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ABSTRACT 

Thermoelectric Materials (TE) are significant for sustainable energy harvesting, as they convert 

waste heat into electricity via the Seebeck effect. This study investigates the fabrication and 

characterization of flexible, printable organic and organic-inorganic hybrid thermoelectric 

materials aimed at improving their performance and scalability for energy conversion applications. 

This study examines p-type and n-type materials, specifically PEDOT: PSS composites and 

PVDF/Ni nanowires hybrid. This study utilizes advanced doping techniques and nano structuring 

to enhance electrical conductivity, Seebeck coefficient, and power factor, all while maintaining 

low thermal conductivity. 

Experimental methodologies and materials used throughout the study high purity reagents such as 

PEDOT: PSS, Bi2Te3, rGO, P3HT, FeCl3, PVDF, and Ni Nanowires were utilized to fabricate both 

p-type and n-type films. Standard solution processing techniques such as spin-coating and drop 

casting were employed for film deposition. Structural and morphological characterizations were 

conducted using XRD, FTIR, Raman spectroscopy, SEM, AFM, XPS. Thermoelectric properties 

namely electrical conductivity, Seebeck coefficient, and power factor were measured across all 

compositions to assess performance. 

In experimental work significant achievements include the synthesis of PEDOT: PSS/ Bi2Te3 

binary film and PEDOT: PSS/ Bi2Te3/rGO ternary composites through spin coating method, which 

exhibit marked improvements in TE performance due to optimized morphology and enhanced 

carrier mobility. Initially, binary poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate) 

(PEDOT: PSS) and PEDOT: PSS/ Bi2Te3 hybrid composite film fabricated by spin coating 

method. The maximum Seebeck coefficient (22 μVK-1) and power factor (57.18 μWm-1 K-2 around 

300 K) were achieved at 0.4 wt.% Bi2Te3. The electrical conductivity (σ) reached a maximum of 

1467 Scm-1 at 300 K for 0.6 wt.% Bi2Te3, which is more than three times higher than that of pure 

PEDOT: PSS. Building on this, a ternary composite system incorporating rGO into the PEDOT: 

PSS/ Bi2Te3 matrix was developed to further improve TE performance. Five samples with varying 

rGO content (0-0.3 wt%) were synthesized, and the best performance was observed at 0.1 wt% 

rGO. This sample was achieved an electrical conductivity of 1522.7 Scm-1, Seebeck coefficient of 

24.7 μVK-1, and a PF of 93.16 μWm-1K-1, representing a twelve-fold increase over pristine 
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PEDOT: PSS. In addition, We synthesized FeCl3 doped poly(3-hexylthiophene) (P3HT) flexible 

film via drop casting method with varying content of FeCl3 (20 mM, 40 mM and 60 mM) were 

studied for their structural, morphological, and thermoelectric properties. At 300 K, the P40 sample 

achieved a notable Seebeck coefficient of 164 µV/K and a maximum power factor of 127.4 

µW/Mk2. Doping significantly improved electrical conductivity and optimized the Seebeck 

coefficient, resulting in an enhanced power factor. In addition to these p-type materials, we also 

addressing one of the most challenging aspects in the field of organic TEs, the development of 

efficient and stable n-type materials. A novel hybrid composites consisting of PVDF and Ni NWs 

was synthesized and evaluated for TE performance. The preparation of composite films using 

different concentrations of Ni NWs, specifically (30-90 wt.%). Electrical measurements indicated 

that an increase in Ni NWs content resulted in enhanced electrical conductivity (σ), while the 

Seebeck coefficient (S) exhibited a consistent n-type behaviour. The TE power factor (PF) of the 

composites attained a optimized value of 242 μWm-1k2 at a temperature of 400 k, exceeding the 

values documented for similar PVDF based materials in the literature. Furthermore, a flexible TEG 

was developed utilizing p-type PEDOT and n-type PVDF/Ni nanowires, resulting in a Maximum 

power output (Pmax) of 230 nW at ∆T= 25 K. This investigation highlights the capabilities of 

PVDF/Ni NWs composites in the realm of flexible energy-harvesting devices, suggesting 

significant possibilities for the improvement of TE performance by strategic material engineering. 

This research advances the field of organic thermoelectric through the introduction of novel 

materials designs, scalable fabrication techniques, and thorough evaluations of performance, 

thereby facilitating the development of next-generation energy harvesting technologies. 
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Chapter 1. INTRODUCTION  

1.1 THERMOELECTRIC MATERIALS: AN OVERVIEW 

Concerns about the depletion of conventional fossil fuels, as well as a growing awareness of the 

importance of environmentally friendly preservation, have become hot topics in green technology 

in recent years. With the increasing demand for electricity, global warming, environmental 

pollution, and the greenhouse effect are the issues we are facing at present, and researchers are 

focusing on energy harvesting-based power generators to reduce these effects. Thermoelectric 

(TE) technology is an alternative energy method that uses TE generators to transform waste heat 

directly into electricity. In recent decades, there has been notable advancement in the field of 

thermoelectric materials, particularly in improving their performance at high temperature 

(>650 ̊C). These advancements have made them suitable for applications in waste heat recovery, 

specifically in high temperature system like automotive exhaust and nuclear energy production 

systems  [1], [2]. Nevertheless, a considerable portion of waste heat generated by industrial and 

residential activities and processes is currently being emitted into the environment due to the 

limitations of waste heat recovery (WHR) systems. These systems are either prohibitively 

expensive or lack the necessary technological capabilities to effectively capture medium or low- 

temperature waste heat. Ongoing efforts are being made to explore and develop cost-effective, 

economically viable, and environmentally sustainable waste heat recovery systems utilizing 

thermoelectric materials (see Fig. 1.1). Additionally, the results concerning the waste heat recovery 

per industry [3].This environmentally friendly energy-saving technique is regarded as a promising 

means of easing the strain on energy and the environment. Because of their distinct solid-state 

architecture, TE generators provide several advantages over traditional power generators in terms 

of durability and simplicity. By 2024, the TE generator market will have grown significantly and 

will be worth over $950 million (Zervos).     
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Figure 1.1 Waste Heat Source: Since WHR (Waste Heat Recovery) system are either high cost or 

technically unable to recover medium as well as low-temperature waste heat, a sizable portion of 

the waste heat medium and low temperatures from industrial use, automobiles residential 

activities, and processes is still released into the environment. WHR systems based on 

thermoelectric materials are more economical, less expensive, and environmentally beneficial and 

are still being sought. 

 

Particularly, organic TE generators provide the extra advantages of being lightweight, compact 

size, no mechanical fluids, and low production costs [4]. Because they can directly convert 

electricity from heat in a steady system whenever there is a temperature difference (T) without 

depending on either light or mechanical action, TEs attract a sizable share of ongoing research. 

Additionally, it has a long-life span, requires no maintenance, and may be linked with other energy 

harvesters. It has been applied to more general purposes as well, such as satellite manufacturing 

and planet exploration [5], due to the increased heat flux produced by device shrinking, but has 

also been used more carefully for a larger range of applications like thermal control of micro-nano 

electronic devices [6]. As the use of milli-microwatts of electricity driven by thermoelectric 

becomes more common in fields such as micro nanoelectronics [7], nanoscale robotics [8], micro 

electrochemical systems [9], and wireless telecommunication systems [10], it is possible to 

generate electricity from a variety of sources, including industrial, human, and automobile sources 

[7]. Thomas Johann Seebeck reported the first research study on thermoelectric materials in 1822 

based on the Seebeck effect [11]. After that, the Peltier and Thomson effect were described by 

Jean-Charles Peltier [12] and Lord Kelvin [13] in the years 1834 and 1854, respectively. The 

development of thermoelectric performance materials had slowed in the 20th century and beyond 

[14]. A lot of high-performance TE materials are made of inorganic materials that are expensive, 

brittle, rigid, heavyweight, and toxic (for example, Bi, Te, and Pb). This inorganic TE material 
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exhibits high-temperature performance. Recent research has been focused on creating inexpensive, 

cheaper, scalable, adaptable, nontoxic, and lightweight TE materials for use in moderate-

temperature applications (300 K to 600 K) [15], [16], [17]. 

 

Thermoelectricity 

TE modules are device that directly converts heat to electricity. When we apply temperature 

differences across the length of thermoelectric material, carriers spontaneously flow from hot to 

cold regions. This allows the carriers to produce current, and eventually, the Seebeck effect causes 

a voltage potential (V) to arise across the material. Which can be described using the equation – 

                                                           S = 
∆𝑉

∆𝑇
  

Where S is the Seebeck coefficient. On the other hand, the Peltier effect enables an exothermic 

and endothermic reaction to take place at semiconductor-metal junctions if the current is applied. 

Usually, for a complete TE module, we need p-type (electron deficient) and n-type (electron-rich) 

semiconducting materials which are shown in Fig 1.2 called TE couple. And thermoelectric 

generation consists of multiple pairs of p-type and n-type legs. The operational voltage of the 

module increases and current reduces when numerous elements are placed thermally in parallel 

and electrically in series. 

 

Figure 1.2 Diagram of a thermoelectric generator for (a) voltage production using the Seebeck 

effect and (b) active cooling using the Pelter effect. (a) current flows across the circuit as a cons 

consequence when applied temperature differential causes charge carriers (electrons and holes) 
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to diffuse from the hot end to the cold end. (b) heat is absorbed in the tin top junction and moved 

to the lower junction and moved to the lower junction when a current is produced to flow through 

the circuit are taken from [10]. 

 

Thermoelectric generators (TEGs) are for generating electricity from thermal energy without the 

need for any mechanical components.  Thermoelectric devices operate on the principle of the 

thermoelectric effect, whereby temperature differential is directly converted into electricity. TEGs 

consist of a few thermoelectric elements, typically made of semiconducting materials, which are 

arranged in a way that creates a temperature difference across them. This temperature difference 

causes the flow of electrons in the thermoelectric elements, which generates an electrical current. 

The working principle of TEGs can be explained by considering two legs made of p-type and n-

type semiconducting materials. The p-type leg is doped with impurities that create extra holes, 

while the n-type leg is doped with impurities that create extra electrons. When the TEG is subjected 

to a temperature difference, the electrons and holes in the two legs are driven to flow in opposite 

directions, as shown in Fig 1.3. This creates a flow of current that can be used to generate 

electricity. 

 

Figure 1.3 The present diagram depicts the internal structure of various p-type and n-type legs in 

thermoelectric power generators. 
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The efficiency of TEGs depends on the materials used in the thermoelectric elements as well as 

the temperature difference across them. Generally, the higher the temperature difference and the 

better the thermoelectric materials used, higher is the efficiency of the TEG. In a Peltier module, 

the temperature is lower at the top than at the bottom because heat is being removed from the top. 

The greater temperature at the top of the Seebeck module generates voltage but the temperature 

difference has the opposite function in the Peltier module. The materials used in TEGs must also 

have low thermal conductivity to maintain the temperature difference across the thermoelectric 

elements. Thermoelectric systems can either convert heat into power directly or turn power into a 

form of cooling [18]. 

1.2 APPLICATION OF THERMOELECTRIC MATERIALS 

Thermoelectric materials have versatile applications driven by their ability to direct convert heat 

into electricity and the reverse process. In power generation, these systems facilitate waste heat 

recovery across industrial processes, automotive applications, and spacecraft, transforming lost 

heat into usable electric energy to enhance overall efficiency. For TE cooling, these materials offer 

solid-state solutions for electronics, medical devices, and refrigeration systems, presenting noise-

free and environmentally friendly alternatives to conventional compressors. Portable energy 

devices utilize TE materials for applications in wearable electronics, sensors, and off-grid power 

systems, facilitating energy harvesting from body heat or ambient thermal gradients to sustainably 

power small devices. 

Over the past decade, significant developments have been made in Organic Thermoelectric (OTE)  

materials with remarkable thermoelectric performance [19, 20].The OTE materials hold promise 

for various applications due to their unique properties, like flexibility, cost-effectiveness, 

environmental friendliness, and tunable characteristics [21, 22]. Because of flexibility and 

lightweight,  OTE materials are often suitable for wearable and flexible electronics and are likely 

to contribute significantly to developing energy-efficient technologies and sustainable electronic 

devices [23, 24]. As illustrated in Fig 1.4 (a,b), flexible thermoelectric devices are suitable for 

portable gadgets and wearables, such as sensors for health monitoring [4].  
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Figure 1.4 (a) A flexible OTE device is depicted, consisting of alternating p-type and n-type. The 

device can be made using wearable functional fabric that converts body waste heat into electricity 

through high energy transfer from the hot face to the cold face. (b) The potential use of organic 

thermoelectric generators (TEGs) is demonstrated, supporting wearable electronics such as 

watches, fitness trackers, health monitoring and toys. 

 

Materials provide the opportunity to take advantage of established device fabrication and 

processing methods (such as a roll – to -roll, inkjet, etc.), which would allow the creation of next–

generation thermoelectric devices that are lightweight and flexible and are available in a variety of 

geometries and designs [36]. For instance, some implantable medical devices, like pacemakers, 

only need 10 MW of electricity to operate semi-permanently without the requirement for a battery 

replacement procedure [38]. Fig 1.5 shows these technologies are particularly intriguing since 

thermoelectric energy conversion may easily gather human body heat, one of the most reliable and 

plentiful sources of wasted energy. Given that the typical individual releases 100-120 W of thermal 

energy into the atmosphere [39].  
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Figure 1.5 Thermal harvesting units embedded in a T-shirt and an armband was developed are 

taken from [39]. 

1.3 THERMOELECTRIC PERFORMANCE AND FIGURE OF MERIT (ZT) 

The TE efficiency of a TE generator is determined by, 

                                                         ϕmax=   
𝑃𝑜𝑢𝑡

𝑄𝑖𝑛
                                                         (1) 

Where  is the power produced by the device, including heat losses, and  is the quantity of 

heat that enters the device.  

                                        ϕmax  =  ϕc. 
√1+ZTav

√1+ ZTav

−1

+Th /Tc 
 = ϕcƳ                                     (2) 

Where Th is higher temperature, and Tc is lower temperature, Ttotal = (
𝑇ℎ+𝑇𝑐

2
), and the Carnot 

efficiency is given by ϕc = (
𝑇ℎ+𝑇𝑐

2
), ) =  Th. Ƴ represent the irreversible contribution to efficiency 

[25].  
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The dimensionless figure of merit governs the performance of thermoelectric materials. It is 

denoted by ZT. 

                                                      ZT =   
S2 σ

κ
 T                                     (3) 

Where S represents the Seebeck coefficient k represents the thermal conductivity, σ represents 

the electrical conductivity, and T absolute temperature. 

1.3.1 Seebeck Coefficient 

The correlation between the Seebeck coefficient and Electrical conductivity is typically attributed 

to the carrier concentration in Equation 4. One common employed method for improving the 

thermoelectric efficiency of the material is to find the highest PF (S2σ) by adjusting the 

concentration of the charge carrier (n). A concept commonly employed to explain electron transport 

in metals can be used to explain the relationship between the Seebeck coefficient and carrier 

concentration of strongly conducting materials [26]. 

 

                                          
                                     (4) 

 

Where Kb is the Boltzmann constant and has a value of (1.3806 × 10-23 m2 kg s-2 K-1), h is the   

Planck’s constant and has a value of (6.6260 × 10-34 m2 kg s-1), e represents the charge of an 

electron and has a value of (1.602 × 10-19 C) and m* represents effective mass. Traditionally, this 

concept has been employed to determine how S changes as a function of n. 

1.3.2 Electrical Conductivity 

Since Equation 5 indicates that electrical conductivity and charge carrier concentration are 

proportional to each other, a small charge carrier concentration results in a significant Seebeck 

coefficient with a lower σ. 

                                                       σ = neμ                                                                      (5) 

where μ is a symbol of the charge carrier’s mobility. The trade-off between S and σ restrict the 

achievement of maximum PF. When the Seebeck coefficient and electrical conductivity are 

balanced, a maximum PF is produced and for inorganic TE materials, this usually happens at a 
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carrier concentrations of between 1019 to 1021 cm-3 [5]. It has not yet been conclusively determined 

that what carrier concentration are best for organic compounds. OTE materials have a different 

conduction mechanism than traditional inorganic thermoelectric materials; therefore, the optimal 

carrier concentration may differ from that of inorganic materials [27]. Conductivity in conducting 

polymers and organic materials is usually induced by polaron hopping caused by the overlapping 

of the electron wave function on adjacent sites. When an electron moves down a chain while being 

trapped by a polarised field, lattice distortion may be created around the intense electron-phonon 

interactions. In comparison to inorganic materials, which typically have carrier mobility in the 

range of 1-103 cm2V-1s-1, this method of electrical transport produces charge carrier mobility less 

than 10-4-101cm2 V-1s-1 [28].  The greatest power factor for organic materials will then have a 

reasonably high carrier concentration.  

1.3.3 Thermal Conductivity 

One of the three important parameters for TE materials is thermal conductivity (k), which can be 

explained by equation 6.  

                                           κ = κe + κl                                                                 (6)                                     

In this equation, the symbols κl and κe are employed to denote the lattice thermal conductivity and 

electronic thermal conductivity, correspondingly. Electrical conductivity and thermal conductivity 

are proportional to each other according to Wiedemann-Franz's law (WFL) [29, 30]. The Lorenz 

number (L), which is normally equal to L= 2.4433×10-8 WU, is used in this equation. Many organic 

conductive polymers can be used as TE materials. Liu et. al., reported that the Lorenz number is 

compatible with its standard Sommerfeld value, and WFL is valid for poly (3,4-ethylene 

dioxythiophene) polystyrene sulphonate (PEDOT: PSS) [31]. Salamon et. al., discovered that WFL 

holds for a similar Lorenz number of Tetrathiafulvalene-Tetracyanoquinodimethane (TTF-TCNQ) 

[32]. However, some researchers have hypothesised that due to different electrical transport driven 

by polarons, the Lorenz number may not be identified as the traditional Sommerfeld value [27]. 

The Lorenz number and Sommerfeld value may differ due to the structure and level of doping [27, 

33, 34]. The lattice thermal conductivity of materials caused by the transfer of energy by phonons 

is frequently used in equation 7. 

                                               KL =  
1

3
 Cvl                                                            (7) 
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Where v represents the sound velocity, l represents the phonon mean free path, and C represents 

the heat capacity. As per observations, the values of C and l for PEDOT: PSS are 1.83 × 10-6 JKm-

3 and 0.1 nm, respectively [35]. Organic materials frequently have sound velocities between 103 

and 104 ms-1. For example, the sound velocities of poly (3,4-ethylene dioxythiophene) polystyrene 

sulphonate (PEDOT: PSS) and Poly (3-hexylthiophene) P3HT materials are 1.58 and 2.87 ms-1, 

respectively [36, 37]. According to literature estimate, the lattice thermal conductivities of PEDOT: 

PSS, and P3HT are 0.3 Wm-1 K-1 and 0.5 Wm-1 K-1, respectively. Those numbers fall within the 

established range (0.1- 0.7 Wm-1K-1) for thermal conductivities for various polymers [38, 39]. The 

organic materials are typically having advantages having of a low thermal conductivity, which falls 

between 0.1 to 0.7 Wm-1 K-1, but the electrical conductivity of these materials is frequently low, 

i.e., 1 Scm-1 [37-39]. In comparison, the lattice thermal conductivity and the electrical conductivity 

of organic materials result in an order of magnitude.  

1.3.4 Factor Affecting Thermoelectric Efficiency 

A perfect TE material must have a higher Seebeck coefficient for enhanced energy conversion [40-

42], an increased electrical conductivity σ to decrease the Joule heating effect [43, 44] as well as 

a poor thermal conductivity (κ) can maintain a temperature difference [45-47] as demonstrated in 

Fig 1.6. It is exceedingly challenging to reach the perfect values for these characteristics, which 

are connected to one another [14]. For instance, when σ increases, S typically decreases and κ 

frequently rises, placing limitations on how much the ZT can be improved. Most of the organic 

thermoelectric material ZT used in the 1990s ranged from 10-3 to 10-6 [48, 49].  
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Figure 1.6 Thermoelectric parameters with variation in carrier concentration taken from ref. [50], 

Where α represents the Seebeck coefficient, σ represents the electrical conductivity, k represents 

the thermal conductivity, and ZT represents the figure of merit. Image adapted with permission 

from Rishi Prasad et.al., [50], Springer Nature 2020. 

 

1.4 ORGANIC-INORGANIC HYBRID MATERIALS FOR THERMOELECTRIC 

APPLICATIONS 

Organic-inorganic hybrid materials improve the performance of TE systems by integrating the 

flexibility of polymers with the superior electrical conductivity and thermopower of inorganic 

nanostructures. Nanocomposites including graphene, reduced graphene oxide (rGO), graphene 

oxide (GO), and bismuth telluride (BT) are essential components in these hybrids. They enhance 

electrical conductivity, determine nanoscale interfaces for improved phonon scattering, and 

optimize the PF. These hybrids provide opportunities for the development of high-performance, 

multifunctional TE materials appropriate for next-generation energy harvesting technologies. 
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1.5 CHALLENGES IN DEVELOPING HIGH-PERFORMANCE THERMOELECTRIC 

MATERIALS 

Developing high-performance thermoelectric (TE) materials is a complex and multidisciplinary 

challenge. Achieving a balance between electrical conductivity and thermal conductivity is a 

primary challenge in the development of high-performance TE materials. High electrical 

conductivity is a crucial for effective charge transport, whereas low thermal conductivity reduces 

heat loss, both of which are essential for optimizing the TE figure of merit (ZT). These 

characteristics are often interdependent; enhancing electrical conductivity generally leads to an 

increase in thermal conductivity. Strategies including doping, nano structuring, and interface 

engineering are utilized to decouple these properties. However, attaining optimal results continues 

to pose a considerable challenge. OTE, including conductive polymers, exhibit susceptibility to 

degradation when exposed to environmental factors such as humidity, ultraviolet radiation, and 

thermal cycling. Their low thermal and oxidative stability affects long-term performance and limits 

applicability in high-temperature. Improving stability via molecular design, crosslinking, or 

protective coating is a significant research focus; however, achieving durability while maintaining 

TE properties remains a substantial challenge. 

Flexible thermoelectric devices are essential for wearable and portable applications; however, 

attaining a high ZT in these systems presents significant challenges. Flexible materials frequently 

compromise performance in favor of mechanical adaptability, as polymers and composites 

generally exhibit lower electrical conductivity and PF relative to rigid inorganic alternatives. The 

advancement of flexible materials featuring customized microstructures, enhanced carrier 

mobility, and effective phonon scattering mobility, and effective phonon scattering mechanisms is 

crucial for improving the ZT of flexible TE devices. Addressing this challenge necessitates the 

development of innovative materials designs and processing techniques that combine flexibility 

with performance. 

1.6 MOTIVATION FOR CURRENT RESEARCH 

The long-term effects of the world's largest dependency on fossil fuels have increased the demand 

for alternative energy sources and cutting-edge energy harvesting devices. The future generation 

of energy technologies among them may include thermoelectric energy conversion as a prominent 
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actor. Because they can directly convert waste heat energy into electrical energy, via the Seebeck 

effect or provide both active solid-state cooling and heating from an applied current via the Peltier 

effect [4]. 

Organic-inorganic hybrid composite offers significant potential for TE research by integrating the 

advantageous properties of both material types. Organic components, including conducting 

polymers, exhibit flexibility, lightweight properties, and low thermal conductivity. In contrast, 

inorganic components, such as nanostructured semiconductors, deliver high electrical 

conductivity. These hybrids facilitate synergistic effects that enhance the PF and decrease thermal 

conductivity, providing them suitable for advanced energy harvesting and wearable technologies. 

Efficient TE devices necessitate the integration of p-type and n-type materials to create a functional 

TE module. Despite notable progress in p-type organic materials such as PEDOT: PSS, the 

advancement of high-performance n-type organic or hybrid TE materials remains insufficient. 

Identifying this imbalance is essential for the development of efficient, symmetric devices and for 

broadening the scope of applications. Investigating doping strategies and hybrid systems is crucial 

for improving the performance of n-type materials to support their p-type counterparts. 

Graphene and rGO composites are significant materials for improving the TE figure of merit (ZT). 

