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ABSTRACT

ELMAKATY, FARAH, M., Masters : June : 2020, Material Science and Technology

Title: Enhancing the Thermoelectric Properties of N-type Bismuth-Telluride-Based

Alloys Using Graphene As A Nanofiller

Supervisor of Thesis: Dr. Khaled Youssef

Bismuth telluride chalcogenides are the ideal thermoelectric materials used for
near room temperature applications. However, the usage of these materials is
relegated to a few applications as a result of the extremely low heat conversion
efficiencies. In this study, graphene is used as a nanofiller to prepare n-type bismuth
telluride nanocomposite of a composition BizTe27Seos. The samples were prepared
via a ball milling technique with different graphene concentrations and processing
times. The results revealed that graphene addition during the last phase of milling
improved the thermoelectric properties. However, these enhancements were limited to
the lower graphene concentration of 0.05 wt.% only. Moreover, the figure-of-merit
values of the optimum sample showed noticeable enhancements of 19%, reaching 0.5
at room temperature and 23 % at 160 °C, reaching a maximum figure-of-merit value
of 0.81. Hence, proving the ability of graphene to enhance the thermoelectric

properties of the sample under study.
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CHAPTER 1: INTRODUCTION

Thermoelectric Materials

Thermoelectric materials can decrease energy consumption by converting
waste heat into electrical energy without the need for bulk fluids or moving parts. A
typical thermoelectric device consists of two conducting materials joined through a
junction. One of the conducting materials has negative charge carriers (e.g., electrons)
and referred to as n-type, whereas the other has positive charge carriers (e.g., holes)
and called p-type. Once a temperature gradient is provided through the opposite ends
of the device, carriers diffuse from the hot to the cold side, producing electricity
(Figure 1). This electric potential produced, which resulted from temperature
difference, is known as the Seebeck effect. The most famous examples of
thermoelectric materials include bismuth telluride, lead telluride, sodium cobaltate, tin
selenide, and silicon germanium, which are used in applications like lasers, computer
chips, and infrared detectors. However, the low efficiencies of the commercial

thermoelectric materials restrict their usage greatly.

Figure 1: Thermoelectric fan running by providing a temperature gradient.

12



Thermoelectric Properties

The characterization of a thermoelectric device’s performance is assessed
through the value of the figure of merit (ZT), which is defined as:

S%¢T
K

ZT =

1)
where S is the Seebeck coefficient, o is the electrical conductivity, T is the absolute
temperature, and « is the total thermal conductivity. The total thermal conductivity
consists of the summation of both electronic (xe) and lattice (kL) thermal
conductivities, and the term S%s is known as thermoelectric power factor (PF).
Electrical Conductivity

The electrical conductivity directly depends on the charge carrier mobility
(1), charge carrier concentration (n) and charge of the carrier (e), which are a
consequence of the electrical band structure of the material, as in equation (2):
o = nepu (2)
Moreover, mobility of charge carrier composes of the mobility of the carriers in the
matrix (umatrix) and the mobility of carriers at the interface (uinterface), as shown in
equation (3):

1 1 1
=——+ 3

HUrotal HUmatrix .uinterface

and the mobility at the interface is defined as:

~ 1 1 Ep
Uinterface = Le (m)2 exp | — KT (4)

where L, m*, ks, T, and Es, are the distance between two adjacent interfaces, the
effective mass of the carrier, Boltzmann constant, the absolute temperature, and the
potential barrier height, respectively [1]. From equation (4), it is noticed that high

temperatures will lower the mobility at the interface, hence reducing tuotal.

13



Seebeck Coefficient

Seebeck coefficient, in contrary to electrical conductivity, is inversely
proportional to the concentration of carriers, as presented in equation (5):

_ 81k} - 2 c
“3enz " (Sn) ()

where h is Planck’s constant [2]. This is why the prior two thermoelectric parameters
usually have opposite effects on the thermoelectric material.
Thermal Conductivity

The total thermal conductivity consists of the electronic (ke) and the lattice
(ko) thermal conductivities and can be calculated using density (p), thermal
diffusivity (D), and specific heat (Cp) values of the material as in equation (6):
krota = kg + Kk, = DpC, (6)
Moreover, electronic thermal conductivity can be found using Wiedemann-Franz
law:
kg = oTL (7
where L is the Lorentz number (with a value of 1.7x10% V2K?) [3]. The lattice
thermal conductivity is usually calculated after finding k;,.,; and kg, and depends
on various parameters including phonon velocity and phonon relaxation time.
Therefore, the electrical conductivity and phonon scattering affect the total thermal
conductivity. Hence, the thermal conductivity is linked to the first thermoelectric
parameter as well.

Enhancing the figure of merit can be done by raising the power factor value
and/or reducing the overall thermal conductivity. Despite a large number of
thermoelectric materials studied, the ZT value of existing commercial materials is
very low, where bismuth-telluride-based alloys remain very critical for near room-

temperature applications [4].
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Preparing bismuth telluride materials through recent nano-based techniques
have given new opportunities to further enhance its thermoelectric properties. Even
though high ZT values of nearly 1.5 for p-type antimony doped bismuth telluride have
been reported [5, 6], its commercial applications is greatly restricted by its n-type
counterpart, selenium doped bismuth telluride, that shows much inferior
thermoelectric performance of ZT less than 1 at room temperature [7]. Therefore,
there is a need for further improvements in the n-type of this alloy. Based on several
studies, the enhancement of the ZT of thermoelectric materials could be possible
through nanostructuring as well as nanocompositing. Introduction of a nanofiller, such
as two-dimensional graphene, to an optimized nanostructured bismuth telluride, can
further enhance the thermoelectric performance through improving the electrical
conductivity as well as phonon scattering [8, 9].

Ball milling is a considerably cheap and industry applicable nanostructuring
technique that is proved to show an increase in the figure-of-merit value [10].
However, optimizing the milling time is critical in order to obtain better materials.
Moreover, optimizing the nanofiller used is essential to tune and understand the effect
of graphene on the studied alloy. Various factors can affect the performance of
graphene nanofiller, such as processing time, amount, and type. For instance, different
graphene types can have different effects on the thermoelectric properties of the
doped alloy. Pristine graphene of micro-size sheets tends to mostly increase the
electrical conductivity [11]. However, graphene quantum dots, nanosheets, and
nanoribbons would have better ability to increase scattering and lessen the thermal
conductivity of the alloy, while still showing improvements in electrical conductivity
[12-14]. Moreover, the mixing technique of graphene with thermoelectric alloy might

be essential in tuning the nanostructure, as premixing graphene with the dopant may
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allow the graphene to concentrate on the grain boundaries of the material.

The main goal of this research is to synthesis a highly effective n-type bismuth
telluride with graphene nanosheets of a composition Gr-Bi2Tez27Seos, having a
thermoelectric ZT value above 1. This is proposed to be achieved through two main
techniques, first by optimizing the nanostructured n-type bismuth telluride alloy
through ball milling, followed by the addition and optimization of different
concentrations and addition times of graphene nanosheets in order to boost the
thermoelectric properties and reach the desired ZT value.

Therefore, the hypothesis of this work is that reducing the grain size through
nanostructuring and introducing a nanofiller (graphene) by nanocompositing could be
good approaches to enhance the final thermoelectric properties of the n-type
Bi2Te2.7Seos.

