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ABSTRACT
Hegazy, Sara, M., Masters: January: 2023, Material Science and Technology

Title:_THE INFLUENCE of SINGLE WALLED CARBON NANOTUBES on THE

THERMOELECTRIC PROPERTIES of P-TYPE BISMUTH TELLURIDE

COMPOSITES

Supervisor of Thesis: Dr. Khaled,M.,Y oussef.

The most important thermoelectric materials for applications close to room temperature
are made of bismuth telluride. The number of applications for these materials, however,
is constrained by their extremely low heat conversion efficiencies. Single Walled
Carbon Nanotubes (SWCNTSs) are employed as a nanofiller in this work to create a p-
type bismuth telluride nanocomposite with the composition Bio.4Sb1.sTes. Ball milling
was used to prepare the samples with various SWCNTSs concentrations for a total
milling time of 16 hours. According to the findings, the addition of SWCNTSs enhanced
the thermoelectric characteristics of p-type bismuth telluride. The addition of SWCNTSs
raised ZT at room temperature by 5% (from 0.86 to 0.90) for the optimal sample (0.05
wt.% SWCNTSs),. At 150 °C, ZT improved by 4 %, achieving a value of 1.26 for the
same sample (0.05 wt.% SWCNTSs). Consequently, demonstrating that SWCNTs may

improve the thermoelectric characteristics of the p-type bismuth telluride samples.
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CHAPTER 1: INTRODUCTION
Global warming is being growing dramatically in the last 10 years and this is noticeable
on the climate change. There are many reasons beside the major effects of greenhouse
gases to contribute in increasing climate’s temperature. Waste heat energy which is lost
in the air by fossil fuels combustions where stated that it is the dominating reason for
global warming. (Bian, 2020)Figure 1 is showing the linear relationship between the
waste heats entered environment versus the carbon dioxide according to the regression
coefficient which equals to 0.98. This means that when waste heat increases, CO2

increases and global warming increases(Bian, 2020).
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Figure 1:The relationship between Waste Heat versus CO2 concentration(Bian, 2020)
Besides global warming effect, there are a huge demand on the electrical energy in the
world’s continents according to the population growth(Dimitriev & Lashkaryov, 2013).
It has been mentioned that the energy consumption is growing larger than the
population growth by an annual increase of 1.9% which means people are demanding
and consuming energy more than past decades as shown in Figure 2(Dimitriev &

Lashkaryov, 2013).
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Figure 2:The annual increase for World energy consumption versus populationor
World energy consumption versus population(Dimitriev & Lashkaryov, 2013)
Utilizing the thermoelectric materials (TE) as a possible approach to transform waste
heat into electrical energy it will reduce the consumption of energy. There are many
advantages for using TE materials since they are having no moving parts, no pollutants
and no noise. The performance and efficiency of TE materials is being enhanced and
improved by using ZT or the figure-of-merit. There are many diverse materials to be
used in applications near room temperature and one of them is the bismuth telluride
Bi2Tes (Kanatzidis, 2009a; Nozariasbmarz et al., 2020a; Tan et al., 2019b). Bi2Tes
alloys are utilized in the medical applications, transportation, power generation and
aerospace (Figure 3)[4]-[7].
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Figure 3:Thermoelectric applications of bismuth telluride alloys(El-Makaty et al.,
2021)

The dependency of how efficient the heat energy is converted to electrical energy by
the use of (TE) materials is dependent on ZT which is known as a?ok~1T, in which o
is for Seebeck coefficient, o is for electrical conductivity, « is for thermal conductivity
and T is for absolute temperature. The Seebeck coefficient might be altered to produce
a different ZT value by increasing the material's electrical conductivity while
simultaneously decreasing its thermal conductivity. There are two ways to get to this
point: one is an intrinsic approach called nanostructuring, and the other is an extrinsic
one called compositing. Both of these techniques are intended to improve the
thermoelectric property. Nanostructuring lowers heat conductivity by increasing the
phonon scattering in the nano-grain boundaries. These nano-grain boundaries may be
changed using powdering metallurgical techniques like as hot pressing and chemical
synthesis, both of which produce nanotubes and nanoparticles (B et al., 2008;
Dresselhaus et al., 2007; Scheele et al., 2009; Takashiri et al., 2007; Tang et al., 2007,
Xie et al., 2009a; Zhao et al., 2005a).

Most of the time, the TE device is made-up of p-type and n-type materials, which is
sandwiched between two insulator plates and connected electrically in series (or
partially parallel) and thermally in parallel (usually polymers or ceramics). Figure 4a,
b, ¢ shows the thermoelectric device types. Figure 4a. represents the m -shaped
configuration of TE module. The two most popular shapes are Y-shaped and tube-
shaped modules. Weinberg demonstrated a tube-shaped TE module in 2002 that has a
ring-shaped heat source surrounded by alternate n-type and p-type TE elements (Figure

4b) (Thermoelectric Materials and Devices - Lidong Chen, Ruiheng Liu, Xui Shi -



Google Books, n.d.). Figure 4c illustrates the Y-shaped configuration that Bell adopted

in 2006 [3].
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Figure 4:a) Structural diagram of the n-shaped TE module, b) the tube-shaped TE
module, c) Y-shaped TE module(Chen et al., 2021)(Thermoelectric Materials and
Devices - 1st Edition, n.d.)

Different cross-sectional areas and thicknesses of TE elements can fit in this Y-shaped
arrangement more easily. The p-type and n-type thermoelectric elements are placed
next to each other, with an electrode in between each pair. In a cornering transfer path,
the electrodes also make it easier for heat to move from the source of heat to the side
TE elements. This Y-shaped structure makes it possible to combine TE elements with
free-form geometries. This means that different sizes and forms can be created for p-
type and n-type elements.

The figure of merit value is utilized to describe how well a thermoelectric device works.

It is defined as:

__ S%oT
K

ZT

(1)
As shown in equation 1 the abbreviated terminology to define ZT is that Seebeck
coefficient to define the letter S and the electrical conductivity,the absolute temperature
and the thermal conductivity are to define respectively the letters o, Tand k . Thermal

conductivity consist of two parameters the electronic thermal conductivity and the



lattice thermal conductivity which are (kg) and (kL) respectively and the S2¢ is to define
the thermoelectric power factor (PF)(Pezzoli et al., 2011).

When there is a potential difference AV occur is built up across a semiconductor
according to the carrier diffusion and the temperature gradient by T=T hot)-T cold) 8S ONe
material is heated or cooled, all these phenomena is refered to “Seebeck effect”. There
is a gradient in the number of charge carriers as a result of the passage of charges from
the hot side to the cold side. This gradient is balanced out when the system is in
equilibrium by the internal electrical field that is produced so as a result, in equation 2,

the Seebeck coefficient is provided.

- 2

The majority carriers which could be electrons or holes are the determining factor for
the positivity or negativity of seebeck coofecient ant the voltage difference. This means
that the potential difference (and, consequently, the Seebeck coefficient) can be written
as ap Is larger than zero for p-type semiconductors and on is lesser than zero for n-type
semiconductors (Chang, R. P., & Rhee, 1990; Lenz et al., 2011; Zuo et al., 2016).

The thermoelectric material must be connected to a load in order to transform the
Seebeck voltage into an electrical current (or series of materials). to increase the
potential production of energy. It is necessary to minimise both the thermal losses from
heat transfer in between hot and cold reservoirs and the electrical losses from Joule
heating. The thermoelectric material must thus be both extremely thermally inefficient
and highly electrically conductive. Comparing the thermoelectric efficiency of various
materials is made possible by the so-called thermoelectric figure of merit ZT, which
takes into consideration the need for a high Seebeck coefficient, high electrical

conductivity, and low thermal conductivity.



