by its dependence on volume fraction.  The behavior of electrical conductivity as a 

function of filler volume fraction can be interpreted by using mixing rule which is the simplest 

models as well as the first step. In general, there are two models. One is One “parallel model” 

(upper bound) and another one is ”series model”. The parallel model considers that overall 

property is in the direction parallel to the filler. The model is expressed as below: 

 

 

σ = σfiller . filler + σmatrix . matrix  2 

 

 

where σ, σfiller, σmatrix, Φfiller  and Φmatrix are  the electrical conductivity of the composites,  the 

electrical conductivity of the filler, the electrical conductivity of the matrix, the volume fraction 

of the filler and the volume fraction of matrix, respectively. Here, each phase contributes to the 
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overall conductivity. The series model corresponds that the overall property is in the direction 

perpendicular to the filler. This model is expressed as:  

 

 

1

𝜎
 =   

Φfiller

σfiller
 +  

Φmatrix

σ matrix
  3 

 

 

In addition, at low filler concentration the electrical conductivity is increased by several 

orders of magnitude and a quasi-insulator-conductor transition is achieved upon incorporation of 

the conducting fillers into the matrix. Generally, when filler concentration in the composites is 

increased, the fillers begin to contact to each other and a continuous path is formed through the 

volume of the sample for charge carriers to travel. This mechanism can be explained with the 

percolation theory [135,136] which is based on statistical, geometrical, thermodynamics, 

structure-oriented or fractal percolation models.  

The beginning of percolation theory is attributed to Hammersley and Broadbent in 1957 

 [137]. The percolation concept is frequently used to describe the movement of fluid flow in 

porous medium. There are few examples: the passage of water through soil, and the movement 

of water through coffee beans and filters. Also the percolation theory explains the transition from 

non-connected to connected state in a randomly disordered system which consists of two 

different phases. The percolation is a statistical concept in which a connected network formed by 

particles is presented. The study provides the information about the percolation threshold that 

results in an abrupt change of properties of the observed medium. This phenomenon is studied 

for composite materials in which conductive fillers are dispersed in an insulating matrix. More 

specially, the percolation threshold represents the transition from poorly conductive state to 

highly conductive state. Here, a continues network which allows to move the charge carriers 

across the materials, is built with the inclusion of conductive fillers (Figure 22). 
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Figure 22(a)–(d). The schematic representation of different types continues conductive 

percolation network in composites. 

 

The physical properties could be understood by investigating the geometrical structure of 

the percolation network. In these models, a sharp increase of the conductivity is observed with 

the sufficient fillers which introduce a conductive network also called “infinite cluster”  [123]. 

The variation in electrical conductivity of the composites can be analyzed by the scaling law of 

percolation theory: 

 

 

σ  ∝ (filler - c)t  4 

 

 

where σ (S/m) is the electrical conductivity of the composites, filler is the volume fraction of 

fillers, c is the volume  percolation concentration or percolation threshold, and t is a critical 

exponent. The percolation threshold could be influenced by many parameters such as 

filler/matrix interaction, aspect ratio of fillers, filler shape or filler distribution. The low value of 

volume percolation concentration could be attributed to the fractal structure of the conducting 

network.  But, the percolation behavior of the composites is not always explained by this scaling 

law.  
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2.2.3.2 Temperature dependent electrical conductivity: 

 

In addition, the investigation of electrical conductivity of the composites as a function of 

temperature (T) is also important for a practical standpoint and in order to understand the 

conduction mechanism. If conduction proceeds by hopping process, the thermally activated 

electrical conductivity of the materials can be analyzed by the Arrhenius equation: 

 

σ(T)=σ0 exp( -Ea/KBT)  5 

 

where σ0 is a constant, KB is the Boltzmann constant, and Ea (eV) is the activation energy for 

hopping conduction. This model is also known as the nearest-neighbor-hopping (NNH) 

conduction in which, hopping conduction always occurs through the neighboring sites, and the 

hopping range and activation energy do not depend on temperature. In this model, the natural 

logarithm of conductivity changes linearly with inverse temperature. The temperature 

dependence of electrical conductivity also could be explaind by Mott (variable-range hopping) 

which is a model describing low-temperature conduction in strongly disordered systems 

with localized charge-carrier states  [138]:  

 

σ(T)=σ0 exp [-(T0/T)
1 /(z+1)

 ]  6 

 

where T0 is the Mott temperature and in general z represents the dimension of conduction 

process. For the homogenous polymer composites, the evolution of logσ with inverse 

temperature gives not only linear relationship but at times could be a non-linear behavior in 

which case the latter phenomenon could be  analyzed by the Vogel-Tamman-Fulcher (VTF) 

equation  [139,140]: 

https://en.wikipedia.org/wiki/Nevill_Francis_Mott
https://en.wikipedia.org/wiki/Electrical_conduction
https://en.wikipedia.org/wiki/Anderson_localization
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σ(T)= σ1 exp [− 
𝐸𝑎

𝐾𝐵 (𝑇−𝑇1)
 ]   7 

 

where σ1 is the conductivity associated with the number of charge carriers in the system and 𝑇1  

is the Vogel temperature. In VTF behavior, the migration of charged carriers depends on  

amorphous region of the system  [139,140].  

Moreover, the polymer layer coated nnao-filler surface induces highest resistance region in 

the conductivity network. This polymer layer plays an important role in conduction mechanism. 

Because, it acts a potential barrier to eeficient charge transport between conducting nano-fillers. 

In order to expalin this charge transport mechanisim, Sheng et al.  [141] proposed a model 

wchich is based on fluctionation-induced tunneling through potetial barriers of varying hight due 

to local temperature fluctuations. The model is expressed as: 

 

σ(T)  exp [− 
𝑇𝑠1

 (𝑇+𝑇𝑠0)
 ] 8 

 

where Ts1 is realted to the energy required for acharge to overcome the gap between conducting 

nano-fillers aggregate and Ts0 is temperature above which thermal fluctions are significant. The 

physical meaning of Ts0, and the effect of voltage fluctuations on the tunnel barrier are made 

more transparent by the closed form of Equation 8  [142]. It can be viewed that at T <<Ts0, the 

equation 8 is represented for simple tunneling. Thus, simple elastic tunneling is just a special 

case of fluctuation-induced tunneling. But at T >>Ts0, the equation 8 is represented for hoping. 
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2.3. Thermal properties 
 

This section is concerned with the thermal properties of carbonaceous based conducting 

polymer nanocomposites. The thermal properties of the composites find numerous application in 

the aerospace, electronics, and energy storage industries. The thermal properties of the materials 

depend on the flux of thermal energy or the energy transmitted across unit area per unit time. 

Generally thermal energy transfer is a random process in which the energy does not simply enter 

one end of the system and proceed directly in a straight path to the other end, but diffuses 

through the system, suffering frequent collisions [143]. In order to describe the thermal 

properties of materials, there are many important thermophysical parmeters which are considered 

in the context of heat transfer. These are heat capacity, thermal diffusivity, thermal effusivity, 

and thermal conductivity, which are presented here.  

 

2.3.1. Heat capacity (C) 
 

The heat capacity (C) of a material is defined as the amount of heat required to change 

its temperature by one unite of temperature. The SI unit of C is J.m
-3

.K
-1

. The heat capacity is 

associated with the energy consumption in the heating processes. 

 

2.3.2. Thermal diffusivity () and thermal effusivity (e) 
 

Thermal diffusivity is a crucial parameter for thermal management because it reflects the 

ability of the subsurface of a material to transfer thermal energy away from the surface being 

exposed to a heat source. Thermal diffusivity is defined as the speed of heat propagation by 

conduction during changes of temperature. The SI unit of thermal diffusivity is m
2
/s. In general, 

a higher thermal diffusivity makes the heat propagation faster. Also the thermal diffusivity can 

be defined as the ratio of the time derivative of temperature to its curvature. That expression is 

described by using the heat equation: 

http://scienceworld.wolfram.com/physics/Heat.html
http://scienceworld.wolfram.com/physics/Temperature.html
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T

t
 =  

2 
T 9 

 

Where,  is the Laplace operator, T (x,y,z,t) is the temperature and α is the thermal 

diffusivity.  T (x,y,z,t) is the function of three spatial variables (x,y,z)  and the time variable t. It 

can be said from the equation that in higher thermal diffusivity material, heat moves rapidly 

through it because the substance conducts heat quickly relative to its volumetric heat capacity.  

Thermal effusivity is another thermophysical parmeter for the description of the heat 

transport properties of a component. Thermal effusivity corresponds to the thermal impedance of 

a material and measures the rate at which a material can absorb heat or its ability to exchange 

heat energy with its environment. The SI unit of thermal effusivity is W.s
0.5

m
-2

.K
-1

. 

 

2.3.3. Thermal conductivity (k) 
 

2.3.3.1 Background 

 

Thermal conductivity is defined as a measure of the ability of a material to conduct heat. 

The SI unit of thermal conductivity is W.m
-1

.K
-1

. In general, the thermal conductivity depends on 

many factors that affect the heat flow paths such as composition, homogeneity, porosity and 

shape, size and arrangement of void spaces etc. According to the second law of thermodynamics, 

heat always flows from a hot zone to a cold zone. Generally, the net heat transfer depends on the 

temperature gradient. To obtain the high thermal conductivity of a material, the rate of heat 

transfer across that material should be higher. The reciprocal of the thermal conductivity of a 

given material is defined as the thermal resistivity of the material. That means, higher the 

thermal resistivity, lower the thermal conductivity. 
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The thermal conductivity is evaluated in terms of Fourier's Law for heat conduction. 

According to Fourier's law, the rate of flow of heat energy (q) per unit area through a surface is 

proportional to the negative temperature gradient (-
 
T) across the surface, which is expressed 

as: 

 

q = -k 
 
T 10 

 

where, k is the thermal conductivity and T is the temperature. The equation 10 is known 

as the heat equation which is derived from Fourier's law and conservation of energy. The heat 

equation can also be expressed in terms of density, specific heat capacity, and thermal 

conductivity of the system, which is: 

 

T

t
 = 

k

ρC
 

2 
T 11 

 

Above two equations (Equation 9 and 11) show that the thermal diffusivity is correlated 

to the thermal conductivity, heat capacity and density of the materials by using the given 

equation: 

 

k (T) =  (T)ρ (T)C (T) 12 

 

Where, α (T) is thermal diffusivity, ρ (T) is the density, and C (T) is specific heat 

capacity of the material.  

 



56 

 

The thermal energy transfer in the system  is carried out through phonon and/or electronic 

carriers (electron and hole). So, the thermal conductivity (k) of the materials is strongly 

correlated with phonon and electronic contribution in the sytems. The effective thermal 

conductivity can be written as k = kphonon + ke , where kphonon and ke are phonon and electronic 

contributions to the the thermal conductivity , respectively.  It is to be mentioned that in pure 

metals, the electronic contribution is dominant term in the k value, while in impure metals, 

amorphous system, and disordered materials the phonon contribution is dominant  [143]. In 

addition, the value of the thermal conductivity can be controlled by scattering processes taking 

place  in the materials. Such phenomena may include geometrical scattering which can be 

induced by collisions of  phonons with crystal boundary, phonon-phonon scattering, electron-

electron scattering, and scaterring by the distribution of isotopic masses in natural chemical 

elements, chemical impurities, lattice imperfections, and amorphous structures. These scatterings 

determine the mean free path of phonons and electrons which are directly connected to the 

thermal conductivity of the materials. The dimension of the specimen is also an important 

parameter that governs the thermal conductivity , e. g. when the mean free path of phonons and 

electrons become comparable to the width of the test samples. For example, the thermal 

conductivity of a pure crystal at low temperatures is found to abruptly decrease due to the 

reduced size effect  [143].  

 

The thermal conductivity of nanocomposites with their constituents exhibiting different 

dimensions  is quite interesting  because of their combined hybrid properties. A combination of 

thermal conductivitivities of the filler and matrix decides the effective thermal conductivity of 

the nanocomposites. A schematic diagram of the thermal conductivity range of the materials is 

depicted in Figure 23. In this Figure, it is found that the the thermal conductivity of the polymers 

is very low ( less than 1 W.m
-1

.K
-1

) while that of the carbonaceous materials are high  (1000—

6000 W.m
-1

.K
-1

)  [36].  
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Figure 23. Thermal conductivity range of materials. 

 

The value of the thermal conductivity of the carbonaceous based conducting polymers 

nanocomposites is derived from both filler and matrix. So, the effective thermal conductivity (k)  

of nanocomposites can be expressed as a combination of the thermal conductivity of filler (kfiller), 

and  matrix (kmatrix). An other critical parameter affects the overall conductivity of 

nanocomposites as well: void fraction [144,145] . Presumably, these voids arose from different 

sources such as strong  π–π/aromatic rings interactions of matrix and inclusions, Van der Waals 

interactions between the high aspect ratio inclusions [145,146]. Thus, the overall effective 

thermal conductivity of the nanocomposites can be contributed for the thermal conductivity of 

filler, matrix, and void (kvoid).  

In addition, thermal conductivity is affected by the nature and the density of the interfaces 

present in between the constituents of the nanocomposites. These interfaces may involve the 

filler-matrix, filler-filler, matrix-matrix, filler-air, and matrix-air. Among these, filler-matrix 

interfaces are more important in the case of carbonaceous based polymer nanocomposites 

because of a large scale of interfacial spaces [35]. Thus, the thermal resistance, also called 
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Kapitza contact resistance, is limited by these interfacial effects [147]. In the context of thermal 

transport in nanocomposites, molecular dynamics (MD) simulation determines that the value of 

the thermal conductivity depends on the mode (in-plane or cross-plane) of the thermal energy 

transfer in the interfaces [148,149]. In the interfacial thermal transport mechanism, the thermal 

energy is dominated by phonons. Consequently, the effective thermal conductivity of the 

nanocomposites can also depend on the thermal conductivity across the interfaces (kinterface). 

 

2.3.3.2 Thermal conductivity models  

 

As in the case of electrical conductivity, it is vital to study the evolution of thermal 

conductivity as a function of filler volume or mass fraction. This evolution can be interpreted by 

many models. A common way to explain the enhancement and quantification of the thermal 

conductivity of’ nanocomposites is through the use of scaling law of percolation model  [150] : 

 

 

k = k0 (filler - c)
t
  13 

 

 

where k0 is the thermal conductivity prefactor, c is the volume  percolation concentration or 

percolation threshold and t is the critical exponent. The model explains that a percolating 

network of the thermal conductivity could be formed with the introduction of thermal conducting 

fillers into polymer matrix. P. Bonnet et. al. [21] explained the enhanced thermal conductivity of 

the composites by using  percolation critical power law as : 

 

 

∆k  = k0 [(filler - c)/(1 - c)]t  14 
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where ∆k = k - kmatrix × (1 - filler ) is the difference in thermal contribution between the thermal 

conductivity of the composite and that of the polymer matrix. In this model, the increased 

thermal conductivity is presented as a function of reduced fraction of the filler which is defined 

as (filler - c)/(1 - c).  

 

In determining the thermal properties of composites, the interesting debate is whether the 

enhancement of the thermal conductivity should be described with percolation concepts or with 

the use of effective medium approaches. Of interest to point out is that the presence of  electrical 

percolation behavior in a material is not necessarily accompanied with  thermal percolation  [21]. 

Several reasons can be evoked to explain this phenomenon. It can be predicted that the highly 

thermally conducting fillers network are not sufficiently connected to allow direct heat transfer 

because the thermal resistance between two adjacent fillers is too high [147]. Also it can be 

assumed that a poor heat transfer occurs between filler and matrix and the heat flows through the 

matrix [151]. Consequently, to describe the enhancement of the thermal conductivity a 

vibrational or an effective medium approach is used in this study [152]. Several physical models 

based on effective medium approximations have been proposed.  

       One of the simplest models is  “parallel model” (upper bound)  [150] which is defined as: 

 

 

k = kfiller . filler + kmatrix . matrix  15 

 

 

where Φfiller  and Φmatrix are  the volume fraction of the filler and matrix, respectively. Here, each 

phase contributes to the overall conductivity. Another simplest model is ”series model” (lower 

bound)  [150] which is expressed as:  

 

 
1

k
 =  

Φfiller

kfiller
 +  

Φmatrix

kmatrix
  16 
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However, most reported  experimental results were unsuccessfully interpreted by these 

two models  [150]. In consequence, a number of different models have been developed which 

take into account the different parameters such as nano-fillers orientation and the geometry of 

nano-filler and matrix, nano-filler/matrix and/or nano-filler-nano-filler thermal boundary 

resistance on thermal conductivity.  Nan et.al.  [147] proposed the following simplified model, in 

which the nano-fillers are considered spherical: 

 

k = kmatrix 
Φfiller(

kfiller
kmatrix

)

3(p +
 2Rkkmatrixkfiller

kmatrix
 )

  17 

 

here, p = 
L

df
   18 

In the equation 17 and 18, L, df, and Rk are the length of the filler, diameter of the filler, 

and interfacial thermal resistance respectively. This model is used to extrapolate the thermal 

boundary resistance (TBR) between a nano-filler and an isolated nanoparticle. For nanoplatelets 

nano-fillers, the effective thermal conductivity as a function of volume fraction can be 

interpreted by a Maxwell–Garnett type effective medium approximation (MG-EMA) which is 

 [146,153]: 

 

k = kfiller [
3kmatrix+2Φfiller(kfiller−kmatrix)

(3−Φfiller)kfiller+Φfillerkmatrix+
RkkfillerkmatrixΦfiller

th

]  19 

 

 

where Rk is the interfacial thermal resistance at the filler/matrix interface, and th is the thickness 

of the filler nano-platelets. This model is valid at low filler volume fractions in composites. 

Therefore, much intense theoretical and applied researches of thermal properties of the 

nanocomposites are still being conducted in hope to better understand the synergistic role played 

by fillers with matrix at nanoscale level. In our investigations, we have used the model of Nan 

(equation 17) when the fillers are SWCNT and that of MG-EMA when RGO is the filler in order 

to calculate the interfacial thermal resistance. 
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2.4. Thermolectric (TE) 

 

2.4.1. Background on thermoelectric 
 

The term ‘thermoelectric’ is not new. The study on thermoelectric was started almost 200 

years ago. So, thermoelectric has a long history of providing simple, reliable power generation 

solutions. In the 100 years (from 1820-1920) thermoelectricity was discovered and developed in 

western Europe by academic scientists, with much of the activity centered in Berlin. The key 

contributions are listed in the below Table 1.  

Table 1: The key contributions on thermoelectrics from 1820 to 1920 

Year Name Contribution 

1821-

1823 

 

 

 

Thomas Johann Seebeck 

During the experiment, Thomas Johann Seebeck 

observed the deflection of a compass needle due 

to a thermoelectric induced current from heating 

the junction of two dissimilar metals  [154]. 

More specifically, two different metals make the 

temperature difference and electric potential 

difference which can drive an electric current in 

a closed circuit is developed across the terminals 

of an open circuit made from a pair of dissimilar 

metals. This phenomenon is well known as the 

Seebeck effect. 

The produced voltage is proportional to the 

temperature difference between the two 

junctions. The proportionality constant is 

defined as the Seebeck coefficient, and is known 

as the "thermopower" even though it is more 

related to potential than power. 
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1834  

 

Jean Charles Athanase Peltier 

Jean Charles Athanase Peltier, a French 

watchmaker and part time physicist explained 

that at the junction of two different metals, 

heating or cooling are produced due to electrical 

current. The mechanism is known as the Peltier 

effect. 

 

1838  

 

Heinrich F.E. Lenz 

Heinrich F.E. Lenz found that depending on the 

direction of current flow, heat could be either 

removed from a junction to freeze water into ice, 

or by reversing the current, heat can be 

generated to melt ice. The amount of heat 

absorbed or created at the junction is 

proportional to the electrical current. The 

proportionality constant is defined as the Peltier 

coefficient. 

1851  

 

Gustav Magnus 

Gustav Magnus found that the Seebeck voltage 

does not depend on the distribution of 

temperature along the metals between the 

junctions [155] indicating the thermopower as a 

thermodynamic state function. Actually, this is 

the physical basis for a thermocouple used for 

temperature measurement. 
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1855  

 

 

William Thomson 

William Thomson (later Lord Kelvin) [156] 

described their interrelationship between the 

Seebeck and Peltier effects, which is known as 

the Kelvin Relations. Thomson noticed that heat 

is absorbed or produced when current flows in a 

material with a temperature gradient. This effect 

is known as the known as the Thomson effect. 

Here, the heat is proportional to both the electric 

current and the temperature gradient. The 

proportionality constant is defined as the 

Thomson coefficient. 

 

1909-

1911 

 

 

Edmund Altenkirch 

By using the constant property model, Edmund 

Altenkirch derived the maximum efficiency of a 

thermoelectric generator (1909) as well as the 

performance of a cooler (1911) when the design 

and operating conditions are fully optimized 

 [157,158].  

 

After discovering the basic concepts of different thermoelectric effects, research on 

thermoelectric is carried out to renew the concept of the thermoelectric. From 1920 to 2000, 

many researchers provided new ideas for better understanding of thermoelectric. Herein are the 

important contributions on the TE during this period (Table 2).  
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Table 2: The important contributions on thermoelectrics from 1920 to 2000 

1949-

56 

 

 

Abram Fedorovich Ioffe 

In order to develop the modern theory of 

thermoelectricity, Abram Fedorovich Ioffe 

used the concept of the “figure of merit” which 

is expressed as ZT [159,160]. 

He also developed the use of the 

semiconductors in thermoelectrics and 

semiconductor physics in order to explain 

results and optimize performance. 

1953  

 

Maria Telkes 

Maria Telkes created the first thermoelectric 

refrigerator by using the principles of 

semiconductor thermoelectricity. 

1954  

 

H. Julian Goldsmid 

H. Julian Goldsmid demonstrated 0 C cooling 

using thermoelements based on Bi2Te3  [161]. 

First time, he utilized the thermoelectric 

quality factor, identifying the importance of 

high mobility and effective mass combination 

and low lattice thermal conductivity in 

semiconductors that when properly doped 

make good thermoelectric materials.  
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1970  

 

Glen Slack 

Glen Slack studied small band gap 

semiconductors made from heavy elements in 

order to optimize ZT values [162]. 

He suggested the “phonon-glass electron-

crystal” concept for thermoelectric materials, 

so that the phonons should be disrupted like in 

a glass but the electrons should have high 

mobility like they do in crystalline 

semiconductors. 

1990-

2000 

 

 

Mildred Dresselhaus 

Mildred Dresselhaus reported that 

nanotechnology may offer significant advances 

in the efficiency of thermoelectric 

materials [163,164]. 

 

From 2000, around the world many research groups are working to improve ZT value. 

For example, thermoelectric properties at nanoscale level have been tremendous 

interest [165,166]. G. J. Snyder et al. reported entirely new classes of complex thermoelectric 

materials  [167]. It is, therefore, not surprising that much intense theoretical and applied research 

are still being conducted in hope to better performance of the TE materials. 

In summary, basic concept of TE suggests that the electrical and thermal currents are 

coupled. More specifically the particles that carry electric charge in a material also carry heat. 

There are three effects which are responsible for the studied mechanism. These are; Seebeck, 
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effect, Peltier effect, and Thomson effect. Below is some schematics and descriptions of Seebeck 

effect which is related in this work. 

 

2.4.2. Seebeck Coefficient 
 

The present study focuses on the Seebeck effect. A discussion on TE effect or TE 

performance of the materials should start with one of the most fundamental quantities called 

Seebeck coefficient (S) also known as thermopower or thermoelectric power. S is defined as a 

ratio between induced thermoelectric voltage or Seebeck voltage (∆V) and temperature 

difference (∆T) across that material. The Seebeck voltage is induced by Seebeck effect which is 

the conversion of heat directly into electricity. If it is assumed that one side of a material is 

heated while temperature at the other side is maintained at a low temperature, a voltage 

difference (∆V = Vcold – Vhot) is found for a temperature difference (∆T = Thot – Tcold) (shown in 

Figure 24). If ΔT is small, the Seebeck coefficient is defined as: 

 

 

S = 
Vcold − Vhot

Thot − Tcold
  = 

∆V

∆T
  20 

 

 

Where Vcold and Tcold are the voltage and temperature at cold side of the material respectively 

and Vhot and Thot are the voltage and temperature at hot side of the material respectively. S 

(µV/K) is significantly dominated by the contribution of charge carriers, which are available for 

the electrical conduction in the materials. Under the influence of temperature gradient, the charge 

carriers start to diffuse from hot end side to cold end side of the material. This process continues 

until a compensating voltage has built up, which is analyzed by a stable Seebeck coefficient and 

the induced force (electromotive force) prevents the further migration of charge carriers. If the 

Seebeck coefficient is responsible for positively charged carriers (holes) the value of S is positive 

while it is negative for negatively charged carriers (electrons). For examples, p-type 

semiconductor materials give a positive value of S whereas a n-type semiconductor materials 
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provide the negative value. The phonon contribution is also most important in the Seebeck 

effect [168]. Especially, if phonon-electron interaction is predominant in the materials, the 

phonons will push the electrons to one end of the material which increases the Seebeck 

coefficient: this phenomenon is called the phonon drag effect.  

