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AbsTrACT 
“Thermoelectric Characterization Of Functionalized 

Poly(3,4-ethylenedioxythiophene) And Its Nanocomposites 
For Device Applications” 

Submitted by 

Shilpa Maity 

  Index no.: 17/21/Phys./27                                        

The breakthrough invention of conducting polymers (CPs) initiates a new pathway for 

the researchers to make use of their properties in thermoelectric (TE) applications. They 

are potential candidates in TE application when combined with inorganic counterparts. 

Therefore, investigation on the properties and synthesis of hybrid TE materials of 

conducting polymer and different nanofillers is very important. The present work 

mainly focused on the synthesis of conducting polymer 

Poly(3,4ethylenedioxythiophene) (PEDOT) and its hybrid composite along with the 

study of its structural and electrical properties for TE applications. 

In-situ polymerization technique has been employed for the synthesis of PEDOT from 

its monomer (EDOT) for TE property analysis. The reaction condition and variation of 

nanofillers in the polymer have been investigated. It is observed that different 

nanofillers influence the morphology of the material which in turn stimulates the TE 

properties of the material. Further, the effects of different oxidizing agents on the TE 

performance of the materials are also noteworthy. 

It has been observed that in hybrid composite of tosylate doped PEDOT and SWCNT, 

with the variation of SWCNT content, there is an increase in the ordered structure, 

resulting an enhanced electrical conductivity. This is attributed to the increases in the 

carrier concentration by pushing the Fermi level (EF) into the conduction band. Though 
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the thermoelectric power decreases, yet there is an overall increase in power factor that 

leads to an increment of ZT.  

On the other hand, in tosylate doped PEDOT/Graphene hybrid composite a 

simultaneous hike in room temperature electrical conductivity and thermoelectric 

power is noted with the increasing graphene content. The increase is due to the increase 

in the degree of ordered structure enhancing the hopping rate (including hopping 

distance and activation energy) within the polymer matrix in addition to the increase in 

the charge carrier mobility. At the same time low thermal conductivity due to the large 

phonon scattering by the introduction of nanointerfaces increases the figure of merit 

ZT. 

In this study, selenium (Se) was used to functionalize the polymer PEDOT, and its 

structural and electrical transport characteristics were examined. The addition of Se to 

the PEDOT matrix was shown to improve the thermoelectric characteristics. We 

suggest creating connected chains of PEDOT containing Se, which improve the figure 

of merit by boosting electrical transport but impeding heat transport. 

Hence this work reports PEDOT polymer and its hybrid composites are so distinctive 

that they well thought out to be extremely capable and hopeful TE candidates. Further 

ease of synthesis and mechanical flexibility of those materials permits various design 

to be used in device applications. The inimitability of these materials undoubtedly 

opens a new era of smart materials with the initiation of opportunities in TE domain. 
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Introduction 

1.1.Thermoelectricity: An overview 

The combustion of fossil fuels is the primary source of power, which has become more 

and more essential as civilization has advanced. As a result, the generation of carbon 

dioxide (CO2) gas is increasing daily, which has a negative impact on global warming. To 

solve such issues, research into alternate technologies is necessary. Thermoelectricity is 

an energy conversion technique that converts thermal energy into electrical energy by 

using waste heat. [1-3] The approach can be scaled to meet the current energy demand 

since it is very dependable, has no moving components, and is green. Numerous low- and 

high-grade waste heat sources, including industries, hot water vapour, biomass waste 

processing heat, automobile engines, solar radiation (photo-thermoelectric module), 

household appliances, human body heat, etc., are being used in thermoelectricity.  

 

Figure 1.1. Schematic diagram of a thermoelectric device [4] 
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The operating temperature of a material based on the Seebeck effect can be obtained via 

thermoelectric devices. Figure1.1 shows how an ordinary thermoelectric device is made 

up of an n-number p type and n type thermopiles which are connected electrically in 

series and thermally coupled in parallel. 

1.1.1. Advantages of Thermoelectric device 

 Low-maintenance: No moving components and operating fluid 

 Prolonged lifespan 

 Applicable in deep-sea and zero-gravity environments 

 Operation without vibration or noise is preferred in mechanically delicate 

situations. 

 Economic-friendly 

 Could flip between heating and refrigeration modes in a dual action mode. 

 Low production cost  

 Reducing global warming by collecting garbage from commercial and industrial 

sites as well as from residential regions. 

1.1.2. Applications of Thermoelectric 

 Electricity generation from waste heat, Thermoelectric coolers- refrigeration, air-

conditioning  

 Automotive thermoelectric generators-increase fuel efficiency, regenerative 

breaking  

 Space applications-radioisotopes thermoelectric generator 

 Temperature sensing 

 Power plant 
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 Radio communication  

1.1.3. Basic thermoelectric parameters 

The dimensionless figure of merit (ZT) expresses the performance of a thermoelectric 

(TE) material 

           ZT =
஢ௌమ்

఑
                                                (1.1) 

where the material's electrical conductivity, Seebeck coefficient, and thermal 

conductivity are represented by , S, and respectively, and T is the working 

temperature. 

The maximum conversion efficiency is indicated by a higher ZT value. 

The electrical conductivity is described as  

          
L IL

RA VA
                             (1.2) 

Where L is the length of a sample TE material, R is the resistance, A is the constant cross-

sectional area of the sample, I s the current through the sample and V in the applied 

voltage.  

In the presence of a magnetic field, electric charge carriers experience a force in a 

conductor. An electric field acts in a perpendicular direction to both the current and the 

magnetic field, Where the magnetic field is applied perpendicular to the electric current 

in a conductor to produce a voltage. The appearance of this voltage is called the Hall 

effect. The hall effect can be used to identify the charge carriers. Taking only one type of 

charge carrier, the Hall voltage for a conductor is defined as 

             H

IB
V

net
                            (1.3) 
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where e is the elementary charge, t is the plate thickness, B is the magnetic field, I is the 

electrical current across the plate length, and n is the charge carrier density. Finally, the 

Hall coefficient is defined as      

                                                   1H
H

V tE
R

jB IB ne
                  (1.4) 

where E is the induced electric field and j is the current density. Once again, it is suitable 

to express the electrical conductivity as 

             ne                              (1.5) 

where µ is the carrier mobility and can be calculated from the data of σ and VH. 

The thermal conductivity is generally defined as  

          
QL

A T
  


                           (1.6) 

where Q is the rate of heat flow through the sample having a temperature difference ∆T 

between its two ends with constant cross-sectional area A and length L. The total thermal 

conductivity expressed as   

         e l                              (1.7) 

Where, e is the electronic contribution of thermal conductivity and l is the lattice 

component. 

For the thermoelectric application, a measurement including both the S (Thermoelectric 

power) and the σ (electrical conductivity) has been presented as power factor P. It is 

defined as 

             2P S                           (1.8) 

The parameters S and σ also depend on the carrier concentration (n). The maximum value 

of n corresponds to maximum power factor giving the highest value of ZT. 
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There is a common tradeoff between  and S in a 3D crystalline material. Typically, a 

rise in S causes a fall in , which also reduces value. So, in such materials, it is 

problematic to tune these parameters separately for the enhancement of ZT. Therefore, to 

improve ZT value and overall, TE performance, various strategies are being adopted 

along with the establishment of different materials. [5-7] 

1.2. Origin of Polymer Thermoelectric 

Conducting polymers (CPs) are now considered as promising alternatives for 

thermoelectric (TE) energy harvesting devices [8]. Without electrical optimization, 

polymers maintain an inherently low, making this material class suitable for use in device 

applications. Additionally, compared to their inorganic counterparts, polymers are 

printable, flexible, and moldable, which has its benefits. But they are characterized by 

lower TE efficiency in comparison to inorganic TE materials, and thus do not meet the 

standard ZT value to be used commercially. Tuning the band gaps [9–12], altering the 

doping [13], and alloying [14,15] with other TE materials are some of the focused 

methods used to further enhance the TE performance of the CPs. The addition of 

nanofillers to the polymer matrix is another potential method for improving TE 

performance. 

1.2.1. Concepts of Conducting Polymer (CP) 

The π-conjugated structure of conducting polymers is what triggers their electrical and 

electronic characteristics. The molecular π-orbitals of the polymer backbone atoms are 

lengthened as a result of the delocalization of their -orbital electrons along the polymer 

chain. The polymer's electrical characteristics are stimulated by the delocalization of 

electrons. Conjugated polymers can remove electrons (p-doping) or add electrons (n-
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doping) by the oxidation or reduction processes, respectively. The oxidation levels of the 

semiconducting polymers are directly linked with the charge carrier concentration, which 

leads to different and new electronic structures. In the doping process, the electrical 

charges on the polymer's backbone are stabilized by the addition of the counterions with 

opposing charges. Due to the doping technique, the bond length around the charge is 

deformed, developing a charged quasi-state particle known as a polaron. In addition, 

bipolarons are also observed in some polymers due to the supplementary doping of such 

systems, which is more effective in energy release than polarons. The development of 

wider bipolaron bonds to reduce the material's optical band gap and the increase in the 

number of bipolarons in the material are both caused by the greater dopant concentration. 

[16-17]. The hopping process, where charge carriers may travel from interchain to 

intrachain levels of the material, is said to be the mechanism responsible for charge 

transport in conducting polymers [18,19]. These hopping locations are the prolonged π-

systems designed between the chain units, which are naturally conducting. As a result, 

the doped polymer materials' degree of crystallinity and chain orientation were crucial in 

enhancing the material's electronic structure and electronic characteristics [19,20]. Long-

chained polymers gain from intrachain hopping transport because it increases charge 

carrier mobility. The interchain transport method might happen naturally along the 

chain's principal axis, along the direction of the backbone plane, or along the direction of 

stacking. The density of states (DOS) in CPs determines the number of states that are 

accessible and used in relation to energy. For disordered polaronic polymers, the Fermi 

level (EF) is in the center of the polaron band; for disordered bipolaronic polymers, it is 

located between the valence band (VB) and the bipolaron band. Additionally, these 
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polymers can be considered Fermi glasses. The placement of EF within localized states 

suggests that charge carriers are localized, and the transport of these carriers between 

localized states requires temperature-activated hopping. So, the materials where the 

bipolaronic states are overlapping show a semi-metallic behavior. By enhancing the 

material's order structure, it is discovered that the behavior of polaronic networks changes 

from a Fermi glass to a metallic one [18, 20, 21]. The S of a material is comparable with 

the slope of the density of state (DOS) at the Fermi level, depicted by the Mott’s equation 

given by 

                                                           S⁓ቀ
డ௟௡஽ைௌ(ா)

డா
ቁ
ாಷ

                                                      (1.9) 

S is predicted to be low because the doped conducting polymer in the polaronic network 

has a slope of the DOS at the Fermi level of zero. However, a bipolaronic network 

exhibits a greater S value than a polaronic network because the DOS at EF has a steeper 

slope. A material's density of state will also be significantly influenced by the degrees of 

order or crystallinity. The DOS can expand and soften close to the band edge with energy 

alignment, which lowers the DOS's slope at EF and makes a low value of S observable in 

the material. 

2.1. Composite Thermoelectric 

At and near room temperature, the applications for thermoelectricity are very beneficial 

for energy harvesting [22-24]. The lower TE efficiency of a polymeric material in 

comparison to inorganic TE material is disadvantageous. However, hybridization with 

nanofillers like 1D, 2D, etc. materials can enhance their TE efficiency using various 

strategic material designs. [8, 18, 25]. Thus, one of the promising pathways to improve 

the TE performance of organic material is by hybridizing it with inorganic TE material. 
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Further by varying the size of the organic/ inorganic hybrid TE materials, a quantum 

confinement effect arises which can allow one to improvise the variation of σ and S 

independently and enhance the power factor (S2σ). [26] Using appropriate particle size, 

preparation procedures, and compositions are other methods for improving the required 

TE characteristics of the hybrid composite TE material. Moreover, composite materials 

introduce interfaces within the samples that affect the scattering of phonons rather than 

electrons. As a result, the lattice contribution of κ may be decreased by selective phonon 

scattering due to interface reflectivity and relaxation time. [27, 28] Thus, a hybrid 

composite of organic and inorganic TE materials provides low thermal conductivity and 

flexibility for energy harvesting. [29] So, the combined effect of quantum confinement 

introduced by the low dimensionality of the material [30, 31] and the scattering of 

phonons due to introduction of interfaces play a key role for the enhancement of ZT in 

such composites. This creates an interest in the field of organic-inorganic composite TEs. 

[32] 

As mentioned before, the Figure of merit (ZT) is used to assess a TE material's 

performance. In this section, we attempt to concentrate on the practical aspects of 

measuring the values of all the parameters to characterize the performance of composite 

TE materials based on polymers for the intended application. As was previously said, the 

figure of merit of the TE materials is influenced by the electrical conductivity, 

thermoelectric power, and thermal conductivity. When it comes to these parameters, it 

has been found that various materials have been utilized as fillers in the polymer matrix 

to change the values of, S, or, which can then have an impact on the ZT. Usually, the 

filler concentration in the polymer matrix is varied. 
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Literature Review 

2.1. PEDOT as a TE Material 

Because of their instability in air, the first generation of conducting polymers, including 

polyacetylene, had little commercial success. However, the development of PEDOT has 

paved the path for improved thermal and air stability in the doped state. Due to its 

processability in solutions, wide range of conductivities [33], strong electrochemical 

stability, and thermal stability, PEDOT has gained a lot of interest lately. [34] Also 

having a very narrow band gap of 1.5 eV, PEDOT may be made transparent by being 

doped with the tosylate ion to modify the absorption level in the NIR region. 

Additionally, it is one of the preferred contenders to take the position of ITO in flexible 

electronics and displays [35] and the TE efficiency may be improved by regulating the 

oxidation level. [36] Due to these characteristics, PEDOT has a variety of uses, including 

energy conversion and storage fields. Here, we outline the various methods for 

synthesizing functionalized PEDOT, as well as its structure and characteristics, and we 

provide an in-depth report on the development of thermoelectric applications. 

2.2. Structure and Properties of PEDOT 

The German Bayer Company created PEDOT for the first time in 1988. EDOT is a 

bicyclic derivative of thiophene that is joined by ethylene and has two alkoxy substituents 

at the thiophene ring's positions 3 and 4. While the electron-donating oxygen substituents 

stabilize free radicals and positive electrical charges inside the conjugated backbone, the 

six-membered ring closure with less steric hindrance increases stability [38]. The most 

commercially significant CP now is PEDOT due to its superior air and temperature 

stability, high and other intrinsic features [39]. 
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Figure 2.1. Schematics depicting the discover of PEDOT [37] 

The process of oxidative polymerizing EDOT to PEDOT basically involves three phases. 

(i) Cationic radicals are initially produced by oxidizing EDOT. (ii) After that, two 

cationic radicals combine to form a dimer. (iii) By oxidizing the dimers and polymerizing 

them, PEDOT is produced [40]. As a result, it is unavoidable that the oxidant will dope 

the PEDOT during the polymerization process, and the oxidant's anion will serve as a 

counter-ion to balance out the positively charged PEDOT.  

PEDOT polymers exhibit good electrical conductivity because the electron-donor oxygen 

group, which is a part of the conjugated backbone chain, balances out free radicals and 

positive electronic charges. [38] There are few reports on functionalizing PEDOT with 

inorganic elements. 

PEDOT's functionalization with opposing Tosylate (Tos) ions suggests that PEDOT has a 

more ordered, crystalline structure inside of a haphazard, amorphous matrix (Figure 2A). 
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Figure 2.2. (A) Grazing incidence wide angle X-ray scattering of PEDOT-Tos. [41](B) 

After the immersion dedoping procedure with methanol from initial washing to 5 hours of 

immersion and with Dimethylformamide (DMF) for 1 hour, S(2p) XPS spectra of 

PEDOT: Tos films were obtained.[42](C) The PEDOT:Tos molecular structure is 

depicted with Tos in green and PEDOT in blue.[43] 

The lamellar stacking of the (100) and (200) planes of PEDOT:Tos is responsible for the 

small angle diffraction peaks at Q = 0.45 Å-1 and Q = 0.89 Å-1, while the inter-ring (010) 

stacking of PEDOT is responsible for the peak at Q =1.82 Å-1. [20, 44-46] As a result, the 

orthorhombic unit cell structure of PEDOT with the polymer chains extending along the c 

axis and an axis parallel to the substrate is what is proposed [43]. It suggests that 

PEDOT-Tos has a lamellar structure, with the tosylate anion [45] occupying an inter-

lamella gap between stacked lamellae chains of the polymer. It oversees the rise in 

crystallinity [47, 48]. 
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 2.3. Different Synthesis Methods 

PEDOT-Tos has already gained notoriety in the world of conducting polymers due to its 

exceptional capabilities. It is well known that variations in the synthesis process have an 

impact on the micro- or nanoscale structures, which in turn have an influence on the 

application-based characteristics of conducting polymers.  

 

Figure 2.3. Schematics of several PEDOT-Tos film-forming polymerization techniques: 

(A) The chemical polymerization process. (B) The vapor phase polymerization process. 

(C) The electrochemical polymerization processes. [38] 

There have been several attempts to fabricate PEDOT using controlled designs. Figure 

2.3 provides a thorough summary of the typical synthesis procedures, which include 

chemical polymerization, vapour phase polymerization, and electrochemical 

polymerization.  
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2.3.1. Chemical Polymerization 

Chemical polymerization is one of the efficient processes for making PEDOT on a large 

scale. This method is rather simple to use. The rate of oxidation of EDOT and the 

synthesis of polymers with higher molecular weights are easily controlled using the 

chemical polymerization method. Even though research on PEDOT is currently ongoing, 

the polymer was first chemically created in 1994 by Leeuw et al. [33]  

For the traditional synthesis method, the oxidizing agent iron (Ill) tris-p-toluenesulfonate, 

imidazole, and the monomer ethylenedioxythiophene (EDOT) were originally dissolved 

in n-butanol. The entire oxidant solution was then filtered via a 0.5 cm filter. The solution 

was spin-coated at a speed of 1000 rpm onto pre-washed substrates (typically 5 × 5 cm) 

made of glass or plastic, and then baked for five minutes at 110 °C (or in a convection 

oven). Heating triggered the polymerization of the monomer EDOT into PEDOT doped 

with tosylate. [49, 50] Later, several adjustments to the process were made in order to 

produce the polymer. Such organic solvents as methanol, ethanol, n-butanol, hexanol, and 

dodecyl benzenesulfonic acid (DBSA), which alter the materials' electrical 

characteristics, have been used to make PEDOT powders and thin films as well [46, 51]. 

Significant hydrogen bonding interactions between PEDOT and alcoholic solvents 

change the samples' molecular ordering. PEDOT thin films were also polymerized with a 

variety of high boiling point additives, such as acetonitrile (ACN), toluene (Tol), 

chlorobenzene (CB), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethylene 

glycol (EG), and propylene carbonate (PC), in order to fine-tune the polymer's structure. 

There have also been reports of the incorporation of co-dopants [Methanesulfonic acid 

(MSA), 2-naphthalenesulfonic acid (NSA), and p-toluenesulfonic acid monohydrate 
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(PSA)] in the backbone of PEDOT that were dissolved in the oxidant solution prior to 

mixing it with the monomer solution. Tri-block copolymer and pyridine were both used 

in the synthesis procedure to further fine-tune the kinetics of the polymerization. [52, 35] 

Another newly described change is the inclusion of copolymers like polyurethane (PU), 

polyethylene glycol (PEG), and PEO-b-PPO-b-PEO BCP to the oxidative polymerization 

process. [42, 53, 54] In order to improve the structural and electrical properties of 

PEDOT, two different tactics were applied, such as altering the quantities of iron (III) p-

toluenesulfonate solution. In addition, reducing agents such tetrakis(dimethylamino) 

ethylene (TDAE) [36] are used. Vitamin C, or ascorbic acid. [56] The most effective 

alternative for extending the advantageous effects for practical applications was organic-

inorganic hybrid materials. As a result, efforts are currently being made to produce 

nanocomposites of PEDOT and their inorganic analogues. Copper (II) oxide (CuO) and 

manganese oxide (Mn3O4) nanocomposite thin films [57] and PEDOT were produced by 

chemical polymerization using varying amounts of their inorganic equivalents. [58] 

PEDOT-Mn3O4 nanocomposite films were altered by esterifying EDOT-methanol and 

glutaric anhydride to produce a monomer augmented with a glutaryl. The titanium 

dioxide (TiO2) nanotubes were covered with layers of PEDOT, which were similarly 

created using chemical polymerization. A common synthesis process also involved the 

production of PEDOT using solution-casting chemical polymerization, which was 

subsequently spun-coated on a variety of substrates, including TiO2 nanotubes or glass 

substrates that had been doused with Carbon nanotubes (CNTs). [59] To alter the degree 

of PEDOT interference with CNTs, a modification in CNT concentration was made. 

 



Chapter 2: Literature Review 

17 
 

2.3.2. Vapor Phase Polymerization 

In order to expose the oxidizing component to EDOT vapors and start the polymerization 

process, pyridine is used to create a film over it in the process known as "vapor phase 

polymerization," or VPP. [60-62] Bottom-up strategies, such as VPP, have an advantage 

over top-down ones, such as chemical synthesis, since the monomers are stacked up, 

creating a well-ordered crystalline structure for the polymer.[63] For the PEDOT-Tos 

structure to be well-ordered, the oxidant film is changed using a variety of techniques. 

Butanol, polyethylene glycol, and iron (III) p-toluenesulfonate are a few of the 

copolymers that make up this mixture. [62-65] Spin coating was used to apply poly 

(ethylene glycol-ran-(propylene glycol)) (PEG-ran-PPG), also known as 

PEG/PDMS/PEG [66], to a glass surface that had already been prewashed and coated 

with ITO. The spin-coated glass substrate was then exposed to EDOT vapor for 

polymerization after allowing the solvent to drain. An alternative procedure involved 

utilizing a dip coating process to apply an oxidant solution of iron (III) p-toluenesulfonate 

on both sides of the plasma-treated PVDF sheets. The PVDF flexible film with the 

oxidant coating was then placed in a VPP chamber and subjected to the vapor of an 

EDOT monomer to produce a PEDOT-Tos-coated PVDF film for use in subsequent 

practical applications. To produce PEDOT films using VPP, the triblock polymer PEG-

PPG-PEG was also added to the combination of oxidant solution with alcohols [66,68–

74], along with other additions such deionized water, DMF, DMSO, or EDTA [76]. This 

procedure allowed for the gradual polymerization of several layers of PEDOT until the 

free-standing PEDOT film was created. [77] To regulate the crystallization of PEDOT, 

the tripolymer PEG-PPG-PEG with additives was utilized. It was essential to further alter 
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the VPP process such that the films were produced in air rather than a vacuum for the 

synthesis of the PEDOT-PPP. [78, 79] The substrate in the VPP process has also been 

altered in order to create a stretchy and flexible PEDOT film under nitrogen flow. [80] A 

composite film made of aligned carbon nanotubes and PEDOT on PVDF film was also 

developed using VPP.[81] A porous pellet coated in tantalum pentoxide (Ta2O5) was 

used to create a different composite film called PEDOT/Graphene. On the porous Ta2O5 

pellet, a FeTos/graphene layer was created, and when exposed to the vapor of the EDOT 

monomer, a PEDOT/graphene composite film was created. [82] A rGO/CNTs/PEDOT-

Tos composite film was also created using straightforward VPP deposition. A CNT and 

rGo solution-sprayed substrate was evenly coated with an oxidant Iron (III) p-toluene 

sulfonate hexahydrate (Fe(OTs)3) solution before being placed into the EDOT vapor 

chamber for deposition and polymerization under the necessary conditions. [83] 

2.3.3. Electrochemical Polymerization 

Chemical synthesis or polymerization in the vapor phase While electrochemical 

polymerization (ECP) uses a voltage to oxidize EDOT rather than an oxidant, which is 

how EDOT is typically oxidized. A one-compartment, three-electrode cell with a 

working electrode, Ag/Ag2cl3 as a reference electrode, and platinum foil as a counter 

electrode is the conventional setup for the ECP. The applied potential was ideally 

between 1.0 and 1.2 V as low polymerization potential made polymer film sticky [84]. A 

mixture of 3,4-ethylenedioxythiophene and iron (III) tris-p-toluenesulfonate in n-butanol 

serves as the cell's electrolyte. The working electrode is a polyethylene substrate onto 

which PEDOT was electropolymerized. [34] 
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The chemical polymerization method is a simple method for producing PEDOT with a 

higher molecular weight, but the VPP technique is a different synthesis route with a 

bottom-up approach that is superior to the chemical polymerization method because it 

produces well-ordered crystalline polymer structures, which are necessary for the 

improvement of various PEDOT parameters. One benefit of the electrochemical 

polymerization strategy is that it does not necessitate the use of a reagent as an oxidant, in 

contrast to chemical polymerization or the VPP method. In this technique, the voltage is 

employed to oxidize the EDOT monomer. However, compared to chemical and vapor 

phase polymerization, the electrochemical polymerization approach requires a more 

complicated setup. 

2.4. PEDOT for TE application 

Researchers have used a variety of techniques to raise the PEDOT figure of merit, 

including lowering the oxidation level, treating with acids and bases, employing 

additives, including inorganic equivalents, etc. Aqueous vitamin C solution [56], TDAE 

[36], or different concentrations of iron (III) p-toluenesulfonate hexahydrate with respect 

to n-butanol [55] have all been found to significantly affect the electrical conductivity 

and thermoelectric power, which in turn affect the ZT. The power factor may be tuned at 

a certain oxidation state, according to the reciprocal relationship between electrical 

conductivity and thermoelectric power with rise in oxidation level for polymers. As a 

result, TDAE has lowered PEDOT, and it has been noted that at 22% of oxidation level, 

the power factor achieves its highest value. At this lower degree of oxidation, the 

polymer's figure of merit (ZT) achieves its maximum value of 0.25 [36] at room 

temperature with a low intrinsic thermal conductivity of around 0.37 Wm-1 K-1 since the 
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thermal conductivity of conducting polymers is independent of their oxidation state.  

Similarly, the degree of oxidation of PEDOT film has been adjusted using various 

concentrations of aqueous vitamin C solutions. It has been shown that the ZT value peaks 

at about 23% of the oxidation level. [56] Changing the concentrations of iron(III) p-

toluenesulfonate hexahydrate (1, 10, 20, 40, 60, and 80 wt% with reference to n-butanol) 

can also alter the degree of oxidation of the conjugated polymer PEDOT. The size of the 

particle is also influenced by the loading of the oxidant. It was shown that the power 

factor peaks at around 20% of the oxidation level and then declines as the oxidation level 

rises. However, it starts to rise once again and reaches its maximum value at 80% of the 

oxidation level. This is likely because the electrical conductivity rises with the oxidation 

level. Another method of affecting the thermoelectric characteristics of PEDOT thin films 

is to subject them to acid and base treatment. When PEDOT films are exposed to acids 

and bases, it has been shown that the thermoelectric characteristics of the films undergo a 

similar sort of alteration. A maximum power factor value was attained with pH 

fluctuation at pH 7. [68] When PEDOT thin films were exposed to co-solvents during the 

polymerization process, a change in the structure of the films was noticed. There is an 

enhancement in the power factor due to the increase in the electrical conductivity which 

is due to the influence of structural change in the PEDOT thin films. [46] The 

thermoelectric properties of PEDOT are also tuned by the inclusion of nanoparticles in 

the polymer matrix such as Mn3O4 nanoparticle, [57] CuO nanoparticle, [58] carbon 

nanotubes [59] or graphene. [86.] Nanoparticle inclusion may alter the crystallinity of 

PEDOT, which in turn may alter the density of state (DoS) slope and the thermoelectric 

power. All the strategies discussed are geared toward improving the molecular ordered 
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structure because for PEDOT, an increase in order improves carrier delocalization and 

orbital overlapping [47], which change the electronic band structure and affect the charge 

transport properties. As a result, this affects the charge carrier mobility, and a rise in the 

polymer's electrical and thermoelectric power has been seen, giving rise to a larger value 

for ZT. This shows that PEDOT has enormous potential for use in the creation and 

operation of organic thermoelectric devices. [75, 87]  

 

Figure 2.4. The flexible PP-PEDOT thermoelectric film may be touched with the 

fingertips to produce photographs and power. (A) Bending, (B) twisting, and (C) cutting 

with scissors images of PP-PEDOT films. (D) Electricity generation by fingertip touch at 

one side with air.[52] 

According to reports, a thermoelectric generator (TEG) may provide a maximum power 

output of 0.128 µW at at ΔT =10 0C and 26.0 nW cm−2 at ΔT 9.5 K when it is made with 
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PEDOT for the p type legs and TTF-TCNQ/PVC mix or n doped graphene for the n type 

legs. In order to create thin films on different substrates, Poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol) triblock copolymer (PEPG) was used 

as an inhibitor. PEDOT has a good electrical conductivity at an oxidation level of 24.1%. 

As seen in figure 2.4, an effort was made to construct a flexible thermoelectric device 

that produces energy with a fingertip touch. The constructed gadget produces a voltage of 

8–10 mV by touching it at 27 °C, room temperature. Additionally, composites made of 

PEDOT are a strong contender for the industrial scale fabrication of thermoelectric 

generators (TEGs) that are cost-effective. [88] In addition, PEO-b-PPO-b-PEO BCP and 

Fe(Tos)3 oxidant mixed PEDOT films from disordered nanostructures rather than ordered 

nanostructures demonstrated a maximum thermoelectric power of 70 Wm-1 K-2. This is 

explained by the fact that oxidants and monomers may move about in disordered 

nanostructures more easily in terms of mass. [42] 

2.5. PEDOT Based Composite Materials for TE application 

The intrinsic low S of PEDOT severely hinders the enhancement of TE performance, 

despite its high  and low values. One of the most promising methods to attain high TE 

performance is the use of composite materials. It can combine the benefits of phonon 

boundary scattering, which can be used to restrict phonon transport, interfacial scattering, 

which can be used to filter out low-energy charge carriers, and potential filler templating, 

which can be used to organize polymer chains [89].  
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Figure 2.5. (a) PEDOT: PSS-passivated Te nanorod synthesis, solution-casting of 

smooth nanocomposite films, and TEM image of the crystalline Te nanorod with PEDOT: 

PSS passivation. PSS. [90](b) Flexible PEDOT: PSS/ce-MoS2 thin-films are depicted 

schematically. [91] (c) Schematic representation of SWCNTs and PEDOT:PSS [92] (d) 

Diagrams of the PEDOT: PSS/ce-MoS2 heterostructure TE films and the spin-coating 

setup are shown in the sketch. [93]. 

Research on various composite materials based on PEDOT with different synthesis 

technique shown in figure 2.5. The following advantages of PEDOT-based composites 

result from the high S of inorganic components: (i) When compared to inorganic 

materials, is greatly decreased in value, and this is mostly due to phonon scattering at 

the composite contact [94]. (ii) PEDOT may effectively link inorganic nanomaterials, 

achieving excellent contact, as well as operate as a protective layer to stop the oxidation 

of inorganic materials [90]. (iii) Strong scattering of low-energy carriers at the composite 
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interface will result in an energy filtering effect, raising the S of PEDOT [95]. (iv) 

PEDOT-based composites exhibit greater flexibility compared to inorganic materials 

[96]. Based on the aforementioned benefits, PEDOT-based composite TE materials have 

been widely researched, such as PbTe/PEDOT:PSS, [97] Bi2Te3/PEDOT:PSS, [98-101] 

Ag2Te/PEDOT:PSS, [102] Te/PEDOT:PSS, [90, 96] SnTe/PEDOT:PSS, [103, 104] 

MoS2/PEDOT:PSS, [91] Au/PEDOT:PSS, [105, 106] etc. Like composite materials, 

attention has also been paid to materials like PEDOT and graphene, [107, 108] carbon 

nanotubes [109], CPs [110, 111], and others. Since they have a better carrier mobility 

than PEDOT, graphene and carbon nanotubes are thought to be among the best options 

for recombination. There is a 𝜋 − 𝜋 interaction between them that can simultaneously 

increase and S [112] by maintaining the carrier concentration and enhancing the 

mobility of the carriers in the composite material. Despite the fact that the present 

PEDOT-based composite materials have shown good TE characteristics like 

SnTe/PEDOT:PSS (386 W/ m1 K2) [103] and Te/PEDOT:PSS (284 W/ m1 K2) [96], 

PEDOT:PSS/Se (15 µW/cmK2) [113] more work still has to be put into the hunt for 

concurrently improving and S. Therefore, a lot of research has already been done on 

PEDOT, which is functionalized by ionic counters and its inorganic composites. 

However, no comparable research has been conducted on PEDOT composites made of 

functionalized inorganic materials. 

Thus, we observe that work on functionalization of PEDOT and composites of 

functionalized PEDOT for TE application are very scanty. 
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     2.6. Objective of the work 

The present work mainly focused on the synthesis of PEDOT and its hybrid composite, 

along with the study of its structural and electrical properties for TE applications.  

 

Figure 2.6. Flow chart of the executed research work 

The main objective of the present work is the improvement of the structure and TE 

properties of PEDOT by introducing nanofillers and mapping the properties with the 

process parameters for device application. 

In-situ polymerization techniques have been employed for the synthesis of PEDOT from 

its monomer (EDOT) for TE property analysis in all cases. The variation of nanofillers in 

PEDOT has been investigated. It is observed that different nanofillers influence the 

morphology of the material, which in turn stimulates the TE properties of the material. 
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Further, the effects of different oxidizing agents on the TE performance of the materials 

are also noteworthy. 

The research demonstrates how strong and promising TE candidates PEDOT and its 

hybrid composites are. Additionally simple to synthesize and mechanically adaptable, 

these materials allow for the utilization of a variety of designs in device applications. 

With the start of potential in the TE field, these materials' uniqueness surely brings in a 

new age of smart materials. 
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Materials and Characterizations 

In this chapter, sample preparations and experimental characterization techniques for 

studying of the fabricated materials are presented. Several techniques can be employed to 

obtain a profound understanding of the physics behind the materials. Different methods 

starting from spectroscopic techniques to the electrical and thermal characterization are 

described. 