The thermal conductivity of a material is further divided into two components by the
equation: k =kE + kL, where «E and kL stand for, respectively, the electronic thermal
conductivity and lattice thermal conductivity (equations 4,5)(FJ, 1999). The electrical
conductivity (o) and electronic thermal conductivity (ke) often increase as carrier
concentration rises, whereas the Seebeck coefficient (S) generally decreases (Snyder
& Toberer, 2008). In thermoelectric, thermal conductivity is created by both heat-
carrying electrons and holes (kE) and phonons moving across the lattice (xL). The bulk

of the electronic term (E) is connected to electrical conductivity by the Wiedemann-

Franz law:
K=K, t+ K]
and (3,4)

K, = LoT = neulLT

where L is the Lorenz factor, 2.4 x 1078 J 2 K2 C for free electrons (Applications of
Thermoelectricity / H.J. Goldsmid. - University of Queensland, n.d.).According to
equation 5, the electrical conductivity is directly related to the charge carrier mobility
(u), charge carrier concentration (n), and charge of the carrier (), all of which are
affecting the material's electrical band structure.

o =neu Q)
Additionally, as indicated in equation (6), the mobility of charge carriers is made up of
the mobility of the carriers in the matrix (umatrix) and the mobility of the carriers at
the interface (iinterface):

1 1 1
Lt ©)

HUTotal HUmatrix Hinterface

And the definition of the mobility at the interface is:

1
2

1 Ep
Hinterface = L€ (W) exp (‘ kB_T> (7)



where L is for the distance between two adjacent interfaces, m* is the effective mass of
the carrier, kB is the Boltzmann Constant, T is the absolute temperature and
Eg is the potential barrier height(Kumar et al., 2018). Equation (7) makes it clear
that high temperatures will decrease interface mobility, hence reducing overall
mobility. The figure of merit progressively risen in the second part of the twentieth
century. This was the outcome of the usage of semiconducting materials with improved
electrical properties and reduced lattice thermal conductivity. By enhancing phonon
scattering (through lowering the lattice thermal conductivity) (Goldsmid, 2021).Solid
solution formation is one of the most effective methods for decreasing lattice thermal
conductivity (Scholar (29), n.d.).By decreasing the size of the crystal, it is also possible
to reduce the lattice's thermal conductivity. In the majority of materials, phonons are
primarily scattered by other phonons (Azhar, 2007).Due to a scattering mechanism at
the grain boundary, it has been discovered that increasing the number of grain
boundaries decreases thermal conductivity(Li et al.,, 2017). Although several
thermoelectric materials have been explored, their ZT values are quite low, making
bismuth-telluride-based alloys essential for applications that need operation at or close
to room temperature (Kanatzidis, 2010). Recent nano-based procedures for preparing
bismuth telluride materials have opened up new possibilities for improving its
thermoelectric characteristics. There is a substantial difference between the commercial
applications of antimony doped bismuth telluride and its n-type counterpart, selenium
doped bismuth telluride, whose ZT at room temperature is significantly lower than 1.
However, its p-type antimony doped bismuth telluride exhibits high ZT values of nearly
1.5 (Fan et al., 2010; Xie et al., 2009c),(Improvement in Thermoelectric Properties of

N-Type Bismuth Telluride Nanopowders by Hydrogen Reduction Treatment, n.d.).



According to a number of research, nanocompositing and nanostructuring may be used
to increase the ZT of thermoelectric materials.

Ball milling has been shown to boost the figure-of-merit value and is a relatively
affordable and practical nanostructuring technology (Mamur et al., 2018). However, to
get better materials, it is essential to optimize the milling time. When components or
materials other than bismuth telluride are added to bismuth telluride, either an alloy or
a composite is produced. It is generally known that this is an effective method for
increasing the thermoelectric characteristics of the material. The impact of each
category, however, might be somewhat different depending on the particular
microstructure that is created. The production of materials with better qualities that
cannot be produced with individual components is made possible via the use of an
innovative method known as nano compositing. Nanocomposites are made up of a
matrix (such as an alloy of bismuth telluride, for example) and a nanofiller. The induced
selective scattering at the new interfacial regions generated between the matrix and the
nanofiller is the essential concept that supports the process of nano compositing. Due
to the presence of this property, it is feasible to significantly decrease the thermal
conductivity of the material without substantially reducing the electrical properties (El-
Makaty et al., 2021).

SWCNTs (Figure 5) are classified as 1D materials due to their tiny diameter. They
are called that because their structure is hollow and they have many walls. They are
used in many ways right now, like as supports for catalysts, materials for thermal
interfaces, solar, biomedical, and wearable electronics (Nanot et al., 2013). CNTSs are
thought to be almost one-dimensional structures. SWCNTs and MWCNTSs are the two
most common types of carbon nanotubes. One graphene sheet is wrapped around a

single cylinder ina SWCNTs. MWCNTSs are just SWCNTSs arranged in a ring. There is



a wide range in the length, diameter, and other properties of these structures(Rakhi,
2019). It looks like a hexagonally arranged tubular graphene shell consisting of carbon
atoms. Figure 6 shows how pure SWCNT looks. SWCNTSs are usually made up of just
10 atoms around the outside and one atom in the middle. Carbon nanotubes can be
divided into three types, in addition to the two main types. Carbon nanotubes (CNTS)
are composed of armchair, zigzag, and chiral CNTs. These three CNT varieties exist.
How the graphite is "rolled up" during the manufacturing process determines how these
two forms of carbon nanotubes differ from one another. There are different types of
SWCNTSs that can be made because of the radius and direction of the rolling axis.
Carbon nanotubes are very strong because of the strength of the Sp2 carbon-carbon
bonds. No other material has shown that it has better mechanical, thermal, and electrical
qualities than they do. In terms of weight, their density could be anywhere from 1.3
kg/cm3 to 1.3 kg/cm3 (one-sixth of that of stainless steel)(Saifuddin et al., 2013).
Compared to steel, the Young's moduli of CNTs are five times bigger, making them
stiffer than all carbon fibers. This makes them better than all other carbon fibers (Yu et
al., 2000). Because of this, though, they are truly unique among their peers. Too far, no
other substance has been as effective as carbon nanotubes. As of now, the carbon
nanotube has the greatest recorded tensile strength or breaking strain, which is about 50
times stronger than steel(Yu et al., 2000). In addition, CNTs have excellent chemical
and environmental stability, as well as strong thermal conductivity (about 3000
W/m/K)(Saifuddin et al., 2013). The addition of CNTSs to the Bi2Te3 matrix results in
wide and distinctive interfaces, which acts as a thermal barrier, resulting in high ZT
values. These findings show that incorporating CNTs into thermoelectric materials
holds great promise for achieving a high merit score (ZT). In the temperature range of

298-498 K, the composite's dimensionless figure of merit (ZT) exhibits much higher



values than those of pure binary Bi2Te3, and at 473 K, a ZT of 0.85 was the highest
possible. The lower heat conductivity at the CNT/Bi2Te3 interface, as a result of active

phonon-scattering, is thought to be the primary cause of the composite's enhanced

thermoelectric performance (K. T. Kim et al., 2013b).

Figure 6:Representation of SWCNT [37]

Bio.4Sbh16Tes and a thermoelectric ZT value above 1 is the main purpose of this study,
which aims to create a very efficient-type bismuth telluride with single-walled carbon
nanotubes. Two methods are mentioned as being used to achieve this goal, the first of
which is to improve the thermoelectric properties of the nanostructured p-type bismuth
telluride alloy by ball milling in order to reach the desired ZT ratio. By decreasing the
grain size through nanostructuring and adding a nanofiller (SWCNTs) via
nanocompositing, it is believed that the thermoelectric properties of the p-type

Bio.4Sb1.6Tes can be improved.

10



Research Questions

During this research, the following questions were examined:

1. What is the effect of nanostructuring on the thermoelectric characteristics of p-type
bismuth telluride?

2. What is the influence of SWCNT on the thermoelectric properties and the ZT value

of p-type bismuth telluride nanocomposite?