Research Questions

The main questions targeted in this research are:

- How is the structure of Bi2Te27Seos nanocomposites affected by graphene
concentration and addition time?

- How is the graphene nanosheet addition able to affect the thermoelectric figure of

merit of n-type Biz2Te2.7Seo.3 alloy?
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CHAPTER 2: LITERATURE REVIEW

Bismuth Telluride As A Thermoelectric Material

Bismuth telluride (Bi2Tes) has a layered rhombohedral crystal structure and is
one of the most vital systems utilized for low-temperature applications, typically
below 250 °C [15]. Its structure results in high mobility of charge carriers,
accompanied by low lattice thermal conductivity, making it a good thermoelectric
material. Along the c-axis, bismuth and tellurium atoms are layered as Te-Bi-Te-Bi-
Te, in the way presented in Figure 2 [16, 17]. Two types of Te atoms exist, Tel which
is bonded to Bi atoms from one side and other Tel atoms from the opposite side, and
Te2, which is only bonded to Bi atoms from both sides. One property of this system is
its capability to maintain its symmetry with doping. Doping bismuth telluride with
selenium (Se) or antimony (Sb) gives either electron or hole conducting
thermoelectric materials. For these alloys, the optimized compositions for the n- and

p- types are Bi2Te27Seo.s3 and BiosSbhisTes, respectively.

Te2
Bi
Tel
Tel
Bi
Te2
Bi
Tel
Van der Waals
Tel
Bi
Te2
Bi
Tel
Tel
Bi
Te2

@ Bismuth
@ Tellurium

Figure 2: Crystal structure of bismuth telluride.
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Properties of Doped Bismuth Telluride

One limit of bismuth telluride is the small bandgap of 0.14 eV, which leads to
the undesirable effect of activation of minority charge carriers [18]. This effect could
be reduced by increasing the size of the bandgap through doping. However, the
doping effect on the thermoelectric properties of bismuth telluride shall be considered
as well. One main challenge in n-type doping is the selective behavior of Se in Te2
sites, which results in an anisotropy of transport properties. The thermal conductivity,
for instance, is double at ab-planes compare to the c-axis, whereas the electrical
conductivity is 3-7 times higher along ab-planes compared to c-direction. This
contracts the p-type alloy where there is no preference in Bi and Sb sites, making the
alloy isotropic. This is why doped p-type shows better improvements in ZT values,
compared to doped n-type, which requires additional processing to orient the grains
for maximized performance.

Nanostructuring

Materials that have at least one dimension in the range of 1 and 100 nm are
referred to as nanostructures. Nanostructures grant exclusive and specific features to
materials while conserving their bulk properties. Due to the high surface area of these
structures, nanomaterials have high-performance applications as they play a critical
role in the advancement of technologies. Thus, the interest in nanostructures has
increased in the last years in electrical, biological, chemical, physical, and
optoelectrical based fields.

Exclusive features generated at the nanoscale are due to the electron
confinement in space, and they greatly depend on the material’s dimensions.
Recently, studies have been successfully enhancing the thermoelectric properties of
bismuth telluride alloys and considerably increasing the figure-of-merit through

nanostructuring [10]. The reason behind the enhancement of ZT values within
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nanostructured bulk thermoelectric materials is the increased density of grain
boundaries and interfaces. These act as an essential factor for improving the scattering
of phonons by causing a decrease in the lattice thermal conductivity, thus boosting the
figure of merit value.

Generally, there are two approaches for nanostructuring, either top-down or
bottom-up. The prior approach relies on splitting a bulk material into the nanoscale,
whereas the latter approach builds up the material by joining atoms or molecules
together. Analysis of the characterization of Bi2Tes thermoelectric materials prepared
by such approaches has already been done by many studies. For example, Takiishi et
al. [19] developed nanocrystalline thin films of n-type bismuth telluride using flash
evaporation as a bottom-up technique. The thermal conductivity of the films prepared
was reduced by 50% compared to the bulk material. Moreover, Fan et al. [20] studied
the effect of nano inclusions on ZT value of bismuth telluride nanocomposites
prepared via melt spinning as a top-down method. Researchers proved that increasing
the weight of nano inclusions within the thermoelectric material reduces its thermal
conductivity and thus retains a higher figure-of-merit value.

Ball Milling

One top-down technique of nanostructuring is ball milling, which uses
mechanical energy to grind the material into smaller pieces. It is considered a
powerful dry powder processing technique for producing alloys and solid solutions in
nano-size. Nevertheless, the main aim of the mechanical milling (MM) process is
grain refinement or/and phase transformation. Grain refinement occurs as a result of
severe plastic deformation of repeated mechanical impacts, as shown in Figure 3.
Milling should be performed until the time necessary for the initial material to reach a

steady state. Then, the resulted power is compacted into bulk materials through heat
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treatments in order to study the microstructure and properties. The main components
of a MM process are the initial raw materials, the mechanical mill, and the used

process variables.

Rotation of
the milling
bowl

O Grinding media
** Material

Figure 3: Dynamics of Ball Milling.

The initial raw powders can include metals, alloys, or refractory compounds.
Their size may range from 1-200 um, but most importantly, the size of raw powders
should be smaller than grinding medium (e.g., grinding balls). Using high purity
powders is necessary as they decide the final composition, phase, and kinetics. In
addition, there are several types of high-energy mills available, and they mainly differ
in their capacity, design, and efficiency. The most used shaker mills in laboratories
are SPEX mills, which move back-and-forth along with lateral motions up to a
thousand times per minute [21]. The vials and grinding medium used are typically
made out of metals or ceramics. It is reported that the produced nanomaterials through
ball milling tend to decrease thermal conductivity while maintaining good electron
transport features [22].

Compositing

Compositing is when different materials are homogeny mixed together in
order to produce a single material without physical blending. The created material

has a combination of unique features that did not exist in any of the single materials.
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Generally, composite materials are comprised of a matrix and a filler. Compositing
has been proved to enhance the thermoelectric properties of materials. Moreover,
using different fillers along with bismuth telluride as a matrix is reported to cause a
reduction in the overall lattice thermal conductivity [23]. This decrease is due to the
new interfaces formed between the filler and the matrix. In addition, these interfacial
areas are also reported to enhance the Seebeck coefficient value by carrier filtering or
guantum confinement mechanisms [24].
Nanofillers

Almost all fillers used for compositing semiconductor thermoelectric
materials are nanosized (<100nm) since they give the possibility to tune the
thermoelectric properties once they are controlled at the nanoscale. Moreover,
according to the number of dimensions of a material that are in the nanoscale,
nanofillers are distinct into several groups as discussed below.

