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Abstract

A thermoelectric generator (TEG) is a device that generates electricity by utilizing the See-

beck effect, which creates an electric potential difference in response to a temperature dif-

ference. The TEG relies on thermoelectric materials (TEMs) to convert heat into electricity.

Researchers are looking for TEMs with low thermal conductivity and penta-graphene (PG)

has displayed promising properties when compared to graphene. The performance of a PG-

based TEG is assessed through simulations that take into account temperature gradients and

the thermoelectric figure of merit (ZT) parameter, which is a measure of the TEG’s perfor-

mance that combines the Seebeck coefficient, electrical conductivity and thermal conductiv-

ity. The study employs non equilibrium molecular dynamics (NEMD) calculate the phononic

thermal conductivity (Kp) and the Boltztrap code to calculate the electronic thermal conduc-

tivity (Ke), electric conductivity and seebeck coefficient of PG. The findings indicate that PG

exhibits a lower phononic thermal conductivity compared to graphene. At a temperature of

300 K, PG demonstrated a ZT value of 0.15, which is 16.6 times higher than the ZT value of

0.009 observed for graphene. Furthermore, the ZT value of PG increases with rising tem-

perature, reaching 0.52 at 900K. To assess the efficiency of the PG-based TEG, the hot side

temperature was varied while maintaining the cold side at 300K. As a result, an efficiency of

7% was achieved when the hot side temperature reached 900K. These findings suggest that

PG is a suitable TEM and has the potential to enhance the performance of TEGs. Future

research can further explore the use of PG as a TEM and contribute to the development of

efficient energy conversion in TEGs.

Keywords: Thermoelectric Generator, Seebeck Effect, Performance, Thermoelectric Figure

of Merit
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1. INTRODUCTION

1.1. Background of the study

A thermoelectric generator also known as a Seebeck generator, is a device that converts

heat into electricity. It operates based on the Seebeck effect, which states that a temperature

difference can create an electric potential difference. The core building block of a TEG is

the TEM, which converts heat into electricity through the Seebeck effect (Radouane, 2023).

Figure 2.1 shows the fundamental configuration of a TEG. The temperature difference across

the TEM results in the production of direct current (DC) that flows towards a load (RL). The

load is defined by a terminal voltage (V) and a terminal current (I) and the electrical power

generated can be calculated as I2RL or VI (Mary-Rose & WallenfeldtAn, 2024).

The performance of a TEG relies on two key factors: the temperature gradient (∆T )

and the ZT of the TEMs used. The energy conversion efficiency of TEG is defined as the

output electric energy (P) divided by the provided thermal energy (Q) (Sun et al., 2022).

η =
P
Q

=
∆T
Th

√
1+(ZT )avg −1√
1+(ZT )avg +

Tc
Th

(1.1)

Where Th is heat source temperature, Tc is heat sink temperature, ∆T is temperature differ-

ence and (ZT )avg is the average value of ZT of TEM.

To be considered suitable for use in TEGs, a TEM must possess a remarkably high

Seebeck coefficient, which enables the production of a larger thermoelectric voltage and en-

hances the efficiency of power generation from heat. Additionally, a high level of electrical

conductivity reduces resistive losses and improves the flow of electrical current, resulting

in improved conversion efficiency. Finally, a low thermal conductivity helps minimize heat

dissipation, allowing for better heat preservation and increased conversion of heat into elec-

tricity. These characteristics are crucial for enhancing the performance of a TEG (Snyder &

Snyder, 2017).

In the search for TEMs that have low thermal conductivity, a two-dimensional PG has

shown intriguing properties compared to graphene. Chen et al. (2017) investigated PG as
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a TEM and found that at 700K temperature ZT value of PG is 0.14, which is higher than

that of graphene (Deb et al., 2022). Furthermore, Wang et al. (2016) observed that the ther-

mal conductivity of PG at room temperature is 645 W/(m·K), significantly lower than that

of graphene (4000 W/(m·K)). Additionally, Muna & Winczewski (2020) reported a thermal

conductivity of approximately 18.7 W/(m·K) for PG at a room temperature of 300 K. They

also observed a decreasing trend in the thermal conductivity of PG with increasing tempera-

tures.

The low thermal conductivity and high Seebeck coefficient of PG contribute to maxi-

mizing the efficiency of the TEG by reducing heat losses and maintaining a significant tem-

perature gradient. The low thermal conductivity helps minimize heat conduction and prevent

excessive thermal transfer. In this research work, we aim to analyze the performance of PG

based TEG.

1.2. Statement of the problem

The ZT parameter, which comprises the Seebeck coefficient, electrical conductivity

and thermal conductivity, is a critical factor when selecting suitable TEMs and optimizing

the performance of TEGs. It is essential to identify materials with high Seebeck coeffi-

cients, high electrical conductivity and low thermal conductivity to enhance TEG perfor-

mance. Moreover, factors such as cost-effectiveness, abundance on Earth and flexibility

should also be considered. Consequently, further research is necessary to comprehend the

performance of PG an organic TEM in TEGs.

Prior research has investigated the thermoelectric properties of PG. These studies have

yielded intriguing results, revealing a noteworthy ZT value of 0.14 at 700K, which surpasses

that of graphene. Furthermore, PG exhibits low thermal conductivity of 18.7 W/(m·K) at

room temperature, indicating its potential as an organic TEM for the development of flex-

ible and wearable self-powered TEGs. Despite these benefits, the maximum ZT of 0.75

at 300K for organic TEMs is lower than that of widely utilized chalcogenides such as BST

(Bismuth-Antimony or Selenium-Telluride) compounds and Tin Selinide, which exhibit high

ZT values of 2.2 around 773 K. These findings suggest that PG possesses unique attributes

that make it a promising candidate for TEM. However, further investigation is necessary to

gain a deeper understanding of its performance in TEG, including its behavior at different

temperatures and the relationship between thermal conductivity and temperature.
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The remarkable characteristics of PG show great potential for various applications,

including in TEG. However, the efficiency of PG-based TEG has yet to be determined. Fur-

thermore, the thermoelectric properties of PG, such as the Seebeck coefficient, electronic

thermal conductivity and electric conductivity, have not been reported across a broad range

of temperatures. Therefore, it is necessary to conduct research to thoroughly investigate PG-

based TEG at different temperature ranges. To explore this further, this research aims to

conduct a simulation-based performance analysis of a PG based TEG. The study will utilize

NEMD by LAMMPS and Boltztrap code to investigate the thermoelectric properties of PG

and assess its suitability as a TEM.

1.3. Objectives

1.3.1 General objective

The general objective of this research work is to analyse the performance of PG Based TEG

through a simulation study.

1.3.2 Specific objectives

The specific objectives of this research work are:

• To calculate thermal conductivity of PG and its the temperature dependence.

• To calculate the ZT of PG.

• To calculate the efficiency of PG based TEG.

1.4. Significance of the study

The study of PG as a TEM and its application in TEGs has significant implications for

energy conversion and efficiency. TEGs offer a promising method to convert waste heat into

electricity, thereby improving overall energy utilization and efficiency. By analyzing the per-

formance of a PG-based TEG, this study aims to contribute to the development of efficient

energy conversion technologies. The low thermal conductivity and high Seebeck coefficient

of PG have the potential to minimize heat losses and maintain a significant temperature gra-

dient, leading to improved TEG performance. This research can provide valuable insights
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into harnessing waste heat and maximizing energy efficiency through the utilization of PG

in TEGs.

Energy conservation is a critical aspect of addressing global energy challenges and re-

ducing reliance on fossil fuels. The development of efficient TEMs and TEGs plays a crucial

role in achieving energy conservation goals. By investigating the thermoelectric properties

of PG and evaluating its suitability as a TEM, this study contributes to the optimization of

TEGs. The understanding gained from this research can aid in the design and development

of advanced TEG systems that optimize energy conversion and minimize energy losses. The

utilization of PG in TEGs can contribute to sustainable energy solutions by efficiently con-

verting waste heat into usable electrical energy.

The ZT is a key parameter in TEM that determines their efficiency in converting heat

into electricity. By assessing the efficiency of PG-based TEGs, this study aims to explore the

potential of PG as a TEM for pollution reduction. High ZT values indicate improved thermo-

electric performance, as they indicate a higher conversion efficiency of heat into electricity.

By identifying materials with high ZT values, such as PG, it becomes possible to develop

TEG that can effectively harness waste heat and reduce pollution associated with traditional

energy conversion methods. This study contributes to the exploration of sustainable and en-

vironmentally friendly energy conversion technologies by evaluating the ZT of PG and its

potential in TEG applications.

1.5. Thesis layout

The thesis is organized in five chapters and each chapter will discuss on different issues

related to the thesis. Chapter 1: Under this chapter we describe in detail the background of

the study, statement of the problem, objective of the study and significance of the study.