 

 

 

Figure 24. Presentation of Seebeck effect: electric potential formation in response to the 

temperature gradient of n-type and p-type material. 

 

Figure 25 shows the charts for some typical Seebeck values of metals, non metals, 

metalloids and hybrid materials [169]. It could be confusing that the Seebeck coefficient may be 

defined as an absolute value or relative to a reference material, such as the case for the Table 

(Figure 25) where the reference material is platinum. The reason is that it is much easier to 

measure a relative Seebeck coefficient. To find the ‘real’ absolute values, the absolute value for 

Pt (i.e., 5 µV/K) should be subtracted from each value listed in the Table. 
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Figure 25. The charts for some typical Seebeck values of metals, non metals, metalloids and 

hybrid materials. 

 

The Seebeck coefficient is conceptually simple. But the accurate measurement of 

Seebeck coefficient can be difficult  [170] because it depends on the instrument geometry, 

thermal contact, and electrical contact. However, semiconductor materials are known to have 

high Seebeck coefficient values (0-300 V/K) whereas metals have low Seebeck coefficient (0-

10 V/K) [170]. Both metals and semiconductors can exhibit positive and negative value of S. 

The choice of material combinations is important for having the required S value. The tailoring 

can be achieved by using composite materials or by composite engineering which is one of the 
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most valuable processes  [171]. This process could be an in-situ (during chemical or 

electrochemical syntheses) or ex-situ (post syntheses) mixing of fillers and matrix. Although 

complex phenomena take place during measurements of TE properties (diffusion of charges 

carriers and reaction at interface), it can be possible to achieve a stable Seebeck coefficient. 

There are numerous parameters which are strongly associated with the tailoring of a stable 

Seebeck coefficient. These parameters are components (e.g., fillers and matrix), the continuity of 

the components (e.g., fillers being continuous or discontinuous), the orientation of the 

components (e.g., fillers orientation), the relative orientation of the unit of the component (e.g., 

continuous fillers being unidirectional or crossplane), the volume fraction of the fillers into 

matrix, and the interface between filler and matrix.  

The behavior of the Seebeck coefficient can be interpreted by quantum theory of 

thermoelectric power  [172]. For example, to understand the nature of Seebeck coefficient for 

homogeneous materials, the evolution of S can be explained by Mott formula which can be 

expressed as follows [173,174]:   

 

 

𝑆 =  
𝜋2𝐾𝐵

2𝑇

3𝑒
 [

𝜕 ln  σ(∈)

𝜕∈
]∈=∈𝐹

  21 

 

 

where e, σ(∈), and KB are charge of the carrier, electrical conductivity, and Boltzmann 

constant respectively.  The equation gives an explanation that both carrier concentration and 

carrier mobility affect the Seebeck coefficient. Also, low values of Seebeck coefficient can be 

explained by a conventional model based on band theory or electron-phonon scattering  [175]. It 

is worthwhile to notice that an important Seebeck coefficient is obtained with an important 

effective mass and low charge carrier concentration. Also for heterogeneous semiconductor 

materials, S can be explained by given formula [176]: 

 

  

                                      S =  
KB

q
[r + 2 + ln

2Hq(2πm∗KBT)3/2

h3σ
 ] 22 
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Where, q = charge, KB = Boltzmann constant, r = scattering parameter, H = mobility, 

m* = effective mass, h= Planck’s constant, and σ= electrical conductivity. 

The most common application of the Seebeck effect is in the thermocouples. Another 

application of Seebeck effect is the conversion of waste heat into electricity while the use of TE 

devices in refrigeration illustrates the Peltier effect.   

 

2.4.3. Thermoelectric performance or figure of merit (ZT) 
 

Thermoelectric performance of the thermoelectric device indicates the quality of 

thermoelectric power generation. A thermoelectric device consists of thermoelectric modules 

where the thermoelectric module is an array of thermocouples connected electrically in series but 

thermally in parallel (Shown in Figure 26). 

 

Figure 26. Thermoelectric device  is made of  thermoelectric modules [167].  
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In order to determine the thermoelectric performance of the devices, thermopower is not 

only the parameter but also the electrical conductivity and thermal conductivity play significant 

role in thermoelectric performance. The electrical resistivity and thermal resistivity are coupled 

in a thermoelectric generator. So, the Seebeck coefficient, electrical conductivity, and thermal 

conductivity control the overall thermoelectric performance. However, for a practical standpoint, 

the potential commercial application of a TE material is very much dependent on a 

dimensionless quantity called “figure of merit” or ZT whose expression is given as:   

 

ZT = (S
2 
σ T)/ k 23 

 

where S, σ, T and k are the Seebeck coefficient, electrical, temperature in Kelvin and thermal 

conductivity, respectively.  For better performance, the electrical resistivity should be small so 

energy is not wasted in Joule heating and also the thermal conductivity should be small so heat 

we pump to the hot end stays there. The maximization of each material's dimensionless Figure of 

Merit (ZT) provides the maximum device efficiency. The best TE materials currently used have 

ZT values close to 1 or slightly higher  [27]. In theory, ZT can be increased by raising S
2
, σ and 

decreasing k. In practice, achieving this remains highly difficult because electrical conductivity 

often goes hand in hand with thermal conductivity, i.e., a rise in electrical conductivity is also 

accompanied with a rise in thermal conductivity or vice versa. So, the challenge for materials 

scientists is to come up with TE materials that are good electrical conductors but poor thermal 

conductors. It should also be mentioned that there are several works currently under way for 

solving engineering challenges related to creating thermoelectric devices. Finally the main goal 

should be to find out new materials with ZT > 1 at or below room temperature. 
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2.5. Dielectric properties  

 
Herein, we present a brief description of the dielectric properties of the materials. A 

dielectric material is defined as a substance which is a poor conductor of electricity over a 

specified electromagnetic field. For a perfect dielectric material, electrical conductivity is zero. 

The dielectric properties provide a great deal of information about the suitability of the material 

for various applications. There are many ways to characterize the dielectric materials in order to 

investigate the dielectric behavior. These are relative permittivity (εr), dielectric constant, loss 

tangent or tan, breakdown field. Dielectric permittivity and dielectric loss are important 

parameters while we discuss leakage conduction mechanism as well as capacitance effect. The 

value of dielectric permittivity over a specified electromagnetic field provides the information 

about the capacitance. The capacitance is a measure of how much the energy stored in a 

capacitor of a given volume at a given voltage. In general, the capacitance is increased by a 

factor of the dielectric permittivity due to presence of insulating medium. The capacitance is 

attributed to polarization of the dielectrics where charge distribution is distorted by applied 

electrical field. There are various molecular mechanisms associated with this polarization, 

including electronic, ionic, molecular (dipole), and interfacial (space-charge) polarization. 

The capacitance (C) for a parallel plate capacitor when a dielectric material completely 

fills the space between the plates is: 

 

C = εr ε0
A/t    24 

 

where ε
0 

is the permittivity of free space and is equal to 8.854 x 10
-12 

F/m, A is the area of 

electrode, t is the separation between two electrodes and εr is called the dielectric constant of the 

dielectric material. For an alternating electric field, the dielectric constant of the materials can be 

expressed as complex permittivity: 
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

()= () - i () 25 

 

where is real permittivity and  is imaginary permittivity. The capacitance is attributed to 

polarization of the dielectrics where charge distribution is distorted by applied electrical field. 

There are various molecular mechanisms associated with this polarization, including electronic, 

ionic, molecular (dipole), and interfacial (space-charge) polarization. 

Furthermore, the complex dielectric function in its dependence on angular frequency ( = 2πf, 

where f is the frequency of the outer electric field) and temperature can originates from the 

following process [177]: 

(i) Microscopic fluctuations of molecular dipoles (rotational diffusion) 

(ii) The propagation of mobile charge carriers (translational diffusion of electrons, holes 

or ions) 

(iii) The separation of charges at interfaces which provides rise to an additional 

polarization. 

The latter process can take place at inner dielectric boundary layers and/or at the external 

electrode/sample interface, presented as electrode polarization on a mesoscopic scale. Each of 

the above mentioned processes shows specific features in frequency and temperature dependence 

of the real and imaginary part of the complex dielectric function.  

A schematic representation of the frequency dependence of complex permittivity is 

shown in Figure 27. It can be seen in Figure 27, relaxation process is characterized by a peak in 

imaginary part () and a step-like decrease of the real part ε′ of complex dielectric function with 

increasing frequency. And an increase of the imaginary part of complex dielectric function with 

decrease in frequency is obtained for conduction phenomena. For pure ohmic conduction the real 

part of complex dielectric function is independent of frequency while for non-ohmic conduction 

or polarization effects (at inner boundaries or external electrodes) the real part increases with 

decrease in frequency. Thus, the analysis of complex dielectric spectra emphasizes different 

aspects of charge transport and polarization in the materials. Figure 27(a) shows that 

conductivity contribution is observed at low frequency peak in imaginary part of complex 

dielectric function with slope = -1.  
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Figure 27.  Scheme of the real ε′ (solid line) and the imaginary ε′′ (dashed line) part of the 

complex dielectric function for a relaxation process and an (a) ohmic or (b) non-ohmic 

conductivity. In the latter case electrode polarization is observed [177]. 

 

In this thesis, the objective is to investigate the conducting properties (through plane 

measurements) and/or interfacial relaxation in the materials by analyzing imaginary part of 

complex dielectric permittivity spectra over a wide range frequency (1Hz-1MHz). 
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CHAPTER 3 EXPERIMENTAL TECHNIQUES 
 

This chapter is intended to provide a brief description on the syntheses of nanocomposites 

and the techniques used for their characterization.  

3.1. Material preparation  
 

In order to synthesis the polymer/carbonaceous nanocomposites, carbonaceous nano-

fillers such as single wall carbon nanotubes (1-D), multi wall carbon nanotubes (1-D), and 

reduced graphene oxide (2D) are dispersed into polymer matrix (polyaniline). The specifications 

of studied nano-fillers are shown in Table 3 (for single wall carbon nanotubes, multi wall carbon 

nanotubes) and 4 (for reduced graphene oxide). It is important to point out that all the three nano-

fillers hold same electrical conductivity values (10
4
 S/m). 

Table 3: Specifications of 1-D nano-fillers 

 

 

 

 

Table 4: Specifications of 2-D nano-fillers 

 

 

 

The synthesis of all samples used in this work was conducted at the University of Science 

and Arts of Oklahoma (USA) by Dr. Roch Chan Yu King.  
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3.1.1. Synthesis of polyaniline/SWCNT or polyaniline /MWCNT 

nanocomposites 
 

Single-walled carbon nanotube (containing 3.96% OH) and MWCNT (containing 3.06% 

OH) are purchased from Times Nano (China) and the remaining chemicals are purchased from 

Aldrich Chemical Co. PANI/SWCNT or PANI/MWNT nanocomposites are synthesized through 

an in situ chemical polymerization method combining aniline monomers, SWCNT or MWCNT, 

ammonium peroxydisulfate as oxidizing agent and 1.0 M (aq.) HCl as dopant. Various weight 

fraction of SWCNT, and MWCNT (ranging from 0.010 wt-% to 17.0 wt-%) nanocomposites 

have been prepared. For the synthesis of 1 wt-% MWCNT/PANI composite a typical procedure 

is as follows:   

Into a test tube were placed 3.50 mg MWCNT, 0.347g aniline and 18.0 ml of 1.0 M HCl 

(aq.). This mixture was sonicated for 1 hour for better dispersion and then transferred into a 

beaker to which was added a solution of 0.913g ammonium peroxydisulfate in 7.0 ml of 1.0 M 

HCl (aq.). The resulting mixture was magnetically stirred for 24 h.  It was then suction filtered, 

sequentially washed with de-ionized water, acetone and hexanes until a colorless filtrate was 

obtained.   The product was high-vacuum dried (50.0 °C; 12 h) and then stored in a desiccator.  

 

3.1.2. Synthesis of polyaniline/reduced graphene oxide (PANI/RGO) 

nanocomposites 
 

Reduced graphene oxide (RGO) (purity > 99%) is purchased from Times Nano (China) 

and the remaining chemicals are purchased from Aldrich Chemical Co. PANI/RGO 

nanocomposites are synthesized through an in situ chemical polymerization method combining 

aniline monomers, RGO and ammonium peroxydisulfate as the oxidizing agent. Various weight 

fraction of RGO (ranging from 0.005 wt-% to 20.9 wt-%) nanocomposites have been prepared.  

For the synthesis of an RGO (12.6 wt-%)/PANI composite a typical procedure is as follows:  

RGO (33.0 mg) and 10.0 mL 1.00 M (aq) camphorsulfonic acid (HCSA) (dopant) were placed 

into a glass tube. This mixture was sonicated for one hour in order to improve the dispersion of 

RGO nanoplatelets. It was then mixed with freshly distilled aniline (0.300 mL; 3.30 mmol). The 
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resulting suspension is further sonicated for one hour. After that, it was transferred into a beaker 

and a solution of ammonium peroxydisulfate (0.808g ; 3.54 mmol) in 15 mL of 1.00 M aq. 

HCSA was added. The black suspension was stirred overnight at room temperature, it was 

suction filtered, and then subsequently washed with de-ionized water and small amounts of 

acetone until a colourless filtrate was obtained. The product was high-vacuum dried (50.0 °C; 12 

h) and then stored in a desiccator.  

3.2. Samples preparation and characterization techniques 
 

Pellets of the nanocomposites were prepared from the as-synthesized product which was 

pulverized in a mortar with pestle. The resulting powder was cold pressed (450 MPa) which 

provided pellets of test samples having a diameter of 13 mm and a thickness of 220-340 μm.  

Different characterization techniques were used to get detailed information regarding 

structural, morphological, electrical, thermal and dielectric aspects. Morphologies and structural 

properties were investigated via Field Effect Scanning Electron Microscopy (FE-SEM), 

Transmission Electron Microscopy (TEM), Raman Spectroscopy and X-ray diffraction (XRD). 

Electrical conductivity, Seebeck coefficient, thermal parameters and dielectric measurements 

were performed by the conventional 4 probe-method, a homemade instrument, photothermal 

radiometry, laser flash method, DSC and dielectric Spectroscopy, respectively. Multiple repeats 

were performed for each sample in all measurements to analyze the reproducibility. All of the 

above techniques are briefly described in the next section.  

 

3.2.1. Scanning electron microscopy (SEM) 
 

We used the Hitachi S4700 FE-SE (Figure 28) at UMET (Unité Matériaux et 

Transformations - UMR CNRS 8207, University Lille1-Sciences and Technologies) operating at 

6 KV and 10–15 mA to obtain detailed structural features and morphologies of samples. The 

instrument emits beams of electrons aimed at a sample deposited on a conducting black tape. 

This is a method of choice for high resolution imaging. To prepare the sample for SEM 
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investigation, a high purity double sided conductive adhesive carbon tab has been used. A very 

small amount of powder samples was placed on that tabs for SEM mounting. 

 

 

 

 

Figure 28. Picture of Hitachi S4700 FE-SEM in UMET. 

 

 

3.2.2. Transmission electron microscopy (TEM) 
 

Nowadays, there is an increasing demand to observe materials at the nanoscale level. For 

this, a high magnification (in nanoscale range) is necessary in order to produce a high quality 

imaging. Transmission electron microscopy (TEM) is one of the most powerful techniques used 

for this purpose. It provides the constitutional characteristics of these nanocomposites such as 

nanostructures, grain shape and size, crystallinity and chemical variations/distribution at 

nanometer scale. TEM used in the present study was a FEI Technai G2 20 instrument which is 
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housed in UMET of the University Lille1-Sciences and Technologies. A photo of the instrument 

is shown in Figure 29. Like SEM instruments also it emits beams of electrons and operates at 20 

kV to produce high quality images of the materials. For preparing the TEM samples, a very small 

amount of powder was loaded in the TEM grid.   

 

 

 

Figure 29. Picture of FEI Technai G2 20 instrument used for TEM measurement in UMET. 

 

3.2.3. Raman spectroscopy 
 

Another commonly used method for a detailed investigation of structural properties of the 

materials is Raman spectroscopy. This spectroscopic technique can be used in the fields of 

condensed matter physics and chemistry to study vibrational, rotational, and other low-frequency 

modes in a system. It is based on inelastic scattering which means that the frequency of photons 

in monochromatic light changes upon interaction with the sample, or Raman scattering of 

monochromatic light, usually from a laser source in the visible, near infrared, or near ultraviolet 

range. 
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In this work, Raman spectroscopy analyses were performed with a Horiba Yvon Labram 

HR system at LASIR laboratory at University Lille1-Sciences and Technologies (Figure 30). The 

system is a “multi excitations” system. It is coupled with three different lasers sources: a HeNe 

laser (623.8 nm) and two solid state lasers (one at 532 nm and another one at 473 nm) that can be 

easily handled. So, the instrument allows the study of samples at the same point with various 

exciting lines. The basic set up of the Raman spectrometer is presented in Figure 30. In the 

present study, Raman spectroscopy measurement was performed at 632.8 nm laser excitation 

determined by calibration using the output of a HeNe laser. This spectrometer is equipped with 

an open confocal microscope allowing big size objects to be placed under the objective, an 800 

mm focal length spectrometer which can reach a spectral dispersion of the order of 0.35 cm
-

1
/pixel, a 1024×256 pixels CCD detector cooled by liquid nitrogen, an XY motorized table that 

makes it possible to obtain Raman maps along the two axes (0.1 µm resolution in X and Y), and 

an XYZ piezoelectric table that makes it possible to record Raman maps with nanometric 

displacements. This set-up increases significantly the quality of the Raman imaging in terms of 

positioning and reproducibility of the measurements. The displacements of this stage are 

100x100x100 µm with a step that can reach the nanometer in the three directions. The instrument 

was performed with P =1mW at room temperature. A small amount of powder was added on the 

scotch tape which was stuck on glass substrate for this experiment. The Raman Spectra is 

analyzed with the FOCUS software  [178]. 
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Figure 30. Image of the set up of a Horiba Yvon Labram HR Raman spectroscopy. 

 

3.2.4. X-Ray diffraction (XRD) 
 

X-ray diffraction (XRD) is an important, non-destructive technique that confirms detailed 

information about the structure of a material.  

In this study, we use the powder diffraction method, (Debye-Scherrer). X-Ray 

diffractograms were recorded on a curved multidetector INEL-CPS 120 set up (Figure 31). The 

pulverulent samples were introduced into Lindeman glass capillary tubes (diameter 0.70 mm) 

and irradiated with a collimated monochromic beam (λCuK1 =0.154056 nm). Samples were 

rotated around the vertical axis of the goniometer head to ensure randomization of preferential 

orientations.   

When considering X-ray diffractograms of polymers, it is important to realize they are 

very far from diffractograms of ideal crystals. Polymers structures generally have a significant 

amorphous volume fraction. The resulting diffraction pattern comprises both diffraction peaks 

from the crystalline part and broad features consistent with the diffuse scattering from the 

amorphous part.  
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Figure 31. Photograph of the X-ray powder diffractometer used in this study. 

 

As a result of low average degree of order in polymers, the observed diffraction peaks are 

generally few and broad. The positions and intensities of the peaks are a result of a crystal 

structure as related by Bragg’s law: 

 

2d. sin=n 26



where n is the order of reflection, λ is the wavelength of  incident X-rays, 2θ is the diffraction  

angle. 

The width of Bragg peaks contains information about the coherence length (crystallites 

dimensions) in the sample. The Debye-Scherrer formula gives estimate of the crystallite 

dimensions D:  

D = [0. 9 λ] / [ Cos θ] 27 

 

 where  is a full width at half maximum (FWHM). 
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3.2.5. Four-probe technique 
 

Resistivity is a fundamental and critical parameter of every conductor as well as 

semiconductor materials. A lot of techniques are being used to investigate the electrical 

properties of semiconducting materials. Out of these, 4-probe method is the most common way 

to measure the resistivity of the systems. Because this technique is able to eliminate 

measurement errors due to the probe resistance, the spreading resistance under each probe, and 

the contact resistance between each metal probe and the specimen sample. The 4-probe set up 

consists of four equally spaced tips with finite radius (Figure 32).  

 

 

 

Figure 32. Schematic display of 4- probe techniquue 

 

In the method, two probes are connected to a high impedance current source while two 

others are used to measure the voltage. The electrical current is carried through the two outer 

probes (A and B) providing an electrical field in the sample. And the other two inner probes 

measure the potential difference between B and C.  
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However, the electrical conductivity measurements are approached by measuring the 

resistive properties of a sample. The resistance of a resistor can be expressed in terms of the 

voltage drop (V) across the resistor and current trough the resistor by:  

 

 

R =  
V

I
  28 

 

 

The resistance of the sample remains same for all voltages over a given range. Over the 

range, materials obey Ohm’s law. The unit of resistor is volt/ampere or Ohm. 

For further consideration of electrical properties of the material, sheet resistance (s ) is 

utilized to calculate the electrical conductivity (σ) in S/m. Conductivity is the inverse of 

resistivity (). Since the electrical conductivity is the reverse of resistivity, the conductivity can 

be defined as: 

 

σ =  
1


 = 

1

𝜌𝑠×t
 29 

 

 where s is sheet resistivity and t is the thickness (t) of samples. The sheet resistivity is 

obtained for an infinite sheet by using below equation  [179]:  

   

s = ln 2 × 
V

Iπ
 30 

 

But in order to obtain the sheet resistivity on a finite sample, the method of images can be 

applied [180]. However, to optimize the electrical conductivity of the conducting pellets, a 

collier four point probe shown in Figure 32 is used to measure the sheet resistivity. This four-

point probe method can be used to determine the sheet resistivity of specimen having a wide 

variety of shapes, including having irregular boundaries and also the sheet resistivity of smaller 
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region in a matrix with different electrical properties. This resistivity can be calculated by  [179]: 

:   

 

s = C × 
V

I
 31 

 

where C is a correction factor which depends on various shapes of the sample. F. M. smith  [179] 

reported the calculation of C. The values of C for the measurement of sheet resistivities  with 

four point probe are listed in Table 5 [179]. 

 

Table 5: Correction factor C for the calculation of the sheet resistivity measured by a collinear 

four point probe apparatus. 

 

d/t C for circle C for square 

1   

1.5   

2   

3 2.2662 2.4575 

4 2.9289 3.1137 

5 3.3625 3.5098 

10 4.4364 4.2209 

20 4.4364 4.4516 

infinite 4.4524 4.5324 

 

 

In the Table 5, d is the distance between two probes and t is the thickness of samples. In 

this way, the conductivity can be obtained if data of s and the thickness (t) of samples are 

available.  



87 

 

 

 

Figure 33. Equipment of 4-point-probe technique. 

 

In the present studies, the sheet resistance is measured by a conventional collinear four-

probe method using a Cascade Microtech EP6 probe station equipped with a Keithley 2635 

source meter (Figure 33). The typical probe spacing was 1 mm and the geometry of the pellet 

samples was a circle. For each sample, measurements were made with the probes placed on 

several positions and a final value of sheet resistivity is obtained by taking the mean average 

from the measurements on both sides of the samples. However, good electrical contact is very 

important factor for all electrical conductivity measurements since the calculation assumes 

negligible resistance between the probe and sample. A sharp point and high comprehensive 

forces are used to ensure the negligible resistance between probe and polymer nanocomposites. 

Because the samples are finite size and made of mixed materials, the thickness correction factor 

is included to measure the electrical conductivity  [179]. The total error of the conductivity can 

be for measurements error, error of the thickness, and error of the correction factor. However, the 

conductivity can be determined using sheet resistivity and thickness data. 
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3.2.6. Seebeck measurement technique 
 

Seebeck coefficient (S) is an essential parameter for evaluating the nature and density of 

charge carriers and the potential performance of thermoelectric materials. There are two methods 

to measure the Seebeck coefficient of a material: a differential or an integrated method  [181]. In 

the differential method, a small temperature gradient is created across the sample and Seebeck 

coefficient is calculated by following equation: 

 

S (T) = ∆V/∆T  32 

 where ∆V is the voltage difference between the hot and cold sides of a sample and ∆T is the 

change in temperature between the sides. The ∆V can be positive or negative, depending on 

whether the mobile charges are holes or electrons. So, the charge carriers dictate the sign of the 

Seebeck coefficient. In the present work, a setup had been developed on the basis of differential 

method (Figure 34). In this set up, prepared pallet was placed in between two aluminum (Al) 

discs with diameter 13mm. During calibration of temperatures of hot and cold sides, the Al was 

used as a reference material. This sample holder was separated from heating elements through 

electrical insulation. One side of the sample was heated while the other was used as a cold side. 

When one side of the sample was heated up, thermocouples of Standard ST-9612 Thermometer 

connected with the sample holders registered the value of temperature difference between upper 

surface and lower surface of the sample. The difference in temperature induces a detectable 

voltage drop, which was measured by a Keithley 2182 nanovoltmeter connected through two 

electrodes of Al sample holders. This set up for the measurement of the Seebeck coefficient is 

one of the simplest and most widely used. The measurements of the Seebeck coefficient were 

performed at ambient temperature. Knowing the values of ∆T and ∆V, the Seebeck coefficient 

can be determined from the slope of the plot of Seebeck voltage versus temperature difference. 