3.1. Materials 

3,4-Ethylenedioxythiophene (EDOT) and Pyridine were obtained from Sigma-Aldrich 

(98%). para toluene sulfonic acid (pTSA) and ammonium peroxydisulfate (APS) were 

purchased from alfa-aesar. Ferric chloride (FeCl3) and acetonitrile, n-hexane, butanol, 

band ethanol was obtained from Merck. Sodium dodecyl sulfate (SDS) was purchased 

from SRL. Selenium (Se) powder was purchased from RFCL Limited. SWCNT was 

purchased from US Research Nanomaterials, Inc. Graphene was purchased from Platonic 

Nanotech Pvt. Ltd. Deionized water was purchased from Hydro Lab, India. 

3.2. Synthesis of PEDOT-Tos 

A solution was made by dissolving 0.02 mol of FeCl3 into 25 ml of acetonitrile (solution 

A) with magnetic stirring in order to synthesize the p-Toluenesulfonic acid (pTSA)-

doped PEDOT conducting polymer. Solution B was prepared by dissolving 0.01 mol of 

EDOT in 15 ml of n-hexane. A third solution, classified as solution C, was made by 

dissolving 0.02 mol of pTSA in 20 ml of butanol. The entire synthesis process was 

inhibited using pyridine. A typical approach involved dropping solution A into solution 

B. Pyridine was added to the mix containing solutions A and B after 15 minutes of 
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stirring in order to control the polymerization kinetics. The mixture was then stirred 

continuously for 21 hours at room temperature.  

 

Figure3.1. Schematic diagram of the synthesis process of PEDOT-Tos 

The final step was to add Solution C to the resulting mixture, which was then stirred for 3 

hours at room temperature. The product was obtained by centrifugation for 5 minutes at 

7000 rpm, followed by ethanol and deionized water rinses, and then vacuum drying at 

70oC.  

PEDOT polymer was also synthesized using APS, as a different oxidizing agent. In this 

typical synthesis process using in situ polymerization technique, EDOT monomer was 

polymerized in an aqueous solution of PTSA, using APS as oxidant. A magnetic stirrer 

was used to mix an aqueous solution containing PTSA (0.04 mol) and EDOT (0.02 mol) 

for 30 minutes at room temperature. A solution of APS (0.02 mol) in 100 ml of water was 

prepared. The EDOT monomer aqueous solution was added drop by drop in the 
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subsequent stages, and the reaction mixture was stirred for 24 hours at room temperature. 

Indicating PEDOT (doped with PTSA), a dark blue precipitate appeared. After 24 hours, 

the product was recovered by centrifugation for 5 minutes at 7000 rpm. It was then 

washed with ethanol and deionized water, in that order, before being dried in a vacuum at 

70 °C. 

3.2.1. Synthesis of PEDOT-Tos/ SWCNT Composite 

Solution A was designed to produce the PEDOT-Tos-SWCNT nanocomposite, as 

previously mentioned. SWCNT and 0.01 mol of EDOT were added to formulate Solution 

B, which was then ultrasonically processed for an hour. Drop by drop, Solution A was 

added to the SWCNT dispersion solution. After 15 minutes, Pyridine was added 

according to the earlier mentioned procedure, and the mixture was stirred at room 

temperature for 21 hours. As previously mentioned, the mixture was then supplemented 

with Solution C and stirred for 3 hours at room temperature. The product was collected 

by centrifugation for 5 minutes at 7000 rpm, washed with ethanol and deionized water, 

and then dried under vacuum at 70oC. 

3.2.2. Synthesis of PEDOT-Tos/Graphene Composite 

For the fabrication of a nanostructured PEDOT-Tos/Graphene nanocomposite doped with 

PTSA, graphene was added to an aqueous solution that already included pTSA (0.04 

mol), which was then ultrasonically processed again for 30 min to further disperse the 

mixture. After adding EDOT (0.02 mol) to the solution, the mixture was vigorously 

stirred for 30 minutes. For the immediate fabrication of PEDOT-Tos/Graphene 

nanocomposites, APS (0.02 mol) was then added to the solution as an oxidant. The 

reaction mixture was then agitated for 24 hours at room temperature. After 
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polymerization, the finished product was vacuum dried in an oven at 70 0C for 5 minutes 

while being centrifuged at 7000 rpm.  

3.3. Synthesis of Se-PEDOT 

PEDOT polymer was synthesized by the self-accumulated micellar prototype method. In 

this typical procedure, first SDS (30 mmol) was dissolved in 100 ml of deionized (DI) 

water, and then FeCl3 (15 mmol) was mixed with that transparent solution and kept for 1 

hour stirring at 50oC. After 1 hour of stirring, the color of the solution turned deep 

yellow.  

 

Figure3.2. Schematic diagram of the synthesis process of Se-PEDOT composite 

EDOT monomer (7 mmol) was gradually added to the following solution, and at 50oC, 

the polymerization process was carried out. During the progression of the polymerization 

process, different weight percentages of ingot selenium nanoparticles were incorporated 
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and stirred for 1 hour, maintaining 50oC.The samples were centrifuged at 5000 rpm for 5 

min. several times. The collected samples were dissolved in ethanol, washed by vacuum 

filtration, and kept dry at 60oCin vacuum for 24 h. 

3.4. Characterization 

3.4.1.  X-Ray Diffraction (XRD) 

A non-destructive method for learning more about the chemical composition and 

crystallographic structure of solids and thin film materials is X-ray diffraction (XRD). 

Both qualitative and quantitative evaluations can be performed with X-ray diffraction 

techniques. When carrying out a qualitative analysis, a specimen's phase or phases are 

recognized by comparison to a reference pattern or set of standard diffraction data, and 

the relative proportion of each phase in multiphase specimens is estimated by comparing 

the peak intensities associated with each identified phase. The quantification of 

diffraction data entails quantifying the quantities of various phases in multi-phase 

samples. However, the XRD method has difficulty detecting tiny amounts of dopant or 

localized flaws. The generation of X-rays occurs when an electrically heated filament, 

typically tungsten, emits electrons that are then allowed to strike a metal target, the 

anode, which is cooled with water, and which emits a continuous spectrum of X-rays 

known as "white" radiation. 'Characteristic' X-rays are the sharp, strong X-ray peaks (K 

and K) superimposed on these white X-rays. Every anode metal has a different 

wavelength for the K  and K lines. Typically, copper or molybdenum are utilized as the 

anodes in X-ray diffraction experiments. The energy of the bombardment electrons 

knocks away electrons from the innermost K shell, which produces X-rays. This creates 

vacancies in the K shell which are filled by electrons descending from the shells above. 
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The energy released when electron from outer shell fills the vacancies in the innermost 

shell, appears as radiation. The Kα radiations occur when the electron from L shell (n=2) 

descend and Kβ radiations occur for the electrons from M shell (n=3). For XRD study, it 

is very important that the wavelength of the wave should be about the same as the repeat 

distance of the periodic structure for diffraction to occur. 

 Inter-atomic distances are of the order of a few angstroms. X-rays have wavelengths of 

the same order and hence they are used to investigate the crystals. The X-ray diffraction 

facility available at Jadavpur university is shown in Figure3.3. The current work will 

make advantage of the same.  

 

Figure3.3. (A) X-ray diffractometer (BRUKER D8 Advance) (B) Principle of X-ray 

diffraction [114] 

The X-ray diffractometer model was BRUKER D8 Advance with Cu Ka radiation (λ = 

1.54182 Å).and 35 kV accelerating voltage. The 2θ range studied for general survey was 
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5-80 degrees. The 2θ steps and step acquisition time were 0.05° and 0.5° /min 

respectively.The XRD method is based on diffraction determined by Bragg's law. The 

law states that when an X-ray beam is incident on a crystal it interacts with the parallel 

plane of atoms either constructively or destructively depending upon the path difference. 

Bragg’s law is satisfied when the waves interfere constructively and the following 

condition is met.   

                  nλ= 2d sinθ                                                                       (3.1) 

where n= an integer (1, 2, 3… etc.), d is the spacing between atomic planes in the 

crystalline phase and λ is the X-ray wavelength and θ is the diffraction angle in degrees. 

The intensity of the diffracted X-ray is measured as a function of the diffraction angle 2θ 

and the samples orientation. This diffractometer is based on Bragg-Brentano para 

focusing diffraction geometry. In this geometry, the X-ray detector is at 2 and the 

sample surface is at  angle to the incident beam. The incident beam, normal to the 

sample surface, and detector are in the same plane since the diffracted beam always lies 

in the plane containing the incident beam and normal plane. 

3.4.2. Fourier transform infra-red (FTIR) spectroscopy 

The sum of the rotational, vibrational, and electronic energy levels can be used to 

estimate the total internal energy of a molecule. The investigation of interactions in the 

IR range between matter and electromagnetic fields is known as infrared spectroscopy. 

The principal chemical vibrations that the EM waves coupled with in this spectral area 

include. In other words, absorbing IR light can stimulate a molecule to a higher 

vibrational state. The actual interaction between a certain IR frequency and the molecule 
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determines the likelihood that it will be absorbed. A frequency will often be significantly 

absorbed if its photon energy matches the molecule's vibrational energy levels. Therefore, 

IR spectroscopy is a very potent method that offers fingerprint details about the chemical 

composition of the sample.  

 

Figure3.4. FTIR spectrometer (Shimadzu FTIR-8400S) at Jadavpur university 

The FTIR spectrometer (Model no. Shimadzu FTIR-8400S) being utilized forth present 

work. In possible vibrational and rotational modes, only molecules with insignificant 

energy differences may absorb IR. The vibrations or rotations within a molecule must 

result in a net change in the molecule's dipole moment for it to absorb IR. 

The oscillations in the molecule's dipole moment are affected by the alternating electrical 

field of the radiation (keep in mind that electromagnetic radiation is made up of an 

oscillating electrical field and an oscillating magnetic field that is perpendicular to one 



Chapter 3: Materials and Characterizations 

36 
 

another). Radiation will be absorbed and influence the amplitude of molecular vibration 

if its frequency is the same as the molecule's vibrational frequency.  

3.4.3. Ultraviolet–visible spectroscopy: 

UV spectroscopy, also known as UV-visible spectrophotometry (UV-Vis or UV/Vis), is 

the study of absorption or reflectance spectra in portions of the ultraviolet and the 

complete, nearby visible spectrums.  

 

Figure3.5. Ultraviolet–visible spectroscopy set up (Uv-1800, Shimadzu, Japan) 

This approach is frequently employed in a wide range of practical and theoretical 

applications since it is reasonably affordable and simple to apply. The sample must only 

be a chromophore, which means it must absorb in the UV-Visible range. Together with 

fluorescence spectroscopy, absorption spectroscopy is useful. Along with the measuring 

wavelength, parameters like absorbance (A), transmittance (%T), and reflectance (%R) 

are important. The Uv-vis spectroscopy at Jadavpur University is Uv-1800, Shimadzu, 

Japan. The same will be used for the present work. 
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Being chromophores, most molecules and ions absorb energy in the ultraviolet or visible 

spectrum. A chromophore's electron is stimulated to higher energy molecular orbitals by 

the photon that was absorbed, creating an excited state. Four potential transition types π-

π*, n-π*, 𝛔-𝛔*, and n-𝛔*—are postulated to exist for organic chromophores. Because 

they include various electronic states linked to partially filled d orbitals, transition metal 

complexes are frequently colored (i.e., absorb visible light).  

3.4.4. Raman Spectroscopy 

An effective method for identifying chemical compounds is Raman spectroscopy. Raman 

spectroscopy, like other spectroscopic methods, finds specific interactions of light with 

materials.  

 

Figure 3.6. Theory of Raman Spectra 

Utilizing Stokes and Anti-Stokes scattering (figure 3.6), this method looks at molecule 

structure. There are several forms of scattering that can happen when light from the 

visible or near infrared (NIR) ranges interacts with a molecule. A bond's capacity to 
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exhibit polarizability affects the Raman effect. This gauges how easily a bond will bend 

under the influence of an electric field. This variable mostly depends on how easily a 

sample may induce a transient dipole by dislodging the electrons in the connection. The 

polarizability is also high when there is a high concentration of loosely held electrons in a 

bond, and the group or molecule will have a strong Raman signal. As a result, Raman is 

frequently more sensitive to a molecule's molecular structure than it is to a particular 

functional group as in IR. Contrast this with a molecule's polarity, which measures the 

separation of electric charge within a molecule. Due to the near proximity of the electrons 

held by electronegative atoms, polar molecules frequently have very weak Raman 

signals. The present work will benefit from the Raman spectroscopy (LabRAM HR) 

facility at Bose Institute, Kolkata. 

 

Figure3.7. Raman Spectroscopy set up (Model no. LabRAM HR) 

Raman spectroscopy may reveal details about the chemical compositions of both 

inorganic and organic materials. Since many electron atoms have numerous loosely 



Chapter 3: Materials and Characterizations 

39 
 

bound electrons, such as metals in coordination compounds, they frequently exhibit 

Raman activity. Raman can provide details about the metal-ligand link, enabling 

researchers to understand the make-up, structure, and stability of these complexes. This is 

especially helpful for metal complexes with low IR vibrational absorption frequencies. 

The functional groups and fingerprints of organic compounds may be identified using 

Raman, which is also highly helpful. Since molecules vibrate individually rather than in 

confined groupings, Raman vibrations are frequently quite unique to a particular 

molecule. The groups that do show up in Raman spectra contain vibrations that are 

frequently several bonds strong and generally confined inside the group. 

3.4.5. Field Emission Scanning Electron Microscope (FESEM) 

Field emission guns are used in FESEM as the electron source. With a suitable detector 

(energy/wavelength dispersive X-ray spectroscopy), the scanning electron microscope 

may be utilized for topographical research, microstructural analysis, chemical 

composition analysis, and elemental mapping. The Jadavpur University's FESEM facility 

is depicted in Figure3.8. The current work will make advantage of the same. 

The model utilized in this investigation was a FEI, INSPECT F50 with an operating 

accelerating voltage 10-20kV.A sample surface may be captured in high-resolution 

photographs using a field emission scanning electron microscope (FESEM).   

The sample is exposed to an electron beam with a spot size of a few nanometers, and the 

incoming electrons interact with the sample's atoms to scatter. Some emission from the 

surface is the consequence of these scattering mechanisms. The specimen's surface 

features, size, shape of the features, composition, and crystalline structure are all revealed 

by the electron beam's interaction with the sample. 
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Figure 3.8. (A) Schematic diagram of a field emission scanning electron microscope 

(FESEM) [115] (B) FESEM Set up (FEI, INSPECT F50) at Jadavpur University. 

There are several ways in which the electron beam might interact with the specimen, 

including: If the incoming electrons approach the atom enough, they will transfer part of 

their energy to the specimen electrons, mostly in the K-shell. These electrons will then 

alter their course and ionize the electrons in the test atoms. Secondary electrons are the 

liberated ionized electrons from the atoms. Once near the specimen's surface, these 

electrons will go there and collide in elastic and inelastic ways. However, because to their 

low energy, only electrons that are close to the surface (i.e., 10 nm or less) will exit the 

surface and be able to be detected and utilized to image the specimen's topography. The 

incident electrons will be reflected or backscattered when they come into direct contact 

with an atom. As the atomic number of the specimen changes, various atomic types will 

produce varied rates of backscattered electrons, which will affect the contrast of the 
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picture. Typically, atoms with higher atomic numbers will look brighter than those with 

lower atomic numbers. These electrons are referred to be transmitted electrons if the 

incident electrons travel through the specimen without contacting the atoms that make up 

their nuclei. To capture a picture of a thin specimen, these electrons are utilized. Elastic 

scattering is a different type of scattering that does not cause energy loss in the electrons. 

The orientation and arrangement of the atoms may be determined using the information 

provided by these dispersed electrons. When atoms are attacked by incoming electrons, 

electrons from those atoms will be liberated, leaving the atom in an excited state. The 

extra energy must be let go of for the atom to return to its ground state. Three methods of 

releasing extra energy include auger electrons, X-rays, and cathode luminescence. 

Energy-dispersive X-ray analysis (EDX) is a method that uses the x-ray to determine the 

elements and their concentrations in the material. Auger electrons can be used for 

chemical analysis. 

3.4.6. Electrical Characterization  

The electrical conductivity, thermoelectric power, thermal conductivity, and Hall effect 

will be investigated at different steady temperatures (room temperature and above). The 

power factor, carrier concentration, and mobility of the charge carriers will be evaluated 

and studied. 

3.4.6.1. Electrical conductivity:  

The temperature variation of the electrical conductivity (σ) of the prepared samples will 

be measured by four probe methods. The most common technique used for measuring 

sheet resistance is the four-probe method. This technique involves using four equally 

spaced, co-linear probes (known as a four-point probe) to make electrical contact with the 
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material.If the thickness of the measured material is known, then the sample resistance 

can be used to calculate its resistivity. 

                                             𝜌 =
ఘబ

௙(
ೢ

ೞ
)
 (3.2) 

The function, f(w/S) is a divisor for computing resistivity which depends on the value of 

w and S 

                                             𝜌଴ =
௏

ூ
X 2πS                                                 (3.3) 

V- The potential difference between inner probes in volts. 

I– Current through the outer pair of probes in ampere. 

S – Spacing between the probes in meter. 

3.4.5.2. Thermoelectric power: 

An indigenous setup is introduced for the measurement of the thermoelectric power of a 

sample as shown in figure 3.9. 

 

Figure 3.9. Thermoelectric measurement setup 
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In this setup, an auxiliary heater was placed at one end of the sample holder to heat one 

side of the sample, and the other side of the sample was kept at room temperature to 

establish a temperature difference T while the corresponding potential drop V was 

measured by a data acquisition system. Also, this method will be used to calculate the 

power factor of the sample. 

3.4.6.3. Thermal conductivity: 

Room-temperature thermal conductivity measurements can be carried out for the 

prepared samples using a Hot Disk thermal constant analyzer. Finally, it can help to 

calculate the figure of merit ZT of the samples for further needs. 

3.5. Accuracy Measurement 

The maximum errors associated with the various results are as follows, considering the 

constraints of the various measuring instruments: 

Electrical Conductivity (σ) = 4 % 

Thermoelectric Power (S) = 1.5% 

Thermal Conductivity (κ) = 2 % 
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4.1. Introduction 

In comparison to inorganic materials, thermoelectric (TE) materials from organic 

semiconductors have lower thermoelectric figures of merit (ZT) values.[116] Organic 

semiconductors have a wide range of applications due to their benefits such as 

inexpensive production costs, non-toxicity, and simple access to raw ingredients.[117] 

The most promising candidate that has previously undergone research as a possible 

suitable material for TE applications is now conducting polymers. Polyacetylene (PA), 

[118] polypyrrole (PPY),[119] polyaniline (PANI), [85] polycarbazoles (PC), [120] and 

poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) [121] all have TE 

characteristics. (PEDOT: PSS) and its derivatives exhibit significant potential and merit 

further research. The study of PEDOT and its derivatives' TE performance is now under 

progress.[122] Different secondary dopants can significantly improve PEDOT-PSS's 

somewhat subpar TE efficiency. These secondary dopants often enhance the polymer's 

morphology while also dramatically increasing electrical conductivity and, as a result, 

ZT.[87] Electrochemical doping allows for fine control of PEDOT-PSS oxidation, 

leading in a ten-fold increase in ZT. [123, 124] Because PEDOT-Tos is partly crystalline 

and has better electrical conduction than PEDOT-PSS, it performs better in terms of TE 

even without secondary doping. Tosylate doped PEDOT (PEDOT-Tos) is an additional 

significant doped version of the polymer due to the growing interest in replacing 

inorganic anode materials with organic materials with ultrahigh conductivity. Positively 

doped PEDOT-Tos is partly reduced with the help of a powerful electron donor, 

achieving the ideal oxidation state where its TE efficiency is only four times lower than 

that of Bi2Te3.[36] 
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Carbon nanotubes (CNTs) are employed in nanoscale electronics, biosensing, and field-

emission displays because of certain special electrical and mechanical 

characteristics.[125, 126] Carbon nanotubes (CNTs) have recently been employed as an 

active supplement to improve conjugated polymers' TE performance.[127-133] It is 

feasible to apply CNT/conducting polymer composites without compromising the 

chemical structure of the nanotubes by physically modifying the CNT/conducting 

polymer composites created by stacking the conducting polymer molecules on the CNT 

sidewalls.[134-136] Single-walled CNT/PEDOT:PSS nanocomposite films with 85 wt% 

CNTs showed power factors up to 140 Wm-1K-2,[127] whereas, single-walled 

CNT/PANI nanocomposite films with 64 wt% CNTs exhibits power factors of 176 Wm-

1K-2.[129]A PEDOT/SWCNT composite film with 35% SWCNT displayed the maximum 

power factor 37.8 μW m-1K−2  which is 1.7 times higher than the films without containing 

SWCNTs.[133] The density of the electrical pathway can be increased by incorporating 

CNTs to the conjugated polymer matrix, thus enhancing the electrical conductivity as 

well as the TE performances.Though PEDOT-Tos shows a great promise in TE 

application yet the material has not been explored. Further reports on nanocomposites of 

PEDOT-Tos with inorganic counter parts are very scanty. In the present study, EDOT is 

polymerized in situ, to synthesize PEDOT-Tos using p-Toluenesulfonic acid (pTSA) as a 

source of tosylate group. The power factor (S2σ) and hence the figure of merit (ZT) of the 

conducting polymer nanocomposite containing PEDOT-Tos have been enhanced by 

incorporation of Single-walled carbon nanotubes (SWCNTs) during the polymerization. 
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4.2. Enhancement of Thermoelectric Performance in Oligomeric PEDOT-SWCNT 

Nanocomposite via Band Gap Tuning 

4.2.1. Experimental 

4.2.1.1. Materials Used 

3,4ethylenedioxythiophene (EDOT) monomer and pyridine were purchased from Sigma 

Aldrich. Iron trichloride (FeCl3), acetonitrile, n-hexane, ethanol, and butanol were 

purchased from merck chemicals. pTSA was purchased from alfaaesar. Deionised water 

was purchased from hydrolab, India. SWCNT was purchased from US Research 

Nanomaterials, Inc. 

4.2.1.2. Synthesis of PEDOT-Tos 

For the synthesis of pTSA doped PEDOT (PEDOT-Tos) conducting polymer, a solution 

was prepared by using 0.02 mol of FeCl3 which was dissolved into 25 ml of acetonitrile 

under magnetic stirring. This solution is named as solution A. 0.01 mol of EDOT was 

dissolved in 15 ml of n- hexane and named as solution B. A third solution was prepared 

by 0.02 mol of pTSA in 20 ml butanol and named as solution C. Pyridine was used as an 

inhibitor of the whole synthesis process. In a typical process, solution A was added to 

solution B drop by drop. After 15 min stirring, to regulate the polymerization kinetics, 

Pyridine was added (0.5 mol per 1 mol pTSA) into the mixture of solution A and solution 

B and was kept stirring at room temperature for 21 hrs. Solution C was then added to the 

resultant mixture and was kept stirring for 3 hrs at room temperature. The product was 

collected by centrifugation for 5 min at 7000 rpm and rinsed with deionized water and 

ethanol in sequence and finally dried in vacuum at 70 C0. We name the pristine sample as 

sample I.  



Chapter 4: PEDOT based CNT composite System 

48 
 

4.2.1.3. Synthesis of PEDOT-Tos-SWCNT nanocomposite  

For the synthesis of PEDOT-Tos-SWCNT nanocomposite, solution A was prepared as 

discussed above. Solution B was prepared using SWCNT and 0.01 mol of EDOT in 15 

ml of n- hexane and ultrasonicated for 1 hr. Solution A was dropped into the SWCNT 

dispersed solution drop by drop and after 15 min Pyridine was added as described above 

and the mixture was kept stirring at room temperature for 21 hrs. Solution C as described 

above was then added into the mixture and was kept stirring at room temperature for 3 

hrs. The product was collected by centrifugation for 5 min at 7000 rpm and rinsed with 

deionized water and ethanol in sequence and finally dried in vacuum at 70C0. The 

SWCNT content was calculated and comes out to be 3 % (Sample II). The above 

procedure was again repeated for different weight of SWCNT and the weight percentages 

calculated comes out to be 9 % (Sample III), 17 % (Sample IV), and 27 % (Sample V) 

respectively. 

4.3. Characterization  

The samples were structurally characterized by powder x-ray diffraction (XRD) patterns, 

UV–vis and field emission scanning electron microscopy (FESEM). X-ray powder 

diffraction measurements were performed using a diffractometer (BRUKER D8 

Advance) with Cu Kα radiation (λ = 1.54182 ˚A). FESEM images were obtained using a 

Hitachi (S3400N) to get an idea of the surface morphology of the samples. The UV–vis 

spectra of the prepared samples were recorded by a spectrophotometer (Perkin-Elmer-

USA, Lambda-45) using samples dissolved in ethanol in quartz tube with data being 

recorded in the wavelength range 300– 1050 nm. The variations of the electrical 

conductivity (σ) as well as the thermoelectric power (S) with the SWCNT concentration 
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were carried out at room temperature for all the samples. The electrical conductivity of 

the samples was measured by four probe method. For the measurement of thermoelectric 

power, temperature difference has been established along the ends of the samples, while 

the corresponding potential drop was measured by a Hewlett Packard data acquisition 

system (Model No. 34970A). Room-temperature thermal conductivity measurements 

were carried out for the prepared samples using a Hot Disk thermal constants analyzer 

(TPS 2500 S, Sweden). 

4.4. Results and Discussion 

4.4.1. Electrical Characterization 

4.4.1.1. Electrical Conductivity 

Figure 4.1a shows the variation of electrical conductivity σ with the SWCNT 

concentration. The σ value increases gradually with the increase in SWCNT 

concentration (Sample II) and the value increases significantly for Sample III followed by 

its drastic rise in case of Sample IV and Sample V reaching a maximum value of 2770.6 

Sm-1. The values of electrical conductivity in each case are much higher than that of 

PEDOT-MWCNT nanocomposites.[137] The enhancement in the σ value suggests a 

change in the band gap and molecular energy levels of PEDOT-Tos-SWCNT 

nanocomposite. The σ value follows a power law with the SWCNT concentration [138]  

     σ = σ0(P-Pc) t               (4.1) 

where σ0 is a proportionality constant related to intrinsic conductivity of SWCNT, P is 

the weight fractions of SWCNT in the nanocomposites, Pc is the critical weight fraction 

related to percolation threshold. 
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Figure 4.1. Variation of  a) Electrical Conductivity and Thermoelectric Power. b) Carrier 

concentration and mobility with SWCNT weight fraction 

Equation (4.1) fits well with the experimental result with σ0 = 4.7 X 104 Sm-1, Pc = 0.02. 

The threshold value comes out to be 0.02 weight fraction of SWCNT. Moreover, it is 

revealed that the electrical transport is dominated by the tunnelling phenomenon above 

the percolation threshold as it reflects from Figure 4.1a.[127] 

4.4.1.2. Thermoelectric Power 

The variation of thermoelectric power (S) with the SWCNT concentration was depicted 

in Figure 1a. The S value is reduced to 136.6 μVK-1 for the Sample V from 196.6 μVK-1 

in case of the Sample I. The decreased value is attributed to the relatively low value of S 

of SWCNT.[139] Since the electronic environment of the charge carriers influences the 

value of S, the S values of the nanocomposite lies in between Spristine and SSWCNT. This is 

since above the value of Pc, the probability of tunnelling is more predominant for the 

compact SWCNT bundles creating a pathway for the charge carriers. The carrier 

concentration (n) is evaluated from Mott relation [140] given by 

                     S = π2k2m*T/((3π2)2/3ℏ2|𝑒|n2/3)              (4.2) 
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where m* is the effective mass of the majority carriers having a value of 0.121me for 

PEDOT.[141] The n value increases with the increase in the SWCNT content as is seen 

from Figure 4.1b. This low value of n is supposed to suppress Probably mobility of the 

charge carriers plays a key role for the high values of  The variation of mobility of the 

charge carriers with SWCNT concentration is depicted in Figure 4.1b. 

4.4.1.3. Power Factor 

The power factor (S2σ) has been evaluated and shown in Figure 4.2a. At the low 

concentration of SWCNT there is a little increase in S2σ. With further increase in 

SWCNT concentration power factor increases drastically and finally tends to saturate at 

higher concentration of SWCNT.  

 

Figure 4.2. Variation of a) Thermal conductivity and Power factor b) Figure of merit 

with SWCNT weight fraction 

A maximum value of 51.8 µWm-1K-2 have been achieved for Sample V which is higher 

than the reported values at this concentration level of CNT. [128, 133] The addition of 

SWCNT increases the degree of delocalization of the charge carriers within the π 

conjugated structure of PEDOT-Tos-SWCNT nanocomposites with a low value of carrier 
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concentration. However, presence of SWCNT enhances the carrier mobility which is 

primarily responsible for the enhancement of power factor. 

4.4.1.4. Thermal Conductivity and Figure of merit 

The increase in the value of thermal conductivity (κ) with the increasing concentration of 

SWCNT is very small even at higher concentration which is noteworthy as individual κ 

for SWCNT is rather extremely high (Figure 4.2a).[139] A mixture rule according to 

Maxwell [142] fitted well with the graph at lower concentration but fails at higher 

concentrations of SWCNT (Sample V). The Widemann-Franz’s law (κ/σT≈L0) is 

followed by an electron system with elastic scattering where L0 = 2.45 X 10-8 (V/K)2. The 

estimated Lorentz number (κ/σT) of the samples in comparison to L0, is a signature of the 

portion of heat carried out by electrons. The sample Lorentz numbers are large enough, 

ranging from 2.5 x 10-5 to 4.1 x 10-7 (V/K)2, which indicates that the lattice contribution 

dominates the total κ value rather than the electronic contribution. Reports show that the 

selective scattering of phonons by the inclusion of nano interfaces minimizes the lattice 

contribution depending on their respective scattering length.[143] Here the SWCNTs are 

connected to the polymer matrix by weak van der Waal forces [94] introducing the 

interfaces which obstruct of phonon transport but facilitate the electrical transport. 

The figure of merit (ZT), as calculated from the above data, increases with the increase in 

SWCNT content reaching a maximum value of 0.045 for sample V (Figure 4.2b) which is 

twice than that of PEDOT/SWCNT composite films prepared by vapor phase 

polymerization [133] at this SWCNT percentage. Further this value though less than 

PEDOT-Tos thin film but is still higher than the reported values for bulk PEDOT based 

nanocomposite materials. [87, 94, 101 123,143, 144] This signifies that the increasing 
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concentration of SWCNT expand the pathway for the electric transport without notably 

raising the thermal transport which is a favorable condition for the improvement of the 

transport properties thereby enhancing the figure of merit.  

4.4.1.5. Relation between all electrical parameters 

A correlation between the S, S2σ and σ for all the samples has been shown in Figure 4.3a. 

It is observed that though the thermoelectric power decreases, the power factor increases 

with the increase in electrical conductivity thereby showing that the decrement in the 

thermoelectric power does not suppress the increment in the power factor.  

 

Figure 4.3. Variation of a) Thermoelectric power and Power factor with electrical 

conductivity b) Electrical conductivity with number of days. 

Moreover, the increase in the ordered structure decreases the thermoelectric power due to 

the band gap tuning which in turn increases the carrier concentration pushing the Fermi 

level (EF) into the conduction band increasing the electrical conductivity. As a result, 

there is an overall increase in thermoelectric power factor which help in the increment of 

ZT. To observe the air stability of the samples for device applications, the samples were 

kept at normal atmosphere and measurement of σ was taken after a gap of 3 days till 18 
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days (Figure 4.3b). No anomaly has been detected during this period and the samples are 

very much stable in air at room temperature. 

4.4.2. Structural Characterization 

4.4.2.1. X-ray Diffraction (XRD) Analysis 

The ordering of the molecular structure highly influences the electrical transport 

properties of polymer-based composite. [145-147] The van der Waal and the strong π–π 

interaction are assumed to be the route for the charge carrier transport. Thus, in order to 

determine the influence of the structural change of PEDOT-Tos, induced by the addition 

of different percentage of SWCNT on the transport properties, XRD of the synthesized 

samples was performed and shown in Figure 4.4a.  

 

Figure 4.4. Spectral analysis of the synthesized samples a) XRD b) Uv-vis spectra. 

In case of pristine PEDOT, X-ray diffraction peaks centered at 6.50, 13.70 and 28.40 

attribute to the (100) (200) and (020) reflection of the polymer backbone with the lattice 

spacing 13.6 Å, 6.5 Å and 3.2 Å, respectively, which is in tune of other reports. [51, 148] 

The reflection of these three peaks ensures the presence of crystalline phase. Comparing 
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the peak positions of the synthesized samples it is observed that there is a change in the 

peak position in the X-ray diffraction pattern for the composites. For the peak position at 

2θ ~ 6.50, a shift towards a lower angle is observed for all three composites, which points 

out a change in the lattice parameters [149]and with the increase in the SWCNT content 

the shift increases. It is proposed that the peak at 6.50 is related to the interchain distance 

within the stack. Thus, the shift points towards an increase in the stacking distance. 

Further an increase in the intensity is also observed at this peak position with the increase 

in SWCNT content. This increase in the stacking distance along with the increase in 

intensity signifies that the crystallinity is upgraded.[148] This improved packing may 

increase the tunneling of the charge carriers between the chain stacks as well as within 

the stack. Moreover, significant changes in the XRD pattern were observed for the 

samples containing 17% and 27% of SWCNT. Peaks appeared at 2θ ~ 44.20 which 

indicate the presence of SWCNT and the intensity increases with the increase in the 

SWCNT content. Further, the peak at 2θ ~ 28.40 which is attributed to the π-π stacking 

distance shifted to a higher angle and get shaped with the increase in the SWCNT 

content. This indicates a decrease in the interlayer stacking distance. It enhances the π-π 

coupling providing a pathway for the charge carriers enhancing the TE properties. 

4.4.2.2. Uv-vis spectroscopy 

The shift as well as increase in intensity at peak positions 2θ ~ 6.50 and 28.40 with the 

increase in the SWCNT content is a signature of formation of ordered structure.[148] 

Here SWCNT is assumed to take part in the bottom-up stacking leading to a well-ordered 

structure which in turn influences the transport properties of the samples. The UV-Vis 

spectroscopy confirms the change in the electronic states and shown in Figure 4.4b. The 
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absorption band around 600 nm attributes to the π-π* transition.[51] Moreover, the 

delocalization of the charge carriers on the polymer chains is indicated by the free carrier 

tail at the longer wavelength. [150, 151] The free carrier tail is much prominent with the 

increase in SWCNT content thereby indicating an increase in the delocalized charge 

carriers. 