11



CHAPTER 2: LITERATURE REVIEW

THERMOELECTRIC BISMUTH TELLURIDE:

Bismuth Telluride (BizTes) is regarded as one of the most important materials in
thermoelectric materials since it has the ability to convert the waste thermal energy to
electrical form of energy (Culebras et al., 2015). Bismuth telluride has a high mean
atomic weight, a low melting temperature of 585°C, and a low lattice conductivity, in
addition to its chemical characteristics (loffe & loffe, 1954; Keyes, 1959). Many efforts
have been conducted in recent years to create high efficiency thermoelectric materials
using the Bi2Tes nanostructure (Antonenko et al., 2017; Culebras et al., 2017; Gaul et
al., 2017; Lee et al., 2017; Luo et al., 2016; Mahmud et al., 2017; Wu et al., 2017; C.
Zhang et al., 2017).

A number of applications can be used with Bi2Tes, including thermoelectric
refrigeration, thermoelectric generators, thermoelectric converters, and thermal
sensors, among others(Akshay et al., 2017; Erickson et al., 2017; Fang et al., 2015;
Gaikwad et al., 2016; Jian et al., 2017; Loa et al., 2016; Sharma et al., 2016; Talebi et
al., 2017). The Figure of Merit, also referred to as ZT, is 0.84 for n-types and 1.08 for
p-types(A. F. loffe Semiconductor Thermoelements And Thermoelectric Cooling
Infosearch ( 1957) : Free Download, Borrow, and Streaming : Internet Archive, n.d.;
Nozariasbmarz et al., 2020b),(Brostow et al., 2012). In order to increase the
thermoelectric properties of Bi2Tes, many studies on their applications have lately been
undertaken. When materials are produced into nanostructure dimensions, their figure
of merit is significantly increased (Goldsmid, 2014; Hines et al., 2012; Khodiri et al.,
n.d.; Orr et al.,, 2016; Rodriguez-Fernandez et al., 2016; Saleemi et al., 2011;
Technology, n.d.).Nanostructures having one or more reduced dimensions, such as

nanowire, nanoplates, nanotubes, nanorods, nanosheets, and nanoflowers, have recently

12



been used to improve the performance of Bi2Tes materials(Deng et al., 2002). Bismuth
telluride is a semiconductor that has an extremely tiny gap[47]. Since Bi2Tes has Van
der Waals links between neighbouring tellurium atoms, it is easy to break apart in this
direction. A bismuth, antimony, tellurium, and selenium alloy must be used in power-
generation devices to rectify the Seebeck coefficient of bulk Bi2Tes (Satterthwaite & R.
W. Ure, 1957). Due to Van der Waals links between neighboring tellurium atoms,
Bi2Tes is easily crumbled in this direction. For power-generation devices, bismuth,
antimony, tellurium, and selenium alloys must be used to rectify the Seebeck coefficient
of bulk Bi2Tes. As seen in Figure 7, Bi2Te3 crystallizes as a rhombohedral crystal with
five atoms in each unit cell. Due to their respective atomic weights of seven and four
times that of silicon, bismuth and tellurium can be used as thermoelectric substances. It
consists of five layers that repeat along the z-axis (Te'-Bi-Te'-Bi-Te'")(Satterthwaite &
R. W. Ure, 1957),(Kokalj, 1999),(Tanaka et al., 2009). As with regular glass, bismuth
telluride has a very low lattice thermal conductivity of 1.20 W/(m<K) and a high

electrical conductivity of 1.1105 Sem/m?(Tanaka et al., 2009).
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Figure 7:Crystal structure of bismuth telluride [72].

NANOSTRUCTURING

Nanostructures are defined as materials that have at least one dimension between 1 and
100 nm. Materials are given unique and specialised qualities by nanostructures while
maintaining their bulk properties. Nanomaterials offer high-performance applications
because of the large surface area of these structures, and they are essential to the
development of new technologies. As a result, nanostructures have gained more
attention in recent years in domains based on electrical, biological, chemical, physical,
and optoelectrical principles. The confinement of electrons in space results in special
properties that are only present at the nanoscale, and they are strongly influenced by
the material's size. Recent research has been able to dramatically improve the figure of
merit using nanostructuring and enhance the thermoelectric characteristics of bismuth
telluride alloys [10]. The higher density of grain boundaries and interfaces is what
causes ZT values in bulk nanostructured thermoelectric materials to increase. In
addition to facilitating phonon scattering, they also raise the figure of merit value of the
lattice by reducing the thermal conductivity. Usually, nanostructuring is performed in
two ways: from the top down and from the bottom up. By linking atoms or molecules,
the second process builds up a material, whereas the other divides it into nanoscale
particles. Numerous studies have already examined the characteristics of Bi2Te3
thermoelectric materials produced using such methods. For instance, Takiishi et al. [19]
used flash evaporation as a bottom-up approach to create nanocrystalline thin films of
n-type bismuth telluride. Compared to the bulk material, the produced films' thermal
conductivity was 50% lower. Additionally, Fan et al. [20] investigated the impact of
nano inclusions on the ZT value of top-down melt-spun bismuth telluride

nanocomposites. Researchers established that adding more weight to the thermoelectric
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material's nanoinclusions decreases thermal conductivity while maintaining a higher
figure-of-merit value. The use of nanostructuring is the reducing of materials that
composed of nanometer size grains to solve the thermal conductivity issue while
maintain the electrical conductivity(Hsu, 2004; D. J. Singh & Terasaki, 2008). Studies
showed that when BiSbTe was nanostructured, the ZT value increased by nearly 50%
(Bentien et al., 2007; D. J. Singh & Terasaki, 2008). The nanostructuring of
thermoelectric materials and the production of nanocomposites are two methods for
lowering thermal conductivity (Biswas et al., 2012; Cao et al., 2008; S. Il Kim et al.,
2015; Park & Lee, 2016; Poudel et al., 2008; Sootsman et al., 2009;
Venkatasubramanian et al., 2001; Xie et al., 2009b; Zhao et al., 2005b).

BALL MILLING

By using mechanical energy, ball milling reduces the material into tiny particles by
using top-down nanostructuring. This method generates nano-sized alloys and solid
solutions from dry powders. Nonetheless, grain refinement or phase change is the
primary goal of the mechanical milling (MM) process. Grain refining occurs as a result
of repetitive mechanical hits that cause severe plastic deformation, as shown in Figure
8. Milling should be done for as long as the starting material takes to attain a steady
condition. The resulting power is then compacted into bulk materials using thermal
treatments to analyze the microstructure and characteristics. Choosing raw materials,
selecting a mechanical mill, and setting parameters for the process are the three basic
components of an MM process. Metals, alloys, and refractory compounds can all be
found in the first raw powders. Their size can range from 1 to 200 m, it is however
recommended that raw powders be the same size as the grinding media (e.g., grinding
balls).It's critical to use high purity powders because they determine the final

composition, phase, and kinetics. Furthermore, there are various different types of high-
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energy mills, which differ primarily in capacity, design, and efficiency. The most
common shaker mill in laboratories is the SPEX mill, which moves back and forth with

lateral motions up to a thousand times a minute (Suryanarayana, 2004).

Rotating direction of mill

Materials

Grinding medium

Figure 8:Dynamics of Ball Milling [87]

COMPOSITING

Compositing (Figure 9)is the process of homogeneously combining various resources
to create a single material without actually blending them. The new substance contains
a variety of special qualities that weren't present in any of the original materials.
Typically, a matrix and a filler make up composite materials. It has been demonstrated
that composing improves a material's thermoelectric characteristics. Furthermore, it has
been found that utilizing various fillers with bismuth telluride as a matrix decreases the
whole lattice's thermal conductivity [23]. Filler and matrix interfaces form new
interfaces, causing this reduction. Also, carrier filtering and quantum confinement
methods have been observed to increase the Seebeck coefficient value in these
interfacial regions [24]. When different components are homogeneously blended
together to make a single material without physical blending, this is referred to as
composing. There is a combination of properties that are unique to the newly created

substance, which have never been demonstrated by any of the previous materials.
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Fillers and matrices are usually combined to form composite materials. It has been
proven that combining materials improves their thermoelectric properties. Furthermore,
it has been found that utilizing various fillers with bismuth telluride as a matrix reduces
the overall lattice thermal conductivity (Lognoné & Gascoin, 2015). The additional
contacts generated between the filler and the matrix are the cause of this reduction.
Furthermore, carrier filtering or quantum confinement processes have been observed to
increase the Seebeck coefficient value in these interfacial regions (K. T. Kim et al.,

2013D).