Finally, in order to calculate the absolute Seebeck coefficient of the samples, the Seebeck 

coefficient value of Al was put in equation 20. 
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                         Figure 34. Set up for measurement of the Seebeck coefficient. 

 

3.2.7. Laser flash method  
 

For determining the thermal conductivity and thermal diffusivity, laser flash method can 

be used. This method is based on the measure of the thermal transient of the rear surface of the 

sample when a pulsed laser illuminates the front. It is possible to avoid interferences between the 

thermal sensor and the heat source in this method. Especially, thermal diffusivity () of the 

pellets was measured via this method. The measurements presented in this thesis were measured 

using a NETZSCH LFA (Laser Flash Analysis) 467 HyperFlash apparatus which is displayed in 

Figure 35. 

In the laser flash method, a laser pulse of 1ms width or less is used to momentarily heat the 

front side of a 13 mm diameter discoid sample. As a consequence, the temperature at the back of 

the sample is changed. This back side temperature change is measured. According to the 

theoretical solution proposed for insulation conditions, when the sample backside temperature 

increases, the temperature rise becomes a constant value (ΔT) after uniform temperature 
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distribution is achieved. Sample back side temperature change (ΔT/2 ) is measured as a function 

of elapsed time (t1/2).   The coefficient of thermal diffusivity α is calculated from: 

 

t1/2 = (0.1388 Ls
2
) / α 33 

where, Ls is the thickness of sample. 

 

 

 

 

Figure 35. Equipment of laser flash analysis (NETZSCH LFA 467). 
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3.2.8. Differential scanning calorimetry (DSC) 
 

It may be worth mentioning that nowadays, some commercial flash diffusivity systems 

can estimate the heat capacity (C) of materials relative to a standard, but the measurement is 

often inaccurate and can lead to underestimates of thermal conductivity [144]. In order to obtain 

the better accuracy of C, differential scanning calorimetry (DSC) is more frequently used. 

Differential scanning calorimetry (DSC) is a technique which monitors heat effect as a function 

of temperature. DSC is used to obtain the enthalpy, glass transition temperature, heat capacity 

(C), and change in heat capacity. The DSC set-up consists of a measurement chamber and a 

computer with required software. In the measurement chamber, there are two pans containing 

sample being investigated and a reference respectively. In that process, the difference in heat 

flow to the sample and the reference at the same temperature is monitored via the computer as a 

function of temperature. The hheating and cooling rate was around 10° C/min. 

The heat capacity of powder samples was measured by this technique. The measurements 

were performed on a DSC Q200 by TA instrument which is presented in Figure 36.  

 

 

Figure 36. Equipment of DSC Q200. 
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3.2.9. Photothermal radiometry 
 

The thermal properties of the composites were studied using the photothermal radiometry 

(PTR) setup at room temperature (Figure 37). A wavelength λ=532 nm operated solid state laser 

(COMPASS, COHERENT) was used as radiation light source. The laser beam was modulated 

by an acousto-optic modulator (AOM-40, IntraACTION). The spectral bandwidth of the infrared 

detector (HgCdTe, 11 mm) is 2-1 μm. To process the PTR signal, a digital lock-in amplifier 

(EG&G 7260) was employed.  Experimental parameters and data acquisition were processed by 

a computer using Labware software. This experiment was performed at Unité de Dynamique et 

Structure des Matériaux Moléculaires EA 4476 (UDSMM), Université du Littoral à Calais et à 

Dunkerque. A theoretical description of the resulting PTR signal has been described by Tom et al 

 [183]. 

 

 

Figure 37. Experimental set up of photothermal radiometry. 
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PTR signals can be obtained by solving simultaneously the heat diffusion and the 

radiation transport equation. The distribution of the deposited energy within the sample caused 

by the internal scattering at inner interfaces and absorption strongly controls the PTR signal. One 

dimensional photothermal model of a three layered system (front medium (a), sample (s) and 

back medium or substrate (b) has been considered here (Figure 38).  

 

 

 

Figure 38. Schematic diagram of one dimensional photothermal model of a three layered system 

(front air medium (a), sample (s) and back medium or substrate (b)). 

 

When a laser beam is periodically illuminated on the sample, absorptivity in the spectral 

range of detection (IR) generates the PTR signal. In order to minimize the instrumental error, a 

normalization procedure using the ratio of PTR signals obtained from with and without substrate 
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has been taken. The expression of the normalized signal for an optically opaque sample at 

heating beam wavelength, is given by [184] :  

 

SN=
1+(𝑅𝑠𝑏−1)exp (−2𝜎𝑠𝐿𝑠)

1−(𝑅𝑠𝑏−1)exp (−2𝜎𝑠𝐿𝑠)
   34 

 

where Ls is the sample thickness and σs is complex thermal diffusion coefficient of the sample 

which is defined as- 

 

σs = (1+j) ( πf/αs)
1/2

   35 

 

where j = √(-1) , f is chopping frequency and αs is the thermal diffusivity of the sample. Rsb 

represents the reflection coefficient of the thermal waves at the s-b interface  [184]. A detail 

investigation of PTR measurements is reported in the literatures  [184,185]. 

   However, from the amplitude and phase of the normalized signal at a given frequency, 

we get the thermal diffusivity and the thermal effusivity of the samples. These thermal 

diffusivity and thermal effusivity have been calculated by using a fitting procedure which is 

reported in the previous literatures  [184,185]. However, thermal diffusivity (α) is related to the 

other thermal parameters, the mass specific heat c, the thermal conductivity (k) and thermal 

effusivity (e) by  [184]: 

 

α = k/ρc   36 

 

e = √(ρck)   37 
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where ρ is the density of the materials. By using the above equations, the thermal 

conductivity and volumetric heat capacity can be calculated. 

 

3.2.10. Dielectric spectroscopy 
 

Dielectric spectroscopy is a powerful tool for the characterization of semiconducting 

materials, especially the measurement of complex dielectric properties of materials as a function 

of frequency is important in order to study the electrical and dialectical properties. Recent 

development of technology makes the system user-friendly because of new software which 

provides the required data for further investigation. 

 

 

 

Figure 39. Picture of equipment for dielectric measurement. 

 

In this study, the dielectric measurement of the sample was carried out on a ModuLab-

MTS system (Solartron Analytical-Amtek) (Figure 39). The instruments for the measurement 

were fully controlled by a computer using ModLab software. In this set up, the sample was 

placed between aluminum electrodes which are connected with the Solartron Analytical 
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impedance analyzer (Figure 40). The amplitude of the oscillating voltage was set to 100 mV. The 

complex permittivity of the samples was measured in the frequency rang 1mHz-1MHz. Also the 

measurements were performed for various temperatures (20° – 143°C). In order to obtain 

through plane electrical conductivity, the complex permittivity data are fitted with Grafity 

software [186]. In order to insure the effect of electrodes and interfaces (electrode/wafer), 

different metals were used. The use of different metals for electrodes did not affect the 

measurements. So, what we trace is not practically affected by sample-electrode effects (which 

are also labeled as ‘space charge polarization’). 

 

 

 

 

Figure 40. Layout of set up for dielectric measurements 
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CHAPTER 4 RESULTS AND DISCUSSIONS 
 

In this chapter, we present results and discussions for different carbonaceous based polymer 

nanostructured composites which have been characterized by different techniques. These 

techniques are explained in previous chapter. 

 

4.1. Single wall carbon nanotubes based polymer 

nanocomposites 
 

In this section, structural, morphological, electrical, thermal, and thermoelectric properties of 

synthesized polyaniline (PANI)/single wall carbon nanotubes (SWCNT) nanocomposites have 

been investigated at room temperature as a function of SWCNT (filler) loading. 

 

4.1.1. Density (ρ)   
 

  To calculate the density (ρ) of the pellets of PANI and PANI/SWCNT nanocomposites, 

the mass (m) was measured with electronic balance (±0.1 mg) and the volume of a disc of base 

radius r and thickness h was calculated through the given equation: 

 

 

v = πr
2
h  38 

 

 

The density of the prepared pellets was calculated through below relation:  

 

ρ = m/v   (g/cm
3
)   39 
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The measured density of the nanocomposites as a function of SWCNT weight percentage (wt-% 

SWCNT) is depicted in Figure 41.  

 

 

 

 

Figure 41. Density (ρ) of pellets of PANI/SWCNT nanocomposites as a function of wt-% 

SWCNT. The red solid line is the linear fit.  

 

The experimental result gives an estimation of the density of PANI (= 1.24 g/cm
3
) and 

SWCNT (=1.82 g/cm
3
) as used in the composites.  

Then, volume percentage of filler, the pertinent parameter for further study, denoted as 

%)orvol-%   has been correlated to the density of pellets via equation 40 [187]:  

 

Vol − % = 
wt−% × ρmatrix

wt−% × ρmatrix+(100−wt−%)ρfiller 
 × 100  40 


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

4.1.2. Morphological and structural characterizations 

  

4.1.2.1 SEM investigation   

 

The morphological study of SWCNT, PANI, and PANI/SWCNT nanocomposites has 

been conducted by using FE-SEM analysis. The SEM image of commercially available SWCNT 

with diameter 1-2 nm and length 30 m is presented in Figure 42(a). The figure shows that there 

is almost apparent aggregation in the sample. The initial density of primary particles greatly 

influences the final structure of the agglomerate [188]. Figure 42(b) depicts the morphology of 

chemically synthesized pure PANI. It exhibits interconnected nanofibers with an average 

diameter of 79±15 nm. The SEM images of PANI/SWCNT nanocomposites filled with different 

concentrations of SWCNT are shown in Figure 42(c)-(i). At lower concentration of SWCNT, 

PANI dominates the morphology (see Figure 42(c) and Figure 42(d), with 0.034 vol-%, and 0.68 

vol-% SWCNT loading respectively) with the corresponding nanofiber with diameters of 80±15 

nm, and 70±15 nm respectively. The presence of SWCNT and PANI can be clearly observed in 

Figure 42(e)-(i). Figure 42(e) displays a mixed morphology containing SWCNT bundles with 

diameter ranging from 6 to 25 nm and rich domains of PANI nanofibers with diameter of 60±10 

nm. Figure 42(f)-(i) reveal a nice encapsulation of SWCNT by PANI forming core-shell 

structures in which, SWCNT (3-15 tubes can be defined as SWCNT bundle) as core and PANI 

as shell. 

The results indicate that nanocomposites are successfully synthesized and favourable 

interactions are present between SWCNT and PANI. It is also observed that with increasing 

SWCNT loading the diameter of core-shell composites is reduced from 180±30 nm (for 2.06 vol-

% PANI/SWCNT) to 80±20 nm (for 12.25 vol-% PANI/SWCNT) i.e., the diameter of PANI 

nanofibers is reduced with inclusion of fillers into matrix. 
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Figure 42. Images observed by FE-SEM for (a) pure SWCNT, (b) pure PANI, and 

PANI/SWCNT nanocomposites with (c) 0.034 vol-%, (d) 0.68 vol-%, (e) 2.06 vol-%, (f) 3.46 

vol-%, (g) 4.88 vol-%, (h) 8.50 vol-%, and (i) 12.25 vol-% SWCNT loading respectively with 

scale bar of 200 nm. 

 

 

4.1.2.2  TEM investigation  

 

The TEM images of PANI/SWCNT nanocomposite containing 12.25 vol-% SWCNT are 

presented in Figure 43(a)-(d) with scale bars of 1000 nm, 500nm, 50 nm, and 20 nm, 

respectively. 
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Figure 43. High resolution TEM images of 12.25 vol-% with scale bars (a) 1000 nm, (b) 500 

nm, (c) 50 nm, and (d) 20 nm. 

 

These TEM images reveal more detailed features of PANI/SWCNT and/or SWCNT 

bundles. In general, the TEM characterizations of the composites show a wrapping of SWCNT 

by PANI resulting core-shell nanocomposites which further confirm SEM investigations. It is 

believed that in the wrapping process, the molecular chain of PANI first stretch and move toward 

the SWCNT, then wrap the surface of SWCNT until equilibrium is achieved [189]. Figure 43(c) 

and (d) show high resolution TEM images which clearly indicate SWCNT bundles coated with 

PANI layers whose structures are similar to those reported in the literatures [4,190]. The 

diameter of formed core-shell nanostructures is 75±15nm which is almost similar to that derived 

from SEM.  That is, PANI nanofibers with diameter ca. 25-35 nm are deposited around SWCNT 

bundles with diameter of 6-25 nm. Such a core-shell nanostructured composites feature is 

favoured by good aromatic basal ring π-π interactions between PANI and SWCNT  [7,190,191]. 

In this process, it can be envisioned that the aromatic rings of PANI gradually orient such that 

their planes are parallel to those of SWCNT, thereby favouring good intermolecular interactions. 
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The energy of the strong interactions is supported by early force-field based molecular 

mechanics (MM) calculations which provide the binding energies between carbon nanotubes and 

a range of polymer matrices [192]. Additional studies show that this intermolecular interaction is 

strongly controlled by the SWCNT morphology and the specific monomer structure [193]. 

 

 

4.1.3. Electrical properties 
 

Figure 44 exhibits the experimental data of the electrical conductivity (σ) of 

PANI/SWCNT nanocomposites as a function of vol-% (%)) SWCNT from which it can be 

seen that the electrical conductivity increases with increase in SWCNT loading.  

 

Figure 44. Electrical conductivity (σ) of PANI/SWCNT nanocomposites as a function of vol-% 

SWCNT. Symbols are experimental data whereas red solid line is the best fit of equation 2.  
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It can be assumed that at low vol-% SWCNT, the electrical conductivity of the composite 

shows poor value (in the order of 10 S/m). However, with increased loading of the filler, a 

conductivity network is perfectly established resulting in an increase of conductivity up to 

2817±69 S/m for the composite with 12.25 vol-% SWCNT.  Knowing that the experimental 

value of the electrical conductivity of pure PANI is 0.05±0.01 S/m, the result shows that 

inclusion of SWCNT into the matrix enhances the overall electrical conductivity of the 

composites by at least five orders of magnitude.  

Moreover, the electrical conductivity of PANI/SWCNT composites is changed as a 

function of SWCNT filler concentration. So, the electrical conductivity of the composites is 

analyzed by its dependence on volume fraction. In order to further rationalize this behavior of the 

electrical properties of the composites, the behavior of electrical conductivity as a function of 

filler volume fraction is interpreted by using mixing rule which is the simplest models as well as 

the first step. Here, the mixing rule (upper bond) which is presented in the equation 2 is used to 

fit the experimental data of the electrical conductivity of the composites. The fitting curve is 

depicted in the Figure 44. The fit provides the values of the electrical conductivity of filler (σfiller 

~ 21288 S/m) and the electrical conductivity of matrix (σmatrix ~ 0.05S/m). The result shows that 

the electrical conductivity value (σfiller = 21288 S/m) of SWCNT as used in nanocomposites, 

which is almost 2 times greater than SWCNT purchased from company. The result indicates that 

the fits are quite well at low SWCNT volume fraction but there are some differences at high 

SWCNT volume fraction. Also it can be observed that there is a big difference between the 

conductivity value (σ ~ 0.05S/m) of pure PANI (and the conductivity value (σ ~ 3.67 S/m) of 

PANI/SWCNT composite with 0.034 vol-% SWCNT loading. The finding indicates a 

modification of conducting state of the PANI as well as SWCNT in the composites. 

An alternative explanation for the observation is that the conductivity is driven by the 

percolation model which means that the transport properties are only controlled by the 

connectivity of the filler (SWCNT) network. In order to investigate the electrical transport 

properties of the composites, the experimental evolution of the conductivity is fitted with the 

percolation critical power law which is presented in equation (below): 

 

lnσ = ln σ0 + t ln(filler-c) 41 
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where σ (S/m) is the electrical conductivity of the composites, filler is the volume 

fraction of fillers, c is the volume  percolation concentration or percolation threshold, and t is a 

critical exponent. As shown in Figure 45, a good agreement is obtained between experimental 

data points and the fit (solid line).  

 

Figure 45.  Electrical conductivity (σ) of PANI/SWCNT nanocomposites as a function of vol-% 

SWCNT. Symbols are experimental data whereas red solid line is the fit of equation 41. 

The fitting provides the values of c=0.004 vol-%,  t=1.04, and σ0=27.44 S/m. The result 

reveals percolation behavior in which the presence of SWCNT into PANI results in a dramatic 

increase in their electrical conductivity. Also it shows that the percolation is occurring at quite 

low concentration (0.004 vol-%). To the best of our knowledge, this value is much lower than 

those reported previously. For example, for similar PANI/SWCNT composites, the percolation 

threshold was reported to be 0.3 vol-% [194]. We believed that the lower percolation threshold 

of PANI/SWCNT composites observed in this study stems from a better distribution of SWCNT 

which can make use of the low SWCNT filler content to form effective conductive network.   



106 

 

The log-log plot of σ versus reduced volume fraction ( - c) of SWCNT plotted in 

Figure 46 has an expected linear dependence whose the slope represents also the critical 

exponent.  

 

Figure 46.  log-log plot of σ versus reduced volume fraction of SWCNT. 

 

The obtained value is t ~ 1.04.  The value of t is close those reported in the literature 

 [20,195,196]. In general the critical exponent (t) for 1-D carbon nanotubes filled composites is 

higher than the obtained t value  [194,195]. The low value of t suggests that an aggregation of the 

carbon nanotubes is still presented in the composites after sample preparation which is evidenced 

by SEM and TEM images (Figure 42 and 43). So, the low exponent t does not reflect a reduction 

in system dimensionality in the present case but rather the aggregation process of the SWCNT 

during sample preparation. The agglomeration of filler plays an important role to form effective 

conductive network. Also, the formation of these conducting networks is not a true statistical 

percolation process based on the random distribution of individual high aspect ratio fillers, but 

rather is attributed to the mutual attraction of the nanotubes in the composites. Thus, the 
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morphology of PANI/SWCNT can be related to the low t value. The conclusions are: the 

threshold is very low and the critical exponent t is close to 1 which is not really in adequation 

with conventional percolation behavior. 

The above studies suggest that the conductivity is related to the fact that PANI is not 

same conducting state after processing. It means that the PANI is changed from insulating to 

semi-conducting. This modification can be explained by charge transfer process. Furthermore, It 

is shown that the strong interfacial interaction of SWCNT with the PANI through π-π interaction 

significantly contributes to produce core-shell SWCNT-PANI nanocomposites [7,96–98] which 

is evidenced in the SEM and TEM images (Figure 42 and 43). The synthesis of PANI/SWCNT 

by an in-situ process leads to effective site-selective interactions between the quinoid ring of the 

PANI and the SWCNT facilitating charge-transfer processes between the two components. In 

particular, a strong coupling between SWCNT and PANI through π-π-interaction enhances the 

electrical conductivity.  In such case, it can be expected that the mixing rule relation is better to 

explain the electrical conductivity behavior of the composites. 

 

 

4.1.4. Thermal properties 
 

The thermal properties of PANI/SWCNT composites are studied here. Specifically, data 

on thermal diffusivity (α) carried out using the “laser flash” (NETZSCH LFA 467) method and 

heat capacity (C) obtained via DSC are presented. Moreover, thermal conductivity of the 

samples has been investigated in order to understand the thermal properties and conduction 

mechanism of the PANI/SWCNT composites.  

 

4.1.4.1 Thermal diffusivity (α) 

 

The measured thermal diffusivity of PANI/SWCNT nanocomposites as function of vol-% 

SWCNT is depicted in Figure 47. 
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 Figure 47. Thermal diffusivity () of PANI/SWCNT nanocomposites as a funition of SWCNT 

content. Dashed line is guides to the eyes. 

 

 

The obtained thermal diffusivity (α) value of pure PANI is  ̴1.79×10
-7

 m
2
/s. It is found that, 

the thermal diffusivity (α) of the nanocomposites barely changes at lower SWCNT nano-fillers 

loading (<2 vol-%) but rises sharply beyond that percentage. It can be inferred that at higher 

content of SWCNT nano-fillers in the nanocomposites, more thermal conducting pathways are 

induced which increase in the thermal diffusivity of the composites. 

 

 

4.1.4.2 Volumetric heat capacity (ρC) 

 

With the use of laser flash method, measurements of the heat capacity (C) are made 

possible and this parameter can then be correlated to thermal conductivity. In order to obtain the 

value of C, modulated different scanning calorimetry (DSC) has been employed. The volumetric 

heat capacity (ρC) is calculated using the value of density (ρ) which is studied in the section 
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4.1.1, and heat capacity (C). Figure 48 presents the evaluation of volumetric heat capacity (ρC) 

of the PANI/SWCNT nanocomposites. The volumetric heat capacity of pure PANI is found to be 

1.04±0.07 MJm
-3

K
-1

 while the values for the composites vary from 1.35±0.07 MJm
-3

K
-1

 (4.88 

vol-%) to 1.89±0.07 MJm
-3

K
-1 

(2.06 vol-%). The result suggests that the volumetric heat capacity 

of the PANI/SWCNT composites increases with adding of SWCNT in comparison with pure 

PANI. It also is observed that the volumetric heat capacity is almost 1.5 MJm
-3

K
-1 

with very low 

SWCNT loading. The gap between this value (1.5 MJm
-3

K
-1 

) and pure PANI value (1.04±0.07 

MJm
-3

K
-1

) indicates that heat transport mechanism is modified in PANI as used in the 

nanocomposites like electrical properties. 

 

 

 

 

Figure 48. Volumetric heat capacity (ρC) of PANI/SWCNT nanocomposites as a function of 

SWCNT content. Dashed line is guides to the eyes. 
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4.1.4.3 Thermal conductivity (k) 

 

To gain further insight into the thermal properties of the composites, thermal conductivity (k) 

of the PANI/SWCNT composites is studied in this section. This parameter is calculated as: 

 

 

k = ρC×α 42 

 

 

where α is the thermal diffusivity. In the thermal conductivity calculation the errors coming from 

instruments and thickness are taken into account. The filler concentration dependency of thermal 

conductivity of the PANI/SWCNT is shown in Figure 49.  

 

 

Figure 49. Thermal conductivity (k) of PANI/SWCNT nanocomposites as a function of SWCNT 

content. 
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The Figure 49 reveals an increase in thermal conductivity of PANI/SWCNT composites 

up to 0.79±0.06 W.m
-1

.K
-1 

for 12.25 vol-% SWCNT content whereas the value of thermal 

conductivity of pure PANI kPANI is 0.19±0.01 W.m
-1

.K
-1

. Again, great dispersion (around 0.1 

W.m
-1

.K
-1

)
 
is observed in the experimental values of pure PANI and smallest loading (0.034 vol-

%) PANI/SWCNT composite (0.32 W.m
-1

.K
-1

). This dispersion can be attributed to the 

volumetric heat capacity of the composites. Thus, thermal conductivity enhancement 

(TCE%=((k-kPANI)×100/kPANI) is obtained up to ̴ 323%   which is lower than that of 

epoxy/SWCNT obtained with similar technique (Laser flash)  [197]. It is worth mentioning that 

the relatively low thermal conductivity value of our composites is advantageous and it could be 

exploited to improve the overall characteristics of thermoelectric materials. 

Like electrical conductivity, to investigate a percolation behavior of thermal conductivity, 

the simulated green curve is presented (Figure 49) by using percolation power law presented in 

equation 14. Based on the literature, we expect that a) if thermal percolation is present in our 

composites, then the percolation threshold (Φc) of electrical conductivity is the same as that of 

the thermal conductivity  [21] b) the signature of a 3D thermal transport process is also taking 

place for which critical exponent is close to 2  [21] and c) the thermal conductivity prefactor (k0) 

is in the range of 25-55±10 W/mK depending on the value of the critical exponent  [21]. 

However, the presented curve for percolation model is the result of Φc = 0.004 vol-%, β=2 with 

k0=55±10 W/mK. The fact that the green curve does not match with the thermal conductivity 

values (Figure 49), indicates that no thermal percolation behavior has been detected within the 

range of SWCNT volume fraction. The lack of thermal percolation is found to be consistent with 

those reported in literatures [150,198,199]. The result further highlights the difference in thermal 

vs. electrical conduction mechanisms i,e, the predominant path for thermal transport is via 

phonon propagation and that of electrical transport is via charge carrier transport. It can be 

observed that the thermal conductivity ratio k/kPANI is much smaller that the electrical 

conductivity ratio σ/σPANI. For the relatively low thermal conductivity of the PANI/SWCNT 

composites, it can be inferred that a larger fraction of phonons are likely to travel through the 

matrix  [200] and their propagation is somewhat impeded by the interfacial thermal resistance 

between nano-fillers and matrix and the contact resistance for the heat flow between two nano-

fillers  [147].  
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Moreover, inclusion of highly thermally conductive SWCNT into relatively poor thermal 

conducting PANI can show two reversed effects in thermal conductivity of the nanocomposites 

depending on filler concentration  [199]. That is, at low SWCNT content (below ̴ 1.5 vol-%), the 

presence of induced surface and interfacial layer lead to the reduction of the heat flow transport 

because of large amount of phonon scattered by these new features. And the thermal 

conductivity at higher SWCNT loading gradually increases because of a new phase with higher 

thermal conductivity is established.  