Their superior electrical conductivity, outstanding mechanical properties, and adjustable electronic 

structure render them suitable candidates for hybrid systems. Incorporating graphene and rGO into 

organic matrix enhances charge carrier mobility and electrical conductivity, while also facilitating 

phonon scattering, which leads to a reduction in thermal conductivity. These composites facilitate 

the production of high-performance, flexible TE devices are essential for resolving flexibility with 

efficiency in energy harvesting applications.  
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Chapter 2. LITERATURE REVIEW 

 

 

2.1 OVERVIEW OF ORGANIC THERMOELECTRIC MATERIALS 

Thermoelectric generators (TEGs), are fascinating devices that can convert thermal energy into 

electrical energy. This process of energy conversion is truly remarkable and has significant 

implications in the field of energy harvesting [51], with the goal of achieving net zero carbon 

emission by 2050, as outlined in the 26th UN Climate Conference of the Parties (COP26) in 2021, 

there has been a significant focus on the advancement of renewable energy sources that are free 

from carbon emission [52]. Thermoelectric generators (TEGs) can efficiently recover waste heat 

and convert it into electrical energy through the thermoelectric (TE) effect. This process is not only 

simple to setup, but also requires minimal maintenance. Additionally, TEGs are not limited by the 

heat source they can utilize, making them a versatile option for energy conversion. Electricity 

generation can occur when there is a temperature gradient across a junction of two materials, or 

vice versa. This phenomenon is known as the TE effect and can be further categorized into the 

Seebeck effect and Peltier effect [53]. Seebeck effect is related with generation of electrical 

potential from temperature gradient across two ends of a material while Peltier effect represents 

reverse effect of Seebeck effect. 

Over the past few years, OTE materials have garnered considerable interest due to their inherent 

benefits over traditional inorganic thermoelectric materials. These OTE materials possess various 

benefits including low cost, ease of fabrication, lightweight, minimal toxicity, and low thermal 

conductivity (PEDOT: PSS, P3HT) are shows in Fig 2.1. However, the commercialization of OTE 

generators has been limited by their poor thermoelectric performance. To improve the efficiency 

of OTE materials, several key parameters must be considered and optimised. 
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Figure 2.1 Schematic represent the comparison between inorganic TE materials and conductive 

polymers. 

 

The cost-effectiveness of organic materials is greater than that of their inorganic counterparts [54, 

55]. They are advantageous for large-scale applications in industries where cost is a key 

consideration [56]. It is possible to chemically engineer organic materials in such a way that they 

will possess specific electronic and thermal properties. A wide range of temperatures and operating 

conditions can be considered when tailoring the thermoelectric performance of OTE materials [19, 

57]. By using organic thermoelectric materials, waste heat can be converted into useful electrical 

power. This could be a future energy harvesting source, along with industrial processes, 

automobile exhaust, and even human heat [58, 59]. It is easy to extract and process organic 

materials, which leave little environmental impact because they are abundant in environmentally 

friendly elements [60]. Compared to inorganic materials, organic materials are an environmentally 

friendly alternative. Materials made from organic compounds are flexible and can conform to 

complex shapes and surfaces [61]. By adjusting the molecular structure, OTE materials can be 

tuned for their electronic and thermal properties [62]. A fully organic electronic device can be 

developed by seamlessly integrating OTE materials with other organic electronic components [63].  
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Figure 2.2 The domain wise and year wise publication on OTE materials. 

  

By integrating these systems, electronic systems can become more efficient and sustainable [64, 

65]. For instance, Bubnova, Katz, and other authors provided an excellent overview of the solid-

state physics of conjugated polymer compounds [65].Wang et al. recently described several 
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potential OTE materials with maximum power factor (PF) values ranging from 70 μWm-1 K-2 to 

2710 μWm-1 K-2. In OTE material, the highest ZT value achieved is 0.5, reported in 2015 [66, 67]. 

The year wise and domain wise publication on OTE shows the importance of the materials [Fig 

2.2]. 

2.2 DISCUSSION ON OTE MATERIALS BASED ON GRAPHITE AND ITS COMPOSITES 

Graphene is a newly emerging 2-D crystalline carbon compound with extremely excellent 

electrical properties and sufficient TE performance. The organic TE materials that have been 

recently produced, includes GO, rGO, and graphene nanosheets, and their fabrication processes, 

along with potential applications is discussed here. 

2.2.1 Graphene + organic thermoelectric materials 

Organic materials, especially conductive polymer materials, are inexpensive, lightweight, highly 

flexible, easy to fabricate, and have very low thermal conductivity, making them particularly 

promising thermoelectric materials. Conjugated polymers have been identified as the most 

extensively researched polymer thermoelectric materials. These include PEDOT: PSS poly (3,4-

ethylene dioxythiophene) polystyrene sulphonate, Polypyrrole (Py), Polyacetylene (PA), 

Polyaniline (PANi), and Poly(3-hexylthiophene) (P3HT ), and so on. However, these organic 

conductive materials have some demerits because of their poor electrical transport properties 

compared to traditional inorganic materials. Graphene is preferred as doping that is hybridised 

with conductive conjugated polymers to improve electron transport properties due to its good 

mechanical properties, prosperous electronic state, large surface area, high flexibility, high 

mobility, and low density. Table 2-1 shows the synthesis method and the properties of graphene 

and conductive polymers. 
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Table 2-1 Summary of the synthesis method and thermoelectric performance at room temperature 

of some common organic materials with graphene 

Hybrid Synthesis σ  

(S 

cm−1) 

S 

(μV 

K−1) 

PF  

(μW 

m-

1K−2) 

K 

Wm-

1K-1 

ZT Ref. 

PANi/Graphene Solution dispersion 

 

856 15 19 - - [68] 

PANi/rGO In situ 

polymerisation 

3677 24 214 - - [69] 

PANi/Graphene/PANi/DWNT Layer-by-layer 

deposition 

1080 130 1825 - - [70] 

PANi/graphene-PEDOT: 

PSS/PANI/DWNT-PEDOT; PSS 

Layer by Layer 

Deposition 

1900 120 2710 - - [71] 

SWCNT/PEDOT: PSS DMSO, GA Oxidative chemical 

polymerisation 

400 0.4 25 0.4 0.02 [72] 

CNT/PVAc Solution method 48 45  0.34 0.006 [73] 

PANi/graphene nanosheets 

mechanical blending 

Spin coating and 

mechanical 

blending 

123 34  - - [74] 

PEDOT: PSS/graphene fullerene Mixing 700 25  0.4 0.06 [75] 

PEDOT: PSS/graphene (100:1) In situ 

polymerisation 

1469 46.9 3.23 0.19 0.00046 [76] 

PEDOT: PSS/graphene (100:2) In situ 

polymerisation 

3200 59 11.09 0.14 0.021 [76] 

 

The polymers frequently employed in thermoelectric applications encompass poly (3,4- ethylene 

dioxythiphene) poly (styrene sulfonate) (PEDOT: PSS), polyaniline (PANi), polyvinyl acetate 

(PVAC), polyacetylene, poly (3-hexyl thiophene) (P3HT), Polypyrole (PPy), and poly (2,7-

carbazolyenevinylene). In their study, Zhang et al. [77] incorporated fullerene-decorated reduced 

graphene oxide (rGO) into PEDOT: PSS. Functionalisation was accomplished through p-p 

stacking at the liquid-liquid interface. The electrical conductivity of the nanohybrid filler was 

enhanced by a factor of 7, resulting in a value of 70,000 S m-1. Additionally, the thermopower 

experienced a 4-fold increase. The thermal conductivity also improved from 0.2 to 2 Wm-1K-1. 
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These enhancements led to the attainment of a ZT value of 0.067 when the nanohybrid was 

composed of 30 wt.% and had an rGO-fullerene ratio of 7:3. The improvement in TE properties 

was ascribed to the presence of interfacial phonon scattering and energy filtering. PEDOT: PSS-

rGO composite film fabrication has been achieved by utilising the solution spin coating method 

[78]. the addition of 2 wt. % of reduced graphene oxide enhances the power factor of the composite 

materials, increasing PF from 2.03 to 11.09 μWm-1K-2. Simultaneously, the thermal conductivity 

of the composite material decreases from 0.24 to 0.14 Wm-1K-1. The ZT value is increased by a 

factor of 10, resulting in a matter of 0.021. The observed increase in PF can be attributed to the 

robust p-p interactions between rGO and PEDOT: PSS open rings, which facilitate efficient charge 

transfer within the composite material. The low thermal conductivity of the composite can be 

attributed to its multilayer porous structure, which serves as a phonon scattering centre. The 

preparation of highly conductive composites based on PEDOT: PSS-rGO was carried out through 

in situ polymerisation, as conducted by Yoo’s group [79]. The composites exhibited increased 

electrical conductivity from 453 to 637 S m-1 at a concentration of 3 wt.% of rGO. Additionally, 

the PF showed improvement, rising from 24.17 to 45.68 μWm-1K-2. The enhanced electrical 

conductivity of the composites can be attributed to the existence of well-organised and structured 

rGO sheets. These sheets facilitate the arrangement of PEDOT: PSS molecules into morphologies 

that promote efficient charge transport. PANi-graphene nanoplatelets (GNP) nanocomposites were 

synthesised through the in situ polymerisation of aniline monomer in the presence of GNP [80]. 

The thermal expansion coefficient (TEP) of the nanocomposites was observed to be influenced by 

both the concentration of aniline and the protonation of polyaniline (PANi). TEP values reaching 

up to 33 μVK-1 were attained when the weight percentage of PANi was 40%, and the protonation 

ratio was 0.2. the electrical conductivity has been enhanced to 59 S m-1, leading to a ZT value that 

surpasses both PANi and GNPs by two orders of magnitude. The incorporation of graphene 

nanoplatelets (GNP) into the composite material resulted in the elongation of the polymeric chains 

of polyaniline (PANi). This elongation led to an increase in the mobility of charge carriers, thereby 

improving the PF. The presence of GNP also contributed to the reduction of thermal conductivity 

in the composite material. Other authors have also made similar observations regarding the thermal 

and electrical properties of PANi/graphene composites [81]. PVAc/graphene-iron oxide (GINC) 

and PVAc-graphene nanocomposites were fabricated through a two-step process involving 

ultrasonication and subsequent hot compaction. The PVAc-GINC composite demonstrated an 
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optimal electrical conductivity of 2.18 × 104 S m-1 and a thermoelectric power (TEP) value of 38 

μVK-1 by adjusting the concentrations of GINC and graphene. The PF value of this composite 

material was measured to be 32.90 μWm-1K-2, which is 27 times higher than that of the PVAc-

graphene composite. The thermal conductivity value was also determined to be 3.21 Wm-1K-1, 

resulting in a ZT value of 0.0031. The GINC filler enhanced the nanocomposites' electrical 

conductivity and thermoelectric power (TEP). However, the presence of iron oxide decorated on 

graphene disrupted the thermally conductive network. As a result, the overall thermoelectric 

properties of the nanocomposites were improved. 

2.2.2  Synthesis method of Graphene with conductive polymer composites  

Solution Dispersion: They prepared a solution of PANi with graphene via the solution dispersion 

method, and it exhibits σ is 856 S cm-1 and a PF of 19 μW m1 K−2 because graphene has outstanding 

electrical properties and a strong π-π conjugated bond with PANi and graphene [68]. Although 

graphene agglomeration is not available at high filler content, it still limits the degree of uniformity 

due to the solution dispersion method. The prevention of graphene aggregation remains an 

essential issue in the solution dispersion method. 

Powder mixing method: ceramic powder mixing process for conductive polymers and graphene. 

Graphene and organic conductive polymers are mixed mechanically, often by ball milling, to get 

a uniform dispersion before being heated or cold pressed into a pellet or a foil [74]. Powder mixing 

can scarcely achieve uniform distribution since the as-prepared graphene or polymer can easily 

agglomerate.  

Layer-by-layer Deposition: By repeatedly exposing a hybrid film to a solution comprising 

cationic and anionic components, layer-by-layer deposition allows the production of nanoscale 

films with an arranged layer-by-layer stacking structure [82]. Cho et al. prepared an organised 

molecular structure of PANi/graphene/PANi/DWNT hybrid with an ordered molecular structure 

[70]. DWNT and graphene are negatively charged in this case, while PANi is positively charged. 

A neighbouring layer with a reverse charge can spontaneously produce a structural arrangement. 

An increase in the number of deposition cycles improves the Seebeck coefficient and electrical 

conductivity. A PF of 1825 μW m1 K−2 was obtained. Update study [71] Graphene and DWNT are 

stabilised using PEDOT: PSS, producing a thin film of PANi/graphene-PEDOT: 

PSS/PANi/DWNTs-PEDOT: PSS hybrids, also manufactured by the layer-by-layer (LBL) 
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process. Fig 2.3 shows that a quad-layer of PANi / graphene-PEDOT: PSS was created through a 

series of depositions. A quad-layer was produced. You can get the required layer thickness by 

repeating the sequence. The modified film shows enhanced electrical conductivity of 1900 S cm-1 

and a record maximum power factor of 2710 μW m1K−2. This is comparable to the traditional 

inorganic thermoelectric material Bi2Te3, which has the best RT thermoelectric properties. The 

LBL method provides an opportunity to prepare various organic materials with graphene rods with 

increased power factor expectations. 

 

 

Figure 2.3 Layer-by-layer deposition method of PANi/graphene-PEDOT: PSS/PANi/DWNTs-

PEDOT: PSS hybrids. 

 

Ding Zhang et al. [83] developed a multipurpose superelastic thermoelectric sponge based on 

graphene, which has a high S and a maximum compressive strain of 49.23 μVK-1, or 98%. The 

sponge maintains good mechanical and thermoelectric stability, and the Seebeck retention 

coefficient stays at 92.5% after 10,000 compression cycles with 30% elongation. A 4×4 array TE 

device is placed on top of the working CPU temperature by 8K, offering a workable method for 

continuously generating power and thermal management. Du et al. [84] fabricated a composite 

made of graphene nanosheets and PANi, and they reported a high PF of 5.6 μW m1 K−2 because 

these composites have a high charge carrier mobility. Using another combination of graphene, 

fullerene (C60), PEDOT: PSS, Wang et al. [85] obtained a higher PF and figure of merit (32 μW 

m1 K−2 and a ZT value of 0.067) at RT. A layer-by-layer synthesis of stabilised CNTs, graphene, 
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and PANi is a different method that uses graphene. This method displays a power factor of 1825 

μW m1 K−2 at 300 K [86]. Gil Ho Kim et al. [87] prepared composite films containing 1,2 and 3 

wt% graphene with PEDOT: PSS via the spin coating. Analysis using Raman and X-ray 

photoelectron microscopy shows the presence of strong interactions that assisted in the dispersed 

solution of graphene and PEDOT: PSS. Compared with CNT based on identical weight, the 

interfacial area was raised 2 -10 times by the evenly distributed graphene. A thin film of PEDOT: 

PSS with a PF of 11.09 μW m1 K−2 and ZT of 0.02 contained two wt% graphene. Du et al. [84] 

report for the first time a trend of increased Seebeck coefficient and σ with increasing GNs 

concentration (up to a 1:1 ratio) in the PANi-GNs composites. 

The ratios used to create the four different compositions were PANi-GNs 4:1, 3:1, 2:1, and 1:1, 

respectively. Maximum S and σ noted at a 1:1 PANi-GNs concentration. The observed 

phenomenon can be attributed to the significant increase in carrier mobility. Adding 50 wt.% of 

graphene nanosheets (GNs) increased the Pallets and thin film. Specifically, the PF of the pallet 

risen from 0.64 to 5.6 6 μW m-1 K−2, while the PF of the thin film increased from 0.05 to 1.47 μW 

m-1 K−2. Similarly, Xiang et al. [88] manufactured PANi-graphene composites via in-situ aniline 

monomer polymerisation with graphene nanoplatelets (GNP). The intense interaction between 

GNP and PANi produces a homogeneous coating of GNs. The authors have created a composite 

that resembles paper. The S of the synthesised composite varies with the quantities of polyaniline 

and the initial amount of aniline concentration in the mixture. With a protonation ratio of 0.2 and 

a composite containing 40 wt.% PANi, its value increases to 33 μVK-1. The addition of GNP boosts 

the σ of the composite to 559 Scm-1. It was discovered that the ZT value was two orders of 

magnitude higher than that of PANi or graphene. The TE efficiency of PEDOT: PSS can be 

improved by carbon nanotubes. It was shown that in literature [87], [88-92] increasing graphene 

content by 2-3 wt.% caused ZT to rise ten times. Comparing this value to carbon nanotube (CNT) 

based composites, it is significantly greater. Strong π-π interaction with help from more 

distribution is the cause. Raman spectroscopy lends support to these connections. Compared to 

CNT with a similar weight, the contact area is increased by 2-10 times when graphene is dispersed 

evenly. The higher carrier mobility of graphene increases the electrical conductivity, but the 

decreased thermal conductivity of graphene/PEDOT: PSS is greater than that of the pure PEDOT: 

PSS thin film, which contains 35 wt.% of SWCNT [14]. The author provided a comprehensive 

explanation for this anomaly of the two attributes; first, a clearly explained porous multi-layer 
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structure serves as a phonon dispersion centre, and second, phonons predominate in the thermal 

conductivity of such materials. Lattice thermal conductivity (kl) has a more significant influence 

than electronic thermal conductivity (ke) the combination of PEDOT: PSS and two wt.% graphene 

showed the highest ZT value of 2.1 ×10-2 at 300 K. Compared to pure PEDOT: PSS, this value 

was ten times greater. A practical and innovative technique for improving TE efficiency is 

fabricating a composite by adding graphene to PEDOT: PSS. Additionally, Yoo et al. [93] 

developed a composite made of PEDOT: PSS with graphene and investigated its potential 

application in waste heat energy recovery. Higher Seebeck and power factors are displayed by the 

composite that contains three wt.% graphene. 

2.2.3  Graphene+ inorganic thermoelectric materials  

Graphene and CNTs have excellent mechanical stability, high conductivity, and significant charge 

carrier mobility [94, 95] and are most prominently used in inorganic thermoelectric composites 

[96-102]. Dong et al. [96] prepared the nanocomposites of PbTe/graphene via a wet chemical 

method, the powder was prepared via the spark plasma sintering method at 580 K, and the ZT of 

the obtained product is 0.7 at 670 K has been reported. Composite materials of Graphene: PbTe 

with a mass ratio of 5%. Ju et al., [97] A Bi2Te3 nanowire (NW)/graphene composites film was 

prepared via the wet chemical method followed by the sintering method at 300 K, the composites 

film containing 20 wt.% of Bi2Te3, ZT value of 0.2 was obtained. 

 Liang et al., [103] Graphene materials with Bi2Te3 were prepared via a hydrothermal process 

followed by a spark plasma sintering process, and the ZT of the composite material containing 0.2 

% graphene at 475 K was 0.21. Yanan Wang et al., [104] In this work, rather than simply aiming 

for high performance, they attempted to develop flexible thermoelectric composites based on 

abundant, less expensive, or environmentally friendly inorganic thermoelectric materials. Since n-

type flexible thermoelectrical materials are highly desirable, most inorganic materials used in 

flexible thermoelectric composites so far are made up of rare or hazardous elements, so abundant 

and inexpensive non-toxic Zn-doped pyrite Cu1-xZnxFeS2 (x is 0.01, 0.02, 0.03) flexible PEDOT: 

PSS with graphene electrical networking is an essential candidate for n-type flexible 

thermoelectric films. The characterisation of hybrid films, which are designed using a combination 

of binary and ternary Cu1-xZnxFeS2/PEDOT: PSS and Cu0.98Zn0.02FeS2/PEDOT: PSS/graphene), 

is performed. The σ of the ternary film is four times greater than the binary film, with a maximum 
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power factor of approximately 23.7 μWm-1K−2. The optimal ternary film can retain more than 80% 

of σ even after 2000 cycles of bending and exhibits extraordinary flexibility due to the network 

made of PEDOT: PSS and graphene. A prototype thermoelectric device with five legs constructed 

of optimal foil produced a voltage of 4.8 mV at ∆T at 286 K. Such development of low-cost 

chalcopyrite-based composite films with high flexibility shows the potential for cost-sensitive 

flexible thermoelectric (FTE) applications. K.R. Nandana Paris et al., [105] foldable and 

transparent generators and storage devices (AC < 1 mm thick) with an active layer (AC) thickness 

of approximately 20 mm are piezoelectric between two graphene monolayers. They were 

manufactured by sandwiching the material and the solid electrolyte, respectively. The portable 

photoresistor with a thickness of 30 mm (AC-30) was created by combining a single layer of 

graphene with a fragile layer of ZnO deposited onto a PET or ITO substrate. Piezoelectric 

nanogenerators typically showed steady peak voltages of 5.5 V and a power density of 0.2 nA cm-

2. Finally, the portable photoresistor prepared in this way exhibited an adequate reaction to visible 

light, producing a high (in mA, even at low bias potentials) and an on/off current ratio of 1.8. The 

cold pressing process prepared Agarwal et al., [335] bulk Bi2Te3 and graphene materials, and the 

ZT of the composite material graphene containing 0.05 wt.% at 402 K was 0.92. Beibei Liang 

et.al. [336]  synthesised Bi2Te3 and graphene composites via hydrothermal synthesis combined 

with spark plasma sintering. A Bi2Te3 particle was coated with 30-200 nm-sized graphene 

nanosheets in the precursor nanopowder. At 475K, the maximum value of ZT was 0.21, achieved 

with a graphene content of 0.2 vol%, which is 31% higher than pure Bi2Te3 material. Jakriti 

Gobpant et al. [106] developed SnTe-based powders using a hybrid microwave solid-state process 

including SnTe, Sn0.95Bi0.05Te, and SnTe with graphene addition. At 325 K, the SnTe with five 

wt.% graphene demonstrated a reasonable PF, and the thermal conductivity decreased from 10 μW 

m-1 K−2 for SnTe to 2 μW m-1 K−2. The dimensionless parameter ZT of SnTe was raised from 0.07 

to 0.35 with five wt.% graphene, a 5-fold increase. Jingdu Dong et al. [96] synthesised PbTe and 

graphene nanocomposites via an efficient and innovative wet chemical process. PbTe/graphene 

nanocomposites achieve a ZT value of 0.7 at 670K, a substantially more incredible value. This has 

a considerably higher ZT than any n-type PbTe synthesised using a conventional methodology, 

and it is six times greater than the pure PbTe sample. 
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2.2.4  rGO + organic composite 

Ube et al. [69] recently created a camphor sulfonic acid (CSA) filled with rGO and PANi film 

fabricated via an in-situ polymerisation process using an adequately insulated heat rGO. The σ of 

this composite film is very high at 3677 S cm-1, so the competing PF is 214 μW m1 K−2. In situ 

polymerisation may provide a more equal distribution than solution dispersal or powder mixing. 

Weijie Wang et al. [107] reported that cryogenic milling combined PANi and rGO uniformly, and 

spark plasma sintering was used to make them more challenging. rGO/PANi hybrid composites 

have significantly better TE characteristics than pristine bulk PANi. Surprisingly, the maximum S 

and σ are 15.934 μVK-1 and 1858.775 S m-1, respectively, and the highest ZT value of the rGO / 

PANi hybrid composite was 0.00042.  

Shengchang Xina [108] reported that the PF of the film reached up to 7.28 μW m-1K−2, 

significantly greater than pristine polypropylene nanotube. Practical vacuum filtering and HI 

treatment were used to create the free-standing, foldable polypropylene nanostructure hybrid film 

successfully. Graphene nanosheet agglomeration was prevented, and conductive channels were 

produced by the hybrid film's polypropylene nanotube/rGO-linked structure. Mariamu Kassim Ali 

et al. [109] studied the PANi/doped reduced graphene oxide nanomaterials synthesised using wet 

chemical polymerisation combined with the hydrothermal method. The nanocomposites with only 

one wt.% of the SNrGO had a Seebeck coefficient of -1.75 μVK -1, which is n-type thermoelectric 

materials, with good σ, and intrinsic deficient k reported as 31 S m-1 and 0.51 μW m-1 K−1 

respectively, resulting in a 95 μW m1 K−2 PF and have a ZT of 0.05 at RT. Similarly, Kongli, Xu 

et al. [110] synthesised a nanocomposite made of PEDOT-rGO with significantly improved 

thermoelectric properties. The thermoelectric performance of a nanocomposite produced by 

template-directed in situ polymerisation was enhanced considerably at ambient temperature with 

a PF 13.3 times greater than PEDOT at 5.2± 0.9 ×  10−6   μW m-1 K−2. 