Chapter 2: This chapter focuses on the review from previous studies that was made helpful

to gain knowledge and to understand where we are going to study. Chapter 3: This chapter

gives the description about the methods and mechanisms used for our study. Chapter 4: This

chapter presents the results and discussion of the study. Chapter 5: Finally, a conclusion of

the results obtained in the work and a proposed recommendation of a future work is presented

under this chapter.
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2. LITERATURE REVIEW

This chapter provides a comprehensive overview of TEGs and their operation based

on the Seebeck effect. It emphasizes the importance of TEMs in TEGs and discusses the

fundamental configuration of a TEG, as well as the parameters that significantly affect its

performance, including the temperature gradient and the ZT. The ZT parameter, which com-

bines the Seebeck coefficient, electrical conductivity and thermal conductivity, plays a cru-

cial role in the selection of suitable TEMs. Furthermore, this chapter introduces PG, a two-

dimensional material with low thermal conductivity, as a potential TEM. It presents previous

studies on PG’s thermoelectric properties and its optimization for TEGs. The key topics cov-

ered in this chapter include TEG, the Seebeck effect, factors influencing TEG performance,

ZT and the application of MD simulation and Boltzmann transport theory.

2.1. Historical background of TEG

Seebeck reported his discoveries to the Prussian Academy of Sciences in 1821, detail-

ing experiments in which a compass needle was deflected when placed near a closed loop

made of two dissimilar conductors, one of which was heated. Although he mistakenly be-

lieved the interaction was magnetic in nature, he investigated the phenomenon across a wide

range of materials, including some now known as semiconductors and arranged them in or-

der of magnitude based on the product of Seebeck coefficient and electrical conductivity.

The resulting "Seebeck series" is strikingly similar to the modern-day thermoelectric series.

If Seebeck had used the first and last members of his series in a thermocouple, he could

have converted thermal energy into electricity with an efficiency of approximately 3% in the

1820s, which is comparable to the most efficient steam engine of the time. In hindsight,

Seebeck’s account makes it clear that the observed phenomenon was caused by an electric

current flowing in the circuit and he had discovered the first of the so-called Seebeck effect

(Rowe, 1978). In 1885, Lord Rayleigh initially calculated the efficiency of a thermoelectric

generator, but his calculation was incorrect. Later, in 1909 and 1911, Altenkirch provided

a satisfactory theory of thermoelectric generation and established that good thermoelectric

materials should possess high Seebeck coefficients and low thermal conductivity to retain
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heat at the junction and low electrical resistance to minimize Joule heating (Rowe, 1978).

The combustion of fossil fuels for electricity and heat generation has resulted in in-

creased greenhouse gas emissions, leading to the development of environmentally friendly

and efficient alternative energy generation systems. One such system is the conversion of

waste heat into electrical power. The development of various power generation systems,

such as solar panels, wind turbines and geothermal power plants, aims to reduce reliance on

fossil fuels and decrease greenhouse gas emissions. However, these systems often require

expensive maintenance. In contrast TEGs provide a cost-effective solution to convert heat

into electricity. TEGs can be used with heat sources of varying sizes and are highly reliable.

Additionally, TEGs have a long lifespan and can effectively use low-grade thermal energy to

generate electrical power. TEGs function based on the Seebeck effect, which converts ther-

mal energy, specifically temperature differences into electrical energy (Mamur & Ahıska,

2014).

2.2. Thermoelectric power generators basic configuration

A thermoelectric power generator is a solid-state device that converts heat energy into

electrical energy by utilizing the thermoelectric effect, specifically the Seebeck effect. This

process occurs when there is an interaction between the flow of heat and electricity through

solid materials (Mary-Rose & WallenfeldtAn, 2024). The basic configuration of a thermo-

electric power generator follows a standardized structure, as shown in Figure 2.1 (Mary-Rose

& WallenfeldtAn, 2024). The system consists of a heat source, a TEM, a heat transfer inter-

face, a heat sink and a load.

The heat source acts as the provider of high temperature and the generated heat is

transferred through the TEM towards the heat sink. The TEM plays a crucial role in convert-

ing heat energy into electrical energy through the Seebeck effect. The heat transfer interface

serves as a connection between the heat source and the TEM, as well as between the TEM

and the heat sink. It facilitates efficient thermal energy transfer and should possess electrical

insulation properties. The heat sink is maintained at a lower temperature compared to the

heat source, creating a temperature gradient across the TEM (Champier, 2017).
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Figure 2.1: Thermoelectric power generator (Mary-Rose & WallenfeldtAn, 2024)

.

The heat sink is maintained at a lower temperature compared to the heat source, cre-

ating a temperature gradient across the TEM. This temperature difference leads to the gen-

eration of direct current that flows towards a load resistance. The load is characterized by

a terminal voltage and a terminal current. The amount of electrical power generated is de-

termined by the product of the square of the current and the load resistance, or simply the

product of the voltage and the current.

2.3. Categories of thermoelectric power generation

Thermoelectric power generation is typically classified into two primary categories

based on the amount of electrical power that can be generated: low power generation and

high power generation.

2.3.1 Low power generation

Body-mounted electronic devices, such as smartphones, audio players and iPods, as well as

medical devices like hearing aids and cardiac pacemakers, can be broadly categorized. These

devices require energy sources that are both autonomous and competitive with batteries,

which currently dominate the market for body-mounted devices that require between 5 µW

and 1W of power and have a lifespan of 5 years or more. For instance, companies like

Citizen and Seiko are now producing wristwatches with TEGs, with Seiko’s watch having

an efficiency of about 0.1% and an open-circuit voltage of 300mV at a temperature gradient
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of 1.5K (Elsheikh et al., 2014).

2.3.2 High power generation

i) Waste heat TEG: TEGs offer a clever solution for reducing the negative consequences of

global warming by converting waste heat into electrical energy, such as the heat generated by

industrial processes like the steel industry and automobile engines. The steel industry and the

automotive sector, which recognize the potential of waste heat as a valuable energy source,

have played a significant role in the commercial development of TEGs for high-power elec-

tricity generation (Elsheikh et al., 2014).

Several automobile manufacturers such as Volvo, Volkswagen, Bayerische Motoren

Werke (BMW) and Ford are working on creating TEG systems with power outputs of roughly

1 kilowatt. By employing a TEG with a ZT of 1.25 and an efficiency of around 10%, it is pos-

sible to recover 35-40% of the power from the exhaust manifold at an average temperature

of 250°C. This recovered power could contribute to a significant improvement in efficiency,

potentially increasing efficiency by up to 16% thermoelectric power generation (LeBlanc,

2014).

ii) Solar TEGs (STEGs): STEGs were originally intended for use in space applica-

tions due to their dependability, extended lifetimes and capacity to capture substantial levels

of solar radiation in extraterrestrial locations. However, recent interest in these systems has

shifted towards residential solar-thermal-energy harvesting. A STEG comprises a TEG and

a thermal collector. The thermal collector absorbs solar heat, which is then concentrated

and conducted to the generator through a fluid pipe or other means. The thermal resistance

of the generator produces a temperature difference proportional to the heat flux, ultimately

resulting in the generation of electricity (Elsheikh et al., 2014).

iii) Radioisotope thermoelectric generators (RTGs): Since 1961, the United States

has utilized radioisotope RTGs to provide spacecraft with electrical power. To achieve the re-

quired power output, the selection of the appropriate number of general-purpose heat-source

(GPHS) modules is crucial. Each GPHS module consists of a composite carbon body hous-

ing four fuel pellets and serving as an aero-impact shell. Plutonium dioxide (238PuO2) is

used as the isotope fuel, with an approximate density of 80%. For power conversion, ther-

moelectric junctions like silicon-germanium (SiGe) junctions are employed (Elsheikh et al.,

2014). The heat generated by the radioactive decay of 238Pu in the fuel pellets, encapsulated
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within the GPHS modules, is partially converted into electrical energy by the SiGe unicou-

ples. Lead telluride was previously used as the TEM for lower-powered RTGs, operating

at a maximum hot junction temperature of less than 865 K. However, SiGe thermoelectric

elements were later adopted for high-powered RTGs due to the detrimental effects of oxygen

on the RTG materials. Even at higher temperatures of up to 1275 K, sublimation rates and

oxidation effects of these elements can be controlled by implementing sublimation barriers

and using an inert cover gas during ground operation (Champier, 2017).

2.4. Performance of TEG

The TEG properties are governed by the coupling of Ohm and Fourier laws. A TEG

consists of two legs of TEM, which are connected electrically in series and thermally in

parallel. By connecting multiple thermocouples electrically in series, the Seebeck voltages

generated by each junction add up, resulting in a higher output voltage. This series con-

nection allows for increased voltage generation, which is desirable for practical applications

(Jaziri et al., 2020). On the other hand, the thermocouples are connected thermally in paral-

lel. This means that the hot side of all the thermocouples is connected together and the cold

side of all the thermocouples connected together. This arrangement ensures that the heat is

effectively conducted through the system, maximizing the temperature difference across the

junctions and optimizing the efficiency of the TEG.

Figure 2.2 (Juárez-Huerta et al., 2022) shows a model of TEG which operates between

two thermal reservoirs (heat source and heat sink) with temperatures Th and Tc (Th ≥ Tc),

having external thermal conductances Kh and Kc , R is the internal resistance of TEM with

electric current I flowing through, α the Seebeck coefficient and K, the thermal conductance

of two arms of the couple in parallel, associated with the heat leak.