To shed more light on interfacial effect in the thermal conductivity of PANI/SWCNT, the 

thermal conductivity of the composites has been interpreted by the effective mass approximation 

(EMA) theory (equation 17) which was developed by Nan et.al. for the effective thermal 

conductivity of CNT composites  [153]. This model is valid for the nanotubes based composites 

filled with small loading. For examples, Nan et. al. used this model for carbon nanotubes 

composites containing up to 6 vol-% filler  [150]. Our data (Figure 49)  is fitted with same model 

up to 10 vol-% SWCNT content. The resulted value of thermal resistance between SWCNT and 

PANI is 2.3410
-8

 m
2
KW

-1
 which is similar order of magnitude with those reported in literatures 

 [147,199]. 

 

 

4.1.5. Seebeck coefficient (S) and power factor (PF) 
 

 Seebeck coefficient (S) is calculated by measuring the thermoelectric (TE) voltages (ΔV) 

as a function of temperature gradient (ΔT) by using equation 20. The Seebeck coefficient of 

PANI/SWCNT nanohybrids is plotted as a function of SWCNT volume fraction in Figure 50. 

The measured Seebeck coefficient of pure PANI is 9.77±0.17 V/K. Moreover, the figure 

reveals that with the incorporation of SWCNT into matrix, the Seebeck coefficient of 

PANI/SWCNT composites is enhanced. The composite with 12.25 vol-% SWCNT has Seebeck 

value of 28.70±0.10 V/K, which is almost 3 fold larger than that of pure PANI. Here also in 

Seebeck coefficient values, there is gap between pure PANI and PANI/SWCNT composites with 

low SWCNT volume fraction. The result indicates that PANI is changed in the composites 

during sample preparation. More specifically, charge carriers transport is modified in the 

composites forms resulting in the gap of Seebeck coefficient values.  
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Figure 50. Experimental evolution of Seebeck coefficient (S) as function of vol-% SWCNT. 

Dashed line is guides to the eyes. 

 

In addition, all Seebeck coefficients are positive, indicating p-type semiconductors i.e., 

holes are the dominant carriers to electrical conductivity. The interesting observation is that the 

Seebeck coefficient and electrical conductivity of the nanocomposites simultaneously increase 

which is shown in Figure 51. In general, these two parameters cannot enhance simultaneously 

due to the gap between narrow transport level (∈𝑇) and Fermi level (∈𝐹) of the material  [201]. 

The result suggests that the conduction mechanism in PANI/SWCNT composites up to 12.25 

vol-% SWCNT loading cannot be interpreted by a conventional model based on the band theory 

or the electron-phonon scattering  [175]. 
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Figure 51. Experimental evaluation of Seebeck coefficient (S) of PANI/SWCNT composites as 

function of electrical conductivity. 

 

In order to understand the nature of the Seebeck coefficient, the equation 22 is used 

which can be expressed as follows [176]. The equation gives an explanation that Seebeck 

coefficient will depend on both effective electrical conductivity and carrier mobility. It is worth 

mentioning that if the SWCNT loading increases, the number of charge carriers (n) should also 

increase. Therefore, the effective electrical conductivity (σ = nq) increases. As shown in 

equation 22, both quantities (electrical conductivity and Seebeck coefficient) are inversely 

proportional. So, the experimental data cannot be explained by the enhancement of effective 

electrical conductivity. The result indicates that Seebeck coefficient of the composites is 

dominated by the mobility of charge carrier (originating from π-π interactions between PANI and 

SWCNT) because of a proportional relation between these two parameters (see equation 22). The 
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fact that in this study S increases with the filler loading is a good indication that number of 

charge carriers do not play a significant role in the enhancing S.  

 

 

Figure 52. Power factor (PF) vs vol-% SWCNT. Dashed line is guides to the eyes. 

 

 

One of the useful quantities needed to evaluate the performance of a thermoelectric 

material is called “power factor” (PF) which combines both electrical conductivity and Seebeck 

coefficient as: 

 

PF=S
2
σ   43 
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The power factor becomes important when the thermal conductivity of the samples is almost 

unchanged. More specifically, in the case of similar or low thermal conductivities, a simplified 

evaluation criterion, power factor, is often adopted. So, the signature of figure of merit can be 

interpreted by using power factor. The simultaneous rise of both S (Figure 50) and σ (Figure 44) 

with increasing amount of filler highlights their critical role in raising the PF as displayed in 

Figure 52. The highest PF obtained is ca. 2.32±0.07 Wm
-1

K
-2

 for PANI/SWCNT composite 

containing 12.25 vol-% SWCNT. This PF value is actually significantly enhanced since it is 

4.8×10
6
 times higher than that of the PANI whose PF is only 4.77×10

-6
 Wm

-1
K

-2
. 

 

 

 

4.1.6. Thermoelectric properties 
 

The performance of thermoelectric materials is traditionally determined by the 

dimensionless figure of merit ZT which has been presented in equation 23. The figure of merit 

ZT (T = 300K) of PANI/SWCNT composites as a function of SWCNT content is presented in 

Figure 53 from which it can be seen that ZT increases with increasing SWCNT concentration.  

 

The results from the above study indicate that both electrical conductivity, Seebeck 

coefficient (and PF) of PANI/SWCNT composites are higher than those of PANI and the thermal 

conductivity of the composites is also increased but is more mitigated (Figure 49) even with 

higher SWCNT concentration. These trends when tied to equation 23 contribute in raising ZT 

which reaches a maximum value of 0.0011 for a sample with 8.50 vol-% SWCNT content. This 

ZT value is about five orders of magnitude higher than that of the pristine PANI (7.71×10
-9

). 

Therefore, the results show that the performance of a thermoelectric device is very much 

dependent on finding ways to simultaneously raise both the electrical conductivity and Seebeck 

coefficient.  
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Figure 53. Thermoelectric performance (ZT) of PANI/SWCNT nanocomposite. Dashed line is 

guides to the eyes. 

 

 In summary, this study clearly supports the synergistic role played by SWCNT as filler in 

enhancing the electrical conductivity/Seebeck coefficient of the composites and the use of PANI 

as a poorer electrical and thermal matrix to enhance the overall ZT. Thus, SWCNT/PANI 

composites are good candidates for organic thermoelectric materials.    
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4.2. Multi wall carbon nanotubes based polymer 

nanocomposites 
 

In previous section, we showed investigations of structural, morphological, electrical, 

thermal, and thermoelectric properties of chemically synthesized PANI/SWCNT 

nanocomposites. Here, we demonstrate the similar properties for chemically synthesized 

polyaniline (PANI)/multi wall carbon nanotubes (MWCNT) nanocomposites.  

 

 

4.2.1. Density (ρ) 
 

By using equation 38 and 39, the density (ρ) of PANI/MWCNT nanocomposites was 

obtained for further study. However, Figure 54 represents the density data of the composites as a 

function of weight percentage (wt-% MWCNT). The experimental result provides an estimation 

of the density of PANI and MWCNT as presented in the nanocomposites. The density value of 

PANI (= 1.24 g/cm
3
) and MWCNT (=1.86 g/cm

3
) are found. By taking the value of the density 

of PANI and MWCNT the volume fraction () of PANI/MWCNT nanocomposites has been 

calculated with equation 40. 
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Figure 54. Density (ρ) of pellets of PANI/MWCNT nanocomposites as a function of wt-% 

MWCNT. The red solid line is the linear fit. 

 

 

4.2.2. Morphological and structural characterizations 
 

4.2.2.1 SEM investigation   

 

FE-SEM images of MWCNT and PANI/MWCNT composites are used to study the 

morphology of the composites (Figure 55). Figure 55(a) shows the morphology of pure MWCNT 

with outer diameter 10-20 nm and length 30 m provided by manufactured company. Figure 

55(b)-(e) represents the FE-SEM images recorded for 0.0067 vol-%, 0.03 vol-%, 0.33 vol-%, and 

0.67 vol-% MWCNT loading PANI/MWCMT nanocomposites and the diameter of the 

composites are approximately 80±15nm, 75±10, 70±10, and 65±15 nm. As can be seen from 

Figure 55(b)-(e), the polyaniline favors the overall morphology of the composites. The presence 

of rough coating layer of PANI around the surface of MWCNT can be found in Figure 55(f) 

which depicts the morphology of PANI/MWCNT composite containing 3.39 vol-% MWCNT. It 
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can be observed that core-shell structures with diameter approximately 180±30 are formed where 

filler (MWCNT) serves as the core and matrix (PANI) represents the shell with diameter 

65±15nm. Like PANI/SWCNT nanocomposites, the aniline monomer is uniformly polymerized 

around the surface of MWCNT and forms the core-shell structures [202]. Figure 55(g) is 

confirming a mixed morphology of core-shell structures with diameter 125±20nm and PANI 

with 45±10nm for 4.78 vol-% MWCNT loading PANI/MWCNT composite. The FE-SEM 

images of 8.33 vol-% and 12.01 vol-% MWCNT loading PANI/MWCNT composites are 

displayed in Figure 55(h) and (i) respectively. The SEM characterization of these composites 

reveals a uniform wrapping of MWCNT by PANI forming core-shell nanostructured composites. 

The outer diameter of the core-shell in Figure 55(h) is 90±10nm while core-shell structures with 

outer diameter 75±10nm can be seen in Figure 55(i).  

 

 

 

Figure 55(a)-(i). Images observed by FE-SEM for different concentrations of MWCNT loading 

(0 – 12.01 Vol-%) in PANI/MWCNT nanocomposites (scale bar 200nm). 
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The FE-SEM studies of the composites insure that the shell diameter depend on PANI 

content in the composites. Herein, when the PANI content in the composites is decreased, the 

coating thickness of the PANI on the MWCNT surface decreases. The result is found to be in 

good agreement with those reported in literature confirming the successfully prepared core-shell 

nanocomposites  [105,203]. It was also reported that at very high filler content (>60 vol-%), the 

wrapping gets terminated and the matrix is deposited independently around the surface of the 

composite [204]. Such the formation mechanism of core-shell nanostructured composites is 

believed to involve a good interaction between PANI and MWCNT  [7,105,202]. The interaction 

is caused by the presence of π-π interactions between pristine MWCNT and aniline 

monomer [202]. Thus, the provided core-shell structures of the PANI/MWCNT composites can 

provide large interfacial space which can be an important parameter in properties of the 

composites.  

 

 

4.2.2.2 TEM investigation 

 

In order to observe the fine morphology details of the PANI/MWCNT composites, TEM 

images were obtained. The TEM images of the composites are presented in Figure 56. For the 

PANI/MWCNT composite with 4.78 vol-% of MWCNT, the TEM images with scale bars of 

500nm and 200nm are shown in Figure 56(a) and (b) respectively. The result also confirms that 

surfaces of MWCNT are covered by PANI and the outer diameter of the resultant core-shell 

structure is 115±15 nm which is similar to SEM observation. Moreover, Figure 56(c) and (d) 

displays the morphology of the PANI/MWCNT composite containing 12.01 vol-% MWCNT 

with scale bars of 200nm and 100nm respectively. The outer diameter of the core-shell 

nanostructures in the composite is 75±10 nm which is also match up with SEM examination. The 

result reveals a uniform coating of PANI with diameter ca. 25-35nm around the surface of 

MWCNT. However, it can be seen from the morphologies of the composites that the resulting 

composites all mainly have one-dimensional (1-D) core-shell structures and the result is in 

accord with previous reported studies  [7,105,205]. It also can be observed that by changing ratio 

of MWCNT to PANI, the diameter as well as thickness of the PANI layer (shell) or diameter of 

the PANI can easily be controlled. For example, increasing the MWCNT content from 4.778 vol-
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% to 12.01 vol-%, the diameter of PANI is decreased from ca.45±10nm to ca.30±5nm which was 

also evidenced by SEM investigation. 

 

 

 

 

 

Figure 56. High resolution TEM images of PANI/MWWCNT composite (4.78 vol-% MWCNT) 

with scale bars (a) 500 nm, (b) 200 nm, and PANI/MWWCNT composite (12.01 vol-% 

MWCNT) with scale bars (c) 200 nm, and (d) 100 nm.   
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4.2.3. Electrical properties 

 

Figure 57 displays the electrical conductivity of the as-prepared PANI/MWCNT 

composites as a function of MWCNT content. The composites exhibit a significant increase in 

electrical conductivity by the incorporation of MWCNT. The enhancement in the electrical 

conductivity is associated with increase in conductive pathways in the composites due to 

inclusion of conductive MWCNT. Therefore, the incorporation of electrical conducting filler 

(MWCNT) into polymer matrix (PANI) endows the composite with high electrical conductivity. 

When the value of electrical conductivity of PANI/MWCNT containing 0.00678 vol-% 

MWCNT is almost 1.69 S/m, the electrical conductivity reaches maximum value of 471.4±20.8 

S/m for PANI/MWCNT composite filled with 12.01 vol-% MWCNT. Thus, it can be found that 

there is an enhancement in the electrical conductivity of about four orders of magnitude when 

increasing the loading fraction from 0.00678 vol-% to 12.01 vol-%. It can be clearly observed 

that the electrical conductivity of PANI/MWCNT composites is enhanced as function of 

MWCNT volume fraction. So, the electrical conductivity of the composites is analyzed by its 

dependence on volume fraction of MWCNT.  

 

In order to investigate the electrical conductivity dependence with the volume fraction in 

PANI/MWCNT composites, mixing rule (upper bond, equation 2) is used to fit the experimental 

data of the electrical conductivity. The fitting curve is presented in the Figure 57. The electrical 

conductivity of filler (σfiller ~ 3235 S/m) and the electrical conductivity of matrix (σmatrix ~0.05 

S/m) are obtained from the fit. The result evidences the electrical conductivity value (σfiller = 

3235 S/m) of MWCNT as used in nanocomposites is lesser than MWCNT purchased from 

company. So there is clear gap in electrical conductivities of pure PANI (σ ~0.05 S/m)  and low 

MWCNT loading (0.0067 vol-%) PANI/MWCNT composite (σ ~ 1.69 S/m) and pure MWCNT 

and MWCNT as used in the composites. Also, the Figure 57 depicts that the fits are quite well at 

low MWCNT volume fraction but there are some differences at high MWCNT volume fraction. 

This dispersion may arise from a modification of the PANI in the composites and charge transfer 

process in the composites resulting in new conducting network. 
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Figure 57: Electrical conductivity (σ) of PANI/MWCNT nanocomposites as a function of vol-% 

SWCNT. Symbols are experimental data whereas red solid line is the best fit of equation 2. 

Alternatively, this increase in conductivity of PANI/MWCNT composites can be 

interpreted by using percolation model which suggests that an infinite percolated network of 

electrical conductivity starts forming at low loading of MWCNT. To verify the percolation 

behavior, the experimental evaluation of the conductivity (σ) is further analyzed with percolation 

critical power law which has been presented in equation 41 (Figure 58).  
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Figure 58.  Electrical conductivity (σ) of PANI/MWCNT nanocomposites as a function of vol-% 

MWCNT. Symbols are experimental data whereas red solid line is the fit of equation 41. 

As shown in Figure 58, a good agreement is obtained between experimental data points 

and the fit (solid line). This analysis reveals that the electrical conductivity of PANI/MWCNT 

composites follows a percolation behavior. The result provides percolation threshold of c=0.07 

vol-% (0.5 wt-%) and a critical exponent t of 1.11 for the PANI/MWCNT composites. The 

percolation threshold value is lower than those reported previously for PANI/MWCNT 

nanocomposites  [103,104]. For example, E.N. Konyushenko et. al. [103] found a percolation 

threshold of 4 wt-% for PANI/MWCNT nanocomposites prepared by in situ polymerization. Our 

percolation threshold value is lower than expected for tube structured fillers (almost 16 vol-%) 

which reflects the nanotubular character of CNT in the composites. Also, Y. Long et. al. [104] 

estimated the percolation threshold in between 15 wt-% and 20 wt-% MWCNT with polypyrrole. 

The different values of percolation threshold in electrical conducting network can depend on the 
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different degrees of dispersion of the filler in the polymer matrix [103]. However, this result 

suggests that the distribution of MWCNT in the composites can significantly increase their 

utilization ratio in forming conducting network at low concentration of MWCNT.  

Also, an expected linear relationship between log() vs log( - c) is obtained (Figure 

59) and best linear fit provides the value of t = 1.11. The value of t is close to a the value of t=1.2  

reported by J.K.W. Sandler et al. [19] for epoxy composites based on aligned CVD-grown multi-

wall carbon nanotubes [19]. And B. E. Kilbride et al. [206] reported the value of t = 1.36 for 

dispersed multi-wall carbon nanotube-PVA and PmPV composites. Also many literatures shows 

a higher t value for MWCNT filled composites  [195]. It concludes that the critical exponent (t) 

for 1-D carbon nanotubes filled composites is higher than the present t value. 

 

 

Figure 59.  log-log plot of σ versus reduced volume fraction of MWCNT. 
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The low value of t can be attributed to the aggregation process of the fillers in samples. 

The agglomeration of MWCNT in the PANI/MWCNT composites is evidenced by SEM and 

TEM images (Figure 55 and 56). To induce effective conductive network this agglomeration 

process plays a key role. Also, the above analysis reveals that the formation of these conducting 

networks is not a true statistical percolation process based on the random distribution of 

individual high aspect ratio fillers. So, in this case, like the behavior of electrical conductivity of 

PANI/SWCNT composites the low exponent t does not reflect a reduction in system 

dimensionality. Also the low t value can be associated with the mutual attraction of the fillers in 

the composites. The conclusion is that the signature of electrical conductivity of PANI/MWCNT 

composites is strongly correlated with their morphology.  

 

Furthermore, the analysis of the signature of electrical conductivity of PANI/MWCNT 

reveals that conducting sate of PANI is changed in the composites where the PANI becomes 

more conducting than pure PANI. This modification can be interpreted by charge transfer 

process. M. Cochet at al. [108] reported the charge transfer process between the quinoid ring of 

the PANI and the MWCNT. Generally, there is the strong interfacial interaction of MWCNT 

with the PANI through π-π interaction in PANI/MWCNT composites resulting in core-shell 

structures which is evidenced in the SEM and TEM images (Figure 55 and 56). In consequence, 

the strong π-π-interaction between MWCNT and PANI increases the electrical conductivity of 

the composites. Like PANI/SWCNT, in such condition it can be expected that the mixing rule 

relation is better to explain the electrical conductivity behavior of the composites. 
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4.2.4. Thermal properties 

 

In this section, the thermal properties of PANI/MWCNT composites are investigated as a 

function of volume fraction of filler (MWCNT).  Thermal diffusivity (α) and volumetric heat 

capacity (C) of the PANI/MWCNT composites were carried out in order to determine the 

thermal conductivity.  

 

4.2.4.1 Thermal diffusivity (α) 

 

The dependence of thermal diffusivity on filler (MWCNT) concentration for 

PANI/MWCNT nanocomposites is presented in Figure 60.  

 

 

 

 

Figure 60. Thermal diffusivity (α) of PANI/MWCNT nanocomposites as a function of MWCNT 

content (vol-%). Dashed line is guides to the eyes. 
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As shown in Figure 60, thermal diffusivity of the composites is found between  ̴ 1.97×10
-

7
 m

2
s

-1
 and  ̴ 2.77×10

-7
 m

2
s

-1
. The result insures that the values of thermal diffusivity of the 

composites are larger than that of pure PANI (̴ 1.79×10
-7

 m
2
s

-1
). This enhancement of thermal 

diffusivity is due to introduced thermal conducting path. More specifically, MWCNT has larger 

thermal conductivity than pure PANI. Thus, inclusion of MWCNT into matrix increases new 

thermal conducting paths in the composites which enhance the thermal diffusivity of the 

samples. 

 

 

4.2.4.2 Volumetric heat capacity (ρC) 

 

The evaluated volumetric heat capacity of the PANI/MWCNT composites as a function 

of MWCNT concentration is shown in Figure 61. The figure implies that the volumetric heat 

capacity is increased with increased MWCNT volume loading in comparison with pure PANI 

(1.04±0.07 MJm
-3

K
-1

). The present data also reveals that like electrical properties the value of 

pure PANI and the value (1.54 MJm
-3

K
-1

) of PANI/MWCNT for 0.0067 vol-% provide a great 

dispersion in the values of the volumetric heat capacity. This gap can arise from modified heat 

transport mechanism in PANI as used in the nanocomposites. Also as shown in Figure 61, it is 

notable that the volumetric heat suddenly drops to a value (~0.95 MJm
-3

K
-1

) which is less than 

the value of PANI. As we have only one value which can be related to experimental errors, it is 

neglected for further interpretation. However, the maximum value of the volumetric heat 

capacity reaches up to 1.85±0.10 MJm
-3

K
-1

 for PANI/MWCNT composites containing 8.33 vol-

% MWCNT. This value is almost two times larger than that of pure PANI. 
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Figure 61. Volumetric heat capacity (ρC) of PANI/MWCNT nanocomposites as a function of 

MWCNT content (vol-%). Dashed lines are guides to the eyes. 

 

 

4.2.4.3 Thermal conductivity (k) 

 

The thermal conductivity of the PANI/MWCNT composites is calculated by using 

equation 42 and presented in Figure 62. However, values of thermal conductivities are noted to 

be in between 0.22 W/m.K (0.33 vol-% MWCNT PANI/MWCNT composite) and 0.39 W/m.K
 

(8.33 vol-% MWCNT PANI/MWCNT composite). It also is observed that the thermal 

conductivity is almost 0.29 W/m.K
 
for very low MWCNT loading (0.0067 vol-%). So there is 

0.1 W/m.K enhancement from the value (0.19 W/m.K) of thermal conductivity for pure PANI. 

This separation can arise from volumetric heat capacity contribution.  

However, the maximum thermal conductivity enhancement (TCE%=((k-

kPANI)×100/kPANI) 110% is obtained at 8.33 vol-% MWCNT loading whereas the thermal 

conductivity of pure PANI kPANI is 0.19 W/m.K. Such low values of thermal conductivities 
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suggest that matrix (polymer) strongly influences the thermal conductivity of the composites. 

The result reveals that the thermal conductivity is almost insensitive to inclusion of fillers. The 

low thermal conductivity values can meet the requirements for thermoelectric applications. 

Further analysis shows that like PANI/SWCNT composites, there is no percolation behavior in 

thermal conductivity. In summary, although the thermal conductivity values of PANI/MWCNT 

composites are very low, the values can be considered for good thermoelectric as well as good 

heat storage performance. 

 

 

 

 

Figure 62. Thermal conductivity (k) of PANI/MWCNT nanocomposites as a funition of 

MWCNT content (vol-%). Dashed line is guides to the eyes. 
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4.2.5. Seebeck coefficient (S) and power factor (PF) 
  

Figure 62 shows the experimental data of the Seebeck coefficient of PANI/MWCNT 

composites as a function of MWCNT volume fraction. As shown in Figure 63, the positive 

Seebeck coefficient of the composites indicates that the composites are p-type semiconductor in 

which holes are the dominant contributors to electrical conductivity. The Seebeck coefficient 

value for pure PANI and the Seebeck coefficient value (7.54V/K) for very low filler loading 

PANI/MWCNT composite (0.0067 vol-%) show a dispersion. This signature can be occurred 

due to modified conducting state of PANI in the composites forms which is interpreted in 

electrical properties of PANI/MWCNT.  

 

Figure 63. Experimental evaluation of Seebeck coefficient (S) of PANI/MWCNT composites as 

function of MWCNT concentration (vol-%). Dashed lines are guides to the eyes. 
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The Figure 63 displays an interesting observation of Seebeck coefficient of the 

composites. The result reveals two different behaviors of Seebeck coefficient as a function of 

MWCNT loading (vol-%). On hand, up to 3.39 vol-% MWCNT loading, the Seebeck coefficient 

shows great increase with addition of filler into matrix. The obtained maximum Seebeck 

coefficient is to be ̴ 17.86 V/K for PANI/MWCNT composite filled with 3.39 vol-% MWCNT. 

The value is almost 2 times larger than pure PANI (9.77±0.17 V/K). On the other hand, the 

opposite trend is observed in the Seebeck coefficient at high concentration of MWCNT (>3.39 

vol-%).  

 

The former behavior in which the Seebeck coefficient and electrical conductivity of the 

composites are simultaneously increased which is shown in Figure 64, can be interpreted in same 

way like Seebeck coefficient signature of PANI/SWCNT composites. It can be seen in equation 

22 that the Seebeck coefficient is directly proportional to charge carrier mobility originating 

from strong π–π interaction between PANI and MWCNT. Herein, inclusion of MWCNT into 

PANI increases the carrier mobility in the composites at low concentration of MWCNT. So, the 

Seebeck is dominated by carrier mobility which gives an enhancement of Seebeck coefficient of 

the PANI/MWCNT composites. The latter one can be explained by a conventional model based 

on the band theory or the electron-phonon scattering [175]. Also equation 22 shows that the 

Seebeck coefficient is inversely proportional to effective electrical conductivity. It can be 

assumed that the charge carrier concentration is increased with increase MWCNT loading into 

matrix and the electron-phonon scattering reduce the carrier mobility in the composites. Thus, 

the Seebeck coefficient is decreased as a function of MWCNT loading at higher concentration. 

