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ABSTRACT 

Recently, it has been notified that there is a shortage of fossil fuels in the near future and 

an alternative source of fuel is required to overcome the future energy crisis. In this context, 

subsequent research efforts have been carried out around the globe such as hydroelectric, solar 

power, fuel cell and so on. Among all, thermo-electric based devices are a promising area of 

research and have shown advantages for being used as an alternative source of energy for 

portable devices such as laptops, cell phones, electronic devices and so on. Thermoelectric 

devices are based on the energy conversion from the waste heat energy to electrical energy by 

using the Seebeck phenomena. Also such devices don’t emit any harmful gases and work 

without any moving parts. Thus these devices are more eco-friendly, portable, compact and self- 

reliable and can be directly utilized for portable electronic devices, smart devices and medical 

appliances.Though significant research is being carried out by different research groups, still the 

main drawback is the low energy conversion efficiency which is generally expressed in the 

figure of merit(ZT). 

Recently, it has been suggested that low dimensional thermoelectric materials such as 

nanowires, nanorods, nanoparticles have the ability to improve the figure of merit (ZT) by 

decoupling the Seebeck Coefficient, electrical conductivity and thermal conductivity. It has been 

also demonstrated that fabrication of nanocomposites by using the conducting nanofillers such as 

nanoparticles, nanorods, nanowires, CNT and graphene improve the thermoelectric energy 

conversion efficiency(ZT). Nanofiller helps to increase the electrical conductivity and at the 

same time reduce the thermal conductivity due to phonon blocking phenomena. 

In this research work, the first part of the thesis work mainly involves with the preparation of 

the three different bismuth telluride 1D nanomaterials and graphene oxide(GO). Different types 

of 1D bismuth telluride nanomaterials such as nanowires, larger and smaller size nanotubes were 

synthesized by using a wet chemical method by adjusting the amount of reducing agent. 

Graphene oxide(GO) was synthesized by modified Hummers method and then reduced to obtain 
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reduced graphene oxide(rGO) by thermal and chemical reduction. All the synthesized 

nanomaterials were analyzed by using different characterization methods such as XRD, RAMAN 

and TEM for structural, molecular and morphology analysis. The experimental results evidenced 

that few layers of GO and three different morphologies of the bismuth telluride(BizTes) 

nanostructures such as nanowires, larger diameter nanotubesand smaller diameter nanotubes 

were successfully obtained those were later utilized as fillers for preparation of GO/bismuth 

tellrude and rGO/bismuth telluirde based nanocomposites. 

The second part of this thesis work presents the synthesis and characterizations of a set of 

GO/bismuth telluride and rGO/bismuth telluride nanocomposites by using the mechanical 

alloying process by varying the amount of GO and rGO. The obtained different morphologies 

1D bismuth telluride nanomaterials such as nanowires, smaller diameter and larger diameter 

nanotubes were employed as source materials to investigate the impacts of morphologies of the 

starting 1D nanomaterials on the structural, molecular and morphologies of the obtained 

GO/bismuth telluride and rGO/bismuth telluride nanocomposites. The experimental analysis 

results from FESEM and TEM indicated that a high energetic ball-milling process breaks the 

larger diameter nanotubular structures during the process and possibly help to establish a strong 

contact between the nanofiller and matrix material as compared to the nanotubes with a smaller 

diameter. However, the nanowire or smaller diameter nanotubular structures are mostly 

decorated on the surface of the reduced graphene oxide that leads to no-perfect contact between 

the filler and matrix material. The thermo-physical properties of the fabricated GO/bismuth 

telluride and rGO/bismuth telluride nanocomposites were carried out later part of this thesis 

work. 

In the next part of this work, GO and rGO doped bismuth telluride nanostructures were 

synthesized by using the in-situ chemical rational approach. For this purpose, two different 

amounts of GO and 1rGO such as 5 mg and 10 mg were used as dopants to investigate the impacts 

of chemical doping process on the structure, morphology and composition of the GO and rGO 

doped bismuth telluride nanostructures. TEM and FESEM analysis results revealed that different 

morphologies 1D TE nanomaterials such as nano-screws, nanoplates/nanowires, and rough 
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surface thick wall nanotubes are obtained by controlling the concentration of the GO and rGO. 

XRD and Raman analysis results clearly indicated that GOs are reduced to rGO during the in- 

situ doping synthesis process. HRTEM analysis also indiacted the embedment of GO/rGO in the 

matrix bismuth telluride nanostructures. FT IR analysis results further indicate the formation of 

GO/rGO-bismuth telluride nanomaterials. 

The final part of this work presents the investigation of the thermo-physical properties such 

as Seebeck coefficient, thermal conductivity(k) and electrical conductivity of all synthesized neat 

bismuth telluride samples such as 0.8NW, 3.2NT, 8NT and the obtained GO and rGO based 

bismuth telluride nanomaterials prepared by mechanical alloying and in-situ doping process to 

ensure the best synthesis process to obtain the high figure of merit(ZT). The impacts of different 

morphological bismuth-telluride 1D nanomaterials as a source materials on the thermo-physical 

properties were also studied. All the obtained samples in the powder form were cold-pressed into 

disk-shaped pellets. Our experimental findings suggested that the inclusion of the higher amount 

of 1rGO either by ball-milling or in-situ chemically doping process improves the figure of 

merit(ZT). Furthermore, the experimental results indicated that the morphological(nanowires, 

smaller or larger nanotubes) of the source bismuth telluride has a vital role in the thermo- 

physical properties. The inclusion of rGO with the bismuth telluride opens a pathway for 

improving the figure of merit by decreasing the lattice thermal conductivity,simultaneously 

improving the electrical conductivity. However, more research efforts still require by using 

different pellet preparation processes to improve the electrical conductivity so that a high-value 

figure of merit(ZT) can be achieved. 
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Chapter 1 

Introduction 

1.1. Introduction 

The necessity for cleaner and sustainable energy is increasing day by day due to the 

exhaustion of fossil fuel supply and also due to the global warming effect[1]. Therefore, an 

alternative way of energy source is required to fulfill the shortage of energy in the future. 

Though several approaches have been carried out globally such as hydroelectricity, biofuel etc. 

more focus is to investigate different methods to generate cleaner and sustainable energy. Among 

all, thermoelectric based devices have shown great promise for producing electricity by 

conversion of heat energy to electrical energy[2][3][4][5]. Thermoelectric devices are solid-state 

energy convertors of thermal energy to electrical energy without any moving parts and harmful 

gas emissions, eco-friendly, portable, compact and self-reliable[6][7][8] and can be directly 

utilized for portable devices, smart devices and medical appliances[9]. 

Thermoelectric effect 

The direct conversion of thermal energy to electrical energy by inducing temperature 

difference in a material is called a thermoelectric effect. The materials those have potential to 

convert heat energy to electrical energy by inducing temperature difference are known as 

thermoelectric materials(TE)[10]-[20] such as Bismuth  telluride[21], Antimony 

telluridecomposites[22], Bismuth Bi,Selenium(Se) and Tellurium(Te) based composites[23], 

lead telluride (PbTe) [24], cobalt and antimony (MCoSb) based compounds where 

M=H£,Zr[25], antimony-telluride[26]and SiGe[27]. 
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Fig. 1.1. Basic demonstration of Thermoelectric effect in a single material. 

The Seebeck effect: 

When two different types of thermoelectric materials are joined together as shown in Fig 

1.1 and heat is supplied to one end of the material, then it produces a potential difference 

between the two ends, which is explained by the Seebeck effect[28]. It was discovered by 

Alessandro Volta in 1794 and later independently rediscovered in 1821 by Thomas Johann 

Seebeck. The Seebeck effect occurs in a single isolated thermoelectric material when it is 

subjected to temperature difference in itself. The ratio of generated voltage to the temperature 

difference is known as the Seebeck coefficient S[29]and is defined as, 

_ AV 

~ AT 
S 

Where AV is the generated potential difference and AT is the temperature difference. 

Figure of merit (ZT): 

The dimensionless parameter which is defined as the energy conversion efficiency of the 

thermoelectric material and is expressed as ZT[30][31]. It is given by the equation 

_ S?oT 

~  k 
  ZT 
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Where S is the Seebeck coefficient, o is the electrical conductivity, k is the thermal 

conductivity and T is operational temperature. The term ‘S70’ is known as the power factor of 

the TE material. Thus the efficiency of the thermoelectric material is directly proportional to the 

power generated or the power factor, that the electrical conductivity of the material should be 

high so that the energy lost by joule heating can be reduced with high electrical conductivity. 

Simultaneously the thermal conductivity of the material should be lower so that temperature 

conduction or the heat conduction can be minimized to maintain the temperature difference in 

the material. It is also important to consider the temperature at which these parameters are 

measured as ZT varies with temperature. 

Hence a good thermoelectric material should possess high electrical conductivity, high 

Seebeck coefficient and low thermal conductivity. Semi-conductor materials have a scope of 

changing the properties with different doping methods without affecting other properties [28]. 

Therefore, extensive research efforts have been carried out to improve the figure of merit of the 

TE materials. Though some progress has already been established to obtain bulk thermoelectric 

materials still, the energy conversion efficiency is very low[32]. Furthermore, very few thermo- 

electric materials have been reported at room temperature [33][34]. 

1.2. Literature Review 

Recently, it has been demonstrated that low dimensional thermoelectric materials [35] 

such as nanowires, nanorods, nanoparticles etc. have the ability to improve the figure of merit 

(ZT) by decoupling the Seebeck Coefficient, electrical conductivity and thermal 

conductivity[36]. Due to the quantum confinement effect at the nanoscale, it is possible to 

enhance the density of states that can increase the Seebeck coefficient without degrading the 

value of electrical conductivity [37]. In addition to this, due to phonon blocking effect, thermal 

conductivity can be further reduced without decreasing the electrical conductivity[38][39]. In 

this context, significant research efforts have already been carried out to improve energy 

conversion efficiency (ZT). By synthesizing nanoscale thermoelectric materials[40]. Few 

reported nanoscale thermoelectric materials with ZT value are shown in Table 1. 
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Table. 1 Current literature in TE materials 

Author TE Material Synthesis Process Densification K Peak ZT 

Process (W/mK) 

Cheng-Lung BixTe3 NW thin films Electro deposition - ~0.75 0.45 at 300K, 

Chen [41] 0.9 at 350K 

Ming Tan[42] (Sb, Bi)2Te3 NW arrays Evaporation - 0.93 1.72 

Nhlakanipho BizTe3 and Bi2Se3 Nano Wet chemical - - - 

Mntungwa[43] crystals 

Han Xu [44] Composites of BizTe3 Potentiostatic electro - - - 

with CNT deposition 

Fang Wu[45] BizTe3 nanopowder with Hydrothermal Hot pressed ~0.9 1.29 at 398K 

Ce, Sm and Y doping 

Fang Wu [46] BizTe3..—I, nanopowder Hydrothermal Hot pressed ~0.8 1.1 at 448K 

Kaleem Ahmad BizTes by incorporating Ultrasonicationand Hot pressed ~0.25 0.55 at 400K 

[47] the SWCNT magnetic stirring 

Xin Qi [48] Bi:Te3 Nanoplatelets Solvothermal Hot pressed 0.4 - 

Thomas Ludwig BizTe3 Nanoplatelets Solvothermal - - - 

[49] 
¥Y.Q.Cao[50] Bi2Te3 Nanotubes Aqueous chemical - - - 

method 

Michael BizTe3 Nanoplates Vapour —solid - ~1.2 ~0.2 

Thompson growth 

Pettes[51] 

Yimin Zhao [52] Bi2Te3 2D Nanosheets Surface assisted CVT - - - 

X. B.Zhao [53] BizTe3 Nanotubes Hydrothermal - ~0.8 ~l 

[Bejenari [54] Bi2Te3 Nanowires Theoritical - - ~3.4 

Desheng BizSe3, BizTe3 Nanoplates Vapor-solid - - - 

Kong[55] 

Y.H. Zhang [56] BizTe3 Nanopowders Hydrothermal Hot pressed ~0.9 0.58 at 480K 

Fei Ren [57] Bi-Sb-Te Ball milling Hot pressed ~1 1.2 at 350K 

Y.Q.Cao [58] {Bi,Sb),Te3 bulk Hydrothermal Hot pressed 0.9 1.28 at 303 K 

Nanostructure 

Bed Poudel [59] | Nanostructured BiSbTe Ball milling Hot pressing ~1 1.4 at 373K 

Xinfeng Nanostructured Bi2Tes3 Melt spinning Spark plasma | 0.58(Ki)) | 1.35 at 300K 

Tang[60] sintering 

Jiaging He [61] PbTe—PbSnS; Hot furnace melting - 0.8 CX) - 

Jiaging He [62] | PbTe-2%Sb nanoparticle | Hot furnace melting - 14 - 

Allon I. Si Nanowires Aqueous electroless - - 0.6 

Hochbaum [63] etching (EE) 

Kanishka Nanostructured SrTe- Hot furnace melting - ~1 1.7 at 800K 

Biswas[64] PbTe 

J. Jacimovic|65] ZnMnO;Nanoflakes Melting Cold-pressed - -   
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Furthermore, it has been also demonstrated that fabrication of nanocomposites by using 

the conducting nanofillers such as nanoparticles [66], nanorods, nanowires[67], CNT [68] and 

graphene could improve the thermoelectric energy conversion efficiency by increasing the 

electrical conductivity and at the same time by reducing the thermal conductivity due to the 

contribution from the conducting nanofillers and lattice scattering from the increasing number of 

the interface in the nanocomposites [69]. 

Recently, graphene incorporated TE materials have drawn significant interest to improve 

the efficiency of TE materials as it acts as the phonon-blocking barrier as it possesses inferior 

through-plane thermal conductivity[70][71][72]. 

Hyun Ju etal., have fabricated hybrid composites with nanowires of n-type BixTe3 and 

graphene by arranging ultrathin nanowires of BizTe3 between the layers of graphene in a layer by 

layer arrangement. They have taken Bi2Te3 nanowires and graphene in solution medium and 

ultrasonicated to form the hybrid structure, subsequently sintering at varying temperatures such 

as 573, 623, 673, 723, and 773 K. They have reported that with the increase of sintering 

temperature, the properties of the hybrid composite like electrical conductivity, grain size, as 

well as relative density, have also increased by decreasing interfacial density. Consequently, 

there is a reduction in the Seebeck coefficient and an improved ZT value to 0.25 at 623K[73]. 

Fangfang Tu et. al., have reported a novel wet chemical approach to synthesize hybrid of 

BiTe3-nanoplates and the nanosheets of graphene in a sandwich structure by arranging bismuth 

telluride nanoplates between two graphene sheets which were prepared previously by Hummer’s 

synthesis procedure[74]. 

Daewoo Suh etal., have developed a composite of expanded graphene and Bio.5Sbi 5Te3 

by ball milling methods followed by spark plasma sintering. Initially, the BiosSbisTe3 was 

synthesized by the wet-chemical process. At room temperature, 0.1 vol% of expanded graphene 

increases both carrier concentration and electrical conductivity up to 44% and 67% respectively, 

whereas the lattice thermal conductivity has decreased. At 360k, the highest ZT value is reported 

as 1.13[75]. 
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A.H. Li et. al., have investigated a comparative study of thermoelectric properties and 

electronic structures for single crystals of BixTe3and graphene doped BizTe3 polycrystalline 

material. As compared to the single crystal of BioTes, graphene/BixTe3 material possessed 

reduced thermal conductivity of 12 mW/cm Kwith an improvement in ZT value 1.5 times greater 

than BixTe3 single crystals[76]. Bin Feng et al.have synthesized the CoSb3-Graphene 

nanocomposites by preparing graphene and then adding the Co and Sb precursors to it. They 

have achieved a peak ZT of 0.6 and the lowest thermal conductivity of around 1.0 W/m-K[77]. 

Beibei Liang etal., have synthesized Graphene /BixTe3 composite by the hydrothermal 

procedure followed by the spark plasma sintering route to investigate the thermoelectric property 

of the composite materials. They have reported that, by a rise in temperature, the electrical 

conductivity of the composite has decreased from 1.03 x 10°S/m to 0.91 x10°S/m and in 

similarly thermal conductivity of the composite materials has also decreased with a rise in 

temperature. At 475K they have achieved the highest ZT of 0.21 for 0.2 vol % graphene 

concentration present in the composite material[78] 

In a similar way, Cong Li et al., have reported the development of graphene nanosheets 

incorporated into Bio4SbieTe3 nanocomposite by wet chemical synthesis approach. At a low 

concentration of graphene nanosheets, they have shown that a rise in electrical conductivity 

measured. On the contrary thermal conductivity reduced to 20 to 30%. They have reported the 

ZT value of 1.29 at 300 k and 1.54 at 440K for 0.3 vol.% and 0.4 vol.% graphene concentration 

in the composite structure[79]. Eun Sun Kim et al.have recently developed the bismuth telluride 

thin film on graphene substrate with silicon dioxide as an underlying substrate and have achieved 

significant thermoelectric power factor[80]. Chang wan lee et al.havereported bismuth telluride 

and antimony telluride on graphene substrates with SiO» as an underlying substrate and achieved 

35pW/cmK[8 1]. 

Jingdu dong et al.synthesized an in situ developed PbTe-graphene composite by 

uniformly sonicating graphene in DI water, subsequently adding Pb and Te precursors. They 

have achieved a low thermal conductivity of 0.6 W/mK[82]. Hyun Ju et.al, have fabricated 

composites consisting of nanowires of BixTe3 (diameter of ~15 nm and ~lum long) and 

graphene. They formed nanostructured bulk composites by wet chemical routes like ultra- 
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sonication followed by sintering. 0.5 wt% concentration of graphene generated 688.9 uW/m K? 

thermoelectric power factor as reported[83]. 