Zero dimensional fillers (ODFs) have all three dimensions of the material
within the nanoscale [25]. Numerous studies have used ODFs with n-type bismuth
telluride matrix, either doped or undoped, revealing different results. Zhang et al.
[26] employed silver (Ag) nanoparticle prepared via polyol reduction of silver nitrate
as a filler for undoped Bi2Tes powders. The Ag nanoparticles were uniformly
dispersed in the grain boundaries creating lots of defects and interfaces, hence
forming a two-phased heterostructure inside the matrix. This resulted in a significant
reduction in the lattice thermal conductivity and also suppressing grain growth,
hence improving the ZT value from 0.19 to 0.77 at 475 K. Moreover, Li and Liu [27]
utilized mechanical milling as a mixing technique to synthesize SiC/Bi2Tes
nanocomposite. Their optimized concentration of the SiC was 0.1 wt.%, and it

enhanced the ZT by 17%, reaching a value of 0.66 at 440 K. On the other hand when
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ODFs were used with doped n-type bismuth telluride, the thermoelectric properties
were deteriorated. Jiang et al. [28] produced a ZnO/ Bi2Te2.7Seo.3 hanocomposite by
ball milling and noticed a high increment in electrical conductivity accompanied
with a high reduction in Seebeck coefficient, hence resulted in a drop of the final ZT
value from 0.6 to 0.5. In another study by Liu et al. [29], the addition of SiC ODF to
n-type doped bismuth telluride did not improve the ZT value for all the prepared
concentrations. This was reasoned as the lessening in thermal conductivity was not
enough to pay off the decrease in power factor. The highest reduction of ZT reached
was for the 1% SiC at 423 K from 1.11 to 0.38. In addition, there were other studies
of ODFs with undoped bismuth telluride matrix which caused lowering in ZT. The
used nanofillers in these cases were graphite powder [30], fullerene (C60) [31],
amorphous carbon [32], and rice like polyaniline [33]. Generally, the ZT of undoped
bismuth telluride pristine is lower than the doped and based on the literature, ODF
composites along with doped Biz(TeSe)s do not show improvements in final ZT
values.

One dimensional fillers (1DFs) own two of the total three dimensions within
the nanoscale range [25]. Based on the available studies, it is noticed that using both
doped and undoped n-type bismuth telluride matrix can give enhancements in ZT
values of composites with 1DFs. Kim et al. [24] used chemical vapor deposition to
prepare a composite of multiwall carbon nanotubes and undoped Bi2Tes. The
research group obtained 63% improvements in ZT with an optimized value of 0.85 at
473 K. Many other studies used the same 1DF as well with an undoped matrix and
obtained noticeable improvements in the thermoelectric properties. The employed
mixing techniques include polyol reduction [34], hydrothermal [35], and ultra-

sonification [36]. Moreover, single-wall carbon nanotubes were used by Zhang et al.
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[37] along with an undoped matrix resulting in improvements in ZT from 0.99 to
1.28 at 420 K with 0.5 wt.% filler concentration. Whereas, another study utilized the
same type of matrix and filler but resulted in lower ZT value for the composite
compare to the base [32]. The ZT at room temperature was 0.23 for 0.15 wt.% filler
and 0.32 for the pristine sample. Other studies, who used doped bismuth telluride,
mostly employed multiwall carbon nanotubes as a filler. Park et al. [38] used a
composition of Bi2Te27Seos and a concentration of 0.015 vol.% filler gaining an
enhancement in ZT value from 0.88 to 0.98. On the other hand, when Lognone and
Gascoin [23] used a matrix composition of Bi2Te2.4Seos, lower ZT value of 0.25 was
obtained for the composite compared to the base with ZT of 0.52 at room
temperature. Even though there are more studies on the undoped n-type matrix, there
are some of the published doped studies with 1DF, which showed improvements in
ZT.

Two-dimensional fillers (2DFs) have only one dimension within the
nanoscale range [25]. Most 2DFs for undoped n-type bismuth telluride focus on
graphene regardless of the form, and there are no studies that show the effect of
graphene on doped bismuth telluride. In addition, one study used polythiophene
nanosheet as a 2DF with a doped matrix but showed a reduction in all ZT values for
all concentrations prepared due to the low electrical conductivity of the filler [39].

Graphene is the most famous two-dimensional nanofiller that has become an
attractive research topic since its first successful isolation [40]. Graphene is a planer
structure of carbon where the atoms share their sp? electrons with three other
neighboring carbons, forming a honeycomb network (Figure 4). The covalent bond,
formed by the hybridization of sp? orbitals, gives graphene remarkable mechanical

properties of tensile strength around 130 GPa and Young’s modulus about 1 TPa,
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making it stronger than diamond [41]. Moreover, graphene possesses extraordinary
thermal and electrical properties that can be further tuned through physical and
chemical means. Graphene has a zero-band gap with a remarkably high concentration
of charge carriers at room temperature with mobility that reaches up to 40,000
cm?/V.s, superior electrical and thermal conductivities about 200 S/m and 2800

W/m.K, respectively [41].

Figure 4: Graphene monolayer structure

For thermoelectric materials, the high thermal and electrical conductivity
combination of pure graphene is undesirable. However, the addition of graphene to
semiconductors or insulators can enhance their electrical conductivity by orders of
magnitude even at loadings of less than 0.1 vol% [42]. On the contrary, its
compositing effect on thermal conductivity is less noticeable, and only high loading
concentrations will result in a significant increase in its value [43]. Therefore,
graphene as a filler can play a significant role in affecting the thermoelectric
properties of composites, and optimizing its concentration is a must to achieve the
desired characteristics.

Several articles studied the effect of graphene on the efficiency of
thermoelectric materials, but these mainly suffered from the low ZT values (less than

1) of their initial thermoelectric materials. For instance, Liang et al. [44] tried to
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enhance the efficiency of undoped bulk n-type bismuth telluride materials by adding
up to 2 vol.% graphene nanosheets using hydrothermal and spark plasma sintering
methods. Even though the addition of graphene nanosheets raised up the ZT value by
more than 30%, the maximum value achieved of ZT is 0.21, which is very low. Also,
Li et al. [16] reached improvement of 50% of the ZT value for undoped n-type
bismuth telluride crystals through doping with 5 vol.% graphene; still, the maximum
ZT achieved was 0.45. Other studies used reduced graphene oxide nanosheets and got
a final ZT lower than 0.4 despite the improvements of up to 60% due to graphene
addition [1, 45]. Thus, the initial ZT value of the alloy is very critical, and doping an
optimized n-type material with graphene is expected to be more efficient in boosting

the thermoelectric characteristics and ZT value of the material.
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CHAPTER 3: METHODOLOGY

Materials and Methods
Elemental powders of bismuth (99.999%, Alfa Aesar), tellurium (99.99%),

and selenium (99.5%) were used to produce n-type bismuth telluride alloy. In the
glove box under the argon atmosphere, the powders were weighted according to the
formula Bi2Te27Seos and loaded into a stainless-steel vial. The powders were then
milled in SPEX milling device (SamplePrep, 8000M) using a ball-to-powder weight
ratio of 7:1 (Figure 5). Different mixing times of 4, 8, 12, 16, and 20 hours were

carried out. Long milling hours are critical to ensure reaching a stable phase of

nanosized particles.
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Figure 5: Preparation of n-type bismuth telluride samples for mechanical milling,

(a) powders purchased (b) SPEX milling device (c) milling vial and (d) glove box.