4.4.2.3. Field emission scanning electron microscopy (FESEM) 

Study of field emission scanning electron microscopy (FESEM) was carried out to further 

investigate the morphology along with the reorganization process and structural 

development of PEDOT-Tos in the presence of SWCNT as shown in the Figure 4.5. The 

pure sample (without SWCNT) displays a granular like structure. The morphology of the 

samples (3% and 9% SWCNT) is governed by a decrease in grain size and much more 

packed together as is observed from the FESEM images. 

 

Figure 4.5. FESEM images a-e) Sample I-V, scale bar 1m f) Magnified portion of 

sample V, scale bar 500 nm. 
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This spatial compact nature increases with an increase in the SWCNT content in the 

polymer matrix. Further a morphological transformation is also observed for the samples 

above 0.17 weight fraction of SWCNT content. Finally Sample V shows a more ordered 

structure with much more compactness. Thus, the result clearly shows that induction of 

SWCNTs restructures the PEDOT-Tos matrix to a more crystallize form through the 

formation of improved compact structure. It is known that a more ordered structure is 

always favorable for the charge transport [152] and hence influence the transport 

properties. 

4.4.3. Theoretical analysis via DFT  

In this bulk material, PEDOT can exist in different stereoisomers which may affect the 

ZT value of the material. To understand the actual situation we chose an oligomer, 

instead of polymer for simplicity in calculations, having four monomers joined together. 

This oligomer can form four stereoisomers (i) all cis, (ii) all trans, (iii) trans with cis and 

(iv) cis-trans-cis as shown in the top of the figure 4.6a. It is interesting to note from DFT 

study that cis configuration between two rings introduce a curve in the molecule which 

produce a cavity with small radius of curvature, unsuitable to accommodate nanotubes. 

These molecules are less contributing to ZT value of the material. However, the 

molecules with trans configurations (ii and iii) are planer and fully conjugated (from 

HOMO and LUMO; Figure 4.6a) produce enough surface for π-staking interactions with 

SWCNT. The HOMO and LUMO values of these configurations construct a wide 

valence and conduction band, respectively. 
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Figure 4.6.a) Probable stereochemistry of the oligomeric bulk material and their HOMO 

and LUMO b) Energy profile diagram of the PEDOT before and after SWCNT doping. 

The band gap is of 5.23eV, quite higher value for semiconductor properties of the pure 

material (Figure 4.6b).  Doping of SWCNT in the PEDOT-Tos, the HOMO and LUMO 

of it lie in between the bands and fit such a way that the electron from valence band can 

go to conduction band easily for maximum 2.63 eV energy (Figure 4.6b). In this way 

PEDOT-Tos-SWCNT nanocomposites become as organic TE material with high ZT 

value. 

4.5. Conclusions 

In summary, PEDOT-Tos-SWCNT nanocomposites have been synthesized by in-situ 

polymerization with the variation of SWCNT content. For electrical characterization the 

measurement of σ and S as a function of SWCNT content has been carried out. It is 

observed that σ increases but S decreases. Though the S values are much higher than 
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reported ones. Improved degree of crystallinity via the band gap tuning as depicted from 

DFT calculations, boost up the electrical conductivity which in turn enhance the TE 

power factor. We ascribe that this effort of improving the degree of crystallinity to pick 

up the electrical conductivity via band gap tuning is a way to enhance the thermoelectric 

power factor and hence the figure of merit of conjugated polymer-based nanomaterials. 

Furthermore, the very low κ values along with high power factor leads to a high value of 

ZT (0.045). To the best of author’s knowledge this value is more than the reported 

polymer based bulk nanostructured materials.   

Thus, the study validates the increase in the TE performance by incorporating SWCNT in 

PEDOT-Tos and may be constructive in the domain of design and synthesis of polymer 

nanocomposites for TE applications. The cost-effective procedure, nontoxic properties, 

and scalability, is the key for the polymer nanocomposites to be used as TE materials. 

Furthermore, through variation of different parameters and optimization of the 

constituent composition, there is scope to improve the TE performance of PEDOT-To 

nanocomposites. 
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5.1.  Introduction 

One of the major threats facing the 21st century is the crisis of energy. To improve the 

current efficiency of energy, the conventional fossil fuels are replaced by alternative 

energy sources viz solar energy, hydrogen energy, biomass energy etc. Now a day, a 

substantial amount of heat energy is irresistibly generated and wasted in daily life and 

industrial production. Thermoelectric (TE) materials have potential to convert heat 

energy directly to electrical energy utilizing the waste heat source [1-3]. This creates an 

interest in the application of TE materials starting from cochlear implant to thermal 

charging of photo-detectors and LED. TE devices have some individual advantages 

other than new energy technologies, such as no noise and long operating lifetime. 

Performance of a TE material is expressed by its dimensionless figure of merit ZT = 

S2σT/κ, where S is the thermoelectric power or Seebeck coefficient, σ is the electrical 

conductivity, T is the absolute temperature and κ is the thermal conductivity respectively. 

But the parameters are so interconnected that achieving a high ZT value is a challenge. 

During the last three decades research on TE materials progressed a lot since the work of 

Dresselhaus [153]. 

Graphene in recent years attracted a lot of attention as a potential TE material due to 

some of its unique features viz. high carrier mobility and hence high electrical 

conductivity, two-dimensional (2D) structure etc. Through density functional theory 

(DFT) calculations a high ZT value of 5.8 of graphene has been reported [154]. But at the 

same time its high thermal conductivity (2500-5300 Wm-1K-1) [155, 156] makes it a weak 

challenger for TE applications. Since a combination of high electrical conductivity and 

low thermal conductivity makes an efficient TE material, latest research focuses on 
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organic polymer TE and their graphene nanocomposites, due to low cost, ease of 

synthesis and their intrinsic low thermal conductivity. Further the flexibility of the 

polymers assists them to be incorporated in different topologies.  

Consequently, the research on combination of polypyrrole and polyaniline with graphene 

exhibits a good choice for improving the thermoelectric properties [157-159]. 

Nevertheless, the ZT values (~10-3 to 10-4) are much lower than that of inorganic 

semiconductors due to low Seebeck coefficient (or thermoelectric power) S. This is 

followed by the synthesis of PEDOT-PSS graphene nanocomposites for TE applications 

and attracted much attention [108] but still have low S values. Contrary to PEDOT-PSS, 

PEDOT-Tos exhibits superior TE performance as has been demonstrated by Bubnova et 

al [20], yet the polymer graphene nanocomposites have been unexplored. It has been 

reported that the thermoelectric power depends on the density of states (DoS) slope at the 

Fermi level EF [21] and through the modification of crystallinity of PEDOT, changes in 

the DoS can be achieved [20]. For PEDOT, with the increase in the structural order there 

is an improvement in the carrier delocalization and π orbital overlapping [47] influencing 

the electronic band structure which influences the charge transport properties. 

Consequently, it has been suggested that for PEDOT-Tos increase in the structural order, 

modify the DoS affecting both the electrical conductivity and thermoelectric power 

positively [20]. 

In the present study, we focus on the increase in the crystallinity of PEDOT-Tos with the 

incorporation of graphene. Since the structural order affects the charge carrier transport, a 

mapping between the structural order and the charge carrier transport has been done. The 

source of the interconnection between the structural order and the charge carrier transport 
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are discussed and supported by the spectral analysis and temperature dependent electrical 

conductivity.  

5.2. Dependence of thermoelectric power and electrical conductivity on structural 

order of PEDOT-Tos-graphene nanocomposite via charge carrier mobility 

5.2.1.  Experimental 

5.2.1.1.  Material used 

3,4ethylenedioxythiophene (EDOT) monomer was purchased from Sigma Aldrich. Para 

toluene sulfonic acid (pTSA) and ammonium peroxydisulfate (APS) were purchased 

from alfa-aesar. Graphene was purchased from Platonic Nanotech Pvt. Ltd. Ethanol was 

purchased from merck chemicals. Deionised water was purchased from hydrolab, India.  

5.2.1.2. Synthesis of PEDOT-Tos by in situ polymerization 

PEDOT is synthesized by using in situ polymerization of EDOT monomer in an aqueous 

solution of PTSA, using APS as oxidant. The solution of EDOT (0.02 mol) which was 

dissolved in an aqueous solution containing PTSA (0.04 mol) was stirred with a magnetic 

stirrer, for 30 min at room temperature. APS was used as oxidant and was prepared by 

dissolving APS (0.02 mol) in 100 ml of water. In the following steps the APS solution 

was added drop-wise to the aqueous solution of EDOT monomer and the reaction 

mixture was stirred for 24 h at room temperature. A dark blue precipitate was formed, 

indicating PEDOT (doped with PTSA). After 24 h the product was collected by 

centrifugation for 5 min at 7000 rpm and rinsed with deionized water and ethanol in 

sequence then finally dried in vacuum at 70 0C. We named the sample as S-I. 
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5.2.1.3. Preparation of PEDOT-Tos/Graphene nanocomposites 

For the preparation of nanostructured PEDOT-Tos/Graphene nanocomposite doped with 

PTSA, graphene was added in a pre-prepared aqueous solution containing PTSA (0.04 

mol) and was constantly stirred for 30 min and then ultrasonicated again for 30 min to 

obtain a well dispersed solution. EDOT (0.02 mol) was mixed to the solution and was 

constantly stirred for 30 min. This is followed by the addition of APS (0.02 mol) as 

oxidant to the solution and the reaction mixture was stirred for 24 h at room temperature 

for direct synthesis of PEDOT-Tos/Graphene nanocomposites. The final product obtained 

after polymerization was centrifuged for 5 min at 7000 rpm and vacuum dried in an oven 

at 70 0C. The graphene content was calculated and comes out to be 6 % (S-II). The above 

procedure was again repeated for different weight of graphene and the weight 

percentages calculated comes out to be 15 % (S-III), 25 % (S-IV), and 40 % (S-V) 

respectively. 

5.3. Characterization 

All the prepared samples were structurally characterized by powder x-ray diffraction 

(XRD) patterns, UV–vis, Fourier transform infrared (FTIR) spectroscopy and field 

emission scanning electron microscopy (FESEM). X-ray powder diffraction 

measurements were performed using a diffractometer (BRUKER D8 Advance) with Cu 

Kα radiation (λ = 1.54182 ˚A). The UV–vis spectra of the prepared samples were 

recorded by a spectrophotometer (Perkin-Elmer-USA, Lambda-45) using samples 

dissolved in ethanol in quartz tube with data being recorded in the wavelength range 350– 

1000 nm. FESEM images were obtained using a Hitachi (S3400N) to get an idea of the 

surface morphology of the samples. 
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For the measurement of electrical transport properties rectangular shaped pellets (10mm 

x 5mm x 5mm) of all samples were prepared by cold pressing at 1 ton pressure. The 

electrical conductivity of the samples was measured by four probe method. For the 

measurement of thermoelectric power, temperature difference has been established along 

the ends of the samples, while the corresponding potential drop was measured by a 

Hewlett Packard data acquisition system (Model No. 34970A). Room-temperature 

thermal conductivity measurements were carried out for the prepared samples using a Hot 

Disk thermal constants analyzer (TPS 2500 S, Sweden). 

5.4. Results and discussions 

5.4.1 Spectral Studies 

In polymer-based composite, the degree of the structural order stimulates the electrical 

transport properties [147].In the present work the strong π–π interaction and increases in 

structural order are presumed to be the grounds for the enhancement in the charge carrier 

transport. Thus, the interactions between PEDOT-Tos and graphene for its different 

weight percentage into the polymer matrix are identified by X-ray diffraction and shown 

in figure 5.1. The pristine sample shows peaks at an angle 13.6o and 26.1o which are 

attributed to the reflection plane (200) and (010) [148, 160]. These peaks signify the 

presence of crystalline phase in the polymer matrix.The XRD spectra of the composites 

shows a lower angle shift for the scattering angle 13.6o which suggest a change in the 

lattice parameter till 25 % graphene concentration in the polymer matrix. 
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Figure 5.1. XRD spectra of the synthesized samples. 

But for 40 % graphene concentration it again shifted to higher angle. All the samples 

feature a distinct peak at around 260. This peak is a signature of crystalline nature of 

PEDOT with increases and ordered π-π interaction of the conjugated units [161]. It is 

observed that with the increases in graphene content the intensity of the peak increases 

with a shift to a higher angle till 25 %. Following Bragg’s law, the stacking distances 

were estimated which comes out to be 3.4 Å for the pristine sample. The stacking 

distance decreases with the graphene content till 25 % (Table 5.1) beyond which the 

stacking distance increases. This decrease in the interlayer stacking distance and the 

increase in the intensity of the peak around 26o signify that with the increase in graphene 

content a closer packing structure is favored with improved π-π coupling, providing a 

pathway for the charge carriers, stepping up the TE properties. Moreover, it is also 

observed that 25 wt % of graphene in PEDOT-Tos matrix behaves as the threshold 

amount beyond which there is a hindrance in the growth of crystallization of the PEDOT-
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Tos creating a barrier to transport the carriers in the composite as observed for graphene-

polyaniline nanocomposites [162, 163] and is in tune with the electrical transport 

properties. 

Further we elucidate through UV-Vis and FTIR characteristics of the samples shown in 

figure 5.2 and figure 5.3 respectively. The UV-Vis spectrum of the pristine sample shows 

a strong absorption band around 800-900 nm which is assigned to π*-polaron transition 

[164]. The spectra of the composite samples, in addition to π*-polaron transition, also 

shows a band around 362 nm which is attributed to π-π* transition. 

 

Figure 5.2. UV-vis spectra of the synthesized samples. 

This band is red shifted to 378 nm and 387 nm for S-III and S-IV respectively which 

signify an increase in the interaction between the quinoid ring of the polymer and 

graphene [143, 157]. Consequently, there is an increase in the delocalization of the 

charge carriers which in turn increases the electrical transport properties. For S-V the 

band is blue shifted to 381 nm with respect to S-IV indicating the weakening of π-π* 
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transition [163].It was also observed that the UV-Vis spectra display a trend of a free 

carrier tail at the longer wavelength for all the samples which indicates the delocalization 

of the charge carriers [150, 151]. The results reveal the formation of adequate number of 

charge carriers and PEDOT is in a bipolaronic state. 

 

Figure 5.3. FTIR spectra of the synthesized samples. 

For the pristine sample the bands observed in FTIR spectra are at 681, 831, 922 and 969 

cm-1 are the assigned to the deformation modes of C-S-C in the thiophene ring [165, 

166].The bands around 1083, 1133 and 1202 cm-1 are the signature of C-O-C bending 

vibration of the ethylenedioxy group [164].The bands around 1338 and 1519 cm-1 are 

attributed to the C-C stretching and C=C stretching of the quinoidal structure of the 

thiophene rings[97, 167]. Further the band around 1657 cm-1 is assigned to the polarons 

present in PEDOT. The FTIR spectrum of composite samples show all the bands but with 

a shift to a higher wave number till 25 %. In addition, a new band around 1481 cm-1 is 

also observed which signifies C=C stretching of the quinoidal structure of the thiophene 

rings which is also shifted with the increase in graphene concentration till 25 %.  
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The shift is likely to be the π-π interactions between graphene and the thiophene rings of 

PEDOT [86]. Consequently, this points out to be a change in the resonant structure of 

PEDOT with the addition of graphene from a benzenoid structure which supports a coiled 

conformation to a quinoid one favoring a linear coil conformation resulting in the 

delocalization of the charge carriers all through the polymer chain [78]. 

Figure 5.4 shows the Raman spectra of PEDOT-Tos and its nanocomposites containing 

various percentage of graphene. Pure PEDOT-Tos (fig 5.4) shows peaks at 1254 cm-1 

corresponding to C-C inter-ring stretching, 1350 cm-1 corresponding to single C-C bond 

stretching, strong peaks at 1425 cm-1 of C=C symmetric stretching, while at 1490 and 

1550 cm-1 correspond to C=C antisymmetric stretching [168, 169, 170]. 

 

Figure 5.4. Raman spectra of all the synthesized samples. 

Changes in the spectra of the nanocomposites are observed which is attributed to the 

interactions between graphene and PEDOT-Tos. For the nanocomposites samples a shift 

in the D band towards a higher wave number is observed, compared to graphene. Further 

it is observed that there is a shift of the G band to a higher wavenumber till sample IV 

then onwards it again shifts to a lower wavenumber. In addition, comparing the peak 
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position of PEDOT-Tos at 1425 cm−1, the corresponding peaks for the nanocomposites 

are shifted to a higher wavenumber of 1440 cm−1 till sample IV thereby again it shifted to 

lower wavenumber for sample V. A similar shift of the band around 1550 cm-1 is 

observed for all samples. These observations follow the same trend of switching of 

properties beyond 25% graphene content, like the transport properties.  This is an 

indication of π-π interaction between aromatic structures of PEDOT-Tos and graphene 

[171]. The enhanced transport property of the nanocomposite is probably due to this 

interaction, which assists the charge transfer processes between PEDOT-Tos and 

graphene. 

5.4.2. Structural Characterization 

To further investigate the development of restructuring of PEDOT-Tos with the addition 

of graphene morphological study has been carried out through scanning electron 

microscopy (figure 5.5). The SEM image of pristine PEDOT-Tos displays a self-

assembled granular structure less compact in nature. With the addition of graphene, the 

morphology of the sample for S-I show an increase in compactness.  

 



Chapter 5: PEDOT Based Graphene composite system 

71 
 

Figure 5.5. FESEM images of (a) graphene and the synthesized samples (b-f) Sample S-I 

to S-V. Scale bar 1μm. 

With further increase in the graphene concentration in the polymer matrix, this spatial 

compact nature increases Further, the SEM images clearly exhibit that the graphene 

serves as the growth template of PEDOT and the interaction increases with the addition 

of graphene till S-IV. For S-V we observe that there is again a decrease in the interaction 

between PEDOT-Tos and graphene which is in tune with XRD, UV-Vis and electrical 

transport properties.  

Thus, addition of graphene in PEDOT-Tos matrix increase the interaction between the 

constituents resulting in more ordered structure till a threshold value which consequently 

increases the electrical transport properties. Report shows that a more ordered structure 

favors charge transport [152]. 

5.4.3. Electrical characterization 

In order to determine the electrical transport properties of the prepared samples, the 

variation of the electrical conductivity (σ) at room temperature with graphene 

concentration was measured and plotted in figure 5.6a. The value of σ shows a hike with 

the increase in graphene concentration reaching a maximum value of 875.2 Sm-1 for S-

IV, which is more than five times higher than the pristine one, and then it decreases for S-

V. The values of electrical conductivity in each case are higher than that of PEDOT-PSS-

graphene nanocomposites [172, 173] and PEDOT-rGO nanocomposites. [86] This 

enhancement in the value of σ indicates a change in structural order of the samples.  
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Figure 5.6. (a) Variation of electrical conductivity with percentage graphene weight and 

(b) temperature dependence of electrical conductivity of all samples 

To further investigate the variation of the electrical conductivity with temperature of the 

prepared samples has been studied and shown in figure 5.6b. For all the prepared samples 

a rise in σ value has been detected with the rise in temperature representing 

semiconducting nature. It is well known that for polymers a quasi-one-dimensional 

variable range hopping (VRH) model explains the electrical conduction mechanism [157, 

164]. Along these lines, temperature dependent σ values have been explained according 

to Mott’s VRH model [174] 

                         1 2

0 0exp T T                               (5.1) 

where σ0 is the high temperature limit of conductivity and T0 is the characteristics Mott 

temperature associated with the carrier hopping barrier.  

It is observed that with the increase in graphene loading within PEDOT-Tos matrix T0 

decreases thereby showing that the carrier hopping barrier decreases resulting in an 

enhancement of σ. Further, the average hopping distance (Rhop) and the activation energy 

(Ehop) according to the VRH model is given by [164] 
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                1 4

03 8hopR T T L                    (5.2) 

                1 4

01 4hop BE k T T T                       (5.3) 

where L is the localization length. Taking the value of the localization length of EDOT 

monomer units to be 2.29 Å [175] the hopping distance and the activation energy has 

been estimated at room temperature (Table 5.1). 

 

Table 5.1. Room temperature values of the characteristic Mott temperature (T0), hopping 

distance (Rhop), activation energy (Ehop), carrier concentration (n) and carrier mobility 

(μ) of the synthesized samples. 

A decrease in the average hopping distance and an increase in the activation energy are 

reflected. This is a signature of the observed enhancement in the value of the electrical 

conductivity. In addition, to illuminate the scientific knowledge for the enhanced σ 

values, the carrier concentration (n) of the samples has been studied from Hall 

measurement and hence the carrier mobility (μ) has been estimated and the values are 

tabulated (Table 5.1).  
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The positive values of RH (not shown) denote that the majority charge carriers are holes 

(p-type). A substantial increase in the carrier mobility is observed while the increase in 

carrier concentration is small. Thus, the enhancement of the electrical conductivity is 

mainly attributed to the increase in the charge carrier mobility. Generally, for polymeric 

system, the structure of ordering of polymers greatly influences the electrical transport 

properties. The ring twisting introduces more π-π conjugate defects resulting in a 

decrease in the carrier mobility. Here the graphene template most likely helps PEDOT-

Tos to switch from a coil-like conformation to an extended conformation thereby 

increasing the structural order which enhances the hopping rate (including hopping 

distance and activation energy) within the polymer matrix increasing the value of σ. 

Further the π-π interaction between the PEDOT-Tos and graphene surface helps to reduce 

the π-π defects which may be responsible to channel the carrier transport enhancing the 

charge carrier mobility and hence the electrical conductivity. The decrease in the 

electrical conductivity is probably due to the following reasons. The excess graphene 

beyond 25 % probably obstructs the crystallize growth forming barriers to carrier 

transport. Moreover, the increases in the graphene content beyond this percentage also 

results in polymer twisting inducing longer hopping distance for the charge carriers 

resulting in a decrease in the carrier mobility. 

The variation of thermoelectric power and power factor with graphene concentration has 

been shown in Figure 5.7 (a and b). An increase in S is observed reaching a maximum 

value of 167.2 μVK-1 for sample S-IV but decrease thereafter. 
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Figure 5.7. Variation of(a) thermoelectric power and (b) power factor with percentage 

graphene weight. 

Since σ and S follow an inverse relation to the gap between narrow transport level and 

Fermi level, both the parameters cannot increase at the same time [176]. Surprisingly, in 

the present case both these parameters increase with the increase in the graphene 

concentration thereby showing that band theory or the electron-phonon scattering based 

conventional model [177] could not explain the conduction mechanism. To investigate 

this characteristic of the thermoelectric power, we consider the Mott’s formalism 

consisting of energy dependent mobility [μ(E)] and carrier concentration (n) terms and is 

written as  

                    
 2 2 ln

3
F

e B

E E

EC k T
S

n e E





 
    

                        (5.4) 

where, kB and Ce are the Boltzmann constant and the specific heat respectively. It is 

assumed from equation (4) that both n and μ(E) should influence the thermoelectric 

power. It is observed that the carrier mobility plays a crucial role till 25 % of graphene 

content in the polymer since the increase in carrier mobility is much higher than the 

increase in carrier concentration. Increase in the structural order increases the charge 
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carrier mobility which in turn increases the electrical conductivity as well as 

thermoelectric power. Thus, this method proves to be an effective way to improves 

thermoelectric properties of polymers since enhancement of mobility of inorganic 

semiconductors now a days are a new route. The decrease of the thermoelectric power 

after 25 % graphene content is probably due to the increase in the twisted chains 

producing more defects with the increase in graphene content [178]. This in turn 

decreases the carrier mobility and the carrier concentration comes into play decreasing 

the thermoelectric power. Further it has been proposed by Bubnovaet.al. [20] that with 

the increase in the structural order the asymmetry of the density of states increases 

thereby resulting a higher thermoelectric power for PEDOT-Tos. With the increases in 

crystallinity a broadening of DoS is noticed [21] and it is reported that this broadening is 

transmitted to all the π bands together with those close to Fermi level [179, 180] which 

enhances the carrier mobility as well as the thermoelectric power [20]. Here in this case 

with the increases in the graphene content till 25 % there is an increase in the structural 

order as well as crystallinity which results in an increases carrier mobility as well as the 

thermoelectric power. As graphene content is increases beyond 25 % this structural order 

diminishes resulting in a decrease of the electrical conductivity as well as the 

thermoelectric power. Since both σ and S values increases with the graphene content, the 

power factor also increases reaching a maximum value of 24.3 µWm-1K-2 for the sample 

S-IV, thereby it decreases for the sample S-V.  

5.4.4. Thermal Conductivity and figure of merit 

The variation of thermal conductivity (к) with graphene content is measured and studied 

(figure 5.8).  



Chapter 5: PEDOT Based Graphene composite system 

77 
 

 

Figure 5.8. Variation of thermal conductivity and figure of merit with percentage 

graphene weight. 

Though the thermal conductivity of graphene is much higher and phonon dominated yet 

the rise in the к value with increasing concentration of graphene is insignificant. 

The к values are much lower than the reported graphene based PEDOT nanocomposite 

[108, 181]. К value comprises of the electron transporting heat e and the phonons 

travelling through the lattices l. In the present case the к values are phonon dominated as 

the electronic contribution is very small. It was observed that the surface porosity and 

insertion of nano interfaces enhances the scattering of phonons reducing the lattice 

contribution [143,181]. The graphene multi layers within the PEDOT- Tos matrix 

probably introduce surface porosity and nano interface which acts as scattering center of 

phonons reducing the l but the electron mobility can be maintained. 
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Lastly the figures of merit (ZT) of the prepared samples at room temperature has been 

evaluated and compared in figure 5.8. The maximum ZT value obtained for S-IV comes 

out to be 0.0506 which is more than 21 times higher than the pristine sample. Further is it 

noteworthy that this value is higher than graphene-based polymer nanocomposites [86, 

157,162, 163, 181, 182]. Thus, the increase in graphene concentration within PEDOT-

Tos matrix is a signature of enlarging the pathway for the electrical transport till a 

threshold value without remarkably increase in thermal transport which favor the 

improvement of the transport properties and as a result the figure of merit increases. 

There is a scope to further increase the ZT value through variation in the nanostructure of 

PEDOT-Tos –graphene nanocomposites. 

5.5. Proposed mechanism of formation of nanocomposites 

The mechanism of the formation of the nanocomposites is schematically shown in figure 

5.9. Some of the EDOT monomer adheres to the surface of graphene as soon as it is 

mixed with the solution containing EDOT and pTSA. The EDOT, absorbed on the 

surface of graphene acting as template, starts growing in the presence of APS as seen by 

comparing the SEM micrographs of the nanocomposites. The bonding between the 

graphene layers and the PEDOT:Tos polymers can be ascribed to π-stacking interactions, 

the main contribution to which comes from van der Waals forces between the π-systems 

of graphene and the aromatic thiophene units of the PEDOT chain resulting in an 

energetically more preferred merging of band structure.  
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Figure 5.9. Schematic representation of polymerization of EDOT and mechanism of 

formation of nanocomposites. 

Since the sulphonate, anions neutralize the charges of the EDOT molecules the 

contributions of electrostatic forces and hydrogen-bonding to the stacking interactions are 

expected to be minimum. The possible reasons behind the graphene-induced increase in 

hopping rate and charge carrier mobility have already been discussed before, in the text. 

This is concordant with an initial decrease in stacking distance with increase in graphene 

content (upto 25%). The increase of stacking distance with an increase in graphene 

content beyond 25% can probably arise from increased π-stacking interaction between 

the graphene layers, with reducing interaction between the graphene and PEDOT layers 
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(it is to be noted here that thiophene is less aromatic than benzene). This leads to lower π-

stacking interaction between the graphene and PEDOT layers and henceforth reduces the 

stability coming therein. 

5.6. Conclusion 

PEDOT-Tos-graphene nanocomposite has been synthesized at room temperature via in-

situ polymerization. It has been observed from the structural characterization that 

addition of graphene to the polymer matrix results in more ordered structure. The 

increase in the degree of ordered structure increases the hopping rate (including hopping 

distance and activation energy) within the polymer matrix. Moreover, the ordered 

structure results in π-π interactions leading to a reduction in the π–π conjugation defects 

in the backbone of the polymer chain. Therefore, the charge carrier mobility of the 

synthesized samples increases which in turn increases the electrical conductivity. Also, 

the carrier mobility plays a crucial role till 25 % of graphene content in the polymer to 

increase the thermoelectric power as well. The change in the thermal conductivity with 

the graphene content is small and can be attributed to the phonon scattering by the 

nanointerfaces. The maximum ZT value reaches 0.0506 which is higher than that of 

PEDOT based bulk nanostructure. This study proves to be helpful in designing and 

synthesis of polymer nanocomposites for TE applications. Further this method shows an 

effective way to improve the thermoelectric properties of polymers via the enhancement 

of mobility of the charge carriers and can be extended to other polymer systems. 
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6.1. Introduction 

Global interest in the development of renewable energy has increased as a result of the 

recent expansion of environmental contamination brought on by excessive consumption 

of fossil fuels. Because they have the potential to increase the use of the waste heat from 

the use of fossil fuels, thermoelectric energy conversion devices, among the many 

pathways, have attracted ongoing interest in the field of renewable energy. The figure of 

merit (ZT), a dimensionless quantity, ZT=S2T/, where S is thermoelectric power, is 

electrical conductivity, is thermal conductivity, and T is absolute temperature, 

determines how well thermoelectric (TE) materials convert heat energy to electrical 

energy. [3, 182, 183] Materials should have a high-power factor and low thermal 

conductivity when used in the thermoelectric area. [184] However, the S, , and  of 

thermoelectric materials for a particular material are extremely interconnected and in 

conflict with each other, which makes it challenging to achieve high ZT. [185] 

Conductive polymers, provide very advantageous alternatives to the inorganic 

thermoelectric materials that have received most of the attention. For example, they are 

environmentally friendly, utilize inexpensive raw ingredients, and are simple to 

manufacture.[186-189]The most promising of them is poly(3,4-ethylenedioxythiophene, 

or PEDOT), which has received the greatest attention from several research teams due to 

its high value when the amounts of doping are altered.[184, 190] An ethylene glycol 

(EG)-mixed PEDOT:poly(styrenesulfonate) (PEDOT:PSS) film with an exceptional of 

639 S/cm was reported by Kim et al.[191]. An EG-treated PEDOT:PSS film with a high 

value of up to 735 S/cm was created by a different Kim et al. research team.[192] A 

tosylate-doped PEDOT film with an ideal amount of oxidation was created by Bubnova 
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et al. and displayed a of 300 S/cm.[36] Although PEDOT materials have high values, 

their performance is limited compared to inorganic thermoelectric materials because their 

power factor (S 2) is comparatively low. This is because a high value generated by 

doping organic polymers often comes with a low S. [193] Numerous research teams have 

investigated composite ways to increase the S value of PEDOT by using inorganic fillers 

with high S values in order to get around these inherent problems. Organic-inorganic 

hybrid thermoelectric materials are the promising candidates for the renewable energy 

because of the combination of low thermal conductivity of organic thermoelectric 

materials and high seebeck coefficient of inorganic thermoelectric materials, there is a 

high possibility to improve the thermoelectric performance.[194] Tunable electrical 

stability, low cost, and ease in material processing, conducting polymers are widely used 

as organic thermoelectric material.[195] 

Selenium is a viable candidate for hybridization with conducting polymers among the 

numerous inorganic thermoelectric materials. Thermoelectric materials such as lead 

selenide (PbSe) and silver selenide (Ag2Se) can be made from selenium (Se), which is 

easily synthesized in nanocrystal form and has a high Seebeck coefficient at room 

temperature of over 1000 V/K [196,197]. However, Se crystal's electrical conductivity is 

extremely low about 10-5–10-6S/cm [198]; as a result, Se's own thermoelectric 

performance is insufficient for any practical usage. So, the incorporation of Se based 

nanocrystals can be improve the electrical properties of the conducting polymer [113. 

199].  

In this work PEDOT has been functionalized with selenium (Se) and its structural and 

electrical transport properties have been investigated. An enhancement of the 
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thermoelectric properties was observed due to the inclusion of Se in the PEDOT matrix. 

We propose the formation of interconnected chains of PEDOT with Se which facilitates 

the electrical transport but hinders the thermal transport thereby enhancing the figure of 

merit. 

6.2. PEDOT Functionalized with Se-Optimization for TE application  

6.2.1. Experimental 

6.2.1.1. Material used 

3,4-Ethylenedioxythiophene (EDOT) was obtained from Sigma-Aldrich (98%) and kept 

at a low temperature before use. Sodium dodecyl sulfate (SDS) was purchased from SRL. 

Ferric chloride (FeCl3) and Ethanol were obtained from Merck. Selenium powder was 

purchased from RFCL Limited. Deionized water was purchased from Hydro Lab, India. 

6.2.1.2. Preparation of hybrid composite 

In order to create hybrid composite materials, two substances polymer PEDOT and ingot 

Selenium nanoparticle are employed. The compounds were developed to get weight 

percentage variations of Se (6%, 20%, 33%, 52%, 66%, 82%) into the PEDOT polymer 

using in-situ polymerization. 

6.2.1.2.1. Synthesis of Poly(3,4-Ethylenedioxythiophene) 

The modified synthesis procedure of the polymer PEDOT was motivated by the 

previously reported work by Dan Ni et al. [200] PEDOT polymer was synthesized by the 

self-accumulated micellar prototype method. In this typical procedure, first SDS (30 

mmol) was dissolved in 100 ml of deionized (DI) water, and then FeCl3 (15 mmol) was 

mixed with that transparent solution and kept for 1 hour stirring at 50o C. After 1 hour of 
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stirring, the color of the solution turned deep yellow. EDOT monomer (7 mmol) was 

gradually added to the following solution, and at 50o C, the polymerization process was 

carried out. After 1 hour, the solution was kept at room temperature for 24 hours. Finally, 

the products were washed by vacuum filtration with DI water and ethanol several times 

and dried at 60o C in vacuum for 24 h. 

6.2.1.2.2. Synthesis of hybrid composite of Se-PEDOT 

For the synthesis of hybrid composites of Se_PEDOT, a similar polymerization process 

was used as discussed above. Moreover, During the progression of the polymerization 

process, different weight percentages of ingot selenium nanoparticles are added and 

stirred for 1 hour, maintaining 50oC.The samples were centrifuged at 5000 rpm for 5 min. 

several times. The collected samples were dissolved in ethanol, washed by vacuum 

filtration, and kept dry at 60oC in vacuum for 24 h. 