Tsung-Han Chen et al. developed bismuth antimony telluride, carbon thin films on 

silicon dioxide substrates by a laser ablation process. They have achieved a considerable 40-50 

uW/cm K? thermoelectric power factor[84]. 

Weon Ho Shin et al. have shown a melt spinning synthesis route for the fabrication of a 

composite material consisting of reduced GO and p-type Bio.36Sbi64Te3 where reduced GO is 

uniformly dispersed in the matrix of Bio36Sbi.64Te3. They have shown improvement in carrier 

mobility of the matrix with a 20% enhanced power factor. With an increase of reduced GO 

concentration, the grain size of the matrix of Bio.36Sbi.64Te3 reduced as a consequence; the lattice 

thermal conductivity decreased as there is increased grain boundary scattering. At 393K, for 

0.4% reduced GO concentration, the optimum ZT value is 1.16[85]. 

Bartosz Trawinski et. al., have studied the TE properties of a composite consisted of CNT 

(0.15 wt %)/amorphous Carbon (0.30 wt %) and a matrix of bismuth telluride synthesized by 

sonication followed by ball milling method. As a consequence of the addition of CNT, 

amorphous Carbon in the matrix, the electric conductivity varied from 1120 S/cm to 77 S/cm. 

And the Seebeck coefficient value ranged from -113 pV/K to 2 wV/K due to the electron 

trapping by amorphous carbon[86]. Khushboo Agarwal et al.mixed pure bismuth telluride and 

single-layer graphene in an agate mortar and pestle thoroughly and made the composite into 

pellets for TE property measurement. They have achieved a peak ZT of 0.9 and the lowest 

thermal conductivity of 0.4 W/mK[87]. 

Mohamed etal., have synthesized BigsSbis /commercial graphene composites with the 

help of mechanical alloying as well as a hot isostatic pressing route with different concentrations 

of commercial graphene materials like (wt % of 0.02, 0.04, 0.06, 0.08) and varying temperatures 

of 173-373 K. At the lowest temperature condition i.e., at 173K the optimum value of the power 

factor obtained is 3.7 x 10°W.m!.K? for 0.08 wt % of graphene in the composite material[88]. 

Hyun Ju et al., have fabricated composites of nanostructured graphene/ BizTe3 with three 

different ways such as BizTe3 powder synthesized from beads of BizTe3 by ball milling process; 

with nanowires synthesized by solution-phase synthetic approach and also with different 
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concentrations of graphene. 0.5 wt.% of the concentration of graphene present in graphene/ 

BixTe3 composite leads to enhanced power factor, Seebeck coefficients but a reduced electrical 

conductivity as well as lattice thermal conductivity. At 300 K, for lwt.% of graphene 

concentration present in the composite structure has given the optimum ZT value as 0.4 greater 

than BizTe3 powder and BizTe3 nanowires[89]. 

Jin Il Kim et al., have prepared n-type BirTe2.7Seo3/unoxidized graphene composites by 

using hydrazine hydrate subsequently followed by plasma-sintering of lamellar microstructure. 

While studying the thermoelectric property of the composite material it was found that there is a 

decrease in carrier concentration as well as an increase in Seebeck coefficient and thermal 

conductivity. The optimum ZT value was found as ~0.8 for 0.05 wt% concentration of 

unoxidized graphene[90]. V.D. Blank et al.mechanically alloyed bismuth antimony telluride and 

Ceo materials in a planetary ball milling. They have achieved a peak ZT of around 1.1 and 

lowered thermal conductivity of around 0.7 W/mK[91]. 

Hyun Ju et al. have fabricated a hybrid structure of BixTe3 nanowire/graphene, both one- 

dimensional n-type nanowires of BizTe3 and graphene nanosheets individually with the help of 

wet chemical method and Hummers method respectively. Later BixTe3 nanowires of lum and 

approximate diameter of 15nm, have been homogeneously dispersed between the layers of 

graphene (17 um) by following facile wet chemical synthesis and sintering process where the 

content of deposited BioTe3 nanowires on the surface of graphene film is 20 wt.% and 30 wt.%. 

In this reported nanocomposite, electrical conductivity has decreased from 310 to 247 S/cm with 

the increase of the content of BixTe3 nanowire from 0 to 30 wt.% credited to the large 

characteristic Seebeck coefficient and reduced electrical conductivity of BizTe3 nanowires ~ 210 

S/em. On an average of 20 wt.% BiTe3 nanowire content in the composite has shown an 

improved thermoelectric coefficient (ZT) of 0.2 at room temperature[92]. 

Dewen Xie et al. havezone-melted as well as spark plasma sintered and have followed to 

design p-type Bio.4gSb1.52Te3/ graphene composites. The electrical conductivity of the composite 

decreased with the increase of temperature from 300 to 550K. With the increase of graphene 

content, the value of electrical conductivity has decreased. On the contrary, there is an enhanced 
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power factor of 4.8 x 10° Wm'!K? with the increase of graphene content and an enhancement in 

the thermoelectric coefficient (ZT) of 1.25 at 320K[93]. 

Airul Azha et al p- and n-type bismuth telluride has been used to the doped organic 

hybrid film like PEDOT: PSS—glycerol. Later graphene particles of 0.02 to 0.1 wt% ranges have 

been used to optimize bismuth telluride—organic hybrid film using the spin coating method. As a 

result, electrical conductivity performance of the hybrid film enhanced with graphene dopant 

concentration have shownthe maximum value of 400 and 195 S/cm for both p- and n-type films 

respectively, at 0.08 wt% of graphene and a further increase of the graphene content showed a 

reduced value of electrical conductivity. With increasing in the doping concentration, p-type 

hybrid film possessed prominent enhancement in a thermoelectric property whereas n-type 

hybrid film exhibited a reversed phenomenon. P-type hybrid thin film exhibited seebeck 

coefficient and power factor value as 20 uV/K and 160 1 W m'! K”, as well as n type hybrid thin 

film, exhibited 10 uV/K and 19.5 1) W m"! K” respectively with graphene content 0.08 wt%[94]. 

Sunil Kumar et al. have studied Nanocomposites of BioTes;-graphene. They have 

synthesized the Nanocomposites by following the refluxing method where Bi2Te3 nanosheets 

were priorly synthesized with the help of the hydrothermal method. The graphene sheets were 

then added to the BizTe3 nanosheets solution on a refluxing method with atemperature of 373K 

for 4 hours, cooled and dried. This nanocomposite has shown an enhanced figure of merit (ZT) ~ 

53 % with an increase in electrical conductivity of ~111 % by decreasing thermal conductivity of 

~12 % after adding graphene[95]. 

1.3Challenges and current issues for improving the figure of merits in TE 

materials 

Though several strategies have been utilized to improve the figure of merit(ZT) of the TE 

materials, the recent literature studies indicated that ZT is still very low. Several materials issues 

are still there and it needs more research efforts to develop highly efficient thermoelectric 

materials. Also, it has been found from the current literature studies that 2D carbon-based 

material i.e. graphene has some potential to be utilized as a nanofiller in the host TE materials. 

Though some progress has already been carried out to use graphene as filler materials, still very 
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limited literature is available as per our knowledge. Furthermore, there is not much-reported 

literature available to use graphene as a dopant to prepare graphene doped bismuth telluride 

thermoelectric materials. Moreover, it has been also found from the literature review that the 

final sample preparation process and process parameters such as pressure applied for preparation 

of pellets, directions of applying pressure[96]97][98]and also the sintering process plays a major 

role in the thermoelectric properties of the fabricated nanostructured TE materials. 

Similarly, the orientation of filler nanomaterials in the matrix plays a major role in 

obtaining the desired properties which is a difficult parameter to control during 

fabrication/synthesis of the materials. Hence, careful observation and investigation are essential 

on synthesis procedures, alloying/doping elements by choosing appropriate doping materials and 

the matrix material with good electrical conductivity and possibly low electronegativity 

differences between the matrix and dopants. Different methods of sample preparation for 

characterizing the thermoelectric properties also play a major role i.e. the pressure applied for 

preparation of pellets, directions of applying pressure [97] and also the sintering methods as the 

densification happens during sintering and it is very important to carefully select the sintering 

methods which donot affect the material properties [98]. 

1.4The motivation of current work 

From the literature review on the recent developments of the TE materials, it is found that 

there is a significant improvement in the figure of merits bynanostructuring[99]-[112]. Several 

studies were reported in this chapter with various nanostructured or nanomaterials embedded in 

matrix TE materials to block the phonons. Recently it is found that hybrid materials like 

graphene-bismuth telluride have the further scope of achieving a higher figure of merits. Also 

that, all the above-mentioned works on graphene/bismuth telluride composite has focused only 

on synthesis and variation of filler materials (Graphene/GO/rGO) into the matrix (BixTe3) or 

variation of sintering temperatures etc. This has been the motivation behind this current work in 

order to develop novel ways of synthesis procedures like in-situ doping of GO/rGO into bismuth 

telluride materials and also investigating the morphological effects of bismuth telluride on 

GO/rGO-bismuth telluride based nanocomposites. 
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1.5The objective of current work 

The main objective of this research work is to develop graphene-based bismuth telluride 

(TE)nanostructured materials by using a cold sintering process and to investigate the best 

approach to achieve efficient TE materials for energy harvesting. For this purpose, two different 

approaches have been carried out to synthesize the graphene-based bismuth 

telluridenanomaterials. Firstly, by mechanical ball-milling graphene oxide (GO) and reduced 

graphene oxide(rGO) with one-dimensional bismuth telluride nanomaterials (nanorods and 

nanotubes) to prepare GO and rGO incorporated TE nanomaterials and secondly by in-situ 

chemically doping the graphene oxide (GO)/reduced graphene oxide (t(GO) with bismuth 

telluride. 

Finally, a comparative study of the impacts of the morphology of the starting bismuth 

telluride nanomaterials on the thermal conductivity, electrical conductivity and Seebeck 

coefficient of all the GO/rGO incorporatedand GO dopped bismuth telluride TE materials 

prepared by cold pressed process is presented. 

1.6Research methodology/Plan 

Following steps are executed to achieve the objectives of current work 

1. Synthesis of graphene oxide(GO) and reduced graphene oxide(RGO). Also the synthesis of 

1D BizTezand materials with different morphologies. 

2. Synthesis and study of conventional ball milling process of alloying different morphological 

BiTezsand GO/rGO ie.., 1D materials and 2D materials respectively to form a Nano- 

compositeand their properties are presented in later chapters. 

3. Development of a novel in-situ graphene doped process to obtain graphene doped bismuth 

telluride 1D nanomaterials. 

4. Structural, compositional, morphological of all the synthesized 1D bismuth telluride 

nanomaterials and their corresponding nanomaterials are investigated. 

5. Cold-pressed approach has been opted to obtain pellets for analysis of electrical and thermal 

conductivity of all the synthesized samples. 

6. Thermal conductivity, Seebeck coefficient and electrical conductivity of all the synthesized 

graphene-bismuth telluride nanomaterials by two different approaches are presented. 
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Chapter -2 

Synthesis and Characterization of GO/rGO and neat Bismuth 

Telluride Nanomaterials (Nanotubes and Nanorods) 

2.1 Introduction 

This chapter presents the synthesis and characterization of graphene oxide (GO), reduced 

graphene oxide (rGO) and neat bismuth telluride. The effect of the amount of reducing agent on 

the structure, morphology and composition is presented. The structural, molecular and 

morphological properties of all the synthesized neat samples were analyzed by XRD, EDS, 

TEM, FTIR, and RAMAN spectroscopy are presented in this chapter. 

2.2 Synthesis and characterization of graphene oxide and reduced Graphene 

oxide 

2.2.1 Synthesis of Graphene Oxide (GO): 

Graphene oxide (GO) was synthesized by using pristine graphite flake powder (~45u1m) 

by the modified Hummers method[113]. In a typical process, 5 gm graphite powder was taken in 

a 2000 mL beaker and 115 mL ofconcentrated H2SO4 (115 mL)and 2.5 gm of NaNO3 (2.5gm) 

were added to it. The above mixture solution was stirred for few minutes by keeping the glass 

beakers under an ice bath. Once the temperature of the above mixture solution reached 5°C 15 

gm of KMnO, (15gm) was added slowly. Later the ice bath was removed andthe mixture 

solution was stirred for one hour at room temperature on ahot plate. The solution temperature 

gradually increased from room temperatureto35°C in the next 2hr of continuous stirring. Then 

230 mL of deionized water(DI) was added and stirred for another 15 min and again diluted with 

700 mL of DI water.to it. Then, 50 mL of 30% H2O2was added to the mixture solution to reduce 
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the residual KMnOy. The above mixture solution waswashedseveral times with DI water 

followed by 80 mL of 35% HCluntil the pH value reached to 7. The as-obtained graphene oxide 

(GO) was finally collected by centrifuging, filtering and drying.The resulting graphene oxide 

(GO) was dried at 100°C for 12 hr in a vacuumoven to obtain the final product. 

2.2.2 Thermally reduced Graphene Oxide (rGQ): 

The reduced graphene oxide (rGO) was synthesized by using two different synthesis 

processes such as thermal reduction (at 300°C) and chemical reduction (using hydrazine hydrate 

as a reducing agent). In the first process, the dried GO was taken in a furnace and kept at 300°C 

to obtain the reduced graphene oxide (rGO). 

2.2.3 Chemically reduced Graphene Oxide (rGQ): 

Hydrazine hydrate was used as a reducing agent to reduce the graphene oxide into 

reduced graphene oxide[114]. It was usually called an oxygen scavenger because it can convert 

many oxidized metals into its pure form and it is a very effective reagent that removes the 

functional groups from the compounds. Graphene oxide consists of several functional 

groups,alcohol groups and carboxyl groups which can be removed by using hydrazine hydrate as 

a reducing agent. This removal of functional groups from the graphene oxide results in the 

separation of layers and thereby few-layered reduced graphene oxides can be obtained. 

For this process,250 mg of Graphene oxide was taken in a 500 mL beaker and 250 mL of 

DI water is added to it. It was sonicated for 60 minuntil a clearer solutionwas formed. Then 10 

mL of hydrazine hydratewas added to the mixture solution and kept in stirring at 95°C in a 

silicone oil bath. The sample was filtered and washed with DI water until the pH of the sample 

reached 7. Finally, the obtained product was dried at 60°Cfor 12hr by using a vacuum oven and 

finally, the dried rGO was collected. 

2.2.4. Characterization of Graphene Oxide and Reduced Graphene Oxide 

Figure 2.1 shows the XRD analysis of synthesized graphene oxide(GO). It is observed 

from Fig 2.1 that the graphite basal plane (002) shifts to thehigher interplanar distance (20=13.5 
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and d=0.655 nm) due to the oxygen functional groups attached to graphite layers indicates the 

oxidation of graphite to graphene oxide (GO). 
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Fig. 2.1 X-Ray Diffraction spectra of as-synthesized graphene oxide. 

RAMAN spectrum of the as-synthesized graphene oxide is presented in Fig. 2.2(a), 

which shows the broadening of the G and D peaks. This result indicates that the oxidation has 

happened and also shows the suppressal of the 2D band. A broad hump also appears in this 

region as shown in Fig. 2.2(a).Comparatively, with graphite, this graphene oxide shows a higher 

value of Ip/Ic ratio, which indicates the reduction in graphite domain size and formation of the 

disorder.It is also seen from Fig. 2.2(a), G band position redshifts while D band appears at 

1342cm1! (Ip/Ig = 0.97). The HRTEM analysis of the as-synthesized graphene oxide is shown in 

Fig. 2.2(b) which confirms a few layers of graphene oxide. 
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Fig. 2.2 (a) RAMANspectrum and (b) HRTEM images of as-synthesized graphene oxide (GO). 

The higher resolutions of TEM micrographs of graphene oxide are shown in Fig. 2.2(b) 

which represents the interplanar distances existing in the Graphene oxide layers. 

XRD pattern of thermally reduced graphene oxide (tGO) is shown in Fig. 2.3. It is found 

in Fig. 2.3 that GO (002) peak shifts to 20= 24.4, with interplanar distance about 0.364nm which 

indicates the removal of the oxygen-related functional groups. 
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Fig. 2.3X-Ray Diffraction pattern of as-synthesized thermally reduced graphene oxide (rGO). 
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Fig. 2.4 RAMAN spectrum of as-synthesized thermally reduced graphene oxide (th-rGO). 

RAMAN spectrum of thermally reduced graphene oxide (rGO) is presented in Fig.2.4. Both the 

D and G bands appear at 1335 cm’! and 1576 cm with corresponding Ip/Ic ratio is 0.84 
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Fig. 2.5 HRTEM images of as-synthesized thermally reduced graphene oxide (th-rGO). 

Figure 2.5 shows high-resolution TEM of the thermally reduced (rGO), indicating a few 

layers of rGO are obtained. 
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Fig. 2.6 X-Ray Diffraction spectra of as-synthesized chemically reduced graphene oxide (c- 

rGO). 