2.2.5 rGO + Inorganic composite 

Yong Du et al. [95] prepared a nanocomposite of rGO/Bi2Te3 bulk material manufactured via a 

hot pressing method. The σ of these nanocomposite materials decreased as the measured 

temperature from 298 K to 573 K. However, the exact value of S increased first and then reduced. 

Consequently, the PF of the bulk material increased first and then dropped. At 423 K, a nanohybrid 
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base material containing 0.25 wt% rGO had a PF of 1340 μWm1 K−2. Similarly, Kumar et al. [99] 

synthesised the nanocomposites of Bi2Te3/rGO via refluxing technique and then obtained 

nanocomposites pressed into pallets. The ZT value of the pallet at ~340 K was ~ 0.35. Table 2 

shows graphene's synthesis method and properties with their derivative and inorganic 

thermoelectric materials. 

Ganesh Shridhar Hegde et al. [111] report the TE efficiency of pure  (Bi0.98In0.02)2Te2.7Se0.3 with 

rGO composite in the temperature range of 10-325 K. These compounds follow the rhombohedral 

structure of the space group R3m. The presence of 0.02 wt.% rGO in the matrix of 

(Bi0.98In0.02)2Te2.7Se0.3 reduced thermal conductivity by 1.6-fold and electrical resistance by 10-

fold at 325 K (Bi0.98In0.02)2Te2.7Se0.3 / rGO. Because of the interaction between interfacial 

dispersion and antistites defects. At 325K, the maximum PF of 7 μWm1 K−2 and figure of merit of 

0.0026 were obtained with the (Bi0.98In0.02)2Te2.7Se0.3 containing 0.01 wt. % rGO. After that, at low 

temperatures, its TE cooling applications may result from properly optimising the 

(Bi0.98In0.02)2Te2.7Se0.3 containing 0.02 wt. % rGO. Gwansik Kim et al. [112] prepared bulk 

nanocomposites using Mg1.96Al0.04Si0.97Bi0.03 and a few layers of rGO through an ultrasonic-based 

wet chemical pulverising mixing method to enhance the thermoelectric performance and 

mechanical stability. Surprisingly high Klc of 1.88 MPa m1/2 was achieved with rGO 3 vol%, and 

a more excellent ZT value of 0.6 was observed. 

 

Table 2-2 Summarises the synthesis method and thermoelectric performance at room temperature 

of common inorganic materials with graphene 

Material Synthesis σ (Scm-1) K (Wm-1K-1) S (μV K-1) ZT Ref. 

Bi2Te3 / 0.25% rGO Hot-pressing 

method 

8 × 10− 6 1.3 -80  

- 

[95] 

Bi2Te3 / Graphene Hydrothermal 

SPS 

1.05 × 10− 5 2.5 -113 0.21 [113] 

Bi2Te3 / Graphene Wet chemical 

sintering 

3.5 × 10− 5 0.7 -132 0.2 [97] 

(Bi0.98In0.02)2Te2.7Se0.3/ 

wt.% rGO composites 

Solid-state 

reaction 

3.0 × 10− 3 0.8 -140  [111] 

PEDOT: PSS / Bi2Te3 Ball milsled 250 0.55 150 0.08 [114] 
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2.2.6  C derivatives (CNT, etc.) + organic/inorganic composite 

Because of their exceptional electrical characteristics, carbon nanotubes have been regarded as 

viable options for various applications, such as touch screens, field emission displays, solar cells, 

and field effect transistors. The σ of these materials is greater than that of the other polymer 

composites. They use another dopant since carbon nanotubes are also used as a filler in polymer 

composites. A study of TE materials has been more interesting with carbon nanotubes. Owing to 

their dimensional structure, it has been reported that 1- or 2-dimensional thermoelectric materials 

have lower dimensions than bulk materials and can sometimes perform better. By increasing the 

density of the state near the fermi energy and reducing the sizes, CNT can increase S [115]. 

Kim et al. [116] used polyethyleneimine, NaBH4, and diethylenetriamine to treat CNT to create n-

type materials with S = 86 μVK-1 and σ = 52 S cm-1. A flexible TEG made from 72 CNT foil 

thermocouples with a 49 K temperature gradient yielded an open circuit voltage of 465 mV. 

Additionally, multi-walled TE fabrics are manufactured by Hewitt et al. [117] using p-type and n-

type CNTs/PVDF composite film, and the sum of the thermoelectric power produced by these 

textiles is calculated and found to contribute from each p-type and n-type layer. At 50 K, 

thermoelectric fabric with 72 film layers had a maximum output of 137 mW. This is the 

fundamental distinction between inorganic TE generators that are commercially available 

(attached to a π-shaped structure). This is because the π-type inorganic TEG may recycle the 

surface average temperature difference of the n-type with the maximum output coefficient TEG 

[118]. A maximum PF of n-type (1500 μW m-1K-2 at room temperature) polyethyleneimine (PEI) 

doped, reposted layered carbon nanotubes (SWCNT). Both p-type and n-type SWCNTs are 

flexible TEGs with three pairs of thermocouples and an open circuit voltage of 11.3 mV at a 27.5K 

temperature gradient. The maximum output power it can generate is 2.51 μW [119]. In addition, 

the optical switching of the poly (3-hexylthiophene) (P3HT)/CNT composite materials from p-type 

to n-type simplifies the production of the TE generator by having only one solution [120]. This is 

the main difference in the flexible TEG manufacturing method shown in reference [119]. 

Choongho et al. [99] started with an emerging aqueous CNT/PVAC composite solution. At RT, 

the σ and k are 48 S cm-1 and 0.34 W m-1 K-1, respectively, and the ZT is more significant than 

0.006, containing 20 wt.% CNT. Furthermore, they achieved encouraging ZT values around 0.02, 
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and PEDOT: PSS doped with DMSO employs a network of the conductive polymer [72]. SWCNT 

added 35 wt.% into PEDOT: PSS results in the σ reaching 400 S cm-1. Qin Yao et al. [121] found 

that the SWCNT/PANi nanocomposites exhibit outstanding S compared to the pristine PANi. This 

can be attributed to the improved carrier mobility in the structured chin of PANi. In contrast to 

pure polyaniline, composites have a maximum σ of 1.25 ×104 S cm-1, a maximum S of 40 μVK−1, 

and the highest PF of 2 ×104 μW m-1 K−2. In this study, Lei Wang et al. [122] prepared 

nanocomposites via a mechanical ball mill followed by cold pressing when graphite content is 

present in materials at a 50 wt.% concentration. The σ and the S rise as the graphite content ensures, 

yielding a PF of 418 μW m-1 K−2 and ZT of 1.37 × 103. Yu et al. [123] have described developing 

a separate CNT network in a composite made of polyvinyl acetate (PVAc). A minimal amount of 

CNT content is crucial for creating this polymer composite since it will help it develop its 

distinctive properties. The creation of the CNT network enhances the electrical conductivity, but 

the k and S parameters are unaffected by the filler concentration. The insulating polyvinyl acetate 

matrix uses a long drying method at ambient temperature to create a 3-D network. A thermally 

isolated but electrically connected network assist in improving the figure of merit. PVAc/CNTs 

exhibit σ and k values 48 S cm-1, and 0.34 Wm-1 K−1 respectively twenty wt.% content of CNT at 

300 K. The CNT/polymer composite can maintain conductivity which remains constant when 

electrical conductivity is greatly improved by the connecting junction between the CNT [124]. 

Contrary to PVAc/CNT-filled composites, PANI-based carbon nanotube-filled composites have a 

decoupling effect connected to an enhanced S. SWCNT used the in-situ polymerisation processes 

to create composites. Compared to polyaniline and pristine CNT the S is 2.74 μVK−1and 12.2 

μVK−1 [125], whereas the PANi / CNT  composite exhibits improvement performance with the 

highest value up to 28 μVK−1 and behave as a P-type thermoelectric material at 350 K. The primary 

explanation for this is the energy-altering phenomenon that emerged with CNT and PANi contact. 

Kinge et. al., [126] have designed a labelled chemical process to create CNT/polyaniline 

nanocomposites. The straightforward procedure starts with mixing solid ammonium 

peroxydisulfate with anilinium hydrochloride and CNT. By maintaining a constant CNT 

concentration and changing the type of CNT, the author of this work highlighted propertiesof 

polymer nanocomposites, such as their SWCNT, MWCNT, oxidised, or unoxidised states. In 

comparison to the pure PANi sample, all nanohybrids exhibit superior performance. They showed 

excellent thermoelectric properties of PANi/unoxidised SWCNT reporting  (σ 530 S cm-1, S 33 
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μVK−1, and PF 0.6 μW m-1K−2) in contrast to another hybrid. This nanohybrid, encompassing 

oxidised and unoxidised SWCNT or MWCNT, showed the same S with different σ. Similarly, Yu 

et. al., [123] represents a schematic PEDOT: PSS- coated carbon nanotube junction in Fig 2.4 (a). 

A graphic depiction of the fluctuation of σ and S with CNT concentration can be found in Fig. 2.4 

(b). σ rises with CNT concentration until a point of 60 wt.%. At this point, it starts to fall. With 

the change in CNT concentration, S exhibits slight changes. With the inclusion of CNT, TE 

characteristics have been attained. At room temperature, this alteration gives the maximum ZT of 

7.2 ×10-5.  

Hewitt et al. [142] have processed TE fabric made of several CNT/polymer composite layers. 

CNT/polymer composite thin films have a low ZT (0.02). The author created MWCNT-filled 

polyvinylidene fluoride (PVDF) composite films for this assignment. These films were stacked to 

produce numerous element modules that resembled felt fabric. Each layer works together to 

provide a greater thermoelectric voltage, which makes it a desirable alternative to materials based 

on bismuth telluride for TE applications. Md. Sidul Islam et al., [127] The k, σ, PF of the GO / 

CNT (1:2 ratio) film improved significantly, obtaining results of 28.6 Wm-1K-1, 6.52×10 Scm-1, 

and 5.33×10-2  μW m-1 K-2 respectively. Wang et al., [128] A flexible two-pair TEG was produced 

using SWCNT/PEDOT: PSS or TiS2/C60 hybrid film as the n-type and p-type respectively, at 20 

K with 335 nW of electrical output. Furthermore, screen printing was used to create rolled flexible 

TE generators employing the p-type and n-type materials PEDOT: PSS and CPE/CNT 

nanocomposites, respectively [129]. The highest power output and open-circuit voltage of the them 

288-leg thermoelectric module is 46 μW and 260 mV at 65 K. Similarly, Y.duet.al. [94] 

synthesised a MWCNT/P3HT composite via oxidative polymerisation of 3- hexylthiophene in an 

MWCNT dispersed chloroform solution. When the temperature increases from 298 to 423 K, the 

σ drops from 0.13 to 0.11 S cm-1, and the S rises from 9.7 to 11.3 μVK-1. After cold pressing, the 

MWCNT content was 30 wt.% in composite powder. 
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Figure 2.4 (a) Graphical representation of the interconnection of CNTs covered by PEDOT: PSS 

materials. (b) Electrical conductivities and Seebeck coefficients of the composites at various 

nanotube concentrations, with an inset illustrative of the TE power factor. Aadapted with 

permission from Ref. [123] Copyright 2011, American Chemical Society.  

 

The structural characteristics of these composites play a significant role in determining their 

mechanical, thermal, electrical, and other properties. For the first time, Firuze Soltani [130] 

reported the effective use of traditional and substrate vibration-assisted ultrasonic spray coating 

(SVASC) to fabricate highly conductive transparent graphene-doped PEDOT: PSS composite thin 

films. The graphene dispersion mechanism in PEDOT: PSS and IPA solutions. The -OH groups 

in IPA can form a connection with the unsaturated carbons at the outermost edges of the broken 

graphene sheets. These -OH groups combine with sulphur on the hydrophilic sides of PEDOT: 

PSS or PSS, to generate hydrogen bonds after being mixed with aqueous solution of PEDOT: PSS. 

These intermolecular interactions help graphene disperse and suspend in the solution, which 

improves the conductivity of graphene-doped PEDOT: PSS. Fig 2.7 displays the FTIR peaks of 

the pure PEDOT: PSS, IPA/graphene, IPA/graphene/PEDOT: PSS solutions to support the 

previously mentioned assertion. The graphene surface interacts with the -OH group in IPA or water 

to create C-O-H bonds, which are shown by the spikes at 1301, 1164, and 1384 cm-1. In IPA and 

PEDOT: PSS solution, these interactions oversee the full and stable dispersion of graphene [131]. 

Fig 2.8 displays the XRD patterns of pure graphene and graphene-doped PEDOT: PSS composite 

films that have been IPA treated. All the PEDOT: PSS films typically exhibit the low intensity 

peak of pristine PEDOT: PSS at 23° in their pattern [132, 133]. The peaks of pure PEDOT: PSS 

and IPA/PEDOT: PSS are nearly overlapped. A prominent peak at 26° overlaid on the PEDOT: 
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PSS pattern for the graphene-PEDOT: PSS thin film clearly shows the graphene’s dispersion 

throughout the PEDOT: PSS matrix and makes evident the graphene’s noteworthy influence on 

the conductivity of the PEDOT: PSS film. The investigation yielded a maximum electrical 

conductivity of 298 Scm-1 for a thin film composed of graphene-doped PEDOT: PSS. This value 

represents a ten-fold enhancement when compared to the electrical conductivity of pristine 

PEDOT: PSS thin films. Similarly, Fei-Peng Du [134] reported PEDOT: PSS/GQDs composites 

were effectively made using simple casting techniques. PEDOT and PSS chains decoupled and 

separated into phases because of the strong interactions between GQDs and PEDOT chains via Π-

Π bonding. The microstructures (P-GQDs-10 wt%) that were developed improved electrical 

conductivity and Seebeck coefficient of PEDOT: PSS at the same time. When compared to pristine 

PEDOT: PSS, the PF of PEDOT: PSS/GQDs was increased by 550%. This work offered a viable 

path for the application of PEDOT: PSS in highly effective TE conversion. Analysis using Raman 

spectroscopy and X-ray photoelectron spectroscopy (XPS) revealed the strong Π-Π interaction 

that promoted the dispersion of graphene and PEDOT: PSS. The ZT value and PF of the composite 

thin film with 2 wt% graphene was 0.02 and 11.09 μWm-1K-2, respectively. This improvement 

results from both graphene’s high electron mobility (200000 cm2V-1s-1) and the easier carrier 

transfer between PEDOT: PSS and graphene [78]. 

 

Figure 2.5 FTIR spectra of Pristine PEDOT: PSS, IPA/graphene/PEDOT: PSS and IPA/graphene 

solution [128]. 
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Figure 2.6 XRD patterns of graphene, pristine PEDOT: PSS thin film (Run 1), PEDOT: PSS thin 

film prepared using IPA as co-solvent (Run 2), and SVAC-fabricated graphene-doped PEDOT: 

PSS (Run 4) [128]. 

 

2.3 N-TYPE DOPING IN ORGANIC THERMOELECTRIC MATERIALS 

2.3.1 Overview of n-type Organic Thermoelectric Materials 

Organic semiconductors are the best substitute for inorganic semiconductors for applications, 

where a high photoluminescence efficiency, high absorbance, or long spin lifetimes are required. 

Furthermore, despite the challenge associated with the charge transport in polycrystalline [135]. 

An organic semiconductor has advantages over inorganic semiconductors. These include their 

cost-effectiveness, great abundance, and the ability to be processed over large area, but still, they 

have a disadvantage of working limited at low-temperature purposes only. In addition, the polymer 

material proved to have a lower thermal conductivity when compared with inorganic materials, 

making it an optimal choice for thermoelectric applications. Variation of dopant concentration 

leads to energy bandgap tuning which is useful for thermoelectric applications [136]. A pure 

organic semiconductor has low electrical conductivity, so doping is necessary for making them 
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useful for thermoelectric purposes [136],[137]. For example, in trans-polyacetylene, electrical 

conductivity increases up to 1000 S/cm and carrier mobility up to 1cm2 V-1s-1, when p-doped with 

AsF5 (arsenic pentafluoride), or iodine vapors [135]. 

Electrical conductivity in a semiconductor can arise, when the bandgap between the lowest 

unoccupied electron (V.B) and highest occupied electron (C.B) becomes small enough through 

which an electron jump. The introduction of a defect via doping results in a reduction of the 

bandgap. This process generates an additional energy level located between the valence and 

conduction bands, referred to as the fermi level, which contributes to the decrease in the bandgap. 

In the past two decades, there are lots of organic conducting polymers that have been proven, 

although most of them need a foreign species, dopants increasing their conductivity from low to 

10-8 Scm-1 to its high as 10-4 Scm-1 in doped semiconductor, so we can tune the conductivity of 

polymers by carefully manipulating the concentration of dopants [135]. Doping is the process that 

necessitates the presence of both electron donor and electron acceptor molecular species, along 

with the induction of a mobile carrier throughout the polymer chain [135],[138],[139]. A positive 

charge carrier is generated in the conducting polymer chain, if we added a P-type dopant by 

removing the electron from the HOMO of the organic conducting polymers [140] N-type dopants 

contribute an electron to the LUMO of the semiconductor. In this process, an integer charge is 

transferred [135], so this process is known as the integer-charge transfer model shown in Fig 2.9 

(a) & (b).  

 

 

Figure 2.7 Illustrates the process of Organic conducting polymer doping through the integer 

charge transfer model. 
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In 2012, Zhu et al. [135] conducted a study on a coordinate polymer, focussing their attention on 

the recently discovered n-type organic TE materials. Recent advancements have been observed in 

the case of OTEGs utilising p-type conducting polymers, where an increase in the ZT has been 

achieved through chemical modulation in the oxidation state of the in the semiconductor and 

number of charge carriers [137],[141]. whereas in case of n-type conductive polymers and 

appropriated reduction for controlling the densities of charge carrier was still insufficient. Due to 

this employing of π-leg module structures was restrained, which enhanced the output voltage via 

the junction between p- and n-type thermoelectric generators, arranged in series for electrical and 

in parallel for thermal purpose [137]. Specifically, the lower electrically conductive nature of n-

type conductive polymer in contrast to p-type was a basic challenge [137],[142],[139],[143] 

because of their non-uniform transmitted coefficients (i.e., σ, κ) which leads towards the loss in 

power in π-leg modules. 

2.3.2 Doping requirements for thermoelectric 

Organic semiconductors are insulators in nature due to their wide bandgap, also they could be 

tuned by the process of doping. An intramolecular arrangement is formed if there is elimination 

and introduction of the electrons from the π-system of the organic compound, resulting in the 

formation of a polaron [135],[144],[145].polarons were generated and their existence was 

confirmed using various techniques, with optical spectroscopy playing a key role in the 

investigation. On doping, the optical absorption experienced a notable shifting, considering the 

formation of polaronic levels; redshifts occurred in optical absorption due to sub gap levels formed 

on doping which causes geometrical relaxation [144],[145]. In the year of 1970s, conjugated 

polymers and molecules had their conductivity raised by severalfold by doping them with a 

combination of alkali metals and halides. Chiang et al. [146] in 1977, was found their electrical 

conductivity increased by 11 orders of magnitude via doping halogen and AsF5. doping 

polyacetylene with iodine increased its electrical conductivity by an order of seven, Shirakawa et 

al. [147] from1977. As early as 1979 Yamamoto et al., [148] examine the thermoelectrical power 

and the electrical conductivity of the Phthalocyanine with halogen. When they exposed the 

complexes in the vapor of halogen, its electrical conductivity raised extremely in the order of 10 

to 11, and complexes with greater conductivities display lower activation energies as compared to 

lower conductivities. Similarly, Basescu et al., 1987, was measured the highest values of the 
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electrical conductivities as 20,000 S/cm by doping iodine. He studied electrical conductivity as a 

function of temperature at 0.48 K and pressure at 10 Kbar, it showed the highest conductivity at 

9000 S/cm [149]. Additionally, the complexes exhibited a favourable thermoelectric power, 

suggesting that conduction occurred through holes. The mechanism of doping in OSCs could be 

elucidated by the integer charge transfer model and more precisely explained by hybrid charge 

transfer it is caused due to the mixing of the orbit of acceptor and orbit of the donor. The electrical 

conductivity of organic semiconductors can be influenced by the introduction of charge carriers 

and alterations in structural order, ranging from the molecular level to the macroscale [144],[150]. 

In the region of crystalline, there is a difference between the electronic coupling within the 

molecules, resulting in highly anisotropic charge transport. The interaction between the π-

electronic levels of the molecules facilitates efficient charge transfer by ensuring that 

intermolecular contacts are sufficiently closed. 

2.3.3 Current Status and challenges 

Lewis’s acid (p-type) and Lewis’s base (n-type) are the new techniques for doping, although these 

are not fully utilized for organic thermoelectric applications. but it could be explored for doping 

in an organic semiconductor and used for enhancing the performance [136]. Nano-composites of 

the polymer are proposed as a highly promising approach for achieving both the straightforward 

synthesis of conducting polymers and the favourable TE properties of inorganic fillers. Therefore, 

the electric contact resistance was reduced between the inorganic structures by using conducting 

polymers, while simultaneously maintain the overall thermal conductivity of the composite at a 

low level. The thermoelectric material with a low degree of dimension had low intrinsic thermal 

conductivity because of phonon interface scattering, representing an additional methodological 

approach [151],[152]. Practically, this methodology does not useful at high temperatures to sinter 

the nanoparticles of organic material.  Still, we have not fully understood the capabilities of organic 

thermoelectric material, such as they appear as a good option for heat recovery for low 

temperatures. Although we did not completely learn about the thermoelectric characteristics of 

conducting polymers, they showed strong possibilities for a rise in ZT value coming from the lower 

value of the power factor. Conjugated polymers with large molecules are very complicated in 

morphology with polymer chain spiralling, agglomeration in certain regions, and the formation of 

crystalline region, which are isolated by an amorphous addition. Thus, we get a group of 
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thermoelectric characteristics is obtained; these properties exhibit significant anisotropy and are 

particularly influenced by the methods of preparation and processing used. To improve the 

conductivity of the polymer, it is essential to improve its crystalline nature through the regulation 

of its structure and surface morphology.  The insulating region of the thermoelectric device 

warrants significant attention within the context of thermoelectric study, metallic conducting 

polymers are an exceptional case for thermoelectric use because of their low Seebeck coefficient. 

In the insulating area, transportation is yet a little bit temperature-dependent with localized 

segments greater than the firmly disarranged system (low ratio of crystalline and doping 

concentration). In inter-chain transport the coupling among the conjugated polymer chains via the 

counterion wavefunction is significant and the study of its effect is limited [151],[153]. hence, the 

electrical conductivity depends on the arrangement of polymer chains, location of the counterions, 

and the properties of the crystalline phase. The only simple models till now are based on the 

Seebeck effect, even though its little knowledge. The power factor could be modulated through 

the change of doping level, it had been shown that to improve the models it is important to classify 

the entropy-of-mixing offering αel
mix (electronic Seebeck coefficient) with an additional practical 

density of state. A similar accumulation of band is done in semiconductors [151],[153]. The DOS 

(density of states) developed to improve the electronic Seebeck coefficient. This result is reported 

from the simple equation of the Seebeck coefficient as alternation in entropy-of-mixing divided 

with the charge carrier; at the same oxidation level, polarons have two times more electronic 

Seebeck contribution αel
mix in comparison of bipolarons. An investigation is required to examine 

the solid for the energetic characteristics that govern the ratio of bipolarons to polaron quantities. 

This analysis is essential for understanding the chemical and morphological attributes that 

contribute to high electrical conductivity while maintaining polarons as the main charge carrier 

[151]. Furthermore, it has been notified that polyaniline in the “insulating” domain is a typical 

example of polaronic arrangement, has a low power factor. At the “insulating-critical” area charge 

carrier position play a very important role in the case of coupling electron-phonon. So, the 

vibrational softening endowed αel-ph
vib to segment or pile of segments is vital. Still, this is not yet 

confirmed or not used for the model. The change of polymer chain structure is more relay on the 

transportation of bipolarons rather than polarons, so, αel-ph
vib is larger for bipolarons than the 

polaron. As consequently, to improve the ZT value, the prepared design must concurrently involve 

the different contributions to the Seebeck coefficient. 
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2.4  TYPES OF DOPANTS 

A Dopant is the collective name for many materials. It is like impurities introduced in the organic 

semiconductor for modifying the properties of the material. Which improves the performance of 

OTE material. The thermoelectric efficiency of the material largely affected by doping level. The 

σ is directly proportional to the doping level and the S is decreases with increase of doping level. 