6.3. Characterization 

By using Raman spectroscopy, field emission scanning electron microscopy, and powder 

x-ray diffraction (XRD) patterns, all the produced samples were structurally analyzed. A 

diffractometer (BRUKER D8 Advance) with Cu K radiation (λ = 1.54182Å) was used to 

measure the X-ray powder diffraction at an angle range of 10o–70o. Using the materials in 

powder form, the Raman spectra of the produced samples were recorded by a 

spectrophotometer (Lab-RAM HR), with data being acquired in the 500–4000 cm–1 

range. To get an overview of the surface morphology of the materials, FESEM images 

were taken using an FEI, INSPECT F50. 

All samples were cold-pressed into rectangular pellets (10 mm x 5 mm x 5 mm) for the 

purpose of measuring the electrical transport capabilities. The samples' electrical 
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conductivity was evaluated using the four-probe technique. A temperature difference 

along the ends of the samples has been established for the measurement of thermoelectric 

power, and a Hewlett Packard data acquisition system (Model No. 34970A) was used to 

measure the linked potential drop. A Hot Disk thermal constants analyzer (TPS 2500 S, 

Sweden) was used to determine the prepared materials' thermal conductivity at room 

temperature. 

6.4. Result and discussion 

6.4.1. Structural Characterization 

X-ray diffraction is used to identify the interactions between PEDOT-Tos and graphene 

for their various weight percentages in the polymer matrix. Figure 6.1a displays the XRD 

peaks; the peak at 225.9 corresponds to the structure of the PEDOT chain. [201, 202] 

Figure 6.1. XRD analysis of (a)PEDOT (b) various percentage of Se-PEDOTcomposites 

All of the Se nanoparticle's diffraction peaks agree with the crystal structure of pure 

trigonal phase, and they can all be correlated to the Se phase of trigonal structure with 

lattice parameters of a = 0.437 nm and b = 0.496 nm that have been previously published 
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in the literature. When the amount of Se nanoparticles in the composite is low, as seen in 

fig. 6.1b, the diffraction peaks are difficult to see. The diffraction peaks become 

increasingly noticeable as the Se nanoparticle concentration rises, and they are 

particularly strong for the nanocomposite with 82 wt% Se nanoparticles. 

Moreover, this study proposed detailed evidence of the interactions between PEDOT and 

Se. The distinct peak intensity of PEDOT is upgraded in the composites by incorporating 

Selenium nanoparticles. This phenomenon suggests that there is an improvement in the 

ordered structure of the polymer chain due to the incorporation of different 

concentrations of Se nanoparticles, which in turn influence the charge transport in the 

composites.  

In order to comprehend the interaction between PEDOT and Se nanoparticles better, the 

Raman spectra of the PEDOT and Se-PEDOT composites were investigated (figure 6.2). 

 

Figure 6.2. Raman spectra analysis of PEDOT and all the Se-PEDOT composites. 
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It has been established that the interactions between Se nanoparticles and PEDOT change 

the composites' spectra. The peak at 1443 cm-1 indicates the C=C stretching vibration of 

PEDOT. Furthermore, compared to the PEDOT peak placement at 1443 cm-1, the 

comparable peaks for the composites are displaced to a higher wavenumber of 1448 cm-1, 

up to 82% of the Se present in the PEDOT. Due to the Se loading pattern, the polymer 

chain lengthens in all samples, as seen by the shift change [203]. But no noticeable peak 

is shown for the 33% concentration of selenium in the composite material, indicating that 

selenium and PEDOT did not interact. 

Figure 6.3 shows FESEM images of pure PEDOT and composites with different Se 

nanoparticle contents. Randomly distributed Se nanoparticle can be observed, indicating 

that Se nanoparticles are well dispersed in PEDOT matrix. 

 

Figure 6.3. FESEM images of (A) PEDOT (B) 6% Se-PEDOT composite (C) 20% Se-

PEDOT composite (D) 33% Se-PEDOT composite (E) 66% Se-PEDOT composite and 

(F)82% Se-PEDOT composite with 10 m scale bar. 
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It is obvious that a percolation network between the PEDOT polymer and the stacked Se 

nanoparticles in the composite material is formed as a result of the inorganic Se 

nanoparticle's more electron density than the PEDOT polymer. This network can affect 

the direction of charge carrier movement. 

6.4.2. Electrical Characterization 

Figure 6.4 displays the value of the synthesized samples. It has been noted that when the 

weight percentage of selenium in the polymer matrix increases, the value first drops up to 

20% of selenium-PEDOT composite before starting to significantly rise to a maximum of 

82% of selenium-PEDOT polymer. 

 

Figure 6.4. Variation of electrical conductivity and thermoelectric power with Se content 

The values of Se functionalized PEDOT are significantly greater than those of several 

PEDOT-based composites. [86, 173]. Within the crystallites in semicrystalline conjugate 
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polymers, which display appreciable degree of crystallinity along with extensive π-π 

stacking, para crystalline disorder restricts the transport of charges through the presence 

of traps [204]. Due to the addition of Se in the PEDOT matrix till 20% Se-PEDOT 

composite there is a probable change in the micro structure escalating electronic traps 

within the lamellar stacks of PEDOT. This results in the decrease of the σ value with the 

addition of Se till 20%. Introduction of Se reduces the π-π stacking distance of PEDOT as 

confirmed from Raman spectroscopy till 20 % thereby causing the aggregates to be less 

susceptible to severe disorder on an electronic level. This probably increases the edge 

after which para crystallinity-induced states have a negative impact on charge transfer. 

With increase of Se content above 20% there is an increase in σ value. This increase is 

due to the elongation of the π- stacking distance, which lessens the effect of positional 

disorder on charge transfer. From Raman spectroscopy and SEM images it has been 

observed that the molecular design has been tuned with the addition of Se which in turn 

improves the orientation. Therefore, the charge transfer is less susceptible to stacking 

disorder, boosting electrical conductivity. Furthermore, the charge transport percolation 

mechanism is compatible with the present structural studies. With the increase of Se 

above 20% the ordered regions increase through interconnection of polymer chains by 

bridging. Thus, a network is created which facilitates the charge transport within the 

matrix.   

Figure 6.4 shows the relationship between S and Se concentration. It has been noted that 

S value improves with an increase in Se content up to 20% before decreasing for the 

remaining 33%. On further increase of Se content, the value of S increases further. As has 
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been observed that till 20%the variation of σ and S is just opposite which can be 

correlated with the following equation [139] 
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Here, m* stands for the majority carriers' effective mass, which for PEDOT is 0.121me, 

and n for the concentration of charge carriers. 

Further σ can also be expressed as 

                                                             σ = neμ                                                           (6.2)  

Where, μ is the mobility of the charge carriers. Interestingly, above 20 % of Se content 

both the σ and S value increases simultaneously.[140] This may be attributed to the 

carrier energy filtering effect between PEDOT and Se. It is well known that carrier 

energy filtering effect restricts the flow of carriers by eliminating the cold carriers having 

low carrier energy and allowing the hot carriers having high carrier energy due to the 

dissimilar work function of the organic and inorganic framework. Therefore, even if there 

is a rise in σ, S value cannot drop. 

 

Table 6.1. Carrier concentration and mobility of all the samples 
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Using equation 6.1 and 6.2 has been calculated the electrical transport parameters which 

is tabulated in the table 6.1. From the evaluated value of n and μ, it is observed that up to 

20% se content composite carrier concentration as well as charge carrier mobility both 

are reduced. Furthermore, above 20% an opposite behavior is observed in between these 

electrical parameters i.e., increase in mobility and decrease in carrier concentration. 

In the present case numerous interfaces of Se and PEDOT are formed with the increase 

percentage of Se. As confirmed by the FESEM images well dispersed interconnecting 

network is formed above 20wt% of Se creating a highly favored interface effect between 

PEDOT and Se. The work function of Se is 5.9 eV [113] and that of PEDOT is 5.2 eV 

[205] Thus PEDOT/Se interface creates a barrier of 0.8 eV. Consequently, carriers 

having lower energy are encumbered. But carriers having higher energy can cross the 

barrier easily and efficiently thereby enhancing the S value. 

 

Figure 6.5. Variation of power factor and thermal conductivity with Se content 
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Figure 6.5 illustrates the power factor (P) of the synthesized samples after evaluation. It is 

observed that for low concentration of Se the P value decreases till 20 %. Henceforth it 

starts increasing reaching a maximum of 23.6 μWm-1K-2 for 82% Se-PEDOT 

composite.This value is even higher than that of reported values of PEDOT:PSS/Se with 

higher percentage of Se [113]. Addition of Se increases the π- stacking distance thereby 

decreasing the positional disorder which enhances the electrical conductivity. Further the 

energy filtering effect also enhances the S value at higher percentage of Se. These 

combined factors are mostly responsible for increasing the power factor. 

The variation of thermal conductivity(κ) with the increase in Se concentration is shown in 

figure 6.5. An increase in κ value has been observed with the increase in Se content yet 

the increment is small at higher concentration of Se then Se nanoparticle. Further we 

observe that for 82% Se-PEDOT composite the value decreases. Following the 

Widemenn-Franz’s law (κ/σT ≈ L0 where L0=2.45 × 10-8 V2/K2) for an electron system 

characterized by elastic scattering the Lorentz number of the synthesized sample were 

estimated and compared to L0. The estimated Lorentz numbers, which signify the amount 

of heat carried out by electrons, are sufficiently large and ranges from 0.538 × 10-7V2/K2 

to14.98 × 10-7V2/K2. This is a signature that the total κ value is dominated by the lattice 

contribution rather the electronic one. The introduction of Se into PEDOT matrix 

generates nano-interfaces which diminish the lattice contribution depending on the length 

of scattering [142] but makes electrical transport easier. It is proposed that the 

interconnected network for 82% Se contain PEDOT creates much more nano-interfaces 

between PEDOT and Se which facilitates selective scattering of phonons thereby 
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reducing the total thermal conductivity of the maximum percentage contain sample 

(82%). 

The figure of merit as evaluated (Figure 6.6) decreases initially and then increases 

beyond 20% of Se content and reaches a maximum of 0.027 for 82% composite material 

which is quite more than some polymer composites [156, 161, 162]. 

 

Figure 6.6. Variation of figure of merit with Se content 

This indicates that the reorganization of PEDOT chains creating interconnected network 

with Se nanoparticles broaden the domains of higher conductivity without noticeable 

increase in the thermal conductivity which is advantageous to improve the transport 

properties of the samples.  
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6.5. Conclusion 

The self-accumulated micellar prototype approach has been used to synthesis Se-PEDOT 

composite at room temperature. The structural characterization has shown that the 

addition of selenium to the polymer matrix improves the ordered structure of the polymer 

chain because of the incorporation of different selenium nanoparticle concentrations, 

which in turn affects the charge transport in the composites due to a percolating network 

created between selenium and PEDOT polymer. It has been shown that the variation of 

and S exhibits opposing behavior up to 20% but interestingly a rise in both  and S 

values simultaneously over 20% Se content has been observed. The carrier energy 

filtering action between PEDOT and Se may be responsible for this. The highest ZT 

value, which is more than that of organic-inorganic hybrid composite materials, is 0.027. 

This work demonstrates an efficient technique for enhancing the thermoelectric 

properties of polymers that have been functionalized with inorganic substances. There is 

a scope to further enhance the TE performance of Se functionalized PEDOT with 

inclusion suitable materials like of SWCNT or graphene. 
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7.1. General Conclusion 

The current thesis focuses on the production of functionalized PEDOT utilizing 

tosylate and selenium nanoparticles, as well as on their nanocomposites with carbon 

nanotubes and graphene nanosheets using in situ polymerization. It also examines 

their electrical characterization with the purpose of improving their thermoelectric 

properties. 

 Enhancing crystallinity enhances electrical conductivity and thermoelectric power 

factor in conjugated polymer-based nanomaterials. 

The work takes advantage of in-situ polymerization to create PEDOT-Tos-SWCNT 

nanocomposites with various SWCNT concentrations. Greater values and lower S 

values can be seen in the electrical characterization. Even though the S values are 

considerably higher than those that are reported. Increased crystallinity by band gap 

modification enhances electrical conductivity while also enhancing the thermoelectric 

power factor. Due to the low values and high in power factor, the high ZT (0.045) 

value surpasses bulk nanostructured materials based on polymers that have been 

previously described. According to this research, adding SWCNT to PEDOT-Tos 

enhances TE performance. This information may be helpful when designing and 

manufacturing polymer nanocomposites for TE applications. 

 Enhancing charge carrier mobility enhances thermoelectric properties in polymers and 

other systems. 

A room-temperature in-situ polymerization process was used to synthesis the 

PEDOT-Tos-graphene nanocomposite. The inclusion of graphene improves the 

ordered structure, leading to an increase in hopping rate and a decrease in π–π 

conjugation defects. Thermoelectric power and electrical conductivity both rise as a 

result of the increased charge carrier mobility. The highest ZT value, which is more 
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than that of bulk PEDOT-based nanostructures, is 0.0506. The results of the study 

indicate that carrier mobility, which also influences other polymer systems and 

enhances thermoelectric characteristics, is an essential aspect in the development and 

production of polymer nanocomposites for TE applications. 

 Due to the addition of Se to the PEDOT matrix, an improvement in the thermoelectric 

characteristics was seen. 

The self-accumulated micellar prototype approach was used to synthesize Se-PEDOT 

composites at room temperature. The addition of selenium improves the ordered 

structure of the polymer chain, affecting charge transport. The highest ZT value is 

0.027, surpassing organic-inorganic hybrid composite materials. This technique 

enhances thermoelectric properties of functionalized polymers with inorganic 

substances. 

7.2. Future Scope 

Organic TE materials have demonstrated interesting uses in TE devices, with 

materials based on PEDOT particularly garnering a lot of attention. Through a variety 

of methods, including refining the structure of the crystal and doping level, creating 

structures of a nanocomposite, and making use of the ionic TE effects, Over the past 

ten years, PEDOT's TE performance has greatly improved (ZT value increased from 

10-3 to 10-1). 

It is possible to significantly enhance PEDOT's TE performance, but this requires the 

establishment of new technologies and methods. A few examples include producing 

low-dimensional PEDOT crystals to increase carrier mobility, creating new dopants 

and doping methods to precisely change the oxidation level to achieve at the same 

time enhanced S, and modifying the composite interface with more logical 

nanocomposite materials and technologies. Power production takes up the majority of 
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PEDOT's present work. The integration of TE applications with other technologies, 

such as sensors, transparent heaters, capacitors, and solar cell, among others, might 

lead to a future possibility for the widespread usage of PEDOT-based TE materials 

and devices. It may be crucial for biological applications that this work be expanded 

to include biocompatible conducting polymers. 
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Enhancement of Thermoelectric Performance in Oligomeric
PEDOT-SWCNT Nanocomposite via Band Gap Tuning
Shilpa Maity,[a] Nayim Sepay,[b] Chiranjit Kulsi,[c] Arpan Kool,[d] Sukhen Das,[a] Dipali Banerjee,[c]
and Krishanu Chatterjee*[d]

Organic thermoelectric (TE) materials, inspite of their low cost,
non-toxicity, easy availability, show a low thermoelectric figure
of merit (ZT). Herein we report ZT > 0.04 for tosylate doped
poly(3,4 ethylenedioxythiophene) (PEDOT-Tos) with single
walled carbon nanotubes (SWCNT) which is higher than the
reported values for bulk nanostructured polymer based
composites. The underlying reason for the enhancement of the
transport properties is the morphological transformation of the
nanocomposites exhibiting an increase degree of ordered

structure of the samples with the increase of SWCNT content as
is observed from XRD, UVVIS and FESEM studies. This increase
in the ordered structure is due to the decrease in band gap
that was found in DFT calculations which in turn increases the
electrical conductivity which is responsible for the enhanced
power factor. Further the SWCNTs introduce the interfaces that
reduce the thermal conductivity due to scattering of phonons
which further contributes to the enhancement in the figure of
merit.

Introduction

Thermoelectric (TE) materials from organic semiconductors
exhibit a lower thermoelectric figures of merit (ZT) values
compare to that of inorganic materials.[1] The advantages of
organic semiconductors like the low production cost, non-
toxicity, easy availability of raw materials lead to its wide range
of applications.[2] Currently, conducting polymers are the most
promising candidate which have already been tested as
potentially appropriate materials for TE applications. TE proper-
ties of polyacetylene[3] (PA), polypyrrole[4] (PPY), polyaniline[5]

(PANI), polycarbazoles[6] (PC), poly(3,4-ethylenedioxythiophene)
: poly(styrenesulfonate)[7] (PEDOT : PSS) and their derivatives
show a lots of promise and certainly worth further investiga-
tion. The research on the TE performance of PEDOT and its
derivatives is currently underway.[8] A rather substandard TE
efficiency of PEDOT-PSS can be markedly improved by various
secondary dopants which usually improve polymer’s morphol-
ogy accompanied by a drastic increase in electrical conductivity
and, consequently, in ZT.[9] The oxidation level of PEDOT-PSS
can be precisely controlled by electrochemical doping resulting
in a ten-fold increase of ZT.[10] In contrast to PEDOT-PSS,
PEDOT-Tos exhibits superior TE performance even without

secondary doping owning to its partially crystalline nature that
allows for an improved electronic conduction. Increased
interest in replacing inorganic anode materials with ultrahigh
conductivity organic materials, together with recent advances
in polymerisation technique, has made tosylic acid doped
PEDOT (PEDOT-Tos) another important doped form of the
polymer. With the aid of a strong electron donor, positively
doped PEDOT-Tos gets partially reduced reaching the optimum
oxidation state at which its TE efficiency is just four times
smaller than that of Bi2Te3.

[11]

Due to some unique electronic and mechanical properties,
carbon nanotubes (CNTs) are used in nanoscale devices, bio
sensing and field-emission displays.[12] Recently, carbon nano-
tubes (CNTs) have been used as an active supplement for
enhancing the TE performance of conjugated polymers.[13]

Physical modification of CNT/conducting polymer composites
established through π-π stacking of the conducting polymer
molecules on the CNT sidewalls in such a way that implementa-
tion of the CNT/conducting polymer composites is possible
without compromising the chemical structure of the nano-
tubes.[14] Single-walled CNT/PEDOT:PSS nanocomposite films
with 85 wt% CNTs showed power factors up to 140
mWm� 1K� 2,[13a] whereas, single-walled CNT/PANI nanocompo-
site films with 64 wt% CNTs exhibits power factors of 176
mWm� 1K� 2.[13c] A PEDOT/SWCNT composite film with 35%
SWCNT displayed the maximum power factor 37.8 μW mK � 2

which is 1.7 times higher than the films without containing
SWCNTs.[13g] The density of the electrical pathway can be
increased by incorporating CNTs to the conjugated polymer
matrix, thus enhancing the electrical conductivity as well as the
TE performances.

Though PEDOT-Tos shows a great promise in TE application
yet the material has not been explored. Further reports on
nanocomposites of PEDOT-Tos with inorganic counter parts are
very scanty. In the present study, EDOT is polymerised in situ,
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to synthesise PEDOT-Tos using p-Toluenesulfonic acid (pTSA) as
a source of tosylate group. The power factor (S2σ) and hence
the figure of merit (ZT) of the conducting polymer nano-
composite containing PEDOT-Tos have been enhanced by
incorporation of Single-walled carbon nanotubes (SWCNTs)
during the polymerisation.

Results and Discussion

Figure 1a shows the variation of electrical conductivity σ with
the SWCNT concentration. The σ value increases gradually with
the increase in SWCNT concentration (Sample II) and the value
increases significantly for Sample III followed by its drastic rise
in case of Sample IV and Sample V reaching a maximum value
of 2770.6 Sm� 1. The values of electrical conductivity in each
case are much higher than that of PEDOT-MWCNT nano-
composites.[15] The enhancement in the σ value suggests a
change in the band gap and molecular energy levels of PEDOT-
Tos-SWCNT nanocomposite. The σ value follows a power law
with the SWCNT concentration[16]

s ¼ s0ðP-PcÞ
t ð1Þ

where σ0 is a proportionality constant related to intrinsic
conductivity of SWCNT, P is the weight fractions of SWCNT in
the nanocomposites, Pc is the critical weight fraction related to
percolation threshold. Equation (1) fits well with the exper-
imental result with σ0=4.7 X 10

4 Sm� 1, Pc=0.02. The threshold
value comes out to be 0.02 weight fraction of SWCNT.
Moreover it is revealed that the electrical transport is
dominated by the tunnelling phenomenon above the percola-
tion threshold as it reflects from Figure 1a.[13a]

The variation of thermoelectric power (S) with the SWCNT
concentration was depicted in Figure 1a. The S value is reduced
to 136.6 μVK� 1 for the Sample V from 196.6 μVK� 1 in case of the
Sample I. The decreased value is attributed to the relatively low
value of S of SWCNT.[17] Since the electronic environment of the
charge carriers influences the value of S, the S values of the
nanocomposite lies in between Spristine and SSWCNT. This is due to

the fact that above the value of Pc, the probability of tunnelling
is more predominant for the compact SWCNT bundles creating
a pathway for the charge carriers. The carrier concentration (n)
is evaluated from Mott relation[18] given by

S ¼ p2k2m*T=ðð3p2Þ2=3�h2 ej jn2=3Þ ð2Þ

where m* is the effective mass of the majority carriers having a
value of 0.121me for PEDOT.

[19] The n value increases with the
increase in the SWCNT content as is seen from Figure 1b. This
low value of n is supposed to suppress σ. Probably mobility of
the charge carriers plays a key role for the high values of σ. The
variation of mobility of the charge carriers with SWCNT
concentration is depicted in Figure 1b.

The power factor (S2σ) has been evaluated and shown in
Figure 2a. At the low concentration of SWCNT there is a little
increase in S2σ. With further increase in SWCNT concentration
power factor increases drastically and finally tends to saturate
at higher concentration of SWCNT. A maximum value of 51.8
μWm� 1K� 2 have been achieved for Sample V which is higher
than the reported values at this concentration level of CNT.[13b,g]

The addition of SWCNT increases the degree of delocalization
of the charge carriers within the π conjugated structure of
PEDOT-Tos-SWCNT nanocomposites with a low value of carrier
concentration. However, presence of SWCNT enhances the
carrier mobility which is primarily responsible for the
enhancement of power factor.

The increase in the value of thermal conductivity (k) with
the increasing concentration of SWCNT is very small even at
higher concentration which is noteworthy as individual k for
SWCNT is rather extremely high (Figure 2a).[17] A mixture rule
according to Maxwell[20] fitted well with the graph at lower
concentration but fails at higher concentrations of SWCNT
(Sample V). The Widemann-Franz’s law (k/σT�L0) is followed
by an electron system with elastic scattering where L0=2.45 X
10� 8 (V/K)2. The estimated Lorentz number (k/σT) of the
samples in comparison to L0, is a signature of the portion of
heat carried out by electrons. The sample Lorentz numbers are
large enough, ranging from 2.5 x 10� 5 to 4.1 x 10� 7 (V/K)2,

Figure 1. Variation of a) electrical conductivity and the thermoelectric power, b) carrier concentration and mobility with SWCNT weigth fraction.
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which indicates that the lattice contribution dominates the
total k value rather than the electronic contribution. Reports
show that the selective scattering of phonons by the inclusion
of nano interfaces minimizes the lattice contribution depend-
ing on their respective scattering length.[21] Here the SWCNTs
are connected to the polymer matrix by weak Van der Waals
forces[22] introducing the interfaces which obstruct the phonon
transport but facilitate the electrical transport.

The figure of merit (ZT), as calculated from the above data,
increases with the increase in SWCNT content reaching a
maximum value of 0.045 for sample V (Figure 2b) which is
twice than that of PEDOT/SWCNT composite films prepared by
vapour phase polymerisation[13g] at this SWCNT percentage.
Further this value though less than PEDOT-Tos thin film but is
still higher than the reported values for bulk PEDOT based
nanocomposite materials.[9,10a,21–23] This signifies that the in-
creasing concentration of SWCNT expand the pathway for the
electric transport without notably raising the thermal transport
which is a favourable condition for the improvement of the
transport properties thereby enhancing the figure of merit.

A correlation between the S, S2σ and σ for all the samples
has been shown in Figure 3a. It is observed that though the
thermoelectric power decreases, the power factor increases

with the increase in electrical conductivity thereby showing
that the decrement in the thermoelectric power does not
suppress the increment in the power factor. Moreover the
increase in the ordered structure decreases the thermoelectric
power due to the band gap tuning which in turn increases the
carrier concentration pushing the Fermi level (EF) into the
conduction band increasing the electrical conductivity. As a
result there is an overall increase in thermoelectric power factor
which help in the increment of ZT. To observe the air stability
of the samples for device applications, the samples were kept
at normal atmosphere and measurement of σ was taken after a
gap of 3 days till 18 days (Figure 3b). No anomaly has been
detected during this period of time and the samples are very
much stable in air at room temperature.

The ordering of the molecular structure highly influences
the electrical transport properties of polymer based compo-
site.[24] The Van der Waals and the strong π–π interaction are
assumed to be the route for the charge carrier transport. Thus,
in order to determine the influence of the structural change of
PEDOT-Tos, induced by the addition of different percentage of
SWCNT on the transport properties, XRD of the synthesised
samples was performed and shown in Figure 4a. In case of
pristine PEDOT, X-ray diffraction peaks centered at 6.50, 13.70

Figure 2. Variation of a) thermal conductivity and power factor and b) figure of merit with SWCNT weight fraction.

Figure 3. Variation of a) thermoelectric power and power factor with electrical conductivity, b) electrical conductivity with number of days
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and 28.40 attribute to the (100) (200) and (020) reflection of the
polymer backbone with the lattice spacing 13.6 Å, 6.5 Å and
3.2 Å, respectively, which is in tune of other reports.[25] The
reflection of these three peaks ensures the presence of
crystalline phase. Comparing the peak positions of the
synthesised samples it is observed that there is a change in the
peak position in the X-ray diffraction pattern for the compo-
sites. For the peak position at 2θ ∼ 6.50, a shift towards a lower
angle is observed for all three composites, which points out a
change in the lattice parameters[26] and with the increase in the
SWCNT content the shift increases. It is proposed that the peak
at 6.50 is related to the interchain distance within the stack.
Thus the shift points towards an increase in the stacking
distance. Further an increase in the intensity is also observed at
this peak position with the increase in SWCNT content. This
increase in the stacking distance along with the increase in
intensity signifies that the crystallinity is upgraded.[25a] This
improved packing may increases the tunneling of the charge
carriers between the chain stacks as well as within the stack.
Moreover, significant changes in the XRD pattern were
observed for the samples containing 17% and 27% of SWCNT.
Peaks appeared at 2θ ∼ 44.20 which indicate the presence of
SWCNT and the intensity increases with the increase in the
SWCNT content. Further, the peak at 2θ ∼ 28.40 which is
attributed to the π-π stacking distance shifted to a higher
angle and also get shaped with the increase in the SWCNT
content. This indicates a decrease in the interlayer stacking
distance. It enhances the π-π coupling providing a pathway for
the charge carriers enhancing the TE properties.

The shift as well as increase in intensity at peak positions
2θ ∼ 6.50 and 28.40 with the increase in the SWCNT content is a
signature of formation of ordered structure.[25a] Here SWCNT is
assumed to take part in the bottom-up stacking leading to a
well ordered structure which in turn influences the transport
properties of the samples. The UV-Vis spectroscopy confirms
the change in the electronic states and shown in Figure 4b. The
absorption band around 600 nm attributes to the π-π*
transition.[25b] Moreover, the delocalization of the charge

carriers on the polymer chains is indicated by the free carrier
tail at the longer wavelength.[27,28] The free carrier tail is much
prominent with the increase in SWCNT content thereby
indicating an increase in the delocalized charge carriers.

Study of field emission scanning electron microscopy
(FESEM) was carried out to further investigate the morphology
along with the reorganization process and structural develop-
ment of PEDOT-Tos in the presence of SWCNT as shown in the
Figure 5. The pure sample (without SWCNT) displays a granular
like structure. The morphology of the samples (3% and 9%
SWCNT) are governed by a decrease in grain size and much
more packed together as is observed from the FESEM images.

This spatial compact nature increases with an increase in
the SWCNT content in the polymer matrix. Further a morpho-
logical transformation is also observed for the samples above
0.17 weight fraction of SWCNT content. Finally Sample V shows
a more ordered structure with much more compactness. Thus
the result clearly shows that induction of SWCNTs restructures
the PEDOT-Tos matrix to a more crystallize form through the
formation of improved compact structure. It is known that a
more ordered structure is always favourable for the charge
transport[29] and hence influence the transport properties.

In this bulk material, PEDOT can exist in different stereo-
isomers which may affect the ZT value of the material. To
understand the actual situation we chose an oligomer, instead
of polymer for simplicity in calculations, having four monomers
joined together. This oligomer can form four stereoisomers (i)
all cis, (ii) all trans, (iii) trans with cis and (iv) cis-trans-cis as
shown in the top of the Figure 6a. It is interesting to note from
DFT study that cis configuration between two rings introduce a
curve in the molecule which produce a cavity with small radius
of curvature, unsuitable to accommodate nanotubes. These
molecules are less contributing to ZT value of the material.
However, the molecules with trans configurations (ii and iii) are
planer and fully conjugated (from HOMO and LUMO; Figure 6a)
produce enough surface for π-stacking interactions with
SWCNT. The HOMO and LUMO values of these configurations
construct a wide valence and conduction band, respectively.

Figure 4. Spectral analysis of the synthesised samples. a) XRD and b) UV-Vis spectra.
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The band gap is of 5.23 eV, quite higher value for semi-
conductor properties of the pure material (Figure 6b). Doping
of SWCNT in the PEDOT-Tos, the HOMO and LUMO of it lie in
between the bands and fit such a way that the electron from
valence band can go to conduction band easily for maximum

2.63 eV energy (Figure 6b). In this way PEDOT-Tos-SWCNT
nanocomposites become as organic TE material with high ZT
value.

Conclusions

In summary, PEDOT-Tos-SWCNT nanocomposites have been
synthesised by in-situ polymerisation with the variation of
SWCNT content. For electrical characterisation the measure-
ment of σ and S as a function of SWCNT content has been
carried out. It is observed that σ increases but S decreases.
Though the S values are much higher than reported ones.
Improved degree of crystallinity via the band gap tuning as
depicted from DFT calculations, boost up the electrical
conductivity which in turn enhance the TE power factor. We
ascribe that this effort of improving the degree of crystallinity
to pick up the electrical conductivity via band gap tuning is a
way to enhance the thermoelectric power factor and hence the
figure of merit of conjugated polymer based nanomaterials.
Furthermore the very low k values along with high power
factor leads to a high value of ZT (0.045). To the best of
author’s knowledge this value is more than the reported
polymer based bulk nanostructured materials.

Thus the study validates the increase in the TE performance
by incorporating SWCNT in PEDOT-Tos and may be considered
to be constructive in the domain of design and synthesis of
polymer nanocomposites for TE applications. The cost effective
procedure, nontoxic properties and scalability, is the key for
the polymer nanocomposites to be used as TE materials.
Furthermore, through variation of different parameters and
optimization of the constituent composition, there is scope to
improve the TE performance of PEDOT-Tos nanocomposites.

Figure 5. FESEM images a-e) Sample I� V. Scale bars μm, f) Magnified portion of Sample V. Scale bar 500 nm.

Figure 6. a) Probable stereochemistry of the oligomeric bulk material and
their HOMO and LUMO, b) energy profile diagram of the PEDOT before and
after SWCNT doping.
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Supporting Information Summary

The supporting information contains the details of materials
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Abstract
Nanocomposites of tosylate dopedpoly (3, 4 ethylenedioxythiophene) (PEDOT-Tos) and graphenewith
improved structural orderwere synthesized and investigated as organic thermoelectric (TE)materials.
ATEfigure ofmerit ZT>0.05 is reported.Gradual incorporationof graphene results in an increase in
the degree of structural order of the samples. A consequent increase in thefigure ofmerit is observed,
themaximumvalue crossing 0.05 (higher than that reported for bulk nanostructuredpolymerbased
composites) for a graphene content of 25%.The tuningof theordered structure boosts up the charge
carriermobility, which in turn improves the thermoelectric power (S) simultaneouslywith the electrical
conductivity (σ). Consequently there is an increase in theTEpower factor.Moreover, the thermal
conductivity of the nanocomposites is very lowdue to selective phonon scattering by the introduction of
thenanointerfaces designed in the PEDOT-Tos-graphene nanocomposites, which further contributes
to the enhancement inZT.Anopposite trend is observed in structure andZT, for a graphene content of
40%; arisingprobably from reducedπ-stacking interactions between graphene and thePEDOTunits.
This study proves tobe an effectiveway and can escort the future design and synthesis of high-
performance thermoelectric conjugated polymers.

1. Introduction

One of themajor threats facing the 21st century is the crisis of energy. To improve the current efficiency of
energy, the conventional fossil fuels are replaced by alternative energy sources viz solar energy, hydrogen energy,
biomass energy etc.Now a day, a substantial amount of heat energy is irresistibly generated andwasted in daily
life and industrial production. Thermoelectric (TE)materials have potential to convert heat energy directly to
electrical energy utilizing thewaste heat source [1–3]. This creates an interest in the application of TEmaterials
starting from cochlear implant to thermal charging of photo-detectors and LED. TE devices have some
individual advantages other than new energy technologies, such as no noise and long operating lifetime.
Performance of a TEmaterial is expressed by its dimensionless figure ofmerit ZT=S2σT/κ, where S is the
thermoelectric power or Seebeck coefficient,σ is the electrical conductivity, T is the absolute temperature and κ
is the thermal conductivity respectively. But the parameters are so interconnected that achieving a high ZT value
is a challenge. During the last three decades research onTEmaterials progressed a lot since thework of
Dresselhaus [4].

Graphene in recent years attracted a lot of attention as a potential TEmaterial due to some of its unique
features viz high carriermobility and hence high electrical conductivity, two dimensional (2D) structure etc.
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Through density functional theory (DFT) calculations a high ZT value of 5.8 of graphene has been reported [5].
But at the same time its high thermal conductivity (2500–5300Wm−1K−1) [6, 7]makes it a weak challenger for
TE applications. Since a combination of high electrical conductivity and low thermal conductivitymakes an
efficient TEmaterial, latest research focuses on organic polymer TE and their graphene nanocomposites, due to
low cost, ease of synthesis and their intrinsic low thermal conductivity. Further the flexibility of the polymers
assists them to be incorporated in different topologies.