Graphene oxide(GO), which was synthesized by Hummers method was treated with 

hydrazine hydrate (reducing agent),to obtain the chemically reduced graphene oxide. XRD 
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pattern of chemically synthesized reduced graphene oxide (c-rGO) is shown in Fig. 2.6. It is seen 

from Fig. 2.6 that (002) a peak appears at 20= 24.4 with d= 0.364, indicating the removal of the 

oxygen-related functional groups. However, as compared to the thermally reduced-rGO, it is 

partially oxidized. RAMAN spectrum of the chemically reduced graphene oxide is presented in 

Fig. 2.7 It is observed that the D-band is slightly broadened and is shifted to around 1342 cm! 

and the G band to 1603 cm !{115]. This is due to the reduction in thickness and removal of 

functional groups from the graphene oxide. 
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Fig. 2.7 RAMANspectrumof as-synthesized chemically reduced graphene oxide (c-rGO). 

The high-resolution TEM image of the rGO chemically reduced is shown in Fig. 2.8, 

indicating few thin and transparent layers of the reduced graphene. 
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Fig. 2.8 HRTEM image of as-synthesized chemically reduced graphene oxide (c-rGO). 

2.3 Synthesis and characterization of neat Bismuth telluride thermoelectric 

nanomaterials 

2.3.1. Synthesis of Bismuth telluride nanostructures by rational wet chemical method 

Bismuth telluride nanomaterials were synthesized by using a wet chemical method. The 

flow process of synthesis is graphically illustrated in Fig 2.10. In a typical process 20mL of 

ethylene glycol (EG), 0.2gm polyvinyl pyrrolidone (PVP MW-40000) 0.6gm of NaOH and 

3mmol of TeO2 powder (99.999%) were added to a three-neck flaskand stirred at 160 °C in 

presence of nitrogen and at this stage 0.8 mL hydrazine hydrate solution was added which acts as 

reducing agent. After one hour of reaction, bismuth precursor (2mmol of Bismuth (111) nitrate 

(Bi(NO3)3.5H20) in 5mL ethylene glycol solution) was injected into the three-neck flask. 

The nitrogen purging was carried out at regular intervals throughout the reaction. The 

temperature inside the flask was monitored by a thermometer. A condenser with inlet and out of 

the water was kept on the top of the three-neck flask with running cold water as shown in the 

schematic (Fig. 2.9). After an hour of reaction, the mixture solution was collected and washed 
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several times with methanol followed by DI water. It was filtered to obtain the powder form of 

the sample. Finally, the obtained product was dried at 50 °C fir 12hr by using a vacuum oven. 

a 
| —p«-— Water outlet 

Condenser —+} 

  

f+ Thermometer 

Water inlet-—-+ 

     

N; gas inlet —+a — 

Three neck flask 

Hot plate and 

Magnetic stirrer 

Fig. 2.9 Experimental setup of BizTe3 synthesis. 

( 20 mL. Ethylene glyco! | [ 0.2 ¢ pve | | 0.6 g NaOH ] [0.4307 g TeO, |] 

| Heating 

    

  

After reaching 160°C 0.8 mL/3,2 mL/8 mL hydrazine hydrate is added | 

[After Ih from starting of reaction, Bi(NO );.5H,0 (2mmol)+ 5 mL Ethylene glycol] 

| After 1h 

  

  

  

  

Bi,Te,; Nanomaterials are formed 
  

Fig. 2.10 Flow chart for the synthesis of bismuth telluride nanomaterials by rational synthesis 

method. 
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The nomenclature of all the neat materials synthesized in this chapter is shown inTable 2.1. 

Table 2.1 All synthesized GO, rGO and bismuth telluride samples 
  

  

  

  

  

  

SI. No. Sample ID Synthesis Method 

1 GO Hummers Method 

2 rGO Thermally/ Chemically 

3 0.8-NW(NEAT) BizTes 0.8mL H.H. (Hydrazine Hydrate) 

4 3.2-NT(NEAT) BizTe3 3.2mLH.H. 

5 8-NT(NEAT) BizTes 8mL H.H.         
  

2.3.2. Characterization of different Bismuth telluride nanomaterials 

The pristine bismuth telluride nanomaterials were characterized by X-ray diffractometer 

Bruker D8 advance. Fig. 2.11 represents the corresponding XRD patterns of the as-obtained 

samples synthesized at 0.8mL, 3.2mL and 8mL amount of reducing agent. The corresponding 

diffraction planes are (015), (1010), (110), (0015), (205), (0210), (1115), (125) and (1022). As 

shown in Fig. 2.11 these planes match with the bismuth telluride rhombohedral structure 

(JCPDS:080021). It is found out that all the crystal planes are in good agreement with the 

standard diffraction planes of bismuth telluride; however, peak broadening is identified in the 

bismuth telluride nanotubes synthesized with 3.2mL reducing agent. 
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Fig. 2.11X-Ray Diffraction plots of as-synthesized BizTe3 nanomaterials with 0.8mL, 3.2mL and 

SmL reducing agents. 

Table 2.2Lattice parameters of the bismuth telluride nanomaterials with different morphologies 

  

Lattice parameter c (A) 

  

  

      

Sample ID Lattice parameter a (A) 

0.8-NW(NEAT) BizTe3 4.33 29.21 

3.2-NT(NEAT) BizTe3 4.38 30.24 

8-NT(NEAT) BizTe3 4.36 30.02     
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Lattice parameters of all the three samples have been calculated and tabulated in Table 2.2. The 

lattice parameters have been calculated for major planes of the bismuth telluride using the 

standard method[116]. 

Figures 2.12, 2.13 and 2.14 show the FESEM images of the samples synthesized by using 

0.8mL, 3.2mL and 8mL amount of reducing agent. It is seen from Fig. 2.12 that the sample 

synthesized by using 0.8 mL reducing agent consists of nanorods with an average length of 2.75 

tum and diameter nearly about 85nm. 
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Fig. 2.12 FESEM images of 0.8-NW-Neat BizTe3 nanostructures(obtained by using 0.8mL 

reducing agent). 

It is also seen from Fig. 2.13 that hollow nanotubes of BizTe3 with an average length of 

2.4um and diameters of 75nm are obtained when 3.2mL reducing agent was used. 
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Fig. 2.13 FESEM images of 3.2-NT-Neat BizTe3 nanostructures(obtained by using 3.2mL 

reducing agent). 
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Fig. 2.14 FESEM images of 8-NT-Neat BizTe3 nanorods(obtained by using 8mL of 

reducing agent). 
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Hollow nanotubes of BizTe3 with the smaller diameter of around 20-40 nm are observed 

as shown in Fig. 2.14 when 8 mL reducing agent was used for synthesis. 

Therefore, chain-like nanorods, larger diameter nanotubes and smaller diameter 

nanotubes are obtained by using 0.8mL, 3.2mL and 8mL amounts of reducing agents 

respectively. 

EDS analysis of all the three obtained bismuth telluridenanomaterials is shown in Table 

2.3. A significant change in the percentage composition of Bi to Te ratio is observed 

{a) 

  

  

  

      
  

Fig. 2.15 EDS spectra of (a)0.8NT, (b)3.2NT and (c)8NT- Neat samples 
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. It is found that 0.8-NW BixTe3 nanorods synthesized by using 0.8 mL RA possess Te 

rich compound. Whereas, 3.2-NT BioTe3 hollow nanotubes are Bi rich compound. On the other 

hand, 8-NT BwbTe3 hollow nanotubes with smaller diameter show near stoichiometric 

composition. 

Table. 2.3EDS analysis data of neatsynthesized bismuth telluride nanomaterials. 

  

  

  

  

Sample ID Bi% Te% 

0.8-NW(NEAT) BizTe3 34.29 65.71 

3.2-NT(NEAT) BizTe3 47.2 52.8 

8-NT(NEAT) BizTe3 42.65 57.3           

FTIR analysis wasperformed on all the as-synthesized different morphologybismuth 

telluride nanomaterial and the corresponding FTIR spectra are shown in Fig 2.16. Different 

bands appear at 640 cm, 1029em!, 1195, 1387cem!, 1468 cm!, 1653cm!, 1752cm', 2855cm 

1 2933cm'! and 3550cm' corresponding to C-O,C-C, CH3, -CH3, CH3(Asymmetric deformation) 

C=C, C-O, C=O -CHo- (Symmetric stretch)-CH2-(Asymmetric stretch) and also the O-H bonds 

(Fig. 2.16). FTIR results indicate that some hydroxyl (-OH) and carboxyl (-COOH) groups are 

present in all the synthesized samples. Possible reason for the presence of these groups is that the 

synthesis process involves a lot of chemicals and also a cleaning process with methanol and 

distilled water. Therefore these functional groups are present in the synthesized materials. 
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Fig. 2.16 FTIR spectra of as-synthesized different morphology BizTe3 nanomaterials. 

Figure2.17 shows the RAMAN spectra of all the synthesized bismuth telluridenanorods 

and nanotubes samples. As shown in Fig.2.17 different bands appear at 60 cm, 100 cm, 120 

cm! and 140 cm! and those correspond to Alig, Eg and A’. When the laser excites the 

Bi2Testhe atoms vibrating in basal planes can be attributed in E’smodes,these atoms vibrating in 

trigonal direction cab be attributed to the A'1,modes[112]. It is also observed that the intensity of 

E’,decreases for the sample 8-NT (NEAT) sample, possibly due to reduction in diameter of the 

nanotubes. This is significant as reported previously[48]. 
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Fig. 2.17 RAMAN spectra of as-synthesized 0.8mL, 3.2mL and 8mL (RA) Bi2Te3 nanomaterials. 

HRTEM studies were carried on the samples and Fig. 2.18, 2.19 and 2.20 represent the 

TEM and HRTEM images with SAED patterns for the samples synthesized with 0.8mL, 3.2mL 

and 8mL reducing agents, respectively. It is found the morphology of the sample synthesized at 

0.8mL RA is nanorod. The corresponding HRTEM image as shown in Fig 2.18 (b) shows the 

lattice spacing is near about 0.31nm. Also, it is clearly seen from Fig. 2.18(b) thatdislocations are 

present in this sample. 
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Fig. 2.18 (a) TEM, (b) HRTEM and (c)SAED pattern of as-synthesized 0.8-NW (Neat) Bi2Te3 

nanomaterial. 

From the TEM image ofbismuth telluride synthesized by 3.2mL RA as shown in Fig. 

2.19(a), the morphology of the sample is found to be hollow in nature. Small particle 

agglomerates are also observed in the TEM image. Corresponding HRTEM image from Fig. 2.19 

(b) shows the lattice spacing of 0.22nm which corresponds to the d spacing of (110) plane of 

bismuth telluride. 

     
ae 

. ; . é , N AN 

Fig. 2.19 (a) TEM, (b) HRTEM and (c)SAED pattern of as-synthesized 3.2-NT (Neat) Bi2Te3 

nanomaterial. 

Fig 2.20 (a) shows the TEM image of bismuth telluride synthesized by 8mL RA, hollow 

nanotubes morphology is observed. Fig. 2.20 (b) shows the corresponding HRTEM image and it 
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is found that d spacing is about 0.31nm and 0.22nm corresponding to the planes (015) and (110) 

respectively. 

(a) 

  

Fig. 2.20 (a) TEM, (b) HRTEM and (c)SAED pattern of as-synthesized 8-NT (Neat) BizTe3 

nanomaterial. 

Table 2.4 depicts the nomenclature of the different samples synthesised and later these 

samples have been used to synthesize the graphene-bismuth telluride based nanomaterials by the 

ball milling process. 

Table 2.4. Nomenclature of the different synthesized samples from this chapter. 

  

  

  

  

  

  

Nomenclature 

1 0.8-NW(NEAT) BizTes Nanorods 

2 3.2-NT(NEAT) BizTe3 Nanotubes 

3 8-NT(NEAT) BizTe3 Nanotubes (Smaller diameter) 

4 Neat GO/ rGO Chemical reduction 

5 Neat GO/rGO Thermal reduction           
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2.4 Conclusion 

Graphene oxide (GO) and reduced graphene oxide (rGO) were successfully synthesized 

by using modified Hummers method. Analytical and spectroscopic analysis results revealed that 

graphite flakes were oxidized to obtain GO with multilayers. Different amounts of reducing 

agents were used in synthesizing different morphological 1D bismuth telluride nanomaterials 

such as nanorods, larger diameter nanotubes and smaller diameter nanotubes. These 

morphologies were evidenced by FESEM and TEM results. 
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CHAPTER-3 

Fabrication and Characterization of GO/rGO-BinTe3 

Thermoelectric Nanocomposites by Mechanical 

Alloying 
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CHAPTER-3 

Fabrication and Characterization of GO/rGO-BiTe3 

Thermoelectric Nanocomposites by Mechanical Alloying 

3.1 Introduction 

In the previous chapter, synthesis of neat GO, neat rGO and different neat bismuth 

telluride nanomaterials with their optimized synthesis parameters have been discussed. This 

chapter presents the fabrication and characterization of bismuth telluride based nanocomposites 

by following the ball milling process, using GO and rGO as nanofillers. Different morphologies 

of bismuth telluride such as nanorods, nanowires, and nanotubes were synthesized by rational 

chemical approach as discussed in the previous chapter and were used as source materials to 

study the impacts of morphologies on the structure, morphology and thermophysical properties 

of the fabricated nanocomposites. Structural, morphological, and compositional characterizations 

have been carried out by XRD, FESEM, TEM, and EDS for all the synthesized hybrid materials. 

Thermophysical properties of all ball-milled GO and rGO-bismuth telluride nanocomposites are 

discussed in Chapter 5. 

3.2 Synthesis procedure: 

The synthesis procedure of neat bismuth telluride with different morphologies such as 

nanorods, smaller diameter, and larger diameter nanotubes have been discussed in the earlier 

chapter. These different 1D bismuth telluride nanomaterials were used as a host material to 

prepare the nanocomposites. Similarly, synthesis procedures of GO and rGO have been 

discussed in Chapter 2, have been prepared by modified Hummers’ method and thermal 

reduction respectively. The obtained GO and rGO were chosen as filler material in the 

fabrication of nanocomposites. 
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Fig. 3.1 Schematic of a planetary ball milling to fabricate the nanocomposites. 

GO and rGO-bismuth telluride nanocomposites were synthesized by mechanical alloying 

with a planetary ball mill (Fritsch Planetary Pulverisette 5/4 Classic line). For this purpose, 

stainless steel vials, ceramic zirconia balls were chosen. The ball to mill ratio was maintained at 

10:1 and 200 rpm milling speed for 90 min. In order to avoid the excess heat evolution during 

the ball-milling process, a 5 min break was taken after every 15 min of the ball-milling process. 

It was reported earlier that 3wt% of graphene/ BizTe3 NW composites have shown higher carrier 

mobility and carrier concentration[83]. Hence, the amount of the matrix(BizTe3)was taken as 

97% of total weight and the inclusion(GO/rGO) is 3% of total weight. The mechanical alloyed 

product was collected from the vials and stored in airtight sample containers to carry out further 

investigations. Table 3.1 shows the nomenclature of different synthesized nanocomposites with 

three different morphologies of bismuth telluride milled with GO and rGO separately resulting in 

6 samples. 
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Table 3.1 Nomenclature of the samples synthesized bismuth telluride nanostructures and 

nanocomposites. 

  

Nomenclature 
  

S.no Sample ID Sample Contents 

1 | 0.8NW-GO-BM1 | 0.8mL RA-Nanorod-BizTe3 -3%GO 

0.83NW-rGO-BM2 | 0.8mL RA-Nanorod-BixTe3 -3%rGO 

3.2NT-GO-BM3 | 3.2mL RA-Nanotube-BiTe3 -3%GO 

3.2NT-+-GO-BM4 | 3.2 mL RA-Nanotube-BizTe3-3 %rGO 

8NT-GO-BM5 8mL RA-Nanotube-BizTe3 -3%GO 

8NT-1GO-BM6 8mL RA-Nanotube-BixTe3-3 %rGO 
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3.3 Structural characterization by X-ray Diffraction 

XRD pattern of BixTe3 and the corresponding GO/rGO-BiTessamples is shown in Fig 

3.2 (a-c) (JCPDS card no. 080021). The peaks appear at 27.6°, 37.8°, 41°, 45.5°, 50.29, 57.49% 

62.53°, 67.36° and 73.12° corresponding to (015), (1010), (110), (0015), (205), (0210), (1115), 

(125), (1022) planes can be indexed to the rhombohedral structure (JCPDS card no.08002/).It is 

also found that the peaks those are corresponding to GO and rGO are not observed in the XRD 

pattern of the nanocomposites as shown in Fig. 3.2(a-c), possibly due to the overlapping with the 

(O15) peak of the BixTe3. In order to confirm the coupling of the rGO/GO with BioTes, 

RAMANSpectroscopyand FTIR measurement were performed and are discussed in the 

subsequent sections. 
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Fig. 3.2X-ray diffraction patterns of (a) 0.8-NW neat Biz2Te3 along with GO- BizTe3 (BM1) and 

rGO- BizTe3(BM2) nanocomposite, (b) 3.2-NT neat sample BizTe3 along with GO- BizTe3 (BM3) 

and rGO- Bi2Te3(BM4) nanocomposite and (c) 8-NT neat BizTe3 along with GO- BizTe3 (BM5) 

and rGO- BizTe3 (BM6) nanocomposite. 

The lattice parameters of all the samples were calculated and by using the standard 

method [116] shown in Table 3.2. 
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Table 3.2 Calculated lattice parameters of the obtained samples. 