As a consequence, it can be said that in PANI/MWCNT composites, both carrier concentration 

and carrier mobility play important roles in Seebeck coefficient of the composites. 
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Figure 64. Experimental evaluation of Seebeck coefficient (S) of PANI/MWCNT composites as 

function of electrical conductivity. 

 

By using equation 43, the power factor (PF) of PANI/MWCNT nanocomposites is calculated 

and depicted in Figure 65. Although the Seebeck coefficient of the composites shows two 

different trends, the PF of the composites is enhanced as a function of MWCNT loading due to 

the significant increment in electrical conductivity of the composites. It can be observed that the 

PF of the composites is increased rapidly at low loading of MWCNT (<3.39 vol-%) because of 

enhancement in both S
2 

and σ of the composites. But at high loading of MWCNT (>3.39 vol-%), 

the PF is almost constant. The result can be explained by the two different signatures in electrical 

conductivity and Seebeck coefficient. As shown in Figure 57 and Figure 65, the electrical 

conductivity is increased at high loading MWCNT while Seebeck coefficient is decreased. So, 

the calculated value of S
2 

σ evidences that the PF is almost constant at high concentration of 

MWCNT in the composites. The maximum power factor (0.067±0.004 Wm
-1

K
-2

) is observed in 
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PANI/MWCNT composite containing 12.01 vol-% MWCNT. This value is four orders of 

magnitude larger than that of pure PANI ( ̴ 4.7710
-6
Wm

-1
K

-2
). 

 

Figure 65. Experimental evaluation of Power factor (PF) as a function of vol-% MWCNT. 

Dashed lines are guides to the eyes. 

 

4.2.6. Thermoelectric properties 
 

The figure of merit ZT of PANI/MWCNT composites is calculated at T=300K via 

equation 23. The ZT values of the composites are presented in Figure 66. The Figure shows that 

with the inclusion of fillers into matrix, the ZT is increased. The result reveals that the signature 

of ZT for PANI/MWCNT is very similar to the power factor characteristic of the composites.  
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Figure 66. Thermoelectric performance (ZT) of PANI/MWCNT nanocomposite. Dashed line is 

guides to the eyes. 

 

At lower volume fraction of MWCNT (<3.39 vol-%), the ZT increases sharply where the 

enhancement is quite slow above that concentration. The ZT value of 0.0067 vol-% 

PANI/MWCNT is found to be 9.91×10
-9

 and reaches up to 4.56×10
-5

 for 3.39 vol-% 

PANI/MWCNT. Thus, in the range between 0.0067 vol-% and 3.39 vol-% MWCNT loading, the 

ZT shows the improvement of four order of magnitude. Furthermore, above 3.39 vol-% 

MWCNT, the ZT value is increased less than one order of magnitude. The maximum ZT value 

8.02×10
-5

 is obtained at 12.01 vol-% MWCNT loading. This result suggests that the low thermal 

conductivity (< 0.5 W/m.K)
 
of composites does not strongly contribute in the figure of merit. 

Generally, the enhancement of thermoelectric performance can be attributed to the large 

improvement of the electrical conductivity of the composites. However, the maximum 

thermoelectric performance is four orders of magnitude larger than that of pure PANI (7.71×10
-

9
). 
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4.3. Reduced graphene oxide based polymer nanocomposites 

 

 

We discuss here the properties of 2-D nano-fillers based polymer nanostructured 

composites. Reduced graphene oxide (RGO) has been used as nano-fillers whereas polyaniline 

(PANI) has been used as matrix. The chemically synthesized PANI/RGO composites ranging 

from 0.005 wt-% to 20.9 wt-% RGO content are investigate. Structural, morphological, 

electrical, thermal, and thermoelectric properties of the composites as a function of volume 

fraction of RGO are discussed. In addition, the through plane electrical conductivity of 

PANI/RGO nanohybrids investigated by broadband dielectric spectroscopy are highlighted.  

 

 

4.3.1. Density   
 

The density of the prepared pellets of the PANI/RGO nanocomposites was determined by 

taking the ratio of measured mass to volume. The plot between density of the pellets and RGO 

weight percentage (wt-%) is presented in Figure 67. The experimental result gives an estimation 

of density of the PANI (=1.24 g/cm
3
)  and RGO (= 2.24 g/cm

3
). For further study of the 

composites, volume percentage (vol-%) is determined by using the equation 40. 
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Figure 67. Density (ρ) of pellets of PANI/RGO nanocomposites as a function of RGO fraction. 

The red solid line is the linear fit.  

 

 

4.3.2. Morphological and structural characterizations  
 

4.3.2.1 SEM Investigation   

 

The morphological investigations of pristine RGO, and PANI/RGO composites were 

performed by FE-SEM. Figure 68(a) – (i) depict the SEM images for PANI/RGO composites.  

Micrograph 68(a) shows the typical nanosheet morphology of the as-received reduced graphene 

oxide. In Figure 68(b)-(e) the morphology of PANI/RGO composites is confirming the presence 

of RGO- and PANI-rich domains. Figure 68(e) shows a combination of platelets with sizes 

ranging from 0.5 to 2 m and nanofibers with diameter of ca. 84±20 nm.  
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Figure 68. Images observed by FE-SEM for (a) RGO, (b) 0.028 vol-%, (c) 0.28 vol-%, (d) 0.56 

vol-%, (e) 2.77 vol-%, (f) 7.39 vol-%, (g) 8.90 vol-%, (h) 10.57 vol-%, and (i) 12.76 vol-%, 

respectively. 

 

It can be seen that with increasing RGO contents the composites exhibit predominantly a 

platelet-like morphology (Figure 68(f)-(i)). The presented micrographs show that the RGO sheets 

have an average size of 0.5-3m which is in agreement with the manufacturer's specifications. 

This confirms that RGO structural integrity is essentially unaffected by the experimental 

protocol. These sheets act as 2-D templates for aniline monomer adsorptions at the initial stage 

of polymerization. This physisorption of monomers and ensuing nucleation of oligomers are 

most likely favoured by - interactions between the basal planes of RGO and anilines, thereby 

promoting the polymerization of anilines along both sides of the 2-D plane of RGO. For 

example, the thickness of the resulting platelets is from about 35 to 50 nm (Figure 68(i)) 
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indicating that each side of the RGO sheet (0.5-3 nm thick according to the manufacturer) is 

covered by a PANI layer with a thickness of ca. 15-20 nm. 

 

 

4.3.2.2 TEM investigation  

 

 For the further insight of the morphology, the composites were investigated by TEM. 

Figure 69 shows the high resolution TEM images of the nanohybrids. The TEM image of the 

5.79 vol-% is presented in Figure 69(a) where Figure 69(b)-(c) are TEM images of 12.76 vol-% 

PANI/RGO composite with different scale bars.  

 

 

 

Figure 69. High resolution TEM images of (a) 5.78 vol-% (b) 12.76 vol-% with scale bars 200 

nm, (c) 12.76 vol-% with scale bars 50 nm, and (d) electron diffraction (scale bar 5 nm
−1

). 
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The TEM investigation reveals that the graphene sheets are covered with a PANI layer 

resulting in a lamellar morphology which is consistent with SEM investigations. In Figure 69(d) 

the electron diffraction data show six fold symmetric diffraction points confirming the hexagonal 

crystalline structure of the graphitic planes of RGO. However, it should be pointed out that the 

orientational disorder of composites is evident from the lattice fringe patterns as seen in the 

diffraction pattern. This feature can be associated with a combination of the structural signatures 

of semi-crystalline PANI and multilayered graphene. To further address this point, detailed X-

ray diffraction and Raman spectroscopy investigations are presented below. 

 

 

4.3.2.3 Raman spectra analysis  

 

To investigate the interactions between PANI and RGO, Raman spectroscopy was 

performed. The Raman spectra of RGO, PANI, and PANI/RGO composites are presented in 

Figure 70. The vibrational modes were obtained from fitting the experimental data (Figure 70). 

The spectrum of pure PANI shows the typical bands of the doped polymer including C-H 

bending of the quinoid and benzenoid ring at 1145 and 1169 cm
−1

, respectively; symmetric C-N 

stretching at 1222 cm
-1

; C-N
+
 stretching at 1340 cm

-1
 ; C=N stretching of the quinoid ring at 

1460 cm
−1

 and 1500 cm
−1

; and C=C stretching of the quinoid rings at 1591 cm
−1

. The 

characteristic peaks of the materials are in good agreement with previous reports confirming that 

the synthesized product contains polyaniline [7,207]. The spectrum of RGO exhibits the two 

typical bands at 1347 and 1597 cm
−1

, which are assigned to the D band (disorder-induced band)) 

and the G band (in-plane stretching mode), respectively [208]. 

 

 

 

 

 

 

 

 

 

 

All spectra of the RGO-reinforced PANI nanocomposites exhibit the characteristic bands 

of each constituent. It is interesting to note that the intensity of the vibration at 1460 cm
-1

 (C=N 

quinoid stretching) increases with increasing RGO content demonstrating that incorporation of 

RGO in the composite promotes the quinoid form of PANI, i.e., a conjugated planar geometry is 

favored. This is further supported by taking the ratio of the intensity of C-H bending vibration in 

quinoid unit (1145 cm
−1

) over that of the corresponding benzenoid (1169 cm
−1

)  [7,207].  
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Figure 70.  Raman spectrum of RGO, PANI and PANI/RGO nanocomposites. Symbols are 

experimental data whereas solid and dashed lines are retrieved from fitting. 

 

That is with respect to pure PANI, the quinoid/benzenoid integral ratio (1145/1169) increases 

from ca. 0.24 (pure PANI) to 0.50 (7.3901 vol-% RGO) and in turn reaches 0.72 (12.7602 vol-% 

RGO) which clearly evidences an important increase of the quinoid fraction in all hybrids. The 

quinoid rings in the nanocomposites are obviously stabilized through their π–π interactions with 

the basal planes of RGO. Thus, the RGO templates induce a greater polymer chain ordering in 

the hybrids which improves physical interactions and charge transfer processes between RGO 

and PANI. This finding corroborates with similar results in which graphene can engage in charge 

transfer interactions with intrinsically conducting polymers [209] or neutral molecules [210,211]. 
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4.3.2.4 XRD analysis 

 

In order to insight the structural properties of RGO, PANI, and PANI/RGO 

nanocomposites X-ray diffraction was carried out. Figure 71 presents the X-ray diffraction 

studies of PANI/RGO composites and their individual constituents.  

 

 

 

Figure 71.  XRD of RGO, PANI and PANI/RGO nanocomposites. Symbols are experimental 

data whereas solid and dashed lines are retrieved from fitting. 

 

         As shown in the Figure 71, pristine RGO exhibits a broad peak centred at q=15.5±0.5 nm
-1

, 

corresponding to a distance of d=q = 0.405±0.008 nm. This value is typical of disordered 

carbon materials with spacing (0.39 nm) [212]. In general, pure PANI exhibits both amorphous 

and crystalline structures. Here, a broad peak is observed from q=10 nm
-1 to q=25 nm

-1 
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indicating mainly an amorphous PANI morphology along with a sharper peak at 17.9 nm
-1

 which 

is associated with the (110) reflection of crystallographic planes of the orthorhombic structure 

reported for semi-crystalline PANI  [211,213,214]. Figure 71 shows that with increasing RGO 

fraction, the diffraction peaks related to PANI domains at q=10.8 nm
-1

 ((010) reflection) and 

q=17.9 nm
-1 

((110) reflection) become more intense in the PANI/RGO diffractograms.  

 

 

 
 

Figure 72.  FWHM and relative intensity of PANI/RGO nanocomposites. Symbols are 

experimental data. 

 

In order to quantitatively assess this result, the diffractograms were fitted with Lorentzian 

curves. Specifically, the peak at q=10.8nm
-1

, which does not overlap with one of RGO, was used 

to track the evolution of the crystallinity of PANI in the nanocomposites. Its relative intensity 

and width at half maximum (FWHM) are plotted versus volume fraction of RGO in Figure 72 

from which it can be seen that the relative intensity increases with RGO content while the 

FWHM decreases. Thus, the incorporation of RGO in the composites enhances the crystallinity 
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of PANI leading to more organized domains and longer correlation lengths (2.3nm<L<3.5nm) as 

calculated from the Scherrer formula (equation 27)  [213,215]. These results demonstrate that 

RGO acts as templates for PANI growth and improve the PANI crystallinity, in particular in the 

(010) direction, i.e., parallel to the benzene rings of PANI chains. Thus, the improved PANI 

crystallinity in the composites reflects a polymer chain growth mechanism taking place 

predominantly along the (010). This added feature re-enforces the afore-mentioned strong 

quinoid (PANI)-basal plane (RGO) π–π interactions as evidenced by Raman work.  

 

 

4.3.3. Electrical properties 
 

For PANI/RGO nanocomposites, the electrical properties are studied by using two different 

methods. In plane electrical conductivity was determined by using four-probe method and 

through plane electrical conductivity was performed by Broadband dielectric spectroscopy 

(BDR).   

 

4.3.3.1 Electrical properties characterized by in plane measurement 

  

The evolution of the electrical conductivity () of PANI/RGO nanohybrids as a function 

of RGO volume fraction is presented in Figure 73. The figure shows that the electrical 

conductivity of the composites increases with adding of RGO nano-fillers. The maximum value 

192±20 S/m of the electrical conductivity is obtained for PANI/RGO composite filled with 12.76 

vol-% RGO while the value of the pure PANI is 0.05±0.01 S/m. Thus, it can be observed that 

there is an enhancement in the electrical conductivity of about four orders of magnitude.  

 

To analyze the experimental data, the mixing rule (equation 2) is used to fit which is 

presented in Figure 73. The value of electrical conductivity of RGO (σmatrix ~1463 S/m) is 

obtained from the fit. The result shows that the electrical conductivity value of RGO as used in 

nanocomposites, which is much lower than RGO purchased from company. The finding 

indicates the modified conductive behavior of PANI and RGO. Also the computed low value of 
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RGO suggests that may be an infinite percolated network, formed with RGO loading, of 

electrical conductivity is responsible for large enhancement (four orders of magnitude).  

 

Figure 73: Electrical conductivity (σ) of PANI/RGO nanocomposites as a function of vol-% 

RGO. Symbols are experimental data whereas red solid line is the best fit of equation 2. 

Further, the electrical conductivity of the composites is interpreted through a percolation 

critical power law (equation 4). As shown in Figure 74, a good agreement is obtained between 

experimental data points and the fit (solid line). The fitting  provides Φc=0.099 vol-%, t=0.98, 

and σ0=15.3 S/m.  
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Figure 74.  Electrical conductivity () of PANI/RGO nanocomposites as a function of vol-% 

RGO. Symbols are experimental data whereas red solid line is the fit of equation 4. 

 

According to the model proposed by Li and Kim  [216], the percolation threshold (c) for 

a composite made of graphitic disk platelets dispersed in a polymer matrix can be estimated 

from:  

 

c=27D
2
th/4(D+DIP)

3
    44  

 

where D is the diameter of the platelets, th their thickness and DIP the distance between filler 

platelets. In this study the estimated DIP from SEM measurements is ~2x15nm (PANI thickness 

between two RGO sheets). Knowing that D is in the micrometer range, it can be reasonably 

assumed that DIP<<D. Using the manufacturer’s RGO specifications, D/d~1000 and equation 44, 

the volume percolation threshold is found to be within 2.32 vol-%<c<2.63 vol-%. In this work, 

the percolation in PANI/RGO composites occurs when the RGO fraction is very close to 0.1 vol-

% (Figure 74) which is at least twenty times lower than any value from the above c range. Such 
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a low percolation threshold is not only related to the extremely high aspect ratio of the graphene 

sheets (D/th~1000) but is also dependent on the shape of the platelet geometry, i.e. disk (oblate) 

versus ellipsoid (prolate). Indeed, randomly oriented oblate ellipsoids with an aspect ratio of 

1,000 are predicted to have a geometric percolation threshold of 0.1 vol-% which is consistent 

with our results  [217].  

 

 

 

 

Figure 75.  log-log plot of σ versus reduced volume fraction of RGO. 

 

Figure 75 shows the log-log plot of σ versus reduced volume fraction ( - c) of RGO. 

The result reveals an expected linear relationship between log() and log( - c) providing a 

slope of 1.07 which is close to the value of t retrieved from fitting the experimental data to 

equation 4. Unlike 3D percolation whose t > 1.6, here, the lower t value supports a two-

dimensional, i.e. in plane, conduction process for the PANI/RGO composites which is obviously 

favored by the platelet-like morphology observed by SEM and TEM (Figure 68 and 69).  
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4.3.3.2 Electrical properties characterized by through plane measurement 

 

4.3.3.2.1. Introduction  

 

In the present study, the objective of this study is to investigate the conducting properties 

and/or interfacial contribution in the PANI/RGO nanocomposites characterized by through plane 

measurements. For this purpose, Broadband Dielectric Spectroscopy (BDS) was employed to 

investigate the electric and dielectric properties of polyaniline/reduced graphene oxide 

(PANI/RGO) nanocomposites with various RGO fractions. In particular electric charge transport 

is explored from frequency dependent AC conductivity measurements providing interesting 

insights into the relaxation mechanisms which take place in the nanohybrids at various spatio-

temporal scales.  

In order to achieve the above objectives, imaginary part of dielectric permittivity was 

recorded by using BDS. Generally, imaginary part is more informative (it captures both DC 

conductivity and dielectric relaxation due to charge trapping and, subsequently, correlation 

between these two mechanisms) and is more precisely determined. Real part only traces 

capacitance due to charge trapping and, as it is proportional to capacitance, suffers from stronger 

experimental errors.  

However, the recorded imaginary parts of dielectric permittivity data are analyzed within 

the framework of the Kohlrausch-Williams-Watts (KWW) model which is a model commonly 

used in polymer systems. In present section, through electrical conductivity, dielectric relaxation 

and interfacial charge trapping phenomena are highlighted. Also the relationship between the 

morphology and the charge localization within the composites is also studied and discussed 

according to existing models. 
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4.3.3.2.2. Investigation of dielectric spectrum 

 

 The real part of the complex electrical conductivity σ*
 
= σ′ +jσ′′ is related to the 

imaginary part of the complex permittivity * = ′ + j′′ through the below relation  [218,219]:  

 

σ′ = 2πf0′′ or ′′ = σ′/2πf0  ∝ G(f)/f    45      

         

where f denotes the frequency of the harmonic voltage applied to the sample, 0 is the 

permittivity of free space, and G(f) is the measured conductance of the sample. A double 

logarithmic plot of " vs f, recorded at room temperature for different RGO volume  fraction of 

RGO/PANI nanocomposites are presented in Figure 76 while the frequency dependence of ′′ 

experimental data for pure PANI is displayed in Figure 77. 

 

Figure 76. Imaginary part of complex permittivity (relative) vs frequency (Hz) of RGO/PANI 

nanocomposites. 
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As shown in Figure 76, a relaxation process is detected in the range 10
3-10

5
 Hz for 

nanocomposites, but not for pure PANI, indicating that this process must be associated with the 

presence of RGO in the materials. In the MHz region, an additional relaxation mechanism is 

partially observed in the vicinity of the detection limit of our impedance analyzer and is beyond 

the scope of the present work. In order to completely characterize the dielectric spectra, a 

quantitative analysis of experimental data was carried out using a function: 

 

 

′′ (f) = 1′′ (f) + 2′′ (f)    46 

 

 

The equation 46 is composed of a low-frequency region, whereas the ac conductivity is 

frequency independent and equal to the DC-conductivity (σ) is defined as :  

 

 

1′′ (f)  = σ/ 0(2π f)n       47 

 

 

and a high-frequency dispersive region, whereas dielectric loss appears interpreted by the Fourier 

transform of the Kohlrausch-Williams-Watts (KWW) stretched exponential functions which is 

 [220] : 

 

2′′(𝑡) = ∆𝐾𝑊𝑊𝑒
−(

𝑡

𝜏𝑘𝑤𝑤
)𝛽

   48 

 

 

where ∆𝐾𝑊𝑊 is the relaxation strength, τKWW is the KWW-relaxation time, and β is the stretching 

exponent (0< β≤ 1).  
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Figure 77. ′′ vs frequency (Hz) for (a) pure PANI and (b) PANI/RGO nanocomposite (2.77 vol-

% RGO). 

 

Figures 77 shows the frequency dependence of ′′ experimental data (symbols) and 

fitting curves (solid and dashed lines) for PANI/RGO nanocomposite (2.77 vol-% RGO). For 

pure PANI, all data points lie on a straight line with a slope of -1 which is attributed to the DC 

conductivity term. This statement is also valid for nanocomposites up to f = 5×10
2
 Hz above 

which an additional dielectric relaxation peak is observed. This peak can be fitted with a KWW 

function (Figure 77 green dashed line) demonstrating that a very good matching is obtained 

between the experimental data and the fitting curves retrieved from equation 48.  

Figure 78 shows the DC-conductivity (σ), evaluated from the low frequency ac-data, and 

the intensity of the KWW relaxation peak (∆) as a function of RGO loading of RGO/PANI 

nanocomposites. 
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Figure 78.  log σ vs vol-% RGO and ∆Ɛ vs vol-% RGO 

 

The analysis showed that the DC conductivity is reduced, with inclusion of RGO. This 

behavior is unexpected because a notable enhancement of percolation process is usually 

observed for in plane measurement PANI/RGO (see Figure 73).  It can be seen that highest value 

of electrical conductivity measured plane is 10
-3

 S/m when the value for in plane measurement is 

in 10
+2

 S/m order. It should be notated that the nature of the experiments are different here. 

These significant differences in the electrical conductivities may arise due to nature of 

experiments. Also a possible explanation of this finding could come from the sample 

pelletization process which might favor a parallel arrangement of PANI/RGO platelets as shown 

in Figure 79(a) by SEM and cartooned in Figure 79(b). 
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Figure 79. (a) Cross sectional SEM view of PANI/RGO pressed pellet (0.56 vol-% RGO). Red 

arrows illustrate the main orientation of layered platelets; the inset displays the enlarged area of 

the white rectangle showing PANI-wrapped RGO platelets. (b) Schematic view of pellet cross 

sections starting from pure PANI (bottom) to higher RGO loadings (top) and (c) proposed 

schematic equivalent circuits according to dielectric behaviors. 

 

Recalling that PANI/RGO composites were synthesized by in-situ chemical synthesis, 

RGO acts as a seed for PANI growth, i.e., the surfaces of RGO platelets are fully covered with a 

layer of PANI forming a core(RGO)/ shell(PANI) structure. Due to their planar 2-D shape, 

PANI/ RGO platelets are most likely stacked in a parallel manner during compression leading to 

a layered-like morphology where physical contacts/connections between platelets occurred 

through their PANI shells. This geometrical arrangement of PANI/RGO platelets is supported by 
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the previous reports where graphene platelets preferentially lie parallel to each other inducing 

anisotropic transport properties  [221,222]. In such a morphology, PANI/RGO platelets can be 

electrically assimilated to leaky capacitors assembled in a series of parallel Resistance- Capacitor 

(RC) components as proposed in Figure 79(c). This system models a Debye-like relaxation 

process, which can be used to describe the dielectric loss observed. Also two different behaviors 

(signature of in plane electrical conductivity and through plane electrical conductivity) can be 

interpreted by using two different circuits. The through plane electrical conductivity behavior  

can be explained by leaky capacitors assembled in a series of parallel Resistance-Capacitor (RC) 

(Figure 79(c)) whereas the in plane electrical conductivity behavior can be interpreted by using 

open circuit concept. In in plane electrical conductivity measurement, leakage resistance plays an 

important role in the overall enhancement of electrical conductivity but capacitance effect is 

insensitive. 

As shown in Figure 78, the intensity of the peak is higher with increasing composition. It 

seems that the increase of the RGO phase provides more interfaces, which act as trapping centres 

for the charge carriers. Consequently, the concentration of carrier that can transfer along the 

volume of the specimen is decreased in excess of those pinned at interfaces. The DC-

conductivity is σ=nμq, where n is the concentration of charges that participate to the DC-

transport mechanism, μ is their mobility and q denotes the charge. On increasing the RGO 

content, interfaces hinder the charge motion along the volume of the specimen; the percolation 

network structurally changes, fewer pathways are available for carriers to move macroscopically, 

while clusters bounded by interfaces permit short range electric charge flow. The latter carrier 

localization reduces n (yielding lower σ values) and has a resonance frequency identical to the 

maximum frequency of the observed dielectric loss peak. Within this frame and assuming that 

the modification of the topology of the percolation network does not affect the dynamics if free 

charge carriers (i.e., μ is practically unaffected), we assert that the increase of the dielectric loss 

intensity Δε is induced by capacitance effects due to charge trapping in excess of n. 
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Figure 80. (a)  β vs vol-%  RGO (b)  logτKWW vs vol-%t RGO. 

 

The characteristic relaxation time τKWW is increased with composition as increase RGO 

(Figure 80(b)), while the stretching component (β) of the KWW model increases (Figure 80(a)), 

approaching the value 1, which is typical for Debye-like relaxation.  