Optimum milling time from the previous step was used to mill four graphene-
based bismuth telluride composites (Gr/Bi2Te27Seo3) of different graphene weight
percentages and addition times, as shown in Table 1. Graphene nanoplatelets used
were purchased from Sigma-Aldrich company. All milling conditions were kept

consistent as the pristine Bi2Te27So3. The addition of graphene at the last phase of
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mechanical milling is expected to protect the very brittle graphene from fracturing
and, at the same time, assure its even distribution into the grain boundaries of the
nanostructured material. This entire step will help in understanding the structural

stability of graphene and optimize its amount and addition to the alloy.

Table 1

Samples’ Codes According to Graphene Addition Amount and Time

Sample Code Graphene amount (wt.%) Addition time
Gr5-20 hrs 0.05% at the beginning
Gr5-10 min 0.05% last 10 minutes
Gr—10 min 0.5% last 10 minutes
Gr5—1min 0.05% last 1 minute

The compaction of powders was performed for all samples using the Spark
Plasma Sintering (SPS) technique at 440 °C and 45 MPa (setup shown in Figure 6).
The temperature used was chosen based on the melting point of bismuth telluride,
which is 580 °C [45]. It is important to assure that sintering is done below the melting
point of the material to allow bonding to take place through the diffusion of atoms. In
addition, a high pressing pressure is used to ensure the final nanostructured bulk
product has very minimal porosity and thus guarantee that the electrical conductivity

of the material produced is not degraded.

Power [ ] Graphite punch
Supply Graphite die
.1 Vacuum
Powder

—» Applied Pressure

Figure 6: SPS device schematic.
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Characterization

Characterization techniques are important to verify whether the produced
product is correctly prepared and is able to serve its intended purpose. There are
several standard techniques which are commonly used in Material Science field in
order to investigate, study, measure and understand the structure and properties of the
materials. Below are the characterization techniques implemented in this study.

Structural Characterization

X-Ray Diffraction (XRD) technique is most commonly used for identifying
the crystal structure of unknown crystalline samples. It is a non-destructive analytical
technique that uses X-ray waves to determine the crystal structure of metallic or ionic
crystals. In addition, this technique can also be used to measure the average spacing
between the layers of atoms, give an approximation for a grain size of material and
find the strain in a material due to deformation.

The main parts of the XRD device are X-ray source, sample stage, and
detector, as represented in Figure 7 (a). These parts are connected in a circular way
such that when an incident ray comes out of the X-ray source, it will hit the sample
and get diffracted an angle of 2 thetas of the original beam. Moreover, when an X-
Ray is passed through the crystal, diffraction will occur at different angles, and these
angles depend on the distances between atomic planes. When the hit planes are in
phase (constructive), their energies are added, creating dark spots on the detector
plate. Circular patterns are then created as a result of sample rotation, and their radius
is used to calculate the distance between plates within the crystal structure. The
intensities of X-ray beams at different diffraction angles are then captured and
converted into a diffractogram. Using the outcome data, the distance between adjacent

layers in a crystal (d) can be calculated and hence used to determine the size of the
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unit cell. Braggs Law is a derived equation for the relation between the wavelength of
X-ray

beam (A) and d, which is given by:

A = 2d sinf 9
where 0 is the angle of incidence (angle between the X-ray beam and surface of the
crystal). Figure 7 (b) shows a schematic for Braggs law origin, and it is only when an

angle satisfies Braggs Law, diffraction occurs.

: - ) Interplanar
. NG / distance (d)
“ )

Diffraction

Figure 7: Schematic for (a) XRD setup and (b) Braggs law origin.

Moreover, the resulted peaks from an XRD diffractogram can also be used to
calculate the grain size and lattice strain within the unit cell. There are many proposed
models that rely on the fact that the width and intensity of the peaks are affected by
the processing of materials. For instance, the introduction of strain and refinement of
grain size due to the mechanical milling process broadens the XRD peaks and reduces
their intensities [46]. Explained below are two-grain size calculation models that are
used in this study.

Williamson-Hall method assumes that the broadening due to grain size and

strain is an additive to the generated Bragg’s peak, with the strain being uniform in all
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crystallographic directions [47]. The resulted equation, according to this assumption,
is:

Brii cos 6 = (%) + (4 £sin @) (10)
where D is the grain size, ¢ is the strain, fh is the width of the peak at the half-
maximum intensity, and k is a constant. Linear fitting of data points from peaks into

(Brii cos 8) versus (4 sin @) plot results in a slope representing strain value and a y-

intercept of a constant divided by interplanar spacing, as represented in Figure 8.
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o 0.029 - Slope = ¢
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4 sin©
Figure 8: Williamson-Hall model for grain size calculation.

Warren-Averbach method is based on representing diffraction peaks using
Fourier series to extract information about grain size and strain. Applying Cauchy and

Gaussian functions lead to the following equation:

Bria” _ ﬁ( Brki

D \tan 0 sin 6

tan26 D )+25(€2) (11)

where D is the grain size, ¢ is the strain and fh is the width of the peak at half-

2
maximum intensity [46]. Linear fitting of data points from peaks into (é’r‘l—";e) versus

(ﬂ) plot results in a slope representing a constant times strain value squared

tan @ sin 6
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and y-intercept of a constant divided by interplanar spacing, as presented in Figure 9.

0.0004 Warren-Averbach model
0.0003 - *
T 00002 -
S Slope = 25 <g>>
o 0.0001 -
= Intercept = A/d
0 T T T 1
0.000 0.020 0.040 0.060 0.080

B/(tanOsind)

Figure 9: Warren-Averbach model for grain size calculation.

Scanning Electron Microscope (SEM) is typically used to study the surface
morphology and topography of the material. The device consists of a 2-inch thermal
gun, a tungsten bulb, the column of the microscope, and a sample introduction
chamber. When a beam of electrons is generated by the tungsten bulb and goes
through the chamber under vacuum, it scans the whole sample side to side and from
top to bottom. Then, electrons of the sample are emitted differently depending on
their interaction with the beam, as shown in Figure 10. The reflected part of the beam
is detected by the secondary electron detector and is used to generate a detailed

surface image of the sample.
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Figure 10: Scanning electron microscope device working principle.

Transmission Electron Microscope (TEM) is an advanced characterization
tool of several techniques that is used to obtain information about the material at the
atomic level. One highly utilized technique is imaging, which is used to gain
information about the grain size and its distribution. The main results from this
technique are the dark and bright-field images. The working principle of imaging
depends on the interaction between an introduced electron beam and the sample to
produce high-resolution images. For the bright field image, the objective aperture is
used to allow only the direct beam to pass and interact with the sample. Whereas in
dark field image, the aperture blocks the direct beam and allows the passage of
diffracted beams only, as in Figure 11. The contrast of the resulted images depends on
the phase and amplitude of the beam, which is a function of the type and thickness of

the sample.
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Figure 11: TEM imaging working principle for bright and dark field images.

Raman Spectroscopy helps in identifying elements/molecules in samples by
giving the fingerprint of each element, depending on their Raman spectra. The main
idea behind this technique is presented in Figure 12. Basically, the excitation of
electrons within a sample via providing light energy (e.g., phonons) leads to Raman
scattering, where the emission occurs at frequencies different from the incident
frequencies. Stroke lines are the ones generated when the emitted frequency is less
than incident ones, whereas anti-stroke lines are the ones generated at higher
frequencies. By studying these stroke and anti-stroke lines, which are different for
each element, the sample molecule can be identified. The concentration of these

molecules in the sample can also be found from the intensity of the emissions.