  

  

  

  

  

  

  

  

  

  

Sample ID Lattice parameter a (A) Lattice parameter c (A) 

0.8-NW-Neat-BizTes 4.33 29.21 

0.8NW-GO-BM1 4.36 30.15 

0.8NW-rGO-BM2 4.36 30.02 

3.2-NT-Neat-BizTes 4.38 30.24 

3.2NT-GO-BM3 4.36 30.15 

3.2NT-rGO-BM4 4.36 29.72 

8NT-Neat-BizTe3 4.36 30.02 

8NT-GO-BM5 4.36 30.11 

8NT-rGO-BM6 4.37 30.21           

The lattice parameters (a,c) of the bismuth telluride nanostructures material are about 

4.38 A and 30.4 A [117]. It is found that lattice parameters do not change so much for all the 

samples. However, the lattice parameter (c) changes slightly from 29.21 A and 29.72 A for the 

0.8-NW-neat- BixTe3 and 3.2NT-rGO-BM4 samples. 

3.4 Morphological characterization by FESEM and TEM 

Morphological investigations of all the samples were carried out by field emission 

scanning electron microscope NOVANANO SEM with the electron gun (FEI). For the FESEM 

and TEM investigations, the samples were prepared by taking a few mg of sample in 50 mL 

distilled water and sonicated for one hour and were drop-casted on the pre-cleaned silicon 

substrate and on the copper grid for TEM respectively. 
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Fig. 3.3 FESEM images of the 0.SNW-GO-BM1 nanocomposite. 

The mechanically alloyed 0.8NW-GO-BM1 sample was taken in a glass beaker 

containing DI water and sonicated for one hour. One drop of this solution dried on a silicon 

substrate for FESEM characterization. Fig. 3.3 shows the FESEM image of this sample. It is seen 

that bismuth telluride nanorods are cited on the surface of GO sheets, as shown in Fig. 3.3. It is 

also observed that the high energy ball mill has resulted in the breakage of nanorods in 

lengthwise.The corresponding length after ball milling is 1.5 microns; however, the as-prepared 

sample consists of a length ofabout 2.75 microns. 

Fig.3.4shows the FESEM image of 0.8NW-rGO-BM2 sample. As shown in Fig.3.4 

nanorods of bismuth telluride are broken as compared to the original length before ball-milling. 

Also, it is found that (Fig.3.4)the smaller size broke nanorods align themselves in between the 

GO sheets. 
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Fig. 3.4 FESEM images of the 0.3NW-rGO-BM2nanocomposite. 

Fig 3.5 shows the FESEM image of the 3.2-NT-GO-BM3 sample. It is seen from Fig 3.5 

that nanotubes are broken and decorated throughout the GO sheets. 
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Fig. 3.5 FESEM image of the 3.2-NT-GO-BM3nanocomposite. 
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Fig 3.6 shows the FESEM image of the 3.2-NT-rGO-BM4 sample. It is found that most 

of the nanotubes are broken and agglomerated on the surface of GO sheets (Fig 3.6). 
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Fig. 3.6 FESEM images of the 3.2-NT-rGO-BM4nanocomposite. 

Fig.3.7 shows the FESEM image of 8-NT- GO- BM3 sample. As shown in Fig.3.7 low 

diameter nanotubes of Bi2Te3 are spread over the surface of GO sheets. However, it can be seen 

that the nanotubes are broken and slightly agglomerated. The size of the nanotubes has become 

900 nm as compared to the 2.4 microns before ball milling. 
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Fig. 3.7 FESEM images of the 8-NT-GO-BMSnanocomposite. 
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Fig. 3.8 FESEM images of the 8-NT- rGO-BM6nanocomposite. 
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Fig.3.8 shows the FESEM image of 8-NT-rGO-BixTe3sample. Low diameter nanotubes 

of BixTe3 werespread over the surface of rGO sheets.And here also the low diameter nanotubes 

appeared to be broken and slightly agglomerated. The length of nanotubes has become nearly 

450nm as compared to the | micron lengths before ball milling. 
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Fig.3.9 FESEM images of (a-c) 0.85-NW neat BizTe:; NWs and the corresponding GO/rGO- 

BizTe3-nanocomposites, (d-f) 3.2-NT neat BioTe; larger diameter nanotubes and_ the 

corresponding GO/rGO-BizTe3- nanocomposites and (g-i) 8-NT neat BizTe3 smaller diameter 

nanotubes and the corresponding GO/rGO-BizTe3-nanocomposites synthesized by the 

mechanical alloying method. 

The Fig.3.9 shows the comparative FESEM images of all the neat bismuth telluride 

materials and also the nanocomposites formed by mechanical alloying. For instance, the 

nanocomposites which were synthesized by employing the nanowire structure retain the 

nanowires (0.8-NW) morphology after the formation of nanocomposites (Fig. 3.9(b,c)).On the 
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contrary, the nanocomposites, those were synthesized by applying the larger diameter nanotubes 

(3.2-NT)do not retain the nanotubular morphology. However, smaller diameter nanotubes (8- 

NT) based nanocomposites still retain some level of the original structure. 

Thus, the FESEM images indicate that the mechanical alloying process breaks the 

bismuth telluride nanotubular structure after the mechanical alloying process, possibly due to the 

high energetic process. Furthermore, it indicates that larger diameter nanotubes are damaged 

more from its original nanotubular structure (Fig.3.9 (e,f)). Hence, the morphology of the 

original BizTe3 nanostructures directly impacts the final morphology of the fabricated bismuth 

telluride nanostructured material. Moreover, it is also observed from the FESEM analysis (as 

shown in Fig. 3.9 (b) that no perfect contact occurs between the BixTe3 nanowires with the 

GO/rGO for the GO/rGO- BioTe3 nanostructured material when nanowires (0.8-NW) are 

employed as nanofiller. In contrast, a strong contact between the GO/rGO occurs with the BizTe3 

nanostructures for the GO/rGO- BiTes nanostructured material when nanotubular structures 

(3.2-NT and 8-NT)are employed as nanofiller (Fig.3.9 (e,f,h,i)). The possible reason for the 

obtained result is that during the mechanical alloying process, the BizTe3 nanotubes destroyed its 

nanotubular structure due to its hollow nature. Thus, easily incorporated with the GO/rGO, 

whereas BixTe3 nanowires still retained its physical structure, as shown in Fig. 3.9(b) and (c) 

after the mechanical alloying process, the GO/rGO were not incorporated into the filler materials 

instead, they were decorated on the surface of the GO/rGO due to the hydrophobic nature of the 

graphene sheets. 

The morphology of the bismuth telluride samples and their composites was previously 

shown (Fig. 3.9). However, the additional microscopic analysis was also carried out by TEM to 

observe the detailed morphology of all the synthesized samples. Fig. 3.10(a,d,g) shows the TEM 

image of the single bismuth telluride nanostructure synthesized by 0.8 mL, 3.2 mL and 8 mLRA, 

respectively, indicates that nanowires with the diameter about 200-250 nm are obtained when 0.8 

mLRA was used on the other hand nanotubular bismuth telluride with the larger diameter about 

90-120 nm and smaller diameter about 50-70 nm are obtained when 3.2 mL and 8 mLRA were 

utilized in the synthesis process. Thus, TEM images confirm that different one-dimensional 
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nanostructures such as nanowires, nanotubes with larger and smaller diameter bismuth telluride 

are successfully obtained by adjusting the amount of the RA, which is consistent with the 

FESEM results (Fig. 3.9). 

  
Fig. 3.10.Comparative TEM images of (a-c) 0.8-NW neat BizTe3 NWs and the corresponding 

GO/rGO-BizTe3-nanostructured material, (d-f) 3.2-NT neat BizTe3 larger diameter nanotubes 

and the corresponding GO/rGO-Bi2Te3-nanostructured material and (g-i) 8-NT neat BizTe3 

smaller diameter nanotubes and the corresponding GO/rGO-Bi2Te3-nanostructured material 

synthesized by the mechanical alloying method. 

Fig.3.10(b,e,h) shows the TEM images of the GO-bismuth telluride composites by 

employing the bismuth telluride consisting of nanowires, larger nanotubes and smaller nanotubes 

as source materials. It is clearly seen that when nanowires or smaller diameter nanotubes ball- 
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milled for preparation of the composites, nanowires and smaller nanotubes are dispersed on the 

surface of the GO/rGO sheets in the fabricated composites without breaking the original 

structure. On the other hand, when larger diameter nanotubes are ball-milled with the GO, the 

original nanotubular structure got destroyed as shown in Fig. 3.10(e,f) and incorporated with the 

GO. The same morphology is also observed for the rGO-bismuth telluride composites as shown 

in Fig. 3.10(c,f,i) indicating that when the nanowires and smaller nanotubes are ball-milled with 

rGO then their original morphology is not destroyed and dispersed on the surface of the rGO 

sheets. It is also noticed that nanowires and smaller nanotubes agglomerate in the fabricated 

composites as shown in Fig. 3.10(i) and 3.10(c). Thus nanowires and smaller nanotubes 

dispersed on the GO/rGO surface-based composites are obtained when nanowires and smaller 

nanotubes are used in the ball-milling process. In contrast, no dispersion of the larger bismuth 

telluride nanotubes on the GO/rGO surface is found (Fig. 3.10(e,f)), instead the larger diameter 

bismuth telluride are totally embedded in the composites by destroying the one-dimensional 

tubular nanostructure. 

Thus, different morphology-based GO/rGO- bismuth telluride composites are obtained by 

taking bismuth telluride nanowires, smaller nanotubes, and larger nanotubes. The morphological 

dependent Seebeck coefficient and room temperature thermal conductivity are discussed by 

choosing these synthesized samples in chapter 5. 

3.5 Compositional analysis by EDS 

The elemental analysis was performed by using EDS on all the samples. For the sample 

preparation purpose, few gm of the obtained sample was dispersed on a conducting tape for the 

analysis. Further, gold was sputtered on the samples for FESEM-EDS analysis. Fig. 3.11 

represents the EDS spectra of all the obtained ball-milled GO and RGO- bismuth telluride 

samples. 
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{c) f (d) 
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Fig. 3.11EDS spectra of (a) 0.8SNW-GO-BM1], (b)0.SNW-rGO-BM2, (c)3.2NT-GO-BM3, 

(d) 3.2NT-rGO-BM4, (e) 8NT-GO-BM5 and (f)8NT-rGO-BM6 samples synthesized by 

mechanical alloying method. 

Elemental analysis of all the nanocomposites synthesized by mechanical alloying 

indicates that a significant change in the percentage composition as compared to the 

corresponding neat BirTe3. However, the GO-BizTe3 Nanocomposites are well-formed with the 

large surface of BixTe3 being predominantly occupied with Graphene Oxide, hence the elemental 

percentage of GO-BizTe3 nanocomposites are dominated by Carbon and oxygen which is shown 

in table 3.2. It is due to the high surface to volume ratio of Graphene oxides and also the high 

affinity towards bonding with BizTe3 matrix. 
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Table. 3.2 EDS elemental analysis of the neat BizTe3 and the corresponding GO/rGO - 

BizTe3 nanocomposites synthesized by the mechanical alloying method (Wt-weight, At-Atomic, 

Err-Error) 

  

Sample ID C% O% Bi% Te% 

  

Wt At Wt At Wt At Wt At 

  

0.8NW-Neat BizTes S © ° ° 48.32 | 36.34 | 51.68 | 63.66 

  

0.8NW-GO-BM1 19.16 | 63.42 | 07.27 | 18.07 | 36.3 6.91 37.27 | 11.6 

  

0.8NW-rGO-BM2 32.29 | 72.67 | 10.3 | 17.41 | 27.26 | 3.53 30.15 | 6.39 

  

3.2NT-Neat BizTe3 S © ° ° 50.86 | 38.73 | 49.14 | 61.27 

  

3.2NT-GO-BM3 21.13 | 61.93 | 10.34 | 22.76 | 33.42 | 5.62 35.11 | 9.69 

  

3.2NT-rGO-BM4 19.71 | 61.15 | 9.43 | 21.96 | 33.42 | 5.96 37.44 | 10.93 

  

8NT-Neat-BizTes; S © ° ° 48.84 | 36.82 | 51.16 | 63.18 

  

8NT-GO-BM5 16.26 | 59.21 | 7.07 | 19.34 | 36.2 7.58 40.47 | 13.87 

  

8NT-rGO-BM6 24.60 | 69.38 | 7.51 | 15.90 | 31.93 | 5.18 35.96 | 9.54                         

The distribution of graphene and graphene oxide is non-uniform in the composite 

formation during the mill, which also resulted in high C% depending on the regions with more 

layers of GO/rGO. The following are the regions of EDS analysis of all the samples. The sample 

regions at which EDS analysis was performed on all the samples are shown in Fig 3.12. 
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Fig.3.12 EDS regions of (a-c) the 0.8-NW-Neat BizTe3; NWs and the corresponding GO/rGO- 

Bi2Tesnanocomposites, (d-f) the 3.2-NT-Neat BizTe3 larger diameter nanotubes and the 

corresponding GO/rGO-BizTe3 nanocomposites and (g-i) the 8-NT-Neat BizTe3 smaller diameter 

nanotubes and the corresponding GO/rGO- BizTe3- nanocomposites synthesized by the 

mechanical alloying method. 

3.6 RAMAN analysis 

Raman spectroscopy was performed and the corresponding spectra for all the samples are 

shown in Fig. 3.13(a-d). It indicates that the two characteristics peak of the GO and rGO, the D 

peak appears at 1366cm! and the G peak at about 1600cm'![114][113], clearly indicates the 

formation of the GO/rGO-BixTe3 nanocomposites. Fig.3.13(d) represents the Raman spectra of 

all the three neat samples, which were synthesized at 0.8 mL, 3.2 mL and 8 mL reducing agent. 
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Fig. 3.13Raman spectrum of synthesized (a) 0.8-NW neat BizTe3 NWs and the corresponding 

GO/rGO-BizTe3-nanocomposites, (b) 3.2-NT neat BizTe3 larger diameter nanotubes and the 

corresponding GO/rGO-BizTe3- nanocomposites and (c) 8-NT neat BizTe3 smaller diameter 

nanotubes and the corresponding GO/rGO-Bi2Te3-nanocomposites synthesized by the 

mechanical alloying method.(d) neat BizTe3 synthesized at 0.8mL, 3.2mL and 8mL RA (20- 

200cm! range). 
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As shown in Fig. 3.13(d), the peaks appear at 60cm, 100 cm, 120cm™ and 140cm'! 

which correspond to Alig, E”2z, Aiu, and A’ig modes, respectively. However, the Raman peaks 

for the Aiu and A?ig modes are broad for the two samples those were synthesized by using 0.8 

mL (0.8-NW-Neat) and 3.2 mL(3.2-NT-Neat) reducing agent as compared to 8 mL(8-NT-Neat) 

reducing agent synthesized bismuth telluride sample.The possible reason for this is the decrease 

in the size of the nanotubes which were synthesized by using 8 mL reducing agent (8-NT-Neat). 

3.7 FT IR analysis 

Furthermore, to understand the molecular structure, FTIR spectra were recorded and Fig. 

3.14(a-c) shows the FTIR spectra of all the neat BixTe3 and the corresponding nanocomposites. 

The band appears at about 3400cm" corresponds to the O-H starching vibration, at 1734cnv 

‘which corresponds to the typical stretching vibration of the C=C from the carbonyl and 

carboxylic groups[114][110]. 
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Fig. 3.14 Typical FT IR spectra of the synthesized (a) 0.8-NW neat BizTe; NWs and the 

corresponding GO/rGO-Bi2Te3-nanocomposites, (b) 3.2-NT neat Bi2Te3 larger diameter 

nanotubes and the corresponding GO/rGO-BizTe3-nanocomposites and (c) 8-NT neat Bi2Te3 

smaller diameter nanotubes and the corresponding GO/rGO-BizTe3- nanocomposites synthesized 

by mechanical alloying method. 

The characteristic peak appears at 1200-1400cm''could be attributed to epoxy and alkoxy 

groups[114][110]. At 1384 cm? and 1464 cm, the bands of CH3 symmetric and asymmetric 

peaks were present. The band appears at 2900 cm! corresponds to the asymmetric stretching 
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mode of the CH2 group[118]. Thus, FT IR analysis clearly indicates that all the synthesized 

samples consist of -COOH, C-O, CHo, and the O-H groups, it may be possible that some of these 

groups are present due to the chemical synthesis process which includes washing with DI water 

and methanol. Furthermore, from the FT IR spectra as shown in Fig. 3.14(a-c), all the samples 

synthesized by employing GO as nanofiller show higher content of —OH functional groups 

because GO consists of -OH and -COOH group as discussed earlier. 

3.8 Conclusion 

BiTe3-GO/GO nanocomposites were fabricated by using nanowires, large-diameter 

nanotubes and smaller diameter nanotubes of BixTe3as source materials which were 

mechanically alloyed with GO/rGO as nano inclusions. All the as-obtained nanocomposites were 

characterized by XRD, EDS, FESEM, FI IR and Raman spectroscopy for structural, 

compositional, morphological and molecular structure analysis. 