Consequently the researchon combination of polypyrrole andpolyanilinewith graphene exhibits a good
choice for improving the thermoelectric properties [8–10]. Nevertheless the ZT values (∼10–3 to 10–4) aremuch
lower than that of inorganic semiconductors due to lowSeebeck coefficient (or thermoelectric power) S.This is
followed by the synthesis of PEDOT-PSS graphene nanocomposites forTE applications and attractedmuch
attention [11]but still have low S values. Contrary toPEDOT-PSS, PEDOT-Tos exhibits superiorTEperformance
as has been demonstrated byBubnova et al [12], yet the polymer graphenenanocomposites have been unexplored.
It has been reported that the thermoelectric power depends on the density of states (DoS) slope at theFermi level EF
[13] and through themodification of crystallinity ofPEDOT, changes in theDoS can be achieved [12]. For PEDOT,
with the increase in the structural order there is an improvement in the carrier delocalization andπorbital
overlapping [14] influencing the electronic band structurewhich has an effect on the charge transport properties.
Consequently it has been suggested that for PEDOT-Tos increase in the structural order,modify theDoS affecting
both the electrical conductivity and thermoelectric power positively [12].

In the present study, we focus on the increase in the crystallinity of PEDOT-Toswith the incorporation of
graphene. Since the structural order affects the charge carrier transport, amapping between the structural order
and the charge carrier transport has been done. The source of the interconnection between the structural order
and the charge carrier transport are discussed and supported by the spectral analysis and temperature dependant
electrical conductivity.

2. Experimental

2.1.Material used
3, 4 ethylenedioxythiophene (EDOT)monomerwas purchased fromSigmaAldrich. Para toluene sulfonic acid
(pTSA) and ammoniumperoxydisulfate (APS)were purchased from alfa-aesar. Graphenewas purchased from
PlatonicNanotech Pvt. Ltd Ethanol was purchased frommerck chemicals. Deionisedwater was purchased from
hydrolab, India.

2.2. Synthesis of PEDOT-Tos by in situpolymerization
PEDOT is synthesized by using in situ polymerization of EDOTmonomer in an aqueous solution of PTSA, using
APS as oxidant. The solution of EDOT (0.02 mol)whichwas dissolved in an aqueous solution containing PTSA
(0.04 mol)was stirredwith amagnetic stirrer, for 30 min at room temperature. APSwas used as oxidant andwas
prepared by dissolving APS (0.02 mol) in 100 ml of water. In the following steps the APS solutionwas
addeddrop-wise to the aqueous solution of EDOTmonomer and the reactionmixture was stirred for 24 h at
room temperature. A dark blue precipitate was formed, indicating PEDOT (dopedwith PTSA). After 24 h the
product was collected by centrifugation for 5 min at 7000 rpmand rinsedwith deionizedwater and ethanol in
sequence thenfinally dried in vacuumat 70 °C.Wenamed the sample as S-I.

2.3. Preparation of PEDOT-Tos/Graphene nanocomposites
For the preparation of nanostructured PEDOT-Tos/Graphene nanocomposite dopedwith PTSA, graphenewas
added in a pre-prepared aqueous solution containing PTSA (0.04 mol) andwas constantly stirred for 30 min and
then ultrasonicated again for 30 min to obtain awell dispersed solution. EDOT (0.02 mol)wasmixed to the
solution andwas constantly stirred for 30 min. This is followed by the addition of APS (0.02 mol) as oxidant to
the solution and the reactionmixturewas stirred for 24 h at room temperature for direct synthesis of PEDOT-
Tos/Graphene nanocomposites. Thefinal product obtained after polymerizationwas centrifuged for 5 min at
7000 rpmand vacuumdried in an oven at 70 °C. The graphene content was calculated and comes out to be 6%
(S-II). The above procedure was again repeated for different weight of graphene and theweight percentages
calculated comes out to be 15% (S-III), 25% (S-IV), and 40% (S-V) respectively.

2.4. Characterization
All the prepared samples were structurally characterized by powder x-ray diffraction (XRD) patterns, UV–vis,
fourier transform infrared (FTIR) spectroscopy andfield emission scanning electronmicroscopy (FESEM).
X-ray powder diffractionmeasurements were performed using a diffractometer (BRUKERD8Advance)with
CuKα radiation (λ=1.54182 Å). TheUV–vis spectra of the prepared samples were recorded by a
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spectrophotometer (Perkin-Elmer-USA, Lambda-45) using samples dissolved in ethanol in quartz tubewith
data being recorded in thewavelength range 350–1000 nm. FESEM images were obtained using aHitachi
(S3400N) to get an idea of the surfacemorphology of the samples.

For themeasurement of electrical transport properties rectangular shaped pellets (10mm×5mm×5mm)
of all sampleswere preparedby cold pressing at 1 tonpressure. The electrical conductivity of the sampleswas
measured by four probemethod. For themeasurement of thermoelectric power, temperature difference has been
established along the ends of the samples, while the corresponding potential dropwasmeasuredby aHewlett
Packarddata acquisition system (ModelNo. 34970 A). Room-temperature thermal conductivitymeasurements
were carried out for theprepared samples using aHotDisk thermal constants analyser (TPS 2500 S, Sweden).

3. Results and discussions

3.1. Spectral studies
In polymer based composite, the degree of the structural order stimulates the electrical transport properties [15].
In the present work the strongπ–π interaction and increases in structural order are presumed to be the grounds
for the enhancement in the charge carrier transport. Thus, the interactions between PEDOT-Tos and graphene
for its different weight percentage into the polymermatrix are identified by x-ray diffraction and shown in
figure 1.

The pristine sample shows peaks at an angle 13.6° and 26.1°which are attributed to the reflection plane (200)
and (010) [16, 17]. These peaks signify the presence of crystalline phase in the polymermatrix. TheXRD spectra
of the composites shows a lower angle shift for the scattering angle 13.6°which suggest a change in the lattice
parameter till 25%graphene concentration in the polymermatrix. But for 40%graphene concentration it again
shifted to higher angle. All the samples feature a distinct peak at around 26°. This peak is a signature of crystalline
nature of PEDOTwith increases and orderedπ–π interaction of the conjugated units [18]. It is observed that
with the increases in graphene content the intensity of the peak increases with a shift to a higher angle till 25%.
Following Bragg’s law, the stacking distances were estimatedwhich comes out to be 3.4 Å for the pristine sample.
The stacking distance decreases with the graphene content till 25% (table 1) beyondwhich the stacking distance
increases. This decrease in the interlayer stacking distance and the increase in the intensity of the peak around
26o signify that with the increase in graphene content a closer packing structure is favouredwith improvedπ–π
coupling, providing a pathway for the charge carriers, stepping up theTE properties.Moreover, it is also
observed that 25wt%of graphene in PEDOT-Tosmatrix behaves as the threshold amount beyondwhich there
is a hindrance in the growth of crystallization of the PEDOT-Tos creating a barrier to transport the carriers in the
composite as observed for graphene-polyaniline nanocomposites [19, 20] and is in tunewith the electrical
transport properties.

Further we elucidate throughUV–vis and FTIR characteristics of the samples shown infigures 2 and 3
respectively.

TheUV–vis spectrumof the pristine sample shows a strong absorption band around 800–900 nmwhich is
assigned toπ*-polaron transition [21]. The spectra of the composite samples, in addition toπ*-polaron
transition, also shows a band around 362 nmwhich is attributed toπ–π* transition. This band is red shifted to
378 nmand 387 nm for S-III and S-IV respectively which signify an increase in the interaction between the

Figure 1.XRD spectra of the synthesized samples.
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quinoid ring of the polymer and graphene [8–22]. Consequently there is an increase in the delocalization of the
charge carriers which in turn increases the electrical transport properties. For S-V the band is blue shifted to
381 nmwith respect to S-IV indicating theweakening ofπ–π* transition [20]. It was also observed that the
UV–vis spectra display a trend of a free carrier tail at the longer wavelength for all the samples which indicates
the delocalization of the charge carriers [23, 24]. The results reveal the formation of adequate number of charge
carriers andPEDOT is in a bipolaronic state.

For the pristine sample the bands observed in FTIR spectra are at 681, 831, 922 and 969 cm−1 are the
assigned to the deformationmodes of C–S–C in the thiophene ring [25, 26]. The bands around 1083, 1133 and
1202 cm−1 are the signature of C–O–Cbending vibration of the ethylenedioxy group [21]. The bands around
1338 and 1519 cm−1 are attributed to theC–C stretching andC=C stretching of the quinoidal structure of the
thiophene rings [27, 28]. Further the band around 1657 cm−1 is assigned to the polarons present in PEDOT. The
FTIR spectrumof composite samples show all the bands butwith a shift to a higherwave number till 25%. In

Table 1.Room temperature values of the characteristicMott temperature (T0), hopping distance (Rhop), activation
energy (Ehop), carrier concentration (n) and carriermobility (μ) of the synthesized samples.

Sample name d (Å) T0 (K) Rhop (Å) Ehop (meV) n (1018×cm−3) Μ (cm2V−1s−1)

S-I 3.4 827.43 1.11 8.32 1.3 7.596

S-II 3.38 651.015 1.04 7.85 1.7 9.522

S-III 3.35 434.055 0.94 7.09 2.4 14.818

S-IV 3.31 346.406 0.89 6.7 3.2 17.089

S-V 3.37 486.846 0.96 7.30 3.9 9.872

Figure 2.UV–vis spectra of the synthesized samples.

Figure 3. FTIR spectra of the synthesized samples.
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addition a newband around 1481 cm−1 is also observedwhich signifies C=C stretching of the quinoidal
structure of the thiophene rings which is also shiftedwith the increase in graphene concentration till 25%.

The shift is likely to be theπ–π interactions between graphene and the thiophene rings of PEDOT [29].
Consequently this points out to be a change in the resonant structure of PEDOTwith the addition of graphene
froma benzenoid structurewhich supports a coiled conformation to a quinoid one favouring a linear coil
conformation resulting in the delocalization of the charge carriers all through the polymer chain [30].

3.2. Structural characterization
To further look into the development of restructuring of PEDOT-Toswith the addition of graphene
morphological study has been carried out through scanning electronmicroscopy (figure 4). The SEM image of
pristine PEDOT-Tos displays a self-assembled granular structures less compact in nature.

With the addition of graphene, themorphology of the sample for S-I shows an increase in compactness.
With further increase in the graphene concentration in the polymermatrix, this spatial compact nature increases
Further, the SEM images clearly exhibit that the graphene serves as the growth template of PEDOT and the
interaction increases with the addition of graphene till S-IV. For S-Vwe observe that there is again a decrease in
the interaction between PEDOT-Tos and graphenewhich is in tunewithXRD,UV–vis and electrical transport
properties. Thus addition of graphene in PEDOT-Tosmatrix increase the interaction between the constituents
resulting inmore ordered structure till a threshold valuewhich consequently increases the electrical transport
properties. Report shows that amore ordered structure favours charge transport [31].

3.3. Electrical characterization
In order to determine the electrical transport properties of the prepared samples, the variation of the electrical
conductivity (σ) at room temperature with graphene concentrationwasmeasured and plotted infigure 5(a). The
value ofσ shows a hikewith the increase in graphene concentration reaching amaximumvalue of 875.2 Sm−1

for S-IV, which ismore than five times higher than the pristine one, and then it decreases for S-V.
The values of electrical conductivity in each case are higher than that of PEDOT-PSS-graphene

nanocomposites [32, 33] and PEDOT-rGOnanocomposites [29]. This enhancement in the value ofσ indicates a
change in structural order of the samples.

To further investigate the variation of the electrical conductivity with temperature of the prepared samples
has been studied and shown infigure 5(b). For all the prepared samples a rise inσ value has been detectedwith
the rise in temperature representing semiconducting nature. It is well known that for polymers a quasi one
dimensional variable range hopping (VRH)model explains the electrical conductionmechanism [8, 21]. Along
these lines, temperature dependentσ values have been explained according toMott’s VRHmodel [34]

Figure 4. FESEM images of (a) graphene and the synthesized samples (b)–(f) Sample S-I to S-V. Scale bar 1μm.
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T Texp 10 0
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whereσ0 is the high temperature limit of conductivity andT0 is the characteristicsMott temperature associated
with the carrier hopping barrier. T0 values have been evaluated byfitting equation (1) and tabulated (table 1). It is
observed that with the increase in graphene loadingwithin PEDOT-Tosmatrix T0 decreases thereby showing
that the carrier hopping barrier decreases resulting in an enhancement ofσ. Further, the average hopping
distance (Rhop) and the activation energy (Ehop) according to theVRHmodel is given by [21]

R T T L3 8 2hop 0
1 4= ( )( ) ( )

E k T T T1 4 3hop B 0
1 4= ( ) ( ) ( )

where L is the localization length. Taking the value of the localization length of EDOTmonomer units to be
2.29 Å [35] the hopping distance and the activation energy has been estimated at room temperature (table 1). A
decrease in the average hopping distance and an increase in the activation energy are reflected. This is a signature
of the observed enhancement in the value of the electrical conductivity.

In addition, to illuminate the scientific knowledge for the enhancedσ values, the carrier concentration (n) of
the samples has been studied fromHallmeasurement and hence the carriermobility (μ) has been estimated and
the values are tabulated (table 1).

The positive values of RH (not shown)denote that themajority charge carriers are holes (p-type). A
substantial increase in the carriermobility is observedwhile the increase in carrier concentration is small. Thus
the enhancement of the electrical conductivity ismainly attributed to the increase in the charge carriermobility.
Generally for polymeric system, the structure of ordering of polymers greatly influences the electrical transport
properties. The ring twisting introducesmoreπ–π conjugate defects resulting in a decrease in the carrier
mobility. Here the graphene templatemost likely helps PEDOT-Tos to switch from a coil-like conformation to
an extended conformation thereby increasing the structural orderwhich enhances the hopping rate (including
hopping distance and activation energy)within the polymermatrix increasing the value ofσ. Further theπ–π
interaction between the PEDOT-Tos and graphene surface helps to reduce theπ–π defects whichmay be
responsible to channel the carrier transport enhancing the charge carriermobility and hence the electrical
conductivity. The decrease in the electrical conductivity is probably due to the following reasons. The excess
graphene beyond 25%probably obstructs the crystallize growth forming barriers to carrier transport.Moreover
the increases in the graphene content beyond this percentage also results in polymer twisting inducing longer
hopping distance for the charge carriers resulting in a decrease in the carriermobility.

The variation of thermoelectric power and power factorwith graphene concentration has been shown in
figures 6(a) and (b). An increase in S is observed reaching amaximumvalue of 167.2μVK−1 for sample S-IV but
decrease thereafter.

Sinceσ and S follow an inverse relation to the gap between narrow transport level and Fermi level, both the
parameters cannot increase at the same time [36]. Surprisingly, in the present case both these parameters
increases with the increase in the graphene concentration thereby showing that band theory or the electron-
phonon scattering based conventionalmodel [37] could not explain the conductionmechanism. To investigate
this characteristic of the thermoelectric power, we consider theMott’s formalism consisting of energy
dependentmobility [μ(E)] and carrier concentration (n) terms and is written as

Figure 5. (a)Variation of electrical conductivity with percentage grapheneweight and (b) temperature dependence of electrical
conductivity of all samples.
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where, kB andCe are the Boltzmann constant and the specific heat respectively. It is assumed from equation (4)
that both n andμ(E) should influence the thermoelectric power. It is observed that the carriermobility plays a
crucial role till 25%of graphene content in the polymer since the increase in carriermobility ismuch higher than
the increase in carrier concentration. Increase in the structural order increases the charge carriermobility which
in turn increases the electrical conductivity as well as thermoelectric power. Thus thismethod proves to be an
effective way to improves thermoelectric properties of polymers since enhancement ofmobility of inorganic
semiconductors now a days are a new route. The decrease of the thermoelectric power after 25%graphene
content is probably due to the increase in the twisted chains producingmore defects with the increase in
graphene content [38]. This in turn decreases the carriermobility and the carrier concentration comes into play
decreasing the thermoelectric power. Further it has been proposed by Bubnova et al [12] that with the increase in
the structural order the asymmetry of the density of states increases thereby resulting a higher thermoelectric
power for PEDOT-Tos.With the increases in crystallinity a broadening ofDoS is noticed [13] and it is reported
that this broadening is transmitted to all theπ bands togetherwith those close to Fermi level [39, 40]which
enhances the carriermobility as well as the thermoelectric power [12]. Here in this case with the increases in the
graphene content till 25% there is an increase in the structural order as well as crystallinity which results in an
increases carriermobility as well as the thermoelectric power. As graphene content is increases beyond 25% this
structural order diminishes resulting in a decrease of the electrical conductivity aswell as the thermoelectric
power. Since bothσ and S values increases with the graphene content, the power factor also increases reaching a
maximumvalue of 24.3μWm−1K−2 for the sample S-IV, thereby it decreases for the sample S-V.

3.4. Thermal conductivity andfigure ofmerit
The variation of thermal conductivity (κ)with graphene content ismeasured and studied (figure 7). Though the
thermal conductivity of graphene ismuch higher and phonon dominated yet the rise in theκ valuewith
increasing concentration of graphene is insignificant.

Figure 6.Variation of (a) thermoelectric power and (b) power factorwith percentage grapheneweight.

Figure 7.Variation of thermal conductivity and figure ofmerit with percentage grapheneweight.
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Theκ values aremuch lower than the reported graphene based PEDOTnanocomposite [11, 41].κ value
comprises of the electron transporting heatκe and the phonons travelling through the latticesκl. In the present
case theκ values are phonon dominated as the electronic contribution is very small.

It was observed that the surface porosity and insertion of nano interfaces enhances the scattering of phonons
reducing the lattice contribution [22, 41]. The graphenemulti layers within the PEDOT-Tosmatrix probably
introduce surface porosity and nano interface which acts as scattering center of phonons reducing theκl but the
electronmobility can bemaintained.

Lastly the figures ofmerit (ZT) of the prepared samples at room temperature has been evaluated and
compared infigure 7. ThemaximumZT value obtained for S-IV comes out to be 0.0506which ismore than
21 times higher than the pristine sample. Further is it noteworthy that this value is higher than graphene based
polymer nanocomposites [8, 19, 20, 29, 41, 42]. Thus the increase in graphene concentrationwithin PEDOT-
Tosmatrix is a signature of enlarging the pathway for the electrical transport till a threshold valuewithout
remarkably increase in thermal transport which favour the improvement of the transport properties and as a
result the figure ofmerit increases. There is a scope to further increase the ZT value through variation in the
nanostructure of PEDOT-Tos –graphene nanocomposites.

3.5. Proposedmechanismof formation of nanocomposites
Themechanismof the formation of the nanocomposites is schematically shown infigure 8. Some of the EDOT
monomer adheres to the surface of graphene as soon as it ismixedwith the solution containing EDOT and
pTSA. The EDOT, absorbed on the surface of graphene acting as template, starts growing in the presence of APS
as seen by comparing the SEMmicrographs of the nanocomposites. The bonding between the graphene layers
and the PEDOT:Tos polymers can be ascribed toπ-stacking interactions, themain contribution towhich comes
fromvan derWaals forces between theπ-systems of graphene and the aromatic thiophene units of the PEDOT
chain resulting in an energeticallymore preferredmerging of band structure.

Figure 8. Schematic representation of polymerization of EDOT andmechanism of formation of nanocomposites.
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Since the sulphonate anions neutralize the charges of the EDOTmolecules the contributions of electrostatic
forces and hydrogen-bonding to the stacking interactions are expected to beminimum. The possible reasons
behind the graphene-induced increase in hopping rate and charge carriermobility have already been discussed
before, in the text. This is concordant with an initial decrease in stacking distance with increase in graphene
content (upto 25%). The increase of stacking distance with an increase in graphene content beyond 25%can
probably arise from increasedπ-stacking interaction between the graphene layers, with reducing interaction
between the graphene and PEDOT layers (it is to be noted here that thiophene is less aromatic than benzene).
This leads to lowerπ-stacking interaction between the graphene and PEDOT layers and henceforth reduces the
stability coming therein.

4. Conclusion

PEDOT-Tos-graphene nanocomposite has been synthesized at room temperature via in situ polymerization. It
has been observed from the structural characterization that addition of graphene to the polymermatrix results
inmore ordered structure. The increase in the degree of ordered structure increases the hopping rate (including
hopping distance and activation energy)within the polymermatrix.Moreover the ordered structure results in
π–π interactions leading to a reduction in theπ–π conjugation defects in the backbone of the polymer chain. As
a consequence the charge carriermobility of the synthesized samples increases which in turn increases the
electrical conductivity. Also the carriermobility plays a crucial role till 25%of graphene content in the polymer
to increase the thermoelectric power aswell. The change in the thermal conductivity with the graphene content
is small and can be attributed to the phonon scattering by the nanointerfaces. ThemaximumZT value reaches
0.0506which is higher than that of PEDOTbased bulk nanostructure. This study proves to be helpful in
designing and synthesis of polymer nanocomposites for TE applications. Further thismethod shows an effective
way to improve the thermoelectric properties of polymers via the enhancement ofmobility of the charge carriers
and can be extended to other polymer systems.
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Abstract

The discovery of conducting polymers (CPs) opens up a new path for the researchers

to design them accordingly to some specific applications. Poly(3,-

4ethylenedioxythiophene)-tosylate (PEDOT-Tos) being one of the bicyclic

polythiophene derivatives has been drawing much attention in the recent years.

PEDOT is a well-known CP with high electrical conductivity and balanced with small

counter ion Tos seems to be a material capable in various applications. The improved

structural order with the semi-metallic character as supported by the electronic band

structure activates the scientific community to employ PEDOT-Tos in various appli-

cations. Reports show that for the last decade categorically PEDOT-Tos has been

synthesized, which finds applications not only in thermoelectrics, different type of

sensors including mechanical and optical, as electrodes in organic electronics but also

in biomedical applications specifically in tissue culture. The present work aims at

implementing a comprehensive update on the synthesis of PEDOT-Tos with the

structure and properties and also a state-of-art review as a promising material in vari-

ous applications with anticipation that the present work motivate the researchers to

bring out PEDOT-Tos as a multifunctional material.

K E YWORD S

applications, poly(3,4ethylenedioxythiophene)-tosylate, properties, structure, synthesis

1 | INTRODUCTION

The last two decades have witnessed a substantial increase in

research in the field of conducting polymers (CPs), mostly

π-conjugated polymers owing to their unique optical and electrical

properties and ease of synthesis.1-3 The external stimuli have a hold

over the electronic conjugation of the CPs and modulated the latter

which influences the exclusive properties that can be optimized. Con-

sequently, the synthesis techniques can modify the conductivity, pH,

color or refractive index of the CPs. As an effective part of organic

electronics the CPs thus find applications in various electronic devices

starting from organic field effect transistors (OFETs),4 organic light

emitting diodes (OLEDs),5 photovoltaic cells,6 sensors,7 memories8 to

thermoelectric generators.9-13 CPs like polypyrrole (PPy), polyaniline

(PANI), polythiophene and their derivatives are probably the most

potential candidates for various applications. Poly(3,-

4ethylenedioxythiophene) (PEDOT) is apparently considered the suit-

able one among the available CPs with respect to the conductivity,

processability and stability.14,15

Although PEDOT is an insoluble polymer, but in the presence of

poly(4 styrenesulfonate) (PSS),16,17 it becomes aqueous and process-

able. Positively charged PEDOT is stabilized by charge balancing

counter polyanion dopant PSS18 and thus as a charge transporting

species PEDOT-PSS becomes hole conductive.17 Although PEDOT-

PSS is advantageous in various applications,19 it finds limitations due

to the high hydrophilicity of PSS. Because of the water soluble PSS

chain, PEDOT-PSS is strongly sensitive to humidity and shows a ten-

dency of swelling in aqueous media thereby limiting its potential
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application as thermistor or in other electronic devices.18,20-24 To

overcome the hydrophilicity of the PEDOT-PSS, tosylate doped

PEDOT (PEDOT-Tos) comes into play as the hydrophilic nature

decreases due to the removal of the sulfonic acid from polymer struc-

ture and balanced ionicity. PEDOT-Tos has attracted noticeable atten-

tion in recent days due to its processibility in solution, large variation

in conductivities,25 high electrochemical and thermal stability.26

PEDOT-Tos has also a very low band gap of around 1.5 eV and doping

of the PEDOT with tosylate ion can change the absorption level in

NIR region making the polymer transparent.26 Further, PEDOT-Tos is

one of the desirable candidates to replace the ITO in flexible electron-

ics and displays27 and by controlling the oxidation level, the thermo-

electric (TE) efficiency can also be increased.11 Owing to these

properties, PEDOT-Tos has been found wide applications starting

from energy conversion to storage field. In this review, we present

the different synthesis procedure of PEDOT-Tos, its structure and

properties and report on the progress on various applications with a

detailed description.

2 | STRUCTURE AND PROPERTIES

Commercialization of the first generation of CP such as polyacetylene

falls short of success because of their stability issues in air. The inven-

tion of PEDOT, on the other hand, has led the way to obtain better air

stability and thermal stability in the doped state as well as good elec-

trical conductivity as the free radicals and positive electronic charges

are even out by electron donating oxygen substituent within the con-

jugated backbone chain.28 PEDOT-Tos is one of the bicyclic

polythiophene derivatives balanced with small counter ion Tos as

shown in Figure 1. The small Tos counter ion provides a more ordered

and crystalline molecular structure as confirmed from Grazing inci-

dence wide-angle X-ray scattering (GIWAXS) as shown in Figure 2A

which is observed for the first time by Bubnova et al33a and interprets

well-ordered crystallites within less ordered amorphous matrix. It

shows various sharp peaks along off axis and considerable in plane

scattering. The small angle diffraction peaks at Q = 0.45 Å−1 and

Q = 0.89 Å−1 is attributed to the lamellar stacking of (100) and (200)

F IGURE 1 (A) Structure of PEDOT-Tos. (B) Structural model of PEDOT-Tos, in projection along B (upper) and along C (lower). Reproduced
with permission.29 Copyright 1999, Elsevier. (C) Molecular structure of the PEDOT:Tos, where PEDOT is shown in blue, Tos in green. Adapted
with permission.30 Copyright 2017, American Chemical Society. (D) PEDOT-Tos deposited on graphite and amorphous SiO2 substrates after
water evaporation. Adapted with permission.31 Copyright 2018, American Chemical Society
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planes of PEDOT:Tos whereas the peak at Q = 1.82 Å−1 is due to the

π – π inter-ring (010) stacking of PEDOT.33a-35 Thus the proposed unit

cell structure of PEDOT-Tos is orthorhombic with lattice parameters

a = 14.0 Å, b = 6.8 Å and c = 7.8 Å29 with the polymer chains along

the c axis and a axis normal to the substrate as shown in Figure 1B.

This representation points toward a lamellar structure of PEDOT-Tos

with π-stacked lamellae chains of the polymer separated by an inter-

lamella space occupied by the tosylate anion.36,37 A highly favored

interaction is introduced due to the small stacking distance of the

lamellar structure of PEDOT-Tos which is responsible for the increase

in crystallinity.34

The oxidation level of PEDOT-Tos can be tracked by using X-ray

photoelectron spectroscopy (XPS) technique. Figure 2B shows the

XPS spectra of PEDOT-Tos. Interestingly PEDOT-Tos contains two

different sulfur atoms; one in the sulfonate group of Tos having a

binding energy of 166–170 eV which is higher than the binding

energy (163–166 eV) of the other in the thiophene units in

PEDOT.32b,35 This difference is attributed to the different environ-

ment of the sulfur atoms. The sulfur atoms in the sulfonate group of

Tos are attached with three electronegative oxygen atoms which

results in higher binding energies. The areal ratio of S(2p)tosylate/S

(2p)thiophene gives a measure of the oxidation level of PEDOT-

Tos.11,32b,35 Further, the spectral shape of C(1s), O(1s) and S(2p) was

modified by the oxidization level of PEDOT-Tos when exposed into

the different pH solution,38 concentration of oxidant,39 reducing

agent,11 washing solvents32b and different solution treatment35,40

which in turn enhances various properties of the polymer.

The development of computational microscopy in recent days

seems to be a potential technique to figure out the morphology of

CPs and has been reported for PEDOT-Tos.30-31,41 Such computa-

tional structure of PEDOT-Tos is shown in Figure 1C where it is

proposed that the PEDOT chains are aggregated in crystallites con-

sisting of 3-6 π-π stacked chains. These crystallites are within an

amorphous matrix of PEDOT chains and are connected by inter-

penetrating π-π stacked chains such that percolative paths in the

structure are formed.30 Substrate-dependent morphology was also

reported through computational microscopy as shown in Figure 1D. It

has been suggested that existence of substrate influences the growth

of lamellar structure. It was observed that face on orientation is pre-

ferred for ordered substrate as a result of the interaction of substrate

atoms and the p-orbitals in PEDOT chains. On the other hand edge

on orientation is preferred on amorphous SiO2.
31

The properties of the CPs are greatly influenced by their oxida-

tion level, inter-chain interactions, chain alignment, conjugation

length, degree of disorder, and so on. In a single polymer chain, charge

defects namely polarons and bipolarons are formed due to the

removal of topmost electrons of the valance band which are stabilized

by atomic or molecular counterions33a as shown in Figure 3. PEDOT-

Tos being semi-metallic in nature, it has been proposed that the elec-

tronic structure follows a bipolaronic network with an empty

delocalized bipolaron band which merges into the delocalized valence

band. Two new states (i, i*) are induced due to the local structural dis-

tortion out of which one of the levels is destabilized from the top of

the valance band. The random orientation of the tosylate counter ions

is the reason of the creation of the states in the gap.42 For the case of

bipolaron, the level'i' is empty. The density of valence electronic states

(DOVS) for PEDOT-Tos has been depicted by ultraviolet photoelec-

tron spectroscopy (UPS) shows a large DOVS at the Fermi level EF

without a disorder-induced tail. Moreover, PEDOT-Tos has a lower

work function of 4.3 eV and the valence band is closer to EF. The elec-

tronic structure, as calculated with molecular dynamics41,43 simula-

tions through a semi-empirical approach, indicates a change in density

F IGURE 2 (A) GIWAXS of
PEDOT-Tos. Reproduced with
permission.32a Copyright 2020, John
Wiley and Sons. (B) S(2p) XPS spectra
of PEDOT:Tos films after the
immersion dedoping process with
methanol from initial washing to
5 hours of immersion and with DMF
for 1 hour. Reproduced with

permission.32b Copyright 2017,
American Chemical Society
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of state (DoS) from insulating to semi-metallic with the increase in car-

rier concentration with a fall of the gap between the bipolaron and

valence bands.42 Thus, random distribution of the counter ions

enhances the path from insulating to a semi-metallic state.

3 | SYNTHESIS

PEDOT-Tos, with outstanding properties, has already become famous

in the field of CPs. It is already known that variation in the synthesis

process affects the structures (micro or nano) which in turn influence

the application based properties of the CPs. To date, several attempts

have been made to fabricate PEDOT-Tos with controlled architec-

tures. Figure 4 shows an exhaustive overview of the typical synthesis

procedures, namely, chemical polymerization, vapor phase polymeriza-

tion and electrochemical polymerization. Moreover, the synthesis pro-

cess of PEDOT-Tos based nanocomposite materials will also be

discussed in this section.

3.1 | Chemical polymerization

For the large-scale production of PEDOT nanomaterials, chemical

polymerization is one of the effective methods. This method is rela-

tively simple to perform. The oxidizing rate of EDOT as well as the

formation of higher molecular weight of polymer can be controlled

easily by the chemical polymerization process. Although the study of

PEDOT-Tos is currently underway, the polymer had been chemically

synthesized long ago in 1994 by Leeuw et al.25 For the typical synthe-

sis procedure, the monomer ethylenedioxythiophene (EDOT), the oxi-

dizing agent iron(Ill) tris-p-toluenesulfonate and imidazole were first

dissolved in n-butanol. The whole oxidant solution was then filtered

through a 0.5 cm filter. Pre washed substrates (typically 5 × 5 cm) of

glass or plastic was taken on which the solution was spin coated at

1000 rpm and baked on a hotplate (or in a convection furnace) at

110�C for 5 minutes. The process of heating initiated the polymeriza-

tion of the monomer EDOT to PEDOT doped with tosylate.44,45 Then

onward different modifications of the above process have been done

to synthesize the polymer. For example, PEDOT-Tos powders as well

as thin films have also been synthesized by the above said process in

different organic solvents,35,46 namely, methanol, ethanol, n-butanol,

hexanol and dodecylbenzenesulfonic acid (DBSA), which influence the

electrical parameters of the samples. A strong interaction exists

between alcoholic solvents and PEDOT-Tos through hydrogen bond-

ing which changes the molecular ordering of the samples.46 PEDOT-

Tos thin films were also polymerized by using various high boiling

point additives like acetonitrile (ACN), toluene (Tol), chlorobenzene

(CB), dimethylformamide (DMF), dimethylsulfoxide (DMSO), ethylene

glycol (EG), propylene carbonate (PC) in order to tune the structure of

the polymer. In situ polymerization of EDOT and ferric para toluene

F IGURE 3 Electronic structure of polarons and bipolarons in nondegenerate ground-state polymers. Vertical lines show the electronic
transitions. The allowed transitions are P1 = i, P2 = i*- i, BP1 = i (here BP means bipolaron.) The small arrow stands for an electron with a spin
(either up or down). Adapted with permission.33b Copyright 2003, The American Physical Society
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sulfonate as dopant in poly(vinyl pyrrolidone) matrix have also been

reported with incorporation of co-dopants (Methanesulfonic acid

[MSA], 2-naphthalenesulfonic acid [NSA] and p-toluenesulfonic acid

monohydrate [PSA]) in the backbone of PEDOT, which were dissolved

in the oxidant solution before mixing it with the monomer solution.