FILLER MATRIX COMPOSITE

Figure 9:. How composite is made-up (What Are Composites? - Romeo RIM, n.d.)

SINGLE WALLED CARBON NANOTUBES:

SWCNTSs (Figure 10) are defined as 1D material because of their small diameter. They
are named so because they are composed of hollow structure and number of walls. They
are currently used in many applications such as catalyst supports, thermal interface
materials, solar, biomedical and wearable electronics (Nanot et al., 2013). SWCNTSs
and MWCNTSs are the two primary categories of carbon nanotubes (CNTs). SWCNT is
shaped like a cylinder with a single graphene sheet wrapped around it. It is simply a

collection of concentric SWCNTs that make up a MWCNT (multi walls carbon

17



nanotubes) (Rakhi, 2019). As seen in Figure 11, the graphene sheet in pure Carbon
atoms are arranged hexagonally on the surface of SWCNT to make the tubular shell.
SWCNTSs typically have just 10 atoms around the perimeter and a tube thickness of one
atom. Carbon nanotubes can be classified into three varieties, in addition to the two
basic forms. Carbon nanotubes come in three different shapes: armchair, zigzag, and
chiral. As a result of the Sp2 carbon-carbon bonds, carbon nanotubes are extremely
strong mechanically. As far as we know, no other material can match CNTS's
combination of exceptional mechanical, thermal, and electrical properties. A density of
1.3 grams/cm?® to 1.3 grams/cm? is possible (a sixth of stainless steel) (Saifuddin et al.,
2013). Compared to other carbon fibers, CNTs have a greater Young's modulus than
steel, an indicator of stiffness (Yu et al., 2000). Because of this, though, they are truly
unique among their peers. Carbon nanotubes are the toughest substances ever
discovered by humanity. The maximum tensile strength or breaking strain measured for
a carbon nanotube was 63 GPa, which is approximately 50 times stronger than steel
(Yu et al., 2000). Additionally, carbon nanotubes exhibit exceptional chemical and
environmental stability, as well as a high thermal conductivity (about 3000 W/m/K)
(Saifuddin et al., 2013). The addition of CNTs to the Bi2Tes matrix results in wide and
distinctive interfaces, which acts as a thermal barrier, resulting in high ZT values. These
findings show that incorporating CNTs into thermoelectric materials holds great
promise for achieving a high merit score (ZT). In the temperature range of 298-498 K,
the composite's dimensionless figure of merit (ZT) exhibits much higher values than
those of pure binary Biz2Tes, and at 473 K, a maximum ZT of 0.85 was attained. The
lower heat conductivity at the CNT/BizTes interface due to active phonon scattering, is
thought to be the primary cause of the composite's enhanced thermoelectric

performance (K. T. Kim et al., 2013b).
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Figure 10:Single walled carbon nanotubes and Multiwalled carbon nanotubes [89]

Chiral vector G,
Cp=na;+ma,

Metallic SWCNTs:

n-m=3i

Semicond. SWCNTs:
n-m#3i

armchair




Figure 11:Representation of SWCNT [90].

CHAPTER 3: MATERIALS & METHODS
Elemental powders of bismuth (99.99%, ALDRICH), tellurium (99.997%, ALDRICH),
and antimony (99.999%, Alfa Aesar) were used to produce p-type bismuth telluride
alloy. In the argon atmosphere of glove box (O2 <0.5 ppm) (LAB star, M3RAUN), the
powders were weighted according to the formula Bio.sSbisTes and loaded into a
stainless steel vial. SPEX milling equipment (Sample Prep, 8000M, LEESON) was then

used to mill the powders for 16 hours to be in the Nano scale size (Figure 12).

Tl

T
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Figure 12:a) Ball milling device, b) chemicals used, ¢) ball milling (LEESON) vial
with stainless steel balls, d) Glove box machine (M3RAUN)

The sample procedure was used to mill four different SWCNT/ Bio.4Sb1.6 Tescomposites
with different weighted percentages of SWCNT as shown in Table 1.

Table 1. Weights used to mill the SWCNTSs/ Bio.4Sbi.sTes composite samples.

Elements 0SWCNTs 0.025 SWCNTs 0.05 SWCNTs 0.1 SWCNTs
(9) (@) (9) (9)

Bio. 0.8850 0.8848 0.8845 0.8841

Sbis 2.0625 2.0619 2.0614 2.0604

Tes 4.0526 4.0516 4.0506 4.0485

SWCNTs 0.0000 0.0018 0.0035 0.0070

Total 7.0000 7.0000 7.0000 7.0000

The milled powders were compacted using hot press setup (Compac) shown in Figure
13 under argon atmosphere. At a pressure of 80 MPa, a temperature of 300 °C, and a

holding time of five minutes, the material was compacted.

Figure 13: Hot press setup,(COMPAC)
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CHARACTERIZATION:

X-ray diffraction (XRD)

X-ray diffraction is a technique for studying the structure of crystalline materials. It can
provide information on crystallinity, phases, structure, and crystal defects of a material.
The XRD device in Figure 14 consists of three basic parts: the X-ray source, the
detector, and the sample stage. Diffraction occurs when a beam of X-rays emerges from
the source and strikes the sample at an angle of 2thetas. A crystal transmits X-rays at
different angles due to the distance between the atomic planes, which determines the
angles of diffraction. A constructive impact occurs when the impact planes are in phase,
their energy is combined, resulting in the appearance of black spots on the detection
plate. Because of the rotational movement of the sample, circular patterns are formed.
The radii of these patterns are utilized to compute the distance between plates inside
the crystal structure. It is therefore possible to record the intensity of X-ray photons as
they are reflected at various angles and turn them into a diffractogram. The conditions
followed in XRD instrument were: temperature was 25 C, the voltage used was 45 KV,
the current was 40 mA and the anode material was copper. All peaks are sharp which
indicate there are good crystallinity of our samples(IJMS, International Journal of
Mechanics Structural, Mechanics Journals, Journals Publishers, Computer Science
Journals in India, Indian Journals Subscription Agency, Indian Books Distributor,

n.d.).
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Figure 14: X-ray diffraction instrument (PANalytical Empyrean) at CAM, Qatar
University.

A crystal's unit cell size can be determined by calculating the distance between
neighboring layers based on the result data. As a result of Braggs Law, the wavelength
of an X-ray beam (L) is related to its diameter (d) by equation 8, which provides the
following equations:

nA = 2dpy; sin(6) (8)
n represents the order of diffraction, A represents the wavelength of the incident beam
in nm, dnk represents the lattice spacing in nm, and 6 represents the angle of the
diffraction in degrees. Braggs law origin is shown schematically in Figure 15, and

diffraction occurs only when an angle fulfills Braggs law.
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Figure 15:Bragg’s law [91][92]

XRD diffractograms can also be used to figure out the grain size and lattice strain inside
each unit cell. The intensity changes as the angle changes. Figure 16 shows how much
information can be taken out. Imax and lint can now be determined after background is
removed (area under the peak). Several methods can be used to find the peak. Peak
width can be determined by either half width at half maximum (FWHM), which is the
peak width at half the peak intensity, or by integral breadth (IB), which is the breadth
of a rectangle with the same peak intensity and mean intensity. It depends on what they
are being used for to determine which peak parameter to use for measurements (Epp,

2016).