The experimental results indicated that the high energy ball milling process breaks the 

larger diameter nanotubular structures during the process. Thus, possibly help to establish a 

strong contact between the nanofiller and matrix material as compared to the smaller diameter 

nanotubes. However, the nanowire structures retained its physical structure after the mechanical 

alloying process and mostly decorated on the surface of the graphene, which leads to no perfect 

contact between the filler and matrix material. Further studies of its thermoelectric properties of 

all the obtained nanocomposites are discussed in chapter-5. 
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Chapter 4 

Synthesis and characterization of chemically in-situ 

doped GO/Bi2Te3 and rGO/Bi2Te3 nanomaterials 
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Chapter 4 

Synthesis and characterization of chemically in-situ doped 

GO/BirTe3 and rGO/BizTe3 nanomaterials 

4.1 Introduction 

This chapter deals with the preparation of GO and rGO chemically doped bismuth 

telluride 1D nanomaterials by using a wet chemical rational approach. The obtained GO and rGO 

(discussed in Chapter 2) were used as dopants for this purpose. In situ chemical doping process 

was carried out during the synthesis of 1D bismuth telluride by rational approach. All the 

chemically synthesized in situ GO and rGO doped bismuth telluride nanomaterials were 

characterized by using XRD, RAMAN, FT IR, FESEM, TEM, and EDS for structural, 

morphological and compositional analysis are discussed in this chapter. The influence of 

different amounts of GO and rGO dopants on the structure, morphology, and composition of the 

obtained GO and rGO doped BixTesnanomaterials are investigated and discussed. Thermo- 

physical properties of all the obtained GO and rGO doped BizTe3nanomaterials are discussed in 

Chapter 5. 

4.2 Experimental procedure 

20mL of ethylene glycol (EG), 0.2 gm of polyvinyl pyrrolidone (PVP MW-40000) 0.6gm 

of NaOH and 3 mmol of TeO2 powder (99.999%) were taken in a three-neck flask and stirred at 

160°C in N2 atmosphere and 0.8 mL of hydrazine hydrate solution was injected into the mixture 

solution once the temperature of the solution reached at 160°C. After one hour of reaction, the 

bismuth precursor 2mmol of Bismuth (111) nitrate (Bi(NO3)3.5H2O) and 5mL ethylene glycol 

solution is injected into the reaction with addition 5mg GO, the reaction was continued for 

another one hour. The product obtained was collected and washed several times with methanol 

and then DI water, then dried in a vacuum furnace at 50°C for 12 hr. This synthesis procedure is 

schematically explained in the flow chart as shown in Fig. 4.1. 
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Fig. 4.1. Flow chart for the synthesis procedure of GO/rGO doped bismuth telluride 

nanomaterials. 

In the same process, a set of different samples were synthesized by using 10 mg GO, 5 

mg rGO and 10 mg rGO as dopants. 

Table 4.1 shows the nomenclature of all the synthesized samples. 

Table 4.1.Nomenclature of all the synthesized samples by using GO and rGO as a dopant. 

  

  

  

  

    

Nomenclature of the samples 

1 0.8NW-5mg.GO(CD1) 5mg-GO doped BizTessynthesised by using 0.8 mLRA 

2 0.8NW-10mg.GO(CD2) 10mg-GO doped BizTessynthesised by using 0.8 mL RA 

3 0.8NW-5mg.rGO(CD3) 5mg-rGO doped BizTessynthesised by using 0.8 mL RA 

4 0.8NW-10mg.rGO(CD4) 10mg-rGO doped BizTessynthesised by using 0.8 mLRA       
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4.3 Structural characterization by XRD 

Fig.4.2(a,b) shows theXRD pattern of the neat BixTe3 TE NWs and GO doped BixTe3 TE 

and rGO doped BixTe3 TE samples. As shown in Fig. 4.2(a), no strong GO peaks are present in 

the XRD pattern of 5mg GO doped BixTe3 TE sample (CD1). However, a small peak appears 

near to 24° for the 10mg GO doped BixTe3 TE sample (CD2). A small peak appears at 10° for all 

the samples such as 0.83NW- BixTes (neat), CD2 and CD1 (as shown in Fig. 4.2(a)). Since rGO 

peak appears at 24° as shown in Fig. 4.2(a), it is possible that GO could be reduced to rGO 

during the synthesis process when 10 mg GO acted as the dopant. When rGO was employed as 

dopant, the identical XRD pattern is observed as shown in Fig. 4.2(b). A small peak appears at 

24°which corresponds to the rGO peak [113].The identical XRD pattern for the GO-doped 

BiyTe3 TE and rGO-doped BixTe3 TE indicates that GO possibly reduces to rGO during the 

synthesis process. All the XRD peaks corresponding to BixTe3 NWs as shown in Fig. 

4.2(a,b)arein good agreement with the earlier reported result (JCPDS no. 080021). 
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Fig. 4.2 X-ray diffraction pattern of (a) O.SNW- BixTe3(neat), CDI,CD2and (b)0.8NW- 

BirTe3(neat), CD3, CD4 samples. 
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Table 4.2.The lattice parameter of GO/rGO doped Bi2Te3 and neat bismuth telluride samples. 

  

  

  

  

  

        

Sample ID a {A) c (A) 

0.8NW-5mg.GO(CD1) 4.38 30.78 

0.8NW-10mg.GO(CD2) 4.37 30.09 

0.8NW-5mg.rGO(CD3) 4.37 30.38 

0.8NW-10mg.rGO(CD4) 4.38 29.84 

0.8NW-Neat Bi.Te3 4.33 29.30     

The lattice parameters of all the samples were calculated by using the standard method 

[116] and presented in table 4.2. As shown in the table, lattice parameters (mainly a) increases 

after doping with GO or rGO. These results indicate that the incorporation of GO and rGO as 

dopant creates lattice strains in the cell and that leads to change in lattice parameters. 

4.4 Morphological characterization by FESEM and TEM 

4.4.1 FESEM 

Morphological characterization was carried by using FESEM NOVANANOSEM for all 

the GO/rGO doped bismuth telluride nanomaterials. The FESEM image of 0.83NW-5mg.GO 

(CD1) sample is shown in Fig. 4.3(a,b). As shown in Fig. 4.3(a,b), nanorods are agglomerated 

and the average size is about 90 nm to 100 nm diameter. It is seen from Fig. 4.3 that this sample 

shows a nanowire morphology with ~2um length. 
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Fig. 4.4 FESEM images of as-synthesized 0.SNW-10mg.GO(CD2) sample. 
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Fig. 4.4 shows the FESEM images of 0.3NW-10mg.GO(CD2) sample. As shown in Fig. 

4.4(a,b), the nanowires have rough morphology and the average diameter and average length are 

about 85 nm and 650 nm, respectively. 

The FESEM images of 0.8NW-5mg-rGO(CD3) sample are shown in Fig. 4.5. As shown 

in the figure, the nanowires look rough surface and not agglomerated. The average length of 

nanowires is about 2 microns and the average diameter is about 110 nm. From Fig. 4.5, it can be 

seen that there is a chain-linked platelet formation of nanowires. 
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Fig. 4.5 FESEM images of the as-synthesized 0.8NW-5mg-rGO (CD3) sample. 
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Fig. 4.6 FESEM images of the as-synthesized 0.SNW-10mg-rGO (CD4) sample. 

FESEM images of 0.83NW-10mg-rGO (CD4) sample are shown in Fig. 4.6. It is observed 

that the surface of the nanorods is very rough in morphology and appears to be platelets linked in 

chain form. The average length of nanowires is about 2 microns and the average diameter is 

about 110 nm. 

It is clearly observed from the FESEM images as shown in Fig. 4.7 that the amounts of 

GO and rGO doped into the bismuth telluride plays a key role in the morphology of each sample. 

Smg-GO CD1 seems to be the smoother in the surface as compared to the other two samples as 

shown in Fig. 4.7. 
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Fig. 4.7 Field emission scanning electron microscopy images of (a) 5mg-GO CDI 

(nanowires),(b) 1Omg-GO CD2 (nano-screw), (c) 5mg-rGO CD3 (nanoplates/ nanowires), (d) 

10mg-rGO CD4 (nanotubes). 

Thus the experimental results indicate that by increasing the concentration of dopant 

either GO or rGO, the morphology of the obtained final nanostructure changes and the surface 

becomes rougher. For instance, when rGO acts as dopant then chain-linked platelet morphology 

is obtained. As the amount of rGO increases to 10 mg (twice) then different morphology is 

observed a shown in Fig. 4.7. Therefore, the comparative FESEM images of all the samples 

reveal that GO and rGO doping into bismuth telluride have a morphological effect on the matrix 

bismuth telluride TE materials as the remaining synthesis parameters are same for all the four 

syntheses. 

4.4.2 TEM 

The morphology of the obtained GO/rGO doped bismuth telluride 1D nanomaterials was 

further analyzed by TEM, HRTEM and SAED analysis for all the samples. 

TEM images, HRTEM images and SAED pattern of 0.8NW-5mg GO (CD1) were shown 

in Fig. 4.8. From Fig. 4.8 (a,c) nano agglomerates were found around the nanowires which are 
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also evident from the FESEM investigations. Fig. 4.8 (c & d) shows the HRTEM images, it is 

found that the interplanar distance corresponding to the major peak of BizTe3is 0.31nm. The 

SAED pattern clearly shows the (10220) and (205) planes from the BizTes; 

  

Fig. 4.8(a & b) TEM, (c & d) HRTEM images and (e) SAED pattern of 0.8NW-5mg.GO (CD1) 

sample. 

Fig. 4.9 shows the TEM images, HRTEM images and SAED pattern of 0.8NW-10mg GO 

doped BixTe3(CD2) sample. The rough morphology along with the chain-linked platelets, is 

clearly seen in Fig. 4.9 (a,b) and the particles of GO seem to be decorated on the surface of the 

nanorods. From the HRTEM images (Fig. 4.9 c & d) the interplanar arrangements corresponding 

to bismuth telluride and GO are found and interplanar distance corresponding to the peak of the 

BioTesis 0.32 nm. The interplanar distance of the GO is found to be 0.54 nm. The SAED pattern 

(Fig 4.9 c) shows (015) and (002) planes of BizTe3. The d-spacing related to GO are present in 

the material which indicates the formation of hybrid GO doped nanowires; it also shows the 

interface between GO and the BisTesnanorods due to the embedment of GO in the matrix 

bismuth telluride. 
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Fig. 4.9(a & b) TEM, (c & d) HRTEM images and (e) SAED pattern of 0.SNW-10mg-GO (CD2) 

sample. 

TEM, HRTEM and SAED pattern of 0.8NW-5mg-rGO (CD3) sample were shown in Fig. 

4.10. The chain-linked structure formed by the platelets of BixTe3 nanowires is clearly 

observedas shown in Fig. 4.10 (a,b) which is also observed in the corresponding FESEM images. 

It is also seen that there are very fewer agglomerates and rGO is found surrounding the 

nanowires. From the HRTEM images, interplanar distance is found to be 0.31 nm corresponding 

to the crystal plane of the BixTe3. The interplanar distance of the rGO is also found to be 0.35 

nm. The SAED pattern (Fig 4.10 e) shows the (015) and (002) planes of BizTe3. The d-spacings 

related to rGO are embedded in the matrix BizTe3material which shows the formation of hybrid 

rGO doped 1D bismuth telluride. 
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Fig. 4.10(a & b) TEM, (c & d) HRTEM images and (e) SAED pattern of 0.SNW-5mg-rGO (CD3) 

sample. 

TEM, HRTEM and SAED patterns of 0.8NW-1l0mg-rGO (CD4) are shown in Fig. 

4.1land it has found the similarity from its corresponding FESEM images. The chain-linked 

structure formed by the platelets of BizTe3 into nanorods is also observed as shown in Fig. 4.11 

(a,b). It is also seen that there are fewer agglomerates and the rGO is surrounded to the nanorods. 

From the HRTEM images (Fig. 4.11 c,d) interplanar arrangements of bismuth telluride and the 

reduced graphene oxide are observed. The interplanar distance corresponding to the crystal plane 

of the BixTe3is found to be 0.28 nm and the interplanar distance of the rGO is about 0.35 nm. 

The interface between the bismuth telluride and the reduced graphene oxide is also identified as 

shown in Fig. 4.11 (d). The SAED pattern clearly shows the (015) (010) and also (002) planes 

corresponding to BisTe3. The d-spacings related to rGO are embedded in the matrix 

BiyTe3smaterial indicates the formation of hybrid rGO doped nanorod. 
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Fig. 4.11 (a &b) TEM, (c &d) HRTEM images and (e) SAED pattern of 0.8NW-10mg.rGO 

(CD4) sample. 

4.5 Compositional analysis by EDS 

The elemental analysis of all the obtained samples was carried out by using Energy 

dispersive X-Ray spectroscopy (EDS) and it is shown in table 4.3. The EDS analysis of all the 

doped samples was compared with the undoped neat bismuth telluride sample and it was found 

that significant C and O percentage in the GO and rGO doped samples. It is also found that 

0.8NW-10mg-rGO (CD4) sample possesses less % of O as compared to other doped samples. It 

is earlier reported that possibly the Van der Waal bonding between the Te-Te is replaced by GO 

or rGO dopant,thus there is a significant reduction in Te% in doped samples. Therefore, after 

doping GO/rGO into the 1D bismuth telluride, nanowires have become bismuth rich; this also 

shows the formation of GO/rGO-BisTes3 hybrid 1D TE materials. 
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Lode 
(e) 

Fig. 4.12, EDS spectra of (a)O.SNW-5mg-GO (CD 1), (b) 0.8NW-10mg-GO (CD2), (c) 0.SNW- 

Smg-rGO (CD3), (d) 0.SNW-10mg-rGO (CD4) and (e)0.8 NW neat 

Table 4.3 Compositional analysis of neat BiTe3; and GO or rGO doped BixTe3 TE 

  

  

  

  

  

    

nanomaterials. 

Sample ID c% O% Bi% Te% 

0.8NW-5mg.GO(CD1) 13.42 7.63 30.73 48.21 

0.8NW-10mg.GO(CD2) 8.65 3.23 42.14 45.97 

0.8NW-5mg.rGO(CD3) 9.20 4.17 29.13 57.46 

0.8NW-10mg.rGO(CD4) 7.37 0.08 33.07 59.44 

0.8NW-Neat Bi.Te3 - - 34.29 65.71           
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4.6 RAMAN analysis 

Fig. 4.13 (a-c) shows the Raman spectra of 0.8 neat BiroTes NW, GO/rGO, GO/rGO-doped 

BiyTe3 samples and Fig. 4.13 (d) shows Raman spectra of obtained GO/rGO-doped bismuth 

telluride samples in the wavenumber range of 1300 cm’! to 1650 cm’. As shown in Fig. 4.13 (a) 

the Raman bands appear at 60cm'!, 100cm7, 120cm! and 140cm! correspondings to A's, E’., 

Al, and Aig modes of bismuth telluride sample[112]. 

  

  800 
vo} (A), . 

600 4 7 
2 5004 
@ 
& 4 5 400 

= 3004 

200 + 

—Bi,Te, NW| 

In
te
ns
it
y 

Ar
b.

 
un

it
s 

    

  

  

      20 40 60 80 100 120 140 160 180 200 22 : 2 
Raman Shift cm" | 500 1000 1500 2000 

=) 
160 F (c) vat 2 O.SNW-10mg-7GO\COS) Raman shift cm 

iA, od 
‘a ' —— 0.8NW-10mg-rGO(CD4) : 

(d) D-sleak| O.aNW-Smg-rGO(cD3) | G-peak 
—— 0.8NW-t0mg-GO(CD2) ; 
—0.8NW-5mg-GO(CD1) | 

  

  

     

    

    

  

  

In
te

ns
it

y 
(a

rb
. 

un
it

s)
 

  

0 Be eg eR Ses gece r - r | uM ‘ 

20 40 60 80 100120140 160180200 1300 1400 1500 1600 
Raman Shift cm” Raman shift cm’ 

        

  

  

  

Fig 4.13 Raman spectra of (a) 0.5-NW Neat BizTe3 nanorods, (b) GO and rGO and (c) and (d) 

GO/rGO-BizTe3 Hybrid materials. 
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It is seen from Fig 4.13 (b), that both the G and D peaks appear at 1350cm’! and 1590cm’! 

for the as-synthesized GO and rGO samples[114]. It is also seen from the Fig 4.13 (d) that all the 

GO or rGO-doped samples show the D and G-peak, which indicates that GO or rGO is doped 

with the bismuth telluride by chemical synthesis approach. These results also indicate that some 

of Raman bands do not appear in the Raman spectra after doping with GO and 1GO. It also 

depends on the concentration of dopant added into the matrix bismuth telluride materials. 

4.7 FTIR analysis 

Fig. 4.14 shows the FTIR spectra of all the synthesized samples. Fig. 4.14 shows 

different bands appearing at 1653cm , 640 cm’! 2855cm',3550cm! as shown in Fig. 4.14 

corresponds to C=C, C-O, C=C, C=O and also the O-H. The FTIR spectra of all doped samples 

are compared with neat GO, neat rGO and neat bismuth telluride FTIR spectra.The presence of 

hydroxyl (C-OH) and carboxyl (-COOH) bonds in neat bismuth telluride samples is possibly due 

to the involvement of D.I water and methanol in the cleaning process.It is also found from the 

Fig 4.14 that bands appear at O-H at 640 cm!, C-O at 1029 cm!, C-C at 1195 cm!, - 

CH3(Symmetric deformation) at 1387 cm, -CH3(Asymmetric deformation) at 1468 cm!, C=C 

at 1653 cm?, C=O at 1752 cm, -CHo- (Symmetric stretch) at 2855 cm, -CHo-(Asymmetric 

stretch) at 2933 cnr!, O-H at 3550 cm'.The experimental analysis indicates that when the 

amount of dopant either GO or rGO is higher (i.e., 10mg), then the lesser the -OH groups 

present in the doped samples. It is due to the possible reduction of GO to rGO during the 

synthesis process and rGO-doped bismuth telluride nanostructures are obtained. 
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Fig 4.14Combined FTIR spectra of neat GO, neat rGO, GO-rGO/BizTe3 nano-composite and 

O0.8NW-neat BizTe3 nanorods. 