Sample Raman
molecule —)’_I scattering _ _
o —_— Diffraction
: \9;' T gratings
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Excitation Vibration of
laser molecule Filter

Detector

Figure 12: Raman Spectroscopy working principle.
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Mechanical Properties Characterization

Vickers Hardness (HV) is a microhardness tester that is used to give an
indication of the hardness of a material. The device uses a square trapezium diamond
indentor that is used with a certain force and time to create indentions on the surface
of the material, as represented in Figure 13. The depth of these indentations is then
used to calculate the hardness based on the following equation:

_0.1854 F(kg)
~ dy(mm?)

(12)

where F is the applied force and d? is the area of indentation [48].

are-based
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Figure 13: Vickers Hardness tester schematic.
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Characterization of Thermal Energy

Differential Scanning Calorimetry (DSC) is a device that measures the
energy released or absorbed during cooling or heating of a material. It is used to
determine the thermal events of the sample, such as the enthalpy, melting,
crystallization, and glass transition temperatures. The device contains a chamber with
two heating metals inside, one for the sample, and the other is used as a reference, as
in Figure 14. The reference and the sample pans are heated in separate means to

maintain the temperature for both at the same degree, and the heat applied is recorded
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individually. The output from a DSC experiment is a graph of heat flow versus

temperature.

Sample Pan Reference Pan

= |
*heater’

Figure 14: Differential Scanning Calorimetry working schematic.

Heat FlowEndo Up (mW)

Temperature (*C)

Thermoelectric Properties Characterization

Seebeck coefficient and the electrical conductivity: There are several devices
that can measure Seebeck coefficient or/and electrical conductivity parameters, but
they differ in their working principles. The device utilized in this study is ‘SBA 485
Nemesis’ by NETZSCH company. This device is based on a four - points method, and
its working schematic is shown in Figure 15. In SBA 485 Nemesis device, the sample
is placed between a pair of micro heaters, thermocouples, and current pins. Seebeck
coefficient measurement is done by generating cyclic heating from the microheaters
working in alternation to produce a temperature gradient. The production of this
temperature difference results in a voltage between the two thermocouples. These
voltages are then measured and plotted against temperature difference, and from the

slope of the fitting, the Seebeck coefficient is determined.
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Figure 15: Schematic for the measurement setup of SBA 458 Nemesis device.

Besides, electrical conductivity value is obtained using the same device by
applying different currents via the two current pins and then measuring the resulted
voltage across the two ends of the sample.

Thermal conductivity. Light Flash Apparatus (LFA) represents an effective
technique for measuring thermophysical properties, such as thermal conductivity. One
device that uses this technique is ‘LFA 467 Hyper Flash> by NETZSCH company.
LFA is a non-destructive and fast technique with a simple working principle,
presented in Figure 16. Basically, one surface of the sample is heated by providing a
light pulse of short energy. The resulting temperature is then measured from the other
side with an infrared detector. Specific heat and thermal diffusivity are then
determined and used to calculated thermal conductivity (1) by:

M(T) = a(T) p(T) C,(T) (13)
where a is the thermal diffusivity in mm?s, p is the sample density in g/cm® and Cp is

the specific heat in J/(g.K).
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Figure 16: Schematic of the measurement setup for LFA 467 HyperFlash device.

Purpose of Characterization
The microstructure was continuously checked during processing and after

finalizing the discs. For instance, the structure was checked during milling of pristine
n-type bismuth telluride at 4, 8, 12, 16 and 20 hours, and was checked for as milled
graphene-based composite powders and the sintered ones. The characterization
included XRD (PANalytical, EMPYEAN), SEM (Nano-SEM Nova 450, FEI-USA),
and HV (Future-Tech, FM-ARS900) as they can be an indication of the grain size and
assure the purity and correct preparation of samples. Moreover, to further assure a
precise calculation of final product grain size, transmission electron microscopy TEM
(FEI Titan™ 60-300) was utilized on one of the composite samples.

In addition, Raman Spectroscopy (Thermo Fisher, DXR) and DSC analysis
(PerkinElmer, DSC 4000) were performed for the as the milled optimum pristine
sample as well as the graphene-based composites. Raman spectroscopy was used in
order to check the crystallinity of graphene after milling and to study the effect of
milling time on its structural stability, while DSC was done in order to further

understand the thermal stability of the samples.
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The prepared discs were used to study the thermoelectric properties of the
optimized Biz2Te27Seo.s alloy and the final graphene/Bi2Te2.7Seo.s composite samples.
Seebeck coefficient and electrical conductivity were measured using SBA 485
Nemesis device (NETZSCH), whereas thermal conductivity was measured using LFA
467 Hyper Flash device (NETZSCH).

All these different characterization techniques aided in optimizing the
concentration of graphene and its addition time into Bi2Te27Seo.s alloy. They also
helped in gaining more knowledge about graphene’s ability to tune the Seebeck
coefficient, as well as the electrical, thermal and mechanical properties, thus fulfilling

the objective of the research.
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CHAPTER 4: RESULTS AND DISCUSSION

Prepared Bi>Te27Seo.s Powders

After performing mechanical milling, the purity of powders was checked by
XRD. Figure 17 shows the diffraction patterns of pristine Bi2Te2.7Seo.3s nanopowders
milled for 4, 8, 12, 16, and 20 hours. As shown, all peaks match the reference code
98-024-7619 [49], hence no contamination is present, and the composition was
successfully prepared. XRD data were also used to estimate the grain size of the
samples using Warren-Averbach and Williamson-Hall methods and the final data is
listed in Table 2. According to these results, Averbach is a better fit of higher
regression values, and 20 hours milling shows lowest grain size for the nanopowders

of 19 nm, hence the optimum milling time.
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Figure 17: XRD peaks for Bi2Te2.7Seo.s nanopowders milled for different hours.

39



HV (GPa)

Table 2

Grain Size of Bi2Tez.7Seo.3 Nanopowders Milled for Different Hours

Sample Code Grain Size (nm)

Milling hours Averbach R? Williamson-Hall  R?
4 20.23 0.73 27.99 0.20
8 21.28 0.80 31.91 0.21
12 19.64 0.82 26.34 0.09
16 19.57 0.84 27.48 0.29
20 18.55 0.81 24.80 0.48

Hardness was also performed to further confirm the optimum sample and the

results are shown in Figure 18. The highest HV value is 1.63 + 0.05 GPa for 20 hours

milled sample (N-20 hrs), and as the figure shows, the curve is becoming plateau at

the last couple of measurements, implying that optimum millings hours are reached.

Having high hardness is important for application purposes. Hence, XRD and

hardness results suggest that the optimum milling hours for the n-type bismuth

telluride understudy to produce the smallest Bi2Te27Seos nanopowders with high

hardness value is 20 hours.
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Figure 18: Hardness trend for Bi2Te2.7Seo.s milled for 4, 8, 12, 16 and 20 hours.