Peak position 26
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Figure 16:Diffraction peak [91]
As a method of determining grain size and strain, Warren-Averbach uses Fourier series
of diffraction peaks. Cauchy and Gaussian functions were used to come up with

equation 9(Bourniquel et al., 1989)
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There are three things: D is the grain size, ¢ is the strain, and Bk the peak's breadth at
2
half the intensity. Data points from peaks are linearly fitted onto (ti‘—g"e) Versus

(ﬂ) as seen in Figure 17, the slope is a constant times strain value squared and
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the y-intercept is a constant divided by interplanar spacing.
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Figure 17:The Averbach plot for 0.1 SWCNTs/Bi0.4Sh1.6Te3

Scanning Electron Microscope (SEM):

An electron beam is used to create images of a material using scanning electron
microscopy (SEM) in a voltage of 20 KV. (Figure 18). There are a wide range of signals
generated by electron interactions with different atoms on the sample surface, providing
information on the shape and composition of the sample surface. The SEM operates on
the principle of scanning a specimen surface with a focused electron beam. The device
is composed of four parts: a 2-inch thermal gun, a tungsten lamp, a microscope column,
and a chamber for introducing samples. A beam of electrons traveling through a
chamber under vacuum and emitted by a tungsten bulb scans the entire sample both
vertically and horizontally. Images taken with a scanning electron microscope (SEM)
are made possible due to secondary low-energy electrons (SEs) or backscattered
electrons. The obtained images give information about the morphology of the samples.
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Figure 18:SEM (FEI) at CLU, Qatar University

Transmission Electron Microscope (TEM)
One of the most often used techniques for studying materials, the transmission
electron microscope (TEM) (shown in Figure 19) is used to study materials in a
voltage of 200 KV and FEG emission of 60 pA. TEM analysis are used for
extremely thin materials which have a high density of electrons in them. TEM need
an electron gun, which produces the electron beam, as well as two other critical
systems: one for creating the actual images and the other for recording
them(Transmission Electron Microscope | Instrument | Britannica, n.d.). During
the transmission of electrons, an image is created as a consequence of the interaction
of electrons that are transmitted with and through the sample. Transmission electron
microscopy (TEM) provides extensive information on the internal composition of
the sample because of its high resolution. It may also be used to detect
characteristics such as the crystal structure of the sample because of its high
resolution(Pinto et al., 2018).Dark-field and bright-field images are the main end
products of this technique. Only the direct beam interacts with the sample when the
objective aperture is employed for the bright field image. In contrast, in a dark field

image, the aperture stops the direct beam and enables only the diffracted beams to
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pass through. The phase and amplitude of the beam determines the contrast of the
resulting images, which is dependent on the kind and thickness of the sample. The
electron population used to generate the TEM image is one of the fundamental
differences between the bright field and dark field modes. The bright field image is
the most typical image produced by a transmission electron microscope. Some
portions of the sample may absorb or deflect electrons, resulting in a darker
appearance, while others transmit electrons, resulting in a brighter appearance. In
the bright field image, the aperture chooses the transmitted electron beam while
blocking the scattered electrons. Due to the utilization of the unscattered beam,
regions containing crystalline or high-mass materials will appear black. In dark field
mode, the aperture rejects the unscattered electron beam and selects the scattered
electrons instead. Therefore, areas without electron scattering (such as the area
surrounding the sample) appear black, while places with materials appear brilliant.
A bright field image can be boosted using this technique when it is not clear enough
for imaging crystalline structures that are too small or obscured by background
noise. Aside from that, it can be used to examine crystal lattices, crystal defects,
stacking faults, dislocations, as well as particle/grain size (TEM: Bright Field versus

Dark Field - Chemistry LibreTexts, n.d.).

Figure 19: TEM instrument,FEI at CLU, Qatar University
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Raman Spectroscopy

Smekal proposed the phenomena of inelastic scattering of light in 1923 (Smekal, 1923),
while Raman and Krishnan discovered it experimentally in 1928 (Raman & Krishnan,
1928). Raman spectroscopy (Figure 20.a) This phenomenon is known as the Raman
scattering because it occurs when electrons and photons don't interact in the correct
way. When a photon enters and a photon exits at different energies, Raman lines are
generated. The emitted light's frequency causes Stokes lines to develop. It is termed
"anti-stokes lines" if their frequency is lower than the photons that come into touch with
them. The term "anti-stokes lines" refers to lines whose frequency exceeds that of the
photons with which they come into contact. It is possible to identify the molecule
present in a sample using the stokes and anti-stokes lines in the corresponding Raman
spectra. If you look at the brightness of a sample, you can tell how concentrated it is
has been used to describe the phenomena since then. A compound's distinctive Raman
‘fingerprint' may be identified via Raman spectroscopy, which can provide chemical
and structural information as well as identification. Through the detection of Raman
scattering (Figure 20.b), Raman spectroscopy is used to extract this information from
the material. Raman spectroscopy can tell you both about a substance's chemical and
structural properties, as well as help you identify it by its unique Raman "fingerprint."”
Raman spectroscopy gets this information by looking for Raman scattering from the
sample and then looking for that scattering. One of the things that Raman does is
scattering. In this case, the oscillating electromagnetic field of a photon causes the
molecular electron cloud to polarize. This causes the molecular electron cloud to
become more or less polarized, leaving the molecule with more energy. If you think
about it this way, the photon and molecule form a very short-lived complex. The

"virtual state of the molecule" is what is referred to as the "virtual state of the molecule."
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Because the virtual state is not stable in this scenario, the photon is re-emitted very
immediately, in the form of scattered light, nearly immediately after it has been emitted.
It occurs once per 10 million photons, which is very rare. This is referred to as Raman
scattering, which is an inelastic scattering mechanism that results in a transfer of energy
between the molecule and the photon that was emitted from it. During Stokes Raman
scattering, the molecule receives more energy from the photon than during other types
of scattering. As a result, the photon loses energy and the wavelength of the photon
increases in length (after G. G. Stokes). Anti-Stokes Raman scattering is a kind of
Raman scattering that uses anti-Stokes Raman scattering. It is known as Anti-Stokes
scattering when a molecule loses energy as a result of relaxing to a lower vibrational
state, and the scattered photon acquires the same amount of energy as the molecule
while having a shorter wavelength. According to quantum physics, both Stokes and
Anti-Stokes effects are feasible. The Boltzmann distribution indicates that the majority
of molecules are at the ground vibrational level when there are a large number of
molecules, and Stokes scatter is the more probable process when there are a large
number of molecules. As a consequence, the Stokes Raman scatter is always more
intense than the anti-Stokes Raman scatter, regardless of the situation. In Raman
spectroscopy, it is for this reason that the Stokes Raman scatter is virtually always seen.
This phenomenon is known as the Raman scattering because it occurs when electrons
and photons don't interact in the correct way. When a photon enters and a photon exits
at different energies, Raman lines are generated. The emitted light's frequency causes
Stokes lines to develop. It is termed "anti-stokes lines" if their frequency is lower than
the photons that come into touch with them. The term "anti-stokes lines" refers to lines
whose frequency exceeds that of the photons with which they come into contact. It is

possible to identify the molecule present in a sample using the stokes and anti-stokes
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lines in the corresponding Raman spectra. If you look at the brightness of a sample, you

can tell how concentrated it is(E. Smith & Dent, n.d.).
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Figure 20:a) Raman spectroscopy (Raman Thermo Scientific DXR3)at CLU, Qatar

university, b) Types of Raman scattering [101]

Mechanical Properties Characterization

Vickers Hardness (HV)

As the name suggests, Vickers hardness testing(future-tech,FM,ARS 9000) (Figure 21,
equation 10) is the method of hardness testing that employs a micro indentation
technique, otherwise known as the 136 degree diamond pyramid test. Using the
indenter, a square indentation is created along the diagonal. (Deepa et al., 2019).