4.8 Conclusion 

In conclusion, GO and rGO doped bismuth telluride nanostructures were synthesized by 

using the in-situ chemical rational approach. Different amounts of GO and rGO such as 5 mg and 

10 mg were used to investigate the impacts of the chemical doping process on the structure, 

morphology and composition of the GO and rGO doped bismuth telluride nanostructures. Our 

experimental results revealed that different morphologies of 1D TE nanomaterials such as nano- 

screws, nanoplates/nanowires, and rough surface thick wall nanotubes could be obtained by 

controlling the concentration of the dopants(GO/rGO). Compositional analysis indicated that 

composition could be controlled in a better way when rGO directly acts as dopant instead of 
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using GO as a dopant. Moreover, a higher percentage of oxygen is incorporated in the sample 

when GO acts as dopant as compared to rGO. On the other hand, the oxygen percentage is very 

less when a higher amount of rGO acts as a dopant. Furthermore, XRD and Raman analysis 

indicate that GOs are mostly reduced to rGO during the in-situ doping synthesis process. The 

obtained GO and rGO doped bismuth telluride samples were investigated for further thermo- 

physical properties such as density, Seebeck coefficient, electrical conductivity, thermal 

conductivity are discussed in the next chapter. 
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Chapter 5 

Thermo-physical properties of all GO and rGO based bismuth 

telluride cold-pressed nanostructured materials 

5.1 Introduction 

In the previous chapters, different ways of fabricating GO/rGO-bismuth telluride 

nanomaterials have been discussed. In this chapter, thermo-physical properties like the density, 

electrical conductivity, Seebeck coefficient and the thermal conductivity of all the obtained neat 

bismuth telluride, GO and rGO base bismuth telluride cold-pressed TE materials are discussed. 

Two different dies (6 and 10mm diameters) were used for the preparation of the samples 

for the density, electrical conductivity, Seebeck coefficient and thermal conductivity 

measurements. The dies were filled with approximately 50 mg for 6 mm die and 125 mg and 

then cold-pressed by applying a load of 1.5 and 4Tonne, respectively. Each sample collected 

from the die was thermally heated for 12 hr at 200°C by using a vacuum furnace. Cold-pressed 

process was carried out in the present work to retain the nanotubular morphology after the 

preparation of the pallet samples due to the possibility of damage of the nanotubes embedded in 

the bulk nanostructured samples. All the cold-pressed samples were then collected from the 

vacuum furnace and their thermo-physical properties were investigated and comparatively 

presented in this chapter. 

5.2 Measurement of Density 

5.2.1 Experimental procedure: 

For measurement of density, the weight of each cold-pressed samples was measured by 

using a digital weighing balance with 0.0001 gm error and thickness of each sample were 

measured by using a digital micrometer with an error of 0.001 mm. Then densities of all the 

cold-pressed neat and GO/rGO based bismuth telluride nanostructured samples were calculated 
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by using the formula Density=Mass/Volume. All thecalculated values of mass, volume and 

densities are shown in Table 5.1. 

5.2.2 Densities of all the samples 

Table 5.1 Calculated densities of all the obtained neat bismuth telluride, mechanically ball 

milled and in situ doped Go/rGO-bismuth telluride cold-pressed samples. 
  

  

  

  

  

  

  

  

  

  

  

  

  

    

Sample ID Mass (g) Volume (cm*) Density g/em* Relative 

(Bulk density of the density 

standard reported 

sample-7.7 g/em*)[119] 

0.8-NW-Neat 0.120 0.0230 5.21 0.67 

3.2-NT-Neat 0.049 0.0115 4.26 0.55 

8-NT-Neat 0.046 0.0100 4.64 0.60 

0.83NW-GO-BM1 0.043 0.00918 4.68 0.60 

0.8NW-1rGO-BM2 0.047 0.0098 4.83 0.62 

3.2NT-GO-BM3 0.042 0.0121 3.47 0.45 

3.2NT-rGO-BM4 0.046 0.0117 3.93 0.51 

8NT-GO-BM5 0.050 0.0119 4.20 0.54 

8NT-1rGO-BM6 0.049 0.0103 4.75 0.61 

0.8NW-S5mg.GO-CD1 0.119 0.0282 4.21 0.54 

0.8NW-10mg.GO-CD2 0.115 0.0266 4.31 0.55 

0.8NW-Smg.rGO-CD3 0.115 0.0264 4.35 0.56 

0.8NW-10mg.rGO-CD4 0.121 0.0240 5.04 0.65           
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Although identical parameters and procedure was used to prepare the pellets for all the 

samples, it is seen from Table 5.1 that density varies for all the samples. It is believed from this 

result that morphology and the type of filler materials and the amount of filler materials 

(GO/rGO) have impacts on the density of the finally obtained cold-pressed samples. The 

influence of morphology of the starting bismuth telluride nanomaterials and the amount of GO 

and rGO filler on the density of the finally obtained cold-pressed samples are discussed in the 

subsequent sub-sections. 

Calculated densities of all the ball-milled samples with different morphology are 

represented in the bar graph as shown in Fig. 5.1. 
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Fig. 5.1 Comparative bar graph for the calculated densities of samples with different 

morphology of as-synthesized bismuth telluride 1D nanomaterials and ball-milled GO/rGO- 

bismuth telluride nanomaterials. 
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The sample consisting of bismuth telluride nanotubes with larger diameter have shown 

the lowest density as shown in Fig. 5.1. The identical behavior was also seen in all the 

remainingsamples consisting of nanotubes bismuth telluride either alloyed or doped with GO and 

rGO samples.It is also found that GO/rGO alloyed with larger diameter bismuth telluride 

nanotubes sample (3.2NT-GO-BM3 and 3.2NT-GO-BM4) have shown the lowest density. 

Moreover, it is observed that the TE sample prepared by using nanowire (0.8NW) as filler shows 

higher density as compared to the identically prepared TE samples. Furthermore, the sample 

prepared by using larger diameter nanotubes (3.2 NT) as a filler shows a lowes density than the 

sample which was prepared by using smaller diameter nanotubes (8NT). Thus, the density of the 

finally cold-pressed TE samplesdepends upon the morphology and size of the starting bismuth 

telluride 1 D nanomaterials. 

Fig. 5.2 represents the bar graph of all the samples consisting of chemically doped GO 

and rGO-bismuth telluride and the corresponding pallet sample consisting of neat bismuth 
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Fig 5.2 Comparative bar-graph for densities of GO/rGO chemically in-situ doped bismuth 

telluride samples. 
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As shown in Fig 5.2, calculated density does not vary much as compared to the neat bismuth 

telluride sample (0.3NW Neat) and there is not much change in the densities with an increase in 

GO/rGO contents for the in-situ chemically doping process. 

5.3 Measurement of Seebeck coefficient 

5.3.1 Experimental procedure 

The Seebeck coefficient of all the obtained samples is calculated by using the formula, 

AV 
S=— 

AT 

Where S is the value of Seebeck coefficient, AV is the change in potential difference occurred 

across the sample while the AT the temperature difference maintained in the samples. Fig. 5.3 

shows the in-home built Seebeck coefficient measurement set up used to measure the Seebeck 

coefficient of all the samples. The calculated Seebeck coefficient of all the obtained samples is 

shown in Tables 5.2, 5.3 and 5.4. The voltage drop was measured by using a precision two 

probes, the temperature probes were placed at the hot end and cold ends of the sample, which 

  

Fig. 5.3 In-home setup built for Seebeck measurement. 
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was connected to the Agilent 34972A LXI data acquisition system operated by Agilent 

BenchLink Data logger software. 

5.3.2 Seebeck coefficient of all the samples 

The calculated Seebeck coefficients of all the obtained samples are shown in tables 5.2, 

5.3 and 5.4.The temperature gradient of 5-15°C was employed for calculating Seebeck 

coefficients of the samples as reported in the earlier work[119]. Three times the sample was 

measured in a temperature interval of ~ 5-15°C to evaluate the Seebeck coefficientfor all the 

samples more accurately. 

Table 5.2 Measured Seebeck coefficients of bismuth telluride(O.SNW-neat, 3.2NT-Neat and 8NT- 

Neat) cold pressedpallet samples. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

0.8NW-Neat 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 55 60 5 -1.55 -1.81 -0.26 -52.0 

2 61 70 9 -1.86 -1.36 -0.50 -55.50 

3 62 77 15 -1.64 -2.5 -0.86 -57.33 

3.2NT-Neat 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 37 42 5 -2.54 -2.73 -0.19 -38 

2 43 53 10 -1.95 -2.2 -0.25 -25 

3 38 54 16 -2.48 -2.99 -0.51 -31.8 

8NT-Neat 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 43 48 5 -1.6 -1.38 -0.22 -44 

2 42 54 12 -2 -1.6 -0.4 -33.3 

3 43.65 54 10.35 -2.01 -1.6 -0.41 -39.6                   

As shown in Table 5.2, 0.8NT-neat sample shows a higher Seebeck coefficientas 

compared to the 3.2NT-neat and 8NT-neat samples. The 0.8NT-neat sample is highly dense 
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Table 5.3 Measured Seebeck coefficients of all the mechanically alloyed cold-pressed pallet 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

samples. 

0.83NW-GO-BM1 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 43 48 5 -1.39 -1.62 -0.23 -46 

2 43 53 10 -1.39 -1.83 -0.44 -44 

3 52 67 15 -1.80 -2.30 -0.50 -33.3 

0.8NW-rGO-BM2 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 Al 46 5 -0.68 -0.79 -0.11 -22 

2 51 60 9 -0.69 -0.88 -0.19 -21.1 

3 45 60 15 -0.58 -0.88 -0.30 -20 

3.2NT-GO-BM3 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 44 54 10 -1.34 -L.81 -0.47 -47 

2 Al 50 9 -1.67 -2.04 -0.37 -4L.1 

3 Al 50 9 -1.38 -1.8 -0.42 -46.6 

3.2NT -rGO-BM4 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 Al 47 6 -1.5 -1.88 -0.38 -63.3 

2 37 47 10 -1.2 -1.87 -0.67 -67 

3 36 46 10 -L.15 -L.81 -0.66 -66 

8NT-GO-BM5 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 38 43 5 -1.78 -1.96 -0.18 -36.0 

2 43 56 13 -1.38 -1.70 -0.32 -24.6 

3 40 55 15 -1.96 -1.43 -0.53 -35.3 

8NT-rGO-BM6 

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 51 56 5 -1.34 -L.51 -0.17 -34.0 

2 56 62 6 -L.51 -1.70 -0.19 -31.6 

3 54 73 19 -1.59 -2.29 -0.70 -36.8                   
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compared to the other two samples which result in higher Seebeck coefficient. The possible 

reason for this may be the denser materials possess higher mean free path and the mobility is 

higher as compared to the less dense materials. 

From table 5.3 it is found that 3.2NT-rGO-BM4 sample shows a higher Seebeck 

coefficient which was prepared by mechanically alloyed with rGO with the matrix material is 

large diameter nanotubes of bismuth telluride. It is seen from Table 5.3 that alloying of GO/*rGO 

with different morphologies bismuth telluride nanostructures impacts the Seebeck coefficients. 

All the samples that are alloyed with GO have shown a lower Seebeck coefficient because GO 

consists of different hydroxyl and carbonyl functional groups. These functional groups affect the 

overall charge carriersin the prepared nanostructured materials. 

In the case of the samples, those consist of 0.83NW-neat and 8NT neat(smaller diameter) 

as matrix and rGO as filler, there is no significant improvement in the Seebeck coefficient but in 

contrast, when 3.2 NT-neat(large diameter nanotubes) were alloyed, it is found that there is a 

considerable improvement in the Seebeck coefficient. The effect of large tubular hollow 

morphology and moderate doping of rGO together results in higher Seebeck coefficients. The 

large diameter nanotubular structure when cold-pressed, it possibly includesimperfections in the 

material. In addition to this rGO also acts as the phonon-blocking medium. Therefore, when 

there is a temperature gradient in such material, the phonon-electron interaction may be 

increased and helping to push electrons to the other end and, in-turn resulting in higher Seebeck 

coefficients[120]. 

Table 5.4 shows the Seebeck coefficients of all the GO/rGO in-situ doped bismuth telluride 

nanostructures based cold-pressed samples. The doping of different amounts of GO/rGO 

influences the morphology of the final obtained 1D bismuth telluride as discussed in chapter 4.It 

is found that 0.8NW-10mg-rGO-CD4 pallet sample has shown a higher higher Seebeck 

coefficient as compared to other samples as shown in Table 5.4. The higher Seebeck coefficient 

may be due to the cold pressing of the rGO doped chain-linked nanostructures with higher 

mobilities. 
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Table 5.4 Measured Seebeck coefficients of all the in-situ doped pallet samples. 

  

0.8NW-5mg-GO-CD1 

  

  

  

  

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 51 56 5 -2.72 -2.6 -0.12 -24 

2 57 67 10 -2.70 -2.54 -0.16 -16 

3 53 68 15 -2.90 -2.54 -0.36 -24 

  

0.8NW-10mg-GO-CD2 

  

  

  

  

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 65 70 5 -1.2 -1.3 -0.1 -20 

2 60 70 10 -2.62 -2.41 -0.2 -21 

3 62 73 il -2.74 -2.5 -0.24 -21.8 

  

0.8NW-5mg-rGO-CD3 

  

  

  

  

SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 58 63 5 -1.68 -1.87 -0.19 -38 

2 67 73 6 -1.7 -1.5 -0.2 -33.3 

3 59 64 5 -1.2 -1.4 -0.2 -40 

  
0.8NW-10mg-rGO-CD4 

  

  

  

    SI No. Ti T2 dT (K) Vi (mV) V2 (mV) dV (mV) S(uV/K) 

1 61 66 5 -2.6 -2.9 -0.28 -56 

2 60 71 il -2.17 -2.77 -0.60 -54.5 

3 60 80 20 -2.17 -3.54 -1.37 -68.5                   

Table 5.5 shows the average value of Seebeck coefficient with standard deviation for 

all the cold-pressed samples. It is seen from the table 5.5 all the samples show negative Seebeck 
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coefficient which means that all the samples are n-type. The majority of charge carriers in all the 

obtained samples are electrons. 

Table 5.5 Calculated Seebeck coefficients of all the obtained samples 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Sample ID Seebeck Coefficient Standard 

(uV/K) deviation(u V/K) 

0.8NW-Neat BisTe3 -54.94 2.211 

3.2-NT-Neat -31.6 5.309 

8-NT-Neat -38.9 4.391 

0.83NW-GO-BM1 -41.1 5.575 

0.8NW-rGO-BM2 -21.03 0.817 

3.2NT-GO-BM3 -44.9 2.691 

3.2NT-rGO-BM4 -65.4 1.562 

8NT-GO-BM5 -31.96 5.216 

8NT-rGO-BM6 -34.13 2.124 

0.8NW-5mg-GO-CD1 -21.3 3.771 

0.8NW-10mg-GO-CD2 -20.9 0.736 

0.8NW-5mg-rGO-CD3 -37.1 2.808 

0.8NW-10mg-rGO-CD4 -59.66 6.276         
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5.3.3 Effect of morphology on the Seebeck coefficient of the cold-pressed samples 

The mechanically alloyed 3.2 mL RA bismuth telluride nanotubes with larger diameter 

alloyed with 3 wt% rGO have shown the highest Seebeck coefficient value. In this 

nanostructured material, the rGO layers are stacked in between the bismuth telluride nanotubes. 

The larger contact area of the larger diameter nanotubes with rGO layers has resulted in the high 

Seebeck coefficient, whereas all the GO based samples have shown lower values due to the 

presence of more functional groups which decreases the carrier concentrations and also the 

conductivities of the samples. In chemically doped samples, it is seen that from Fig.5.5 that 

10mg rGO doped sample shows a higher Seebeck coefficient due to the chain morphology of the 

sample. The higher concentration of the rGO sample is higher dense though all the samples were 

prepared in the identical procedure, possibly it possesses higher carrier mobility due to its higher 

density. 
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Fig. 5.4Comparative graphical representation of Seebeck coefficients of GO/rGO alloyed 

bismuth telluride nanomaterials cold-pressed samples with different morphologies 

The Seebeck coefficients of all samples with different morphology are depicted in Fig. 

5.4. It is seen from Fig. 5.4 that the morphology of the starting bismuth telluride nanomaterials 

has an impact on the Seebeck coefficient of the obtained samples. For instance, the sample 
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consisting of neat bismuth telluride nanowires shows higher Seebeck coefficient than the 

samples that were prepared by using nanotubes(three black bars in Fig. 5.4). Also it has been 

seen from Fig. 5.4 that for the sample consisting of the larger diameter nanotubes shows lower 

value of Seebeck coefficient ( middle two black bars in Fig. 5.4). However, the trend drastically 

changes when these samples alloyed with GO or rGO. It is found that there is an increase in the 

Seebeck coefficient in the 3.2 mL RA bismuth telluride( larger diametre) alloyed with rGO.The 

improvement in the Seebeck coefficient is possibly due to the increased contact area between the 

large diameter nanotubes and the rGO sheets and that leads to increase mobility. Whereas 

alloying of GO sheets with the same larger diameter nanotubes shows a lower Seebeck 

coefficient due to the presence of functional groups. Thus the carrier mobility reduces and this 

sample shows a lower Seebeck coefficient. 
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Fig. 5.5 Comparative graphical representation of Seebeck coefficients of GO/rGO in-situ 

chemically doped bismuth telluride cold-pressed samples. 