Many ionic species and molecular involving acids and bases are also taken as a dopant in organic 

thermoelectric material, where their molecular structure have control over the diffusion. Such as 

by managing the dopants shape or size, anchoring the covalently. Bronsted acid, Lewis acid and 

Lewis bases also counted as molecular dopants [154], Alternation of SOMO level in radical form 

also needs attention [155]. 

Fundamentally, chemical polymerization is an oxidative reaction, through this reaction, we get p-

type semiconductors, which are electron-deficient on their backbone in this doping method, the 

organic thermoelectric material soaked into the solution or exposed in the front of a gas containing 

an oxidizing agent (a molecule with greater electron affinity than the host’s ionization potential). 

The organic semiconductor is oxidized by this dopant. Dopants move into an anionic state which 

ensures overall charge neutrality of the system. For instance, I2 converted into I3
- [151] or a salt 

solution NO+PF-  becomes anion PF6 
-  while evolution of NO gas takes place.   Jin-Chih Chiang et 

al prepared a base form of polyaniline that is Emeraldine with doping of dilute non-oxidizing 

aqueous acid like HCl, which makes it metallic conducting, and stable in the air indefinitely. They 

reported a new type of doping i.e protonic acid doping (In this kind of doping a spontaneous spin 

unpairing directing to the formation of polaron) in organic thermoelectric material. In this method, 

a proton is added to the organic thermoelectric material instead of a partial oxidation of its π – 

conjugated structure like taking place in p-type doping in other organic thermoelectric material. It 

yields nitrogen base salt in place of carbonium ion a highly reactive form, making it a more 

chemically stable material in the environment. The large-scale π-conjugation in Emeraldine salt, 

causes the high conductivity of the material. Its conductivity relied on the two factors first one 

degree of oxidation of the polyaniline and organic thermoelectric material’s degree of protonation 

[156]. In this type of doping (protonic acid doping), protons covalently bounded with the nitrogen 

of polyaniline and its positive charge transmitted to the π-conjugated system. So, through chemical 

polymerization the oxidized form of organic thermoelectric material synthesized directly, for 
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decreasing the oxidation level of  organic thermoelectric material in this type of doping (i.e 

protonic acid doping) a reducing dopant is used in chemical polymerization [157].   

2.4.1 Molecular dopants  

The basic procedure in chemical doping is the interactivity of the organic thermoelectric material 

with dopants. Their molecular structure of OTE martials is of utmost importance in its 

development. A molecular dopant refers to a small, neutral molecule that possesses either a low 

ionization energy (n-type) or a high electron affinity (p-type), so they donate or accept the electrons 

from the OTE material. Basic parameter for designing a molecular dopant is charge transfer, like 

modification of fermi level, replacement of heteroatomic molecule, effect of side-chain etc., 

molecular packing and interaction within the molecule. Kapov et al. reported the CN6-CP 

(hexacyano-trimethylene-cyclopropane) as a strong molecular dopant, has -5.87 eV EA. For 

reducing the diffusion rate, 3D dopant (bulkier structure) showed better results [158] such as C60F36 

and C60F48  here fluorine increases the EA. They both developed by using the vacuum deposition 

method and has higher EA than F4TCNQ and show stability in the case of thermal diffusion [158] 

but their size has a side effect on the morphology of OTE material. 

Lewis acid as a molecular dopant: - Electronic properties of the organic thermoelectric material 

can be modified by the process of doping. Doping can be done in two ways -either we add electrons 

in organic material from the dopant (n-type) or we remove the electron from the organic 

semiconductor (p-type). Lewis acid and Lewis base is also used as dopants in organic 

thermoelectric material. Presently, noticed that Lewis acid is an induced p-type charge carrier in 

the chain of an organic semiconductor, which increases the conductivity remarkably. In 2009, 

Bazan et al. have reported the effect of Lewis acid on donor-acceptor polymers. Donor-Acceptor 

is a moiety that has a molecular structure with electron-rich and electron-deficient both connected 

with a π-conjugated bridge. Here, transfer of charge from electron-rich molecular segment to 

electron-deficient molecular segment takes with the help of photoexcitation process. The 

realignment of electron density leads the absorption bands to expand from the UV region to near-

infrared regions of the spectrum, relying on the electronic offset between the donor-acceptor 

segments and over the complete length of the delocalized chain. Final material from this process 

has applications in organic electronic and optical fields such as non-linear optics, OLEDs (organic 

light-emitting diodes), etc. Bazan et al. [159] showed that the choice of binding of Lewis acids to 
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reach the N- atom present at the acceptor unit eliminated the electron density on the π – conjugated 

system leading to narrowing of the bandgap. Further, a change is observed in the absorption 

maximum (λmax) from ∼500 to ∼650 nm in the case of 5,50 –bis (benzo thiadiazole)-3,30 -di-n-

dodecylsilylene-2,20 - bithiophene (BT/DTS/BT) upon binding of B(C6F5)3 to the nitrogen atoms 

in the outer two benzothiadiazole (BT) units. The strength of Lewis acid also tuned the degree of 

change in the absorption properties. The Strong Lewis acid decreases the bandgap more i.e. most 

red-shifted absorption spectrum. Bazan et al. studied the effect of B(C6F5)3 with D/A (donor-

acceptor) conjugated polymers to sort out the participation of steric and electronic to the binding 

equilibrium and alter the optical properties. They observed that the interaction of B(C6F5)3 with 

the polymers leads to a reduction in both HOMO and LUMO energy levels. Such as Poly{(4,4-

bis(2-Ethylhexyl)-cyclopenta-[2,1-b:3,4-b’] dithiophene) – 2,6-diylalt-([1,2,5]-thiadiazole [3,4-c] 

pyridine) -4,7-diyl} energies of HOMO and LUMO polymer was found out -5.01ev and -3.70 ev 

respectively. After the addition of B(C6F5)3, energies were found to be -5.24ev for HOMO and -

4.28ev for LUMO. The difference in energy is 0.35ev which leads to a decrement in the optical 

bandgap. Here, both level HOMO, as well as LUMO effect by the addition of B(C6F5)3 but this 

effect, is found more noticeable in LUMO level, which mainly occupies near the acceptor segment. 

This is the reason behind the decrement in the bandgap of energy level and they also noticed an 

increment in free charge carrier concentration and mobility [160]. 

 In the future for molecular dopants design focus should be on increasing the strength of dopants, 

solubility/ miscibility, yielding reaction, and processed air/stable dopants. Initially, the doping of 

conjugated molecules was done with halides and alkali metals but these have the drawback of not 

producing a covalent bond with the host, and they showed a tendency diffuse within the organic 

semiconductor matrix. This diffusion can create ohmic contacts or p-n junctions which are unstable 

under operating conditions [137]. Bulkier molecular dopants have emerged as a possible way to 

reduce the diffusion rate P3HT and PEDOT: PSS were the conjugated polymers and conjugate 

molecules in which p-type molecular doping was introduced.  molecular doping    is used for 

decreases the ohmic losses in carrier transmitted layers and   to introduced the barriers at the 

contact of electrodes. hence, the performance of the devices get boost [137]. both effects (reduction 

in ohmic loss and introduction of barriers) showed successful results in the p-i-n multilayer 

structure where an n-doped electron and p-doped hole transport layers  were used as a sandwich 

the intrinsic active layers such as photovoltaic layers in organic, emission layers in OLEDs, and 
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perovskite solar cells. Moreover, molecular doping was used in Zener diodes [161] and organic 

inversion field-effect transistors [162]. Molecular doping has been a successful doping technique 

but still, there has been no explanation of their basic process, it’s still under debate [137]. 

2.5  PROCESSING OF DOPED POLYMERS 

2.5.1 post-deposition treatments of PEDOT systems  

Bubnova et al, [163],[157]  improved the value of ZT in PEDOT: ToS used TDAE as a de-doping 

agent, they reported that deficiency of electron on the chain of PEDOT: ToS was balanced when 

its film was exposed to a high amount of TDEA (high oxidation level) vapor, here de-doping 

happened and then, electrical resistivity increased hence Seebeck coefficient also increased. 

They developed a method through which they fabricated thermoelectric modules with the help of 

conducting polymers like PEDOT achieved by electrochemical polymerization. This strategy will 

provide all the thermoelectric elements but only a p-type semiconductor could be used. For 

increasing the power generation of PEDOT, exposed to the reduction treatment. Through the 

hydrazine treatment, the doping level in polymeric material was affected, decrement in numbers 

of charge carrier because electron denoted by reducing agent, neutralized the PEDOT chains (i.e 

bipolaron and polarons) [164],[165],[166],[167]. In this method, π-bonds increased and the 

electrical conductivity of the films changed from 350 to 750 Scm-1 after 11s. Without reduction 

treatment, the Seebeck coefficient value of pristine module was at 91μVK-1 after reduction with 

hydrazine vapor method is raised to 413μVK-1 during 11s. The Seebeck coefficient value increased 

because of the decrease of doping levels in PEDOT. The Seebeck coefficient was noticed as 

constant with temperature since there was a linear relationship between the difference of voltage 

and the temperature. on the account of the absence of the glass transition temperature Tg in PEDOT 

[164], Tg at 85°C substrate gave the highest temperature limit application. The power generation 

was examined as a function of load resistance and the temperature difference was 60°C. here the 

thickness of PEDOT was in the limit of 2μm to 5μm. From the result, they get information that 

with the impedance of the generator, the maximum power gets a load resistance of 30 KΩ. The 

module gives the maximum power without undergoing a chemical reduction of about 2.7 nW 

whereas after the treatment 5.03 nW was reached. From this research, they suggested power 

generation increased with changes in doping amount in conducting polymer. 
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2.6 EMERGING APPROACHES TO DOPING 

2.6.1 N-type doping 

Up until recently, the thermoelectric performance of organic p-type materials has always surpassed 

the performance of the n-type materials due to difficulties in n-type doping. For electrons to 

transfer from a dopant to a semiconductor, the HOMO of the dopant must be aligned or higher in 

energy than the LUMO of the semiconductor. The electron affinity of n-dopants, therefore, tends 

to be small, making them highly reactive and very sensitive to ambient air and moisture. With 

other limiting factors such as phase separation, misaligned energy levels, solubility, and an overall 

lower doping efficiency in n-type materials, finding a stable compatible n-dopant can be 

challenging. The most common approach is to use highly reductive species which can directly 

transfer electrons into the organic material. Although this approach encompasses all the difficulties 

mentioned above, there has been some success. Organic molecule (4-(1,3- dimethyl-2,3-dihydro-

1H-benzimidazole-2-yl)phenyl)dimethylamine (N-DMBI) is a widely used n-dopant which has an 

ionization potential of 4.67eV, making it fairly stable in air [168]. It is proposed that the thermal 

activation releases hydrogen, and leaves a neutral radical N-DMBI which dopes the acceptor 

material. When doping has taken place, the N-DMBI is left with a cation that resides beside the 

localized electron-rich nitrogen atoms and phenyl rings, making the electron transfer irreversible. 

The N-DMBI neutral radical has been calculated to have a SOMO of 2.36 eV which is small 

enough to ideally dope most n-type organic semiconductors. Through computational studies, Yan 

Zeng et al. found that the hydrogen removal process can also be influenced by the semiconductor 

it’s interacting with [169]. Their study shows that interactions between the semiconductor Q-DCV-

DPPTT and N-DMBI significantly decrease the energy required for the hydrogen removal 

resulting in room temperature. There are also other suggestions of a hydride transfer process as a 

doping mechanism of N-DMBI which is slightly different from a cleaved hydrogen bond [169, 

170]. This mechanism is also explored by Yan Zeng’s group whom found it could also take place 

at room temperature in the semiconductor Q-DCV-DPPTT, and by David Keifer’s group whom 

successfully doped the polymer p(gNDI-gT2). Peng Wei et al., also found that n-type molecule 

PCBM becomes more air-stable upon doping with N-DMBI. The group measured electrical 

conductivities above 10-2 Scm-1 after 20 days in the air and attributed this improved air stability to 
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the dopant-semiconductor packing. However, this N-DMBI is not particularly soluble and 

aggregates easily at high temperatures and high doping levels [171]. 

2.6.2  Self-doping materials 

A much newer approach to doping involves ‘self-doping’ semiconductors where, without relying 

on an external dopant, semiconductors can inject free charge into their own electrical pathways. 

This method solves the problem of phase segregation and miscibility. The main way to achieve a 

self-doping molecule or polymer is to engineer electron-donating bodies, i.e.: electron-rich amines 

or an ionic species, which are attached to an electron-deficient backbone or molecule. The 

experimental study on self-doping polymers first came to light in 1987 by Patil’s group [172] and 

research has since grown significantly, not only for thermoelectric materials but also for OLEDs, 

OSCs, and the biomedical field. Many successful self-doping n-type polymers have since been 

reported. One of these polymers is the Phencyclidine (PCP) derived PCP-Na where conductivities 

in the 10-3Scm-1 range were measured. Optical spectroscopy of PCP-Na shows a polaronic species 

both in film and in solution which is interesting as a close distance between the backbone and 

electron-donating unit is needed for electron transfer to take place. Having a doped species in 

solution can be extremely beneficial as the doping will not be hindered too drastically by unideal 

morphology, assuming it persists in film form. Similarly structured polymers PCF-Na and PFS-

Na were also tested but showed no self-doping properties, illustrating how sensitive self-doping is 

to small structural differences. A similar example is seen where Liu et al. [173] partially fluorinated 

the polymer poly(9,9′-bis(6″-N,N,N-trimethylammoniumhexyl)fluorene-alt-benzene) (PFB) to 

induce electron transfer from an electron-rich side group to the fluorinated, electron-withdrawing 

unit of the polymer backbone. However, electrical conductivities were still low, indicating that 

even with the most electronegative element, self-doping polymers can still face poor doping 

efficiencies from structural challenges. To further this point, in a recent study by Tang et al., the 

strong electron-withdrawing unit benzobisthiadiazo (BBT) [174] is used in the copolymerized 

polymer PFNBBT. Interestingly, in its quinoidal form, direct electron transfer is observed from an 

electron-donating fluorene unit to the BBT unit forming a diradical BBT species, however, in 

aromatic form, no electron transfer takes place. The parameters mentioned so far, i.e.: choice of 

electron donor group and structural variations, are tunable parameters that can excel research on 

self-doped polymers. 
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2.6.3 Low volatility dopants 

Fullerene-based dopants have advantages they are low volatility and thermally high stability which 

play a significant role in operating devices below elevated temperature. Due to all these properties 

of fluoro-fullerene C60F36 is in highly use p-dopant in a large spectrum of organic p-i-n devices 

like memories, solar cells, emitting diodes, and transistors. The fluorination of the C60 molecule 

brings the energy level lower by approximately 1eV [175] so, the effective charge is transmitted 

from HOMO of the matrix material with an IP near to 5eV, to the LUMO of C60F36. Due to the 

lower molar ratio of the C60F36 dopant, it has higher efficiency, with large charge transfer per 

molecule with the host i.e N, N’-[(Diphenyl-N, N’-bis) 9,9-dimthyl-fluoren-2-yl]-benzidine. 

However, C60F36 has a drawback which is its higher activation energy deep trap states was formed, 

whereas it could avoid as its higher charge transfer gives an excellent conductive layer. Its power 

conversion efficiency is also better than the F4TCNQ in a solar cell. So, the C60F36 could be used 

as a dopant in place of F4TCNQ. Successfully, n-type doping in organic material could improve 

the thermoelectric performance by increasing the charge and charge transferred characters. 

Because of the n-type semiconductor's low electron affinity, it is hard to dope with a high quantity 

of charge carrier [176] and bulk doping raised the structural disorder, which decreased the hopping 

rate [177],[178]. Dazhen Huang et al., showed bismuth, a heavy metal, as a strong candidate for 

interfacial n-type doping for a thiophene-diketopyrrolopyrrol-based quinoidal molecule. Doping 

of interfacial Bi in TDPPQ ultra-high thin film gives power factor 113μWm-1K-2, this was the best 

PF value obtained for the small molecules of n-type. if metal-doping in organic semiconductors is 

done in a controlled way then doped thermoelectric materials give high performance. Chemical 

doping caused a shifting of Fermi level and severely increased in charge carrier concentration at 

the TDPPQ/Bi interface, as a result, they noticed outstanding electrical conductivity around 3.3 

S/cm and 585μV/K was the Seebeck coefficient value, confirming the maximum PF value at 

110μWmK-2. so, from the above result, it proved that Bi was an efficient n-dopant. Small shifting 

of Fermi level indicated that TDPPQ was lightly doped by Bi, this was concluded from UV/Vis 

measurements [177].  To get know about the mechanism of the chemical doping between Bi and 

TDPPQ, they carried out the theoretical calculations for TDPPQ/Bi. When an atom of Bi 

encounters cyano (CN) triple bond of TDPPQ, doublet stat of the TDPPQ/Bi had minimum total 

energy with weak electron transfer (0.478 ev)  
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from Bi atom to a molecule of TDPPQ. The report of XPS data displayed that the binding energy 

of Bi joins with cyano N atom gets closed to N-atom of DPP. Hence, the introduction of Bi in 

TDPPQ film leads to a reduction in the intensity of the low energy peak and increment in high 

peak energy of N (1s). They confirmed that the XPS spectra matched with the experimental data, 

which verified that Bi interacts with the N atom of TDPPQ. 

2.6.4 Double charge transfer 

 Double doping of conjugated polymers with common p-type dopants ionization efficiency could 

rise to 200%. Double doping appreciably raised the number of charges devoted to being transferred 

at higher concentrations of dopant. Hence, due to the formation of dianion, the electrical 

conductivity of the high mobility polymers was enhanced greatly. Development of dianion 

happened in four different polymers, dopants pairs, which advised that double doping is a universal 

fundamental applied to an extensive range of organic semiconductors with convenient energy 

levels. Lately, dimer dopants were to increase the ionization capability of organic semiconductors, 

in this case, one dopant creates two charges, breaking into two discrete systems which act as a 

counterion. Such as involvement of dimeric category of n-type dopants subject on 2,3-dihydro-

1H-benzimidazole [179],[139] and organometallic sandwich compounds, n-type dopants subject 

on 2,3-dihydro-1H- benzimidazole [180] formerly this route contain dimerization of two single 

dopants molecules, volume per dopant molecule which fused into the host organic semiconductor 

became double. It was needed a dopant that permitted more than one charge per dopant without 

dimerization. One important requirement is to minimize the volume/weight ratio, so the 

nanostructure is affected by the transfer of more than one electron per dopant molecule i.e 

development of diions. This double doping allowed the increment in ionization efficiency, with a 

maximum if every molecule of dopant give rise to two charges ηion= 200%.  Double doping has 

exceptionally boosted the category of polar conjugated polymers, everyone had an eye on them 

for the electrode material for batteries, n- and p-type conductors for thermoelectric, as donor or 

acceptor materials for organic solar cells. [181] an active layer of n- and p-type in electrochemical 

transistors [182], [183], [184]. FTIR spectroscopy data suggested that double doping was relayed 

on the length of the side chain and molecular weight. David Kiefer et al. concluded that polymer 

with high energy level and greater charge carrier mobility useful in bioelectronics and 

thermoelectric applications and the employment of dopants with the capability to donate two 
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electrons from the polymers along with high ionization energy will give us a large category of 

highly conducting materials that exploit double doping. 

2.6.5 Electrochemical 

Electrochemical polymerization was a suitable strategy to get conductive polymers, like PPy, 

PANi, and PEDOT, as studied in the literature. Electrochemical cell method used to control the 

doping amount in a polymer. The electrochemical de-doping/ doping process was done by using 

electrolyte solution and three-electrode cells. In this method, the working electrode is a conductive 

polymer where the oxidation/reduction process takes place and for the counter electrode, platinum 

wire is used and Ag/AgCl is used as a reference electrode [163]. Here conjugated polymers were 

exposed to the electrolytes and electrodes. Metal electrodes supplied more charge carriers, small 

charges containing opposite-charge could be entered in conjugated polymer for keeping the 

electro-neutrality. This all transportation of the charge was happened due to the Weak van der 

Waals interaction within the polymers chain. Then at particular electrodes oxidation and reduction 

of conjugated polymer chain takes place, this happened when the electrochemical potential of 

metal electrons became equal to the electron affinity or ionization potential of the conjugated 

polymer in the medium of electrolytes [151],[185]. Because of electrochemical doping, optical 

properties were elaborated in a conjugated polymer that is known as electrochromic. So, a wide 

bandgap conjugated polymer could become coloured when doping is introduced in it, and a 

medium bandgap colored state conjugated polymer turns into transparent when oxidized. The most 

frequently used method is electrochemical because it allowed the dopant anions like ferrocyanide 

[Fe (CN)6
3-] during the formation or else during the synthesis of a thin film. The conductivity of 

the polymer was highly dependent on the synthesis method because it causes increasing the 

polymeric structure length, which allows the overlapping of the molecular orbits. In recent times, 

sirringhaus et al was mainly focused on the estimation of the Seebeck effect in P3HT and pBTTT. 

Lately. Zhu and Sirringhaus analyzed how the Seebeck coefficient of pBTTTb and P3HT vary in 

organic field-effect transistors on changing the gate voltage. This work had been done as an 

alternative for the examined the thermoelectric in doped chemical organic semiconductors by 

causing changes in its morphology that could be reported in the material. 
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2.7 RESEARCH OBJECTIVES 

Based on the literature survey we have finalized some materials which increase the efficiency of 

organic thermoelectric materials and using these materials will prepare n-type & p-type 

thermoelectric ink which is applicable for paper and polymer substrates. 

➢ Synthesis of high ZT thermoelectric materials and devices based on organic + inorganic 

composites.  

➢ p-type: PEDOT: PSS, P3HT, Bi2Te3, PVDF etc., n-type:  rGO, Ni NWs, graphene. 

➢ Investigation of n-type doping in organic thermoelectric material.  

➢ Preparation of n-type & p-type ink for paper & polymer substrate printing.  

➢ Demonstration of TEG devices on flexible substrate (paper & polymer). 
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Chapter 3. SYNTHESIS AND CHARACTERIZATION OF P-TYPE 

THERMOELECTRIC MATERIALS  

 

 

3.1  ABSTRACT (PART -A): PEDOT: PSS/BI2TE3 (P-TYPE)  

The capacity to generate electricity from waste heat or temperature difference has important 

implications for sustainable energy production and waste heat recovery. Thermoelectricity is the 

direct conversion of temperature difference (heat) to electric voltage and vice versa. In this work, 

we synthesized poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS) and 

PEDOT: PSS/ Bi2Te3 hybrid composite film using a spin coating method. Poly(3,4-

ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS) is a widely utilized and highly 

accessible materials. The materials under investigation exhibit notable advantages, such as a 

significant degree of electric conductivity, excellent stability, favorable solubility, and 

commendable processing capacity [191-193]. The maximum Seebeck coefficient (22 μVK-1) and 

power factor (57.18 μWm-1 K-2 around 300 K) were achieved at 0.4 wt.% Bi2Te3. The electrical 

conductivity (σ) reached a maximum of 1467 Scm-1 at 300 K for 0.6 wt.% Bi2Te3, which is more 

than three times higher than that of pure PEDOT: PSS. Two critical components contribute to the 

improved electrical transport performance, as identified by XRD, Raman spectroscopy, XPS, 

AFM, and SEM. First, the conductive polymer undergoes a structural transformation from a 

benzenoid to a quinoid configuration, enhancing conductivity.  

3.1.1 EXPERIMENTAL SECTION 

3.1.1.1 Materials  

Bismuth telluride (Bi2Te3) and PEDOT: PSS were purchased from Sigma Aldrich, dimethyl 

sulfoxide (DMSO), isopropyl alcohol (IPA), acetone, ethanol, etc. were procured from Alfa Aesr. 

All chemical reagents were used as received. 
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3.1.1.2 Preparation of PEDOT: PSS/Bi2Te3 composite films 

A 10 wt% PEDOT: PSS/DMSO solution was prepared by mixing an appropriate amount of 

PEDOT: PSS with DMSO, followed by stirring for 24 hours at room temperature (RT). 