The performance of TEG is determined by the ZT of the TEM used and one essen-

tial aspect to enhance energy conversion efficiency is to increase the Seebeck coefficient (α)

while minimizing internal resistance (R) and reducing contributions to thermal conductivity

(Juárez-Huerta et al., 2022).
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Figure 2.2: Scheme of the TEG (Juárez-Huerta et al., 2022).

The coupling between the gradients of temperature and electric potential shows the

emergence of seebeck effect. The net rates of heat input and heat rejection at the TEM are

given by

Qh = ITehα +K(Teh −Tec)−
RI2

2
(2.1)

Qc = ITecα +K(Teh +Tec)−
RI2

2
(2.2)

Where the first term corresponds to convective heat flow, with Teh (Tec ) the effective

temperature of TEM at hot (cold) side (Figure 2.2). The second represents heat leak between

the cold and hot sides and the last term is the Joule heat received by each reservoir. For cou-

pling with thermal sources, a Newtonian heat flow between a reservoir and TEM is assumed

so that

Qh = Kh(Th −Teh) (2.3)

Qc = Kc(Teh −Th) (2.4)

The power output of the device is given by

P = Qh −Qc = Iα(Teh −Tec)−RI2 (2.5)

and the efficiency η = P
Qh

.

The maximum conversion efficiency (ηmax) of TEGs varying with the temperature

difference (∆T ) across the mid-temperature range is depicted in figure 2.3. As illustrated in

the figure, different TEMs exhibit varying efficiencies at distinct temperature ranges (Hu et

al., 2016).
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Figure 2.3: Maximum conversion efficiency (ηmax) as a function of temperature difference
(∆T ) over the mid-temperature range for different TEM based TEG (Hu et al., 2016).

2.5. Seebeck Effect

The Seebeck effect states that when two dissimilar metals are joined together and sub-

jected to different temperatures (Li et al., 2019), a thermo-current and thermo-electromotive

force exist in the joint circuit (He et al., 2015). This phenomenon occurs due to the move-

ment of carriers, such as phonons and free electrons, which transport thermal energy from

the hot end to the cold end of a material through diffusion mechanisms. As a result of this

diffusion, an electric potential is also established across the material, as the population den-

sity of charge carriers increases at the cold end, sustained by the thermal energy diffusion.

As shown in the figure 2.4 when a temperature gradient is applied along a conductive ma-

terial, charge carriers move from the hot to the cold side and in the case of an open circuit,

charge accumulation results in an electric potential difference. The Seebeck coefficient of a

material represents the magnitude of the induced voltage in response to the temperature dif-

ference (Karamitaheri, 2013). The Seebeck voltage is the electromotive force that reacts to

the buildup of charged carriers in the material and is mathematically defined as the product

of the temperature gradient and the Seebeck coefficient (Dunham et al., 2019).
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Eem f =−α▽V (2.6)

Where α seebeck coefficient, Eem f Electromotive force and ▽V voltage gradient. This term

contributes to the electric current density, such that:

J = σ(−▽V +Eem f ) (2.7)

Where J current density and σ electrical conductivity. In the absence of electric current flow

through the material, the Seebeck coefficient can be defined and measured, as the negative

ratio of the local voltage and temperature gradients ▽T :

α =−▽V
▽T

(2.8)

Equation 2.8 is valid for zero current flow through the material and for small temperature

gradients, as the Seebeck coefficient is in general a temperature-dependent property.

Figure 2.4: Seebeck effect: Electric potential formation in response to the temperature gra-
dient applied along the open-circuit channel (Karamitaheri, 2013).

2.6. Factors affecting TEG performance

The performance of a TEG is influenced by several factors. These include the temper-

ature difference across the TEG, the material properties of the TEMs used, the temperature

of the heat source, the load resistance connected to the TEG, efficient heat dissipation, the

geometry and configuration of the TEG modules and the environmental conditions. A larger

temperature difference, favorable material properties (high Seebeck coefficient and electri-

cal conductivity, low thermal conductivity), higher heat source temperatures, matching load
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resistance, effective heat dissipation, optimized module design and suitable environmental

conditions all contribute to improved TEG performance (B. S. B. Singh, 2023). Considering

these factors the efficiency and power output of TEGs can be enhanced.

2.6.1 The influence of temperature gradient

The temperature gradient refers to the difference in temperature between the hot and cold

sides of a TEG. The power output of the TEG is directly influenced by this temperature

gradient. The TEG can produce a greater amount of electrical power by having a larger

temperature difference, as it allows for a greater flow of heat. Consequently, when the tem-

perature across the TEG increases, the maximum power output also increases. The Seebeck

effect, which generates an electric potential when there is a temperature gradient, is respon-

sible for the operation of a TEG. A higher temperature gradient results in a higher voltage

output (B. Singh et al., 2017). Therefore, a larger temperature difference enables the TEG to

generate more electrical power by increasing the flow of heat (Tundee et al., 2014).

2.6.2 The impact of heat source temperature

The temperature of the heat source is a crucial factor that significantly affects the perfor-

mance of a TEG. It directly impacts the power generation capability of the TEG by influenc-

ing the temperature gradient between its hot and cold sides. When the heat source tempera-

ture is raised, it results in a larger temperature difference and a higher power output due to

an increased temperature gradient. Therefore, increasing the heat source temperature has the

potential to enhance the power output of the TEG. The study shows that using a high input

energy and a heat collector with high absorptivity and low emissivity can yield favorable

results in terms of achieving a TEG with superior performance (Cai et al., 2011).

2.6.3 The impact of load resistance

Load resistance is the external electrical resistance connected to a circuit or device, such as

a TEG. The power output and efficiency of a TEG system are significantly influenced by

the load resistance. The voltage and current generated by the TEG are dependent on the

load resistance. Ohm’s law establishes a direct relationship between the voltage across the

load resistance, the current flowing through it and the value of the load resistance itself.
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By selecting different load resistance values, it is possible to adjust the voltage and current

levels to meet the specific requirements of an application. The power output is inversely

influenced by the combined effect of the internal resistance and the load resistance (Lesage

& Pagé-Potvin, 2013).

2.6.4 The impact of phonon thermal conductivity of TEM

The phonon thermal conductivity of a TEM, often represented by Kp or Kl , plays a crucial

role in the performance of a TEG. This property is responsible for the ability of a material

to transmit heat through lattice vibrations. In a TEG, it determines the efficiency of heat

transfer from the hot side to the cold side of the device. When a temperature difference is

applied across the TEM, heat flows in the direction of the cold side. The efficiency of this

heat transfer has a direct impact on the performance of the TEG in converting heat energy

into electrical energy (Baranowski et al., 2013).

A low thermal conductivity in the TEMs used in the TEG is desirable. This is because

a low thermal conductivity reduces heat losses during the heat transfer process. When the

thermal conductivity is low, more heat remains in the region where the temperature differ-

ence exists, allowing for a larger temperature gradient across the TEG. On the other hand,

a high thermal conductivity can result in significant heat dissipation and reduce the tem-

perature difference across the TEG. This reduces the voltage output and power generation

capabilities of the TEG (Beltrán-Pitarch et al., 2018). Therefore, selecting TEMs such as PG

with low thermal conductivity is crucial for optimizing the performance of a TEG.

Thermal conductivity is characterized as the transfer of energy due to a variance in tem-

perature. Heat moves from areas with higher temperature to areas with lower temperature

(I.-S. Liu, 1990). Heat conduction in a medium is said to be one-dimensional when conduc-

tion is significant in one dimension only and negligible in the other two primary dimensions,

two-dimensional when conduction in the third dimension is negligible and three-dimensional

when conduction in all dimensions is significant. The rate of heat conduction in a specified

direction is proportional to the temperature gradient, which is the rate of change in tempera-

ture with distance in that direction.

Fourier’s Law states that the rate of heat transfer through a material is directly propor-

tional to the temperature gradient across the material. The derivation of Fourier’s Law was

explained with the help of an experiment which explained the rate of heat transfer through
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a plane layer is proportional to the temperaure gradient across the layer and transfer area

(I.-S. Liu, 1990).

Rate of heat conduction ∝
(cross section area)(temperature di f f erence)

thickness

Let T1 and T2 be the temperature difference across a small distance ∆x of cross section area

A, Kp is the phonon thermal conductivity of the material. Therefore in one dimensional the

following is the equation used

Qcond = KpA
T1 −T2

∆x
=−KpA

δT
δx

(2.9)

The two dimensional form of the Fourier’s Law is given as

q⃗ =−KpA
(

δT
δx

+
δT
δy

)
(2.10)

The three dimensional form of the Fourier’s Law is given as

q⃗ =−KpA
(

δT
δx

+
δT
δy

+
δT
δ z

)
=−KpA▽T (2.11)

In this research work the Kp of a two-dimensional PG determined by applying Fourier’s

Law which is utilized in NEMD.