To gain more information we calculated the mean dielectric relaxation time by combining 

τKWW and β, through the given relation:   

 

 

<τ> = τKWWβ
-1

Γ(1/β)   49 

 

 

where <τ> is the mean dielectric relaxation time and Γ is the Gamma function. The equation 49 

provides the mean value of <τ> = 6.310
-5

s. 
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Figure 81. The relaxation time max max1/ f   and the mean dielectric relaxation time   

estimated from the KWW  and   parameters obtained from the KWW fitting. 

 

 

In Figure 81, we see that both the mean relaxation time <τ> and the dominant relaxation 

time τmax=1/fmax2.510
-4

s, (where fmax is the frequency where the dielectric loss has its 

maximum) are roughly insensitive to the increase of RGO. In other words, the relaxation time-

scale is practically constant, subsequently, the characteristic scale (which is, to a first 

approximation, proportional to reciprocal relaxation time), is invariant to increased RGO content. 

This is compatible with the previous SEM results that the dimensions of the platelets of RGO 

oblate covered with PANI do not change dramatically with increasing RGO.  

 

Moreover, the invariance of the dielectric relaxation time observed in our RGO/PANI 

nano-composites is compatible with the predictions of dielectric theories for mixtures. For 

example, the Sillars model  [223] for low concentration of conducting oblate spheroid inclusions 

(which resemble the platelet-like shape of the RGO inclusions in RGO/PANI nano-composites), 

predicts a relaxation time : 
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τ = 0 
∗𝑓𝑖𝑙𝑙𝑒𝑟

𝜎𝑓𝑖𝑙𝑙𝑒𝑟
     50 

 

where  ∗𝑓𝑖𝑙𝑙𝑒𝑟  and 𝜎𝑓𝑖𝑙𝑙𝑒𝑟refer to the dielectric complex permittivity and DC-conductivity of the 

conducting inclusions (RGO), respectively. The equation 50 shows that the relaxation time is 

insensitive to concentration effects. Thus, the above result is supported by the Sillars model  

On the contrary, the intensity of the polarization or peak intensity (Δε) can be described 

by the interfacial polarization model proposed by Sillars  [223]: 

 

Δε = Φ 
𝜀∗2

𝑚𝑎𝑡𝑟𝑖𝑥

𝜀∗2
𝑓𝑖𝑙𝑙𝑒𝑟

    51 

 

The above equation implies that Δε is affected by the volume fraction of RGO, even at 

low concentration values, which complies with the observed concentration dependence of Δε in 

RGO/PANI.  

The experimental results in RGO/PANI nanocomposites do not only comply with the 

Sillars interfacial polarization model but, additionally, indicate that the observed relaxation does 

not originate merely from some relaxation of the PANI matrix. The observed peak can hardly be 

attributed merely to relaxation within the PANI phase. In principle, in disorder semi-conductor 

systems, a relaxation mechanism is correlated with the DC-conductivity through the Barton-

Nakajima-Namikawa (BNN) model  [224] that interconnect the position fmax of the relaxation 

mechanism, the relaxation strength εΔ , and dcσ through the relation:  

 

max 02 dcf p      52 
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where p is a constant of the order of unity. However, in our RGO/PANI nano-composites fmax 

was found to be roughly constant (Figure 80) and εΔ is directly proportional to σ on increasing 

the RGO content. Hence, the BNN relation is not fulfilled and, subsequently, the observed 

relaxation peak can hardly be attributed to relaxation within the PANI phase. The latter 

conclusion is alternatively supported by the fact that the fitting parameters KWWτ  and β should be 

concentration independent, if the observed relaxation originated from the PANI phase itself, but 

this evidently does not happen (Figure 80 (a) and (b)). 

 

4.3.3.2.3. Conclusion 

 

The decrease of the DC-conductivity with increasing RGO content in RGO/PANI nano-

composites is linked to the increase of the intensity of a dielectric relaxation mechanism. On 

increasing RGO, the nano-composite becomes rich interfaces and, as a result, more charges are 

trapped; in this way the concentration of charges that are favored to percolate is decreased in 

excess of the pinned charge concentration, enhancing capacitance effects. While this happens, 

the analysis of the dielectric relaxation peak within the KWW model, revealed a mean dielectric 

relaxation time, which is roughly constant, evidencing that the scale where relaxation progresses 

is roughly constant. The latter is in accordance with previous SEM studies, whereas the RGO 

sheets keep an average size of 0.5-3 μm on increasing RGO component. Capacitance effects 

depend on the quantity of RGO sheets but the relaxation time does not, as being proportional to 

the mean size of these sheets. Our finding that the mean dielectric relaxation time is practically 

constant for the composition range of RGO studies, while the strength of the dielectric relaxation 

mechanism is concentration-dependent is in accordance with the predictions of the Sillars model 

for oblate conducting discs into an insulating matrix, for low concentration values. 
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4.3.3.3 Temperature dependence of electrical properties characterized by 

through plane measurement 

 

4.3.3.3.1. Introduction  

 

As an extension of the above study in this area, we wish to report, herein, the effect of 

temperature on electrical properties performed by through plane measurements. In order to 

investigate these properties, temperature dependent imaginary part of dielectric permittivity was 

recorded by using BDS. Like before, the recorded imaginary parts of dielectric permittivity data 

are characterized within the framework of the Kohlrausch-Williams-Watts (KWW) model. The 

effect of temperature on the charge relaxation mechanisms taking place at the polarized 

RGO/PANI interfaces is discussed.   

 

4.3.3.3.2. Investigation of temperature dependence of dielectric spectrum 

 

Isotherms of imaginary part (ε״) of the complex dielectric permittivity (ε*) of PANI/RGO 

nano-composites containing different RGO concentration were recorded in the frequency domain 

ranging from 306 K to 396 K in a double logarithmic representation (Figure 82).   
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Figure 82. Isotherms of imaginary part ε״ of the complex dielectric permittivity (ε*) vs ƒ for 

5.79 vol- % PANI/RGO nano-composite. Inset: fitting of a conductivity line.  

Like the room temperature study, the data points are fitted by using equation 47 and 48. 

We use, to a first approximation, the Arrhenius law to qualitatively describe modifications with 

1/T. An Arrhenius relation, i.e.,  max Bexp -E/K Tf  , where KB and E are the Boltzmann’s 

constant and the activation energy respectively, fits the )/1(log max Tf data points presented in 

Figure 83. The slopes evaluated are: ~ 2.04110
3
K, 2.00510

3
K

 
and 2.08710

3
K for 0.0277, 

2.77 and 5.97 vol-% PANI/RGO, respectively.  They share a common value, confirming that a 

common microscopic mechanism underlies the relaxation process, such as electric charge 

relaxation within RGO nanoparticles. The result reveals that the characteristic frequency is 

shifted towards lower frequency with increase in temperature. This behavior is discussed below. 
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Figure 83. The logarithm of the peak maximum ƒmax against 1/kT. (straight lines are best fits to 

the data points).  

 

Effective dielectric theories of interfacial polarization in bi-phase heterogeneous 

structures consisting of conducting inclusions inside an insulating matrix are based on the 

assumption that the interface is impermeable to electric charge carriers, i.e., the outward 

transmission coefficient through the interface is null as different phases do not interact with each 

other. However, interactions can play a significant role in interfacial polarization 

phenomena [225–228]. The Sillars model for low concentrations of conducting oblate spheroid 

inclusions (such as the RGO ‘flakes’) predicts a relaxation time for interfacial polarization 

through equation 50. Since max/1 f , equation 50 implies that both 𝜎𝑓𝑖𝑙𝑙𝑒𝑟 and maxf have 

identical temperature dependencies. For graphene sheets, above roughly 150 K, at the Dirac 

point, where the Fermi surface is at the intersection of the dispersion relation of two bands in an 

energy-wave vector diagram, the charge carriers form ‘‘puddles’’ of electrons and holes, 

probably associated with charged impurities [229,230]. As a result, at high temperatures, the dc 
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resistance rises (with activation energy equal to 50 meV) in a thermally activated 

process [229,230]. Alternatively, a saturation, rather than activated increase, of the dc 

conductivity vs temperature has also been observed [231]. In any case, the conductivity 𝜎𝑓𝑖𝑙𝑙𝑒𝑟of 

the RGO phase above room temperature is, more or less (depending on the type of defects 

formed), a decreasing function of temperature and, according to equation 50 - under the 

restriction that the host phase is a perfect insulator -ƒmax should also increase with rising 

temperature. However, the opposite behavior is observed, i.e., ƒmax is lowered on increasing 

temperature [Figure 82]. 

The experimental results can alternatively be interpreted as follows: PANI is a 

semiconductor, rather than an insulator and in an equivalent circuit representation, the polarized 

RGO flakes act as capacitors being short-circuited by a leakage resistance through the semi-

conducting PANI environment. Heating supplies thermal energy to the electric charge carriers, 

relaxing within the RGO, and assists their outward penetration of the effective potential barrier 

(which resembles that of a Schottky barrier raised at the interface of a metal - semi-conductor 

junction). Thus, a number of carriers escape and flow through the PANI environment leading to 

a lowering of the density of charges in the interior of RGO as temperature increases. 

Subsequently, dτ(T)/dT > 0 , or, dƒmax(T)/dT < 0, then ƒmax slowdown on increasing temperature.  

The scenario of electric charge de-trapping from the RGO inclusions at elevated 

temperatures is further supported by the reduction of the intensity Δε with temperature (Figure 

84), which is a measure of how the relaxing charge population decreases on heating. Note that 

the values of Δε increase upon RGO loadings, in agreement with another prediction of the Sillars 

model (equation 51) [232] (i.e., Δε is proportional to the volume fraction of RGO in the host 

matrix).  
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Figure 84. The peak intensity Δε against 1/kT. The decrease of Δε upon temperature implies a 

reduction of the density of relaxing electric charges inside the RGO inclusions. 

 

Charge liberation from the inclusions augments the concentration of free charges 

participating to the DC conductivity. While Δε decreases on temperature by a factor of 100, the 

(total) DC-conductivity increases less (by a factor of 2) because, recalling that σ = nμq, (where n 

is the concentration of charge participating to conductivity, μ is the charge mobility and q 

denotes the net charge) the mobility of the liberated charges is reduced when moving within a 

semi-conducting environment. The DC conductivity (reduced to the value measured at 306K) vs 

temperature plot for PANI reaches a maximum value above room temperature (Figure 85). It is 

noteworthy that the monotony of conductivity-temperature curves in conducting polymers 

depends strongly on their doping level  [233]. Higher RGO concentrations provide more charge-

trapping interfaces and more pinned charges are likely to be liberated towards the semi-

conducting PANI matrix. The latter mechanism is intensified at higher RGO loading, as can be 

seen in Figure 85 in which the right-hand tail of the conductivity curves shifts systematically 

upward.  
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Figure 85. The logarithm of the DC conductivity reduced to the corresponding one measured at 

306 K of PANI vs temperature for (a) 0.0277 vol-%, (b) 2.77 vol -%, (c) 5.79 vol-% PANI/RGO 

composites. 

 

4.3.3.3.3. Conclusion 

 

 In summary, complex permittivity measurements above room temperature on PANI/RGO 

nanocomposites of varying RGO contents reveal an interfacial relaxation mechanism 

characterized by decreased ƒmax values. This behavior is interpreted by revisiting the basic 

concepts of the Sillars model for interfacial polarization occurring in an insulator comprising 

dispersed conducting platelets. The semi-conducting PANI matrix provides a leakage resistance 

to the polarized RGO inclusions and enhances the DC conductivity of the composites at the 

expense of the intensity of the relaxation process. This is evidenced by the decrease in intensity 

of the relaxation peak on increasing temperatures which favors phonon-assisted charge de-

trapping in RGO platelets. This phenomenon corroborates with our experimental findings as 

reflected in decreased values of ƒmax. The heat-induced charge liberation contributes to DC 

conductivity and affects the shape of the DC conductivity - temperature curves for different 

weight fractions of RGO which can be explained through the Sillars model. 
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4.3.4. Thermal properties 
 

In the present section, we present the thermal properties the PANI/RGO composites. In order 

to determine the thermal conductivity of the composites, two different techniques, the laser flash 

method and DSC, and photothermal radiometry, have been employed.  

 

4.3.4.1 Thermal properties investigated by laser flash method and DSC 

 

In this method, to obtain the thermal conductivity two different instruments have been 

used for two different samples. Thermal diffusivity of the pellets of the composites was carried 

out on laser flash method while DSC was used to investigate heat capacity of the powder of the 

composites. 

 

4.3.4.1.1. Thermal diffusivity and Volumetric heat capacity 

 

Figure 86(a) presents the thermal diffusivity of PANI/RGO composites as function RGO 

loading. As shown in Figure 86 (a), thermal diffusivity increases with the inclusion of RGO. The 

maximum thermal diffusivity 1.88×10
-7

 m
2
/s is obtained at 12.76 vol-% RGO content. As we 

know, thermal conductivity of RGO is more than thermal conductivity of PANI. Thus, the 

enhancement of the thermal diffusivity of the composites can be induced due to induced thermal 

conducting paths in the nanocomposites. 

 

The volumetric heat capacity (ρC) of PANI/RGO composites as function RGO loading is 

displayed in Figure 86(b). It shows that the volumetric heat capacity increases with adding of 

RGO content in comparison with pure PANI (ρC = 1.04±0.07 MJm
-3

K
-1

). The experimental data 

reveals that the volumetric heat capacity of the nanocomposites is almost constant (~1.7 MJm
-3

K
-

1
) at low RGO nano-fillers loading (up to 2.77 vol-%), where the volumetric heat capacity 

slightly increases over high RGO nano-fillers loading (beyond 2.77 vol-%). As shown in Figure 

86(b), it can be seen that like PANI/MWCNT composites, the volumetric heat suddenly 
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decreases at 12.76 vol-% RGO content. But we have just one value and it can be related to 

experimental errors. So, it is neglected for further interpretation. The maximum value reaches up 

to 1.93±0.06 MJm
-3

K
-1

 for the PANI/RGO composites with 10.57 vol-% RGO content. The 

obtained maximum value is almost two times larger than that of pure PANI. The result suggests 

that due to the enhancement of volumetric heat capacity, PANI/RGO composites can be used as 

heat storage materials. 

 

 

 

Figure 86. (a) Thermal diffusivity (α) and (b) volumetric heat capacity (ρC) of PANI/RGO 

nanocomposites as a function of RGO volume fraction. Dashed lines are guides to the eyes. 

 

4.3.4.1.2. Thermal conductivity 

 

The thermal conductivity calculated by using equation 42 of the PANI/RGO composites 

is presented in Figure 87. As shown in Figure 87, the signature of thermal conductivity shows 

two different behaviors. Initially, the conductivity of the nanocomposites is barely changed or 

almost constant (~ 0.28 W. m
-1

. K
-1

) at low RGO nano-fillers loading (up to 2.77 vol-%). But 

thermal conductivity slightly increases over high RGO nano-fillers loading (beyond 2.77 vol-%). 

The maximum value of thermal concavity is ~ 0.28 W. m
-1

. K
-1

 for PANI/RGO composites with 

10.57 vol-% RGO content. The observed phenomenon taking place at low vol-% RGO could be 
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ascribed to poor interactions between the filler and the matrix of the composites resulting in a 

large acoustic impedance mismatch. Since the acoustic speed is very much dependent on the 

density of the interfacial medium present between the two components of the nanocomposites 

 [234]. It is likely that induced interfacial phonon scattering suppresses good thermal 

conductivity in the matrix with low filler contents. However, a reduction of acoustic impedance 

mismatch through the enhancement of interfacial interactions is achieved with higher RGO 

content leading to the observed rise of thermal conductivity.  

 

 

Figure 87. Thermal conductivity (k) of PANI/RGO nanocomposites as a function of RGO 

volume fraction. 

The thermal conductivity enhancement (TCE%=((k-kPANI)×100/kPANI) up to 89% is 

obtained for the composite with RGO content as high as 10.57 vol-% which is almost two orders 

of magnitude lower than that of epoxy/multilayer graphene composites with similar volume 

fraction of filler  [235]. This finding may suggest that the thermal conductivity of RGO (multi-

layered) platelets is much lower compared to that of single layer graphene, which results in a 

limited rise of the effective thermal conductivity of the composites. 
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A Maxwell–Garnett type effective medium approximation (MG-EMA) which has 

presented in equation 19 is used in order to obtain interfacial thermal resistance. This model 

which is valid at low filler volume fractions in composites, is used to fit the dependence of k on 

volume fraction of RGO [235,236]. The fitting provides the value of interfacial thermal 

resistance (Kapitza), Rk, which is 9.3410
-10

 m
2
KW

-1
. The obtained Rk value is is at least two 

orders of magnitude lower than that of polymer/carbon nanotubes composites [237]. Such a low 

Rk value can be attributed to good interactions between the planar geometry of RGO platelets 

and PANI aromatic rings through - stackings (Figure 70). This reduces the interfacial thermal 

resistance and suggests an improved coupling between some of the excited phonon modes in 

graphene sheets and the polymer matrix as predicted by Molecular Dynamics and Density 

Functional Theory simulations  [148,149]. 

 

4.3.4.2 Thermal properties investigated by photothermal radiometry (PTR)  

 

In order to investigate the thermal conductivity in the same conditions, thermal properties of 

the PANI/RGO composites were characterized through photothermal radiometry (PTR) at room 

temperature.  

 

4.3.4.2.1. Thermal diffusivity and thermal effusivity 

 

 The changes of thermal diffusivity (α) and thermal effusivity (e) of the nanocomposites 

as a function of RGO volume fraction are displayed in Figure 88(a) and (b). These two 

parameters have been presented in the equation 36 and 37. In this study, α and e are determined 

using the experimental evolution of the normalized phases of the corresponding PTR signals. 

 Figure 88(a) exhibits thermal diffusivity values which are same order of magnitude of 

thermal diffusivity obtained via laser flash and DSC methods (see Figure 86). Although the order 

of magnitude of thermal diffusivity is same, the values of thermal diffusivity of same sample 

obtained by two different methods (laser flash and DSC methods and PTR) are different.  The 

significant differences between the results arise because of different natures of the experiments. 

Figure 88(a) shows two different behaviors of α, i.e., at low RGO fraction (<6 vol-%; average α 
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~ 2.38×10
-7

 m
2
.s

-1
), the diffusitivity does not change significantly. However, above that 

percentage a drop of α with increasing RGO filler is conspicuous (lowest α ~ 1.23×10
-7

 m
2
. s

-1
). 

The “insensitivity” of α at low RGO % could stem from the inhomogeneity of the composites 

brought about by the discontinuity of the embedded fillers. Thus, it is likely that upon increasing 

the amount of RGO (>6%) some effectual-thermal pathways are introduced which facilitate heat 

transfer, thereby decreasing the thermal diffusivity of the nanocomposites  [238].  

 

 

Figure 88: (a) Thermal diffusivity (α) and (b) thermal effusivity (e) of PANI/RGO 

nanocomposites as a function of RGO volume fraction. Dashed lines are guides to the eyes. 

 

 The change of thermal effusivity (e) as a function of RGO vol % (Figure 88(b)) shows 

that e is practically unaffected at low filler contents (< 6%; average e ~887 W.s
0.5

m
-2

.K
-1

) but e 

clearly rises beyond that % (highest e ~1713 W.s
0.5

m
-2

.K
-1

). Since thermal effusivity corresponds 

to the thermal impedance of a material and consequently its ability to exchange heat energy with 
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its environment it is likely that a rise in the volume fraction of RGO is accompanied with an 

enhancement of the overall “effective” heat exchange surface of the nanocomposites with its 

environment, thereby causing an increase in the thermal effusivity  [239].  

 

4.3.4.2.2. Thermal conductivity 

 

Next, a relationship between α, e and the thermal conductivity (k) is obtained by solving 

equation 36 and 37, that is: 

 

 

k = e×√α     53 

 

 

Figure 89 displays the evolution of the thermal conductivity (k) as a function of RGO 

vol- %.  There is almost same trend relating thermal conductivity to vol-% RGO investigated by 

using laser flash and DSC methods (shown in Figure 87). Although the trend relating thermal 

conductivity to vol-% RGO is same, the values of thermal conductivity for same sample obtained 

by two different methods (laser flash and DSC methods and PTR) are different.  These 

differences are originated because of different natures of the experiments. Here, it can be seen 

that at low concentration of RGO, k remains essentially constant (~ 0.44 W. m
-1

. K
-1

) but 

registers a rise beyond that concentration with k value approaching ~ 0.60 W.m
-1

. K
-1

 for a 

sample of 12.76 vol-% RGO.   
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Figure 89. Evolution of the thermal conductivity (k) as a function of RGO volume fraction.  

 

In order to get further insights into thermal transport properties, we used a Maxwell–

Garnett type effective medium approximation (MG-EMA) which has presented in equation 19. 

As shown in Figure 89, a good agreement is obtained between experimental data points and the 

fit (solid line) providing values of kPANI=0.44 Wm
-1

K
-1

 and kRGO=2.1 Wm
-1

K
-1 

which are in 

accord with data reported in the literature for PANI and RGO platelets  [240–242]. In addition, it 

should be noted that thermal conductivity of layered materials like graphene or graphite is 

direction dependent. For example, in plane and through plane thermal conductivities in a 

graphene sheet with size of 1m and 7nm thick, exhibit drastic differences, i.e. kIP (in plane) ~0.6 

Wm
-1

K
-1

 and kTP (through plane)~8.7 Wm
-1

K
-1

 [243]. The fact that our computed kRGO lies in 

between the above values suggests that both in plane and through plane thermal transports could 

take place in the composites.  
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The value of interfacial thermal resistance (Kapitza) for PANI/RGO hybrids is found to 

be Rk= 4.9 × 10
−10

 m
2
K W

−1
 which is at least two orders of magnitude lower than that of 

polymer/carbon nanotubes composites  [237] and same order of magnitude of that of PANI/RGO 

composites investigated by laser flash and DSC methods. Recalling that the interlayer spacing 

between graphene sheets, estimated by X-Ray measurements, is d~0.4nm and that the thickness 

th of RGO platelets retrieved from fitting (equation 19) is ~1.6 nm, the number of layers n = th/d 

in RGO platelets is ~ 4 which is consistent with the manufacturer’s specifications.  

 

Figure 90 shows that the ratio of the effective thermal conductivity over that of pure 

PANI vs. vol-% of RGO (k/kPANI ) reaches 1.4 at =12.76 vol-% RGO. 

 

  

 

 

Figure 90. Plot of k/kPANI vs vol-% RGO. Red solid line is linear fit. 
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Compared to simulated k/kmatrix ratios in ordered graphene composites whose values are 

as high as 360, that of the PANI/RGO composites is much lower suggesting that heat transport 

mostly occurs randomly through the samples  [148]. Alternative explanations to the above-

mentioned discrepancy in k/kmatrix ratios could come from the presence of void or air interfaces 

between PANI/RGO aggregates in the pressed pellets or a higher number of un-exfoliated 

graphene layers (n≥4) in the RGO platelets which can significantly decrease their thermal 

conductivity [244]. The contribution of void fraction is investigated below. 

 

 

4.3.4.2.3. Contribution of void fraction in the thermal conductivity  

 

 It is interesting to point out that the thermal conductivity evolution of the PANI/RGO 

nanocomposites does not exhibit any thermal percolation which is in contrast to the behavior of 

other graphene-based nanocomposites as predicted by theoretical studies  [245,246]. In addition, 

our results show that the effective thermal conductivity of the composites is much lower than 

that of their graphene-based counterparts. We believe that the thermal results are very much 

dependent on the density (Figure 91) of the nanocomposites. As shown in Figure 91 the result 

shows a quasi linear plot. 
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Figure 91. Thermal conductivity (k) as a function of density of PANI/RGO composites. 

Thus, the results indicate that the rise in thermal conductivity (k) is directly correlated to 

an increase in density which in turn is “directly” proportional to the RGO loading. The increase 

in k values is, however, offset by the presence of air interfaces located in between PANI and 

RGO aggregates. Presumably, these voids arose from aromatic rings/π-π, Van der Waals 

interactions between the high aspect ratio RGO platelet sheets  [244] thereby lowering to some 

extent their interactions with the polymer host  [24]. Figure 92 the void content in the 

nanocomposites which was determined from the experimental and theoretical densities using the 

following equation: 

 

Void fraction = 
𝜌𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 − 𝜌𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝜌𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙
    54 

 



177 

 

where 𝜌𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑎𝑛𝑑 𝜌𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙  are the experimental and theoretical densities of the 

nanocomposites.  

 

 

Figure 92. Void fraction of the nanocomposites as a function of RGO volume fraction and red 

solid line is for eye view. 