The effect of the amount of GO and rGO on the Seebeck coefficients of the samples is 

shown in Fig. 5.5. In this case, only 0.8 mL RA based synthesis procedure was carried out since 

the corresponding sample has shown higher Seebeck coefficient (as shown in Fig. 5.4). 3.2 mL 

and 8 mL RA based synthesis procedures were not carried out because of the lower value of 
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Seebeck coefficients (as shown in Fig. 5.4). It has been seen that GO doped samples do not show 

any improvement as shown Fig. 5.5. In contrast, rGO doped samples show improvement and 

increasing the rGO content,there is a significant increase in the thermopower known as Seebeck 

coefficient. It is also seen that 10 mg rGO doped bismuth telluride based cold-pressed sample 

has shown the highest Seebeck coefficient among all the samples. 

5.4 Measurement of Thermal conductivity 

5.4.1 Experimental procedure 

The thermal conductivity can be measured in various methods depending upon the heat 

flow in the samples. When the heat flow is steady and one-dimensional flow then guarded hot 

plate, the unguarded hotplate isapplicable. In radial heat flow sample, the cylindrical method, 

spherical method and ellipsoidal methods have been used. When the heat flow is in a non-steady 

state then hot wire method, transient hot strip method and the transient plane source(TPS) 

methods are mainly used. In this present work, a transient plane source method has been used by 

Hot disk TPS 2200 instrument to measure the thermal conductivity, thermal diffusivity and 

volumetric specific heats of all the obtained cold-pressed samples. 

  

Fig 5.6 Hot Disk TPS 2200 thermal constant analyser[121] 

A 10 micron sensor made of nickel double spiral insulated with Teflon/ mica/kapton was 

used as a heat source and as the time-dependent resistance thermometer. Thermal constants were 

calculated by measuring the increase in resistance as function of time as given in the following 

equation 
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R(t)=Rof 1+a[ATi+AT ane (D)] 

Where Ro is the resistance of disk at T=0, a is the temperature coefficient of 

resistivity, AT; is constant temperature difference developed in the insulators. ATave (t) is the 

increase in temperature of the sample surface measured on the other side of the insulating layers 

on the nickel sensor. 

ATave (1)=Po D(tWa.K. TP” 

Where “a” is the radius of the disk, K is the thermal conductivity and Po is the 

total output power coming from the sensor. 

5.4.2 Thermal Conductivities of all the samples 

The thermal conductivities of all the samples were directly measured from the Hot disk 

TPS 2200 instrument. Table 5.6 shows the thermal conductivity of all the obtained cold-pressed 

samples. It is found from Table 5.6 that all the GO/rGO alloyed and GO/rGO dopped cold- 

pressed samples possess very low thermal conductivity value in the range 0.25-0.32 W/mK. 

Table 5.6Thermal conductivity and specific heat (directly measured from Hot disk TPS 2200 

instrument) of all the obtained cold-pressed samples. 

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Sample Sp. Heat (MJ/m°K) [Thermal conductivity Std. 

(W/mK) deviation 

0.83NW-Neat 2.33 0.32 8.63x10° 

3.2NT-Neat 4,38 0.26 5.01x10° 

8NT-Neat 0.66 0.25 6.05x10° 

0.8NW-GO-BM1 3.28 0.30 4.41x107 

0.8NW-rGO-BM2 3.01 0.29 2.89x10* 
3.2NT-GO-BM3 2.59 0.25 1.43x107 
3.2NT-rGO-BM4 4.78 0.26 6.35x10° 

8NT-GO-BM5 3.88 0.29 2.97x10+ 

8NT-rGO-BM6 3.86 0.30 1.45x107 
0.8NW-Smg.GO-CD1 1.52 0.32 2.02x10* 
0.8NW-10mg.GO-CD2 1.41 0.25 1.91x107 

0.8NW-5mg.rGO-CD3 1.14 0.28 5.42x10* 
0.8NW-10mg.rGO-CD4 2.4 0.25 5.21x10°   
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5.4.3 Effect of morphology on thermal conductivity of the cold-pressed samples 

The thermal conductivity of all the mechanically alloyed samples is depicted in Fig. 5.7 

to investigate the morphological(nanowires and nanotubes) effect on the thermal conductivities 

of the cold-pressed samples.It is found that larger diameter nanotubes based neat(3.2NT-Neat) 

and mechanically alloyed with GO or rGO samples(3.2NT-GO-BM3 and 3.2NT-rGO-BM4) have 

shown lower thermal conductivity as compared to nanowires based neat (0.83NW-Neat) and mechanically 

alloyed with GO and rGO samples(0.8NW-GO-BMI1 and 0.8NW-rGO-BM2). It is believed that 

nanotubes consist of additional scattering surfaces due to hollow in nature as compared to nanowires thus 

phonon blocking[122] is more effective in nanotubes based samples as a result these samples possess 

lower thermal conductivity as compared to nanowires based samples. 
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Fig.5.7Graphical representation of thermal conductivity of samples with different morphology of 

neat bismuth telluride, GO/rGO alloyed bismuth telluride nanomaterials 

Moreover, it has also been noticed from Table 5.6 and Fig. 5.7 that addition of GO or rGO does not 

significantly lower the thermal conductivity more, however little reduction has noticed for the 
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sample such as 0.8NW-rGO-BM2. This reduction possibly due to the addition of rGO which acts as 

phonon barriers which reduce the phonon mean free path[122]. However, it has also been found 

that GO and rGO alloyed with smaller size nanotubes based samples(8NT-GO-BMS and 8NT-rGO- 

BM6) show lower thermal conductivity as compared to neat nanotubes based sample(8NT-Neat). 

This result is possibly obtained due to the increase in the electrical conductivity of the sample. 

Therefore, the effect of morphology of the matrix bismuth telluride nanomaterials has 

shown less impact on the thermal conductivity but alloying with GO/rGO has showna not much 

significant effect on the TC exceptthe nanowires based samples. GO/rGO act as phonon blocking 

media resulted in the blocking of the flow of heat flow in the form of phonons. Thus the presence 

of phonon blocking barriers (GO/rGO) in the samples resulted in the lowering of thermal 

conductivity. The hollow nanotubes of bismuth telluride with larger diameter alloyed with 

GO/rGO have shown lower thermal conductivity. However, for a few samples, thermal 

conductivity increases by adding GO and rGO (8NT-GO-BMS and 8NT-rGO-BM6), possibly due to 

an increase in electrical conductivity by addition of GO/rGO. Thus the electronic contribution to thermal 

conductivity increases and hence thermal conductivity also increases. 

5.4.4 Effect of GO/rGO content on the thermal conductivity of the samples 

The thermal conductivity of the in-situ chemically 5 mg and 10 mg GO/rGO doped 

bismuth telluride nanomaterials based cold-pressed samples is shown in Fig. 5.8. Only nanowire- 

based cold-pressed samples were prepared for investigation since these samples have shown a 

higher value of the Seebeck coefficient as discussed previous section.It is observed that the 

thermal conductivity decreases further with increasing the amount of dopping i.e. GO/rGO in 

thecold-pressed samples(0.8NW-10mg.GO-CD2 and 0.8NW-10mg.rGO-CD4). The doping of rGO in 

the bismuth telluride nanowires has shown an overall decrease in the thermal conductivity of the 

samples as shown in Fig. 5.8. 
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Fig. 5.8 Graphical representation Thermal conductivities of GO/rGO in-situ doped bismuth 

telluride samples. 

The decrease in thermal conductivity in rGO dopped bismuth telluride based cold-pressed 

sample(0.8NW-10mg.rGO-CD4)is possibly due to the doping of the rGO into individual 

nanowires. As a result, this process blocks the phonon travel paths from one nanowire to the 

other as rGO acts as a phonon transfer barrier hence the 10 mg GO/rGO doped bismuth telluride 

nanostructured materials have shown lowest thermal conductivity. 

5.4.5 Measurement of Thermal diffusivity 

In practical applications, the temperature gradients or the temperature difference between 

the hot and cold ends is not constant,in such conditions the thermal diffusivity provides a more 

accurate analysis of the thermal conduction in all the samples. It gives the rate of heat transfer 

from the hot side to the cold side in the materials. Thus it provides how fast the material 

responds to change in temperature. The thermal diffusivity of all the samples was measured by 

using the same Hot disk TPS 2200 which was used for measuring the thermal conductivity of all 

the samples and shown in Table. 5.7. 
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Table 5.7 Thermal diffusivity of all the obtained cold-pressed samples. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Sample Thermal Std. 

diffusivity | deviation 
(m?/S) 

0.8NW-Neat 0.436 1.16x10* 

3.2NT-Neat 0.373 7.08x10° 

8NT-Neat 0.414 9.93x10° 

0.83NW-GO-BM1 0.523 7.59x10* 

0.8NW-rGO-BM2 0.505 7.26x107 

3.2NT-GO-BM3 0.487 2.73x10% 

3.2NT-rGO-BM4 0.382 9.15x10° 

8NT-GO-BM5 0.464 4.73x10* 

8NT-rGO-BM6 0.744 3.57x107 

0.8NW-5mg.GO-CD1 0.555 3.55x10* 

0.8NW-10mg.GO-CD2 0.385 3.01x107 

0.8NW-5mg.rGO-CD3 0.395 7A6x10% 

0.8NW-10mg.rGO-CD4 0.517 1.08x10*           

The thermal diffusivity depends on the density and heat capacity of the samples. It is seen 

from Table 5.7 that thermal diffusivity varies from the range 0.373-0.744 m’/S. The samples 

8NT-rGO-BM6 and 3.2NT-Neat have shown the highest and lowest thermal diffusivity, respectively. 

5.4.6 Effect of Morphology on the thermal diffusivity of the samples 

The thermal diffusivity of all the mechanically alloyed with GO/rGO and neat bismuth 

telluride nanomaterials based cold-pressed samples is depicted in Fig. 5.9. It is seen in Fig. 5.9 

that nanowires based sample(0.8NW-Neat) posseses higher thermal diffusivity as compared to 

nanotubes based samples(3.2NT-Neat and 8NT-Neat). The reason is due to the higher thermal 

conductivity of 0.8NW-Neat sample ( as shown in Table. 5.6), since diffusivity is directly proportional to 

the thermal conductivity of the materials. However, it is also seen that thermal diffusivity significantly 

increases when alloyed with rGO in all the samples, which indicating that the addition of rGO 

helps to improve the heat transfer rate in the samples. Also, these results suggest that when rGO 
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alloyed with smaller diameter nanotubes based bismuth telluride, it further increases. Therefore 

by proper size and prope nanofiller, it is possible to tune the heat transfer rate in the TE 

materials. 
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Fig. 5.9 Graphical representation of Thermal diffusivity of all the cold-pressed samples with 

different morphology (NW, NtTs)of neat bismuth telluride and GO/rGO alloyed bismuth 

telluride nanomaterials 

5.4.7 Effect of GO/rGO content on the thermal diffusivity of the samples 

The thermal diffusivity of all the GO/rGO in-situ chemically doped bismuth telluride 

based cold-pressed samples is shown in Fig. 5.10. 
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Fig. 5.10Graphical representation of thermal diffusivities of GO/rGO in-situ chemically doped 

bismuth telluride samples. 

From Fig. 5.10 it is observed that the samples such as 0.8NW 5mg-GO and the 0.8NW- 

10mg-rGO_ have shown the higher thermal diffusivity. It is clearly seen that 0.3NW 5mg-GO 

sample shows higher thermal conductivity(as shown in Table. 5.6) as compared to 0.8NW- 

10mg-rGO, hence it shows the higher thermal diffusivity. In contrast, the sample 0.8NW-10mg- 

rGO possesses lower thermal conductivity(as shown in Table 5.6) and higher density (as shown 

in Table 5.1), still it shows higher diffusivity. This obtained result is very interesting since 

thermal diffusivity is proportional to thermal conductivity and inversely proportional to density. 

This obtained result is still unknown to us and more research effort is still required to fully 

understand the heat transfer phenomena in this type of material. 

92|Page



5.5 Measurement of Electrical conductivity 

All the obtained cold-pressed GO/RGO- bismuth telluride based mechanically alloyed and in- 

situ doped TE materials pellet form(6 mm and 10 mm) samples were taken to the probe station 

for measuring electrical conductivity by varying the applied voltage from -5VD to S5VDC. All 

the electrical measurements were carried out at room temperature. 
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Fig. 5.11 I-V curves of cold-pressed (a-c) 0.8-NW neat BizTe3; NWs and the corresponding 

GO/rGO-Bi2Te3-nanocomposites, (d-f) 3.2-NT neat BizTe3 larger diameter nanotubes and the 

corresponding GO/rGO-Bi2zTe3- nanocomposites and (g-i) 8-NT neat Bi2Te3 smaller diameter 

nanotubes and the corresponding GO/rGO-Bi2Te3-nanocomposites synthesized by the 

mechanical alloying method. 
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Fig.5.11(a- 1) shows the I-V curves for all cold pressed samples consisting of 

mechanically alloyed GO or RGO with bismuth telluride and also cold-pressed neat-BixTes 

nanowires and nanotubes based samples. It is observed from Fig 5.11(a-i) that all the I-V 

characteristic curves of the samples were not completely rectifying or linear. However, all the I- 

V curves of the samples are intersecting at zero. These are the most usually observed shape of 

the curves for semiconducting nanowire materials[123]. As shown inFig 5.11 (b,e,h), I-V curves 

of samples consisting of GO are little toward linear compared to the rGO alloyed samples (Fig 

5.11 (b,e,h)) and the neat GO/rGO unalloyed samples(Fig. 5.11 (a,d,g)).This result indicates that 

GO-bismuth telluride based cold-pressed sample electrical properties are slightly different than 

neat-NW/nanotubes or rGO-bismuth telluride based cold-pressed samples, possibly due to the 

presence of functional groups in such samples. Thus these samples show slightly different 

electrical phenomena as compared to the neat-NW or nanotubes based and rGO-bismuth telluride 

based samples. 

The electrical conductivity of the samples is calculated from the following formula 

v 

Where p is the electrical resistivity, V/I is the resistance of the sample and d is the 

thickness of the pellet. The inverse of electrical resistivity is the electrical conductivity of the 

sample.This formula is only valid when the sample thickness is very less than the distance 

between the probes[124];the distance between the probes for all samples was taken at 2 mm gap 

whereas the sample thickness is always (6 mm/10mm ) which is greater than 2 mm. 

The slopes of the IV curves (Fig. 5.11(a-i) and Fig. 5.12(a-e)) were calculated for the resistance 

values and the same were used to calculate the electrical resistivity of the samples as shown in 

Table 5.8. 
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Figure 5.12 (a-e) shows the I-V characteristic plots of all the in-situ chemically doped 

GO/rGO-bismuth telluride(NW) and the 0.3NW-Neat sample. It is seen from Fig. 5.12 (a,b,d,e) 

the I-V curves represent the behavior of semiconducting nanowires as reported earlier [123]. 

Therefore the I-V characteristic curves of Fig 5.12 (a,b,d,e) are non-ohmic in behavior. However, 

0.83NW-5mg.rGO sample showsa linearity plot ( as shown in Fig.5.12(c) with very high 

resistance; hence it possesses very poor electrical conductivity as shown in table 5.8. The 

behaviour of this sample can be attributed to their different morphologies due to doping different 

amount of GO/rGO during the rational synthesis of bismuth telluride. 

oon aBNW-semg-G0-601 (4) | 00004 0.8NW-10mg-GO-CD2 (b) | = O.ANW-5mg4GO-CD3 (c) 

4 2 ( 2 ‘ 4 2 6 2 4 2 2 0 2 4 
Voltage ('V) Voltage (¥) Voltage (V 

v4 

™ O.ANW-10mg-4GO-CD4 (cf) ; oANW-Newt (2) 

Fig. 5.12 I-V curves of the cold-pressedGO/rGO chemically doped bismuth telluride sample 

(a)O.SNW-5mg-GO (CD1), (b) 0.SNW-10mg-GO (CD2), (c) 0.SNW-S5mg-rGO (CD3), (d) 0.8NW- 

10mg-rGO (CD4) and (e)0.8 NW neat 

Table 5.5 shows the calculated values for the electrical conductivity of all the neat bismuth 

telluride, mechanically alloyed and chemically dopped cold-pressed samples. 
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Table. 5.8 Electrical conductivities of pristine GO/rGO, pristine BizTe3 and BizTe3-GO/rGO 

nanocomposites synthesized by Mechanical alloying method 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Sample ID Electrical Conductivity (S/m) 

x 10° 

0.8NW-Neat Bi2Te3 403.9 

3.2-NT-Neat 204.0 

8-NT-Neat 2.14 

0.8NW-GO-BM1 78.0 

0.8NW-rGO-BM2 96.4 

3.2NT-GO-BM3 230.0 

3.2NT-rGO-BM4 960.0 

8NT-GO-BM5 12.0 

8NT-rGO-BM6 4.04 

0.8NW-5mg-GO-CD1 2.55 

0.8NW-10mg-GO-CD2 48.8 

0.8NW-S5mg-rGO-CD3 0.0029 

0.8NW-10mg-rGO-CD4 775.6       
  

It is found from Table 5.8 that the electrical conductivity of all the samples is in the 

order of ~ 10° S/m. The reason for the very low electrical conductivity is due to the cold-pressed 

sample preparation procedure which has been used in this present work to retain the 1D 

nanostructure in the of the pallet sample after preparation of the pallet samples. Also due to the 

very low density of all samples as discussed earlier. The hot-pressed process was not used in the 

present work because it has been reported that due to hot sintering process, it damages the 1D 

nanostructure morphology in the bulk hot-pressed sample. Therefore, the objective was to 
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investigate the thermo-physical properties of the cold-pressed sample such that the main 

contribution from the 1D nanostructure can be retained after the preparation of the pallet 

samples. 