Moreover, Pyridine as well as tri-block copolymer was used in the

process of synthesis to control the kinetics of the polymerization.27,47

Again addition of copolymer like PEO-b-PPO-b-PEO BCP, polyure-

thane (PU) and polyethylene glycol (PEG) to the oxidation polymeriza-

tion reaction is another modification which was reported

recently.32b,48,49 Even to control the oxidation level in PEDOT-Tos so

as to enhance its structural and electrical properties, two different

approaches were adopted, for example, the variation of the concen-

trations of iron(III) p-toluenesulfonate solution39 and the use of

reducing agents like tetrakis(dimethylamino) ethylene(TDAE)11 and

L-ascorbic acid (vitamin C).40

To extend the beneficial effects for the practical applications,

organic-inorganic hybrid materials were the best candidate for the

same. So synthesis of nanocomposites of PEDOT-Tos with inorganic

counterparts is currently underway. Nanocomposite thin films of

PEDOT-Tos with Mn3O4
50 and CuO51 has been synthesized by chem-

ical polymerization using different concentrations of the inorganic

counter parts. For PEDOT-Tos Mn3O4 nanocomposite films, a modifi-

cation has been done through esterification between EDOT-methanol

and glutarric anhydride for attaining a monomer adorned with a

glutaryl. PEDOT-Tos layers over the TiO2 nanotubes were also syn-

thesized by chemical polymerization process. In a typical synthesis

process, PEDOT-Tos was also synthesized using solution-casting

chemical polymerization, which was then spin-coated on different

substrates, namely, TiO2 nanotube52 or CNT-sprayed glass sub-

strates.53 Variation in the concentration of CNT was carried out to

change the amount of PEDOT interfering with CNTs. Again CNT was

also added in the polymerization solution of PEDOT where iron (III)

chloride was used as oxidant and p-toluenesulfonic acid (pTSA) was

used as the source of tosylate group.54 Modification of the process in

terms of oxidant was also observed in PEDOT-Tos Graphene55

nanocomposites powder. Ammonium peroxy disulfate (APS) was used

as oxidant in this case.

F IGURE 4 Schematics diagram of various polymerization methods of forming PEDOT-Tos films: (A) The chemical polymerization process.
(B) The vapor phase polymerization process. (C) The electrochemical polymerization process. Reproduced with permission.28 Copyright 2019,
John Wiley and Sons
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3.2 | Vapor phase polymerization

A new synthesis route to obtain PEDOT-Tos is vapor phase polymeri-

zation (VPP), in which the film of the oxidizing component with pyri-

dine was exposed to EDOT vapors to initiate the polymerization.56-58

The advantage of VPP over chemical synthesis is that it is a bottom-

up approach where the monomers are stacked up leading to a well-

ordered crystalline structure of the polymer.28

Different approaches are made to modify the oxidant film for

well-ordered structure of PEDOT-Tos. An oxidant solution, containing

iron(III) p-toluenesulfonate with butanol added with different copoly-

mers such as polyethylene glycol,58 poly(ethylene glycol-ran-(propyl-

ene glycol) (PEG-ran-PPG)59-61 or PEG/PDMS/ PEG,62 was spin

coated onto a prewashed/ITO coated glass and kept on a hot plate to

evaporate the solvent, and finally oxidant coated substrate was

exposed to EDOT vapor for polymerization. In another approach, the

plasma treated PVDF films were coated with the oxidant solution of

iron(III) p-toluenesulfonate on both sides, through dip coating method,

and the oxidant coated PVDF film was placed into the VPP chamber

and exposed to EDOT monomer vapor to achieve the PEDOT-Tos

coated PVDF flexible film for further practical application.63 Addition

of triblock polymer PEG-PPG-PEG to the mixture of oxidant solution

with alcohols38,62,64-69 along with different additives such as

deionized water, DMF70 DMSO or EDTA71 was also attempted for

the synthesis of PEDOT-Tos films through VPP. Such procedure was

repeated for multiple layer synthesis of PEDOT-Tos by sequential

polymerization, until the free standing PEDOT-Tos film was

obtained.72 The tripolymer PEG-PPG-PEG with the additives were

used to control the crystallization of PEDOT-Tos.

Further modification of the VPP technique had been done for the

synthesis of the PEDOT-Tos-PPP where the films were prepared at

air rather than under vacuum.73,74 Modification of the substrate in the

VPP technique has also been done for the synthesis of a stretchable

and flexible PEDOT-Tos film under nitrogen flow.75 VPP was also

employed to develop a composite film of aligned carbon nanotubes

with PEDOT-Tos on PVDF film.76 Another composite film PEDOT-

Tos/Graphene was developed on a Ta2O5 covered porous pellet. A

FeTos/graphene layer was formed on the porous Ta2O5 pellet and

was exposed to the EDOT monomer vapor to form PEDOT-Tos/

Graphene composite film.77 Further, a rGO/CNTs/PEDOT-Tos com-

posite film was also fabricated by simple VPP deposition, an oxidant

Iron(III) p-toluene sulfonate hexahydrate (Fe(OTs)3) solution was uni-

formly applied on to a CNT and rGo solution sprayed substrate which

was transferred in to the EDOT vapor chamber for the deposition and

polymerization with required condition.78

3.3 | Electrochemical polymerization

The chemical synthesis or the vapor phase polymerization EDOT is

oxidized using an oxidant but for electrochemical polymerization

(ECP) a potential is applied to an electrode to oxidize the EDOT. The

setup for the ECP is typically is a one-compartment three-electrode

cell with a working electrode, Ag/Agcl as a reference electrode and

platinium foil as a counter electrode. Since low polymerization poten-

tial made polymer film adhesive,79 the applied potential was preferred

to be in between 1.0 and 1.2 V. The electrolyte in the cell is a solution

of 3,4-ethylenedioxythiophene and iron(III) tris-p-toluenesulfonate in

n-butanol. PEDOT-Tos was electro polymerized on a gold layer on

polyethylene substrate which is the working electrode.26

In conclusion, though the chemical polymerization process is a

simple method to synthesize PEDOT-Tos with higher molecular

weight, the vapor phase polymerization (VPP) technique is a new

route of synthesis with a bottom-up approach which is advantageous

over chemical polymerization process as it gives well-ordered crystal-

line polymer structures which is a basic necessity for the improvement

of different parameters of PEDOT-Tos. On the other hand, the advan-

tage of electrochemical polymerization technique is that unlike the

chemical polymerization or the VPP method use of reagent as an oxi-

dant is not required. The potential applied in this process oxidize the

EDOT monomer. But the setup of the electrochemical polymerization

technique is more complicated, then the chemical polymerization as

well as vapor phase polymerization.

4 | APPLICATIONS

PEDOT-Tos being a polymer of high interest in the research field, it

has been synthesized for various applications starting from thermo-

electrics to biomedical. The details of those applications are discussed

in the following section.

4.1 | Thermoelectric application

With the advancement of civilization, there is an increase in the

demand of electricity which in turn mainly depends on burning of fos-

sil fuels. Consequently, the rising of CO2 gas production day by day

has an adverse effect in the context of the global warming. So the sea-

rch of alternative technologies comes into play to overcome such

problems. One such alternative technology is the use of thermoelec-

tric generators (TEGs), which can produce electricity from waste heat

and natural heat sources too. The efficiency of a thermoelectric mate-

rial is characterized by the dimensionless thermoelectric figure of

merit ZT = σS2T/κ, where σ, S and κ are the electrical conductivity,

the Seebeck coefficient and thermal conductivity of the material,

respectively, and T is the operating temperature. Recently polymers

based thermoelectric devices shows the capability in the application

of near-room temperature energy harvesters. PEDOT-Tos is one of

such polymer thermoelectric materials whose thermoelectric applica-

tion is currently underway. Different strategies have been adopted by

the researchers to increase the figure of merit of PEDOT-Tos, for

example, controlling the oxidation level, treating with acids and bases,

using additives adding inorganic counterparts, and so on.

It has been observed that the control of the oxidation level of

PEDOT-Tos using tetrakis(dimethylamino) ethylene (TDAE),11

6 MAITY ET AL.



aqueous vitamin C solution40 or variation in concentrations of iron(III)

p-toluenesulfonate hexahydrate with respect to n-butanol39 greatly

influence the electrical conductivity and thermoelectric power which

in turn affect the ZT.

The vice versa effect of the electrical conductivity and thermo-

electric power with increase in oxidation level for polymers indicates

that the power factor can be optimized at a specific oxidation state.

Thus PEDOT-Tos has been reduced by TDAE and it was observed

that the power factor reaches its maximum value at 22% of oxidation

level. As for CPs, the oxidation state does not influence the thermal

conductivity,80 consequently at this lower oxidization level the figure

of merit (ZT) of the polymer reaches its maximum value of 0.2511 at a

room temperature with a low intrinsic thermal conductivity about

0.37 Wm−1 K−1. Similarly, with different percentages of aqueous solu-

tions of vitamin C, the oxidation level of PEDOT-Tos film has also

been tuned. It was observed that the ZT value reaches its maximum at

around 23% of oxidation level.40 The variation in concentrations of

iron(III) p-toluenesulfonate hexahydrate (1, 10, 20, 40, 60, and 80 wt

% with respect to n-butanol) can also modify the oxidization level of

the conjugated polymer PEDOT. The loading of the oxidant also influ-

ence the size of the particle. It was observed that the power factor

has a high value at around 20% of oxidation level which again

decreases with the increase in the oxidation level. But it again

increases and reaches to the maximum value at 80% of oxidation level

which is probably due to the increase in the electrical conductivity

with oxidation level.11,39 Treating the PEDOT-Tos thin films synthe-

sized by both VPP and chemical process by acids and bases is another

way to influence the thermoelectric properties. It was observed that

PEDOT-Tos films go through a same type of transformation in ther-

moelectric properties when the films are treated with acids and bases.

With the variation of pH, a maximum value of the power factor was

obtained for pH < 7.38 A change in structure of PEDOT-Tos thin films

were observed when treated with co-solvents during the polymeriza-

tion. There is an enhancement in the power factor due to the increase

in the electrical conductivity which is due to the influence of struc-

tural change in the PEDOT-Tos thin films.35

The thermoelectric properties of PEDOT-Tos polymer is also

tuned by the inclusion of nanoparticles in the polymer matrix such as

Mn3O4 nanoparticle,50 CuO nanoparticle,51 carbon nanotubes53,54 or

graphene.55 The inclusion of nanoparticles can influence the crystal-

linity of PEDOT which modify the DoS slope which in turn affect the

thermoelectric power. Since for PEDOT, the increase in the order of

the structure improves the carrier delocalization and π orbital

overlapping,36 which modify the electronic band structure affecting

the charge transport properties, and all the strategies discussed are

focused on the enhancement of the molecular ordered structure. Con-

sequently this has an effect on the charge carrier mobility and an

increase in the electrical as well as thermoelectric power of PEDOT-

Tos has been observed, resulting in a higher value in ZT. This indicates

great potential of PEDOT-Tos in the fabrication and performance of

organic thermoelectric devices.15,70 Reports show that the power out-

put of a TEG fabricated using PEDOT-Tos for p type legs and TTF-

TCNQ/PVC blend or n doped graphene for n types legs11,70 gives a

maximum power output of 0.128 μW at ΔT =10�C and 26.0 nW cm−2

at ΔT 9.5 K respectively. Taking advantage of high electrical conduc-

tivity of PEDOT-Tos at oxidation level, 24.1% thin films on various

substrates were synthesized using Poly(ethylene glycol)-block-poly

(propylene glycol)-blockpoly(ethylene glycol) triblock copolymer

(PEPG) as inhibitor. An attempt was made to fabricate a flexible ther-

moelectric device which generates electricity by touch of fingertips as

shown in Figure 5. At a room temperature of 27�C, the fabricated

device generates a voltage of 8-10 mV by the touch of fingertips.

Moreover, composites of PEDOT-Tos are also viable candidate for

production of cost-effective thermoelectric generator (TEG) at indus-

trial scale.81 A maximum thermoelectric power of 70 μWm−1 K−2 was

also obtained from PEO-b-PPO-b-PEO BCP and Fe(Tos)3 oxidant

blended PEDOT-Tos films from disordered nanostructures rather than

ordered nanostructures. This is attributed to the easier mass transport

of oxidant and monomers in the disordered nanostructures.32b The

thermoelectric properties are summarized in Table 1.

4.2 | Electrode application

Among all other applications, displays and solar cells are very known

applications in our daily life. For the above applications, nowadays, the

authors are focused on the area of flexible electronic system with trans-

parent, fully flexible, stable, low-work-function electrodes. PEDOT-Tos

is one of the promising candidates because of its excellent electrical

conductivity upon doping, electro optical properties and π-conjugated

structure. Tuning the work function of the PEDOT-Tos electrodes can

be achieved by controlling the submonolayer surface redox reaction

with a strong electron donor such as tetrakis(dimethylamino)ethylene

(TDAE). The surface modification by TDAE allows decreasing the work

function and creating a transparent film of PEDOT-Tos electrode. The

work function value reaches as low as 3.8 eV, which is lower than that

of a reasonable electron-injecting electrode, that is, aluminum-(oxide)

electrode (4.1 eV). The TDAE-PEDOT-Tos interface formation has been

investigated both experimentally and theoretically. Both the theoretical

and experimental studies, via density functional theory and

wavefunction based quantum chemical calculations and photoelectron

spectroscopy respectively,57 have explained that the work function

decreases by 0.5 eV because the electrons are transferred from TDAE

to PEDOT-Tos surface. In 2013, Yang et al reported a capacitor cath-

ode film of poly(3,4-ethylenedioxythiophene) (PEDOT)/graphene

nanocomposites on a solid porous tantalum pentoxide surface using

chemical vapor phase polymerization process.77,82 The outer layer of

(PEDOT)/graphene improved the mechanical strength of the tantalum

electrolyte based capacitor cathode. High conducting nature of the

(PEDOT)/graphene composite can reduce the cathode films resistance

and the contact resistance between (PEDOT)/graphene and the latter

formed carbon paste. Due to the entire porous surface of the dielectric

Ta2O5 being fully covered with inner layer of PEDOT films, the whole

system achieved the full capacitance. The capacitance of the system

increases with the polymerization time (around 1 hour) until a homoge-

neous PEDOT coating is formed inside the tantalum oxide pores. The
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observed maximum capacitance of the PEDOT/graphene film is

67.3 μF and loss percentage around 1.7.77 The tantalum capacitor

based on VPP PEDOT/PEDOT-graphene results ultralow ESR,

ca. 12 mΩ, and displays excellent capacitance versus frequency charac-

teristics. In conclusion, the tosylate doped PEDOT/PEDOT-graphene

film, with high conductive and mechanical strength, shows promising

future for high performance electrode materials such as capacitors,

organic solar cells and energy storage device applications. To produce

robust ultrathin films with increased optical transmission, the effect of

adding aprotic polar solvents or chelating ligands to the oxidant mixture

of Fe (Tos) was investigated in the PEDOT CP. The change in redox

behavior of the oxidant solution can influence the number of accessible

polymerization nucleation sites. A smaller number of polymerization

nucleation sites can hamper the PEDOT film growth and simulta-

neously expect to yield larger polymer grains which influence the

enhancement in mechanical properties.71 Nowadays, hydrogel-based

microelectrodes that have molecular permeability are considered for

bioelectronics device applications, due to the possibility of stimulating

living tissues or recording a wide range of biological signals. Thus

tosylate doped PEDOT coated hydrogel substrate for the implantation

of flexible, biocompatible and wearable microelectrodes as shown in

Figure 6A. Moreover, the possibility of using PEDOT-Tos patterns on

hydrogel substrates for bioelectronic devices as to microelectrodes is

shown in Figure 6B. It is observed that the microelectrodes arrays of

PEDOT-Tos on flexible agarose hydrogel substrate was designed effec-

tively and fabricated. Transfer of various shapes and sizes of PEDOT-

Tos pattern from glass to agarose hydrogel substrates was also initiated

through a direct transfer process. The linear I-V characteristics indicates

that as the film thickness decreased from 203 to 26 nm, the sheet resis-

tance of PEDOT films decreased from 1010 to 610 Ω, as shown in

Figure 7. The sheet resistance and electrical conductivity of PEDOT on

glass substrate are 625 Ω and 300 S cm−1, respectively, whereas 810 Ω

and 235 S cm−1 are the sheet resistance and conductivity of those

PEDOT on PEG hydrogel, which explains that due to the wet environ-

ment of hydrogel, the conductivity of the PEDOT on PEG hydrogel

decreases slightly.83 PEDOT-Tos deposited insulator electrodes were

also used in 0.4 M K4Fe(CN)6/K3Fe(CN)6 redox electrolyte based

thermogalvanic devices as shown in Figure 6C, which are as efficient as

platinum and porous carbon material electrodes.84 The authors have

evaluated the voltammetry response by coating PEDOT-Tos layer by

layer from 1 layer up to 12 layers, which results in the increase in the

thickness of the film from 223 to 2600 nm. From the response of

voltammetry, increase in thickness of PEDOT-Tos coated electrodes

admitted an increment of both the capacitive (Ic) and redox peak (IR)

current, respectively, which represent the capacitive charging and the

redox process. The capacitive current (Ic) showed a linear dependence

F IGURE 5 Photographic images and electricity generation by the touch of fingertips of the flexible PP-PEDOT thermoelectric film.
(A) Bending, (B) twisting, and (C) cutting with scissors images of PP-PEDOT films. (D) Electricity generation by fingertip touch at one side with air
and (E) a Peltier module reference. (F) Electricity generation (blue square) and the corresponding temperature gradient (black square) measured
from (E) (TL: touch left side, TR: touch right side with fingertips, PCR: a right side Peltier device cooling, and PCL: a left side Peltier device cooling
to generate the temperature difference). Reproduced with permission.47 Copyright 2008, Royal Society of Chemistry
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on the thickness of the PEDOT-Tos layer; being 11 times higher for the

12-times thicker electrode. However, the IR value for 12 times thicker

electrodes is only 1.2 times higher than that of the thinner electrode,

suggesting that large redox couples do not penetrate the PEDOT-Tos

electrode to a significant extent. But, the redox peak current shows a

moderate increase, reaching values comparable with the platinum elec-

trodes. Recently, Abdelnasser et al design a mixed organic-inorganic

system containing visible-light absorption properties of the CP, poly(3,-

4ethylenedioxythiophene) (PEDOT) doped with tosylate and excellent

charge transport properties of TiO2 nanotubes creating an efficient

photoelectrode. These photoelecrodes can be used in solar-light chemi-

cal energy conversion applications. The optical characteristics of the

UV-vis diffuse reflectance spectra reveals that, in the visible range, the

hybrid electrodes show better absorption properties than pure TiO2

nanotubes.52 An absorption band and energy gap for the pure nan-

otubes are 382.62 nm and 3.24 eV, respectively, which moved to a

higher wavelength region after the incorporation of PEDOT-Tos, prov-

ing the greater ability of PEDOT-TiO2 hybrid electrode, to capture a

large number of photons in comparison to the pure TiO2 nanotubes.

The photocurrent responses of the fabricated electrodes using 1 M

KOH electrolyte using a three-electrode PEC cell revealed that the

highest photocurrent density obtained with the highest absorption

electrodes was approximately six times greater than the pure TiO2 as

shown in Figure 8. The electrode based on conductive composite

PEDOT-Tos/PU, a fully organic hydrogel-hybrid, has achieved high

electrical conductivity, excellent stability, good biocompatibility and

larger mechanical searchability.85 The summarized electrode applica-

tions are shown in Table 2.

4.3 | Sensors application

As a consequence of electrochemical oxidation or reduction, the elec-

trical and optical properties of PEDOT-Tos change significantly due to

the doping or de-doping process (anion uptake or release). Thus the

anion uptake of PEDOT-Tos can be employed in advanced sensors

applications. The temperature sensing behavior of the PEDOT-Tos

was first investigated by Yu et al.86 A monotonous decrease in the

resistance of the synthesized PEDOT-Tos thin films was observed

with the increase in temperature from −20�C to 60�C. The thin films

were sealed with epoxy resin and then thermally treated to improve

the stability. The decrease in resistance with temperature is correlated

through Steinhart-Hart equation recommending the PEDOT-Tos films

as a flexible thin film thermistor. Although the humidity influences the

resistance of the film, its effect on the properties of the films was not

taken into account in this study. But a recent study shows that the

hydrophilicity is diminished due to the lack of sulfonic acid in the

PEDOT-Tos structure and as a consequence the effect of humidity on

resistance declines.45 The resistance of the synthesized samples

shows a remarkable change with the increase in temperature. Further

the thin films are also very responsive to a very small change in tem-

perature suggesting that the PEDOT-Tos films are promising candi-

date for the flexible organic thermistors.T
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The optical and laser-induced damage (LID) behavior of a

PEDOT-Tos layer below thickness of 500 nm can implement a new

optical fiber sensing application.67 The PEDOT-Tos deposited on the

tip of a single mode optical fiber with a desired thickness through

VPP. The LID is observed in the PEDOT-Tos using both CW and

pulsed laser to determine the degradation time validated through a

mathematical model which was developed based on the experimen-

tal results. Avoiding the degradation of the PEDOT-Tos layer can

play an important role for the practical applications. It was proposed

that irradiance should not exceed 31.8 W/mm2 (average power

lower limit 2.70 mW with a modified diameter of 10.4 ± 0.5 μm) in

low peak power around 67.53 mW to avoid LID at a wavelength of

1550 nm.67

PEDOT-Tos based materials are also used in the selection of

NO3
− not only from an aqueous environment containing NO3

− but

also from the mixture of other ions present in concentrations (ppm) in

real agricultural soil.66 Although nitrate (NO3
−) is a vital commodity

for the growth of a plant, usage of nitrate-based fertilizer and chemi-

cal materials can affect the environment as well as increase the health

issues in human. So for detecting and monitoring the anion contami-

nation is an important issue. The PEDOT-Tos thin films when exposed

to the mixture ion solution containing NO3
− were redoped without

F IGURE 6 (A) Schematic illustration of the fabrication of conducting polymer patterns on either hydrogel substrate: (i) solution phase
monomer casting and oxidative polymerization of conducting polymer (PEDOT); (ii) PEG photolithography process using UV light via a
photomask; (iii) peeling off of the PEG hydrogel layer; (iv) conductive polymer pattern on conductive indium tin oxide (ITO)-coated glass; (v, vi)
second gel precursor solution (agarose or PEG) was poured onto the PEDOT-patterned ITO glass and a second gelation was conducted;
(vi) peeling off of the second gel layer and transfer of the PEDOT pattern from the glass to the hydrogel substrate; (vii) conductive polymer
pattern on a flexible hydrogel layer. Adapted with permission.83 Copyright 2016, American Chemical Society. (B) (i) Photographs of a PEDOT
electrode array pattern on (i) on a flexible agarose hydrogel layer. (ii) Optical microscopic images of PEDOT patterns of various sizes and shapes
(500 μm in diameter and 300 μm in width) on flexible agarose hydrogel layers. (iii) PEDOT-patterned agarose layers showed good adhesion
properties both on paper and natural human skin. Adapted with permission.83 Copyright 2016, American Chemical Society. (C) (i) Sketch of
thermogalvonic cell materials/redox electrolytes used (T1 and T2 thermo-couples for temperature measurement of the electrode). (ii) Sketch of
ohmic loss contributions of PEDOT-Tos electrode and electrolyte. Reproduced with permission.84 Copyright 2012, Royal Society of Chemistry
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any electrical stimulation. Thus any change in the electrical properties

of the thin films could be utilized to identify the nitrate concentration

from solution. Therefore PEDOT-Tos thin film is efficient for selecting

and sensing the nitrate (NO3
−) from real-life agriculture soil. PEDOT-

Tos film with thermoplastic polyurethane (TPU) exhibits an excellent

mechanical property which is due to the diffusion of the EDOT mono-

mer in the TPU matrix polymerized in oxidant interface as shown in

Figure 9A. The resulting PEDOT was formed uniformly in both sides

of the TPU matrix. This has been exploited for the synthesis of a strain

sensor.75 The strain sensor with 7% Fe(Tos) shows a quite enviable

stretchability (>300%). From the result, it is obtained that a hydrogen

bond created in between the polar sulfone group of tosylate anions

and N-H group of polyurethane behaves like an effective plasticizer.

Moreover, the sample in Figure 10 shows good sensitivity, small hys-

teresis, resistance variation reproducibility under various strain modes

and durability. The summarized sensor applications are tabulated in

Table 3.

4.4 | Biomedical and other applications

CP has great contribution in nanomedicine research field, neurite out-

growth and differentiation of neuronal synaptic network instead of

earlier in-vitro techniques. Nanomedicine aims to remove stent mal-

position, restenosis and late stent thrombosis. For organic

bioelectronics interfaces PEDOT is a potential candidate due to its

suppleness,29 improved biocompatibility and the intrinsic transport

properties of electrons58,87 among the CPs. Further, the presence of

dioxyalkylene bridging group in PEDOT-Tos improves its electrical

conductivity due to its low band gap and redox potential in compari-

son to other polymers with regards to environmental, chemical and

thermal stability.87

PEDOT-Tos has evolved a new perspective in tissue regeneration

for cardiovascular implants. PEDOT-Tos thin films were proposed as a

suitable candidate in cell adhesion and proliferation effect as com-

pared to controls due to their nanotopography and hydrophilicity.58

Their conductivity and hydrophilicity were increased by PEGlyation

and results cell viability. The study of the synaptic activity of rat hip-

pocampal neurons by calcium imaging and immunofluorescence using

tosylate doped PEDOT has been reported.87 Immunofluorescence

imaging differentiated the growth of neuron morphology on poly-L-

Lysin coated glass from that on PEDOT-Tos. The immunofluorescence

investigation executed on mature neuron culture on PEDOT-tosylate

F IGURE 8 Photocurrent density versus applied potential in 1 M
KOH electrolyte under AM 1.5 G for pure TiO2 (inset) and PEDOT-
TiO2 nanotube photoelectrodes. Reproduced with permission.52

Copyright 2019, Elsevier

TABLE 2 Summarized electrode applications of PEDOT-Tos and its composites

Materials used Polymerization method Proposed application References

PEDOT-Tos/TiO2 nanotube Simple solution-casting polymerization

process

Photoelecrodes can be used in solar-light

chemical energy conversion applications

52

PEDOT-Tos modified by surface reaction

with TDAE

Vapor phase polymerization Formation of a transparent, low-work-

function, plastic electrode with low work

function 3.8 eV

57

PEDOT-Tos Vapor phase polymerization Transparent conducting electrode (TCE)

applications.

71

PEDOT/PEDOT-Graphene Vapor phase polymerization Provide a mechanical strength to Ta2O5

dielectric films for use as a solid tantalum

electrolyte capacitor.

77

PEDOT-Tos with Polyethylene glycol Chemical oxidative polymerization Development of versatile bioelectronics

systems like electrical stimuli-responsive

drug

83

PEDOT-Tos with the ferro/ferricyanide

redox electrolyte

Chemical polymerization Conducting polymer films as electrode in a

thermogalvanic cell.

84

PEDOT/ polyurethane Electropolymerization Patterned electrode-hydrogel hybrid device

can be used in biosensing and drug

delivery.

85

12 MAITY ET AL.



F IGURE 9 (A) Schematic illustration showing the fabrication of a conductive PEDOT-TPU hybrid elastomer via VPP. (B) Optical microscopic
images of TPU, oxidant-embedded TPU and PEDOT-TPU hybrids. (C) Photographs of the demonstration of the sensors elastic and flexible
properties. (D) LED attached to the PEDOT-Tos hybrid elastomer subjected to stretching, bending and twisting. Reproduced with permission.75

Copyright 2019, Elsevier. (E) Nerve and muscle cell culture on PEDOT/PU–DN hydrogel hybrids. Fluorescent microscope images of attachment and
proliferation of NG108-15 neuronal cells (middle panel) and C2C12 muscle cells (bottom panel). Dual staining of cells using Calcein-AM and
propidium iodide was used to identify live (green) and dead (red) cells. Each panel shows the composite (red + green) image on the left and the
individual (red or green) images on the right. Scale bars are 200 μm. Yellow arrows in the middle panel highlight the neurites of the NG108-15 cells.
(F) Images showing the electrification using a 3D PEDOT/PU-hydrogel hybrid. The composite wire running through the cube of DN hydrogel
electrically connects the ITO plate to an LED. Reproduced with permission.85 Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

F IGURE 10 Strain sensing behavior of the PEDOT-TPU hybrid strain sensor attached to a PET substrate during (A) (outward) tensile bending
and (B) (inward) compressive bending. (C) Sensor response to twisting motion. The sensor response during twisting was measured while twisting
360� over 1 cycle. Reproduced with permission.75 Copyright 2019, Elsevier

MAITY ET AL. 13



revealed good biocompatibility, morphological reliability and matura-

tion phases compared to control. The growth and development of hip-

pocampal neurons were also quantified by calcium imaging.

Fabrication of electrode on stretchable and flexible substrate has

given a new dimension in the advance field of tissue engineering with

integrated electronics. A conductive hybrid consisting of PEDOT-Tos

and polyurethane (PU) with elastic double-network hydrogel was fab-

ricated with good biocompatibility. This hydrogel-based device has

been applicable for the adhesion, proliferation and differentiation of

neural and muscle tissue culture system, thus advancing the field of

TABLE 3 Summarized sensor applications of PEDOT-Tos and its composites

Materials used Polymerization method Proposed applications References

PEDOT-Tos Chemical Polymerization Stable humidity based flexible organic thermistor. 45

Vapor Phase polymerization Selecting and sensing NO3
− from environment. 66

Vapor Phase polymerization Optical fiber sensing using both CW and pulsed laser. 67

Chemical Polymerization Temperature sensing about temperature from −20�C
to 60�C.

86

PEDOT-Tos film with thermoplastic

polyurethane (TPU)

Vapor phase polymerization Stretchable strain sensor. 75

F IGURE 11 (A) Color change of the EC film/hydrogel hybrid device placed on a human finger. (B) Custom mobile phone app that measures
the L* value of the PEDOT/PU film and plots its temporal change in a real-time manner. Measurement of the L* value of the PEDOT/PU film by
the app (left) and a screenshot of the app (right). Adapted with permission.48 Copyright 2017, American Chemical Society. (C) The architecture of
the prototype metal-free fuel cell. One PEDOT-Tos electrode is reduced, the other is oxidized, and they are bridged with an ion channel using the
inert IL. An example of the working ICP-IL fuel cell is presented, showing the reduction and oxidation occurring at each half of the cell. (D) The
prototype smart window can be switched between its dark and light modes through application of a 1.5 V potential. Reproduced with
permission.89 Copyright 2013, Royal Society of Chemistry
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tissue engineering with integrated electronics.85 Figure 9B shows the

nerve and muscle cell culture on PEDOT/PU-DN hydrogel hybrids

and the electrification using a 3D PEDOT/PU-hydrogel hybrid. Fur-

ther the electronic influence of the stem cell adhesion and density

was also reported using PEDOT-Tos based surface switch electrodes

where it was observed that there are significantly more cells on the

oxidized surfaces.88

CPs also experience the phenomenon of electrochromism which

has been stated in many scientific reports. PEDOT-Tos/PU film com-

bined with hydrogel as a support can work as a free-standing elec-

trochromic film. The observable color change of the film can be

detected by eye and can be measured by digital camera image

processing during the redox reactions which can also be integrated

into a mobile phone app (CIELAB color scale) as shown in Figure 11.

Interaction between the inherently CPs (ICP) and ionic liquids

(IL) analyzed as a combination of processes steered by the chemical

nature of IL and ICP, and any externally applied electric field. These

are classified as hard base anions induce oxidation or reduction of the

ICP when paired with cations respectively. PEDOT-Tos as ICP oxi-

dized or reduced by the specific IL in order to fabricate organic elec-

tronic devices (OEDs) such as, electrochromic displays, optical

memories, smart windows, supercapacitors, fuel cells with excellent

performance.89 Figure 11 also presents some of the above said appli-

cations. With a newly developed patterning technique for conductive

F IGURE 12 Prototype patterned electrochromic devices. (A) PEDOT electrochromic device design incorporating a UV-light patterned
PEDOT layer with PEDOT as the counter polymer. The device is shown in both states where the university logo becomes visible during reduction

of the patterned PEDOT and disappears during oxidation with the aid of the counter PEDOT's dark reduced state. (B) Electrochromic device
design incorporating a UV-light patterned PPy layer with PPy as the counter polymer. The PPy device in both states is presented with the pattern
becoming visible when the patterned PPy layer is oxidized and disappears when it is reduced. Voltages stated are applied to the patterned CPs.
(C) Dual image electrochromic device architecture showing the change in structure with both CPs deposited onto one ITO substrate.
(D) Individual electrochromic behavior of the two patterned CPs when under applied voltages of +1.5 and − 1.5 V. The images appear and
disappear in opposites allowing a double image device. (E) Dual image electrochromic device in both states showing clearly both individual
images. Reproduced with permission.90 Copyright 2013, Royal Society of Chemistry
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polymers, combining UV-light exposure with vapor phase polymeriza-

tion, a high-resolution electrochromic device was fabricated from

PEDOT-Tos and polypyrrole where the displaying images appear and

disappear with the change in applied voltage. Finally a dual-image

electrochromic and infra-red camouflaging were devised by incorpora-

tion of patterned PEDOT-Tos as well as the patterned polypyrrole on

the same electrode under the exposure of UV-light as shown in

Figure 12. Since polymer tantalum capacitors are emerging as an

excellent choice for circuit designs that require stable capacitance,

long life, high reliability and smaller size, PEDOT-Tos based capacitors

have been fabricated, which shows high longevity and reliability due

to its conductivity, stability under high temperature and high humidity

conditions.44 PEDOT-Tos films used as electrodes are also employed

for the fabrication of organic thin film transistors (OTFTs).91 The fabri-

cated thin film transistors formed on 30 wt% iron(III) p-

toluenesulfonate hexahydrate Fe(PTS)3 revealed the saturation mobil-

ity of 0.16 cm2/Vs and subthreshold slope of 0.5 V/decade.

Piezoelectric nanocomposite based nanogenerators have been

employed using PEDOT-Tos and ZnO nanowires but the infiltration is

poor and the thickness of the polymer above nanowires is difficult to

control.92 PEDOT-Tos thin film electrode was also modified by PEG

at different molecular weights for biosensor applications. The kinetics

of the modified films at the nanoscale was influenced by different bias

voltages and changes depending on the PEG molecular weight making

the films a potential candidate for biosensing applications.49 A water-

free process was also employed to synthesize PEDOT-Tos modified

with PVP for organic electronics.93 The charge storage capacity of

PEDOT-Tos films was also investigated and compared with the addi-

tion of PEG/ PPG/PEG and PEG/PDMS/PEG where it shows that

though the addition of triblock copolymers increases the electrical

conductivity but they adversely impact the charge storage capacity.62

All the biomedical and other applications are summarized in Table 4.