 Our computations provided a void fraction of ~1% for all samples. This defect acts like 

an insulating layer which mitigates thermal transport phenomena, resulting in the observed 

lowered conductivity. Consequently, the measured thermal conductivity enhancement of 

PANI/RGO nanocomposites failed to match the theoretical prediction of the thermal 

conductivity enhancement of the graphene based polymer composites. And thus, the overall 

effective thermal conductivity of the nanocomposites can be contributed for the thermal 

conductivity of PANI (kPANI), RGO ( kRGO), and void (kvoid). The finding indicates that the low 

thermal conductivity values are not only for 1% void but also it can be related to PANI/RGO 

interfacial contribution (kinterface). But the lowered thermal conductivity of PANI/RGO 

nanocomposites could be exploited for the fabrication of thermoelectric materials for which 

thermal conductivity should be as much as minimum. 
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4.3.4.3 Volumetric heat capacity 

    

The thermal properties of the composites are further evaluated through their volumetric 

heat capacity (ρC) change as a function of RGO nano-fillers (equation 36 and 37). The result, 

displayed in Figure 93, leads to a trend similar to that of the corresponding volumetric heat 

capacity (Figure 86(b)), i.e., the volumetric heat capacity of the nanocomposites barely changes 

at low RGO (<6%) content but increases beyond that percentage to reach a value as high as 4.88 

± 0.92 MJ.m
-3

. K
-1

 for a 12.76 Vol-% RGO sample which is unexpected  since reported values of 

binary composites are generally much lower [247]. But it can be seen that the values of 

volumetric heat capacity for same sample obtained by two different methods (laser flash and 

DSC methods and PTR) provides significant differences between two values. The nature of the 

experiments is responsible for these differences. 

The obtained ρCPANI allows us to calculate the % volumetric heat capacity enhancement 

(VHCE % = (ρC - ρCPANI)×100/ ρCPANI) for composites of lower % RGO to the highest 12.76 

vol-% sample which provided a VHCE of 142%. It is of interest to point out that a) compared to 

the reported values of specific heat increments of other hybrid systems  [247], our composites 

exhibits a remarkable HCE and b) in the present study, the VHCE is almost five times higher 

than that of the corresponding thermal conductivity enhancement (36% for the same sample). 
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Figure 93.  Volumetric heat capacity (ρC ) of the nanocomposites as a function of RGO volume 

fraction. 

 

A discussion on the overall thermal trend must include the topic of inhomogeneity of the 

composites and a block diagram featuring the host, filler and their interface is depicted in Figure 

94 is proposed for this purpose. That is, heat transport is not only dependent on the morphology 

of the bulk composites, its propagation is intimately tied to the nature of the interface present in 

between RGO and PANI since polymerization produces some RGO (core)/PANI (shell) 

structures as supported by Figure 68 and 69 above. Thus, we believe that nano-confined 

structures are present within the PANI/RGO interfaces. Due to the large mismatch in the thermal 

conductivity of RGO and PANI, energy transfer from one component of the composite to the 

other is somewhat impeded by the above-mentioned confined features which could entrap and 

store heat. In a sense, these heat storage sites can be assimilated to nano-heat capacitors whose 

number increases with increasing RGO loading (Figure 95). Therefore, the observed drastic 

VHCE (Figure 93) could be attributed to the gradual increase in RGO%. 
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Figure 94. Block diagram of induced heat capacitor phenomena of PANI/RGO nanocomposite. 

 

Figure 95.  Schematic diagram of induced heat capacitor as a function of RGO volume fraction. 
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4.3.4.4 Heat absorption capability  

 

To gain further insights into the thermal properties of the composite, we have assessed its 

heat storage factor or heat absorption per unit area factor, Q (J/m
2
), which is defined as [248]:  

 

Q = ρC × Ls × Tm(x,t)   55 

 

where, ρC is the volumetric heat capacity of the sample, Ls is thickness of the sample and Tm is 

the maximum temperature raised at the back surface of the sample which is a function of 

thickness (x), where the maximum temperature is measured, and time (t) required for the back 

surface to reach maximum temperature. If we consider a one-dimensional heat transport model, 

as shown in Figure 96 then Tm can be expressed as  [249]:  

 

Tm(x,t) = xt
-3/2

exp(-x
2
/4αt)  56 

 

where, α is the thermal diffusivity of the sample.  
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Figure 96.  Schematic diagram of one dimensional geometry for heat conduction problem in a 

solid. 

We also consider the following assumption: 

 

Tm(x,t) = 0      for x=0 and t>0  57 

 

The maximum temperature raised at the back surface can be calculated from the half maximum 

temperature raised as Tm/2 = (Tm/2).  Inserting the values of thickness of the sample (Ls) and t1/2 

(which is the time required for the back surface to reach half maximum temperature rise) into 

equation 56, the result leads to: 

 

Tm/2 (Ls , t1/2) =  Lst1/2
-3/2 

exp(-Ls
2
/4αt1/2)  58 
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where, t1/2 is defined by the following equation  [248]: 

 

t1/2 = (1.38 Ls
2
) / (π

2
α)   59 

 

Thus, the heat storage factor or heat absorption per unit area factor, Q (J/m
2
) factor is obtained 

through the manipulations of the above equations. 

 

 

Figure 97. Time (t1/2) required for the back surface to reach half maximum temperature rise as a 

function of RGO volume fraction. Dashed line is guides to the eyes. 
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Figure 97 illustrates the calculated time (t1/2) required for the back surface to reach half 

maximum temperature rise as a function of volume fraction of RGO in nanocomposites. It can be 

observed that t1/2 is decreased with increasing volume fraction of RGO nano-fillers. We can infer 

that, in general, a higher content of RGO nano-fillers in the nanocomposites produces more 

thermal conducting pathways which reduce the time (t1/2) required for the back surface to reach 

half maximum temperature rise. We note that an amount of RGO as little as <1 vol-% is 

sufficient to cut the t1/2 by ~ 42%, additional RGO induces a less drastic time reduction.  

 

Figure 98.  Heat storage factor or heat absorption per unit area or Q (J/m
2
) factor as a function of 

RGO volume fraction. Dashed line is guides to the eyes. 

The data obtained from the previous computations allowed us to plot Q (J/m
2
) vs. RGO% 

(vol-%) as shown in Figure 98 which mirrors the trend displayed in Figure 98 i.e. Q factor rises 

with increasing vol-% of fillers. These results lend further support to our previous assumption 

that the presence of nano-confined structures, embedded into the composites, act as heat storage 

“nano-facilities” whose heat trapping capability is enhanced with higher RGO contents. The 

result further highlights the usefulness of PANI/RGO nanocomposites as critical components of 

heat storage/capacitive thermal management devices such lithium-ion batteries  [250].  
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4.3.5. Seebeck coefficient(S) and power factor (PF) 
 

he experimental evolution of Seebeck coefficient is presented in Figure 99(a). The 

S values obtained are all positive which is consistent with a p-type semiconductor like PANI, 

i.e., holes are the dominant contributors to electrical conductivity. Here it can be seen that 

Seebeck coefficient for low RGO loading composite is almost 22 V/K which is much greater 

than the Seebeck coefficients of low SWCNT and MWCNT loading composites. This different 

result can be due to the dimensionality effect since RGO is used as 2D nanofiller and SWCNT 

and MWCNT are used as a 1D nanofillers.  

 

 

 

Figure 99. Experimental evolution of Seebeck coefficient (S) as function of vol-% RGO. Dashed 

line is guides to the eyes. 
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The behavior of the Seebeck coefficient can be interpreted by equation 22. The equation 

explains that Seebeck coefficient is inversely proportional to carrier concentration. Figure 100 

depicts Seebeck coefficient decreases with increase electrical conductivity. Therefore, S 

decreases with increasing RGO content which can be related to an increase of the charge carrier 

concentration. 

 

 

 

Figure 100. Experimental evaluation of Seebeck coefficient (S) of PANI/RGO composites as 

function of electrical conductivity. 

 

 

The TE power factor (PF) has been calculated using the equation 43. In contrast to S PF 

increases sharply with RGO loading as displayed in Figure 101 evidencing that out of S
2 

and σ, 

the latter is the dominant parameter that significantly raises the PF values. As fillers of the PANI 
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matrix, RGO platelets may act like a “co-dopant” of PANI along with camphor sulfonic acid 

thereby enhancing significantly the overall electrical conductivity of the composites at the 

expense of  as noted above. This conflicting trend is often attributed to an increase in charge 

carrier concentration taking place without any significant enhancement of their mobility. Such a 

phenomenon has also been observed in semi-conductor-based thermoelectric materials 

 [165,167].  

 

 

 

Figure 101. Power factor (PF) vs vol-% RGO. Dashed line is guides to the eyes. 
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4.3.6. Thermoelectric properties 
 

As can be seen in Figure 102, ZT increases rapidly with increasing RGO content then 

levels off at a maximum value of ca. 5x10
-6

 which is two orders of magnitude higher than that of 

pure PANI. It is also interesting to note that the sharp rise in ZT occurs at low RGO loading 

(<3%). That is, the ZT enhancement relies mainly on the increase of the electrical conductivity 

“buffered” by a limited rise in thermal conductivity. 

 

 

Figure 102. Thermoelectric performance (ZT) of PANI/RGO nanocomposites. 
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CHAPTER 5 COMPARATIVE STUDY OF 1-D 

AND 2-D CARBONACEOUS NANO-FILLERS- 

BASED NANOSTRUCTURED COMPOSITES 

 

 

Here we propose a comparative study of contributions of 1-D and 2-D carbonaceous nano-

fillers in polyaniline composites. Carbonaceous materials with different dimensions such as, 

SWCNT (1-D), MWCNT (1-D), and RGO (2-D) were used as filler whereas polyaniline was 

used as common matrix to synthesize all nanostructured composites. It is also noticeable that the 

values of electrical conductivities of SWCNT (1-D), MWCNT (1-D), and RGO (2-D) are similar 

(10
2
 S/m). These three different composites, such as PANI/SWCNT, PANI/MWCNT, and 

PANI/RGO nanocomposites were prepared in the same conditions (i.e. same temperature, same 

environment, and same method etc.) as described in chapter 3. However, in the present chapter a 

comparative study based on the influences of different dimensions carbonaceous nano-fillers on 

morphological, electrical, thermal, Seebeck coefficient, thermoelectric, and interfacial properties 

of the polyaniline/carbonaceous nanostructured composites is conducted to highlight the 

dimensional effect in these properties of the composites. 

 

5.1. Morphological study 
 

The influence of carbonaceous nano-fillers with different sizes and shapes on morphology of 

polyaniline composites is being highlighted. 2-D RGO nanoplatelets are compared with 1-D rod-

like carbon fillers such SWCNT and MWCNT for morphological investigation.  

The morphology of PANI/SWCNT, PANI/MWCNT, and PANI/RGO nanocomposites 

have been presented in section 4.1.2, 4.2.2, and 4.3.2 respectively. A schematic diagram of the 

morphology of the PANI/SWCNT, PANI/MWCNT, and PANI/RGO nanocomposites as 

function of filler concentration is presented in Figure 103. Figure 103(a), (b) and (c), depict the 

morphology of pure PANI. It can be observed that the matrix used for three different composites 

follows the same morphology. At low filler loading, a rich domain of matrix (PANI) is shown for 
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all the three composites which are cartooned in Figure 103(d), (e), and (f). Further inclusion of 

fillers favors the mixed morphology of matrix and core-shell structures of the nanocomposites 

which are schematically sketched in Figure 103(g), (h), and (i). But, at high filler loading, 

resultant structures (core-shell structures) of fillers and matrix are dominated in the morphology 

of the nanocomposites, which is presented in Figure 103(j), (k), and (l). 

On TEM images, it is clearly visible that the filler surface was covered by the polymer 

layer resulted in core-shell structures in which filler is core whereas shell consists of polyaniline. 

These structures suggest good interaction between filler and matrix. Inclusion of 2-D nano-fillers 

into matrix makes layer like core-shell structures but addition of 1-D nano-fillers (SWCNT and 

MWCNT) into polyaniline gives rod-like core-shell structures. In the morphology of 

PANI/SWCNT, bundle of SWCNT is observed as core. In addition to the  interaction , the 

Van der Waals one between fillers results in presence of significant agglomeration  [251], and 

generally, Van der Waals interaction is more strong in SWCNT than MWCNT and RGO. 

It can be seen that fillers keep their original diameter (for SWCNT and MWCNT) or 

thickness (for RGO) at all concentration loading. But the shell thickness as well as diameter of 

polyaniline fibers of the nanocomposites is reduced with fillers loading. Inclusion of all 

dimensions fillers gives almost same amount of reduction of the diameter of polyaniline fibers 

and thickness of the shell layer at same concentration loading. Thus, the change of the diameter 

of polyaniline fibers and thickness of the shell layer is almost insensitive to dimensionality of the 

fillers. In conclusion, it can be said that the structure of nanocomposites usually consists of the 

matrix material containing the nanosized reinforcement components in the form of nanotubes (1-

D), nanoplatelets (2-D) etc.  
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Figure 103. Schematic diagram of the morphology of the PANI/SWCNT, PANI/MWCNT, and 

PANI/RGO nanocomposites as function of filler concentration. 
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5.2. Electrical properties 
 

A comparative study of the electrical phenomena in the different carbonaceous nano-

fillers based polymer composites is discussed.  

Carbonaceous fillers are employed in the production of polymer composites, to increase 

relatively electrical conductivity (>10 S/m) , compared with that of common polymers of less 

than 10
-14

 S/m, as well as to maintain light weight and corrosion resistance [28,29]. In the present 

work, the chosen conducting carbonaceous fillers included SWCNT, MWCNT, and RGO have 

similar conductivity (10
4
 S/m) whereas the synthesized pure PANI shows a conductivity of ~0.05 

S/m. As shown in Figure 104 the addition of SWCNT into polymer matrix leads to much larger 

electrical conductivity enhancement at same fillers content, than the addition of MWCNT and 

RGO. In Table 6, the highest values of electrical conductivity enhancement for PANI/SWCNT, 

PANI/MWCNT and PANI/RGO nanocomposites, are found to be 2.810
3
 at 12.25 vol-% , 

4.710
2
 at 12.01 vol-% and 1.910

2
 at 12.76 vol-% filler loading respectively.  

 

Table 6. The maximum values of electrical conductivity of the composites. 

Samples maximum electrical conductivity 

enhancement[(σ – σPANI)/ σPANI] 

 (%) for maximum electrical 

conductivity enhancement 

PANI/SWCNT 2.810
3
 12.25 

PANI/MWCNT 4.710
2
 

PANI/RGO 1.910
2
 12.76 

 

 

However, all three types of fillers are randomly distributed in polymer matrix, but 

SWCNT fillers contribute more to the formation of conductive network. Thus, PANI/SWCNT 

composite exhibits higher electrical conductivity than PANI/MWCNT and PANI/RGO 

composites. It can be seen that the geometrical shape of the fillers has a significant effect on 

electrical properties of the composites. So enhancement in electrical conductivity of the 

composites not only depends on the conductivity of the fillers but also depends on other factors 

such as dimensionality of the filler.  
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Figure 104. Electrical conductivity of all fillers based nanocomposites as function of volume 

loading of the fillers. 

 

The volume fraction dependent electrical conductivity of all three composites have been 

interpreted by using mixing rule (upper bond) which were presented in section 4.1.3, 4.2.3, and 

4.3.3. The results reveals that the conductivity values of matrix and fillers as used in the 

composites differ from the values of pure PANI (0.05 S/m) and fillers (10
4
 S/m). But the 

electrical conductivity value (σfiller = 21288 S/m) of SWCNT as used in nanocomposites is 

greater than MWCNT and RGO as used in the composites suggesting the dimensionality effect 

on conducting network in composites. However, the result reveals the modification of 

conducting state of matrix and fillers. In all three composites, this modification can be 

interpreted through the concept of charge transfer mechanism between matrix and fillers.   
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   Also the construction of the conductive network in the composites has been analyzed 

with regard to the critical concentration of fillers by a percolation scaling law (section 4.1.3, 

4.2.3, and 4.3.3). The values of all parameters such as Φc (the volume percolation threshold), t 

(the critical exponent), and σ0 (the electrical conductivity prefactor) are tabled in Table 7. 

 

Table 7. Percolation (c, and t) parameters of the composites reinforced with different fillers  

 

Samples c (%) t 

PANI/SWCNT 0.004 1.04 

PANI/MWCNT  

PANI/RGO 0.098 0.98 

 

 

The results reveal the percolation threshold c of 0.004, 0.07, and 0.098 vol-% for 

PANI/SWCNT, PANI/MWCNT, and PANI/RGO composites respectively. These values imply 

that PANI/SWCNT composites have much lower percolation threshold and higher electrical 

conductivity than PANI/MWCNT and PANI/RGO composites. By using the fitting with 

percolation scaling law, the values of critical exponent (t) for PANI/SWCNT, PANI/MWCNT, 

and PANI/RGO composites have been obtained to be 1.04, 1.11, and 0.98 respectively. It can be 

seen that although different fillers based composites have different electrical conductivities as 

well as percolation threshold, there are almost same t values. The low t values for 

PANI/SWCNT, PANI/MWCNT can be correlated to the aggregation process which can 

influence the effective conductive network. Actually low t values for 1D fillers based composites 

do not really in adequation with conventional percolation behavior. But t value for PANI/RGO 

composites represents two-dimensional (2-D) conductive system which is evidenced by 

nanoplatelets morphology of the nanocomposites. Thus the conductive system of the all 

nanocomposites can be explained by the morphology of the composites. It also can be observed 

that the impact of charge transfer on electrical transport can affect the percolation network.  
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S. H. Xie et.al.  [252] showed in a theoretical study that 2-D fillers (nanosheets) filled 

composites have slightly lower percolation threshold and higher electrical conductivity and 

critical exponent, and can form conductive networks more easily than 1-D fillers (CNT) filled 

composites at the same volume fraction of fillers. In this regard, it can be seen that our result 

shows contradiction of those theoretical results. These completely contrary results can be 

explained by the following reasons:  

 

(i) 1-D (SWCNT and MWCNT) fillers can be more easily dispersed in the polymer 

matrix than 2-D (RGO) because RGO fillers are apt to wrinkling and crimping, and 

even rolling into a tube-like structure which usually has a larger diameter than 

MWCNT and SWCNT [32] which is evidenced in morphological study of 

PANI/RGO composites 

 

(ii)  Because of extremely larger surface area of RGO, many types of contact area such as 

plane-plane, edge-plane, edge-edge, and RGO surface-surface contact area are formed 

which can create more resistivity in the composites (as we know only plane-to-plane 

contact is helpful for charge transfer) while overlapping contact among SWCNTs and 

MWCNTs helps to build conducting network because overlapping behavior of 

SWCNTs and MWCNTs is the main way in charge transfer in these composites. 

 

(iii) In general, 2-D filler- matrix contact area is more than 1-D filler- matrix contact area. 

Thus, the presence of electrical mismatch network formed between filler and matrix 

because of high electrical conductivity of filler and low electrical conductivity of 

matrix is more in PANI/RGO composites than PANI/SWCNT and PANI/MWCNT 

composites. This electrical mismatch network can reduce the electrical conductivity 

in the composites. 

 

(iv) The presence of interconnected network is more in the composites filled with 1-D 

fillers than the composites filled with 2-D fillers. This network results in a dramatic 

increase in electrical conductivity of the composites. 

 



197 

 

(v) The another important point is that charge transfer effect which can strongly modify 

the conducting behavior of matrix is different in 1-D fillers based composites than 2-

D fillers based composites at same volume fraction because of different interfacial 

spaces. This phenomenon influences the formation of conductive network in the 

composites which significantly enhances the electrical conductivity of the 

composites. 

 

As a consequence, based on above factors it can be said that the practical electrical 

conductivity of PANI/RGO composites is lower and their percolation threshold is higher than 

that of PANI/SWCNT and PANI/MWCNT composites. The above studied factors can influence 

the critical exponent as well as the conduction mechanism. 

 

In summary, it is observed that in the three different kinds of carbonaceous nano-fillers 

based composites, three important processes influence the electrical conductivity in the 

composites. These are: (i) the electrical conductivity of the fillers, (ii) the formation of 

conductive network in the composites in which charge carriers move within the conductive 

framework, and (iii) charge transfer mechanism in composites. In addition, the electrical 

phenomena, the changes of electrical conductivities with different filler’s type, and the 

mechanism of electron transport in these carbonaceous polymer composites are directly 

influenced by the dimensionality of the fillers dispersed in the polymer matrix. However, all 

three types of fillers are generally randomly dispersed in polymer matrix, but SWCNT fillers 

contribute more to the formation of conductive network. 
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5.3. Thermal properties 
 

The effect of adding various carbonaceous nano-fillers on thermal properties of the three 

nanocomposites has been carried out in the previous chapter. More specifically, thermal 

diffusivity, volumetric heat capacity, and thermal conductivity of the nanocomposites have been 

investigated. The maximum thermal diffusivity values of the composites are presented in Table 

8. It is shown that with respect to pure PANI (1.7910
-7

 m
2
/2), the presence of the nano-fillers 

increases the thermal diffusivity of the nanocomposites. This result suggests that in comparison 

with MWCNT, and RGO, inclusion of SWCNT into PANI introduces more thermal conducting 

path resulting in the high thermal diffusivity at same concentration. 

 

Table 8. The maximum thermal diffusivity values of the composites. 

Samples Maximum thermal diffusivity values (m
2
/s)  (%) for the maximum values 

PANI/SWCNT 4.5010
-7 12.25 

PANI/MWCNT 2.6510
-7
 

PANI/RGO 1.8810
-7

 12.76 

 

Furthermore, maximum volumetric heat capacity enhancement of the samples is 

displayed in Table 9.  

Table 9. The maximum volumetric heat capacity enhancement of the composites. 

Samples maximum relative volumetric 

enhancement[(ρC – ρC PANI)/ ρC PANI] (%) 

 (%) for maximum relative 

volumetric enhancement 

PANI/SWCNT 82 02.06 

PANI/MWCNT 77 

PANI/RGO 85 10.57 
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It can be observed that inclusion of nano-fillers into PANI enhances the volumetric heat 

capacity of the composites. This result indicates that core-shell nanostructured materials provide 

a potential pathway for enhancing the heat storage capacity. This signature of volumetric heat 

capacity can be very useful in the application of thermal energy storage. In addition, dispersion 

of RGO nano-fillers into PANI matrix provides highest value (85%) of volumetric heat capacity 

enhancement in comparison with SWCNT (82%) and MWCNT (77%). Generally, large surface 

area can provide maximum interfacial area of matrix/fillers composites [22]. Heat storage can 

occur in that of interfacial area due to phonon mismatch at the interface of filler and matrix [22]. 

Here, RGO has a larger surface area than SWCNT, MWCNT. So, more interfacial area in 

PANI/RGO composites can provide maximum volumetric heat capacity. Thus, in comparison 

with 1-D fillers, 2-D fillers can create more storage density and can provide good heat storage 

materials.                    

To get further information on thermal properties, thermal conductivity of the 

nanocomposites has been studied as a function of fillers by using the values of thermal 

diffusivity and volumetric heat capacity. In previous chapter, the investigation of thermal 

conductivity of the three nanocomposites suggests that the observed enhancement in thermal 

conductivity is due to the introduction of the nano-fillers into PANI matrix. The values of the 

maximum thermal conductivity enhancement (%) [(k – kPANI)100/ kPANI] of the three 

nanocomposites are listed in Table 10. It reaches up to 323% for PANI/SWCNT composites with 

12.24 vol-% SWCNT content. In comparison with MWCNT (110%) and RGO (92%), the 

presence of SWCNT exhibits more thermal conductivity enhancement. It can be conclude that 

dispersion of SWCNT can form more continued thermally conductive pathways which allow 

heat transfer in the composites. This result also shows that PANI/RGO composites have low 

thermal conductivity enhancement. This behavior can arise due to high interfaces density 

limiting to the heat to flow in the nanocomposites. However, the dimensionality of the nano-

fillers is found to have a significant effect on thermal conductivity enhancement. In this study, 

SWCNT is recognized as the best thermal conductive fillers because of its good thermal 

conductivity enhancement.      
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Table 10. The maximum relative thermal conductivity enhancement of the composites.                                                                                                                                              

Samples maximum relative thermal conductivity 

enhancement[(k – kPANI)/ kPANI] (%) 

 (%) for maximum relative 

thermal conductivity enhancement 

PANI/SWCNT 323 12.25 

PANI/MWCNT 110 

PANI/RGO 89 10.58 

 

Unlike electrical conductivity, thermal conductivity follows no percolation behavior. Several 

reasons can be proposed for this behavior: 

(i) The nano-fillers network is not sufficiently connected to allow heat transfer. Also it 

can be said that the thermal resistance between two adjacent nano-fillers is too high to 

transfer efficient direct heat in the composites.  

(ii) Another possibility can be that the heat transfer between adjacent PANI chains is not 

good enough to build a thermal percolation network. 

(iii) In the nanocomposites, there is also a poor heat transfer between PANI matrix and the 

nano-fillers. In general, at the interface of PANI matrix and the nano-fillers, thermal 

mismatch network is induced because of low thermal conductive pathways of PANI 

and high thermal conductive pathways of conductive nano-fillers. This can be related 

to interfacial thermal resistance which leads to several phonon scattering. So, heat 

transfer can be confined at the interface due to the thermal mismatch.   