However, comparing all the samples, it has been seen that addition or dopping of rGO or 

different morphological starting bismuth telluride based samples show different electrical 

conductivity. It has been found that rGO-ball milled sample(3.2NT-rGO-BM4) possesses high 

electrical conductivity. The morphology of the starting bismuth telluride on the electrical conductivity is 

discussed in the following section. 

5.5.2 Effect of morphology on the electrical conductivity of the samples 

The graphical representation of neat-bismuth telluride (NW and nanotubes) based cold- 

pressed samples, GO and rGO mechanically alloyed with NW and nanotubes morphologies 

bismuth telluride based cold samples is shown in Fig 5.13. It is seen from Fig.5.13 that the 

morphology of the starting bismuth telluride nanomaterial impacts the electrical conductivity. 

For instance,neat nanotubular bismuth telluride based sample(3.2-NT-Neat) shows lower 

electrical conductivity as compared to the nanowires based sample(O0.8NW-Neat BizTe3). Also, it 

has been seen that the smaller diameter nanotubular based sample(8-NT-Neat) possesses very 

low electrical conductivity as compared to the larger diameter nanotubes(3.2-NT-Neat) or 

nanowires(0.8NW-Neat) based sample as shown in Fig. 5.13. 

In comparing the effects of the incorporation of GO and 1rGO by using a mechanically 

alloyed process, it is found from Fig. 5.13 that the addition of GO does not improve the 

electrical conductivity but degrades it further. In contrast, the addition of rGO improves the 

electrical conductivity only for the larger dimeter nanotubes based sample(3.2NT-rGO(BM4)). 

This is possibly due to the increase in the carrier mobility in the sample because the rGO sheets 

align in between the larger size nanotubes. However, due to smaller size nanotubes, the sample 

prepared by using smaller size nanotubes, possibly rGO sheets do not align between the 
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nanotubes. Whereas, alloying of GO with both nanowires or nanotubes, the electrical 

conductivity degrades due to the presence of functional groups which affects the carrier mobility. 

The experimental results suggest that the morphology of the starting nanomaterials hasa 

key role in the electrical conductivity of the mechanically alloyed samples. It is also possible to 

improve further the electrical conductivity by optimizing the sintering process parameters or by 

applying a different sample preparation approach, which is the future scope of the present work. 
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Fig. 5.13Graphical representation of the electrical conductivity of the cold-pressed samples with 

different morphology of neat bismuth telluride, GO/rGO alloyed with bismuth telluride(NW and 

nanotubes) cold-pressed samples. 

5.5.3 Effect of GO/rGO content on the electrical conductivity 

All the chemically doped with GO and rGO based cold-pressed samples are graphically 

shown in Fig.5.14. It is shown from Fig. 514 that 10 mg rGO doped bismuth telluride nanowire 
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sample(0.8NW-10mg-rGO-CD4) shows higher electrical conductivity, possibly due to the chain 

morphology of the sample as shown in Fig. 4.7. Also, ahigher concentration(10 mg) of rGO 

sample has shown higher density as compared to other chemically doped samples which 

possiblypossesses higher carrier mobility. 
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Fig. 5.14Graphical representation of the electrical conductivity of the cold-pressed samples with 

different amounts of GO and rGO in-situ chemically doped. 

Thus, the morphology of the source nanomaterial and addition of rGO are the keys influencing 

parameters for improving the thermophysical parameters of the samples. Also, the preparation of 

the process of the bulk nanostructured materials plays a crucial role in attaining higher electrical 

conductivities and Seebeck coefficient as well as high ZT. 
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5.6 Results and discussion 

The figure of merit(ZT) which is an important parameter(energy conversion efficiency) 

for the thermoelectric materials and strongly depends on the materials parameters such as_ the 

Seebeck coefficient(S), electrical conductivity(o) and the thermal conductivity(k), is calculated 

for all the samples by using the following formula[125] 

  

re S*oT 

ok 

Where S is the Seebeck coefficient, o is the electrical conductivity, k is the thermal 

conductivity and T is the operational temperature (room temperature 298K). Thecalculated 

thermo-electric figure of merit(ZT) of all the samples is shown in Table 5.9. 

Table 5.9 Calculated figure of merit(ZT) of all the cold-pressed nanostructured neat 

bismuth telluride sample and GO/rGO mechanically alloyed and chemically-in-situ doped based 

bismuth telluride samples ( at room temperature) 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

Sample ID Seebeck Electrical Thermal Figure of 

(Cold pressed pellets ) Coefficient Conductivity (S/m) Conductivity merit(x10°) 

(uV/K) x 103 (W/m-K) 

0.8NW-Neat BizTes -54.94 403.9 0.32 1.13 

3.2-NT-Neat -31.6 204.0 0.26 0.23 

8-NT-Neat -38.9 2.14 0.25 0.003 

0.3NW-GO-BMI1 -41.1 78.0 0.30 0.13 

0.8NW-rGO-BM2 -21.03 96.4 0.29 0.04 

3.2NT-GO-BM3 -44.9 230.0 0.25 0.5 

3.2NT-rGO-BM4 -65.4 960.0 0.26 4.70 

8NT-GO-BM5 -31.96 12.0 0.29 0.01 

8NT-rGO-BM6 -34.13 4.04 0.30 0.004 

0.8NW-5mg-GO-CD1 -21.3 2.55 0.32 0.001 

0.8NW-10mg-GO-CD2 -20.9 48.8 0.25 0.02 

0.8NW-5mg-rGO-CD3 -37.1 0.0029 0.28 0.000004 

0.8NW-10mg-rGO-CD4 -59.66 775.6 0.25 3.29               
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As shown in Table 5.9, it is found that the 3.2NT-rGO-BM4 has shown the highest figure 

of merit with a higher value of Seebeck coefficient, lower value of thermal conductivity and 

higher value of electrical conductivity among all the other obtained samples. These results 

indicate that rGO layers act as phonon blocking barriers due to the interface between the rGO 

and bismuth telluride nanotubes( larger diameter) without harming the electrical conductivities 

as compared to other samples. 10mg.rGO-CD4 sample has also shown a higher figure of merit 

value. However, all the cold-pressed nanostructured thermo-electric materials have shown a very 

low figure of merit(ZT) as compared to the required ZT value ( ~2-3 ) for utilizingin the 

commercial applications. The main reason is that all thesamples have shown poor electrical 

conductivity. However, compared to the other obtained sample, 3.2NT-rGO-BM4 shows higher 

electrical conductivity. These findings suggest that the ball milling process is the optimum 

process in the present work and incorporation of rGO as a filler material improves the figure of 

merit. Moreover, these findings also suggest that all the obtained samples show lower thermal 

conductivity due to the inclusion of GO or rGO, possibly due to the strong phonon scattering at 

the interface and also due to the holey nanostructure with porosity as evidenced from the FESEM 

images of the broken pallet samples ( as shown in Fig. 5.15 and 5.16). 

It has been already known that the porosity, crystallinity, density, grain size of the 

fabricated nanostructured material directly influence its material properties[89]. Therefore to 

investigate the morphology of the incorporated bismuth telluride 

nanomaterials(nanowires/nanotubes) in the cold-pressed samples (3.2NT-rGO-BM4 | and 

0.8NW-10mg-rGO-CD4), both the sampleswere broken and FESEM images were captured. The 

cross-section and top view FESEM images of the broken pellet samples are shown in Fig. 

5.15(a-d) and Fig. 5.16(a-d) for the 3.2NT-rGO-BM4 and 0.83NW-10mg-rGO-CD4 samples, 

respectively. 
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Fig.5.15(a-c) Cross-sectionaland (d) top view FESEM images of the broken 3.2NT-rGO-BM4 

cold-pressed pellet sample 

As shown in Fig. 5.15(a-c), most of the bismuth telluride larger size nanotubes retain the 

morphology ( nanotubes) after the cold-pressed process. However, it shows porosity in the 

sample. Thus FESEM images evidence that the nanotubes are closely packed layer by layer in 

the sample, butit possesses high porosity. As a result, it shows the lower thermal conductivity but 

due to porous in nature, the electrical conductivity does not improve. 

FESEM images ( cross-sectional and top view) of the broken pallet sample of 0.SNW- 

10mg.rGO CD4are shown in Fig. 5.16(a-d). This result indicates that most of the nanowires 

retained their morphology after the cold-pressed process, as shown in Fig. 5.16(a-c). 

102|Page



  
Fig. 5.16(a-b)Cross-sectional and (c-d)top view FESEM images of the broken 0.8NW- 

10mg.rGO CD4 cold-pressed pallet sample. 

Also, this results evidence that very little damage to the morphology of bismuth telluride 

nanomaterials(nanowires) (as shown in Fig. 5.6(c-d) )as compared to the ball-milling process( as 

shown in Fig. 5.14(d)). It isalso found from the cross-sectional FESEM images(Fig. 5.16(a-c)) 

that the nanowires are closely packed layer by layer with higher porosity. The presence of 

porosity possibly reduces the movement of charge carriers in the cold-pressed sample, and 

hence,the electrical conductivity is very poor. In contrast, the porosity likely helps to reduce the 

thermal conductivity and therefore, all the cold-pressed samples possess very low value. 

It is possible to improve the electrical conductivity by using different sample preparation 

process or using a binder to reduce the porosity in the sample. More investigation is still required 

by using a binder or another sample preparation process to improve the electrical conductivity so 

that higher ZT can be achieved. This work is the future scope of this thesis work. 
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5.7 Conclusion 

All the synthesized processes to obtain the neat and GO/rGO incorporated bismuth 

telluride nanomaterials have been discussed in previous chapters. This chapter presents thestudy 

of the thermophysical properties like density, thermal conductivity, Seebeck coefficient and 

electrical conductivity of these cold-pressed samples. Experimental results indicate that all the 

cold-pressed samples possess very low density as compared to the standard value due to porous 

in nature. However, the experimental results also suggest that the morphology(nanowires and 

nanotubes) of the starting materials impacts the density of the samples due to the different 

stacking arrangement(from the FESEM images of broken pallet samples) after the cold-pressed 

process. 

The experimental results suggest that the starting bismuth telluride nanomaterials 

morphology(nanowires/nanotubes) impacts the thermophysical properties; therefore it is possible 

to achieve higher ZT by properly tuning the morphology of the starting source nanomaterials. 

Also, it indicates that the larger diameter bismuth telluride mechanically alloyed with rGO based 

cold-pressed TE material shows improvement in the thermo-physical properties and ZT. 

Moreover, experimental results also evidence that the addition of a higher concentration of rGO 

improves the thermo-physical properties and ZT in both the mechanically alloy and in-situ 

chemical dopping processes. However, the electrical conductivity of all the cold-pressed samples 

is very poor due to the porosity in the samples. It can be improved by using a suitable sample 

preparation process or addition of binder, so that morphology of the nanomaterials can be 

retained with minimizing the porosity. Thus a higher ZT value can be achieved. 
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Chapter 6 

Summary, Conclusion and future scope 

© In the present work, different bismuth telluride 1D nanomaterials such as nanowires, 

larger and smaller size nanotubes were successfully synthesized by using a wet chemical 

rational design method by varying the amount of reducing agent. Graphene 

oxide(GO)was_ synthesized by using the modified Hummers method and 

reducedgraphene oxide(ftGO) was successfully obtained by thermal and chemical 

reduction. Different characterization methods were carried out to analyze the structure, 

composition, morphology of all the as-obtained 1D bismuth telluride, GO and rGO 

samples. For instance, XRD, RAMAN and TEM analysis results evidenced the formation 

of GO and rGO. FESEM and TEM results indicated that three different morphologies of 

the bismuth telluride(BizTe3)nanostructures such as nanowires, larger diameter 

nanotubes, and smaller diameter nanotubes were successfully obtained by varying the 

amount of the reducing agent during the rational design approach. The XRD patterns of 

all the three samples have indicated that all the crystal planes are in good agreement with 

the standard diffraction planes of bismuth telluride.Elemental analysis of these three 

different morphological bismuth telluride nanomaterials i.e., O.BNW, 3.2NT and 8NT 

have shown Bi and Te contents; however 0.83NW sample is Te-rich, 3.2NT sample is Bi- 

rich and 8NT sample is close to stoichiometry. EDS-TEM results indicate that the 

reducing agent plays a key role inthe synthesized stoichiometry ofBi2T3 sample. 

Furthermore, FTIR analysis results indicated the formation of bismuth telluride 

nanomaterials and Raman analysis result have shown the molecular vibration of different 

bands which are missing in the bulk bismuth telluride samples indicating the formation of 

1D nanomaterials. 

© Inthe second part of this thesis work, three different morphologiesof bismuth telluride 

(BixTe3)nanostructures such as nanowires, larger diameter nanotubes, and smaller 

diameter nanotubes were employed to fabricate a set of GO/rGO-BizTe3 nanostructured 
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materials by the mechanical alloying process. All the synthesized GO/rGO-BisTes 

nanocomposite materials were characterized by XRD, EDS, FESEM, FTIR and Raman 

spectroscopy for structural, compositional, morphology and molecular structure analysis. 

The FESEM and TEM results indicated that the high energetic ball milling process 

breaks the larger diameter nanotubular structures during the process and possibly help to 

establish a strong contact between the nanofiller and matrix material as compared to the 

smaller diameter nanotubes. However, the nanowire or smaller diameter nanotubular 

structures are mostly decorated on the surface of the reduced graphene oxide that leads to 

no-perfect contact between the filler and matrix material. The RAMAN spectra shown 

characteristics peaks of the GO and rGO, the D peak appears at 1366 cm" and the G peak 

at about 1600 cm’ in all the samples. This results clearly evidence the formation of the 

GO/rGO-BiyTe3 nanocomposites and further have shown very good agreement with the 

FT IR analysis results 

In the next part of this work, GO and rGO doped bismuth telluride nanostructures were 

synthesized by using the in-situ chemical rational approach.For this purpose, two 

different amount of GO and rGO such as 5 mg and 10 mg were used as dopants to 

investigate the impacts of chemical doping process on the structure, morphology and 

composition of the GO and rGO doped bismuth telluride nanostructures.Different 

morphologies 1D TE nanomaterials such as nano-screws, nanoplates/nanowires, and 

rough surface thick wall nanotubes are obtained by controlling the concentration of the 

dopants(GO/rGO). XRD and Raman analysis results clearlyindicated that for few 

samples, GOs are mostly reduced to rGO during the in-situ doping synthesis process. 

RAMAN spectra of obtained GO/rGO-doped bismuth telluride show the corresponding 

peaks of GO/rGO at 1300 cm’! to 1650 cm! which confirms the formation of GO and 

rGO doped bismuth telluride nanostructures. HRTEM analysis also shows the 

embedment of GO/rGO in the matrix bismuth telluride nanostructures.FT IR analysis 

results further evidence the formation of GO/rGO-bismuth telluride nanomaterials. 
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o Final part of this work presents the investigation of the thermo-physical properties such 

as density, Seebeck coefficient, thermal conductivity and electrical conductivity of all 

O.8NW neat, 3.2NT neat, 8NT neat, GO/rGO based bismuth telluride nanomaterials 

prepared by mechanical alloying and in-situ doping process to ensure the best synthesis 

process to obtain high figure of merit(ZT) and also to study the impacts of different 

morphological source bismuth-telluride 1D nanomaterials on the thermo-physical 

properties. For this purpose, all the obtained samples in the powder form were cold- 

pressed into disk-shaped pellets. 0.3NW-10mg-rGO-CD4 sample has shown higher 

density, higher electrical conductivities and higher Seebeck coefficient.3.2 mL RA 

bismuth telluride mechanically alloyed with rGO have shown higher Seebeck coefficient 

value due to the improvement in the contact area between the large diameter nanotubes 

and the rGO sheets. These samples show lower thermal conductivity due to the presence 

of phonon blocking barriers(GO/rGO) or inclusion of GO or rGO. The figure of 

merit(ZT) for all the cold-pressed nanostructured samples was estimated and it is found 

that two samples such as 3.2NT-rGO-BM4 and 0.8NW-10mg-rGO-CD4 have shown the 

higher figure of merit(ZT) value as compared to the remaining samples. 

o These experimental findings suggested that the inclusion of the higher amount of rGO 

either by ball-milling or in-situ chemically doping process improves the figure of 

merit(ZT). Further, these experimental results suggest that the morphology(nanowires, 

smaller or larger nanotubes) of the starting nanomaterials play a crucial role for 

improvement in the thermophysical properties of the TE 

o The present work opens apathway to carry out further work in this area to achieve an 

efficient TE material for future energy harvesting applications. 

Future Scope of the present thesis work 

The future scope of this thesis work is outlined as follows 

o More study on the influence of the higher amount of rGO consisting of mono or bilayer 

graphene is still required to find the influence of higher concentration on the thermos- 

physical properties. 
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o Different sample preparation approaches needto be investigated without destroying the 

incorporated nanostructures to improve the density and also to minimize the porosity so 

that electrical property can be improved. 

o Also, new additive elements with smaller size particles (1-10nm) can be utilized that can 

improve the carrier concentration and hence the electrical properties can be improved. 

Ultimately, higher ZT can be achieved. 

© Detailed electrical characterizations such that Hall-effect measurement needs to be 

carried out to investigate the mobility and charger carrier concentration that help to pave 

a pathway for improving the preparation process for improving the electrical properties. 
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