Jx =−Kp
∂T
∂x

(2.12)

Kp =− Jx
∂T
∂x

(2.13)

Kp =−

(
△Q

2S△t

)
∂T
∂x

. (2.14)

For the calculation of heat flux Jx , we need to account for the amount of heat energy

Q which flows per unit time t across the cross-sectional area S perpendicular to the transport

direction (Muna & Winczewski, 2020). The area S is then computed from twice of height

(since the energy flows in two directions) multiplied by thickness h of PG.
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2.7. Thermoelectric figure of merit

The performance of a TEG is heavily influenced by the ZT of the material used in it.

The ZT, which is a critical parameter, is used to evaluate the efficiency of the TEM (Snyder

& Snyder, 2017). It measures how effectively the material can convert temperature differ-

ences into electrical voltage and consequently, power output. The ZT value is calculated

using three key material properties: the Seebeck coefficient α , electrical conductivity σ , and

thermal conductivity K, which are interrelated and determine the performance of the TEM.

The Seebeck coefficient, also known as the thermoelectric power or thermopower,

measures the magnitude of the electric potential or voltage generated in a material when

there is a temperature difference across it. It quantifies the ability of a material to convert a

thermal gradient into an electrical voltage. The Seebeck coefficient expressed in units of mi-

crovolts per Kelvin (µV/K) or millivolts per Kelvin (mV/K). A higher Seebeck coefficient

indicates a greater ability of the material to generate voltage in response to a temperature gra-

dient. The electrical conductivity measures the material’s ability to conduct electric charge.

Electrical conductivity is typically expressed in units of Siemens per meter (S/m) or Siemens

per centimeter (S/cm). A higher electrical conductivity implies that the material allows for

better flow of electric current. The thermal conductivity measures the ability of a material

to transfer thermal energy through conduction. Thermal conductivity is typically expressed

in units of Watts per meter-Kelvin (W/m·K). A low thermal conductivity indicates that the

material is a poor conductor of heat, while a high thermal conductivity suggests efficient heat

conduction (Meng et al., 2015).

A higher ZT value suggests better thermoelectric performance (Snyder & Snyder,

2017). It indicates that the material exhibits a higher voltage output and enhanced efficiency

in converting heat energy into electrical energy. A larger ZT value reflects a more favorable

balance between the Seebeck coefficient, electrical conductivity and thermal conductivity

of the material. The potential of a material for thermoelectric applications is determined in

large part by a measure of the material’s ZT written in Equation 2.15,

ZT =
α2σT

K
(2.15)

where α is the Seebeck coefficient, σ the electrical conductivity and K is thermal conduc-

tivity the sum of two contributions : (i) electrons thermal conductivity (Ke) and (ii) phonons
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thermal conductivity (Kp) and T is the absolute temperature of the material at the point in

question (Eivari et al., 2021). Equation (2.15), shows that, to maximize the ZT of a material,

it must meet the following criteria: (i) low thermal conductivity to maintain a considerable

temperature difference between the two ends of the material; (ii) high electrical conductivity

to reduce the internal resistance of the material; and (iii) a high Seebeck coefficient (Zide et

al., 2006), required to obtain a high voltage. Frequently, the interdependence of these factors

presents challenges in attaining a TEM with a high ZT value (Snyder & Toberer, 2008).

Numerous noteworthy research studies have demonstrated that scientists worldwide

are consistently striving to enhance the practicality of commercial-scale TEG (Ramasubra-

manian et al., 2022). However, the pursuit of this goal is confronted with several difficulties

due to the inadequate efficiency of TEMs. The last 3 years of state-of-the-art, best perform-

ing TE materials ZT are summarized in figure 2.5 (d’Angelo et al., 2023).

Figure 2.5: ZT values for state-of-the-art TEMs in the last 3 years (d’Angelo et al., 2023).

2.8. Categories of TEM

TEMs can be classified based on various factors such as chemical composition, appli-

cation and temperature range (d’Angelo et al., 2023). The classification primarily depends

on the material composition, with secondary consideration given to the application and tem-

perature. State-of-the-art TEMs can be grouped into eight main categories: skutterudites
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(SKUs), half-Heusler, clathrates, zintls, oxyselenides, silicon-germanium alloys (Si-Ge),

chalcogenides, and organic and hybrid materials. Additionally, these materials are further

categorized based on their temperature ranges.

In the low-temperature range (up to 600 K), TEMs find applications in wearable and

medical devices operating near room temperature. It also includes microelectronics appli-

cations, such as nodes for wireless sensor network (WSN) devices, due to their low heat

generation.

The medium-temperature range (from 600 to 1000 K) is commonly targeted for ther-

moelectric applications in the automotive industry and industrial settings. Waste heat can be

efficiently converted into electrical current directly from the engine in automotive applica-

tions, while industrial plants, such as heat pipes, can also benefit from thermoelectric energy

conversion in this temperature range.

In the high-temperature range (above 1000 K), TEMs are predominantly employed

in aerospace applications to harvest energy for space missions and outer space exploration.

This range becomes crucial in situations where traditional photovoltaic energy harvesting

methods are not feasible.

Carbon-based materials including PG are organic TEMs that hold significant poten-

tial for the development of flexible and wearable self-powered devices, which are currently

lacking in the market but extensively researched. These organic materials offer several ad-

vantages over traditional chalcogenides like bismuth telluride, such as lower cost, greater

availability on Earth and intrinsic flexibility. Additionally, they exhibit high thermoelectric

performance around room temperature, making them particularly suitable for addressing the

increasing demand for wearable and flexible devices driven by the rapid growth of the In-

ternet of Things (IoT). Researchers have been investigating the implementation of TEMs

in polymers and other organic materials as a potential solution. However, achieving high

thermoelectric efficiency remains a challenge, with highly performing polymeric materials

reaching ZT values no higher than 0.75 (Fan et al., 2018). This limitation is primarily at-

tributed to the extremely low electrical conductivity and Seebeck coefficient exhibited by

these materials. While they are currently employed as substrates or supports for chalco-

genides operating at low temperatures (e.g., Bi2Te3) (Jaziri et al., 2020), the integration of

TEMs into polymers and organic materials is an ongoing research area.
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2.9. Thermoelectric material: Penta-Graphene

Zhang et al. (2015) proposed a TEM called pentagonal graphene that distinguishes

itself from typical carbon structures composed of hexagonal building blocks (Zhang et al.,

2015). PG is exclusively made up of carbon pentagons and offers several advantageous

characteristics. Firstly, it exhibits high carrier mobility, enabling efficient electrical conduc-

tion. Additionally, PG demonstrates significantly lower thermal conductivity compared to

graphene (Gu & Yang, 2016) (Abbood & Jabour, 2017) , indicating its potential for efficient

conversion of heat into electricity. With an expected capability to withstand temperatures up

to 1000 K, PG possesses extraordinary features such as a rare negative Poisson’s ratio and

exceptionally high ideal strength, surpassing that of graphene. These remarkable properties

position PG as a highly promising material for a range of applications, including TEG (Xu

et al., 2015).

The crystal structure of PG has a tetragonal structure with the optimized lattice con-

stant a = b = 3.64. Each unit cell has a layered structure containing six atoms (two sp3 and

four sp2 hybridizied carbon atoms denoted as C1 and C2). In contrast to the perfectly planar

graphene, it can be seen from the side view of PG that there is an interlayer buckling where

C1 atoms are situated in the middle layer with z = 0 whilst C2 atoms are in the upper and

lower layers with z =±h. Here, h denotes the interlayer spacing which equals 0.6 Å, leading

to a two dimensional sheet with a total thickness of 1.2 Å. In PG the carbon-carbon bonds

have the lengths d1 = 1.55 (all C1-C2 bonds) and d2 = 1.34 (all C2-C2 bonds).

The interior bond angles of pentagons are equal to 113.5 (C1-C2-C2 angle, occurs

twice), 112.4 (C1-C2-C1 angle) and α = 98.6 degrees (C2-C1-C2 angle, also occurs twice)

(Muna & Winczewski, 2020). There is also another C2-C1-C2 angle, which measures the

wrinkles of the PG structure. According to Zhang it is equal to β = 134.4 degrees, indicating

the distorted sp3 nature of C1 atoms. One unit cell of PG contains 3 atom types as shown in

the figure 2.6 (red, blue and yellow color) with 2 atoms for each type (Muna & Winczewski,

2020).
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Figure 2.6: Structure of PG (Muna & Winczewski, 2020).

2.10. Molecular dynamics simulation

Computer simulations play a crucial role in studying molecular assemblies, providing

insights into their structure and microscopic interactions that complement traditional exper-

iments (Dror et al., 2012). Simulations serve as a bridge between theory and experiment,

allowing testing of theories by comparing simulated models with experimental data. Con-

versely, simulations can validate or refine models by comparing them against experimental

observations. Simulations also enable the exploration of extreme conditions that may be

challenging or impossible to achieve in the laboratory, such as high or low temperatures and

pressures (Allen & P, 2004).

MD energy calculations involve the determination of the potential and kinetic energies

in a molecular system, while forces are obtained by differentiating the potential energy with

respect to atomic positions. Numerical integration methods are then employed to update the

positions and velocities of the atoms, allowing the simulation to progress in time.