Subsequently, an adequate quantity of Bi2Te3, dispersed in ethanol, was introduced to the mixture 

and subjected to one hour of ultrasonication to yield homogeneous solutions containing 0.4, 0.6, 

and 0.85 wt% Bi2Te3. Before the film deposition, the glass substrate (1cm×1cm) was ultrasonically 

cleaned for 15 min in DI water, acetone, and isopropyl alcohol sequentially. They were then dried 

in a vacuum oven for 24 hours. PEDOT: PSS/Bi2Te3 composite films were fabricated using a spin-

coating method (1000 rpm for 45 sec followed by 2000 rpm for 45 sec), and the resulting composite 

film was dried in a vacuum oven at 60°C for one hour. For comparative analysis, a pure PEDOT: 

PSS film was also prepared using the same procedure. The entire process is illustrated in Fig 3.1. 

 

Figure 3.1 Process flow for preparation of PEDOT: PSS/ Bi2Te3 composite film by spin coating 

method. 

3.1.2 Characterizations 

The surface morphology of the composite films was assessed using a scanning electron microscope 

(SEM) and atomic force microscope (AFM, Nano Surf Nano). The AFM measurements were 

performed in the tapping mode with having nm resolution, and the AFM images were analysed 

using Nano surf Naio. The crystal structure of the synthesized composite film was analyzed by X-

ray diffraction (GIXRD, Malvern Panalytical) with Cu Kα radiation (λ = 1.5406 Å) at 40 mA and 

45 kV. Conformational changes in PEDOT and PSS within the composite films were investigated 

using Raman spectra with a 532 nm green laser excitation. X-ray photoelectron spectroscopy 

(XPS) was employed to characterize the elements and compounds present in the PEDOT: PSS/ 
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Bi2Te3 composite films, utilizing a PHI Versa Probe 3 spectrometer. The Al Kα line with an energy 

of 1486.6 eV was used for analysis, and the binding energy (B.E) values were referenced to the 

aromatic C 1s peak at 284.6 eV.  

3.1.2.1 TE Performance Test: 

The Seebeck coefficient was determined by measuring it from the samples using an in-house setup  

[209] . The Seebeck coefficient was determined by measuring it from the samples using an in-

house setup with silver electrodes. K-type thermocouples were used to measure the temperature 

gradient across the PEDOT: PSS/ Bi2Te3 composite film. The Seebeck coefficient, determined as 

S = ∆V/ ∆T, is mathematically defined as the ratio of the voltage drop across the length of the 

material to the temperature gradient along the voltage drop. The electrical conductivity of the 

sample was determined through the utilization of a current-voltage (I-V) sweeping measurement 

technique employing four probes. 

3.1.3 RESULT AND DISCUSSION  

3.1.3.1  X-Ray Diffraction (XRD) 

The X-ray diffraction (XRD) pattern of the synthesized PEDOT: PSS with varying Bi2Te3 content 

(0.4%, 0.6%, 0.85% wt%) composite films is presented in Fig 3.2(a) The XRD pattern 

demonstrates that the composite film exhibits a single-phase nature, with no discernible signs of 

impurity phases within detectable limits. Two distinct peaks at 2θ values of approximately 17.7˚ 

and 26˚ correspond to lattice spacings of approximately 5.0 and 3.4 Å, respectively. The d-spacing 

of 3.4 Å calculated from the peak at 26° is identified as the Π-Π stacking distance (d010) of the 

aromatic rings of PEDOT. whereas the peak at 17.7° is attributed to the Π-Π stacking distance of 

PSS [210],[211]. In  addition of Bi2Te3, various other peaks are also observed. The peaks at 2Ɵ = 

17.4, 27.6, 38, 45 correspond to (006), (015), (10 10), and (110) planes, align well with the JCPDS, 

No. 15-0863 [95]. With a further increase in the concentration of Bi2Te3 in the composite film, the 

diffraction peak corresponding to PEDOT: PSS broadens, while the diffraction peaks associated 

with Bi2Te3 become much sharper. This observation suggests an enhanced crystallinity with the 

addition of Bi2Te3, confirming the presence of Bi2Te3 in the composite films. 
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3.1.3.2 Raman analysis 

Raman spectroscopy serves as a valuable tool to investigate the various states of bipolaron, 

polaron, and neutral films, shedding light on the enhanced thermoelectric (TE) performance of 

doped PEDOT: PSS film as these states change. Fig 3.2(b) shows the Raman spectra of PEDOT: 

PSS and PEDOT: PSS/Bi2Te3 composites films, which correspond to a Cα-Cβ antisymmetric 

stretching vibration at 1560 cm-1, C=C asymmetric stretching vibration 1510 cm-1, Cα=Cβ 

symmetric stretching vibration band at 1424 cm-1, C-C stretching vibration 1365 cm-1 and C-C 

inter – ring stretching at 1253 cm-1 [212]. The vibrational band of PEDOT is placed at 1253, 1365, 

1424, and 1510 cm-1, while the vibrational band of PSS is located at 986 and 1560 cm-1, 

respectively. The band at 986 and 576 cm-1 corresponds to the oxyethylene ring deformation – 

vibrations [213, 214]. The band at 437 cm-1 is assigned to the doping of PEDOT by the SO3
- ion 

from PSS units [215].The Raman scattering peaks exhibited by the composite films are 

characterized by a more intense and relatively narrow spectral width [216]. Different conjugated 

Π – electrons and charge delocalization exist in the two structures. Two resonant structures, the 

benzoid and the quinoid, have been suggested for the band between 1400 and 1500 cm-1, attributed 

to the Cα=Cβ symmetric stretching of the five-member ring of PEDOT.  

 

Figure 3.2(a) XRD pattern and (b) Raman spectra of PEDOT: PSS/ Bi2Te3 composite film. 
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Typically, the pristine PEDOT: PSS may contain both benzoid and quinoid structures. But in 

composite film the band shift from 1424-1428 cm-1 suggests a change from a predominant coil 

formation of the benzoid system to a linear coil conformation of the quinoid structure (Fig 3.3) in 

the PEDOT chain [217, 218].  

 

Figure 3.3 Illustrates the transformation process undergone by the PEDOT: PSS chain, changing 

from its initial benzenoid structure to a quinoid system.  The benzenoid structure exhibits a 

preference for a coiled conformation while quinoid system favors a linear and expended coiled 

conformation. 

3.1.3.3 Atomic Force Microscopic 

In Fig 3.4, AFM images depict the surface topography of spin-coated PEDOT: PSS/ Bi2Te3 

composite films. The height image of the DMSO-doped PEDOT: PSS film exhibited smoothness 

with a root mean square (Rq) of 8.5 nm within a 2 × 2 μm2 area. As shown in (Fig 3.4a), the surface 

RMS roughness increased from 8.5 nm to 13.5 nm in PEDOT: PSS with 0.4% Bi2Te3 (Fig 3.4b), 

and further to 14.7 nm and 43 nm for 0.6% and 0.85% Bi2Te3, respectively. This escalation is 

attributed to the structural reconstitution of the PEDOT: PSS film, indicating that Bi2Te3 enhances 

the screening effect between PEDOT and PSS chains. The extended coil-shaped or linear PEDOT 

aggregates more as a result of the developing Screening effect, and as the quantity of the coil-

shaped PEDOT grows, consequently increases the separation of the PSS shells from the PEDOT 
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core and the conductivity of the PEDOT: PSS film [219]. The bright and dark region are reported 

to corresponds to PEDOT and PSS, respectively [220, 221]. 

 

 

Figure 3.4 AFM image of (a) PEDOT: PSS, (Rrms – 8.5nm) (b) PEDOT: PSS/0.4BT, (Rrms – 

13.5nm) (C) PEDOT: PSS/0.6BT, (Rrms – 14.7nm) (d) PEDOT: PSS/0.85BT, (Rrms– 43nm) (Spin 

coating). 

3.1.3.4 Scanning Electron Microscope (SEM) 

SEM analyses were conducted to delve deeper into the microstructure and surface morphology of 

the prepared PEDOT: PSS or PEDOT: PSS/ Bi2Te3 composite films, In Fig 3.5 (a) and (b), a 

uniform surface morphology of the PEDOT: PSS film is exhibited at different scales. In Fig 3.5 

(c) and (d), a top view reveals the presence of Bi2Te3 particles, indicating their effective integration 

with PEDOT: PSS. Within the composite film, noticeable bulges on the surface correspond to the 

presence of Bi2Te3 within the film. The PEDOT: PSS encapsulates the Bi2Te3, which effectively 

binds them together.  
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Figure 3.5 SEM images of (a), (b) PEDOT: PSS and (c),(d) PEDOT: PSS/0.4% Bi2Te3 composites 

films in scale 2μm, 100nm respectively. 

 

This binding phenomenon occurs precisely when the Bi2Te3 content falls within the range of 0.4 

wt.%. The energy filtering effect of the composites can be enhanced by encapsulating inorganic 

thermoelectric (TE) nanostructures with a polymeric material. This enhancement leads to an 

increase in the Seebeck coefficient (S) without compromising the electrical conductivity (σ) of the 

composites [222], as discussed later. With the gradual enhancement of the content, certain Bi2Te3 

have gathered into clusters and extended from the films. This phenomenon impedes the 

transportation of carriers, consequently leading to a degradation in the electrical transport 

properties [223]. 

3.1.3.5 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) offers valuable insights into the interaction between 

PEDOT: PSS and Bi2Te3 by analyzing the binding energy. Fig 3.6 displays the XPS spectra of 
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both PEDOT: PSS and PEDOT: PSS/ Bi2Te3 composite films. The carbon (C) 1s peak centered at 

284.6 eV is broad and asymmetric in nature and therefore it is fitted with four different peaks as 

shown in Fig 3.6 (a1). These peaks correspond to specific chemical bonds, namely C-C/C-H, C-S, 

C=C-O, and C-O-C/C-O, respectively. The obtained results exhibit a high level of accordance with 

the findings presented in the earlier study [224, 225].  Upon the addition of 0.4 wt.% Bi2Te3, a 

slight shift towards lower binding energy levels is observed for two peaks (C-S at 285.2 and C=C-

O at 286.3 eV), as shown in Fig 3.6 (b1). This shift is attributed to the interaction between PEDOT: 

PSS and the van der Waals force acting upon the Te atom layer of Bi2Te3, transforming the 

PEDOT: PSS structure from a benzene-type to a quinone-type design and enhancing its 

conductivity. The oxygen (O) 1s spectra, depicted in Fig 3.6 (a2, b2), exhibit a bimodal peak in two 

distinct regions with energy ranging from 530 to 535 eV. These peaks correspond to the oxygen 

atoms present in the PEDOT units, which occur in a higher binding energy region (533 eV). On 

the other hand, the oxygen atoms within the PSS units exhibit their characteristic peaks in relatively 

lower critical energy regions (531 eV), as shown in Fig 3.6 (a2). At the same time, no noticeable 

shift of high energy peaks was detected in the PEDOT. However, a slight change was observed 

within the PSS region in the composite film shown in Fig 3.6 (b2). The observed shifts in the peaks 

within the O 1s spectra of the PSS units confirm that Bi2Te3 interacts with the sulfonic acid groups 

of the PSS chain. In the PEDOT: PSS sample, two distinct peaks corresponding to the sulfur (S) 

2p orbitals were observed, indicating the presence of sulfur atoms within the film. Because of the 

different binding energy of the S atom of thiophene in PEDOT and sulfonate in PSS [214]. 

Specifically, the lower energy peaks at 164.9 and 163.6 eV can be attributed to the S atoms in 

PEDOT, while the higher energy peaks at 168.8 and 167.6 eV correspond to the S atom in PSS 

(Fig 3.6 (a3)). But in composite film (Fig 3.6 (b3)), two more peaks were observed at 159.9, and 

165.5, corresponding to the Bi2O3 and Bi2Te3. This indicate that Bi 4f is present in the PEDOT: 

PSS/ Bi2Te3 composite film. However, the shift of the S (2p) peaks was less noticeable between 

the PEDOT: PSS and PEDOT: PSS/Bi2Te3 composite films. XPS spectra of Te 3d5/2 exhibit two 

distinct sub-peaks at 573.1 and 576.6 eV, respectively. Similarly, the Te 3d3/2 shows two sub-peaks 

at 583.7 and 586.9 eV. The observed spectral peaks at 576.6 and 586.9 eV can be attributed to 

tellurium oxide species on the surface. During the process of fitting the 3d spectra, it was noted 

that peaks corresponding to secondary oxide were also observed [226] shown in Fig 3.6 (b4). 
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Figure 3.6 XPS spectra of PEDOT: PSS and PEDOT: PSS/ 0.4% Bi2Te3 composite. Fig a1,b1-C1s, 

a2,b2-O1s, a3,b3- S2p, S2p-Bi3d, b4-Te3d, respectively. 

3.1.3.6 Thermoelectric performance of PEDOT: PSS/Bi2Te3 composite film 

The electrical conductivity of all the samples was measured using the four-probe technique. Fig 

3.7 (a) exhibits the graphical representation of the relationship between temperature and electrical 

conductivity observed in the flexible PEDOT: PSS film and the composite films as a variation of 

Bi2Te3 content. At 300 K, pure PEDOT: PSS film exhibited an electrical conductivity of 574 Scm-

1. After the addition of Bi2Te3, the electrical conductivity of the composite film increases when the 

content of Bi2Te3 increases. The electrical conductivity 1181 Scm-1, 1467 Scm-1, and 878 Scm-1, 

after blending with 0.4 wt.%, 0.6 wt.%, 0.85 wt.% Bi2Te3 respectively. It was seen that the 

electrical conductivity σ is maximum, 1467 Scm-1 for 0.6 wt.% Bi2Te3 at 300 K. The observed 

maximum electrical conductivity exhibits a magnitude exceeding that of pure PEDOT: PSS by a 

factor exceeding three times. This conductivity value is also higher than that of the reported 

PEDOT: PSS/Te composite film (19.3 Scm-1) [196], PEDOT: PSS (Clevios PH1000)/Bi2Te3 

composite (55-250 Scm-1) [227], and PEDOT: PSS/single-walled CNT composite (280-400 Scm-

1) [228]. The observed phenomenon can be ascribed to incorporating Bi2Te3 particles, which serve 

as a carrier for the PEDOT: PSS material. This interaction induces a conformational change in the 

PEDOT chains, transitioning them from a coiled to a linear structure. Therefore, the facilitated 

movement of charge carriers within the polymer chains is greatly enhanced [229, 230]. The 



 57 

observed phenomenon reveals a slight increase in the electrical conductivity across all the samples 

as temperature increases, thus suggesting characteristics of semiconducting behavior. The 

significant enhancement in σ can be elucidated by considering two factors: 1) Bi2Te3 serves as 

conduits for carrier transport. 2) the structural transition of PSS from the curled benzenoid 

configuration to the extended quinone configuration results in a notable enhancement in carrier 

concentration and mobility. The observed reduction in σ within the composite films can be 

primarily attributed to excessive Bi2Te3 agglomeration. This agglomeration weakens the 

interaction and disrupts the carrier transport between the Bi2Te3 and PEDOT: PSS matrix [222, 

223]. 

The Seebeck coefficient, also known as the ‘thermoelectric power’, is a fundamental and inherent 

characteristic of materials. In a broad sense, an ideal thermoelectric (TE) material should exhibit 

a high Seebeck coefficient and significant carrier mobility. Fig 3.7 (b) depicts the Seebeck 

coefficient values of the samples under investigation, which incorporate varying weight 

percentages of Bi2Te3, namely, 0 wt.%, 0.4 wt.%, 0.6 wt%, and 0.85 wt.%. the Seebeck coefficient 

of all the composite films were positive and increased with increasing temperature, similar to the 

behavior observed in the electrical conductivity. This trend suggests that the primary Seebeck 

effect is of p-type. The Seebeck coefficient, of the pure PEDOT: PSS film demonstrated a value 

of 12.02 μVK-1 at a temperature 300 K. The sample consisting of 0.4 wt.% Bi2Te3 exhibited the 

high Seebeck value of 22 μVK-1 at the same temperature. For the same sample (0.4 wt% Bi2Te3), 

the maximum Seebeck coefficient is observed at 42.26 μVK-1 at 400 K. The Seebeck coefficient 

of the composite films in their as-prepared state exhibited a lower value than that of the reported 

bulk Bi2Te3 material [231]. There is no discernable improvement in the Seebeck coefficient for the 

PEDOT: PSS/ Bi2Te3 composite films for higher concentration of Bi2Te3, which is thought to be 

caused by the Bi2Te3 particle's strong composite formation with the PEDOT: PSS chains and 

destruction of electrically connecting junctions between the Bi2Te3 particles. To provide a 

comprehensive understanding, it is imperative to elucidate that the Seebeck coefficient is 

ascertained through the process of charge diffusion, which is mainly driven by the disparity in 

entropy between the surfaces of high and low temperatures within the internal energy of charge 

carriers present in a thermoelectric material [202]. The Seebeck effect exhibits a consistent 

variation trend that aligns with the electrical conductivity behavior. Specifically, the Seebeck 

coefficient increases from 22 μVk-1 to 42.26 μVk-1 at 400 K, suggesting an energy filtration effect 
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from combining organic and inorganic materials. As the concentration of Bi2Te3 increases, there 

is a simultaneous decrease observed in both the electrical conductivity and the Seebeck coefficient. 

The decrease in the Seebeck coefficient can primarily be ascribed to the elimination of energy 

barriers existing between PEDOT: PSS and Bi2Te3 [222]. 

 

 

Figure 3.7 Thermoelectric measurements of PEDOT: PSS/ Bi2Te3 composite films. (a) Electrical 

conductivity, (b) Seebeck coefficient, (c) Power factor, and (d) averaged power factor.  

 

The PF values for as prepared PEDOT: PSS and varying weight percentages of Bi2Te3, namely, 

0.4 wt.%, 0.6 wt%, and 0.85 wt.%.  were found to be 8.7, 57.1, 25.1, and 18.6 and μWm-1 K-2, 

respectively shown in Fig 3.7 (c, d). The Seebeck coefficient, Electrical conductivity and PF values 

further increased at higher temperatures as given in below table 3-1. 
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Table 3-1 Measured Seebeck coefficient, Electrical conductivity and power factor (PF) values for 

as prepared PEDOT: PSS with varying weight percentages of Bi2Te3, at 300 K. 

 

Materials 

 

S (μVK-1) σ (S cm-1 ) 

 

PF (μWm-1 K-2) 

PEDOT: PSS 

PEDOT: PSS_0.4Bi2Te3 

PEDOT: PSS_0.6Bi2Te3 

PEDOT: PSS_0.85Bi2Te3 

12.02 

22 

14.5 

13 

576.9 

1180.5 

1466.6 

881.6 

8.7 

57.18 

25.10 

18.6 

 

It can be noted that compared to PEDOT: PSS, the composite film comprising 0.4 wt.% Bi2Te3 

showed higher PF values of 42.26 μWm-1 K-2 around 300 K, resembling well with trends observed 

in other properties. The thermal conductivity κ could not be measured since the composite film is 

deposited on the glass substrates and has a layer thickness of just a few microns. Here, we estimate 

the ZT value using the PEDOT: PSS κ values (κ = 0.29 ± 0.05 Wm-1 K-1 ) published by Liu et al. 

[33]. This suggests that the ideal ZT value is around 0.2 of PEDOT: PSS and Bi2Te3 [223]. 

3.1.4 Conclusion: 

The preparation of PEDOT: PSS and Bi2Te3 composite films was successfully achieved using the 

a low-cost Spin coating method. Raman spectroscopy revealed that the interaction between the 

PEDOT: PSS and Bi2Te3 results in a transformation of the structure from a benzenoid form to a 

quinoid structure, leading to enhanced conductivity, which is a favorite for linear structure. 

Moreover, forming an interfacial barrier between PEDOT: PSS and Bi2Te3 results in an energy 

filtering effect, enhancing the Seebeck coefficient (S). These factors contribute positively to the 

electrical transport properties of the composite films. The optimal electrical conductivity (σ) of 

PEDOT: PSS and Bi2Te3 composite film is achieved when the Bi2Te3 content is 0.6 wt.%. 

However, the maximum Seebeck coefficient (22 μVK-1) and power factor (57.18 μWm-1 K-2 

around 300 K) is reached at 0.4 wt.% Bi2Te3. 
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3.2 ABSTRACT (PART B): PEDOT: PSS/0.4%BI2TE3/RGO (P-TYPE)  

3.2 

We report a significant enhancement in the thermoelectric power of PEDOT by fabricating a novel 

ternary composite film by incorporating Bi2Te3 and rGO. A series of five samples of PEDOT: 

PSS/Bi2Te3/rGO ternary composite films were synthesized by spin coating method having 

different weight % (0.0, 0.1, 0.2, 0.3wt. %) of rGO in PEDOT: PSS/0.4 wt% Bi2Te3 mixture along 

with pure PEDOT: PSS sample. The Seebeck coefficient, electrical conductivity, and power factor 

increased in composite films compared to pure PEDOT: PSS films. In this work, we adopt a 

promising approach to enhance the electrical conductivity and Seebeck coefficient by 

incorporating both rGO and Bi2Te3 in the PEDOT: PSS films. These PEDOT: PSS/ Bi2Te3/rGO 

ternary composite films fabricated by the spin coating method are aimed to bring superior electrical 

and thermoelectric properties of rGO and Bi2Te3 to PEDOT: PSS polymer host. Based on the 

literature, the ternary composite films mentioned above have not yet been studied. In addition, a 

thermoelectric generator (TEG) device consisting of p-leg PEDOT: PSS/Bi2Te3/rGO and n-leg 

PVDF/Ni NWs is also demonstrated on flexible polyimide substrates. This novel PEDOT: 

PSS/Bi2Te3/rGO ternary composite film significantly outperforms previously reported organic 

thermoelectric materials. The results indicate that the combined effect of PEDOT: PSS, Bi2Te3, 

and rGO greatly enhances thermoelectric performance, offering a promising and efficient route for 

the application of PEDOT in advanced thermoelectric conversion processes. 

3.2.1 Materials and Method 

PEDOT: PSS, Graphite flakes, and Bi2Te3 were procured from Sigma Aldrich, USA Sulphuric 

acid, Hydrochloric acid, H3PO4, H2O2, KMnO4, Dimethyl sulfoxide (DMSO), Ethylene glycol 

(EG), Hydrazine hydrate, Acetone, Ethyl alcohol, and Isopropyl alcohol (IPA), DI water were 

purchased from Alfa Aeser, UK and Moly Chem, India. The chemicals utilized in the experiment 

were of analytical grade and were employed without any subsequent purification process. 

3.2.1.1  Synthesis of reduced graphene oxide (rGO) 

Graphene oxide (GO) was synthesized using the modified Hummers method through oxidation 

and exfoliation of graphite sheets by the thermal treatment of the solution. The stepwise synthesis 

method used is elaboreted as follows. Firstly, a mixture of 180 ml H2SO4 and 10 ml H3PO4 was 

stirred for 15-20 min at 40-45° C. After that, 1.5 gm graphite flakes were added to the mixture 
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with continuous stirring and KMnO4 (7.5 gm) was added to the suspension very slowly at 50 °C 

which gave the greenish coloured solution. The solution was kept overnight in a stirrer, where the 

colour changed to reddish brown. After that, 100 ml DI water and 10 ml H2O2 were added slowly 

and sequencely. The mixture was left undisturbed for a period of 3-4 hours, allowing the particles 

to segregate at the bottom. The excess water is then carefully filtered. The resulting mixture 

undergoes multiple washes through centrifugation, with 1M solution of HCl in DI water. This 

process is repeated several times until a gel-like substance is formed with a neutral pH, which 

undergoes vacuum drying at a temperature of 60 °C for 12 hours, resulting in the formation of GO 

powder. Again, hydrazine hydrate was used as a reducing agent for the GO suspension. The 

mixture undergoes sonication for 6 hours in order to transition from GO to rGO. The rGO 

suspension underwent filtration, followed by multiple washes with ethanol and DI water, before 

being collected for future use.  

3.2.1.2 Preparationn of PEDOT: PSS/Bi2Te3 /rGO ternary composite film 

PEDOT: PSS film was fabricated utilizing the drop-casting technique. A dispersed solution of 

PEDOT: PSS and Bi2Te3 were prepared by separately dissolving the components in DMSO and 

ethanol, respectively. The amount of DMSO and ethanol are the same throughout the manuscript. 