10 12 14
Milling time (hr)

16

18

20

22

40



Prepared Gr/Bi;Tez27Seos Composites

The optimum milling time of 20 hours was used to produce Gr/BizTe27Se0.3
composites listed in Table 1. The as milled composites were characterized with XRD,
hardness, SEM and Raman Spectroscopy, to confirm their purity, study their structure
and surface morphology. Figure 19 shows the XRD peaks for Gr/Bi2Te2.7Seo.s
composites. All composites had one phase and their peaks matches the reference of
the pristine sample. No peaks for graphene are visible since it was only added in small
amounts. Using data from XRD peaks, grain size was estimated and showed better
fitting for Warren-Averbach model. Since grain size depends mainly on the milling
time and all samples had the same milling hours, all are expected to have similar grain

size. This is confirmed from Averbach results in Table 3 as the average grain size for

all samples is found to be 16.89 + 1.3 nm.
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Figure 19: XRD peaks for Gr/Bi2Te2.7Seo.3 composites.
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Table 3

Grain Size of Gr/Bi2Te2.7Se0.3s Nanocomposites

Sample Code Grain Size (nm)

Milling hours Averbach R? Williamson-Hall  R?
Gr-10 min 16.30 0.91 19.48 0.40
Gr5-10 min 15.42 0.95 15.96 0.40
Gr5-1 min 17.51 0.91 18.75 0.45
Gr5-20 hrs 18.33 0.87 23.33 0.55

Moreover, Hardness values for the optimum pristine, as well as all composites

samples, are shown in Figures 20. The main trend observed is that samples with lower

graphene concentration of 0.05 wt.% had lower hardness values of an average of 1.53

+ 0.03 GPa compared to pristine of 1.63 + 0.05 GPa whereas higher graphene

concentration of 0.5 wt.% in Gr-10 min sample resulted in a much higher hardness

compared to pristine. Therefore, the HV value for the N-20 hrs sample is in between

the other two concentrations. Hence, graphene has the ability to control the hardness

of the composite understudy, as small amounts (e.g., 0.05 wt.%) can lower the

hardness value and higher amounts (e.g., 0.5 wt.%) can increase hardness values

significantly.
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Figure 20: Hardness trend for Gr/Bi2Te2.7Seo.3 composites.
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The surface morphology of the composites can be understood from SEM
results shown in Figure 21 (a) N-20 hrs (b) Gr-10 min, (¢) Gr5-10 min, (d) Gr5-1 min,
and (e) Gr5-20 hrs. The first thing to notice is the agglomeration of the nanoparticles
in all samples. Agglomeration is common in hanomaterials since small-sized particles
has a very high specific area (surface area to volume ratio), leading to a change in the
dominant forces acting on the material [50]. Hence, the existing weak forces of Van
der Waals have more effect on the nanoscale, causing agglomeration compared to the

same bulk materials.

Figure 21: SEM images for (a) N-20 hrs (b) Gr-10 min, (c) Gr5-10 min, (d) Gr5-1

min and (e) Gr5-20 hrs.
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Moreover, Figure 21 (a) shows the pristine BizTe2.7Seo.s sample showing the
only agglomeration of nanoparticles. However, Figures 21 (b) - (d) show graphene 2D
nanosheets within the composite (marked with red arrows). More graphene
nanosheets are noticed in Gr-10 min sample as it has more graphene concentrations of
0.5 wt.% compared to Gr5-10 min and Gr5-1 min samples of 0.05 wt.%. Further,
graphene in these samples was added in the last phase of milling 1-10 minutes; hence
it was able to maintain its structure. On the other hand, Gr5-20 hrs sample in which
graphene was added at the beginning of milling does not show any graphene sheets in
Figure 21 (e), as the brittle 2D structure was probably destroyed due to the long hours
of milling.

To further asses the degree of crystallinity for graphene platelets, Raman
spectroscopy analysis was done for all composite samples. Raman spectra for the two
main peaks in carbon-based materials are G peak coming from the graphitic structure,
and D peak originated from defective carbon, are shown in Figure 22 [51]. The range
of Raman shifts values of the samples is shown in Table 4 and is in a similar range as
other studies of graphene-based bismuth telluride composites [51, 52]. However, as
shown in Figure 22, the intensity of these peaks was different in different samples.
Hence, the intensity ratio of le/lp, which gives an approximation of the degree of
crystallinity for graphene platelets, was calculated, and the results are shown in Table
4. The lc/lp ratio for the as purchased graphene is 6.5. Comparing the ratio for the
composite samples with as purchased graphene suggested the following. It was
observed that milling graphene for the shortest time, in the sample where it was added
at the last minute (e.g. Gr5-1 min), had a close value to as purchased graphene of
6.35; hence it preserved its crystallinity the most. Milling graphene for a longer time,

in the samples where it was added at the last 10 minutes, Gr5-10 min and Gr-10 min,
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lowered the ratio a little. However, milling graphene for a longer time of 20 hours in
the sample where it was added at the beginning, Gr5-20 hrs, had lowered the ratio
greatly from 6.5 to 0.7, indicating that the crystallinity of graphene is almost
destroyed at this stage, explaining why no graphene nanosheets were observed in the

SEM image of this sample.
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Figure 22: Raman Shift for Gr/Bi2Te2.7Seo.3 composite samples.

Table 4

Raman Shift for Graphene in D and G Bands, and lc/lo Ratios of the Prepared

Composites

Sample Raman Shift (cm™) Intensity Ratio
D G lc/lp

Gr 1338.6 1567.3 6.551

Gr-10 min 1346.0 1572.4 2.518

Gr5-10 min 1346.4 1572.4 4.413

Gr5-1 min 1342.4 1569.3 6.351

Gr5-20 hrs 1349.3 1594.6 0.732
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TEM results represented as bright and dark field images for the as milled Gr5-
10 min sample are shown in Figures 23 (a) and (b), respectively. The bright-field
image shows equiaxial and randomly oriented grains. The dark field image was used
to calculate the grain size and grain size distribution for more accurate results and is
shown in Figure 23 (c). As presented, the average grain size is 19 + 6 nm, which is

slightly higher compared to the estimated grain size from XRD using Warren-

Averbach model of 16.89 + 1.3 nm, but still within the uncertainty range.

Average: 19.13nm
81 grains
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Figure 23: (a) bright field image, (b) dark field image, and (c) grain size distribution

for Gr5-10 min sample.
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The nonuniform distribution seen in the plot was noticed as well by Li et al.
[16] who prepared graphene-based BiTe composite via solid-state reaction. The
authors stated that the nonuniform distribution is due to the addition of graphene
particles into the layered matrix. Moreover, Robinson [53] prepared doped n-type
bismuth telluride using low energy ball milling. His results revealed a grain size of
17.7 nm after 72 hours of milling and 14.9 nm after 120 hours of milling. Due to the
lower energy of the method, he applied, longer times were needed to reach a similar
grain size as the sample under study. However, even after increasing the milling time
by 35%, only less than 3 nm reduction was observed. In addition, Shin et al. [51]
prepared reduced graphene oxide-based p-type bismuth telluride composite through
the melt spinning process. The study reported that the grain size of the matrix reduces
with the amount of graphene incorporated, which in return enhances the figure of
merit value due to increased scattering events. Hence, graphene amount and ball
milling hours are two important factors that affect the grain size of the material under
study, and both can help in enhancing the final structure and thermoelectric

properties.