Fi = miai = mi
dvi

dt
= mi

d2xi

dt2 =−
∂Epot

∂xi
(2.16)

Where Fi is forces component, Epot potential energy, vi velocity of particles, mi mass of par-

ticles and xi atom coordinates. These calculations and techniques form the foundation of MD

simulations, which are powerful tools for investigating the behavior of atoms and molecules

at the molecular level. MD integrates Newton’s equations of motion to simulate interactions

between particles representing atoms, molecules, electrons, clusters or larger clumps focus-
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ing on short-range interaction models, utilizing neighbor lists for efficient handling of large

systems (Allen & P, 2004).

Many different methods can be used to integrate the Newton’s equations of motion.

The Velocity Verlet algorithm is one of the integration schemes available in LAMMPS for

advancing the equations of motion in time. Once the system is built, forces acting on every

atom are obtained by deriving equations, the force-fields, where potential energy is deduced

from the molecular structure. Force-fields are complex equations, but they are easy to calcu-

late as shown in figure 2.7 (Hospital et al., 2015).

Figure 2.7: Molecular dynamics basic algorithm (Hospital et al., 2015).

Where Epot potential energy, t simulation time and dt iteration time. For each spatial

coordinate of the N simulated atoms i, x atom coordinate, F forces component, a accelera-

tion, m atom mass and v velocity.

The approach we employ to calculate the phonon component of thermal conductivity,

known as NEMD or the direct method, involves the creation of a heat source and a heat sink

within the system. By closely monitoring the heat flow and temperature gradients, we can

determine the thermal conductivity. In NEMD, we impose a temperature gradient on the sys-

tem and measure the resulting heat flux. The thermal conductivity can then be determined

using the principles of Fourier’s law.
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2.10.1 The Verlet algorithm

The Velocity Verlet algorithm is a numerical integration method commonly used in MD

simulations. It updates the positions and velocities of particles based on the forces acting on

them (Ercolessi, 1997). The basic idea is to write two third-order Taylor expansions for the

positions r(t), one forward and one backward in time, v the velocities, a the accelerations

and b the third derivatives of r with respect to t;

r(t +∆t)= r(t)+ v(t)∆t +
1
2

a(t)∆t2 +
1
6

b(t)∆t3 +O(∆t4) (2.17)

r(t −∆t)= r(t)− v(t)∆t +
1
2

a(t)∆t2 − 1
6

b(t)∆t3 +O(∆t4) (2.18)

Adding the two expressions gives

r(t +∆t)= 2r(t)− r(t −∆t)+a(t)∆t2 +O(∆t4) (2.19)

This is the basic form of the Verlet algorithm. Newton’s equations, a(t) is just the force

divided by the mass and the force is in turn a function of the positions r(t):

a(t)=− 1
m
▽V (r(t)) (2.20)

where ▽V is potential gradient.

The truncation error of the algorithm when evolving the system by ∆t is of the order of

∆t4, even if third derivatives do not appear explicitly. This algorithm is at the same time sim-

ple to implement, accurate and stable explaining its large popularity among MD simulators

(Ercolessi, 1997). A problem with this version of the Verlet algorithm is that velocities are

not directly generated. While they are not needed for the time evolution, their knowledge is

sometimes necessary. Moreover, they are required to compute the kinetic energy K, whose

evaluation is necessary to test the conservation of the total energy E = K +V . This is one of

the most important tests to verify that a MD simulation is proceeding correctly. One could

compute the velocities from the positions by using

v(t)=
r(t +∆t)− r(t −∆t)

2∆t
(2.21)
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However the error associated to this expression is of order ∆t2 rather than ∆t4. To

overcome this difficulty, some variants of the Verlet algorithm have been developed. They

give rise to exactly the same trajectory and differ in what variables are stored in memory and

at what times. The better implementation of the same basic algorithm is the so-called velocity

Verlet scheme, where positions, velocities and accelerations at time t +∆t are obtained from

the same quantities at time t in the following way:

r(t +∆t)= r(t)+ v(t)∆t +
1
2

a(t)∆t2 (2.22)

v(t +
∆t
2
)= v(t)+

1
2

a(t)∆t (2.23)

a(t +∆t)=− 1
m
▽V (r(t +∆t)) (2.24)

v(t +∆t)= v(t +
∆t
2
)+

1
2

a(t +∆t)∆t (2.25)

2.10.2 Interatomic potential

Interatomic potential is an important key to accurately examine results from MD simulations.

There is a variety of empirical potentials to describe the interactions between carbon atoms

and the commonly used ones are the Tersoff potentials, the second-generation reactive em-

pirical bond order (REBO) potential and the environment-dependent interatomic potential

(EDIP). In the previous research (De Sousa et al., 2021), it has been shown that there is only

one potential which correctly describes all the important features of PG among empirical

potentials available for the elemental carbon, namely a new parameterization of the Tersoff

potential (Tersoff, 1989) proposed by Erhart and Albe in 2005 (Erhart & Albe, 2005).

The formula of the total potential energy Utot of the system composed of N atoms

within the Tersoff potential is given by:

Utot = ∑
i

∑
j>i

fcri j

[
VR(ri j)−

bi j +b ji

2
VA(ri j)

]
= ∑

i
∑
j>i

Vi j (2.26)

Here, ri j denotes the distance between atoms i and j. The functions VR(ri j) and VA(ri j)

describe the repulsion and attraction and both have an exponential form. The factor bi j =

bi j+b ji
2 which occurs before the second term is the bond order. By scaling the attractive

23



term VA it controls the bond strength, enabling a simultaneous description of single, double

and triple covalent bonds. The bi j parameter depends on the configuration of the system in

the vicinity of atoms i and j. This causes the Tersoff potential to be a many-body potential

(Tersoff, 1989). The cut-off function fc(r) smoothly turns off the interactions between distant

atoms, causing that it is only the contributions of pairs of atoms which are covalent bonded

that are included in the double summation (Muna & Winczewski, 2020).

2.11. Boltzmann transport theory

The Boltzmann transport theory is a vital tool for connecting microscopic and macro-

scopic quantities in electron transport studies. It enables us to understand electron behav-

ior through quantities like diffusion coefficient and conductivity. The Boltzmann Transport

Equation combines classical mechanics with quantum scattering rates to accurately describe

electron gas transport properties, considering both the particle’s motion and dissipate pro-

cesses during energy state transitions. The electron distribution function plays a key role

in electron transport analysis, providing insights into properties like electrical conductivity,

electronic thermal conductivity and Seebeck coefficient. These properties are essential for

evaluating TEM performance in TEG (J. Singh, 2008). Under equilibrium conditions, the

electron distribution can be characterized by the Fermi-Dirac function,

f (E)=
1

exp(E−EF
KBT )+1

(2.27)

where kB is the Boltzmann constant, T is the temperature, f (E) the probability that a particle

will have energy E and EF is the fermi energy. The equilibrium electron gas is described by

this distribution function. As long as external influences that could disrupt the equilibrium

are absent, the Fermi-Dirac function will consistently determine the overall distribution of

electrons, even when collisions continually transfer electrons from one k-state to another.

In order to describe the distribution function in the presence of external forces, notation

fk(r) used to represent the local concentration of electrons in state k in the vicinity of r.

The Boltzmann method involves analyzing how fk(r) changes over time. The variations

in the electron distribution in k-space and r-space can be attributed to three distinct factors

(J. Singh, 2008). Electron motion (diffusion) causes carriers to continuously enter and exit

any given volume element around position r. External forces exerted on electrons cause them
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to change their momentum (or wave vector) according to h̄dk/dt =Fext . Scattering processes

cause electrons to transition from one k-state to another.

2.11.1 The diffusion induced evolution of fk(r)

As shown in figure 2.8 if vk represents the velocity of a carrier in state k, within a time

interval t, the electron will travel a distance of vkt. Consequently, the number of electrons in

the vicinity of r after time δ t will be equivalent to the number of carriers in the vicinity of

r−δ tvk at time 0.

Figure 2.8: At time t = 0 particles at position r−δ tvk reach the position r at a later time δ t
(J. Singh, 2008).

As a result of diffusion, we can establish the following equality (J. Singh, 2008),

fk(r,δ t)= fk(r−δ tvk,0) (2.28)

By employing a Taylor series expansion, equation 2.28 can be expanded and expressed in

the following manner.

fk(r,0)+
∂ fk

∂ t
.δ t = fk(r,0)−

∂ fk

∂ r
.δ tvk (2.29)

furthermore, the above equation is reduced to

∂ fk

∂ t

∣∣∣∣
di f f

=−∂ fk

∂ r
.vk (2.30)
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2.11.2 The external field induced evolution of fk(r)

The electron’s crystal momentum k, changes in response to external forces according to

Newton’s equation of motion (J. Singh, 2008). The rate of change of k for an electric and

magnetic field (E and B) is given by

k̇ =
e
h̄
[E + vk ×B] (2.31)

The same as the diffusion-induced changes, we can propose that particles with momentum

k− k̇δ t at time t = 0 will possess momentum k at time δ t, and

fk(r,δ t)= fk−k̇δ t(r,0) (2.32)

By utilizing the Taylor series expansion on equation 2.32, we can express it in the following

manner.