F
daz

HV = - = 1854 [kgf/mm?] (10)

S

In determining hardness, the fundamental principles are the same for all measures,
which are a material's resistance to plastic deformation when measured from a standard
source. A square trapezium diamond is used in an indentor to create indentions on the

surface of a material using a certain amount of force and time. Among all hardness tests
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available, the Vickers hardness test is most comprehensive, meaning that it can be used
on all metals. The Vickers Pyramid Number (HV), also known as Diamond Pyramid
Hardness, is a measurement of hardness that is measured using the Vickers Pyramid
Test. Despite the fact that the hardness value may be converted to pascals, it should not
be confused with pressure, which uses the same units. The load applied to the
indentation's surface area, not the area corresponding to the force, determines the
hardness number, which is not pressure. (R. L. Smith & Sandland, 1922) The conditions
used during measuring the hardness were that the holding time was 5 seconds and the

load was equal to 25 gf.

Figure 21:Vickers’ Hardness instrument (Future-Tech) at CAM, Qatar University
THERMOELECTRIC PROPERTIES CHARACTERIZATION:

Seebeck coefficient and the electrical conductivity

Different instruments are available for measuring the Seebeck coefficient or electrical

conductivity, but their operating principles are different. This study utilized the
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NETZSCH 'SBA 485 Nemesis (Figure 22) with 3.5 Volts and 0.4 A current. This
instrument utilises a four-point system. SBA 485 Nemesis instrument structures the
sample between two micro heaters, thermocouples, and current pins. The Seebeck
coefficient is tested using microheaters that generate cyclic heating by alternately
generating a temperature gradient. A voltage is produced between the two
thermocouples as a result of this temperature differential. By plotting the measured
voltage versus temperature difference, the Seebeck coefficient can be calculated. As

well as measuring electrical conductivity, the same device is used to measure voltage

between its two ends after applying various currents to the two current pins.

Figure 22:Electrical conductivity SBA setup(Nemesis), Qatar University

Thermal conductivity

Thermal conductivity is a feature of a material that defines the temperature ranges at
which it may be used. (Peng et al., 2020) In general, the thermal conductivity of a
material is the rate at which heat moves through a given area of that material. Heat
transfer rates are generally proportional to thermal conductivity, with greater thermal
conductivity resulting in faster heat transfer rates and vice versa(Oladijo et al., 2021).
It is often represented by the letter 'k," however it may also be represented by the

symbols " A". Thermal resistance is the inverse of this quantity. Thermoelectric
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materials with high thermal conductivity are utilized in heat sinks, while thermal
insulators are made of materials with low levels of thermal conductivity. Fourier's law
of thermal conduction (equation 11), (alternatively called the law of heat conduction)
says that the rate at which heat is transported through a material is proportional to the
area over which heat flows and the temperature gradient. The differential version of
this law is given as follows:(Thermal Conductivity | Open Science Wiki | Fandom, n.d.)
g=-k.VT (11)
Where VT indicates the temperature gradient, g means the thermal flow or heat flux,
and k defines the material's thermal conductivity(Thermal Conductivity | Open Science
Wiki | Fandom, n.d.). The Thermal conductivity apparatus used was (C-Therm) and the
measurement technique was MTPS(Modified Transient Plane Source Method)(Figure

23).
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Figure 23:The thermal conductivity setup (C-Therm),Qatar University
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CHAPTER 4: RESULTS & DISCUSSION

Prepared SWCNTS/ Bio.aSb1.6Tes Composites

Ball milling technique was used to grind the samples to be in the nanoscale size and
then by use of X-ray diffraction, the crystallinity of the samples was analysed (XRD).
Figure 24.a shows the XRD analysis for the powder of SWCNTS/ Bio.4Sbi.sTesdifferent
composites. Figure 24.b shows the XRD analysis for the same composites after disc
formation in the Hot Press setup. All the peaks in Figure. 24 match the reference code
00-049-1713 of Bio.4Sbh1sTes. As shown in Figures 24a,b all the peaks were similar to
the pristine composition of Bio.4Sb16Tes and match with the XRD shown in literature
(Ahmad et al., 2016a). Thus, there are no peaks were shown for SWCNTS as they were
added in small amounts. All powders were polycrystalline and has a rhombohedral
structure (space group R3m) (Kadhim et al., 2013). Grain size was calculated using
XRD peaks (Table 2) and showed better fitting and high regression values for Warren-
Averbach model. Since all samples were exposed to the same milling time (16 hrs),
therefore all samples were expected to have the same average grain size 17 nm
according to Warren-Averbach calculations. The resulting XRD was comparable to the
reported XRD in another study published in the literature(Ahmad et al., 2016a).While
the previous study and this existing study used different ball milling processes. For this
present work, ball milling for 16 hours was performed on Bio.4Sb1.6Tes compositions
combined with SWCNTSs and pure Bio.aSb1sTes compositions (without the addition of
SWCNTSs). In contrast, the previous comparison study showed that p-type bismuth
telluride compositions were ball milled for 24 hours. The resulting BiSbTe particles
were then stirred in ethanol for 30 minutes. (Ahmad et al., 2016a) And SWCNTSs were
mixed into ethanol for ultrasonication for 30 minutes. The slurry of BiSbTe and

SWCNTSs was then combined and ultrasonically mixed with a magnetic stirrer for 30
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minutes. Finally, the dispersed slurry of BiSbTe and SWCNTSs in ethanol was ball-

milled for 2 hours to protect SWCNTs(Ahmad et al., 2016a).
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Figure 24: XRD analysis of SWCNTSs/ Bi0.4Sh1.6Te3 composites: a) for as milled

powder form, b) for disc form (after consolidation)

Table 2:Grain size calculations according to XRD Figure, R? and strain calculations

Composition Grain Size (hnm) R? Strain
0 SWCNTs 18 0.92 0.140
0.025 SWCNTs 17 0.92 0.165
0.05 SWCNTs 16 0.91 0.141
0.1 SWCNTs 17 0.92 0.133

Furthermore, Figure 25 shows how the Vickers hardness indentation method was used

to find the hardness of each of the four mixtures. Figure 25 shows that 0.1 wt. % of

SWCNTSs/Bio.sSh1sTes had the highest hardness, which was 1.34+0.01 Gpa, while

0.025 wt. % had the lowest hardness, which was 1.15+0.01 Gpa. And our hardness data
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is showing better values than the reported value for bismuth telluride at room
temperature which equals to 0.62 Gpa as reported in literature(Zheng et al., 2020).This
result backs up what Bahadar et al. (2020) said about how adding SWCNTSs makes
Nano composites harder(Bahadar & Zwawi, 2020). In this study, adding SWCNTSs
made the material harder. This is because the interaction between SWCNTs and
composites leads to mechanical interlocking, which makes it easy for loads to be
transferred between the composites and nanotubes(Bahadar & Zwawi, 2020). The
overlap and stacking of bismuth telluride components, which boosts the material's
resistance to scratching and plastic deformation, is another reason why the addition of

SWCNTs nanofiller boosted the composites' hardness(Mekdad et al., 2020).
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Figure 25: Hardness data for SWCNTs/ Bi0.4Sh1.6Te3 compositions after formation
of discs

The shape of SWCNTSs is shown in Figure 26. The surface morphology of the
composites may be determined from the SEM data displayed in Figures 27.a, 28, and
all samples exhibited nanoparticle agglomeration. Due to the high specific area (surface
area to volume ratio) of particles, agglomeration is widespread in nanomaterials,
resulting in a shift in the dominant forces acting on the material(Agrawal & Rai, 2015).