The solution was treated with ultrasonication for a duration of 1h. The experimental procedure 

involved the combination of an optimal quantity of PEDOT: PSS solution with a 0.4 wt% Bi2Te3 

solution, which was subsequently subjected to stirring for 2 hours at room temperature (RT). The 

0.4 wt% Bi2Te3 ratio was selected based on our earlier investigations [257].  Separately, a solution 

of rGO in ethanol was ultrasonicated to get a homogenously dispersed solution. Appropriate 

amounts of this rGO solution were added to  PEDOT: PSS/ 0.4 wt% Bi2Te3 solution to get 

homogenous solutions containing different weight % (0.1, 0.2, 0.3wt. %) of rGO. Glass substrates 

(1×1 cm2) underwent a thorough cleaning process involving sequential ultrasonic treatment in 

deionized (DI) water, IPA, and acetone for a duration of 15 each. Ternary composite films of 

PEDOT: PSS/Bi2Te3/rGO were synthesized employing a spin coating method (1000 rpm followed 

by 2000 rpm) and subsequent drying of the resultant composite films in a vacuum oven at 70°C 

for five hours. The thickness of the films was measured and found to be approximately 8-10 μm).  

The schematic diagram for the synthesis procedure is depicted in Fig 3.8. Pure PEDOT: PSS and 

PEDOT: PSS/ 0.4 wt% Bi2Te3 films were also synthesized using the identical procedure for 
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comparative analysis. A total of five film samples were used for various characterisations. The 

sample notations (S0, S1, S2, S3, and S4) and compositions are listed in Table 3-2.  For n-type 

thermoelectric material, Polyvinylidene Fluoride and Nickel nanowire (PVDF/ Ni NW) solution 

was prepared and will be discussed separately. 

 

Figure 3.8 The Schematic illustrates the process flow for preparing the PEDOT: PSS/Bi2Te3/rGO 

ternary composite film using the spin coating method. 

 

Table 3-2 The sample name and compositions used in the present investigation. 

Sample Name Notation 

PEDOT: PSS (Pristine) S0 

PEDOT: PSS/0.4 wt% Bi
2
Te

3
 S1 

PEDOT: PSS/0.4 wt% Bi
2
Te

3
 /0.1wt%rGO S2 

PEDOT: PSS/0.4 wt% Bi
2
Te

3
 /0.2wt%rGO S3 

PEDOT: PSS/0.4 wt% Bi
2
Te

3
/0.3wt%rGO S4 
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3.2.2 Characterizations 

The crystal structure of the ternary composite film was analyzed using the grazing incidence X-

ray diffraction (GIXRD, Malvern Panalytical, USA) technique. The measurements were 

performed with a Cu Kα radiation source (λ=1.5406 Å) at an applied current of 40 mA and voltage 

of 45 kV. The investigation examined the conformational changes occurring in PEDOT and PSS 

composite films. A Raman spectrum was obtained using a green laser emitting light at 532 nm to 

produce excitation (RI, India). The X-ray Photoelectron Spectroscopy (XPS), analysis was 

conducted utilizing a (PHI 5000 Versa probe Scanning Microscope, ULVAC-PHI Inc., USA). The 

high-resolution spherical capacitor energy analyzer thoroughly examines various energy levels, 

allowing for a detailed evaluation of specific elements through XPS full spectrum analysis. The 

spectra were acquired through the exposure of the samples to incident radiation emitted by a 

monochromatic Al-Kα X-ray source operating at an energy level of 1486.6 eV. The XPS data was 

analysed, and peak deconvolution was carried out to inform the chemical and electronic states of 

the constituent elements and bonds in the prepared composite films. The composite films were 

analysed using a scanning electron microscope (SEM) to examine their morphology and 

microstructure. The Seebeck coefficient was determined using a custom experimental setup 

developed in-house [258]. A four-probe current-voltage (I-V) measurement technique was 

employed to determine the electrical conductivity of the sample. 

3.2.3  Result and Discussion: 

3.2.3.1  XRD  

The X-ray diffraction patterns of PEDOT: PSS, PEDOT: PSS/Bi2Te3, and PEDOT: PSS/ 

Bi2Te3/rGO composite films are displayed in Fig 3.9. S0 sample shows two distinct broad 

diffraction peaks at 17° and 26°, corresponding to lattice spacing of around 5.0 and 3.4 Å., 

indicating the mostly amorphous nature of PEDOT: PSS film. The diffraction peak at 26° is 

attributed to the interplanar distance (d010) associated with the π-π stacking arrangement of the 

aromatic rings in PEDOT. In comparison, peaks at 17° are reported to be caused by the Π-Π 

stacking distance of PSS [210, 211]. The addition of Bi2Te3 in the PEDOT: PSS matrix results in 

several other peaks in the experimental data in sample S1. The observed additional characteristic 

peaks at 2θ values of 17.7°, 27°, 38°, and 44° are attributed to the crystallographic (006), (015), 
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(10 10), and (110) planes of Bi2Te3, respectively. These observed peaks agree with the reference 

data (JCPDS No. 15-0863) [95]. For samples S2, S3, and S4, another peak is observed at 25°, 

which is reported to the (002) plane of rGO [259]. Also, with the increase in wt% of rGO (samples 

S2, S3, and S4), the intensity of two distinctive peaks at 26°and 27° weaken. This suggests that 

the aggregation of rGO plays a role in this phenomenon. The interaction between aggregated rGO 

and PEDOT chains leads to the destruction of PSS [260]. This behavior is also observed in the 

SEM images.  

 

Figure 3.9 GIXRD of Raman spectra of S0 (PEDOT: PSS), S1 (PEDOT: PSS/Bi2Te3), and S2, S3, 

and S4 (PEDOT: PSS/ Bi2Te3/rGO) composite films. 

3.2.3.2 SEM 

Fig 3.10 (a to e) shows the scanning electron microscopy (SEM) images of composite films. SEM 

micrographs of the S0 film (Fig 3.10 a) show a consistent and homogenous surface morphology. 

After adding Bi2Te3 in S1 (Fig 3.10 b) and rGO in S2, some bulge-type structures appear on the 

film surface, as shown in Fig 3.10 (c & d).  The presence of several Π bonds within the structure 

of PEDOT: PSS is a well-established fact. Also, it is widely reported that rGO possesses a 
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significant number of π bonds, enabling their efficient incorporation into a PEDOT: PSS matrix 

through strong π-π interactions with PEDOT chains [261]. With the further addition of rGO in 

PEDOT: PSS agglomeration occurs in films, as is evident in Fig 3.10 (e), which corresponds to 

sample S4. The rGO material exhibits exclusive π-π interactions with PEDOT chains while 

displaying relatively weaker interactions with PSS chains [261]. The rGO strong multiphase 

interactions may cause the PEDOT and PSS chains phase to separate, forming the grains on the 

surfaces of ternary composite PEDOT: PSS/ Bi2Te3/rGO/ [262, 263]. 

 

 

Figure 3.10 SEM images of S0 (PEDOT: PSS), S1 (PEDOT: PSS/0.4% Bi2Te3), and S2 (PEDOT: 

PSS/ 0.4%Bi2Te3/0.1%rGO, S3, (PEDOT: PSS/ 0.4%Bi2Te3/0.2% rGO and S4 (PEDOT: PSS/ 

0.4% Bi2Te3/0.3% rGO) composite films. 

3.2.3.3 Raman Spectroscopy 

The Raman spectra provide insights into carbon-based materials' defects and disordered structures. 

Fig 3.11 displays the measured Raman spectra of all films. The G band in carbon materials can be 

ascribed to the vibrational modes of sp2-bonded carbon atoms. In contrast, the D band signifies the 

vibrational modes of carbon atoms that possess dangling bonds. The presence of the D peak also 

means the existence of defects and disordered structures within carbon-based materials [264].  
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Figure 3.11 Raman spectra of S0 (PEDOT: PSS), S1 (PEDOT: PSS/Bi2Te3), and S2, S3, and S4 

(PEDOT: PSS/Bi2Te3/rGO) composite films. The shifting of the C=C symmetric stretching 

vibrational mode peak at 1424 cm-1 to higher wavenumber is attributed to the π-π interaction 

between the electron-rich rGO and the aromatic structures of PEDOT. 

 

The Raman spectra of all samples exhibit noticeable characteristic peaks, including the presence 

of weak peaks associated with C−C bond stretching at 1251 cm−1, C−C stretching vibrational band 

at 1363 cm−1, and the dominant band at 1424 cm−1 associated with C=C symmetric stretching, 

C=C asymmetric stretching at 1507 cm-1 and antisymmetric stretching at 1557 cm−1. The band at 

986 cm−1 and 574 cm−1 corresponds to the oxyethylene ring deformation vibrations [213, 214]. 

The observed band at 436 cm−1) can be attributed to incorporating the SO3
−  ion from PSS units, 

which acts as a dopant in the PEDOT material [215]. It can be noticed that the C=C symmetric 

stretching vibrational mode peak at  1424 cm−1 of sample S0 is shifting to a higher wavenumber 

of approximately 1432 cm−1, with the addition of rGO. The shift is also reported in the literature 
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and is attributed to the π-π interaction between the electron-rich rGO and the aromatic structures 

of PEDOT [254]. From analysis of the Raman spectra, it is evident that there is a significant 

interaction between rGO and PSS and PEDOT chains. This interaction leads to the separation of 

the PEDOT: PSS phase and promotes the alignment of PEDOT in a structured manner, as also 

reported elsewhere [265]. 

3.2.3.4  XPS 

XPS is a highly effective measurement technique for identifying the elements present and their 

chemical bonding with other elements. For XPS, only selected samples were used for comparison. 

Fig 3.12 exhibits the XPS spectra of pristine PEDOT: PSS (S0), binary composite PEDOT: 

PSS/Bi2Te3 (S1) and ternary composite PEDOT: PSS/Bi2Te3/0.1rGO (S2) samples. Analysis of  C 

(1s), O (1s), S (2p), Bi (4f), and Te (3d) peaks have been carried out. The C (1s) peak, with a 

central position at 284.6, exhibits a broad and asymmetric shape. A deconvolution fitting 

procedure involving the utilization of distinct peaks is shown in Fig 3.12 (A to C). The observed 

peaks in the C (1s) spectrum of S2 can be attributed to distinct chemical bonds, namely, the C−C 

and C−H bonds at 284.6 eV, C−S at 285.1 eV bond, C=C−O bond at 286.1 eV, and C−O−C bond 

at 287.1 eV, respectively [224, 225]. The result obtained in this study demonstrates a significant 

degree of accordance with the findings reported in the previous research [134, 224, 225]. The 

incorporation of rGO in the structure shows an apparent π-π interaction between PEDOT chains 

and rGO, emphasizing favourable compatibility between the rGO and PSS chains [134]. The O 

(1s) spectra in Fig 3.12 (D to F) demonstrate two peaks with different binding energy. The 

observed peaks indicate the presence of an O atom within the PEDOT chain, localized within a 

higher B.E range at approximately 533 eV. In contrast, the O-atoms within the PSS chain 

demonstrate distinct peaks in a lower B.E range at 531.3 eV, as shown in Fig 3.12. The S0 film 

shows two discernible peaks (Fig 3.12 G), which can be attributed to the 2p orbitals of sulfur. This 

observation provides evidence for the existence of sulfur atoms within the film. The observed 

lower energy peaks at 164.9 and 163.7 eV can be ascribed to the presence of S atoms within the 

PEDOT chain. Conversely, the higher B.E peaks at 168.9 and 167.7 eV indicate the sulfur atom 

within the PSS chain [214, 266, 267]. In Fig 3.12 (H and I) for samples binary (S1) and ternary 

(S2) composite film, additional peaks were observed at 159.8 eV and 165.5 eV in the binary ternary 

composite film, indicating the presence of Bi2O3 and Bi2Te3, respectively. The presence of Bi(4f) 
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has been observed in the binary (S1) and ternary composite film (S2), suggesting its incorporation 

within the film. Fig 3.12 (J & K) shows the XPS spectra of the Te5/2 electron orbital, which reveal 

the presence of two distinct sub-peaks at energy levels of 573.2 and 576.7 eV, respectively. 

Similarly, the Te3/2 orbital shows two distinct peaks located at 583.5 and 586.9 eV. The observed 

spectral peaks at 576.7 and 586.9 eV suggest the existence of tellurium oxide (TeO2) on the surface 

being examined in the ternary composite films. Extra peaks were identified in the context of 

carrying out the 3d spectral analysis. These peaks can be assigned to the existence of secondary 

oxide [226].  
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Figure 3.12 XPS spectra of PEDOT: PSS (S0), PEDOT: PSS/0.4% Bi2Te3 (S1) and PEDOT: 

P.S.S/0.4% Bi2Te3/0.1% rGO (S2) composite films.  

Figures (A), (B) and (C) show XPS deconvolution for C(1s) peak in S0, S1, and S2 samples, 

respectively. Figures (D), (E) and (F) compare the binding energies of the O (1s) peak for S0, S1, 

and S2 samples. Figures (G),  (H) and (I) show the Sulphur(2p) peak in S0, Sulphur (2p) and Bi 

(4f) peaks in S1 and S2 samples, respectively. Lastly, figures (J) and (K) compare XPS binding 

energies deconvolution of Te (3d) peak in S1 and S2 samples, respectively. 

3.2.3.5 Electrical properties 

The four-probe method examined the temperature-dependent sheet resistance (RS) and electrical 

conductivity (σ) for all samples. Studies have shown that the conductivity of PEDOT: PSS can be 

enhanced by adding Bi2Te3 in PEDOT: PSS composite film [202, 268]. This enhancement in 

conductivity has been observed to be 2-3 orders of magnitude. Fig 3.13 (a) depicts the change in 

conductivity of S0, S1, S2, S3, and S4 composite films as a function of temperature. The electrical 

conductivity in all the samples increases with increasing temperature, indicating the semiconductor 

nature of the composites formed. The electrical conductivity of the pure PEDOT: PSS film (S0) 

was 573.12 Scm−1 at room temperature. The addition of Bi2Te3 in PEDOT: PSS film (S1) increased 
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the electrical conductivity value of 1177.5 Scm−1. A previous study also reported the electrical 

conductivity and Seebeck coefficient of PEDOT: PSS/Bi2Te3 samples with varying concentrations 

of Bi2Te3 [257]. When rGO was added to the composite, the room temperature conductivity was 

observed at 1522.4 Scm−1, 1741.1 Scm−1 and 1076.6 Scm−1 for S2 (0.1wt.% rGO), S3 (0.2 wt.% 

rGO), and S4 (0.3wt.% rGO) films, respectively. The highest electrical conductivity was observed 

for S3 and was more than 3.5 times of S0 at 300 K. The electrical conductivity of the 

nanocomposites exhibits a significant correlation of rGO within the PEDOT: PSS matrix. The 

incorporation of rGO at a concentration up to 0.3wt.% within the PEDOT: PSS matrix leads to an 

enhancement of π-π conjugation along the polymer chain. This phenomenon generates a significant 

population of charge carriers that exhibit delocalized behavior, enabling their facile movement 

between energetically favorable sites [268]. 

  

 

Figure 3.13(a) Measured Electrical conductivity, (b) Seebeck coefficient, and (c) power factor of 

PEDOT: PSS (S0), PEDOT: SS/0.4% Bi2Te3 (S1) and PEDOT: SS/0.4% Bi2Te3/0.1% rGO (S2) 

composite films. 
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3.2.3.6 Seebeck Coefficient measurement. 

Fig 3.13 (b) shows the measured Seebeck coefficient values of all samples. All samples exhibited 

a positive Seebeck coefficient, which displayed an upward trend with rising temperature, 

resembling the observed behaviour in literature [253, 269]. All the rGO composite films exhibit 

higher Seebeck coefficients at 300 K temperature than the value of 11.8 μVK−1 observed in pure 

PEDOT: PSS (S0), and 22 μVK−1 in PEDOT: PSS/0.4% Bi2Te3 (S1) samples. The S2 sample 

showed the highest value of the Seebeck coefficient, measuring 24.7 μVK−1 at 300 K.  The Seebeck 

coefficient S3 sample showed a similar magnitude (23.07 μVK−1) and trend as that of S2. In 

comparison, S4 samples exhibit a moderate Seebeck coefficient value of 18.05 μVK−1 at the same 

temperature (300 K). The observation indicates that less carriers are transported in the interface 

when higher filler contents are present. This occurrence can be attributed to the inefficiency of the 

relation between the PEDOT chain and fillers, as previously reported in the literature [254]. The 

Seebeck coefficients of the composite film exhibit a positive correlation with temperature, 

indicating an increase as temperature rises. This observation implies an energy filtration effect 

from combining organic and inorganic materials. The observed phenomenon involves an 

accompanying reduction in the electrical conductivity and Seebeck coefficient as the concentration 

of rGO is enhanced. The observed decrease in the Seebeck coefficient values for further higher 

concentrations of rGO can be predominantly attributed to eliminating energy barriers between the 

polymer and inorganic materials [222]. 

Furthermore, power factor (PF) values were determined for as prepared PEDOT: PSS (pure) and 

different weight percentages of rGO added in PEDOT: SS/0.4% Bi2Te3, namely, S0, S1, S2, S3, 

and S4 respectively resulting in PF values of 8.12 μWm−1 K−2, 57.04 μWm−1 K−2, 93.16 μWm−1 

K−2, 92.6 μWm−1 K−2, 35.5 μWm−1 K−2, respectively at 310 K as shown in Fig 3.12 (c). The 

calculated values of PF exhibit similarities to the σ and S patterns for different compositions, as 

shown in Table 3-3. It can be seen clearly that the ternary composite film S2 exhibits the highest 

PF value, 93.16 μWm−1K−2 at 300 K, making it a highly appropriate composition for TE 

applications. A comparison of results from the present investigation with the literature clearly 

indicates better performance of our ternary composite films for thermoelectric applications. 
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Thermoelectric generator (TEG) device performance 

We prepared inks of p-type PEDOT: PSS/0.4wt%Bi2Te3/0.1wt%rGO and n-type PVDF/Ni NWs 

solutions. The synthesis and characterisation of n-type PVDF/Ni N.W.s solutions for 

thermoelectric application will be part of a separate study. A thermoelectric generator (TEG) 

demonstration device was fabricated using two inks on the flexible polyimide substrate. Figure 1 

shows the schematic of TEG devices. The output voltage as a function of the temperature 

difference ∆T varies from 10 to 35 K, and the open circuit voltage due to the Seebeck effect 

increases linearly with increasing the temperature difference of ∆T between the hot and cold ends 

of the TE module. An output voltage of 9.84 mV at ∆T= 35 K and the maximum power output of 

242.16 nW is attained with the load resistance of 100  at ∆T= 35 K.  

 

Table 3-3 Comparison of Thermoelectric parameters of PEDOT: PSS/Bi2Te3 /rGO composite 

films at room temperature with other’s work. 

 

Samples Composite Method Electrical 

Conductivity 

(Scm−1) 

Seebeck 

Coefficient 

(μVK−1) 

Power 

Factor 

(μWm−1
 

K−2) 

 

References 

Bi
2
Te

3
/rGO Hydrothermal 42 −187 1.46 [270] 

Bi
2
Te

3 
alloy NS/ PEDOT: PSS Drop casting/ solution 

casting 

1295 .21 47.5 32.26 [240] 

PEDOT: PSS/rGO In-situ polymerization 637 24.375 45.7 [271] 

PEDOT NW/ Bi
2
Te

3
 Hydrothermal 249.5 13.3 9.06 [203] 

PEDOT: PSS/ rGO Wet chemical method 1160 12.5 32.6 [253] 

PEDOT: PSS/graphene Spin coating method 32.13 58.7 11.09 [78] 

PEDOT: PSS/ Bi
2
Te

3
 Physical Mixing 

method 

421 18.6 9.9 [202] 

Chalcopyrite/PEDOT: 

PSS/graphene 

Drop casting 77.4 −61.7 23.4 [272] 

PEDOT: PSS/0.4 wt% Bi
2
Te

3
 Spin coating 1177.57 22 57.04 Present 

study 

PEDOT: PSS/0.4 wt% Bi
2
Te

3
/ 

0.1wt% rGO 

Spin coating 1522.4 24.7 93.16 Present 

study 
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PEDOT: PSS/0.4 wt% Bi
2
Te

3
/ 

0.2wt% rGO 

Spin coating 1738.8 23.07 92.6 Present 

study 

PEDOT: PSS/0.4 wt% Bi
2
Te

3
/ 

0.3wt% rGO 

Spin coating 1089 18.05 35.53 Present 

study 

 

3.2.4 Conclusions 

In summary, PEDOT: PSS/Bi2Te3/rGO ternary composite films with varying concentrations of 

rGO were fabricated using the spin coating method. This study reports significantly enhanced 

thermoelectric (TE) properties of PEDOT: PSS by incorporating Bi2Te3 and rGO, providing a 

promising pathway for high-efficiency TE conversion. The structural and morphological 

characteristics of the composites were thoroughly evaluated using various analytical techniques. 

Raman spectroscopy revealed a notable interaction between PEDOT: PSS and rGO, where this 

interaction induces a structural transformation. This transformation is advantageous for linear 

structures as it increases conductivity. Strong intermolecular interactions between organic and 

inorganic chains through π-π bonding and between rGO and PSS chains via hydrophilic groups 

result in PEDOT and PSS chains' decoupling and phase separation. The thermoelectrical analysis 

of PEDOT: PSS/Bi2Te3/rGO composites showed remarkable improvements in electrical 

conductivity and the Seebeck coefficient. At room temperature, the PEDOT: PSS/0.4% 

Bi2Te3/0.1% rGO (S2) ternary composite films exhibited the highest electrical conductivity 

(1522.4 Scm-1), Seebeck coefficient (24.7 μVK-1), and power factor (P.F.) (93.16 μWm-1 K-2). The 

PF of the optimized ternary composite concentration showed a significant increase of 5-6 folds 

compared to pure PEDOT: PSS (S0) samples. A thermoelectric generator (TEG) consisting of 

three pairs of p-leg PSS/0.4% Bi2Te3/0.1% rGO and n-leg PVDF/Ni NWs was also fabricated. The 

maximum power output of 242.1 nW was achieved with an output voltage of 9.84 mV at ∆T = 35 

K. These findings highlight the notable improvement in electrical conductivity and Seebeck 

coefficient, underscoring the potential of PEDOT: PSS in advanced applications such as energy 

harvesting and waste heat recovery. Considering the demand for cost-effective, flexible, 

lightweight, and environmentally friendly materials with outstanding TE performance, the 

composite films examined in this study exhibit significant potential as viable candidates for high 

T.E. performance and solid-state devices. The TEG constructed with this material demonstrated 
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commendable performance, indicating its potential applicability in practical scenarios such as 

wearable electronics, energy harvesting from waste heat, and portable power sources for compact 

electronics devices. 
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Chapter 4. FECL3 -DOPED P3HT FILMS: A ROUTE TO HIGH- 

PERFORMANCE FLEXIBLE TE MATERIALS 

 

4.1 ABSTRACT:  P3HT/FECL3 (P-TYPE) 

Conductive polymers exhibit several desirable properties such as cost-effectiveness, non-toxicity, 

and low thermal conductivity, making them highly suitable for thermoelectric (TE) applications. 

In this study, FeCl₃-doped poly (3-hexylthiophene) (P3HT) flexible films were synthesized via the 

drop-casting method, with FeCl₃ concentrations of 20, 40, and 60 mM. This study aimed to 

investigate the structural, morphological, and TE properties of doped P3HT films. Characterization 

techniques, including XRD, FTIR, and Raman spectroscopy, revealed that the doping process 

significantly altered the P3HT microstructure. XRD analysis indicated a transition from a 

crystalline to a more amorphous structure, whereas FTIR and Raman spectroscopy confirmed the 

formation of localized states, as evidenced by shifts in vibrational modes. Surface morphology 

analysis using SEM and AFM further demonstrated pronounced changes due to FeCl₃ doping, and 

XPS verified the successful integration of FeCl₃ into the P3HT matrix. The TE performance of the 

P3HT films was examined thoroughly. FeCl₃ doping notably enhanced the electrical conductivities 

of the films. At 300 K, the P40 sample exhibited a notable Seebeck coefficient of 164 µV/K and a 

maximum power factor of 127.4 µW/Mk2. These findings suggest that this doping approach can 

significantly improve the thermoelectric efficiency. The freestanding flexible P3HT films 

demonstrated an exceptionally high p-type Seebeck coefficient, underscoring their potential for 

thermoelectric applications. Future research should focus on optimizing the doping conditions and 

exploring the practical integration of these materials into real-world thermoelectric devices. 
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4.1.1 Experimental Procedure 

4.1.1.1 Materials 

 

P3HT (Mol. weight 37,685 g mol-1, regio regularity 98.5%) and FeCl3 were procured from Sigma-

Aldrich (USA). Solvents nitrobenzene and chloroform were obtained from Alfa Aesar (USA). The 

chemicals utilized in this investigation were employed in their received form without any further 

processing. 