Prepared Gr/Bi,Te27Seos Discs

Prior to conducting the thermoelectric measurements, XRD was done for all
prepared discs, and the resulting plot is shown in Figure 24. Compared to the as
milled power samples of the same composition, the peaks here are narrower and have
lower intensities. This implies that the grain size of the samples is different. Also,
there are more peaks showing for the discs. However, they all are related to the same

reference of the pristine sample; thus, no contamination from the compaction process
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occurred. To further study the effect of the compaction process on the prepared discs,
grain size calculations were done and are shown in Table 5. Again, Warren-Averbach
model is a better fit with regressions greater than 0.9. The average grain size of the
compacted bulk discs is 43.8 + 4.7 nm, meaning a total increase of 160% compared to
before compacting. This increase in grain size is expected and is mainly due to the
high temperature used during the SPS process. This is because the grains at high

temperatures tend to lower their internal energy by reducing the total area of grain

boundaries by the recovery process.
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Figure 24: XRD for Gr/Bi2Tez2.7Seo.s compacted discs.
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Table 5

Grain Size of Gr/Bi2Te2.7Seo.s Compacted Discs

Sample Code Grain Size (nm)

Warren-Averbach R? Williamson-Hall R?
N-20 hrs 38.56 0.93 43.92 0.41
Gr-10 min 44,18 0.94 42.26 0.39
Gr5-10 min 45.16 0.96 42.54 0.51
Gr5-1 min 40.41 0.95 37.16 0.27
Gr5-20 hrs 50.73 0.91 55.08 0.46

In order to understand the effect of heat on the behavior of the milled samples,
DSC was performed, and the results are shown in Figure 25. As the graph shows, all-
composite samples, as well as the pristine one, have two main peaks. The first starts at
an onset temperature around 375 °C, representing grain growth, while the second
peak’s onset starts around 415 °C and represents the melting point of matrix bismuth
telluride [54]. This explains the increase of grain size as the compaction process was
done at temperatures above grain growth peak, which is 580 °C. However, the grain
size of the compacted discs is still in the nano-range and thus, improvements in the

thermoelectric properties are expected.
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Figure 25: DSC results for Gr/Bi2Te2.7Seo.3s composite samples.

Thermoelectric Properties of Gr/BizTez7Seo.3 Discs

The results of the measurements for electrical conductivity, Seebeck
coefficient, and thermal conductivity of the pristine sample, as well as the graphene-
based bismuth telluride composites, are shown and explained next. From these
measurements, the power factor and figure of merit values were also calculated and
studied. All the results for the thermoelectric properties were studied starting from
room temperature till 300 °C since these alloys are used for near room-temperature
applications [15].

Electrical Conductivity

Electrical conductivity trends for the compacted discs are shown in Figure 26.

All samples showed a degenerate semiconductor behavior as their electrical
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conductivity decreases with temperature rise, which matches the trends of many
graphene-based n-type bismuth telluride studies [1, 8, 30, 44]. The reduction of
electrical conductivity with temperature rise is a result of the increased scattering
process of electrons, which lowers their mobility at elevated temperatures [44]. This
can be explained from equations (2) and (4) since an increase in the temperature,
exponentially lowers the mobility at the interface, and hence contributes to lowering
the total electrical conductivity. Moreover, the highest electrical conductivity values
at room temperature are 1418 and 1265S/cm? for Gr5-1 min and Gr5-10 min samples,
respectively. These are the samples with 0.05 wt.% graphene added in the last phase
of mechanical milling. These samples showed higher electrical conductivity than the
pristine one, hence enhancing the electrical properties of the composite. This result
agrees with the outcomes of Ahmed et al. [8] who prepared graphene-based Biz2Tes
composites of concentrations of 0.5. 0.75 and 1.5 vol.%. The electrical conductivity
for their composite samples was much higher than the base one. Ahmed et al.
explained that graphene addition introduces a donor-like effect that contributed to
enhancing the electrical conductivity of their composites. Hence, the addition of
graphene in small amounts while preserving its structure increases the electrical
conductivity of n-type doped bismuth telluride composites. On the other hand, the
addition of graphene at the beginning or in higher concentrations in the composites
led to a reduction in electrical conductivity values compared to pristine. Such
reductions in electrical conductivities due to graphene addition were also noticed by
Agarwal et al. [30] who prepared n-type bismuth telluride with 0.05 wt.% graphene
monolayer composites. The variation in graphene presence effect on the electrical
conductivity resulted from the tradeoff between the high conductivity of graphene

filler used, the lowered carrier concentration resulted from the change in bandgap due
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to the interface introduced, and because of the increased aggregation and carrier
scattering at interfacial boundaries [55]. Hence, depending on the amount and stability

of graphene during milling, electrical conductivity values can be tuned.

Electrical conductivity (S/cm3)

25 50 75 100 125 150 175 200 225 250 275 300
Temperature (°C)

=N - 20 hrs G715 - Imin =—=—Gr15 - 10 min G15-20hrs =—=—Gr - 10 min

Figure 26: Electrical conductivity trends for Gr/Bi2Te2.7Seo.3 samples.

Seebeck Coefficient

Seebeck coefficient trends versus temperature for the composite samples are
shown in Figure 27. The negative values of Seebeck imply that all samples are n-type,
where electrons are the main charge carriers. Taking absolute values, the optimum
temperature is 160 °C, and the maximum value of Seebeck reached is -155 puV/K for
Gr5-20 hrs sample, hence a total enhancement of 5%. All other composite samples
showed a reduction in Seebeck coefficient values compared to pristine. The main
difference between the improved and unimproved samples is the phase in which
graphene was added to the mill. Apparently, adding graphene at the beginning of the
mill leads to an increase in the Seebeck coefficient. Similar high increases in the
Seebeck coefficient were noticed by Ahmad et al. [8] who prepared the Gr/Bi2Te3

composite through ultra-sonification and ball milling. On the other hand, there are
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studies of graphene-based n-type bismuth telluride, which showed reductions in the
Seebeck coefficient for the composites compared to pristine. However, these were
prepared using other mixing techniques like solid-state reaction [16], the reflexing
method [1], and hydrothermal synthesis [44]. Moreover, at room temperature, the
highest Seebeck value of -128 pV/K is for Gr5-20 hrs sample. Followed by -120
MV/K for N-20 hrs, then -118 pV/K for Gr-10 min, -117 pV/K for Gr5-10 min and
finally -109 pV/K for Gr5-1 min sample. The opposite order of enhancing and
diminishing for the composite samples in the previous two parameters (electrical
conductivity and Seebeck coefficient) is a result of their different proportionality to

the charge carrier concentration [30].

25 50 75 100 125 150 175 200 225 250 275 300
Temperature (°C)

Seebeck Coefficient (uV/K)

—a—N - 20 hrs G15 - lmin —=—Gr5 - 10 min Gr5-20hrs —=—Gr - 10 min

Figure 27: Seebeck coefficient trends for Gr/BizTe2.7Seo.3 samples.