Consequently, the existing weak Van der Waals forces have a higher influence on the
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nanoscale than they do on equivalent bulk materials, causing agglomeration(Du et al.,
2019). Although there are a large amounts of SWCNTs were added to composition
Bio.sShi1sTes, the SEM analysis is showing only the agglomeration of nanoparticles.
SEM mapping analysis was run to prove the presence of SWCNTSs in the compositions
other than the pristine as shown in Figure 27, 28 respectively. Bi, Te, Sbh, and C are

distributed uniformly across the sample, also as seen in Figures 27, 28.
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Figure 26: represent the shape of SWCNTSs under the SEM

Figure 27:The SEM elemental mapping for 0 wt. %of SWCNTs/Bi0.4Sh1.6Te3

Composition.
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Figure 28: The SEM elemental mapping for 0.025 wt.% of SWCNTs/Bi0.4Sb1.6Te3
composition

The degree of crystallinity and structural defects of SWCNTSs were investigated using
Raman spectroscopy and the results are shown in Figure 29. The Raman spectra of
produced SWCNTs/Bio.sShi1.6Tes nanocomposites show three distinct bands. The first
is the D band, which represents the degree of defect in the carbon lattice. The defect
induced D-band, which is detected at 1300 - 1400 cm™, is the most studied mode for
the characterisation of functionalized SWCNTs. The D-band intensity is the most
researched property in functionalized SWCNTSs. Because the development of the D-
peak is caused by defects, a rise in D-band intensity is used as a fingerprint for
successful functionalization (Ouyang et al., 2008). The second and third bands are

SWCNTSs' signature bands, the G and 2D bands. The tangential modes are the most
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intense high-energy modes of SWCNTSs and represent the so-called G-band, which is
commonly detected at a wavelength of roughly 1600 cm (Suzuki & Hibino, 2011).The
G'-band (also referred to as the D*-band or 2D-band) seen at 2600 - 2800 cm™ does not
need defect scattering (Graupner, 2007; Suzuki & Hibino, 2011). This also establishes
a clear link between the structural integrity of SWCNTSs and its milling time. Table 3
displays the range of Raman shift values for the samples, which is comparable to those
of previous studies of SWCNTs Raman spectra (Kalenczuk et al., 2008). In Raman
spectra of CNTs research, relative Raman intensities (Io/lc) are often utilized to
quantify defect concentration and impurities (Wang et al., 2009),(Ouyang et al., 2008).
A low Ip/lc ratio indicates a low defect concentration in CNTs. The Io/lc represents the
crystal structural integrity of SWCNTSs (Ouyang et al., 2008). As seen from the table,
the higher the amount of SWCNTSs, the more value of Ipo/lc. The increase in the Ip/lc
ratio indicates that composites containing a higher concentration of SWCNTSs have a
greater number of structural defects than composites containing a lower concentration
of SWCNTSs (S. Singh et al., 2020). The calculated intensity ratio of Io/lc for SWCNTSs
in the composite samples is high and greater than 1 (compared to 0.3 for as received
SWCNTSs) since all composites were prepared in the same milling time (Wang et al.,

2009).
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Figure 29: Raman analysis for Bi0.4Sb1.6Te3 compositions and SWCNTs

Table 3: Raman Shift for SWCNTSs in D and G Bands, and Ip/lc Ratios of the Prepared

Composites
Intensity as received SWCNTs 0.025 0.05 0.1
Ip 245.6031 30.16411 46.74926 52.53711
Ie 796.966 25.13232 43.31131 46.05198
Ip/le 0.308173 1.200212 1.079378 1.140822

Figure 30 shows the nano structure of SWCNTs under TEM. TEM analysis were
carried on for this study and dark field image (Figure 31.a) was used to calculate the
grain size to compare it with that obtained from XRD calculations. Image J software
was used to measure the size of grains in the dark field image Figure 31a. The dark-
field (DF) TEM micrographs of the BioaSb1s6Tes matrix demonstrate homogeneous
grain sizes and distribution without the presence of significant agglomerated
nanocrystallites, as illustrated in Figure 31.a. Figure 31.b shows a BF-TEM micrograph
of the Bio.sShisTes matrix with equiaxed and randomly dispersed grains inside the
nanocomposite structure. Figure 31.c shows the atomic planes of the pseudo hexagonal
Bio.4Sb1.6Tes nano grains, which corresponds well with the XRD patterns. Figure 31.c
shows the diffraction pattern which seem to be equiaxed in random orientations that fit
their diffraction characteristic in the XRD patterns Figure 31c(Lemine et al., 2022). As
shown in Figure 31.d, the average grain size is 156 nm, which is slightly lesser than
the calculated grain size from XRD using the Warren Averbach model of 17 nm, but

within the range of uncertainty.
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Figure 31: TEM analysis for as milled powders of 0.1 wt. % SWCNTs/
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Bi0.4Sb1.6Te3 Composites: a, b) dark field and bright field of respectively, c)
diffraction pattern of Bi0.4Sb1.6Te3 (0 wt.% SWCNTSs), d) Grain size distribution for

0.1 wt.%.
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Thermoelectric Properties of SWCNTS/ Bio.sSh1.sTes Discs

SWCNTSs-based bismuth telluride composites and the pristine sample are compared and
analyzed in terms of electrical conductivity, Seebeck coefficient, and thermal
conductivity. These findings have also been used to calculate and evaluate the power
factor and figure of merit. Due to their near-room-temperature application, these alloys
are used for high-temperature applications, all SBA property findings were analysed
from room temperature to 300 degrees of Celsius, and thermal conductivity was
analysed from room temperature to 150 degrees Celsius(Neeli et al., 2016).

Electrical Conductivity

The trends of compact discs' electrical conductivity are shown in Figure 32. All of the
samples behaved like degenerate semiconductors because their electrical conductivity
dropped as the temperature increased. This was similar to what other SWCNTs-based
studies on p-type bismuth telluride found(Ahmad et al., 2016a).In general, the electrical
conductivity of all samples exhibits semi-metallic conductivity behaviour, decreasing
with increasing temperature (Figure 32). Incorporating SWCNTs networks into the
matrix has an impact on the electronic transport, according to the nonlinear behaviour
of electrical conductivity for SWCNTSs/ Bio.sSbisTes composites in the temperature
range of 175 C to 300 C. Typically, SWCNTs comprise a combination of
semiconducting and metallic nanotubes, with semiconducting nanotubes being the
majority. Since a thin network of semiconducting nanotubes predominates the
electronic transport in the composites, it may be concluded from the nonlinear
behaviour, namely the rise in slope of electrical conductivity with the addition of
SWCNTSs in Bio.sSh1.6Tes at temperature 250 C. Moreover, because SWCNTSs is smaller
than the bismuth telluride nano grains and electrons have to travel through the

nanotubes so it takes longer path for the electron to travel through the nanotubes than
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the direct path through the bismuth telluride grains. Therefore, this longer path length
decreases the electrical conductivity. Aonother reason could be the reason of low
electrical conductivity is the tunnelling resistance due to poor electrical contacts(El-
Makaty et al., 2021). The addition of 0.025 by weight of SWCNTSs reduces the
electrical conductivity of the Bio.4Sb1sTes composite compared to that of 0 wt. %
SWCNTSs/ Bio.aShisTes. Additional additions at 0.05 wt.% and 0.1 wt.% enhanced the

composites' electrical conductivity gradually(Ahmad et al., 2016Db).
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Figure 32:Electrical conductivity trends for SWCNTSs/ Bi0.4Sb1.6Te3 Samples
Seebeck Coefficient

The temperature dependency of a composite's positive Seebeck coefficient is shown in
Figure 33, suggesting that all samples are p-type. At 175 degrees Celsius, the greatest
Seebeck coefficient of 197.9 uV/K is measured for 0.05 weight percent SWCNTs/
Bio.4Sbh16Tes composite. It reduced to 186.8 uV/K at the same temperature with 0.05
weight of SWCNTSs, showing that the higher carrier density is consistent with earlier
findings(Ahmad et al., 2016a). The Seebeck coefficient increases and decreases

whereas electrical conductivity decreases and increases across the entire temperature
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range. This tendency might be partially explained by a reduction in carrier mobility
carried on by increased scattering at grain boundaries and SWCNTs/matrix interfaces.
The conductive nature of SWCNTSs is mainly responsible for the decrease in Seebeck
coefficient when trend decreases from 0.05 wt.% percent to 0.1 wt. percent and 0.025
wt.% percent. The Seebeck coefficients first increase with temperature, peak, and then
decrease. Previous research has suggested that this phenomena may be connected to the

thermal excitation of minority carriers(Ahmad et al., 2016b).
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Figure 33:Seebeck Coefficient trends for SWCNTs/ Bi0.4Sb1.6Te3 Samples