5 | CONCLUSION

Till date the applications of polymers as engineered materials are a

growing field of organic electronics. The CPs prove to be a new class

of materials together with promising results in the direction of poly-

mer based industry. Out of the known CPs, PEDOT-Tos acquires a

special position due the diverse applications. The π stacked lamellar

structure improves the structural order and at the same time the elec-

tronic band structure supports the semi-metallic character of

PEDOT-Tos.

Its electrical conductivity and thermal conductivity are compara-

ble with inorganic counterparts. With tunable properties, the thermo-

electric power as well as the electrical conductivity of PEDOT-Tos

can be increased simultaneously which promotes the material to be a

potential thermoelectric candidate. The development of PEDOT-Tos

as an electrode opens up new directions of research. The efficiency of

PEDOT-Tos as electrode in thermogalvanic cell is found to be quite

promising and advantageous. In addition the organic electrodes com-

prised of PEDOT-Tos can be used in versatile system starting from

dye sensitized solar cell to bioelectronics. The electrochemical oxida-

tion and reduction due to doping and de-doping process can be uti-

lized in various sensor applications. Indeed PEDOT-Tos is so unique

that it is considered to be a viable candidate due to its low band gap,

redox potential as well as improved biocompatibility in biomedical

applications also which includes a new perspective in tissue regenera-

tion for cardiovascular implants and in cell adhesion and proliferation.

The ease of synthesis and mechanical flexibility of PEDOT-Tos

allows designing nanocomposites which can be used in device applica-

tions in diverse fields. We certainly expect that the uniqueness of

PEDOT-Tos as a multifunctional material opens up a new era of intel-

ligent materials with promising opportunities in multiparameter space:

from thermoelectrics to tissue culture.

TABLE 4 Summarized biomedical and other applications of PEDOT-Tos and its composites

Materials used Polymerization method Proposed application References

PEDOT-Tos Chemical oxidative

polymerization

Good cathode materials under high temperature

high humidity conditions.

44

PEDOT-TOS/PEG hybrid polymer Chemical polymerization EIS-based and amperometric affinity/catalytic

biosensors.

49

PEDOT-Tos Vapor phase polymerization Tissue regeneration activities 58

Vapor phase polymerization Charge storage capacity for more efficient energy

storage devices.

62

Chemical polymerization Capable of harvesting healthy primary neural

networks

87

Vapor phase polymerization Electronic control of stem cell differentiation. 88

PEDOT-Tos with variety of ILs Vapor phase polymerization Electrochemic devices, Optical memory, Smart

window, Supercapacitors, Fuel cell.

89

PEDOT-Tos with 30 wt% Fe(PTS)3 Chemical polymerization Thin film transistor electrode 91

PEDOT-Tos with polyvinylpyrrolidone

(PVP)

Chemical polymerization water-free process for organic electronic devices 93
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Abstract
The breakthrough invention of conducting polymers (CPs) initiates a new pathway for the
researchers to make use of their properties in thermoelectric (TE) applications. They are
considered to be potential candidates in TE application when combined with inorganic
counterparts. Different strategies were undertaken to enhance structural order and hence the TE
performance of the CPs which trigger the scientific community to focus more on this area.
Consequently, the use of nano filler in the polymer matrix proved to be a better way to improve
the TE properties and chalcogenide materials could be the best candidates to be used as nano
filler due to their high TE parameters. Thus, composites of CPs with different chalcogenides
have been drawing attention in the field of TEs in recent years. The present work points towards
a comprehensive update on different synthesis process of composites of various CPs with a
number of chalcogenides along with a state-of-art review of these promising materials in TEs
for device applications with the expectation that this work will surely motivate the researchers
to optimize the best candidate.

Keywords: polymer chalcogenide composites, synthesis methods, thermoelectric properties,
thermoelectric applications

(Some figures may appear in color only in the online journal)

1. Introduction

Chances of possibility of running out of fossil fuels in near
future due to its high consumption led researchers to study eco-
friendly conversion of renewable energy for power generation
and controlling the same. This conversion of energy being one
of the most important topics of research for the developing
world, conversion of wind energy, sunlight, nuclear power etc
into utilizable form and storing it for future comes into play.
During conversion, a maximum portion of energy is gener-
ated as waste heat into the atmosphere. Thermoelectric (TE)

∗
Authors to whom any correspondence should be addressed.

generators could be the perfect solution which use this waste
thermal energy and convert it to electricity. Generally, the TE
performance of a material is expressed by the dimensionless
figure of merit (ZT) defined as ZT= S2σT/(Ke + Kl) where S,
σ, Ke, Kl and T are the Seebeck coefficient (or TE power), elec-
trical conductivity, the electronic and lattice contribution to the
total thermal conductivity and absolute temperature respect-
ively [1]. So high power factor (PF) (S2σ) and low thermal
conductivity (K) are the prerequisite conditions for high ZT to
achieve an excellent TE performance.

Conducting polymers (CPs) are now a days thought to
be potential TE candidates due to their ease of synthesis
and cost effectiveness but are characterized by low elec-
trical and thermal conductivity [1C]. The TE performance of
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several CPs such as polypyrrole [2], polyaniline (PANI) [3],
poly(3,4-ethylenedioxythiophene) (PEDOT) [4], poly(styrene
sulfonate)—doped PEDOT (PEDOT:PSS) [5] have been stud-
ied in the last decade. Efforts have been made in recent days
to tune the electronic band structure of these CPs aiming to
improve the TE performance yet the ZT values did not meet up
the standards to be used commercially. Manipulation of band
gaps [6–9], modulation doping [10, 11] and alloyingwith other
TEmaterials [12–14] are some of the targeted strategies to fur-
ther enhance the TE performance of the CPs. Inclusion of nano
fillers in the polymer matrix is also thought to be a possible
way to enhance the TE performance and, in that case, chalco-
genide materials could be the best TE candidates due to their
high TE parameters.

Thus, to achieve a high ZT value, composites of polymer-
based chalcogenide materials are attracted huge attention for
the TE applications. Chalcogenides are characterized by high
Seebeck coefficient (S) and electrical conductivity (σ) whereas
polymers without electrical optimization, possess an intrinsic-
ally low thermal conductivity (K). So, the combination can fur-
nish the merits of both the materials suppressing the demerits
thereby enhancing the PF and hence the ZT. Moreover, due to
energy filtering effect of the polymer/chalcogenide interfaces,
there might be a high chance in improvement of TE perform-
ance of the polymer/chalcogenide composites.

In this review, we summarize an up-to-date developments
and optimization strategies of polymer-based chalcogenide
composites. Further, some suggestions are offered to prepare
the next generation polymer-based chalcogenide composite
material with high TE properties.

2. Synthesis methods

Since different synthesis methods can yield different struc-
tures which in turn affects the TE properties, various synthesis
methods viz in-situ polymerization, solution mixing, electro
deposition, mechanical mixing etc have been employed for
the synthesis of polymer/chalcogenide composites. Among all
these methods, in-situ polymerization and solution mixing are
commonly used to procure the effective structure of the differ-
ent types of these composites.

2.1. In-situ polymerization

The main advantage of the in-situ polymerization technique
is that during in situ polymerization the monomeric molecules
can graft the inorganic chalcogenide nanoparticles (NPs) more
homogeneously which allows preparing high content inor-
ganic chalcogenide NPs composite inside the polymer chain.

Reports shows that nanocomposites of PANI and
bismuth/tin chalcogenides have synthesized by means of
in-situ polymerization technique [3, 15, 18, 19]. In a typ-
ical process, either nanorods of Bi2Te3/hexagonal nanoplates
(NPs) of Bi2Se3 or nanosheets (NSs) of SnSe/SnS or Ag2Te
[9] are mixed with a solution of aniline. Sulfosalicylic acid
(SSA) and dodecylbenzenesulfonic acid (DBSA) were the
dopants used in the first and second case respectively. The

transmission electron microscopy (TEM) or field emission
scanning electron microscopy (FESEM) images indicate
that the chalcogenides NPs are coated with PANI. PEDOT-
coated SnSe0.97Te0.03 NSs was synthesized from the poly-
merization of 3,4-ethylenedioxythiophene in the presence of
SnSe0.97Te0.03 NS powder and dodecyl benzenesulfonic acid
in deionized water [20]. Ammonium persulfate (APS) was
added as an oxidative agent in all the above cases.

2.2. Solution mixing

Solution mixing method is one of the convenient methods
to prepare a polymer/chalcogenide composite. The process
involves the mixing of both the polymer and chalcogenide
NPs by dissolving into the solvent and then evaporates to
form a composite film. Three steps are mainly followed in
this protocol. Firstly, the dispersion of NPs in the solvent by
sonication or stirring vigorously was done. Then mixing the
polymer solution with the NP solution and finally with or
without vacuum environment controlling the evaporation of
the solvent.

Li intercalated Sn–Se–Te (x) or SnSe1−xTex powders
(where x denotes different loading ratios) was dispersed in
PEDOT-PSS solution and was sonicated. The final solution
was either drop casted on glass [21] or filtered through nylon
membrane filter paper to obtain the composite samples [16].
Further, by alternate stacking of PEDOT-coated SnSe0.97Te0.03
and PEDOT coated Te-substituted SnSe NSs (Te-s-SnSe NSs)
with PEDOT-PSS, multilayered films are fabricated through
solution mixing technique respectively [22] as shown in
figure 1(B). Composites of PEDOT:PSS and copper chalco-
genides (and also its alloy) has been synthesized by solution
mixing. PEDOT:PSS coated polycrystal (PC) Cu7Te4 (PC-
Cu7Te4) nanorods [13] or PC-CuxSey nanowires (NWs) [14]
were prepared using the PC-Te nanorods or PC-Se as tem-
plates respectively. The composite containing tellurides was
drop casted on a pre-cleaned common glass substrates whereas
samples containing the selenides was obtained on a porous
nylon membrane by vacuum assisted filtration. The compos-
ite samples containing selenides are hot pressed instead of
the cold one for further modification [23]. Moreover incor-
poration of Ag in the PC samples containing selenides [4]
filtered through nylon membrane has been done and dried
under vacuum at 40 ◦C for 4 h to obtain the composite
film. Different amount of Bi2Te3 powder were also added to
PEDOT/PSS solution doped with dimethyl sulfoxide (DMSO)
and vacuum dried to obtained free standing films [24]. Further-
more, Bi2Te3 NWswere also added to Poly(3-hexylthiophene)
(P3HT) doped with anhydrous FeCl3 in different weight per-
centage and drop casted on glass slide and dried in vacuum
at room temperature to obtain Bi2Te3-P3HT nanocomposite
films [25]. Dun et al reported a Cu-doped Bi2Se3 NP and
polyvinylidene fluoride (PVDF) composite drop casted on
glass substrate and baked at 80 ◦C overnight in air and finally
peeled off the thin films from the glass substrate to obtain
the flexible TE film [26]. Bi2Se3 was also added to a solution
of PANI and tetrahydrofuran to synthesize PANI/Bi2S3 nano-
composite via a facile chemisorption method. The synthesis
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Figure 1. (A) Schematic representation of formation of PANI-Bi2Te3 nanocomposite. Reproduced from [15]. © IOP Publishing Ltd. All
rights reserved. (B) Schematic images for the preparation SnSe1−xTex NS/PEDOT:PSS composites. Reprinted from [16]. Copyright (2019)
Elsevier B.V. All rights reserved. (C) Schematic diagram of Te electrodeposition on the free-standing PEDOT film. Reprinted from [17].
Copyright (2019) The Chinese Ceramic Society. Production and hosting by Elsevier B.V.

was followed by filtration and drying to obtain the precipitates
[1A]. In an aqueous solution of PEDOT-PSS, the reduction
of sodium selenite has been performed to synthesize selenium
NPs coated with PEDOT:PSS. Thin films were casted from the
above solution for TE characterization [27]. A combination of
solution casting and hot compaction approach was also pro-
posed by Kim et al to fabricate Te NW/Poly (methyl methac-
rylate) (PMMA) [28] and Ag2Te NW/PMMA [29] compos-
ites. Polyvinylpyrrolidone (PVP) coated Ag-rich Ag2Te NWs
composite film was also synthesized via wet chemical reac-
tion [30]. Films of the composite sample were prepared by
vacuum filtration of the PVP coated Ag2Te NWs on porous
nylon membrane which were dried in vacuum and heat-treated
for further characterization and application. Composites of
Bi0.5Sb1.5Te3 (BST) alloy with 10% or 20% ethylene glycol
(EG) doped PEDOT-PSS was also synthesized by mixing the
two in an ultrasonic bath for 4 h, and subsequently drying at
35 ◦C for 10 h forming thin and flexible pieces [31].

2.3. Mechanical mixing

Solid mixing has been also used to synthesis the polymer/chal-
cogenide composites. Typically, in this method the polymers
or the inorganic NPs are either bought or synthesized separ-
ately. The NPs are then incorporated into the polymer matrix
by usingmortar pastel or high energy ball milling technique. In
some cases, modification or post treatment has also been done.

Bi2Te3/PANI composite was synthesized by mechanical
mixing method. Bi2Te3 was synthesized hydrothermally and
PANI was synthesized by chemical oxidation process [32].
The prepared Bi2Te3 and PANI powders were added to ethyl

alcohol and using ZrO2 ball, the mixture was milled for 3 h in
the grinding media. The final product was dried in vacuum at
333 K for 24 h. Similarly, mechanical blending process was
also used to fabricate BST/PANI composite [6, 33] with dif-
ferent wt% (1–7 wt%) of BST pressed under pressure of about
1GPa. Composites of BiCuSeOwith sulfosalicylic acid-doped
PANI was also prepared by ball milling followed by hot press-
ing [34]. Ao et al synthesized polythiophene (PTh)/bismuth
telluride (Bi2Te3) nanocomposite with different weight per-
centage of PTh by mixing in an agate mortar and then sin-
tering the composite samples applying spark plasma sintering
technique [35]. Nanocomposites of PANI, multiwalled car-
bon nanotubes (MWCNTs) with binary metal selenide NPs
(MSe NPs) have also been synthesized by solid mixing where
are mixed with polymerized PANI by using a mortar and
pestle [36].

2.4. Electrodeposition

Though electrodeposition technique is one of the convenient
methods for the production of TE material in the form of film,
it is not so much explored to synthesized polymer chalcogen-
ides composites.

Chatterjee et al synthesized PANI-bismuth telluride nano-
composite using electrodeposition method [37]. Two solu-
tions (solution A containing bismuth doped PANI and solu-
tion B containing equal volumes of bismuth nitrate solution
and tellurium oxide solution) has been prepared. Solution B
was added dropwise to solution A to ensure the incorpora-
tion of Bi2Te3 in PANI matrix. Since the deposition of bis-
muth telluride was much faster than that of PANI to prevent
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the formation of bilayer solution B is added dropwise in solu-
tion A in this process. The electrochemical deposition process
set up where three electrodes are aluminum foil as the anode,
indium tin oxide as the cathode and a saturated calomel elec-
trode as the reference electrode. To prepare a free-standing-
coated PEDOT film, Ni et al used a free-standing PEDOTNW
film as a working electrode rather than an electrolyte contain-
ing mixture solution of TeO2 and H2SO4 in an ice bath using
an electrochemical workstation. Ag/AgCl electrode as a ref-
erence electrode and a Pt foil as a counter electrode [17] as
shown in figure 1(C). The obtained films were washed with
water and ethanol and dried at 60 ◦C.

3. Thermoelectric (TE) properties of
polymer/chalcogenide composite

The functionality of a TE material is evaluated from the figure
of merit (ZT), as discussed in the introduction. In this segment
we try to focus on the practical features of measuring the val-
ues of all the parameters to characterize the performance of
polymer/chalcogenide composite TE materials for the desire
application. Table 1 summarizes the TE properties of polymer-
based chalcogenides.

As has been discussed earlier, the electrical conductivity,
TE power and thermal conductivity contributes to the figure
of merit of the TE materials. Talking to these parameters, it
has been observed that different chalcogenide materials were
used as filler in the polymer matrix so as to modify the σ, S or
K values which in turn can affect the ZT. The general strategy
is to vary the filler concentration in the polymer matrix.

3.1. Electrical conductivity and thermoelectric (TE) power

The origin of the electrical conductivity in case of CPs is due
to doping which generates the charge carriers and the hopping
of charge carriers along the polymer chains [38]. Reports are
already present regarding the doping and dopant effects on the
transport parameters of the polymers. Here we focus on the
modification of the electrical conductivity and TE power by
the introduction of chalcogenides as fillers.

PANI based chalcogenide composites are studied mostly
in the recent past. The temperature variation of σ value for
PANI/Bi2Te3 nanocomposite shows a decrement [15] indicat-
ing a metallic behavior but is nonlinear and is also 1.5 times
higher than that of PANI. This is due to the fact that the
charge transport of PANI is connected with metallic conduc-
tion within the metal islands with a hopping or tunneling effect
because of the insulating barriers. The combined effect of the
carrier concentration and the higher degree of ordering of the
chain packing of PANI is responsible for the high S value of
the composites than its constituents. As a consequence of this
ordered structured of PANI/Bi2Te3 composite, the PF (S2σ) is
found to be more than its constituents above 380 K as shown
in figure 2.

The temperature dependence of electrical conductivity of
BiCuSeO/PANI (BCSO/PANI) bulk composites with different

amount of BCSO filler [34] also shows a decrement in the
value. Moreover, with the increasing amount of filler the
σ value also decreases in spite of high electrical conductiv-
ity value of BCSO (∼50 000 S m−1). The decrement nature
may be due to the inhomogeneous interfacial states between
the chalcogenide filler and the polymer matrix which in turn
rise in interfacial resistance. The composite having 40 wt% of
BiCuSeO has a maximum S value around 87 µV K−1 because
of higher S value of BiCuSeO phase. The increment of S
enhances the PF (S2σ) to a highest value of 7 µWm−1 K−2 for
40 wt% composite. A comparison of the electrical conduct-
ivity has been done for PANI/Single walled carbon nanotube
(SWCNT)/Te and PANI/Te nanocomposite [9]. The σ value
for PANI/SWCNT/Te decreases with the increase in Te con-
tent in the PANI/SWCNT matrix whereas for PANI/Te nano-
composite, it increases slightly. A comparison of experimental
and theoretical S values of the composites shows that the syn-
ergetic energy filtering effect at the interfaces of organic/inor-
ganic nanocomposites, where the carriers having high energy
were favorably allowed to cross the energy barrier at the inter-
face which results in an enhancement in the S value [39, 40].
Further for the composites having one dimensional morpho-
logical filler, this effect is more pronounced [25]. Since both
the single walled nanotubes (SWNTs) and Te nanorods pos-
sess a one-dimensional morphology, thus a synergetic energy
filtering effect was observed for PANI/SWNT/Te and PAN-
I/Te at the interfaces, which results in an increase in the S
value [9]. A maximum PF for 10% Te content in the tern-
ary composite was obtained. The electrical conductivity of
PANI coated SnSeS NSs [19] and PANI-coated SnS NSs [3A]
increases initially till 350 K and then onwards decreases with
temperature. The deposited PANI layer formed a highly con-
ductive network in the PANI-SnSeS or PANI-SnS compos-
ite structure and interestingly an increase in the σ value has
been observed with the additional coating cycle of PANI con-
tent. This is attributed to the increase in the carrier concen-
tration with the coating cycle of PANI. The S value of both
DBSA doped PANI-coated SnSe0.8S0.2 (PANI-SnSeS)/PVDF
composite [19] and DBSA doped PANI-coated porous SnS
NSs (PANI-pSnS) composite [3A] shows a similar trend with
the increase in temperature within the range 300K–500K. The
PF of the PANI-SnSeS/PVDF composite reached a maximum
value of ∼134 µWm K−2 at 400 K. Interestingly with PANI
coating the σ increases and S decreases for both the cases.

Figure 3 shows 2D PANI-bismuth selenide (PANI/Bi2Se3)
composite exhibiting a change in electrical conductivity which
increases with temperature indicating a semiconducting beha-
vior [18]. Though the electrical conductivity is low, due to
high S value, the PF reached a maximum value from 1.08
to 29.32 µWm−1 K−2. Here also the energy filtering effects
plays a key role for the increase in S value. Probably the reduc-
tion of Mott temperature (T0) reduces the carrier hopping dis-
tance and the hopping activation energy which leads to the
increment of the electrical conductivity. Same trend has been
observed for PANI/Bi2S3 nanocomposite [1A] where conduct-
ing interfaces are formed between PANI and Bi2S3 nano-
flowers thereby reducing the barrier distance at the interface
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Figure 2. (A) Variation of the electrical conductivity with temperature of (i) Bi2Te3, (ii) PANI and (iii) PANI-Bi2Te3 nanocomposite.
(B) Variation of the TE power with temperature of (i) Bi2Te3, (ii) PANI and (iii) PANI-Bi2Te3 nanocomposite and (C) variation of the PF
with temperature of (i) Bi2Te3, (ii) PANI and (iii) PANI-Bi2Te3 nanocomposite. Reproduced from [15]. © IOP Publishing Ltd. All rights
reserved.

Figure 3. (a) Temperature dependence of electrical conductivity (σ), (b) plot of ln(σ/σ0) versus T−1/3, (c) Seebeck coefficient (S), (d) TE
PF (P) of (a) PANI and (b) PANI-Bi2Se3 composite. [18]. John Wiley & Sons. Copyright (2018) Wiley Periodicals, Inc.

of the composite, resulting in the enhancement of the σ value.
In addition to the increase in the σ value, the S value of the
composite also increases. The S value though reduced with
the inclusion of PANI in the composite system yet increases
with temperature. Very slight increase in the σ value with the
variation of temperature is also observed in case of PANI-
PbTe nanocomposites though the increase is negligible with
respect to the other PANI-chalcogenides composites [41]. A
visible difference in the electrical conductivity is also shown
in Ag2Te-PANI core–shell composite (4.3 S m−1) [42] with
respect to pristine PANI. In PANI-PbTe composite and Ag2Te-
PANI composite due to interaction between PANI and NPs the

S value decreases with increasing temperature. An increase
in the electrical conductivity of BST NPs embedded camphor
sulfonic acid-doped PANI (CSA:PANI) with temperature has
also been observed though at the same time there is a reduction
in the σ value with the filler concentration [6].

The combined effect of decrease in carrier concentration
and increase in mobility though decreases the σ but increases
the S value. The maximum PF value of 1.78 l Wm−1 K−2

obtained at 400 K temperature for CSA:PANI composite with
15 wt% BST NP. But the PF value decreases with further
increase of the BST NP up to 20 wt%, because of reduction in
electrical conductivity of the composites. The decrease with
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Figure 4. (a) TE performance of the Te-coated PEDOT films as a function of electrodeposition time. (b) Temperature dependence of the TE
performance of the Te-coated PEDOT film electrodeposited for 7 h. Reprinted from [17]. Copyright (2019) The Chinese Ceramic Society.
Production and hosting by Elsevier B.V.

the filler content is probably due to some unusual behavior
between the polymer matrix and the filler agent. A series
of ternary composites comprising PANI/MWCNT and metal
selenides (viz CuSe, Ag2Se, In2Se3, Sb2Se3) has been syn-
thesized and compared [36]. It is observed that at room
temperature the electrical conductivities of the samples are
much higher. Further the σ value of the composites com-
prising of CuSe/MWCNT/PANI (CSCP) (4570 S m−1) and
Sb2Se3/MWCNT/PANI (SSCP) (4975 S m−1) are more than
the other two. This could be attributed to the formation of
giant network within the hybrid enhancing the charge car-
rier mobility thereby increasing the electrical conductivity.
It is noticed that the hybrid composites of Ag2Se NPs/MW-
CNT/PANI (ASCP) showed p type behavior with positive S
value and CuSe NPs/MWCNT/PANI (CSCP), In2Se3 NPs/M-
WCNT/PANI (ISCP), Sb2Se3 NPs/MWCNT/PANI (SSCP)
composites showed n type character with negative S value.
Due to the increase in charge carrier concentration, CSCP,
ISCP and SSCP composites shows a lower value of S com-
pare to the ASCP composite. The maximum value of S and
further the value of PF for the ASCP composite are 65 µVK−1

and 12.5 µWm−1 K−2 respectively. In recent days, in the field
of TE applications, PEDOT based chalcogenide composites
attracts the attention over the PANI based chalcogenide com-
posites due to its noticeable TE properties.

Figure 4 shows the electrical conductivity of Te-coated
PEDOT films as a function of electrodeposition time and tem-
perature which indicates that in both the cases the σ value
of PEDOT-PSS/Te composites decreasing [17]. The temper-
ature variation σ values indicate a metallic behavior or degen-
erate semiconductor transport behavior. With the variation
of factionalized Te (PF-Te) content, σ of PEDOT-PSS/PF-Te
also decreases [5]. Further with the increase of SWCNT con-
tent in PEDOT/Te/SWCNT composites a maximum σ value
of 900.3 ± 20.5 S cm−1 was obtained for 15% of Te and
50 wt% of SWCNT content due to the enhancement in the
charge mobility in the composite [43]. On the other hand
composite of reduce graphene oxide (rGO)/PEDOT:PSS/Te
NWs depicts a huge increase in the σ value when treated
with HI vapor [44]. A comparison of nanocarbon inclusion
in PEDOT-PSS-Te composites shows that with the increase
in nanocarbon the σ value increases much more for single
bundled single-walled carbon nanotubes (SSWNTs) than for

graphene NPs (GNPs) which is due to the fact that the car-
rier concentration increases much more in case of SSWNT
incorporated PEDOT-PSS-Te than that of GNP incorporated
PEDOT-PSS-Te [45]. Te-coated PEDOT:PSS films shows an
increasing tendency of S with respect to the electrodeposition
time as well as temperature [17] which influence the max-
imum value of PF about ∼240.0 µWm−1 K−2. An enhanced
S value is observed for PEDOT-PSS/PF-Te due to the energy
filtering effect with the Te variation in the composite [5]. It
is also observed that with an increase in nanocarbon con-
tent the S value of PEDOT/PSS/Te decreases. The PF of Te-
coated PEDOT:PSS films is higher than the previous work
on PEDOT:PSS/SWCNT/Te composites [42, 44] as well as
PEDOT:PSS/Te composites [46]. The possible explanation of
variations of σ and S in Te embedded polymer is due to the
trend following the composite model which is a function of
the polymer content and also the trend as a function of the
length and diameter of the NW and electron–phonon scatter-
ing [46]. Though both being the probable explanations, yet
the possible outcome from either explanation is that, longer
is the NWs, larger will be the S value and lower will be the
σ value. From an optimization viewpoint the high value of
S is appealing. The σ of PEDOT/Bi2Te3 (100) hybrid films
decreases greatly with the inclusion of Bi2Te3 as filler. Prob-
ably the interfacial transport is also responsible for such prop-
erties of the hybrid’s films along with the simple mixed effect
[47]. The energy barriers can be developed due to the energy
filtering effect at the interfaces of organic–inorganic compos-
ites scattering low energy carriers [48–50], the relaxation time
may depend on the energy and thus enhance the asymmetric
carrier transport boosting up the S value [47]. For PEDOT-
Bi2Te3 nano composites, the interfacial surface to volume ratio
increases the sites of selective scattering thereby increasing
the S. Further inclusion of Bi2Te3 NW within PEDOT:PSS
dosed with 3% sodium dodecyl sulphate (SDS) and 10% EG
increases the electrical conductivity from 0 to 1 wt% which is
attributed to the free electron transfer from the n-type Bi2Te3
to the p type PEDOT:PSS. The chance of de doping of p-type
PEDOT:PSS, due to the excess transfer of electrons, is domin-
ated by the improvement of hole mobility thereby enhancing
the electrical conductivity of the samples and also improved
the S value (24.5 µV K−1) which in turn enhance the PF
(7.45 µWm−1 K−2) of the composite [51]. The σ value of
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Figure 5. Temperature dependence of TE properties. (a) Electrical conductivity. (b) Seebeck coefficient. (c) Power factor (PF). (d) Hall data
of carrier concentration and charge carrier mobility at room temperature. (e) Schematic revealing the proposed mechanism behind improved
TE PF and peeling-off in case of the composite films. Reprinted from [12]. Copyright (2019) Elsevier B.V. All rights reserved.

PEDOT-PSS is improved by the inclusion of BST content and
increases with the filler content (<10%) [12]. Also, there is a
little change with temperature for the samples with filler con-
tent less than 10wt%. But with an increase in BST to 12.5 wt%
a huge variation in the σ value is observed compared to the
other samples. With further increase in the filler content the
nature remains same as the previous samples but with lower σ
values as shown in figure 5.

The investigation of S value of PEDOT:PSS/BST NS com-
posite exhibits a low variation with temperature. The highest
S value obtained is ∼20 µV K−1 at 30 ◦C having 12.5 wt%
of BST in the composite which is due to the energy filter-
ing reducing the carrier concentration as well as facile trans-
port of charge carriers with a highest PF of ∼8 µWm K−2 at
70 ◦C. But with exfoliated BST, a high σ value is obtained
for PEDOT-PSS-BST samples than the previous one. This is
attributed to the ordered molecular structure and the aniso-
tropy and dispersion in parallel to the in-plane direction of
the film [52]. The S value of the spin coated films are higher
than that of the drop casted ones perhaps due to the rough
surface for strong carrier scattering and quantum confinement
effect [53]. Though the spin coated composite had highest S

value of 47.5 µV K−1 for the 9.65 wt% BST NSs contain-
ing composite, yet the PF for the drop casted ones is more
than that of the spin coated ones and is attributed to the higher
σ values [52]. Selenium NPs coated with PEDOT:PSS shows
a greater electrical conductivity than PEDOT:PSS as well as
synthesized Se powder which is further enhanced by anneal-
ing the samples maintaining the S value. Both the σ and S
value decreases when annealed at a temperature of 200 ◦C
which is probably due to the degradation of the polymer [27].
Moreover, the σ value increases by the addition of excess
PEDOT-PSS to these samples till 10% by weight thereby
no further increase was achieved. Low electrical conductiv-
ity of Ag2Se NWs effected the value of electrical conductiv-
ity of a Ag2Se NW/PEDOT:PSS composite [11] by decreas-
ing the conductivity value with increase in the Ag2Se content.
The S value initially decreases and then changes in sign at
50 wt% of the filler and then onwards increases further. The
PF of the PEDOT:PSS/Ag2Se NWs composite with 80 wt%
inclusion of Ag2Se NWs is 178.59 µWm K−2. The elec-
trical conductivity of Li intercalated SnSe1−xTex powders,
Sn–Se–Te (x), PEDOT coated Te-s-SnSe NSs or alternate
stacking of PEDOT-coated SnSe0.97Te0.03 [16, 21, 22] with
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Table 2. Carrier concentration and mobility values of SnSe1−xTex
NS/PEDOT:PSS composite films with different Te contents.
Reprinted from [16]. Copyright (2019) Elsevier B.V. All rights
reserved.

Te content (atom. %) n (cm−3) µ (cm2 (V s)−1)

0 1.57 × 1019 5.1
1 1.63 × 1019 5.4
2 1.68 × 1019 6.1
3 1.73 × 1019 6.7
5 1.82 × 1019 7.1
10 2.15 × 1019 7.9

PEDOT/PSS were also studied. The fabricated SnSe0.9Te0.1
via intercalation of Li ions and exfoliation has a σ value
of 12.8 S cm−1 for SnSe samples which increases for the
SnSe0.9Te0.1NS/PEDOT:PSS composite [16] up to maximum
value of 27.2 S cm−1 with the variation of Te content. This
modification in the composite is attributed to the carrier trans-
port properties with variable amount of Te content in the com-
posites as shown in the table 2 where it is observed that with
the increase in the Te content there is an increase in the carrier
concentration as well as in the carrier mobility thereby increas-
ing the σ value.

But for Sn–Se–Te NSs/PEDOT:PSS composite films the
σ value decreases with the increasing amount of filler con-
tent [21]. Same trend is also followed in PEDOT-coated
SnSe0.97Te0.03 NS/PEDOT-PSS composites [20] where with
different wt% of PEDOT-coated SnSe0.97Te0.03 NS as filler
shows a reduction of the electrical conductivity of the
composite with increasing filler content. The decrease in
the carrier concentration is responsible for the above phe-
nomena. A significant improvement shows in the σ value
for a PEDOT:PSS/PEDOT-SnSeTe NSs/PEDOT:PSS (PSP)
multilayer film which is higher than SnSeTe/PEDOT:PSS
composite with the same amount of SnSeTe [22A]. For
PEDOT-coated Te-s-SnSe NSs/PEDOT:PSS multilayer film a
noticeable increment in the electrical conductivity is detec-
ted which is due to modified interchain interaction and
hopping mechanism of charge carriers within the stretched
PEDOT chain. The TE properties of a Sn–Se–Te Ns/PE-
DOT:PSS composite are investigated. From the investig-
ation, it is observed that the S value increases due to
the decrease in carrier concentration of Sn–Se–Te NSs/PE-
DOT:PSS. Themaximum PF obtained is∼130.3 µWm−1 K−2

which is higher than SnSe0.97Te0.03 NS/PEDOT:PSS com-
posite (14.73 µWm−1 K−2). Also, the S value shows an
opposite trend with the previous composite. A PEDOT-coated
SnSe0.97Te0.03 NS/PEDOT:PSS composite is prepared with
the variation of PEDOT-coated SnSe0.97Te0.03 NS from 0 to
50 wt%. Among all the variation of composites, 20 wt%
PEDOT-coated SnSe0.97Te0.03 NS content PEDOT-coated
SnSe0.97Te0.03 NS/PEDOT:PSS composite shows a high value
of S and σ value which improves the TE properties [20]. Mul-
tilayer strategies containing polymer and chalcogenides inter-
layers with polymer enhanced the TE properties of the mul-
tilayer composites. Ju et al reported that the PF of multilayer

film of PEDOT-coated Te-substituted SnSe NSs with three
repeated stacking of PEDOT:PSS (222 µWm−1 K−2) [22B] is
high compare with a PSP multilayer film (110 µWm−1 K−2)
[22A]. For Te-Cu1.75Te/PEDOT:PSS NWs at room temperat-
ure it was observed that the σ decreases with copper loading.
The σ values are measured from the NW mesh as a result the
carrier transport at the interface between NWs should contrib-
ute in the σ values. The S values predicted from the standard
medium theory lies generally in between the end point materi-
als, but for Te-Cu1.75Te/PEDOT:PSS it has been observed that
the S value (220 µV K−1) exceeds the S value of the com-
ponents (∼190 µVK−1 for PEDOT:PSS-Te and∼10 µVK−1

for PEDOT:PSS-Cu1.75Te at room temperature) [54]. This is
attributed to the induction of additional charge carrier scat-
tering during the formation of subphase. The maximum PF
obtained for the sample is 84 µWm−1 K−2. A study of the
Te/PEDOT:PSS/Cu7Te4 ternary composite films, reveals that
due to low electrical conductivity of PEDOT:PSS/Te (PC/Te)
composite the σ value of Te/PEDOT:PSS/Cu7Te4 ternary
composite decreases whereas the S value increases with the
increase in PC/Te percentage at room temperature [13]. The
maximum PF obtained (65.3 µWm−1 K−2) is less than that of
Te-Cu1.75Te/PEDOT:PSS. The interface generated in a tern-
ary composite fulfills the condition of energy filtering enhan-
cing the TE properties [5]. The band structure of the interfacial
band diagram of Te/PEDOT:PSS and Cu7Te4/PEDOT:PSS is
shown in figure 6 which in the present case is responsible
for the energy filtering. Further temperature dependency of
σ and S for –Cu7Te4 95 wt% PC-Te composite film shows
an increase in σ as well as S 25.3–42 S cm−1. Thus, a max-
imum PF of 112.3 µWm−1 K−2 at 380 K is obtained. For
PEDOT:PSS/Cu2SeNWcomposite with Cu/Se nominal molar
ratio 3 manifests that σ value is reduced with increasing tem-
perature till 360 K and then onwards a rapid increase is noticed
till 418 K whereas the S value first increases till 340 K then
decreases till 380 K thereafter increases slowly again as shown
in figure 7.