∂ fk
∂ t

∣∣∣
ext. f orces

=−k̇ ∂ fk
∂k

=
−e
h̄

[E + vk ×B]
∂ fk

∂k
(2.33)

Where e is electron charge and h̄ Planck’s constant.

2.11.3 The scattering induced evolution of fk(r)

Assuming that the scattering processes are local and instantaneous, the change in an elec-

tron’s state from k to k′ can be described by the scattering rate function W (k,k′). This func-

tion represents the rate at which electrons scatter from state k to state k′ when state k is

occupied and state k′ is empty. This scattering process leads to a change in the electron

distribution function fk(r) over time (J. Singh, 2008).

∂ fk

∂ t

∣∣∣∣
scattering

=
∫ [

fk′(1− fk)W (k′,k)− fk(1− fk′)W (k,k′)
] d3k′

(2π)3 (2.34)

In equation 2.34 (2π)3 in the denominator represents the number of allowed states within a

k-space volume element d3k′. The first term in the integral corresponds to the rate at which

electrons transition from an occupied k′ state (indicated by the factor fk′) to an unoccupied k
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state (indicated by the factor (1− fk)). This term represents the gain of electrons. The second

term represents the loss of electrons, as it corresponds to the rate at which electrons transition

from an occupied k state (indicated by the factor fk) to an unoccupied k′ state (indicated by

the factor (1− fk′)).

In a steady-state condition, the electron distribution function remains constant over

time. This means that the sum of the gain and loss terms in the expression for the rate

of change of the distribution function will be zero, indicating that there is no net change

in the distribution function. In other words, the partial derivative terms calculated earlier

will cancel out, resulting in a zero net change in the distribution function under steady-state

conditions.
∂ fk

∂ t

∣∣∣∣
scattering

+
∂ fk

∂ t

∣∣∣∣
di f f

+
∂ fk

∂ t

∣∣∣∣
ext. f orces

= 0 (2.35)

Let us introduce the following:

gk = fk − f 0
k (2.36)

where f 0
k is the equilibrium distribution. Now let us compute gk, which quantifies the de-

viation of the distribution function from the equilibrium state. Substituting the partial time

derivatives resulting from diffusion and external fields into the expression for the rate of

change of the electron distribution function the resulting expression is given by:

−vk.∇r fk −
e
h̄
[E + vk ×B] .∇k fk =− ∂ fk

∂ t

∣∣∣∣
scattering

(2.37)

Replacing fk = gk + f 0
k

−vk.∇r f 0
k − −e

h̄ [E + vk ×B] .∇k f 0
k

=− ∂ fk

∂ t

∣∣∣∣
scattering

+ vk.∇rgk +
e
h̄
[E + vk ×B].∇kgk (2.38)

The magnetic force term on the left-hand side of Equation 2.38 is directly proportional to

the expression vk
e
h̄(vk ×B). Since this expression evaluates to zero, the magnetic force term

itself is also zero. Let us recall

vk =
1
h̄

∂Ek

∂k
(2.39)

The variable Ek represents the energy of the particle. We know that EF , commonly denoted
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as µ , at zero absolute temperature. Therefore, the equilibrium distribution function f 0
k is

given by the expression for the Fermi-Dirac distribution.

f 0
k =

1

exp
[

Ek−µ

kBT

]
+1

(2.40)

consequently

∇r f 0 =
∂ f 0

∂Ek

[
−∇µ − EK −µ

T
∇T

]
(2.41)

Furthermore

∇k f 0 = h̄vk
∂ f 0

∂Ek
(2.42)

From equation 2.38, we substitute the relevant terms and retain only the second-order terms

in the electric field, disregarding any terms involving the product of gk.E.

−∂ f 0

∂Ek
.vk.

[
−(Ek −µ)

T
∇T + eE −∇µ

]
(2.43)

=− ∂ f
∂ t

∣∣∣∣
scattering

+ vk.∇rgk +
e
h̄
(vk ×B).∇kgk (2.44)

The equation 2.44 derived is known as the Boltzmann transport equation. This equation can

be used to derive expressions that describe the transport properties of a material.

In this research work, the thermoelectric transport properties, including electronic ther-

mal conductivity, electrical conductivity and Seebeck coefficient of the PG were evaluated

using Boltzmann transport theory. The self-consistent field (SCF) computed by density func-

tional theory for PG was used as input and the electron transport properties were calculated

using the semi-classical Boltzmann transport theory within the constant relaxation time ap-

proximation (CRTA) approach, as implemented in the BoltzTraP code. The BoltzTraP code

was employed to calculate the thermoelectric properties mentioned above based on the SCF

results. In the context of semi-classical transport theory, the transport tensors that correspond

to the Seebeck coefficient (Sαβ (T,µ)), electrical conductivity (σαβ (T,µ)) and electronic
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thermal conductivity (καβ (T,µ)) are formulated as (Madsen & Singh, 2006)

Sαβ (T,µ)=
1

eΩT σαβ (T,µ)

∫
σαβ (ε)(ε −µ)[

−∂ f0(T,ε,µ)
∂ε

]dε (2.45)

σαβ (T,µ)=
1
Ω

∫
σαβ (ε)[

−∂ f0(T,ε,µ)
∂ε

]dε (2.46)

καβ (T,µ)=
1

e2ΩT

∫
σαβ (ε)(ε −µ)2[

−∂ f0(T,ε,µ)
∂ε

]dε (2.47)

The elements of the transport distribution tensor, represented by σαβ , are calculated by

using Fourier interpolation on the band structure data. The indices α and β denote the tensor

components. The variables Ω, µ , f0 and T correspond to the cell volume, chemical potential,

Fermi distribution function and absolute temperature, respectively. The self-consistent field

(SCF) data is the required input to run the BoltzTraP algorithm.
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3. METHODOLOGY

3.1. Overview of the research methodology

This chapter details the methodology utilized in the research, which comprises three

primary components: NEMD for computing Kp, the Boltzmann transport equation for cal-

culating Ke, electric conductivity and Seebeck coefficient; and the employment of specific

software tools, namely LAMMPS and Boltztrap code.

Figure 3.1: Methodology flowchart

3.2. Non equilibrium molecular dynamics simulation

To calculate Kp of PG, we employed NEMD. Our simulation utilized three-dimensional

10 x 10 x 1 unit cells containing 600 atoms. For the x and y directions, we applied peri-

odic boundary conditions, while for the z direction, we implemented a non-periodic shrink-

wrapped approach considering PG’s two-dimensional nature. The forces between atoms

were described using the Tersoff potential. To create distinct hot and cold regions, we uti-

lized the Langevin thermostat.
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As illustrates in Figure 3.2 the Kp of PG at a temperature of 150 K was determined

through a three-stage simulation process. Additional information regarding the calculations

can be found in the Appendix. The same stages were followed for evaluating the Kp at other

temperature values. Random number generation was used to assign velocities to the atoms

in the system. We examined six different temperatures, with the temperature change ∆T =

(Thigher + Tlower)/2 being proportional to T (refer to Table 3.1 for specific values). The Kp of

PG is calculated by using Fourier’s Law equation 2.16.

Figure 3.2: The three stages of performing NEMD simulation of heat transport at temperature
150K (Muna & Winczewski, 2020)

.

Temperature T (K) Change of Temperature ∆T (K) Tlo (K) Thi (K)

150 10 140 160

300 20 280 320

450 30 420 480

600 40 560 640

750 50 700 800

900 60 840 960

Table 3.1: Specification of temperatures used to investigate phonon thermal conductivity of
PG
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3.3. Boltzmann transport equation

We conducted calculations for thermoelectric properties including electronic thermal

conductivity, electric conductivity and Seebeck coefficient for PG using Boltztrap code. Our

calculations were based on the semi-classical Boltzmann theory and the constant relaxation

time (τ) approximation, which allows for the Seebeck coefficient to remain independent of

τ , while the electrical conductivity and electronic thermal conductivity are calculated with

respect to τ (Madsen & Singh, 2006). The electron relaxation time, representing the duration

for electrons to restore equilibrium after perturbation in PG, is expressed by equation 3.1

(Chen et al., 2017).

τ =
2h̄3

3kBT m∗E2
DP

(3.1)

Where the parameter m∗ is the density of state effective mass along the kx and ky directions.

In addition, h̄ and kB are the reduced Planck constant and the Boltzmann constant, C is the

elastic constant and EDP is the deformation potential constant.

To calculate the conductivity, knowledge of the relaxation time is essential. Therefore,

we determined the relaxation time at various temperature values using equation 3.1 (Chen et

al., 2017). The resulting relaxation times were then multiplied by the values obtained from

Boltztrap code, representing the electric conductivity and electronic thermal conductivity

per relaxation time denoted as σ/τ and Ke/τ respectively. Table 3.2 displays the respective

values for reference.