Power Factor

Figure 34 displays the variation in power factor with temperature for all composites.
Between 25 and 150 C, the power factor achieves its peak values; after that, it decreases
as temperature increases. The power factor decreases when SWCNTs are added, in
contrast to the Seekbeck coefficient, which often rises. The decline in electrical
conductivity behaviour is mainly to answer for the drop in power factor for
SWCNTs/BiSbTe composites. As a result, the behaviour of the power factor is

dominated by electrical resistivity(Ahmad et al., 2016b).
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Figure 34: Power factor trends for SWCNTs/ Bi0.4Sb1.6Te3 Samples

Thermal conductivity

Figure 35 shows the thermal conductivity trends for the SWCNTSs/ BiosSbisTes
samples as well as the pristine sample. According to the data collected, the highest
thermal conductivity trend was the pristine (0 wt. % SWCNTSs) behavior and this means
that the SWCNTs addition reduced the thermal conductivity of the
SWCNTs/composites when compared to the behavior of 0 wt. % of SWCNTSs
composites, as shown in Figure 35. Furthermore, when the temperature rises from 30
degrees Celsius to 80 degrees Celsius, the addition of SWCNTSs increases the thermal
conductivity trends. As a result, in order to better understand the impact of total thermal
conductivity, the electronic and lattice components were determined using equations
(12) and (13), and their graphs are given in Figures 36, 37.

kg = oTL (12)

kTotal = kE + kL = DpCp (13)
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The lattice conductivity trends were reduced for all the samples. The electronic thermal
conductivity trends show that increasing the amount of SWCNTSs increased the trends
of electronic thermal conductivity for the SWCNTSs/composites and even the pristine
one as explained in Figure 37. As explained in literature the increasing of SWCNTSs
weight in the BiSbTe composite increases the thermal conductivity and decreasing the
weight of the SWCNTs by 0.05 and 0.025 will decrease the thermal conductivity
trends(Ahmad et al., 2016c¢). The addition of SWCNTSs at higher weights equal to 0.1
wt. % reduced the lattice thermal conductivity as compared to the pristine sample,
0.025% and 0.05% samples as seen in Figure 36. As explained in literature by Ahmed
and Nabi ,2017 at two different publications that the decrease in lattice thermal
conductivity as the amount of SWCNTSs increase is mostly due to phonon scattering at
the nanotubes and BiSbTe nanostructure boundaries (Ahmad & Wan, 2017; Nabi et al.,
n.d.). This approach is beneficial in the applications of thermoelectric materials since it
does not change the electrical component of thermal conductivity and thus has a little
impact on the electrical transport properties. According to studies, nanostructuring
affects the lattice conductivity as compared to the electronic transport
characteristics(Nabi et al., n.d.). The Wiedemann—Franz law may be used to determine
the electronic thermal conductivity using the relation Ke = LT/R, where T is the absolute
temperature, R is the electrical resistivity, and L is the Lorenz number. As seen in
Figure37 the electronic thermal conductivity show an inverse proportional relationship
at temperature range of 30-150 C. And it is seen in Figure 37 that adding smaller weight
of SWCNTs to the composite contribute in reducing the electronic thermal
conductivity. Therefore, it can be concluded that thermal conductivity was effectively
restrained by the inclusions of Single walled carbon nanotubes and defects by

SWCNTs(Y. Zhang et al., 2012).
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Figure 35: Thermal conductivity trends for SWCNTSs/ Bi0.4Sb1.6Te3 Sample
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Figure 36: Lattice Thermal conductivity trends for SWCNTs/ Bi0.4Sb1.6Te Sample
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The figure of Merit

As explained in literature, the figure of merit is increased for the p-type bismuth
telluride composites with SWCNTSs less than 0.5(Ahmad et al., 2016¢). The figure of
merit was enhanced within the 0.05 composite by obtaining the highest ZT value equal
to 1.26 at 150 C as seen in Figure 38. And this followed by the pristine sample, 0.1
wt.% composite and finally 0.025 wt.% respectively. As compared to 0.1 wt. percent
and 0.025 wt. % percent SWCNTs/BiSbTe composites, the reduction in thermal
conductivity of 0.05 wt. % percent produces a considerably greater figure of merit.
Besides reduction obtained in thermal conductivity, the reduction in electronic thermal
conductivity as well for the 0.05% in Figure37 is the reason that ZT had highest trend

for 0.05%(Lognoné & Gascoin, 2014). In contrast to the pristine sample (0.05%), the
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addition of SWCNTSs at room temperature increased ZT by 5% from 0.86 to 0.90 when
compared to the optimum sample (0.05%). For the same sample, ZT increased from
1.21 to 1.26 at 150 °C, resulting in a total improvement of 4%. As Ahmed et al (2017)
indicate, these findings demonstrate strong overall improvements when adding
SWCNTSs in percentages below 0.5 to existing SWCNTs/Bi2SbTe3 samples. The
maximum ZT values obtained by Ahmed et al[120]. at 147 'C and room temperature
were 0.7 and 0.48 respectively(Ahmad et al., 2016c¢).This High ZT we obtained in our
study is because that CNT act as a thermal barrier due to the formation of large

interfaces in the matrix as reported in literature(K. T. Kim et al., 2013a).
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Figure 38:Variation of ZT versus temperature
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CHAPTER 5: CONCLUSION

In conclusion, through ball milling technique, a nanocomposite of SWCNTs and

bismuth telluride was successfully prepared. Thermal properties of powders were

measured after they were compacted using the HotPress Setup.

o

o

The nanostructured p-type material was milled for 16 hours.

The average grain size of the powders that were created as milled
powders was 17 nm calculated by Averbach method and grain size of 15
+ 6 nm obtained by TEM grain size calculations.

Hardness values for the SWCNTSs composites showed highest hardness
for 0.1 wt.% of SWCNTSs concentration which equals to 1.34+0.01, and
lowest hardness for 0.025 wt.% which equals to 1.15%0.01, this
demonstrates the capacity of SWCNTSs to adjust the hardness of the
samples as compared to the original sample.

The calculated intensity ratio of Io/lc for SWCNTSs in the composite
samples is high and greater than 1 (compared to 0.3 for as received
SWCNTS) since all composites were prepared in the same milling time
(Wang et al., 2009)Electrical conductivity trends showed that the
addition of 0.025 by weight of SWCNTs reduces the electrical
conductivity of the Bio.sSbi.6Tes composite compared to that of 0 wt.%
of SWCNTSs/ BioaShieTes. It is noticed that 0.05 wt.% and 0.1 wt.%
enhance the composites' electrical conductivity gradually.

Seebeck coefficient values were enhanced only for the sample which
contain 0.05 weights of SWCNTSs.

The power factor value indicated that the optimum sample has 0.05

weight percent of SWCNTSs.
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o SWCNTs addition reduced the thermal conductivity of the
SWCNTs/composites when compared to the behavior of 0 wt. % of
SWCNTSs composites.
o The addition of SWCNTSs had increased ZT at room temperature from
0.86 to 0.90 for the optimum sample (0.05) by 5%. Whereas at the
optimum temperature of 150 °C, ZT had a total improvement of 4%
reaching a value of 1.26, for the same sample.
The ZT enhancement may be caused by nanostructuring and the presence of 1D
SWCNTSs nanofiller. Continues work should be done to achieve better ZT results
through tailoring the percentages of SWCNTSs and the ratio of bismuth telluride to p-

type and n-type materials.
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Table 4:Acronym List:

Acronym Definition

SWCNTs Single walled carbon Nano tubes
TE Thermoelectric materials

SEM Scanning electron microscope
TEM Transmission electron microscope
ZT Figure of Merit

XRD X-ray Diffraction

Wt. Weight
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