4.1.1.2  Fabrication of P3HT film 

The P3HT powder was dissolved in chloroform in a magnetic stirrer for two hours to form a 

homogenous 20 mg/ml solution. The P3HT films were drop casted onto polyimide substrate and 

allowed to air dry before being baked for thirty minutes at 70 °C in oven. The produced films 

adhered to the substrate effectively and exhibited a golden hue. The FeCl3 in nitrobenzene solution 

was prepared at three different concentrations of 20, 40, and 60 mM. The dried P3HT films were 

then doped with FeCl₃ by submerging in nitrobenzene FeCl₃ solution for two minutes. The 

prepared film samples are labelled as P0 (undoped film), P20 (20 mM FeCl3), P40 (40 mM FeCl3), 

and P60 (60 mM FeCl3). After immersion in FeCl3, the original golden color of the pristine films 

underwent an immediate transformation into a shiny black shade, providing clear evidence of 

successful doping. Additionally, interestingly all doped films detached from the substrates and 

formed freestanding flexible films. The measured thickness was around ~12 μm for doped films 

and ~8 μm for undoped film P0. This increase in thickness after doping can be ascribed to the 

fluffy texture caused by the intercalation of dopants. This method of sample preparation is scalable 

to large area deposition on hard (glass) as well as flexible (Kapton Tape) substrates with desired 

specifications. Fig 4.1 illustrates the steps involved in preparing the films, and photographs of the 

actual films. 
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Figure 4.1 An illustration of the P3HT film synthesis process for undoped and doped (freestanding) 

films. 

4.1.1.3  Films characterization 

The prepared films were characterized for structural, electronic and thermoelectric properties. The 

crystal structure of the composite films was examined through grazing incidence X-ray diffraction 

(GIXRD, Malvern Panalytical, USA) with Cu Kα radiation (λ = 1.54 Å). Raman spectroscopy with 

532 nm green laser excitation was employed to investigate conformational changes in the film 

structure. High-resolution morphological data were obtained using FESEM (Field-Emission 

Scanning Electron Microscope, Zeiss Gemini), and AFM (NT-MDT-INTEGRA microscope), for 

the morphology variation studies. All measurements were conducted at RT to ensure consistency 

throughout the imaging process. FTIR (Perkin Elmer) studies were conducted to verify the changes 

in the chemical configuration after doping. For temperature-dependent thermoelectric 

measurements (Seebeck coefficient and resistivity), our in house developed setup was used [22]. 

4.1.2 Result & Discussion 

4.1.2.1  Microstructural analysis (XRD, RAMAN) 

For all characterizations carried out, a uniform labelling of samples was followed as:  

Sample Label 

Undoped P3HT film (0% FeCl3) P0 

20 mM FeCl3 in P3HT P20 

40 mM FeCl3 in P3HT P40 

60 mM FeCl3 in P3HT P60 
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X-ray diffraction spectrum was measured for low angles (0° to 30°) for all freshly prepared thin 

free standing film samples as shown in Fig 4.2. Peaks were identified with JCPDS catalogue (nae 

h polymers ka). XRD spectra of the undoped film exhibited three distinct diffraction peaks at 2 

values of 5.3°, 10.7°, and 16.15°. These peaks are associated with the crystallographic planes 

(200), (300), and (100), respectively. Intense peaks are indicative of a predominantly crystalline 

structure characterized by edge-on stacking of P3HT planes, as also reported in previous studies 

[23, 24]. Additionally, the minor peaks (humps) observed at 27° suggested the presence of 

amorphous regions in the undoped film. The polymer chains in the undoped film demonstrate a 

highly organized arrangement driven by π–π interactions between the aromatic rings. This 

organization results in a stacked structure with an interchain spacing of 0.167 nm, resembling a 

zipper-like arrangement of lateral alkyl chains [20, 24]. In contrast, the XRD analysis of the doped 

films revealed a wider and low-intensity (100) peak at a reduced 2θ value of 4.59°, with a full 

width at half maximum (FWHM) of approximately 0.97°. The reduced 2θ value for the (100) peak 

suggests an increased out-of-plane stacking distance of 0.193 nm, which is attributed to the 

intercalation of ions, leading to an expansion in interplanar separation [13, 16, 23-25]. 
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Figure 4.2 X-Ray diffraction pattern of undoped (P0) and FeCl3 doped P3HT (P20, P40, and P60) 

films. 

 

The Raman spectra of the undoped sample (P0) and the doped samples (P20, P40, and P60) were 

recorded and analyzed in the 600 –1600 cm–1 range (Fig 4.3). In the undoped samples, the most 

intense peak band is at 1440 cm-1 which is associated with the stretching vibration band 

corresponding to the Cα=Cβ bond. Upon doping, this mode experienced a blue shift, appearing at 

1444 cm-1 [26]. This blue shift is corelated to an increase in the frequency within the bipolarons 

band. The transition of this lower-energy mode to higher energies suggests a reduction in 

molecular planarity due to ion interactions during the doping process [26]. Additionally, the band 

at 1374 cm-1, linked to the Cβ-Cβ intra-ring stretching vibrations, exhibits broadening and a slight 
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red shift to 1368 cm-1 upon doping. This shift indicates a higher prevalence of amorphous 

structures in the doped samples, as also corroborated by XRD analysis. Furthermore, the doped 

samples display inter-ring C-C stretching at 1203 cm-1 and C-S-C deformation bands within the 

range of 719–721 cm-1. The observed red shift and broadening of the C-S-C modes suggest 

deformation of the thiophene rings in P3HT, likely due to the tensile strain introduced by the 

dopants. This strain induces a more linear conformation, specifically the quinoid configuration 

[24] [26]. 

 

Figure 4.3 Raman spectra of undoped (P0) and FeCl3 doped P3HT (P20, P40, and P60) films. 

 

4.1.2.2 Surface Morphology (FESEM and AFM) 

The surface morphology of undoped and FeCl₃-doped P3HT films were characterized by the FE-

SEM and AFM techniques, as shown in Fig 4.4 and 5.5, respectively. The SEM images (Fig 4.4, 

a-d) reveal that the undoped films exhibit a smoother surface than their doped counterparts. The 

SEM analysis also showed a granular morphology, with an average particle size of esteemed to be 

approximately 68 nm for doped samples, as determined using ImageJ software. Additionally, 

energy-dispersive X-ray spectroscopy (EDX) was performed (Fig 4.4 (e)) to analyse the chemical 
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composition of the P3HT-FeCl3 polymer composite, confirming the presence of carbon (C), 

oxygen (O), sulphur (S), iron (Fe), and chlorine (Cl). A detailed table summarizing these elements 

is provided as an inset of Fig 4.4 (e).  

 

 

 

Figure 4.4 FESEM images of doped and undoped film (a) undoped (pristine) P0, (b) P20 doped, 

(c) P40 doped, and (d) P60, (e) EDX spectra. 
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The AFM images (Fig 4.5) further corroborate the granular morphology of the undoped films, 

indicating a root mean square (RMS) surface roughness of approximately 14.5 nm within a 5×5 

µm2 area. Notably, the introduction of FeCl3 as a dopant leads to an increase in surface roughness, 

as evidenced by the AFM images of the doped samples (P20, P40, and P60). Both FESEM and 

AFM technique suggest increase in surface granular structure formation after addition of FeCl3 in 

P3HT.  

 

 

 

Figure 4.5AFM images of doped and undoped film (a) undoped (pristine) P0, (b) P20 doped, (c) 

P40 doped, and (d) P60 doped. 
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4.1.2.3 Electronic Structure (FTIR and XPS) 

FTIR spectra of the doped (P0) and undoped (P20, P40, and P60) samples are shown in Fig 4.6.  

In the undoped P3HT samples, the C-H in-plane vibrations are represented by the band at 1021 

cm⁻¹, while the C-H out-of-plane vibrations are commonly connected with absorption bands at 713 

and 820 cm⁻¹. The peak at 1346 cm⁻¹ is assigned to deformational vibration of the –CH₃ group in 

P3HT. For the doped samples, FTIR spectra show various peak bands at wavenumbers 1384, 1282, 

1142, 1089, 977 854, and 820 cm⁻¹, which are generally associated with polaronic states [26, 27]. 

The band at 1142 cm⁻¹ in the doped films is significantly more intense than at 1384 cm⁻¹ and 1282 

cm⁻¹. This suggests that the primary charge carriers in the doped samples are bipolarons. The result 

is supplemented by X-ray photoelectron spectroscopy (XPS). 

 

Figure 4.6 FTIR spectra of undoped (P0) and FeCl3 doped P3HT (P20, P40, and P60) films. 
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X-ray photo electron spectroscopy (XPS) measurement was carried out on selected samples only, 

i.e. for undoped P3HT sample and P3HT doped P3HT (P40) sample. The binding energy spectra 

reveals that the undoped films exhibit characteristic peaks corresponding to C1s, O1s, S2p, and 

Cl2p (from solvent CHCl3) see in Fig 4.7(a). The doped samples showed additional peak for Fe2p, 

indicating the presence of iron from the dopant FeCl3. Deconvolution of the broad and asymmetric 

C1s peak (284.6 eV), presence of two peaks (Fig 4.7 (b)) attributed to the C-C/C-H and C-S bonds, 

respectively [28]. The carbon atoms bonded to sulfur exhibit a higher binding energy (B.E.) of 

285.1 eV, attributed to the greater electronegativity of the sulfur atom in P3HT, which causes 

electron density withdrawal from the neighboring carbon atoms. In the C1s spectrum of the doped 

P40 films (Fig 4.7c), a distinct binding energy peak at 285.3 eV is observed, indicative of a higher 

concentration of carbon in specific chemical environments. This observation is consistent with the 

findings for samples with higher doping levels [29]. The S2p spectra of the undoped sample (P0) 

in Fig 4.7(d) shows the splitting between S2p3/2 and S2p1/2 peaks with a separation ∆BE = 1.6 eV. 

These values are characteristic of S-C bonding within the thiophene ring [30]. In the doped samples 

(P40), illustrated in Fig 4.7(e), the S2p spectra display components with higher B.E (S2p3/2 at 167 

eV), which are likely associated with the oxidation of the thiophene ring caused by the dopant [28, 

31]. The Fe2p spectra of the P40 films, shown in Fig 4.7(g), indicate that the Fe2p3/2 peak can be 

deconvoluted into two distinct components exhibit B.E. of 708.9 and 712.7 eV. These are linked 

to the different oxidation states of Fe [32]. According to Tosi et al., FeCl3 dopant may form Fe2Cl6 

dimers, which undergo partial decomposition into Fe2Cl5
+ and Fe2Cl7

− species [33]. The 

decomposition products correspond to the peaks at 708.9 and 712.7 eV, respectively [34]. 

Additionally, the XPS spectra in Fig 4.7(f) reveal a distinct peak between the B.E. of 196 eV and 

204 eV, indicating the presence of chlorine in P3HT. The binding energies of chlorine 2p in FeCl3 

are observed at 196.9 and 200 eV. The presence of peaks corresponding to the 2p3/2 and 2p1/2 

electrons of ionic chlorine (Cl⁻) suggests that the compound intercalated into P3HT contains Cl⁻ 

ions [35]. 
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Figure 4.7 XPS binding energy spectra of undoped (P0) film and FeCl3 doped film (P40) film. 
 

4.1.2.4 Thermoelectric measurements (Seebeck Coefficient and Resistivity) 

The performance indicators of thermoelectric materials are primarily Seebeck coefficient, and 

electrical conductivity. Higher electrical conductivity of thermoelectric material is essential for 

high figure of merit (zT) of material.  It also indicates low internal resistance of emf/voltage source. 

The Seebeck coefficient serve as a measure of voltage created in accordance to a temperature 

differential across the material. A higher value denotes a larger voltage corresponding to a given 

temperature gradient. The performance of the material in converting thermal energy into electrical 

power is quantified by the power factor (PF), which is product of the σ and S squared. 
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The electrical conductivity measurements of the undoped and FeCl3-doped P3HT samples are 

shown in Fig 4.8(a). The samples, labelled P0, P20, P40, and P60, correspond to different doping 

concentrations, specifically 20, 40, and 60 mM of FeCl3 solution. The electrical conductivity of 

the undoped films was found to be 4.37 × 10-4 Scm-1 at room temperature (RT). It showed a gradual 

increase as the temperature increased. Upon doping with FeCl3, the electrical conductivity at RT 

significantly increased, reaching 2.2 Scm-1, 46.67 Scm-1, and 13.7 Scm-1 at RT for the P20, P40, 

and P60 samples, respectively. This represents an increase in the electrical conductivity by 30–40 

times compared to the pristine films. However, for the P60 films, the electrical conductivity did 

not increase higher with further doping and remained comparable or lesser to P40 at RT, as 

illustrated in Fig 4.8(a). The P60 films, which are highly doped, exhibited the strongest 

temperature dependence, with σ improved from 13.7 Scm-1 to 69.8 Scm-1 as the temperature was 

elevated from increased from 300 K to 400 K. This behaviour is intriguing and warrants further 

investigation in future studies. In contrast, the P20 and P40 samples showed minimal temperature 

dependence. 

The Seebeck coefficient for the undoped sample (P0) was found to be approximately 25 µVK-1 

the p-type character at RT, as shown in Fig 4.8(b). The FeCl3-doped films exhibited significantly 

higher positive Seebeck coefficients, characteristic of dominant positive ion conduction, a 

behavior often observed in ionic polymer conductors. Specifically, the Seebeck coefficients for 

the P20, P40, and P60 films were recorded at 112.7 µVK-1, 164.9 µVK-1, and 128.9 µVK-1, 

respectively, near room temperature. Notably, the S for doped P3HT films also surpasses that of 

traditional inorganic thermoelectric materials. A significant rise in σ (from 0.7 to 2980 S/cm) and 

a marginal improvement in the S (from 17.6 to 21.9 µVK-1) are seen when PEDOT films are treated 

with a superacid in methanol [36]. The results indicate one of the highest values that have also 

been reported for conductive polymers. Careful observation reveals that the P40 sample achieved 

a maximum S of 164.9 µVK-1 at RT, which increased to 181.1 µVK-1 at 400 K. This pronounced 

positive Seebeck coefficient suggests that conduction in these films is previously ascribed 

primarily to the movement of positive ions. Studies have attributed ionic conduction in FeCl3 to 

the formation of ionized species, specifically (Fe2Cl5)
+ and (Fe2Cl7)

-, which are in equilibrium with 

bitetrahedral Fe2Cl6 molecules [33]. The hopping mechanism of Cl⁻ ions from (Fe2Cl7)
 - leads to 

conduction observed in FeCl3-doped P3HT films. It is anticipated that the primary charge carriers 

in the doped films are positive ions, though there remains a possibility of electronic conduction, 
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either p-type or n-type, as well [33]. The high-power factor observed in these doped P3HT films, 

as illustrated in Fig 4.8(c), can be attributed to the combined impact of their elevated electrical 

conductivity and Seebeck coefficient. Notably, the P40 has shown the maximum PF of 127.4 

µWm-1K-2 at RT, which increased to 178.5 µWm-1K-2 at 400 K. 

 

 

Figure 4.8 (a) Electrical conductivity, (b) Seebeck Coefficient and (c) Power factor of undoped 

and doped film P0 (undoped), and P20, P40, P60 (doped). 

 

4.1.3 Discussion 

The study of undoped (P0) and FeCl3-doped P3HT (P20, P40, and P60) films provides a complete 

study of how doping affects the structural, morphological, and thermoelectric properties of P3HT, 

thereby enhancing our understanding of their suitability for thermoelectric applications. The XRD 

patterns of undoped P3HT (P0) display sharp peaks, which signify a highly crystalline structure. 
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The observed peaks indicate specific planes of the polymer and indicate edge-on-stacking with 

organized Π- Π interactions among the aromatic rings. But doping with FeCl3 decreases the 

intensity and moves these peaks to lower angles, which indicates the interplanar space has 

expanded by the addition of FeCl3 ions. This results in disorder and disrupts the crystalline 

structure of the polymer, as indicate by the broad and less intense peaks observed in the doped 

films. Raman spectroscopy further supports for these findings. The shift of the Cα = Cβ stretching 

mode from 1440 cm-1 in the doped samples suggests a structure transformation of polymer, leading 

to enhance electrical conductivity. The surface morphology, observed by FESEM and AFM, 

supports the structural findings. Undoped P3HT films show smooth surfaces characterized by 

small, uniform granules. The RMS roughness of the undoped film measured approximately 14.5 

nm, with a notable increased roughness and granular structure indicate that the disruption of the 

polymer matrix by FeCl3 resulted in localized agglomeration and ion clustering. The EDX spectra 

confirmed the incorporation of Fe and Cl elements in the doped films, validating the presence of 

FeCl3 and its interaction with the P3HT chain. The structural and morphological changes are 

essential for understanding the electronic and thermoelectric properties of the films. FTIR spectra 

exhibit distinct peaks in both undoped and doped films, indicating the vibrational modes of the 

polymers structure. Doped samples show new peaks linked to polaronic states, suggesting that the 

dopant generates charge carriers, especially bipolarons. The carriers improve the electrical 

conductivity of the material. Additional information on the chemical changes caused by doping is 

provided by XPS analysis. The C1s and S2p spectra peaks in undoped films correspond to the 

characteristics bond present in P3HT. After doping new peaks for Fe2p and shifts in the S2p peaks, 

suggesting oxidation of the thiophene ring. The observe changes indicate that FeCl3 interacts with 

P3HT, modifying its electronic structure and introducing ionic species such as Fe2Cl7
- and Cl-, 

which facilitate conduction. The doping of the films results in a significant increase in the electrical 

conductivity. The undoped film exhibits low conductivity (4.37×10-4 Scm-1) and a Seebeck 

coefficient of 25 μVK-1 at room temperature. The electrical conductivity significantly increased 

after doping, reaching a maximum of 46.67 Scm-1 for P40. The enhancement in charge carrier 

density is due to the intercalation of FeCl3 ions. The Seebeck coefficient increased with doping, 

achieving a maximum of 164.9 μVK-1 for P40. The simultaneous enhancement of conductivity 

and Seebeck coefficient is rare and highlights the significance of ionic conduction in the doped 

films. The PF, a critical parameter for TE performance, attained a value of 127.7 µWm-1K-2
 at 
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400K. The anomalous behaviour observed in the P60 film, with reduced σ and S compared to P40 

film, suggests that excessive doping leads to over-disruption of the polymer matrix, reducing the 

effective charge carrier mobility. The observed power factor of 1.25 μWm-1K-2 for 60 mM FeCl3- 

doped P3HT films at RT shows a 4 times enhancement over pristine P3HT. this is superior to 

previously reported PF values for FeCl3
 -doped P3HT films. Such as Kim et.al. 2013, where PF ̴ 

0.9 μWm-1K-2 was achieved at similar doping concentration. Similarly, Bubnova et al. 2012, who 

demonstrated PF ̴ 1.2 μWm-1K-2 using vapor-phase doping methods. Our drop-casting method 

offers a simpler, scalable alternative while maintaining competitive TE performance. The 

enhanced TE performance of FeCl3
 -doped P3HT films can be attributed to the synergistic effects 

of structural, electronic, and morphological changes induced by doping. P40 emerges as the 

optimal doping level, balancing structural integrity with charge carrier density, leading to superior 

TE performance. This study highlights the potential of FeCl3-doped P3HT films as promising 

candidates for flexible TE applications. 

4.1.4 Conclusion 

The current study aimed to elucidate the role of polaronic contributions in the conduction 

mechanism of conducting polymers. Our results demonstrate an effective strategy for enhancing 

the S and PF of P3HT by doping with varying concentrations of FeCl₃. This research underscores 

the potential for optimizing the TE performance of P3HT polymers. The P40-doped films 

exhibited a notable improved in the S (164.9 μVK-1), while maintaining high σ (46.67 Scm-1), 

resulting in an impressive PF of 127.4 µWm-1K-2 at RT. This marks a substantial improvement 

over the undoped P0 sample, which exhibited a power factor of just 5.89×10-5 µWm-1K-2. The 

approach of enhancing the power factor through the strategic manipulation of interactions between 

organic and inorganic polymer nanocomposites shows significant promise for the development of 

high-performance, large-area, and flexible polymer TE materials. These findings suggest that 

FeCl3 is an efficient dopant for boost the efficiency of p-type polymers, leading to improved 

efficiency and stability. Moreover, the use of FeCl3 could pave the way for more extensive studies 

of the TE properties of organic semiconductors. This study aims to inspire further research on the 

application of solution-processable polymer semiconductors for TE applications, with a focus on 

both neutral molecules and doping methodologies. 
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Chapter 5. SYNTHESIS AND CHARACTERIZATION OF N-TYPE 

THERMOELECTRIC MATERIALS 

 

  

5.1 ABSTRACT: PVDF/NI NWS (N-TYPE) 

This study presents the fabrication and analysis of PVDF/Ni NWs composite films for TE 

applications. The preparation of composite films using different concentrations of Ni NWs, 

specifically (30-90 wt.%). In our discussion, The Ni nanowires were incorporated into PVDF to 

create composite TE materials with n-type Seebeck coefficient. An investigation was conducted 

to examine the impact of varying weight ratios of Ni nanowires on the TE properties of the 

composites. This was accomplished by dispersing PVDF with Ni NWs in DMF solvent, followed 

by a drying process to a yield a uniform film structure. Structural analysis uses such as XRD, and 

FTIR confirmed the existence of α and β crystalline phases within the PVDF matrix, with Ni NWs 

creating a conductive path throughout the materials. SEM confirm the uniform dispersion of Ni 

NWs within the PVDF matrix, which plays a significant role in improving TE performance. The 

chemical states and interactions inside the composite were thoroughly revealed by XPS 

characterization. Electrical measurements indicated that an increase in Ni NWs content resulted in 

enhanced electrical conductivity (σ), while the Seebeck coefficient (S) exhibited a consistent n-

type behaviour. Experimental observations indicate that the conductivity of the composite exhibits 

a notable enhancement when the Nickel nanowire content attains 75 wt.%. The conductivity could 

be enhanced by 4000 times. The TE power factor (PF) of the composites attained a optimized 

value of 242 µWm-1K-2 at a temperature of 400 k, exceeding the values documented for similar 

PVDF based materials in the literature. Furthermore, a thermoelectric generator (TEG) device has 

been developed, comprising a p-leg configuration of PEDOT: PSS and an n-leg configuration of 

PVDF/Ni NWs, all incorporated onto flexible polyimide substrates. A flexible TEG was developed 

utilizing p-type PEDOT and n-type PVDF/Ni nanowires, resulting in a Maximum power output 

(Pmax) of 230 nW at ∆T= 25 K. This investigation highlights the capabilities of PVDF/Ni NWs 
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composites in the realm of flexible energy-harvesting devices, suggesting significant possibilities 

for the improvement of TE performance by strategic material engineering. 

5.2  EXPERIMENTAL DETAILS 

5.2.1  Materials and chemicals 

 The PVDF was procured from sigma Aldrich, dimethylformamide (DMF), Hydrazine hydrate 

solution (N2H4.H2O) was obtained from Molychem. Nickel chloride hexahydrate (Ni2Cl2.6H2O) 

was acquired from SRL. Sodium hydroxide (NaOH) was procured from Molychem. All reagents 

used in the experiment were of high purity. 

