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Abstract (English)

With the world's increasing energy demands, concerns over climate change, and
wastage of nearly two-third of energy in the form of heat, there is a compelling
demand for clean energy sources and efficient energy conversion technologies.
Thermoelectric energy (TE) conversion has emerged out as a potential technique to
convert automotive and other industrial waste heat into useful electricity. The
thermoelectric devices are silent, reliable, eco-friendly, and are devoid of any
moving parts. Hence, this technology is considered as a future clean and sustainable
energy source.

In the present work, a compact thermopower measurement set up, capable of
carrying out the measurements in the mid-temperature range (300-700 K), has been
designed, developed, and fabricated in-house. The set-up is calibrated first by
measuring thermopower of Constantan, Alumel, and Chromel specimen (reference
material) at 313 K. The two data sets obtained on the sample of CaMnOs in the
temperature range of 300-700 K, using the presently developed set-up and a
commercial set-up (M/s LINSIES, Model LSR 3), are in fair agreement.

Lead telluride (PbTe) is an excellent compound for power generation applications
in the mid-temperature range (500-800 K) among all the metal chalcogenides due to
its appropriate intrinsic properties i.e., high Seebeck coefficient, high electrical
conductivity, and low values of thermal conductivity. Hence, fabrication,
fundamental understanding, and structure-material-property correlation of
thermoelectric properties of the chalcogenides materials is a quite exciting area of
investigation.

In the present work, a systematic investigation on structural and thermoelectric

properties of Spark plasma sintered Lead telluride compound has been carried out.
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The pristine lead telluride compound has been synthesized by hydrothermal route
and a low temperature aqueous chemical route without using any organic solvent
and surfactant. The thermoelectric properties of spark plasma sintered bulk
nanostructured samples have been measured from RT to 700K. Notably, significant
Seebeck coefficient and small electrical resistivity values are observed in the sample
synthesized by the hydrothermal route, which is ascribed to the charge carrier energy
filtering effect. A maximum reduction of~38% and~58% have been observed in the
sample synthesized by the hydrothermal and aqueous chemical routes, respectively,
compared to the bulk ingot. The maximum figure of merit attained is 0.18 at 673 K
in the lead telluride sample synthesized by the hydrothermal route.

Controlled Bismuth doping at Pb Site successfully enhanced the electrical
conductivity of PbTe-x % SiC nanocomposite samples by almost two orders of
magnitude in comparison to pristine PbTe. The thermoelectric performance of the
lead telluride compound has been further enhanced by doping with Bismuth at the
Pb sites and incorporating 50 nm Silicon carbide nanoinclusions in the PbTe matrix.
The incorporated SiC nanoinclusions offer significantly reduced thermal
conductivity, which, combined with enhanced power factor, leads to a remarkably
enhanced figure of merit. The zTax Value reaches 0.32 at 590 K.

Further, the effect of the presence of a two-dimensional (2D) Molybdenum Di-
sulphide material on the electrical and thermal transport properties of PbTe-y%
MoS; nanocomposite samples have been investigated in detail. Interestingly, the
electrical conductivity of spark plasma sintered PbTe-MoS;, nanocomposite samples
decreases remarkably compared to the pristine PbTe sample. The incorporation of
MoS; nanosheets in the PbTe matrix leads to an almost 38% reduction in thermal
conductivity values (corrected for porosity). The combination of low thermal
conductivity and moderate electrical conductivity values resulted in a zTmax value of
0.20 at 590 K.
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Abstract (Hindi)

AT ! gt SoT AT & WY, STearg URdcd OR f=idT, iR TH & =0 J @
q)-faerE Sl &! gafdl, e Sl Al 3R HRE Sroll SUTaR0 Wrehfifsal
SISREE AT §1 YHTgAfaed Sl (C1g) TR SffeiAied 3R 3= 3ienfie
U a9 &1 ST fosren & ufafad & & T T GHIfad ddb-ie & =0
H I 81 YHiRafdeed SUHU Hob, fAYT-1g, Tfert & 3% §, 3R fHdl
1t gerdt YTl I IR & | ST, 39 dabiie &l HidH & W 3R Chrs Sol
id & ® 9 AT ST 5|

JHH B H, T dilae YHMITER J1Y R foedT T §, S A-aiad = 31
(300-700 K) T HIY & T W& B, Bl 37-8139 fowrs, [dwRid SR Te1 g |
T2-3(7 Bl U8d 313 K R PHiced, TegHd 3R HiAd 1 (¥ I &
YUTUTAR DI ATTHR hIcTsic [T STl & | G H [ Rid T SUIRT & 300-
700 K & aroHT ¥ § CaMn03 & A TR U & S¢T e Je-3(7 3R Th
oo We-31d (HIY LINSIES, AT8d LSR 3), 3fad THgiid # |