Temperature T (K) Electron τ (ps) in PG

150 0.240

300 0.120

450 0.080

600 0.060

750 0.048

900 0.040

Table 3.2: Electron relaxation time of PG at different temperature

.
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3.4. Software requirement

In this research work, a diverse range of software packages was utilized. LAMMPS

was employed for calculating the Kp of PG, while Python2 was used in conjunction with

the Boltztrap code to obtain the Ke, seebeck coefficient and electric conductivity. LaTeX

was utilized for documenting the research findings, Gnuplot served as the tool for generating

graphical plots, vesta and other associated software tools were also incorporated throughout

the study.
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4. RESULTS AND DISCUSSIONS

4.1. Overview

This chapter presents the results and discussions of the research work, focusing on key

parameters that influence the performance of the TEG based on PG. The study specifically

analyzes the Kp, which governs heat transfer through lattice vibrations and the electronic

thermal conductivity, which pertains to heat transfer through electrons. Additionally, the

power factor, a critical metric obtained by squaring the Seebeck coefficient and multiplying

it by the electrical conductivity, is thoroughly discussed. The performance of the PG-based

TEG is evaluated by considering the combined effects of Kp and Ke, as well as the power

factor. These results offer valuable insights into the potential of PG as an efficient TEM for

energy harvesting applications. Finally, the performance of the PG based TEG is assessed at

different temperature differentials between the hot and cold sides, employing the ZT.

4.2. Phonon thermal conductivity

Phonon thermal conductivity plays a critical role in determining the performance of

TEGs. Research findings demonstrate that PG, a TEM, exhibits an exceptionally low Kp

when compared to graphene, showcasing its promising potential for TEG. This low Kp of

PG suggests its effective impeding of heat transfer through lattice vibrations, resulting in

reduced heat dissipation, preserved temperature differences and maximized thermoelectric

conversion efficiency (Radouane, 2023).

Prior research has shown varying projections for the room temperature Kp of PG.

In 2016, reported a significantly lower value of approximately 645 W/mK compared to

graphene (Wang et al., 2016), while in 2015, estimated a Kp of about 167 W/mK (Xu et

al., 2015). Additionally, in 2020, predicted an even lower value of around 18 W/mK for PG

(Muna & Winczewski, 2020). In this study, we obtained the Kp of PG at room temperature

(300 K) to be 26 W/mK, which aligns with the result of Muna & Winczewski (2020) which

is much lower than that of graphene and higher than phonon thermal conductivity of CuFeS2

and several state-of-the-art TEM, such as Bi2Te3, PbTe and SiGe, as well as sulfide materials
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like TiS2, PbS, CuFeS2, Cu12Sb4S13 and Cu2S (Qiu et al., 2014).

Our study shows that there is a declining trend in the thermal conductivity of PG as

the temperature rises, which is consistent with previous research findings. This trend is il-

lustrated in Figure 4.1. The reduction in thermal conductivity with increasing temperature is

advantageous for TEG because it allows for better heat retention within the material, mini-

mizing heat dissipation and maximizing the temperature difference between the hot and cold

sides of the generator. This temperature-dependent behavior enhances the TEG conversion

efficiency, enabling the efficient conversion of a larger temperature gradient into electrical

energy, which is beneficial for the overall performance of the TEG.

Figure 4.1: Kp of PG as a function of temperature

The thermal conductivity of phonons in PG follows a similar pattern as that of graphene

(Gu & Yang, 2016), although the latter exhibits a higher trend. The thermal conductivity of

phonons in PG decreases significantly from 150K to 450K, indicating that phonons are scat-

ter efficiently up to 450K. Beyond this temperature, their scattering becomes less effective

and they only show slight scattering. This increased scattering reduces the ability of phonons

to transport heat efficiently, resulting in the observed decline in phonon thermal conductiv-

ity. At even higher temperatures (above 450K), the rate of phonon scattering continues to

increase, but its effect on phonon thermal conductivity becomes less pronounced.
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4.3. Electronic thermal conductivity

The TEM’s ability to transfer heat through electron movement demonstrates that PG,

in its role as a TEM, has a relatively lower thermal conductivity due to electrons (Ke) com-

pared to its thermal conductivity due to phonons (Kp), which contributes to its performance

in TEGs. The lower Ke suggests PG has limited heat transport capability through electrons,

making it suitable for TEGs, as minimizing electronic heat conduction allows PG to effi-

ciently convert waste heat into usable electrical energy. As shown in figure 4.2 the electronic

thermal conductivity of PG increases linearly with temperature, similar to graphene (Abbood

& Jabour, 2017) but with a higher value and this increasing Ke as a function of temperature

has a negative impact by maximizing heat dissipation and minimizing the temperature dif-

ference between the hot and cold sides of the TEG, leading to a reduction in voltage output

and efficiency.

Figure 4.2: Electronic thermal conductivity of PG as function of temperature

4.4. Electric conductivity

As shown in the figure 4.3 the electric conductivity of PG increases with rising tem-

perature. This property of TEM in TEG is advantageous, as it enables efficient electron

movement and results in increased power output for a given temperature gradient. As tem-

perature increases, the material’s electrical conductivity also increases, allowing for more

efficient flow of electric current. This temperature-dependent behavior enhances the con-
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version of heat into electricity, making PG well-suited for harnessing waste heat into useful

electrical energy.

Figure 4.3: Electric conductivity of PG as function of temperature

.

As the temperature increases, the rate of increase in electrical conductivity of PG actu-

ally decreases. This is because as the temperature goes up, the electron relaxation time within

PG decreases. In other words, the electrons in PG have less time to relax between collisions

as the temperature rises. This increased electron scattering due to the higher temperature can

ultimately reduce the electrical conductivity of the material.

4.5. Seebeck coefficient

The graph show the Seebeck coefficient of PG as a function of temperature reveals

an impressive Seebeck coefficient of 0.278 x 10−3 V/K at 300 K, which surpasses that of

traditional TEM materials like Bi2Te3 with a Seebeck coefficient of 0.248 x 10−3 V/K (Kim

et al., 2020). Previous studies on PG have reported a maximum Seebeck coefficient value

of 3.671× 10−3 V/K at room temperature (300 K) (Deb et al., 2022). This finding further

emphasizes the potential of PG as a TEM for TEG. It is crucial to optimize the Seebeck coef-

ficient of the TEM to efficiently convert waste heat into usable electrical energy and enhance

the TEG.
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Figure 4.4: Seebeck coefficient of PG as function of temperature.

It is important to note that the Seebeck coefficient typically decreases as temperature

rises, with the rate of decrease becoming slower as temperature increases. This results in a

slight reduction in voltage generation when the temperature difference is significant. This

phenomenon occurs because at low temperatures, phonon activity is minimal. Phonons are

lattice vibrations that can obstruct electron flow by scattering them, reducing their mobil-

ity. With minimal phonon scattering, electrons can move more freely, resulting in a higher

Seebeck coefficient. However, as temperature increases, thermal energy activates phonons,

making them more prevalent. These phonons then hinder electron flow by scattering them

more frequently, which in turn reduces the Seebeck coefficient. This behavior is demon-

strated in Figure 4.4, which shows the temperature dependence of the Seebeck coefficient.

4.6. Power factor

The power factor is obtained by the product of the square of the Seebeck coefficient

and the electrical conductivity plays a crucial role in assessing the efficiency of TEM, par-

ticularly in the context of TEG (W. Liu et al., 2016). Maintaining a high power factor is

essential for optimizing generator performance by enabling efficient conversion of tempera-

ture gradients into electrical energy, thus minimizing power losses and maximizing overall

system efficiency. The significant value of the Seebeck coefficient indicates its remarkable
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ability to generate electric potential in response to a temperature gradient, while the rela-

tively high electric conductivity of PG suggests efficient charge carrier transport.

The graph of Power factor of PG as a function of temperature in figure 4.5 shows an

upward trajectory until 450 K, maintaining a consistent level beyond this temperature. These

observations emphasize PG’s effectiveness at 600 K and its potential for energy conversion

in TEG. The power factor plays a significant role in the performance of a TEG, particularly

in response to temperature changes. Up to 450 K, an enhanced power factor positively im-

pacts the TEG’s efficiency and power output. As the power factor increases, the TEG can

more effectively convert a larger portion of the temperature gradient into electrical energy.

However, beyond this temperature threshold, further improvements in power factor do not

lead to substantial enhancements in TEG performance. Thus, maintaining an elevated power

factor within the 600 K range is crucial for optimizing the efficiency and power output of a

TEG, while adjusting the power factor beyond this temperature range does not yield notable

benefits.

Figure 4.5: Power factor of PG as a function of temperature

As depicted in Figure 4.5, the power factor experiences a rise from 150K to 450K

as a result of an increase in electrical conductivity, which dominates the process. Beyond

the 450K mark, the power factor remains constant due to the diminishing rate of increase in

electrical conductivity and diminishing rate of decreasing Seebeck coefficient as temperature

rises.
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4.7. Total thermal conductivity

The total thermal conductivity of a TEM obtained from addition of electronic and

phonon contributions, representing its ability to conduct heat. It is a crucial parameter that

significantly influences the performance of a TEG. In TEMs, a low thermal conductivity is

desirable as it minimizes heat loss, enabling the establishment of a larger temperature gra-

dient across the TEG. This temperature gradient is vital for generating a voltage difference

and facilitating the flow of electrons, resulting in efficient conversion of heat into electrical

energy (Radouane, 2023).