As a consequence, due to the above reasons, the enhancement of thermal conductivity in 

the nanocomposites cannot be described within the framework of percolation concepts. Thus, the 

enhancement of all three nanocomposites can be explained by making use of effective medium 

approaches.           
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5.4. Seebeck effect  
 

Figure 105 represents the Seebeck coefficient of three composites as a function of filler 

content. It is shown that inclusion of the three different kinds of fillers into polymer matrix 

exhibits three different types of behavior. Seebeck coefficient of PANI/SWCNT increases with 

addition of filler whereas PANI/RGO shows the opposite trend. In the case of PANI/MWCNT 

composites, Seebeck coefficient decreases up to 3.39 vol-% MWCNT loading, but it increases at 

high concentration of MWCNT (>3.39 vol-%) as a function of volume fraction. 

These results can be interpreted by the formula (equation 22) which indicates that 

Seebeck coefficient is directly proportional to carrier mobility and inversely proportional to 

effective electrical conductivity.  

 

Figure 105. Seebeck coefficient (S) of PANI/SWCNT, PANI/MWCNT, and PANI/RGO 

composites  
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In PANI/SWCNT composites, although the charge carriers concentration is increased 

with high conducting SWCNT fillers loading, the Seebeck coefficient is increased as a function 

of the fillers concentration. Here, the study suggests that carrier mobility increases with the 

fillers loading, which strongly dominates the Seebeck coefficient behavior of those composites. 

 But PANI/RGO shows an opposite tendency which implies the reduction of carrier 

mobility in the composites. This reduced carrier mobility can be explained by a conventional 

model based on the band theory or scattering effect [126]. Especially, in 2-D heterogonous 

system, interfacial space plays a significant role which makes the surface roughness scattering in 

the composites. This scattering is on short range which limits the mobility of charge carrier at the 

interface. Due to this reduction of charge carrier mobility in the composites, the Seebeck 

coefficient decreases with RGO loading.  

Furthermore, in PANI/MWCNT composites, charge carriers concentration is 

preponderant in Seebeck coefficient of the composites up to 3.39 vol-% MWCNT loading, but at 

higher concentration of MWCNT (>3.39 vol-%) carrier mobility actively handle the signature of 

Seebeck coefficient. It is very interesting to point out that at lower concentration MWCNT fillers 

play as 1-D filler whereas at higher concentration it plays as 2-D fillers in the behavior of 

Seebeck coefficient.  
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 Figure 106. The maximum relative Seebeck coefficient enhancement (%) of the 

nanocomposites. 

 

Figure 106 presents the maximum relative Seebeck coefficient enhancement (%) [(S – 

SPANI)100/SPANI] of the 3 different fillers based composites. It can be observed that the 

maximum relative Seebeck coefficient enhancement in PANI/SWCNT, PANI/MWCNT, and 

PANI/RGO composites are found to be 196%, 83%, and 123% at 12.25 vol-%, 3.39 vol-%, and 

0.0027 vol-%   respectively. This result insures that the enhancement in PANI/SWCNT is larger 

than in PANI/MWCNT and PANI/RGO composites. It also can be seen that the maximum 

enhancement in the PANI/SWCNT is achieved at higher concentration (12.25 vol-%) of 

SWCNT whereas in PANI/RGO, it is shown at lower concentration (0.0027 vol-% ) of RGO. 

And in PANI/MWCNT composites, this value is in between the value of PANI/SWCNT and 

PANI/RGO composites. In conclusion, in comparison with MWCNT, and RGO filler, SWCNT 

filler is the good candidate for achieving the good Seebeck coefficient of the composites. 
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5.5. Power factor  
 

If the thermal conductivity of the samples is almost unchanged, the power factor exhibits the 

performance of thermoelectric materials. The power factor enhancement as a function of volume 

fraction of PANI/SWCNT, PANI/MWCNT and PANI/RGO nanocomposites are displayed in 

Figure 107.  

 

Figure 107. Power factor (PF) enhancement of all composites. 

 

It shows that the power factors increases as a function of filler concentration since the 

value of pure PANI is almost  ̴ 4.7710
-6
Wm

-1
K

-2
. As shown in Table 11, the maximum value 

of power factor reaches up to  ̴ 2.32 Wm
-1

K
-2 

for PANI/SWCNT composites at 12.25 vol-%,     ̴ 
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0.067 Wm
-1

K
-2 

for PANI/MWCNT composites at 12.01 vol-% and  ̴ 0.004 Wm
-1

K
-2 

for 

PANI/RGO composites at 12.76 vol-%. In comparison with PANI/MWCNT and PANI/RGO 

composites, the power factor enhancement of PANI/SWCNT composites is larger. 

 

Table 11. The maximum relative power factor enhancement of the composites.  

Samples maximum value of power factor  

Wm
-1

K
-2

) 

 (%) for maximum power factor value 

PANI/SWCNT 2.32 12.25 

PANI/MWCNT 0.067 

PANI/RGO 0.004 12.76 

 

 

As shown in Figure 107, it can be seen that the power factor enhancement of 

PANI/MWCNT and PANI/RGO composites is slightly changed at higher loading of the fillers. 

This behavior can be attributed to Seebeck coefficient of the composites. Although the electrical 

conductivity of the composites increases at higher concentration of fillers, Seebeck coefficient 

decreases significantly. Thus, due to these different behaviors, the resultant factor (S
2
σ) hardly 

changes at higher concentration. In addition, in PANI/SWCNT the electrical conductivity and 

Seebeck coefficient simultaneously increase at high SWCNT content. Thus, the power factor is 

significantly enhanced at higher concentration of SWCNT. In conclusion, to achieve the high 

enhancement of the power factor, inclusion of 1-D fillers into polymer matrix is better than that 

of 2-D fillers.      
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5.6. Thermoelectric performance (ZT) 
 

The ZT value of pure PANI is 7.71×10
-9

 which is very low as thermoelectric organic 

material. In order to enhance the performance, fillers with different dimensions such as 1-D 

(SWCNT, and MWCNT) and 2-D (RGO) have been dispersed in PANI matrix. The figure of 

merit (ZT) of PANI/SWCNT, PANI/MWCNT and PANI/RGO nanocomposites are displayed in 

Figure 108.  

 

 

Figure 108. Figure of merit (ZT) enhancement of all composites. 

 

As shown in Figure 108, the ZT value of PANI/SWCNT composites increases with the 

SWCNT content. As shown in Table 12, a maximum value of 0.0011 is reached for 

PANI/SWCNT composite for 8.50 vol-% SWCNT content. Like SWCNT, ZT increases with 

inclusion of MWCNT and RGO nanofillers. The maximum values of 8.0110
-5

 and 3.7510
-6
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are determined for PANI/MWCNT and PAN/RGO composites for 12.01 vol-% and 12.76 vol-% 

fillers content respectively. 

 

Table 12. The maximum relative power factor enhancement of the composites. 

Samples Maximum ZT  (%) for maximum ZT 

PANI/SWCNT 0.0011 8.50 

PANI/MWCNT 8.0110
-5
 

PANI/RGO 3.7510
-6

 12.76 

   

The thermoelectric performance is inversely proportional to thermal conductivity of the 

samples. Even although thermal conductivity of the composites is increased, ZT is enhanced 

with filler concentration. Moreover, thermal conductivity values of all the nanocomposites are 

quit low (< 1W/m
.
K) which is almost insensitive to the ZT enhancement. Thus, this signature of 

ZT enhancement in all the nanocomposites suggests that significant increased power factor of the 

composites with low thermal conductivity can contribute strongly to make the thermoelectric 

performance better. In addition, it can be observed that the thermoelectric performance is better 

in PANI/SWCNT than PANI/MWCNT and PANI/RGO composites. However, low thermal 

conductivity value of the composites can be very useful to achieve the good thermoelectric 

performance. The above study insures that in comparison with 2-D fillers, 1-D filler based 

polymer nanocomposites can be the best candidates for next generation organic thermoelectric 

materials. 

  



208 

 

GENERAL CONCLUSION  

 
In the present study, the thermoelectric properties of conducting polymer based 

nanocomposites are discussed. Generally, pure polymers exhibits very poor thermoelectric 

performance which is defined by figure of merit (ZT=S
2σ/k, where S, σ and k are the Seebeck 

coefficient, electrical conductivity and thermal conductivity of the sample respectively). Thus, 1-

D (SWCNT and MWCNT) and 2-D (RGO) carbonaceous nanofillers with high electrical 

conductivity (10
4 

S/m) have been dispersed into polyaniline (PANI) matrix, with low thermal 

conductivity (~ 0.2 W.m
-1

.K
-1

) in order to enhance the thermoelectric performance. It seems that 

a combination of low thermal conductivity (for polyaniline) and high electrical conductivity (for 

carbonaceous nanofillers) can show promise of favourable development of thermoelectric 

performance. From ZT=S
2σ/k, it can be identified that the best possible idea to improve the 

thermoelectric properties is to keep the thermal conductivity value as low as possible. However, 

it can be seen that efficient electrical and thermal behaviors of the polymer nanocomposites are 

the key properties to address the excellence of thermoelectric properties. In general, electrical 

and thermal transport mechanism in the materials play an important role in the performance. For 

this reason, a well-defined material is required to investigate these properties.  

In order to address the above demand, PANI/SWCNT, PANI/MWCNT, and PANI/RGO 

nanocomposites with various weight fraction of nano-fillers ranging from 0-21 wt-%  have been 

synthesized via in situ polymerization at same conditions. Furthermore, the morphology of the 

composites has been characterized by using SEM, and TEM. The images show that the targeted 

core-shell (where nano-fillers as core and matrix as shell)structured composites have been 

successfully synthesized. XRD and Raman spectroscopy have been employed to investigate 

structural properties as well as nano-filler contribution in the composites. Also, the electrical 

conductivities of the composites have been carried out on 4-probe method whereas thermal 

conductivities have been performed by Laser flash method, and DSC. Finally, to study the 

thermoelectric performance of the composites, Seebeck coefficient measurements have been 

carried out on a homemade setup. 
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The details investigations on electrical and thermal properties of the all three sets of 

nanocomposites are discussed in this thesis. It can be seen that the signature of the electrical 

properties of PANI/SWCNT composites shows a maximum enhancement in electrical 

conductivity by at least five orders of magnitude with inclusion of SWCNT into PANI. The 

enhancement of the electrical conductivity is interpreted by using mixing rule and percolation 

models. A great dispersion is observed between the value of pure PANI and low loading 

PANI/SWCNT composite. Where the mixing rule indicates the modification of conducting state 

of PANI, the percolation study reveals that the formation of conducting networks is not a true 

statistical percolation process based on the random distribution of individual high aspect ratio 

fillers, but rather is attributed to the mutual attraction of the nanotubes in the composites. The 

signature of the electrical conductivity is correlated to the morphology of the composite. The 

result also exhibits the contribution of charge transfer between PANI and SWCNT trough π-π 

interaction on electrical conductivity. The thermal conductivity of the composites does not show 

a percolation behavior. Also it can be observe that thermal conductivity value remains constant 

up to certain SWCNT volume loading (< 6 vol%) which fulfils the demand of the study. Further, 

in order to interpret the experimental data of thermal conductivity, effective mass approximation 

(EMA) model which was proposed by Nan et. al is used to fit the data. By using this model, the 

interfacial thermal resistance (Rk) between PANI and SWCNT is determined. Seebeck 

coefficient of the composites increases significantly with SWCNT content which is explained by 

an existing physical model. The TE performance or figure of merit ZT of PANI/SWCNT 

composites shows a maximum value of 0.0001 which is almost five orders of magnitude larger 

than pure PANI. 

Next, the electrical properties of the PANI/MWCNT composites have been presented. 

Like PANI/SWCNT, the signature of the electrical conductivity is interpreted by using mixing 

rule and percolation model. The modification of conducting state of PANI is explained through 

mixing rule. Also, the percolation study shows that the formation of conducting networks is not a 

true statistical percolation process. The behavior is evidenced by the morphology of the 

composites. It also explains that charge transfer between PANI and SWCNT trough π-π 

interaction is contributed to electrical conductivity network. The almost constant and low 

thermal conductivity values meet the idea to improve the thermoelectric performance. The 

Seebeck coefficient of the composites shows two different types of Seebeck coefficient behavior 
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(increasing and decreasing) as a function of MWCNT volume loading. Here, the Seebeck 

coefficient enhances with addition of MWCNT (up to 3.39 vol-%) whereas the opposite trend is 

observed at high concentration (>3.39 vol-%). The ZT of PANI/MWCNT shows an 

improvement of four orders of magnitude in comparison with pure PANI. 

Furthermore, electrical and thermal transport properties of PANI/RGO composites are 

discussed. Here the electrical properties of the composites have been characterized by two 

different methods. First, like PANI/SWCNT and PANI/MWCNT, in plane electrical 

conductivity is determined by using 4-probe method. The experimental data are analyzed by 

using mixing rule and percolation model. The result shows that electrical transport phenomena 

exhibit a 2-D percolation behaviour which is evidenced by SEM and TEM images. The study 

indicates that the modification of conducting state of PANI and charge transfer which is occurred 

trough π-π interaction influence the effective conducing network. Second, in order to investigate 

the through plane electrical conductivity of PANI/RGO nanocomposites, Broadband Dielectric 

Spectroscopy (BDS) has been used. The imaginary part of the complex permittivity of the 

PANI/RGO nanocomposites has been recorded to extrapolate the through plane electrical 

conductivity. The imaginary part of complex permittivity is analyzed within the framework of 

Kohlrausch-Williams-Watts (KWW) model. The results reveal that the in plane electrical 

conductivity is greater than through plane electrical conductivity. This behavior is explained by 

using the concept of charge trapping which takes place at PANI/RGO interfaces. In addition, the 

through plane electrical conductivity result shows that the decrease of the DC-conductivity with 

increasing RGO content is linked to the increase of the intensity of a dielectric relaxation 

mechanism. On increasing RGO, the nano-composite becomes rich interfaces and, as a result, 

more charges are trapped; in this way the concentration of charges that are favoured to percolate 

is decreased in excess of the pinned charge concentration, enhancing capacitance effects. While 

this happens, the analysis of the dielectric relaxation peak evidences that mean dielectric 

relaxation time is roughly constant. The latter is in accordance with previous SEM studies, 

whereas the RGO sheets keep an average size of 0.5-3 μm on increasing RGO component. 

Capacitance effects depend on the quantity of RGO sheets but the relaxation time does not, as 

being proportional to the mean size of these sheets. Our finding is that the mean dielectric 

relaxation time is practically constant for the studied RGO composition range, while the strength 

of the dielectric relaxation mechanism is concentration-dependent which is in accordance with 
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the predictions of the Sillars model for oblate conducting discs into an insulating matrix, for low 

concentration values. Also, complex permittivity measurements above room temperature on 

PANI/RGO nanocomposites reveal an interfacial relaxation mechanism characterized by 

negative activation energy values. This behavior is interpreted by revisiting the basic concepts of 

the Sillars model for interfacial polarization occurring in an insulator comprising dispersed 

conducting platelets. The semi-conducting PANI matrix provides a leakage resistance to the 

polarized RGO inclusions and enhances the DC conductivity of the composites at the expense of 

the intensity of the relaxation process. This is evidenced by the decrease in intensity of the 

relaxation peak with increasing temperatures, which favors phonon-assisted charge de-trapping 

in RGO platelets. This phenomenon corroborates with our experimental findings as reflected in 

the decreased frequency as a function of temperature. The heat-induced charge liberation 

contributes to DC conductivity and affects the shape of the DC conductivity versus temperature 

curves for different weight fractions of RGO, which can be explained through the Sillars model.  

Like electrical properties of the composites, the thermal properties have been 

characterized by two different methods. First, Laser flash method, and DSC have been employed 

to determine the thermal conductivity (k) like PANI/SWCNT and PANI/MWCNT composites. 

The result shows at low concentration of RGO, k remains essentially constant (~ 0.44 W. m
-1

. K
-

1
) which meets the demand of this study. The trend of thermal conductivity of the composites is 

modelled with a MG-EMA evidencing i) a quite low interfacial resistance between PANI and 

RGO and ii) a likely random mechanism of heat transport. These results suggest that electrical 

percolation has no significant effect on the thermal conductivity, i.e., the topology of the 

electrical conducting network is not the dominant parameter that controls the thermal transport. 

Such results imply that the effective channel for electric transport is along the 2-D percolating 

RGO platelets network whereas the dominant channels of the heat flow always involve the 

polymer media surrounding RGO. Second, same series of chemically prepared RGO/PANI 

nanocomposites have been characterized via photothermal radiometry (PTR) to study the thermal 

transport properties (diffusivity, effusivity, conductivity and volumetric heat capacity) as a 

function of RGO loading. Our results indicate that the above parameters remain essentially 

unchanged at low filler contents but observable changes occur above a certain % RGO threshold. 

The study also reveals that although the order of magnitude of thermal diffusivity and thermal 

conductivity are same for same PANI/RGO composites, the values are different. This difference 
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can arise for nature of the experiment. In addition, we found that as a function of RGO% i) 

thermal conductivity can be correlated to the density of nanocomposites and ii) volumetric heat 

capacity exhibits thermal percolation behavior. We believe that the overall observed evolutions 

of thermal properties as a function of RGO loading are closely related to the morphology of the 

composites. In particular, the chemical/physical interactions between the polymer host and its 

fillers and the resulting morphology are the critical factors that need to be taken into account. 

That is, the presence of inter-PANI/RGO features such as air “pockets” (acting as insulator 

layers, though a minor factor) and interfacial spacing/nano-confined structures (acting as nano 

heat capacitors, a major factor) are instrumental in controlling the thermal characteristics. Owing 

to their relatively low thermal conductivity (as compared to that of pristine graphene or carbon 

nanotubes counterparts) and their good heat storage capability, we can envision the use of these 

composites as the critical component of thermal management devices or their potential 

applications in the next generation of thermoelectrics. In addition, the practical usefulness of the 

proposed model should not be overlooked since it allows a fast determination of heat absorption 

or Q of nanohybrid composites which may not be readily accessible via the corresponding Tm 

when their values are in the mK range unless expensive instrumentation is available. Although 

Seebeck coefficient decreases with RGO loading, the TE performances of PANI/RGO 

composites exhibit an enhancement of the figure of merit ZT up to two orders of magnitude as 

compared to that of pure PANI.  

 

Finally, a comparative study on electrical transport, thermal transport and thermoelectric 

properties has been conducted in order to investigate the dimensionality effect on these 

properties. Inclusion of 2-D nano-fillers into matrix makes layer like core-shell structured but 

addition of 1-D nano-fillers (SWCNT and MWCNT) gives rod-like core-shell structured. The 

electrical properties show that although nano-fillers have different dimensions, the electrical 

conductivity increases as a function of nano-filler loading. But there is significant dimensionality 

effect on electrical conductivity enhancement, and percolation threshold. It can be seen that 

inclusion of 1-D nano-fillers induces better conducting network than 2-D nano-fillers. Thermal 

conductivity and volumetric heat capacity depend also on the dimensions of the fillers. Due to 

the large interfacial spaces, inclusion 2-D nano-fillers shows lower thermal conductivity 

enhancement than 1-D nano-fillers. This result favors as good thermoelectric materials. The 
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results show the three different signatures of the Seebeck coefficient for three different fillers. In 

the evolution of Seebeck coefficient, MWCNT fillers behave at lower concentration as 1-D 

fillers and at higher concentration as 2-D fillers. Nevertheless, the present work has its 

advantages in that the preparation of samples and their processing are inexpensive and straight 

forward. The thermoelectric performance ZT is associated with the dimension of the filllers. The 

study shows that PANI/SWCNT provides better TE behavior (ZT = 0.001) than PANI/MWCNT 

(8.0110
-5

) and PANI/RGO (3.7510
-6

). But results also show that PANI/RGO composites are 

better in energy storage than PANI/SWCNT and PANI/MWCNT. 

 

All in all, there are numerous directions in which the research on polymer nanostructured 

composites can potentially progress. More specifically, due to the constantly growing need in 

energy, the research on organic thermoelectric and energy storage devices can lead over the 

coming years. In that research field, a broad and extensive research works are being conducted 

by various research groups around the world in order to achieve high efficiency. As extension of 

our work on that, we would like to investigate the same properties presented in this thesis, of 0-D 

nano-filler (Fullerene or C60) based polymer nanostructured composites. The electrical and 

thermal properties of the studied materials must be investigated at different temperatures in order 

to achieve their highest efficiency. Further studies on electrical and thermal transport are need to 

develop the performance of the materials. Finally, it can be conclude that at the point of view on 

renewable energy the research on carbonaceous based polymer nanostructured composites as 

thermoelectric and energy storage materials shall not be overlooked. 
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ABSTRACT 
 

Over the last decade, the polymer nanocomposites have attracted tremendous interests in 

both academic and industry research, especially regarding the conducting polymers, whose 

properties are expected to be considerably improved and tunable thanks to nano-fillers 

introduction. These composites exhibit for instance interesting thermoelectric properties which 

make them a promising, inexpensive, clean and efficient solution for heat waste harvesting. Thus 

a good understanding of the link between their micro/nanostructure and their macroscopic 

properties appears vital. Today one of the most important conducting polymers is polyaniline 

(PANI). This thesis reports on properties of PANI nanostructured composites as a function of 

various carbonaceous nano-fillers content such as one dimensional (1-D) carbon nanotubes 

(single walled and multiple walled), and two dimensional (2-D) reduced graphene oxide RGO. 

SEM, TEM, X-ray diffraction, and Raman spectroscopy have been employed to investigate their 

structure and morphology. Electrical and thermal conductivity, and the volumetric heat capacity 

have been systematically measured as a function of the filler content. To evaluate the 

thermoelectric performance, Seebeck coefficient measurements have also been carried out on a 

homemade system. An important increase of electrical conductivity has been observed with 

increasing filler fraction whereas thermal conductivity only slightly increases, which enhances 

the thermoelectric figure of merit ZT of several orders of magnitude. Fillers dimension effect is 

evidenced, but, whatever this dimension, it is shown that, in contrast with thermal conductivity, 

electrical conductivity follows a percolation behavior through 2D conduction process. This 

behavior is also observed in the case of the volumetric heat capacity of PANI/RGO nanohybrids 

which make them potential candidates for applications in high heat capacitive materials. For the 

first time their heat storage factor is assessed with a new analytical model proposed in this study. 

The PANI/RGO samples have also been investigated by Broadband Dielectric Spectroscopy at 

different temperatures. Results evidence an interesting charge trapping phenomenon occurring at 

the PANI/RGO interface which might find promising applications in supercapacitors or gate 

memory devices. 
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RÉSUMÉ 
Durant la dernière décennie, les polymères nanocomposites ont suscité un vif intérêt, 

aussi bien en recherche académique qu’industrielle, spécialement en ce qui concerne les 

polymères conducteurs, dont les propriétés sont susceptibles d’être considérablement améliorées 

et ajustables grâce à l’ajout de nanoobjets. Ces composites présentent notamment des propriétés 

thermoélectriques particulièrement intéressantes ce qui en fait une solution prometteuse, peu 

coûteuse, propre et efficace pour la récupération de pertes de chaleur. Il est donc essentiel de 

bien comprendre le lien entre leur micro/nanostructure et leurs propriétés macroscopiques. 

Aujourd’hui l’un des polymères conducteurs les plus courants est la polyaniline (PANI). Ce 

travail de thèse concerne l’étude des propriétés de composites nanostructurés à base de PANI en 

fonction de la concentration en nanoobjets tels que des nanotubes de carbone à une dimension 

(1-D) (simple feuillet et multi feuillets) et de l’oxyde de graphène réduit (RGO) à 2 dimensions 

(2-D). Les techniques de MEB, MET, diffraction des rayons X et de diffusion Raman ont été 

utilisées pour étudier leur structure et morphologie. La conductivité électrique, thermique ainsi 

que la capacité thermique volumique ont été systématiquement mesurées en fonction de la 

concentration en nanoobjets. Pour estimer les performances thermoélectriques, des mesures de 

coefficient Seebeck ont également été effectuées sur un système développé au laboratoire. On a 

pu observer une augmentation importante de la conductivité électrique avec la concentration en 

nanoobjets alors que la conductivité thermique ne croît que légèrement, ce qui améliore la figure 

de mérite thermoélectrique ZT de plusieurs ordres de grandeur. L’effet de la dimensionnalité des 

nanoobjets a été mis en évidence, mais, quelle que soit cette dimension, il a pu être montré que, 

contrairement à la conductivité thermique, la conductivité électrique suivait un comportement de 

percolation à travers un processus de conduction à 2 dimensions. Ce comportement a été 

également observé pour la capacité thermique volumique des nanohybrides PANI/RGO ce qui en 

fait des candidats potentiels dans le domaine des matériaux à haute capacité thermique. Pour la 

première fois leur facteur de stockage de la chaleur est traité avec un nouveau modèle analytique 

proposé dans ce travail. Les échantillons de PANI/RGO ont également été étudiés par 

spectroscopie diélectrique large bande à différentes températures. Les résultats font apparaître un 

phénomène intéressant de piégeage de charge à l’interface PANI/RGO qui pourrait trouver des 

applications dans les supercondensateurs et les mémoires électroniques.  
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