S CARIZS (PhTe) 31U IuYad HidRes 0T A I Hiddh ulieh, 3= fdggd
TAHT, 3R 7 gl & SR O UTg B oREY & dId He-dIHM <o
(500-800 K) ¥ faoiell Idred wanTt & fou U Iy e 81 Suig
T dT | ST, AR S AU & YHZafaed ol &1 fAuTur, Hifae a9
3R RAHT-IU-Hufy Yexisy i &1 U 9gd ol JHad & |

IaqH H H, Wdh e Rice o8 ToRiRe difie & IRadd 3R
YHfgcfaed U IR Th JafYd offd &I 7T gl UHH 08 CaRIss Aifie Bl
gRSHd AN 3R &H qUHE S I9Efe arf grT fedt ot eefe
e SR gthace &1 IudNT [t forr Teaiftid forar man 8 | oreh wirer Rics
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ot HRCIHR Tl & YA UM &I RT ¥ 700K T AT 147 5| faiy
XU ¥, Agaqul Hiad uNies 3R B faggd UfaRiudmar A1 gr3gydd AN gRI
IR T T ¢4 S1d 8, S 916! a8 Sholl [Whee i UHIE o fog fAfy g
N g o g1 # B TReryd 3R Sy Imafe Aarf gRT I=aftd
T T 38% 3R ~58% B! TUHIH HHI ¢! T8 ¢ | TS IUHA AN gRT T=altord
TS CEIRISS A H UTW Al o1 T idhel 673 K TR 0.18 B

Pb ¥T3C R AT faeqy SIftT 7 PhTe-x% SiC AwwIfoe T &1 fagyd
ITAH AT B U PbTe P g H URHATI & TIHIT &l HHI I THhAdYAD
TGHT| IS CRRIZE HUNSS & YHSclaed UGRH ®I Pb A5l TR oy & A1
SIUT TR 3R PhTe A & 50 TIUH RifdeH Felss AHg1aqeH @i
M B MR TG 741 8 | A HT Y Sic "I HIb! HH drdg
TAHdl UG B §, off [ 931 g Ufad SRS & 1Y Agad 0 F gl &
I ¥U ¥ §¢ §U b s P MR ST 8| 2T max BT A 590 K TR 0.32 TF
EEREIGIE

& 3T, PhTe-y% MoS, S-ieHITe AT & faggd 3R Yy gfkag o
TR G- (2D) AiferesH fS-Tethiss Il ot IURUfT & gUTE &f fasdR
T ST B TS ¢ | fa ey a1d 9% | fob TTeh w1 &1 faggd aradedT PhTe-MosS,
AT THAT DI UTH PbTe THA &1 goi-T H Seaia-d &U ¥ HH HR ol
g1 PbTe TR & Mos, ARfie &I ld & ¥ adig araear g (Fx &
forT TEh) T TIHT 38% &1 HHT 3Tl g1 HH dUIg Iradhdl 3R J9d faggd
AT dl el & HAISH & URUTHEREY 590 K TR 0.20 BT 2T e T UT AT
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Real time monitoring of temperatures and thermoelectric voltage during
Seebeck coefficient measurement.

Temperature-time and voltage-time profiles for Constantan (A & D), Chromel
(B & E) and Alumel samples (C & F).

Thermo-emf versus temperature-difference plots for Constantan, Chromel, and
Alumel.

The estimated and reported temperature dependence of the Seebeck coefficient
of constantan sample measured relative to Copper in the temperature range of
300-650K.

X-ray diffractogram of CaMnO3 sample.

Comparison of Seebeck coefficient of CaMnQOs3 as a function of temperature, as
measured using the commercial LSR 3 (LINSEIS) system and in-house
developed thermopower- measurement system.

Variation of % error with temperature in the data presented in Fig. 3.13.
Schematic of the synthesis processes; (a) aqueous chemical route and (b)
hydrothermal route,

X-ray diffractogram and Rietveld refinement profiles of the lead telluride
compound prepared by (a) agueous chemical route, and (b) Hydrothermal
routes.

TEM/HR-TEM image of the as- synthesized lead telluride sample by (a, b)
agueous chemical route, (c, d) hydrothermal route

FESEM images of the spark plasma sintered samples of lead telluride,
synthesized by (a) aqueous chemical route and (b) hydrothermal route.