Power Factor

Power factor (S%c) is a representation of the combined effect of the previous
two thermoelectric properties, and its trend is shown in Figure 28. In general, samples
with 0.05 wt.% graphene showed higher values, while 0.5 wt.% sample showed lower

value, compare to pristine Bi2Te27Seo3 sample. The optimum temperature is 160 °C,
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and the best sample is Gr5-10 min. Further, at room temperature, the pristine sample
had a power factor of 1.4 mW/mK?, which is slightly lower compared to values
obtained by other studies who prepared similar n-type composition of pristine bismuth
telluride through ball milling such as Kim et al. [7] who got a power factor value of
1.63 mW/mK? and Nozariasbmarz et al. [56] who obtained 1.87 mW/mK?2. The
addition of graphene, in the case under study, improved the power factor value to 1.75
mW/mK? for the optimum Gr5-10 min sample at 25 °C. The optimum two samples,
which are with lower graphene concentration added during the last phase of
mechanical milling, were used for the renaming thermoelectric properties

investigation.
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Figure 28: Power factor trends for Gr/Bi2Te2.7Seo.3 samples.

Thermal Conductivity

Thermal conductivity trends for the two optimized samples of highest power
factors, as well as the pristine sample, are shown in Figure 29. According to the

obtained results, graphene addition increased the thermal conductivity of the
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composites. This does not match most of the studies who used graphene as a filler for
n-type undoped bismuth telluride and reasoned the reduction by the introduction of
new scattering events due to filler addition [1, 8, 30, 44]. Hence, to further understand
the effect of the total thermal conductivity, the electronic and lattice parts were
calculated using equations (6) and (7), and their plots are shown in Figures 30 and 31.
As shown, the lattice part of the total thermal conductivity reveals lower values for
graphene-based composite samples, matching the studies mentioned previously. On
the other hand, the electronic part of the total thermal conductivity had an opposite
effect on the composite samples. This effect, as equation (7) explains, is mainly due to
the extremely high electrical conductivity for these two samples, which are 30-45%
higher than the pristine one. The effect of the electronic part was more dominant,

hence leading to an undesirable rise in the total thermal conductivity.
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Figure 29: Thermal conductivity trends for pristine and optimized samples.
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Figure 30: Electronic thermal conductivity trends for pristine and optimized samples.
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Figure 31: Lattice thermal conductivity trends for pristine and optimized samples.

The Figure of Merit

The total effect of all previous parameters, represented through figure-of-
merit, is shown in Figure 32. Generally, the improvements in the power factor had
more effect on the ZT than the undesirable increment of the total thermal
conductivities. Hence, enhancements in ZT were observed for graphene composites.
Figure-of-merit trends show the highest ZT for Gr5-10 min sample, followed by Gr5-

1 min sample, then the pristine one. At room temperature, the ZT improved due to

56



graphene addition by 19% from 0.42 to 0.5 for the optimum sample, whereas at the
optimum temperature of 160 °C, ZT had a total improvement of 23% reaching a value
of 0.81, for the same sample. The other samples also exhibit an enhancement of 7-8%

compared to the pristine bismuth telluride.

ZT

25 50 75 100 125 150 175 200 225 250 275 300
Temperature (°C)
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Figure 32: ZT trends for pristine and optimized Gr/Biz2Te2.7Seo.3 samples.

Comparing these results to published work for n-type undoped Gr/Bi2Tes
samples reveals good overall improvements, as seen in Figure 33. Through ultra-
sonification and ball milling, Ahmed et al. [8] reached a maximum ZT value of 0.55
at 227 °C and 0.29 at room temperature with improvements of 588% and 190%,
respectively. Regardless of the very high percentages, the ZT is lower than the sample
under study since their pristine suffered from a very low figure-of-merit. Liang et al.
[44] used hydrothermal synthesis and obtained an optimum ZT value of 0.21 at 200
°C for a composite containing 0.2 vol.% graphene nanosheets. Moreover, Ju and Kim
[45] prepared Gr/Bi2Tes composite with several graphene concentrations but with two

different bismuth telluride matrixes, powder, and nanowires. The composites were
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prepared via wet-chemical synthesis and studied at room temperature. Only some of
the filler concentrations, the low ones, showed improvements in ZT. Adding reduced
graphene oxide filler to powder Bi2Tes matrix enhanced the optimum concentration of
1 wt.% from 0.24 till 0.3, whereas using nanowire Biz2Tes as a matrix improved ZT
from 0.31 to 0.4. Nevertheless, these values are lower compared to the doped bismuth
telluride composites under study. Kumar et al. [1] also used reduced graphene oxide
to prepare n-type composite via the reflexing method and reached a maximum ZT of
0.35 at 70 °C. On the other hand, Agrawal et al. [50] prepared 0.05 wt.% graphene
monolayer based Bi2Tes by simply mixing the purchased powders using agate mortar
and pestle. The research group obtained a high ZT value for the composite of 0.92 at
130 °C compared to 0.68 for the pristine. This high increase was due to improving the
thermoelectric properties of the sample through enhancing the Seebeck coefficient
rather than electrical conductivity. Thus, this study is the first that examines the effect
of graphene addition into doped n-type Bi2Tez27Seos, and the prepared samples had

higher ZT than most of the published data.
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CHAPTER 5: CONCLUSION

In conclusion, graphene-based n-type bismuth telluride (G/Bi2Te27Seo.3)

nanocomposite was successfully prepared through ball milling technique. Powders

were compacted using SPS and their thermoelectric properties were measured. The

final thesis remarks are:

The optimum milling time to produce nanostructured n-type material is 20
hours.

The prepared as milled powders had an average grain size of 17 + 1 nm and
after SPS process, the average grain size increased to 44 +£ 5 nm.

Hardness values for the graphene composites showed higher values for 0.5
wt.% graphene concentration, and lower values for 0.05 wt.% samples,
compared to pristine sample, hence showing the ability of graphene amount on
tuning the hardness of the samples.

The micro Raman analysis showed that mechanical milling of graphene at
short milling times results in maintaining the integrity of graphene
nanostructure in the composites.

Electrical conductivity trends showed the best results for samples with 0.05
wt.% graphene added in the last phase of mechanical milling, with up to 45%
enhancements.

Seebeck coefficient values were enhanced only for the sample where graphene
was added at the beginning.

The power factor parameter showed that the optimum samples are the ones
with 0.05 wt.% graphene added in the last phase of mechanical milling.

High graphene percentage resulted in lower power factor compared to pristine.
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The undesirable increase in the total thermal conductivity resulted from the
dominant effect of the electronic part of the parameter due to the high
electrical conductivities of the samples.

Regardless of the undesirable increase in thermal conductivity, the final figure
of merit values showed enhancements due to graphene addition.

The addition of 0.05 wt.% graphene increased the ZT by 19% at RT and by
23% at 160 °C over that of the pristine sample.

Both the nanostructuring and the presence of graphene nanofiller could be the
reason of the ZT enhancement.

Even though the final ZT was less than 1, high improvements were achieved
compared to most published data.

Compacting the samples at temperatures lower than 375 °C is expected to
show better results and higher ZT values.

A full investigation of the sample with the highest ZT value in order to
understand the structural reasons (such as using HR-TEM and STEM) would
enable to further tailor the thermoelectric properties.

Even though the SPS is a widespread technique to consolidate such materials,
recent results indicate the presence of micro and sub-micro cracks in the
compacted discs, which deteriorate the thermoelectric properties. Therefore,
the usage of another consolidation (such as Hot Isostatic Pressing) could

eliminate the influence of these defects and show better enhancements.
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