Difference between cold pressed and hot pressed samples
shows that for hot pressed samples the value of σ of
PEDOT:PSS/Cu2Se decreases with temperature till 380 K and
then increases markedly as temperature increases from 380 K
to 420 K. Meanwhile the S value increases first till 400 K
and then deceases rapidly above 400 K. The result indicates
the phase transition from α-phase to the cubic β-phase in
the temperature range 360 K–380 K. It was observed that the
hot pressed PEDOT:PSS/Cu2Se NW composite on a flexible
nylon membrane has a higher S2σ value (820 µWm−1 K−2)
[23] than cold pressed composites film (270.3 µWm−1 K−2)
[14]. Analyzing the structural characterization, it was observed
that the chief transport channel is the Cu2Se-based inorganic
filler for the carriers in the CP-PC-3C1S film giving rise to a
strong energy-filtering effect enhancing S. Since bulk Cu2Se
can exhibits higher S and lower σ than Cu2−xSe [55, 56] thus
a change phase from Cu2−xSe to Cu2Se causes a lower value
of σ and higher value of S during hot pressing. In addition
to the Cu2−xSe/PEDOT:PSS, the presence of heterointerfaces
of Cu2Se/PEDOT:PSS and Cu/Cu2Se after hot pressing, is
also responsible to enhance the energy-filtering effect, which
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Figure 6. Band structure of the interfacial band diagram of Te/PEDOT:PSS and Cu7Te4/PEDOT:PSS. Reprinted with permission from [13].
Copyright (2018) American Chemical Society.

Figure 7. Temperature dependence of (A) electrical conductivity, Seebeck coefficient, and PF (B) carrier concentration and mobility for the
PC-Cu3Se1 composite film. Reprinted with permission from [14]. Copyright (2019) American Chemical Society. (C) Temperature
dependence of TE properties, and (D) n and mobility µ for the HP-PC-3C1S film. Reprinted with permission from [23]. Copyright (2021)
American Chemical Society.

results a higher S value. But for PEDOT/Ag2Se/CuAgSe
composite film with Cu:Ag:Se nominal molar ratio 1:4:3 an
opposite trend is observed where σ increases initially up to
1244 S cm−1 till 380 K but rapidly decreases in the temperat-
ure range 380 K–400 K. For S, a turning point at around 320 K
is observed probably due to the incorporation of PEDOT. Then

onwards its start decreasing till 380K and then again increases.
The change around 380 K is again due to the phase change of
α- to β- of Ag2Se. But for very high value of σ and S the PF
obtained is ∼1603 µWm−1 K−2 [4] film at room temperature
which is record value than the reported PEDOT:PSS/Ag2Se
NWs composite (178.59 µWm−1 K−2) with 80 wt% inclusion
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of Ag2Se NWs [11] PVP/Ag/Ag2Te (370.1 µWm−1 K−2

at 393 K) [30] and Te/PEDOT:PSS/Cu7Te4 nanocomposite
(65.3µWmK−2) with 95wt%PEDOT:PSS coated Te (PC-Te)
nanorods content [13]. Reports show that the 3D oriented Te
NWs/PMMA bead composites had greater electrical conduct-
ivity than the Te NWs/PMMA resin composites at a given Te
contain [28]. The greater amount of Te NWs in both the com-
posite supply more charges (e.g. hole) which lead to increase
in carrier concentration, and thus increases electrical conduct-
ivity of the samples. Similarly, because of high carrier concen-
tration, the electrical conductivity of the Ag2Te NW/PMMA
nanocomposites increased up to 5.12 S cm−1 with increasing
Ag2Te NWs content [29]. An effect of alignment of Te NWs
on a PMMA polymer matrix improved the S value, PF as well
as the figure of merit of the composite which in turn suitable
for the application in TE devices. Kim et al achieved the high S
value as well as PF in the PMMA/Te NWs composite with low
Te NWs content. This result indicates that with high S value of
Te NWs are well connected without interruption with the com-
posite and also polymer matrix having no impact on the prop-
erties of Te NWs [28]. With the increase in Ag2Te NW con-
tent the σ value increases but the S value decreases for Ag2Te
NW PMMA nanocomposites. The maximum PF obtained is
for 50% Ag2Te NW. Bi2Se3 NP/PVDF composites shows a
low electrical conductivity at room temperature [57] than a
single Bi2Se3 layer. Scattering of charge carriers by the poly-
mer in between NP–NP junctions causes the reduction of σ.
In spite of the scattering, the variation of σ of the composites
shows a metallic behavior. But interestingly, when Cu doped
Bi2Se3 incorporated in the Cu doped Bi2Se3/PVDF composite
the conductivity is gradually increased from 0.49× 104 Sm−1

to 1.46× 104 S m−1 with Cu concentration 0–0.1 in CuxBi2Se
[26]. Though the S value increases with temperature from low
to room for Bi2Se3 NP/PVDF composites yet with the dop-
ing of Cu it decreases. Cu doped Bi2Se3 NPs/PVDF compos-
ite shows a multiphase n-type nature with large value in PF
(103 µWm−1 K−2) [24] which is compared with the reported
layered Bi2Se3 NP/PVDF composites (30 µWm−1 K−2) [57].
But with higher doping both the σ and the S values decreases
which is probably due to the impurity phases (p-type Cu2−xSe)
during the NP [58–60]. A semiconducting behavior is noticed
for PVP/Ag/Ag2Te composite where the electrical conduct-
ivity increased from 360.9 to 540.6 S cm−1 at temperature
range from 300 K to 393 K which is due to the increase in car-
rier concentration. Interestingly both the S value and σ value
increases with an increase in temperature for PVP/Ag/Ag2Te
composite. The rise in S value is attributed to the increase in the
average energy of the electrons crossing the junction. Hence a
rise in PF is observed [30]. But for 50 wt% Ta4SiTe content
PVDF/Ta4SiTe4 composite, the nature of electrical conduct-
ivity as a function of temperature shows a typical degener-
ate semiconducting behavior [61]. The composite exhibits a
noticeable S and S2σ value. Study of PTh/Bi2Te3 composite
shows that σ decreases with the increase in PTh content as
because of decreased carrier concentration and carrier mobil-
ity but S increases for 5% PTh then onwards it decreases. A
change in the nature of σ and S with the temperature variation
is also observed with the PTh content [35].

To enhance the TE properties of different polymer-
chalcogenide composites, the size and the structures of the
inorganic chalcogenides component could play a very import-
ant role. As has been discussed earlier that the general strategy
is to vary the nano filer concentration in the polymermatrix but
reports showing the contribution of the size and morphology
on TE properties are really scanty for polymer chalcogenides
composites.

It has been observed that Te NW coated PEDOT:PSS
hybrid composite has a highly conducting interface between
Te NW and bulk polymer, which is responsible for the exclus-
ive TE properties of the composite. Further with the increase
in the length of the NW the S value increases but the σ value
decreases. Thus, the production of long NWs could really
enhance the PF [46]. Further nanorod like structure of Te also
contribute to enhance the PF of the PEDOT:PSS/Te compos-
ite material [5, 45, 62] but as observed the optimized PF of the
nanorod structured composite is lower than the Te NW coated
PEDOT:PSS composite [46].

In case of synthesized Bi2Te3 nanorod/PANI compos-
ite, it is also observed PANI grown along the surface of
Bi2Te3 nanorod different synthesis process shows differ-
ent value of TE power. Longer the nanorods more is the
TE power [15, 37]. Further the PF of Bi2Te3/PANI with
rod like Bi2Te3 nanostructure [15] is higher than flakes
like Bi2Te3 nanostructure [32]. A difference in the TE
property was also observed for PEDOT-PSS when Ag2Te
nanocrystal [63] and Ag2Te NW were used as the filler
material [64] synthesized and characterized by Finefrock
et al [63].

Thus a very few attempt has been made to study the effect
of morphology of different fillers to improve the efficiency
of polymer-chalcogenide composite materials indicating that
there is a plenty of scope to further improve the TE properties
of polymer chalcogenides composite.

3.2. Thermal conductivity and figure of merit

The thermal conductivity (κ) is the sum of electronic thermal
contribution and the lattice thermal contribution. The general
strategy to achieve a high ZT value for the TE materials, along
with the increase in PF (S2σ), is to lower the value of κ. For
two component organic inorganic nanocomposites, the lattice
thermal contribution can be reduced by selective scattering
of phonons at the grain boundaries thereby reducing the total
thermal conductivity.

A low κ value is observed for Te embedded polymer (in
the range of 0.2–0.4 Wm−1 K−1 for PANI-Te nanocom-
posites, from 0.1 to 1.6 Wm−1 K−1 for Te-coated PEDOT
films, from 0.197 to 0.218 Wm−1 K−1 for PEDOT-PSS/PF-
Te and from 0.24 to 0.29 Wm−1 K−1 for Te/PMMA nano-
composites) [5, 9, 17, 28] due to strong phonon scatter-
ing at polymer-Te interface. As a consequence, the ZT
values of Te coated or embedded polymer evaluated or
estimated is in the range of 0.05–0.8 [5, 9, 17], though
the ZT value of Te NW/PMMA composites are much
lower [28] than the other owing to the lower electrical
conductivity.
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Reports show that also with the inclusion of Bi2Te3 NPs in
the polymer matrix, the κ value decreases. A room temperat-
ure κ shows a low value about 0.1096 Wm−1 K−1 of a PANI-
Bi2Te3 nanocomposite than its constituents [15]. Though an
initial increase in κ value has been noticed for BCSO/PANI
with increase in BCSO but it decreases with higher content
of BCSO which is due to the phonon scattering again [34].
The ZT value is much less than PANI-Bi2Te3 nanocompos-
ite. Further with the increase of filler like BST NP, the κ
value decreases and around 20% filler composites κ is nearly
equal to the pristine PANI [6]. The ZT value increases with
the increase in temperature. The highest ZT value obtained is
for 15% at room temperature. Though the reported κ value
of PANI-Bi2Se3 composite is 0.19 Wm−1 K−1 which is com-
parable to that of PANI-Bi2Te3 nanocomposite [18] yet the
ZT value (0.0046) is higher than PANI-Bi2Te3 nanocompos-
ite as well as its constituents. On the other hand, the κ value
of PANI/Bi2S3 nanocomposites was found to be more than
PANI/Bi2Te3 or PANI/Bi2Se3 but the ZT value is compar-
able with PANI/Bi2Se3 nanocomposites [1A]. The κ value of
PANI-Ag2Te core shell structure [42] is found to be more than
PANI-Ag2Se and the ZT value of later comes out to be 0.012
[36]. The temperature dependency of thermal conductivity and
figure of merit (ZT) of two PANI coated PANI-pSnSNSs com-
posites reveal that κ decreases and ZT increases with increase
in temperature which is a similar trend for chalcogenide-based
composites. For the two PANI coated PANI-pSnS NSs com-
posites, the ZT value reached 0.078 at 450 K which is much
higher than pristine pSnS NSs [3A].

For a PEDOT-coated SnSe0.97Te0.03 NS/PEDOT:PSS com-
posites with 20% filler content the κ value is lower than
0.5 Wm−1 K−1 and thus for 20% filler content, the com-
posite achieved the maximum value of ZT about 0.18 [20].
Te/PEDOT:PSS/Cu7Te4 composite shows a low thermal con-
ductivity of 0.198 Wm−1 K−1 with 95% PEDOT:PSS coated
Te as a filler which is very close to a PEDOT:PSS/Te com-
posite as reported [5] and finally achieved a maximum ZT
value around 0.1 [13]. With Cu2Se as filler, the κ value of
PEDOT:PSS is in the range 0.25–0.3Wm−1 K−1 [14] which is
lower than PEDOT:PSS-Ag2Se/CuAgSe composite [4]. This
value leads to a high ZT value 0.3 at room temperature com-
pared with the reported Ag2Te NW/PMMA nanocomposites
[29] and PVP/Ag/Ag2Te/nylon film [30].

Bi2Te3 NW/PEDOT:PSS composite dosed with 3 wt%
SDS and 10 vol% EG, influenced the thermal conductivity
and finally the ZT value. The composite achieved the K and
ZT value of 0.047 Wm−1 K−1 and 0.048 respectively [51].
With almost same S value, it is observed that the 3D aligned
Te NWs/PMMA composite shows a higher value in figure
of merit (2.8 × 10−3) than the randomly dispersed com-
posite (6.4 × 10−4) [28]. Insulating polymer PVDF based
Bi2Se3 NP/PVDF composite, Cu0.1Bi2Se3 NP/PVDF com-
posite [26] and layered Bi2Se3 NP/PVDF composite [57]
shows the K values 0.29 Wm−1 K−1, 0.32 Wm−1 K−1 and
0.42 Wm−1 K−1 respectively. The calculated ZT value of
Cu0.1Bi2Se3 NP/PVDF composite (0.10) is higher than Bi2Se3
NP/PVDF composite (0.04).

Figure 8. Figure of merit vs PF graph for various polymer
chalcogenide composites.

It is well known that the K of the polymeric samples has
a low value. The κ values of the polymer chalcogenides dis-
cussed here mostly lies in the range 0.1–0.4Wm−1 K−1 which
is mainly due to scattering of phonons as discussed earlier.

So, the high ZT value is attributed to the high-PF of the
samples. Thus, PF with ZT has been plotted for different
samples and shown in figure 8. It is observed that the samples
having high PF have high ZT values.

4. Device application

The research on TE aims to fabricate TE modules for device
applications. Though inorganic TE materials generate higher
output power, yet organic TE materials come into play in
recent days, due to their advantages as discussed earlier.
As a result, prototype thermoelectric generators (TEG) with
polymeric-chalcogenides based materials are under process.

PVDF/Ta4SiTe4 composite films were used to construct a
TE module having four single legs. The performance of the
module at ∆T = 9.2 K, 19.9 K, 30.1 K, and 35.5 K was con-
ducted and it was observed that at ∆T = 35.5 K a maximum
output power of 1.68 µW is obtained [61]. Same was fabric-
ated for PANI/SWNT/Te nanocomposite films with a 10 wt%
Te content and the maximum output power attained is 1 µW
with a power density of 62.4 µW cm−2 at ∆T = 40 K [9].
The maximum power observed for a TEG fabricated with p-
type PEDOT:PSS coated nylon and n-type air plasma treated
Ag2Te nanocrystal coated nylon was found to be 5 nW for a
temperature difference of 20 K [63].

Based on PEDOT:PSS/PF-Te (70 wt%) composite mater-
ial, a prototype TE power generator has been device as shown
in the figure 9 using eight unit-legs of the composite having
a dimension of 25 × 5 mm2 with Ag paste as an electrode
on a polyimide substrate. The measured output voltage of the
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Figure 9. (a) Photograph of a flexible device consisting of eight (PEDOT:PSS/PF-Te)-Ag thermocouples on a polyimide substrate and
(b) output performance of the device due to the temperature difference between a forearm (∼305.4 K) and the ambient (∼292 K). Reprinted
from [5]. Copyright (2017) Published by Elsevier Ltd.

module is 2.5 mV with the temperature difference approxim-
ately 13.4 K which is a little lower than the calculated value.
This difference is attributed to the resistance of the device. The
output voltage of 14 legs TEGs devised on a glass substrates
by spray printing of Te-PEDOT:PSS nanocomposites, GNP
added Te-PEDOT:PSS, and SSWNT added Te-PEDOT:PSS
are 26, 23, and 24 mV, respectively [45]. Though the out-
put voltage of the Te-PEDOT:PSS content TEG is higher than
SSWNT added Te-PEDOT:PSS, the output current is higher
for SSWNT added Te-PEDOT:PSS content TEG (20 µA) than
the TEGs comprising of Te-PEDOT:PSS without nanocarbon
(0.7 µA) and Te-PEDOT:PSS with GNP (1.2 µA). Among
these three TEGs, the one prepared from SSWNT added Te-
PEDOT:PSS shows an improved output power of 126 nW. Fur-
ther the TEG from SSWNT added Te-PEDOT:PSS is modified
with 28 legs on flexible polyacrylate substrate and the gen-
erated voltage of 7.8 mV was determined from the thermal
energy applied by the human body. With the temperature
difference of 53 ◦C, a single thermo-element device consist
of PEDOT:PSS/BST film presented an open circuit voltage

∼536 µV and current ∼134 µA [11]. Further a TE con-
verter based on Bi2Te3-PEDOT:PSS nanofilm network mater-
ial exhibit an output power of 130 µW at temperature differ-
ence about 80 K with a good stability [51].

An eight single-leg flexible TE device was assembled
figure 10 using PC-Cu7Te4/PC-Te composite [13]. The out-
put voltages of the optimized composite are observed to be
14.2, 21.4, 26.3 and 31.2 mV with a temperature difference
of 18.2 K, 27.1 K, 31.4 K and 39.1 K respectively. The result
shows, for the temperature gradient at 39.1 K, per 1 K temper-
ature difference the output voltage of p-leg is about 103 µV
which is comparably higher than the value∼80.7 µV at 300 K.
After twisting 70 times, the output voltage is decreased only
10% at the temperature gradient of 39.1 K, which indicates a
good flexible nature of the TE device.

Figure 11 shows that a maximum output power of
∼94.7 nW is generatedwith∼1200Ω load resistance at 39.1 K
temperature gradient. Whereas for a TE prototype device of
nine legs prepared using PEDOT:PSS/CuxSey nanocompos-
ite [14], the obtain maximum output voltage and power is
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Figure 10. (a) Flexibility of the film. The change of the Seebeck coefficient and electrical resistance of the PC-Cu7Te4/95 wt% PC-Te film
drop-cast onto the polyimide substrate over different bending times with the insets exhibiting a bending test, where the bending diameter is
5 mm, (b) a digital photo of the TE device fabricated using the as-prepared film, (c) the relationship between output voltage and temperature
difference, (d) output voltage and power as a function of load resistance at various temperature differences. Reprinted with permission from
[13]. Copyright (2018) American Chemical Society.

Figure 11. Performance of the TE device fabricated with the PC-Cu3Se1 composite film: (a) the relationship between output voltage and
temperature gradient (the inset is a digital photo of the nine-leg TE device); (b) the output voltage and power versus current at different
temperature differences. Demonstration of power generation by a 25-leg TE device: (c) a digital photo of the device, (d) a photo of 4.5 mV
voltage created due to the temperature difference between an arm and the ambient, (e) a photo of 15.4 mV voltage created when the tea
water was poured into the 500 ml beaker until the liquid level reached the lower edge of the device. The device is wound around the arm or
the beaker; one side of the device was attached to an arm skin or the beaker, and the other side is exposed to the air by using a bubble film as
a thermal insulator. The insets in parts (d) and (e) are infrared thermal images showing the temperature differences between the arm and the
ambient (∼3.5 K) and between the outer surface of the beaker and the ambient (∼12 K), respectively. Reprinted with permission from [14].
Copyright (2019) American Chemical Society.
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Figure 12. Output performance of the f-TEG assembled with the HP-PC-3C1S film on nylon. (a) Open-circuit voltage at various∆T values
(the inset shows a photograph of the TE prototype generator). (b) Output voltage (U) and output power (P) versus current (I) at∆T of 28 K.
Output performance of the 5 p–n units f-TEG assembled with the HP-PC-3C1S film and the PEDOT/Ag2Se/CuAgSe composite film.
(c) Open-circuit voltage at various∆T values (the inset shows a photograph of the TE prototype generator). (d) U and P versus I at different
∆T values. (e) Comparison of PD max/∆T2 between our f-TEG and reported ones assembled by inorganic/organic composites. (f) Photo of
4.26 mV voltage produced from the ∆T between an arm and the ambient; the temperature difference is shown in an infrared thermal image
(∼4.3 K). (g) Photo of 2.88 mV voltage created from the∆T between wearing a mask and the ambient; the temperature difference is shown
in an infrared thermal image (the maximum ∆T ∼ 3.7 K). Reprinted with permission from [23]. Copyright (2021) American Chemical
Society.

16 mV and ∼328 nW respectively at ∆T of 30 K. Further
this is modified by increasing the number of legs to 25 and
the voltage developed is measured between human arm or a
beaker containing tea and the ambient. An output voltage of
4.5 mV with a temperature difference of 3.5 K is observed for
the first case and output voltage of 15.4 mVwith a temperature
difference of 12 K is observed for the second one. A n-type
TE module consists of 11 legs of (PEDOT)/Ag2Se/CuAgSe
ternary composite (PC-Cu1Ag4Se3) [4] was also fabricated.
At the temperature difference (DT) of 36 K, TE module pro-
duced its maximum output voltage, power and power dens-
ity of 45.8 mV, 3.212 mW, 8.4 Wm−2 respectively, which
are higher than previously reported n-type nylon membrane
supported PVP/Ag/Ag2Te hybrid films-based TE prototype
device [30]. Recently a flexible TEG (f-TEG) has been fabric-
ated by paring p-type hot pressed PEDOT:PSS/Cu2Se-based
composite (HP-PC-3C1S) with n-type PC-Cu1Ag4Se3 com-
posite [23]. The open circuit voltage (Voc) for a p–n junction
f-TEG is expressed by Voc = n × (|Sn| + Sp) × ∆T, where

n is the number of p–n units, Sn and Sp is the Seebeck coef-
ficients of n-type and p-type component and ∆T is the tem-
perature difference. Using the above expression, they calcu-
lated the Voc value of 22, 25, 35, and 44 mV when ∆T is 22,
25, 35, and 44 K, respectively for the f-TEG. At 44 K tem-
perature difference, the p–n junction f-TEG shows the max-
imum output power and power density of 1548.1 nW and
∼4.43 Wm−2 respectively, which indicating an enhanced out-
put performance. One side of the assembled p–n junction f-
TEG is attached to an arm and other side is in air using an
air-laid paper as a thermal insulator as shown in figure 12.

The output voltage observed is 4.26 mV with the temper-
ature difference ∼4.3 K between a forearm and air. Similarly,
pasting the f-TEG on a surgical musk [23], an output voltage of
2.88 mV is produced with the maximum∆T of 3.7 K between
the hot side and the ambient during exhalation.

All the results demonstrate a promising technique to cre-
ate a flexible TE film with high TE performance for practical
applications in wearable energy harvesting.
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5. Conclusion

The development of CPs as functional TE materials finds
huge applications in the domain of TEs. This class of mater-
ials combined with inorganics counterparts, mainly inorganic
chalcogenides, shows promising results in the direction of
TE industries. Out of the known methods of synthesis it has
been observed that in-situ polymerization and solution mix-
ing are the most commonly used procedures employed for the
synthesis of these composites. The strategic approach taken
for enhancing the TE parameters is to use the chalcogenides
materials as nano filler within the polymer matrix. This can
introduce a higher ordering of the polymer chains thereby
increasing the electrical mobility of the charge carriers which
increases the electrical conductivity. Further due to the intro-
duction of the nano-interfaces of organic/inorganic nanocom-
posites there is a synergetic energy filtering effect where the
carriers having high energy were favorably allowed to cross
the energy barrier at the interface which results in an enhance-
ment in the S value. At the same time these interfaces for
two component organic inorganic nanocomposites, the lat-
tice thermal contribution can be reduced by selective scat-
tering of phonons at the grain boundaries thereby reducing
the total thermal conductivity. All these factors really influ-
ence the figure of merit thereby increases it. Further, there
is plenty of scope to study the effect of different nanostruc-
tures of a particular filler on the TE properties of polymer
chalcogenides composites for optimization for the best can-
didate. Moreover, the development of the lab-based models
using these composites opens up new directions of research in
TE field and is found to be advantageous. Certainly, the poly-
mer chalcogenides are so distinctive that they well thought out
to be extremely capable and hopeful TE candidates. Further
ease of synthesis and mechanical flexibility of those materials
permits various design to be used in device applications. The
inimitability of these materials undoubtedly opens up a new
era of smart materials with the initiation of opportunities in
TE domain.
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Abstract:  Nanostructured polyaniline doped with organic dopant has been synthesized employing a template based in-situ
polymerization. Spectral analysis of the sample shows a more ordered structure. The transport properties are carried out for 
thermoelectric applications which shows that the template based synthesis plays an important role to influence the electrical
transport properties of PANI. This template based synthesis of nanostructured PANI is proposed for enhancement of figure of 
merit through an increase in the electrical conductivity and thermoelectric power and decrease in thermal conductivity. 
Compared to the earlier works the figure of merit evaluated is much higher.

Keywords: Conducting polymer; Thermoelectric Power: Power Fsctor: Thermal Conductivity: Figure of Merit.
PACS: 72.80.Le  

INTRODUCTION

Conducting polymers (CP), since their discovery, open 
ups a new trend of research. With the advent, these 
polymers have influenced a vast number of growing 
new technologies [1–2]. Recently, synthesis of 
nanopolymer has attracted researchers in the area of 
thermoelectricity due to their high value of electrical 
conductivity to thermal conductivity ratio compared to 
that of inorganic materials [3]. Among the CPs, 
polyaniline (PANI) is thought to be a potential 
candidate to be used as thermoelectric (TE) material 
due to its simple and reversible doping/dedoping 
chemistry, changeable electrical conductivity,
environmental stability and ease of processing [4]. The 
process of synthesis greatly influences the transport 
properties of PANI. Till date different technique has 
been employed for the synthesis and enhancement of 
transport properties of PANI. Doped nanostructured 
PANI shows better performance as thermoelectric 
material due to decrease of the torsional angle 
suggesting a greater conjugation [4]. In addition the 
ordering of the molecular backbone chain is an 
effective way for the enhancement of thermoelectric 
performance [5]. In this study, PANI has been 
synthesized employing a template based in-situ 
polymerization and the template used is mesoporous 
silica. This template based synthesis is the reason for 
the ordering of the molecular backbone chain which in 
turn enhances the power factor at and near room 

temperatures. The value of the thermal conductivity is 
also found to be very low and hence the figure of merit 
is found to be enhanced. 

EXPERIMENTAL
Sulfosalicylic acid (SSA), ammonium peroxydisulfate 
(APS) and aniline were purchased from Merck 
Chemicals. Tetraethylorthosilicate (TEOS) was 
purchased from E-Merck, Germany. 
Cetyltrimethylammonium bromide (CTAB) and 
Hydroflouric acid (HF) were purchased from Loba 
Chemie, India.  Water was purchased from Hydrolab. 
All the chemicals were of analytical reagent grade and 
are used without further purification. The mesoporous 
silica (MCM 48) has been synthesized as reported in 
literature [6]. PANI is synthesized using template-
based oxidative polymerization of aniline in an 
aqueous solution of SSA, using APS as oxidant and 
MCM 48 as a template. In a typical procedure aniline 
was dissolved in an aqueous solution containing SSA 
and mesoporous silica. The solution was stirred and 
heated to boiling and then cooled to room temperature. 
A pre-cooled aqueous solution of APS used as oxidant 
was mixed drop-wise to start the oxidation, and the 
reaction mixture was stirred for 6 h. Throughout the 
reaction time the temperature of the reaction mixture 
was kept between 0 and 50C. A dark green precipitate 
was formed, indicating PANI emeraldine salt, which 
was recovered from the reaction vessel by filtration. 
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The precipitate was washed with ethanol and water 
several times to remove any of the oxidant present, 
until the filtered water became colourless. It was 
rinsed with SSA to compensate for the loss of dopant 
and again washed with water. Finally the prepared 
sample was vacuum dried at 60 0C for 24 h. The dried 
sample was immersed in HF solution for 24 hours for 
the removal of MCM 48 and then filtered. Finally it 
was again dried at 60 0C for 24 h.

CHARACTERIZATION
The synthesized sample was structurally characterized 
by powder x-ray diffraction (XRD), fourier transform 
infrared (FTIR) and UV-Vis spectrum. Morphology of 
the prepared samples was studied by field emission 
scanning electron microscopy (FESEM) and 
transmission electron microscopy (TEM). The 
prepared sample was pressed at room temperature 
under 2 tons pressure and cut into small rectangular 
piece for measurement of the electrical transport 
properties. The variations of the electrical conductivity 

temperature were carried out in the range 290 – 420 K. 
The electrical conductivity of the sample was 
measured by four probe method using a four probe set 
up.  For the measurement of thermoelectric power, an 
auxiliary heater was placed at one end of the sample 
holder to establish a temperature difference, while the 
corresponding potential drop was measured by a 
Hewlett Packard data acquisition system. Room-

urements 
were carried out for the prepared samples using a Hot 
Disk thermal constants analyser.

RESULTS AND DISCUSSIONS
Fourier transform infrared (FTIR) spectra of the 
samples are shown in figure 1. Distinct peaks of 
conducting PANI are observed from the spectra and 
are indicated in the figure. It is observed that the 
numbers of benzoid units (1578 cm ) are more than 
quinoid one (1494 cm ) which is a signature of more 
ordered molecular arrangement of PANI which is also 
reflected from the electrical and the thermoelectric 
power results. Inset of figure 1 shows the XRD pattern 
of nanostructured PANI. The three broad peaks at 150,
200, and 250 for pure PANI are observed from the 
figure, which are due to the repeat unit of PANI chain, 
the periodic perpendicular to the polymer backbone 
chain and the periodic parallel to the polymer 
backbone chain respectively. The observation of peak 
sharpening is related to the monodistribution of the 
periodicity of the repeat unit of the PANI chain, and 
ordering of the molecular arrangement of the PANI 
chain perpendicular and parallel to the polymer 
backbone chain respectively.

FIGURE 1. FTIR Spectra of the prepared sample. Inset 
shows the XRD spectra of the prepared sample.

Figure 2 shows the UV–vis spectra of the polymerized 
sample used to explore the electronic states of PANI 
which indicates the characteristic bands. The UV–vis 
spectra of the polymerized sample (inset 1b) shows 
indicates a greater extent of doping as inferred from 
the absence of the broad band around 634 nm in the 
spectrum [7]. This also signifies an ordered molecular 
arrangement of PANI. 

FIGURE 2. UV-Vis spectra of the prepared sample.

Microscopic images of the template based 
nanostructured PANI are shown in figure 3. The 
prepared samples show very ordered structure which is 
in consistent with the XRD and the FTIR analysis. It is 
noteworthy that this type of ordered structure of 
polyaniline is reported for the first time. This ordered 
structure is mainly attributed to the mesoporous silica 
which gives a directional growth of PANI. The 
enhancement of electrical conductivity is in tune with 
this ordered structure. Figure 4 shows the temperature 

s with temperature but the decrease 
is nonlinear. This non-
temperature mainly attributed to the metallic 
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conduction with a tunnelling or hopping mechanism 
operative for the carrier between the nanorods which 
are formed during deposition as is seen from the 
microscopic images. At higher temperatures, 
predominance of metallic conduction is attributed to 
the complete delocalization of charge carriers.

FIGURE 3. TEM image of the prepared sample. Inset 
shows the FESEM image of the prepared sample.

FIGURE 4. Temperature variation of electrical 
conductivity, thermoelectric power and power factor of the 
prepared sample.

It is noteworthy that unlike the bulk materials increase 
of 
increase in the thermoelectric power is very much 
surprising. The increase in the grain boundaries due to
the template based synthesis probably results in the 
enhancement of the electron energy filtering effects by 
allowing high energy carriers to pass while blocking 
cold energy carriers. Further the ordering of the 
molecular arrangement increases the effective degree 

-
conjugated defects in the polymer backbone 
decreasing the carrier hopping barrier in PANI matrix. 
The power factor reaches a maximum value of 2.41 
(μWm-1K-1) at 376 K and then it starts decreasing.

-1K-1,
which is lower than recently reported values for 
polymer based thermoelectric materials. This low 

phonons by the nanointerfaces of PANI. The ZT value 
as evaluated in this work comes out to be 
0.0061.Interestingly, this value though lower than
inorganic TE materials, it still higher than that of the 
polymer based bulk nanostructured TE materials.  To 
the best of our knowledge the figure of merit (ZT) 
value evaluated for PANI 2 is more than the all other 
reported value in literature. This may be attributed to 
the ordered molecular arrangement as has been 
perceived from the TEM images and confirmed from 
the FTIR data.

CONCLUSION
To the best of author’s knowledge template based 

nanostructured PANI has been synthesised for the first 
time.spectral analysis shows formation of an ordered 
structure which is in tune with the microscopic images. 

-
conjugation defect in the backbone of PANI chain. 
Interestingly the structural and spectral studies 
confirms each other. As a result of this structural 
ordering the electrical conductivity and thermoelectric 
power increases. Due to the scattering of phonons the 
value of thermal conductivity is found to be very low.
The ZT value comes out to be 0.0061, which is among 
the best for polymer based thermoelectric materials. 
Thus the template based synthesis is an effective way 
for ordering the molecular structure of PANI which in 
turn enhance the transport parameters.
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