5.2.2  Synthesis of Nickel Nanowire: 

The material Ni2Cl2.6H2O was dissolved in a solution containing of 30 ml of deionized (DI) water 

and 37.5 ml of ethanol. The resulting mixture was subsequently agitated for a period of 30 minutes, 

leading to the emergence of a light green solution. Subsequently, a NaOH pallet with a 

concentration of 5 mol/L was carefully administrated in a dropwise manner until the pH of the 

resultant solution attained a value of 14. The solution was carefully placed in a magnetic field with 

a minimal strength and a temperature 60 °C. To aid in the reduction process, 40 ml of a hydrazine 

hydrate solution with a weight percentage of 85% was added. A black-grey solid formed after a 

20 min reaction time and stayed a float on the solution’s surface. To get rid of any leftover 

byproducts, the product was collected using an external magnetic and repeatedly carefully cleaned 

with ethanol and DI water. After completion of the process, the product was dried for two hours 

at 60 °C under vacuum condition. After that, the material is crushed finely till it turns into a black 

solid that may be used. The following is the chemical equation that describe the process. 

The reaction is represented by the following chemical equation [325]. 

N2H4 + 4NaOH + 2NiCl2                    2Ni + N2 + 4NaCl + 4H2O                                            (1) 

5.2.3 Fabrication of PVDF/Ni NWs composite Films: 

As depicted in Fig 5.1, a mixture of 200 mg PVDF powder and 10 ml DMF was prepared in a 

beaker. The mixture underwent subjected to magnetic stirring at a room temperature for a duration 

2 hours until complete dissolution was achieved. In addition, varying compositions of Ni NWs 
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powder were introduced and subjected to ultrasonication bath at a temperature 60 °C for a 1 h. 

This process aimed to achieve a homogenous dispersion of Ni NWs within the combined solution. 

The solution blend was then transferred to a vacuum drying oven at of 40 °C for 12 h. This 

meticulous procedure resulted in the formation of PVDF/Ni NWs composite films. We conducted 

an experiment to investigate the impact of Ni varying content on the σ and S. For this purpose, we 

developed a variety of PVDF/Ni chain composite films with different Ni concentrations (30 wt%, 

50 wt%, 70 wt%, and 90 wt%).  

 

 

Figure 5.1Illustrates the visual representation detailing the preparation process for PVDF/Ni NWs 

composite films. 

 

Table 5-1 describe the composition and sample notation for each sample. 

Sr No Composition Name Notation 

1. Pure Nickel Nanowires Ni NW 

2. Pure PVDF PVDF 

3. 30 wt.% Ni NWs in PVDF 30% Ni/PVDF 

4. 50 wt.% Ni NWs in PVDF 50% Ni/PVDF 

5. 70 wt.% Ni NWs in PVDF 70% Ni/PVDF 

6. 90 wt.% Ni NWs in PVDF 90% Ni/PVDF 
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5.3 CHARACTERIZATION AND MEASUREMENTS: 

The crystal structure and composition of Ni NWs and PVDF/Ni NWs composite films were 

analyzed using grazing incident X-ray diffraction (GIXRD) with Cu Kα radiation (ƛ = 1.54 Å) on 

a Malvern Panalytical at 40 mA and 45 kV. An investigation was carried out using Fourier-

transform infrared spectroscopy (FTIR) attenuated total reflectance (ATR) to examine the changes 

in chemical structure following the introduction of dopants. The sample were carefully dried 

before being analyzed using the FTIR spectrum analyser from Perkin Elmer. This instrument 

allowed us to determine the various crystalline forms of PVDF. Utilizing field emission scanning 

electron microscopy (FESEM Zeiss Gemini), we aim to obtain precise and detailed morphological 

data. This will enable us to analyse and investigate any potential changes in morphology through 

the applications of advanced technology. X-ray Photoelectron Spectroscopy (XPS), analysis was 

performed using a PHI 5000 Versa Probe Scanning Microscope from ULVAC-PHI Inc., USA. 

Our in-house developed setup was utilised for temperature-dependent thermoelectric 

measurements, for the Seebeck coefficient and resistivity. 

5.4 RESULTS AND DISCUSSION 

5.4.1  Characterization of Ni NWs  

The crystal structure of the Ni NWs that were prepared was analyzed using XRD. The 

corresponding result can be seen in Fig 5.2a. Three distinct peaks observed at 2Ɵ = 44.4°, 51.8°, 

and 76.4°, corresponding to the miller indices (111), (200), and (220). The peaks are accurately 

attributed to the face-centred cubic structure of Ni (JCPDS file card No. 04-0850) [325]. It is 

evident that the phase of the Ni sample was pure as no diffraction peaks were observed. Fig 5.2 b 

provides an analysis of the purity of Ni using EDS. Based on the EDS pattern, it can be observed 

that the samples consist primarily of Ni, indicating a high level of purity. The morphologies of the 

Ni NWs samples were examined utilising SEM. As observed in Fig 5.2c, the Ni NWs that were 

created exhibited a distinctive chain-like structure, with lengths varying between 3 µm to 30 µm. 

The magnified image of the Ni NWs sample (Fig 5.2d) reveals the composition of Ni chains, which 

are comprised of cylindrical particles with an average diameter ranging 0.29 µm to 0.55 µm. 
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Figure 5.2 displays the characterization of Nickel nanowires: (a) XRD pattern showing peaks 

corresponding to Ni (111), Ni (200), and Ni (220) planes, confirming the crystalline nature; (b) 

EDS spectrum with quantitative results indicating a high purity of Ni (99 wt%); (c) SEM image at 

lower magnification showing the morphology of interconnected nanowires; (d) SEM image at 

higher magnification revealing the surface structure of the nanowires. 

 

5.4.2  Crystal structure and characteristics of PVDF/Ni NWs nanocomposite films  

The XRD patterns of the prepared PVDF/Ni NWs composites are presented in Fig 5.3 (a), where 

the two characteristic peaks of PVDF (2Ɵ = 18.4°, 19.9°) are clearly observed. Observations 

indicate that the PVDF matrix is predominantly filled with a significant quantity of Ni NWs. The 

intense diffraction peaks of the Ni NWs dominate the relatively weaker diffraction peaks of PVDF. 

Furthermore, the four composites exhibit diffraction peaks at 44.4°, 51.8°, and 76.4°, which can 
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be attributed to the crystal Faces of Nickel, specifically (111), (200), (220) [325]. In addition, as 

the concentration of Ni NWs rises from 30 to 90 wt%, the intensity of the associated characteristics 

peaks also increases correspondingly. Furthermore, no other peaks are observed, suggested the 

absence of NiO in PVDF/Ni NW composites. The composite consisted purely of PVDF and Ni 

chains. The observation is crucial for maintain the conductivity of the nanocomposite films. 

 

Figure 5.3 XRD pattern of PVDF and PVDF/Ni NWs composite films with varying content of 

Nickel nanowires (30wt%, 50 wt%, 70wt%, and 90 wt%), the diffraction peaks at 44.5°, 51.8°, and 

76.4° correspond to the Ni (111), Ni (200), and Ni (220) planes, respectively. PVDF peaks are 

observed at 20.2°, and 36.2° corresponding to (020) and (211) planes, with the intensity of Ni 

peaks increasing as the Ni content in the composites increases.  

 

FTIR 

The FTIR spectrum of a PVDF/Ni NWs composite is presented in Fig 5.4. The analysis of 

absorption peaks in the PVDF/Ni NWs composite indicate the presence of both α and β phases. 
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The absorption peaks observed at 770, 809, and 942 cm-1 correspond to the α phase, while the 

peaks at 871 cm-1 and 1166 cm-1 indicate the presence of the β phase. The absorption peaks at 871 

cm-1 are attributed to the rocking vibration of CH2 and the stretching vibrations of CF2 [326, 327]. 

Additionally, the absorption peaks at 1070, 1166, and 1402 cm-1 are associated with the stretching 

vibration of CF2, the skeleton vibrations of C-C, and the deformation of CH2 due to rocking 

vibrations respectively. In addition, the intensity of every absorption peak diminishes as the 

amount of Ni NWs increases. This suggests that the Ni NWs take up a significant portion of PVDF 

matrix, resulting in a weak interaction between the atom. 

 

Figure 5.4 displays the FTIR spectrum of PVDF and PVDF/Ni NWs composite films with varying 

content of Nickel nanowires (30 wt%, 50 wt%, 70wt%, and 90 wt%), PVDF/Ni NWs composites 

with varying content of Nickel nanowires. 
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5.4.3 Surface morphologies of PVDF/Ni NWS Composite films 

Fig 5.5 (a) presents the FESEM micrographs of Ni NWs that were synthesized using liquid phase 

chemical reduction. The Ni NWs appear to be arranged in a stacked formation, with each nanowire 

maintain its individual structure and showing excellent dispersibility. The length of the Ni NWs 

ranges from 10-100 µm. based on the illustration, it is evident that the diameter of Ni NWs exhibits 

a high level of uniformity, measuring approximately 250 nm. The synthesised Ni NWs 

demonstrate a significant aspect ratio, achieving an optimal value of 400. The SEM images in Fig. 

5.5 (b) to (e) depict of PVDF/Ni NWs composites containing varying weight percentages of Ni 

NWs 30-90wt %. With an increase in Ni NWs content from 30 to 90 wt%, the size of Ni NWs 

increases, while the PVDF matrix become less separated. In addition, the PVDF matrix contains 

Ni NWs that are evenly distributed, with no significant agglomeration. This observation suggests 

a significant interaction between the Ni NWs and PVDF, leading to an improvement in electrical 

conductivity. 

 

Figure 5.5 FESEM micrographs of (a) pure Ni Nanowires, (b) pure PVDF (c) 30% Ni/PVDF (d) 

50% Ni/PVDF (e) 70% Ni/PVDF and (f) 90% Ni/PVDF. The images illustrate the morphological 
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evolution as the Ni NW concentration increases, showing improved nanowire connectivity and 

network density at higher Ni content. (Scale bar: 1μm).  

 

5.4.3.1 XPS 

The chemical binding state and elemental composition of the PVDF and PVDF/Ni NWs 

nanocomposite were analysed by XPS. The full spectrum of PVDF indicates the existence of C, 

O, and F. In contrast, the PVDF/Ni NWs predominantly consist of C, O, F and Ni. Fig 5.6 presents 

XPS spectra for both pristine PVDF and PVDF/Ni NWs. Fig 5.6 (a, b) presents the C1s spectra 

derived from C atoms in both PVDF and PVDF/Ni NWs. The deconvoluted spectra for the C1s 

indicate the contributions of various carbon species to the C1s spectra. In the C1s spectra of pristine 

PVDF and the PVDF/Ni nanowires composite, two prominent peaks corresponding to the -CH2, 

and CF2 group are observed [328]. In PVDF four distinct peaks are observed, each varying with 

binding energy CH2 at 284.7, CF2 at 289.5, F-C-OH at 289, and C-C/C-H at 283.3 eV. In the 

analysis of PVDF/Ni NWs reveals the existence of CH2 and CF2 at B.E of 284.7, and 289.4 eV, 

respectively. No changes are observed in CH2; however, slight changes are noted in CF2 (0.1 eV), 

indicating a shift towards lower binding energy compared to the values recorded for pure PVDF. 

A further peak is also observed in the composite film, corresponding to the C-O bond at 287.1 eV 

[329]. In the O 1s spectra shows in Fig 5.6 (c, d), the main peak for pure PVDF and PVDF/Ni 

NWs are observed at 530.6 eV and 532.2 eV, confirm the existence of C=O and C-O bonds, 

respectively. In Fig 5.6 (e), spectra of F 1s for pure PVDF displays a peak at 686.3 eV, which 

corresponds to F-atoms in the -CF2- species. In the composite film shown in Fig 5.6 (f), this peak 

shifts slightly to a higher binding energy of 686.4 eV. This shift is attributed to the chemical 

interactions between the hydrogen atoms in the -Hδ+-Cδ+-Fδ+- dipoles PVDF and the Π orbitals of 

PVDF/Ni NWs [330].  

The Ni 2p spectrum in Fig 5.6 (g) is split into two spin-orbit doublets of two peaks that are typical 

of Ni metals and Ni 2+(NiF2) corresponding to 876, 859.1, 853.4 eV, and 872.8 respectively. The 

doublet structure in the Ni 2p spectra seen in Fig 5.6 (h) has binding energies of approximately 

859.1 and 876 eV, respectively, and may be attributed to the Ni 2p3/2 and Ni 2p1/2 lines. The B.E 

separation for metallic Nickel is 17.4 eV, while for NiO, it is 18.4 eV, according to the reference 

spectrum.  
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Figure 5.6 X-ray photoelectron spectroscopy (XPS) analysis of pristine PVDF and 70 % Ni 

NWs/PVDF composite films. (a, b) High-resolution C 1s spectra showing deconvoluted peaks 

corresponding to CH2, C-C/C-H, C-O, CF2 and F-C=O-H functional groups in PVDF and 
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70%Ni/PVDF, respectively. Indicating the chemical interaction between Ni NWs and PVDF. (c, 

d) O 1s spectra demonstrating the presence of C=O and C-O bonding in PVDF and 70 %Ni/PVDF. 

(e, f) F 1s spectra revealing the C-F bonding environment in PVDF and 70%Ni/PVDF. (g) High-

resolution Ni 2p spectra of 70%Ni/PVDF showing peaks associated with NiF2, Ni 2p3/2, and Ni 

2p1/2, along with satellite peaks, confirming the presence of Ni. (h) Survey spectra of PVDF (black 

line), identifying the elemental composition (C, O and F) and 70%Ni/PVDF (red line) confirming 

the presence of Ni in the composite films. 

 

The Ni in the matrix is therefore likely metallic Ni rather than NiO, according to this binding 

energy difference [331]. The above observation suggests that Ni NWs have successfully 

substituted in the PVDF matrix. There are two shakeup-type satellite peaks located at around 850 

and 879 eV [332]. The results of the XRD also clearly support the presence of Ni NWs. Fig 5.6 

(h) show the complete survey spectrum of the PVDF, PVDF/NWs composite film. 

5.4.4 Thermoelectric properties of PVDF/Ni NWs nanocomposite films 

In comparison to organic conductive polymers, PVDF resin exhibit excellent dielectric properties, 

restricting the movement of carriers solely to the 3D conductive network formed by conductive 

fillers. The movement path of carrier under constraints leads to a substantial increase in the 

sample’s volume resistance while successfully achieving a substantial reduction in the Seebeck 

coefficient. Fig. 5.7 illustrates the relationship between temperature dependence of electronic 

transport in the PVDF/Ni NWs composites. The measurements were taken 300-400 K, and the 

composite were prepared with different weight ratios of Ni NWs 30%, 50%, 70%, and 90%. Fig 

5.7 (a) when the Ni NWs content in the PVDF/Ni NWs nanocomposite is between 30 wt% to 90 

wt%, the Seebeck coefficients are consistently negative. This suggests that the PVDF/Ni NWs 

nanocomposite exhibit n-type TE behaviour. 
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Figure 5.7 Display thermoelectric properties of Ni/PVDF composite films with varying Ni content 

(30-90 wt.%) as a function of temperature (300-400 K). (a) Electrical conductivity (σ) (b) Seebeck 

coefficient (S) (c) Power factor  

 

This resembles the S observed in pure nickel. The results indicate that the TE properties of a 

conductive composite, composed of non-conductive polymer materials and conductive particles, 

are influenced by the TE properties of the incorporated conductive particles. In addition, the 

Seebeck coefficient firstly increases than decreases gradually as the amount of Ni NWs increases, 

which can be attributed to the increasing presence of Nickel nanowires. The S of at (300, 400) K 

is (-22, -59) μVK-1, (-26, -88) ) μVK-1, (-29, -88.1) ) μVK-1 and (-23, -66) for the β-PVDF/Ni NWs 

composites with the weight ratio of 30%, 50%, 70%, and 90% respectively. Fig 5.7 (b) illustrates 

that β-PVDF has a poor σ of 10-2 Scm-1. The σ value measured at 300 K for PVDF/Ni NWs 

composites are 88, 105.2, 173.7, and 301.1 Scm-1, corresponding to weight ratios of 

30%,50%,70%, and 90%, respectively. The results demonstrate a clear correlation between 
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electrical conductivity and the increasing weight ratio of β-PVDF/Ni NWs, indicating an increase 

in conductivity as the weight ratio increases. The electrical conductivity shows a minor change in 

relation to temperature range. The observed reduction in σ with increasing temperature is 

indicative of metallic behavior. The increased electron-phonon scattering within the Ni NWs 

contributes to this phenomenon, as shown in Fig 5.7b and 5.7c demonstrates the temperature 

dependence of the power factor (PF=S2σ) for the β-PVDF/Ni NWs composites within the 

temperature range of 300 to 400 K. The PF exhibits an increase correlation of with the increasing 

concentration of Ni NWs within the β-PVDF/Ni NWs composites. The PF values obtained for the 

PVDF/Ni NWs composite, with weight % of 30, 50,70, and 90% are (4.4, 73.5), (7.1, 70), 

(14.3,105.6) and (15.1, 118.9) at temperature of (300, 400k), respectively. The data obtained from 

multiple research studies are presented in the subsequent sections to compare our findings with 

those documented in the existing literature. Dun et al. synthesized PVDF/Te nanorod composites 

exhibiting a thermal conductivity factor of 45.8 μWm-1K-2 at ambient temperature. Pammi et al. 

synthesized composite films of PVDF/Cu2Se nanowires, achieving a PF of 111 μWm-1K-2 at room 

temperature. Dun et al. synthesized Bi2Se3 nanoplate films exhibiting a PF of 103 μWm-1K-2 . Ju 

et al. synthesized polyaniline-coated SnSe nanosheet in combination with PVDF, resulting in a PF 

of 134 μWm-1K-2 at a temperature of 400 K. Zhou et al. synthesized PVDF/Ag2Se NWs film 

composites exhibiting a PF of 189 μWm-1K-2 at ambient temperature. The current investigation 

reveals that the β-PVDF/Ni NWs composites exhibit a PF of 242 μWm-1K-2 at a temperature of 

400 K. the observed improvement in the performance factor for PVDF/Ni NWs composites in the 

present work can be ascribed to the notable increment in the σ of Ni NWs within the composites.  

5.4.5 Thermoelectric Generator (TEG) performance using p-leg PEDOT: PSS and n-leg 

PVDF/Ni NWs 

The fabrication of a TEG involves the assembly of six pairs of p-type PEDOT: PSS and n-type 

PVDF/Ni NWs. A TEG demonstration device was constructed utilizing two distinct inks applied 

to a flexible polyimide substrate showing in Fig 5.8. The output voltage in a relation to the 

temperature gradient ∆T range from 10 to 35 K. The open circuit voltage resulting from the 

Seebeck effect demonstrates a linear increase in correlation with the rising temperature gradient 

∆T between the hot and cold ends of the thermoelectric module. When the external load resistance 
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is aligned with the internal resistance, the system achieves its maximum power output (Pmax) [333]. 

Pmax is defined by equation (1). 

Pmax= 
𝐸2𝑅𝑒𝑥

(𝑅𝑒𝑥+𝑅𝑖𝑛)2                                                                (1) 

The output voltage (mV), denoted as E, is influenced by the external resistance (), represented 

as Rex, and the internal resistance () of the fabricated TEG [334].The observed output voltage 

measures 9.5 mV at a ∆T of 35 K, while the Pmax recorded is 230 nW, achieved with a load 

resistance of 100  at ∆T=35 K. 

 

Figure 5.8 Schematic illustration of the material device setup for an organic thermoelectric (OTE) 

Generator. PEDOT: PSS (p-type TE ink) and PVDF/Ni NWs (n-type TE ink) are used as the active 

materials, which are integrated into an OTE device with alternating p-typee and n-type legs to 

generate electricity from a temperature gradient. 

 

5.5 CONCLUSION 

In this investigation, we achieved the fabrication of PVDF/Ni NWs composite films incorporating 

different concentration of Ni NWs at 30 to 90 wt.%. Subsequently, we characterized their 

thermoelectric properties. Nanosized range Ni NWs was fabricated by hydrothermally method. 

The films were synthesized through the dispersion of PVDF and Ni NWs in a suitable solvent, 

subsequently undergoing a drying process to yield uniform composite films. The characterization 

indicated that the Ni NWs exhibited a uniform dispersion within the PVDF matrix, thereby 

establishing a conductive network essential for the improvement of TE performance. The XRD 
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and FTIR analysis validate the existence of both α and β phases within the PVDF matrix, with Ni 

NWs predominating in the composite. Details on the chemical states and interactions in the 

composite were revealed by XPS characterisation. The increase of Ni NWs content led to an 

improvement in σ and a subsequent improvement in the PF, attributed to the inherent conductive 

properties of Ni NWs. The Seebeck coefficient consistently exhibited negative values, signifying 

n- type behavior throughout all composite materials analyzed. The measurements of σ and S 

indicated that a rise in Ni NWs content resulted in enhanced σ. Conversely, a slight decrement in 

the S was observed at increased Ni concentrations. The observed PF values exhibited notable 

enhancements, particularly at elevated concentrations of Ni NWs, achieving 242 μWm-1K2 at 400 

K. this value exceeds that of numerous previously documented PVDF-based composites. In 

conclusion, we successfully demonstrated a TEG device that incorporates p-leg PEDOT: PSS and 

n-leg PVDF/Ni NWs composites. The apparatus demonstrated a Pmax of 230 nW at temperature 35 

K. The findings of this investigations indicate that PVDF/Ni NWs composites exhibit significant 

promise as materials for TE applications, suggesting their potential utility in the development of 

flexible energy harvesting devices.  
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Chapter 6. CONCLUSION AND FUTURE SCOPE 

6.1 CONCLUSION 

 

  This comprehensive investigation highlights the notable progress made in improving 

Thermoelectric (TE) performance by the fabrication of novel organic-inorganic composite 

materials. The investigations examined a variety of systems, such as PEDOT: PSS/Bi2Te3, 

PEDOT: PSS/ Bi2Te3/rGO ternary composites, FeCl3-doped P3HT films, and Ni NWs incorporated 

PVDF films. Each composite exhibited significant enhancements in crucial thermoelectric 

parameters, electrical conductivity, Seebeck coefficient, and power factor, while preserving 

flexibility and scalability for practical applications. The incorporation of Bi2Te3 in the PEDOT: 

PSS composites significantly improved the Seebeck coefficient and electrical conductivity, 

attributed to structural reorganization and energy filtering effects. The incorporation of rGO into 

PEDOT: PSS/ Bi2Te3 matrix enhanced charge transport, resulting in an impressive power factor 

of 93.16 μWm-1K-2. In a similar manner, the incorporation of FeCl3 into P3HT films showcased 

the ability of targeted doping to markedly enhance TE performance. The P40 samples 

demonstrated an ideal combination of elevated electrical conductivity (46.67 Scm-1) and a Seebeck 

coefficient of 164.9 μVK-1. Conversely, excessive doping led to diminished performance, 

highlighting the critical need for meticulous control of dopant levels. 

The incorporation of Ni NWs within PVDF matrix presents a promising direction for n-type 

thermoelectric materials. Ni NWs functioned as efficient conductive networks, improving 

electrical conductivity while preserving mechanical flexibility. The composite with the highest 

performance, containing 70 wt.% Ni NWs, demonstrated a Seebeck coefficient of -88 μVK-1 and 

achieved a power factor of 242 μWm-1K-2 at a temperature of 400 K. the integration of these 

materials into a flexible thermoelectric generators demonstrates their potential for energy 

harvesting from waste heat in wearable and adaptable electronic systems. 

These studies collectively show the potential of hybrid organic-inorganic materials to overcome 

the limitations of traditional TE materials, including brittleness and elevated thermal conductivity. 

Optimising material composition and utilizing nanoscale interactions resulted in enhanced TE 



 106 

properties while maintaining advantageous attributes such as low weight, flexibility, and 

environmental sustainability. 

6.2 FUTURE SCOPE 

Composite materials for TE applications demonstrate considerable potential for enhancing energy 

efficiency. Advanced doping strategies and molecular engineering have the potential to further 

improve efficiency. Multilayered or gradient architectures provide precise control over thermal 

and electrical properties, facilitating the development of customized devices for applications 

including wearable electronics and self-powered sensors. Studies on long-term stability, 

mechanical durability, and environmental performance are essential for practical applications. 

Enhancing synthesis methods for economical industrial production will expedite their shifts from 

experimental works to practical applications. These lightweight, flexible materials hold great 

potential for advancing energy harvesting, waste heat recovery, and sustainable technologies, 

developing the stage for effective and scalable thermoelectric solutions. 
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