Our study shows that the Kp value of the PG diminishes as the temperature rises,

as phonons take over as the primary thermal carriers at lower temperatures. On the other

hand, Ke increases with temperature, since electrons become the dominant thermal carri-

ers at higher temperatures. The graph depicting the total thermal conductivity of PG as a

function of temperature exhibits a more rapid decrease from 150K to 450K and then slightly

increases beyond 450K, as illustrated in Figure 4.6 this due to dominance of phonon in ther-

mal energy carrying from 150K upto 450K and dominance of electron in thermal energy

carrying from 450K upto 900K.

Figure 4.6: Total thermal conductivity of PG as a function of temperature
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4.8. Thermoelectric figure of merit

Previous studies utilized the Atomistix ToolKit (ATK) software package to assess the

ZT of PG using the generalized gradient approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional (Deb et al., 2022). These studies reported

a moderate ZT value of 0.14 for PG at 700 K. In this research by utilizing equation 2.15, we

extended the investigation of PG’s thermoelectric properties and found a ZT value of 0.45 at

700 K, indicating its potential for energy conversion in TEGs (Deb et al., 2022). The graph il-

lustrating ZT of PG as a function of temperature indicates that at room temperature (300 K), a

ZT value of 0.15 is obtained for PG, which is 16.6 times higher than that of graphene (Chen et

al., 2017). Despite this, PG’s ZT is lower than that of well-established TEMs, such as Bi2Te3

at low temperature range and PbTe at medium temperatures, which are widely regarded as

top-performing TEMs (Snyder & Toberer, 2008). Notably, we observed that PG’s ZT value

increased with temperature, as depicted in Figure 4.7. This temperature-dependent enhance-

ment implies that PG can effectively utilize significant temperature differences, making it a

promising candidate for TEGs. ZT from 300K to 450 highly increased thermal conductiv-

ity is low between these temperature. Furthermore, PG exhibits good stability at medium

temperature ranges and can withstand temperatures as high as 1000 K (Zhang et al., 2015).

Figure 4.7: ZT of PG as a function of temperature.

The simulation study demonstrates the potential of PG as a TEM for energy conversion

in TEGs. Its higher ZT values at both room temperature and elevated temperatures, along
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with its ability to utilize large temperature differences, make it a promising candidate for

further exploration and development in the field of thermoelectric energy harvesting.

4.9. Efficiency of PG based TEG

The efficiency of a TEG is a crucial factor that determines its ability to convert heat

energy into electrical energy. The efficiency of a TEG is affected by various factors, such

as the thermoelectric properties of the materials used and the temperature difference. In this

study, we focused on analyzing the efficiency of a PG based TEG using equation 1.1, and we

considered an average ZT of PG with a value of 0.337. We determined the efficiency of the

TEG when operating at a hot side temperature of 900K and a cold side temperature of 300K.

Our simulation results showed a maximum efficiency of 0.0698, equivalent to 6.98%. This

value positions the PG based TEG as intermediate in terms of efficiency compared to other

sources (Hu et al., 2016). It is important to note that smaller temperature differences lead to

decreased efficiency.

Figure 4.8: Performance of PG-based TEG

Furthermore, our analysis investigated the impact of varying temperature differences

on the efficiency of the PG based TEG. We maintained a constant temperature of 300K on

the cold side while gradually increasing the temperature of the hot side (Th), as depicted in

Figure 4.8. Through this investigation, we observed an upward trend with decreasing rate

because of decreasing in average ZT in the efficiency of the PG based TEG with increased
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temperature differences. This finding highlights the good efficiency of PG as an organic

TEM, which falls under the category of carbon-based materials. These materials hold sig-

nificant potential for the development of flexible and wearable self-powered devices, an area

currently lacking in the market but extensively researched.

Organic TEMs offer advantages over traditional chalcogenides like bismuth telluride,

including nontoxic, lower cost, greater availability on Earth and intrinsic flexibility. More-

over, they exhibit high thermoelectric performance around room temperature, making them

particularly suitable for addressing the growing demand for wearable and flexible devices

driven by the IoT. While achieving high thermoelectric efficiency remains a challenge, our

findings demonstrate the effectiveness of PG based TEG, even at temperatures above room

temperature, with a ZT of 0.52 at 900K, highly performing polymeric materials that typically

reach ZT values no higher than 0.75 that obtained at 300K (Fan et al., 2018).
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

In this study, we analyzed the performance of PG-based TEGs through simulation.

NEMD simulations with the LAMMPS simulator revealed that PG has a Kp of 26 W/(mK)

at room temperature lower than graphene with a decreasing trend as temperature increases.

Using the Boltzmann transport equation in the Boltztrap code, we calculated the electronic

thermal conductivity, electric conductivity and Seebeck coefficient of PG. Evaluating TEG

performance at various temperatures, we found that the ZT of PG increases with tempera-

ture reaching 0.52 at 900K indicating its intermediate ZT compared to other TEMs. Varying

the hot side temperature while keeping the cold side constant at 300K, the efficiency of

the PG-based TEG reached 7% at Th = 900K. PG as an organic TEM offers advantages

over traditional chalcogenides, including cost-effectiveness, availability and flexibility. With

high thermoelectric performance, including a ZT of 0.15 around room temperature, 16 times

that of graphene, PG is suitable for wearable and flexible devices in the IoT era. Despite

challenges in achieving high thermoelectric efficiency, PG-based TEGs demonstrate effec-

tiveness even at temperatures above room temperature. Distinguished from other organic

TEMs, PG-based TEGs excel at medium-temperature range, presenting opportunities for the

development of flexible and self-powered devices.

5.2. Recommendations

According to the analysis of PG-based TEG’s performance, PG exhibits good perfor-

mance as an organic TEM. However, when compared to chalcogenides and some other type

of TEM’s it falls intermediate. Given this, we encourage researchers to continue exploring

strategies for improving the thermoelectric performance of organic TEMs, which are cur-

rently underdeveloped in the market. By focusing on enhancing the ZT and efficiency of

PG-based TEGs, it is possible to advance their development and meet the increasing de-

mands for wearable and self-powered devices, especially in the age of IoT.
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Appendices

# LAMMPS input script for calculating phonon thermal conductivity of PG

# Thermostatting 2 regions via fix langevin

# Settings

dimension 3

boundary p p m

units metal

atom_style atomic

# Variables

variable kB equal 0.00008617

variable t equal 150

variable tlo equal 140

variable thi equal 160

# Setup problem

read data pentaopt10X10X1.lammps-data

mass 1 12.0

# Interatomic potential

pair_style tersoff

pair_coeff * * SiC_Erhart-Albe.tersoff C

# Adjusted timestep value

timestep 0.0005
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# Heat layers

region hot block 0 12.13 INF INF INF INF

region cold block 24.26 36.403995999999999 INF INF INF INF

velocity all create 150 87287

Cobalt compute Thot all temp/region hot

compute Tcold all temp/region cold

# 1st equilibration run

# NPT (constant Number of particles, Pressure and Temperature) equilibration

fix 1 all npt temp 150 150 1.0

x 0.0 0.0 1.0

y 0.0 0.0 1.0

couple none

thermo_style custom step temp press lx ly

thermo 100

run 1000

velocity all scale 300

unfix 1

# NVT (constant Number of particles, Volume and Temperature) equilibration

fix 1 all nvt temp 150 150 0.1

thermo_style custom step temp pe etotal press vol

thermo 100

run 1000

velocity all scale 150

unfix 1

# 2nd equilibration run

# NVE (constant Number of particles, Volume and Energy) equilibration

fix 1 all nve

fix hot all langevin 160 160 0.2 59804 tally yes

fix cold all langevin 140 140 0.2 287859 tally yes
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fix_modify hot temp Thot

fix_modify cold temp Tcold

variable tdiff equal c_Thot-c_Tcold

thermo_style custom step temp c_Thot c_Tcold f_hot f_cold v_tdiff

thermo 1000

run 10000

# Thermal conductivity calculation

compute ke all ke/atom

variable temp atom c_ke/(1.5 * kB)

fix hot all langevin 160 160 0.2 59804 tally yes

fix cold all langevin 140 140 0.2 287859 tally yes

fix modify hot temp Thot

fix modify cold temp Tcold

fix ave all ave/time 10 100 1000 v_tdiff ave running

thermo_style custom step temp c_Thot c_Tcold f_hot f_cold v_tdiff f_ave

compute layers all chunk/atom bin/1d x lower 0.05 units reduced

fix 2 all ave/chunk 10 100 1000 layers v_temp file profile.langevin

variable start-time equal time

variable kappa equal (0.5*(abs(f_hot)+abs(f_cold))/(time - start time)/(lz*ly))*(lx)/f_ave

run 20000

print "Running average thermal conductivity metal unit style: $(v_kappa:%.5f)"

print "Running average thermal conductivity W/mK: $(v_kappa*1.60218e+3:%.5f)"

53