EDX Images of sintered pellets of lead telluride synthesized by aqueous

chemical route (a-e) and hydrothermal route (f-j).
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Temperature dependence of Seebeck coefficient of nanostructured Lead
telluride samples

(a) Temperature dependence of Electrical conductivity for the nanostructured
lead telluride samples (inset shows the temperature dependence of electrical
conductivity of bulk ingot); (b) variation of In (6 TY?) with 1/kT

Temperature dependence of Power factor of nanostructured PbTe samples (The
inset shows the temperature dependence of power factor of Bulk PbTe ingot)
Temperature dependence of the (a) Total thermal conductivity, and (b) Lattice
thermal conductivity contribution of the PbTe samples synthesized using two
routes (Aq & Hy). A comparison is also made with the data reported on bulk
ingot sample of PbTe.

Temperature dependent (a) Electronic component of thermal conductivity, (b)
Bipolar component of thermal conductivity, (c) difference of total thermal
conductivity and electronic thermal conductivity, and (d) plot of In (kgipolar) VS.
1/2KT.

Temperature dependent figure of merit of PbTe sample synthesized by aqueous
chemical route (black curve), hydrothermal route (red curve) in comparison to
the PbTe bulk ingot (green curve).

Image of hydrothermal autoclave assembly

X-Ray diffractograms of Bismuth doped PbTe- x % SiC nanocomposite samples
(a) as prepared; (b) After Spark plasma sintering

The FESEM images of as-synthesized Biog,PbogsTe- 6% SiC sample

FESEM images of Sintered Big.0,PbogsTe-6% SiC sample.

TEM-HRTEM images of Bigg2PbogsTe-6% SiC sample

EDX Spectrum and Elemental imaging maps for (a-g) Sample Bigo2PboosTe-
0%SiC; (h-n) Sample Bigg,PbogsTe - 6%SiC
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Seebeck coefficient of (a) Pristine PbTe sample (b) BiooPbogsTe-x %SiC
samples

Temperature dependent electrical conductivity of Bigg:PbogsTe- x% SiC
nanocomposites samples (a) without porosity correction; (b) corrected for
porosity

Plot of In(6TY?) vs. inverse of KT for Bigo:PbossTe-x % SiC nanocomposite
samples

Temperature dependence of electrical power factor for Bigo,PbesTe- X% SiC
nanocomposite samples compared to Pristine PbTe.

Temperature dependence of total thermal conductivity of Bigo,Pbo s Te- X% SiC
nanocomposite samples (a) without porosity correction; (b) corrected for
porosity

Temperature dependence lattice and bipolar component of thermal conductivity
(a) without porosity correction; (b) corrected for porosity

Plot of kyotKeec Versus 1000/T for (a) pristine PbTe; (b) Big2PboosTe-SiC
nanocomposite samples

Temperature dependence of dimensionless figure of merit in the Bigo2PboosTe
— X % SiC nanocomposite samples compared to Pristine PbTe.

Schematic of Hydrothermal synthesis of MoS;; and PbTe-y % MoS,
nanocomposite samples.

X-Ray Diffractograms of (a) as-synthesized MoS, powder samples, (b) spark
plasma sintered PbTe-y % MoS, nanocomposite samples

Raman spectra of pristine PbTe and PbTe- y% MoS; nanocomposite samples.
(@) EDX spectrum and elemental mapping of (a) PbTe; (b) PbTe-6% MoS;
nanocomposite sample.

FESEM images of 2D MoS; nanosheets.

XXV

150

152

153

154

155

156

158

159

166

167

168
169

170



6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

(a-b) TEM images of as synthesized MoS; nanosheets; (c, e-f) TEM images of
PbTe-6% MoS, nanocomposite sample; (d) HR-TEM micrograph of PbTe-6%
MoS; nanocomposite sample.

FESEM images of spark plasma sintered PbTe-6% MoS; nanocomposite sample
Temperature dependence of Seebeck coefficient of PbTe-MoS; nanocomposite
samples; the inset shows the Seebeck coefficient of the pristine PbTe sample.
Temperature dependence of electrical conductivity of PbTe-MoS;
nanocomposite samples (a) without porosity correction; (b) corrected for
porosity (the inset shows the temperature dependence of electrical conductivity
in pristine PbTe sample).

Plot of In (6 T1/2 vs inverse of KT for (a) pristine PbTe; (b-d) PbTe-y% MoS,
nanocomposite samples

Temperature-dependent power factor of PbTe-MoS, nanocomposite samples
(the inset shows the temperature dependent power factor of pristine PbTe
sample)

Temperature dependence of total thermal conductivity of nanocomposite
samples (a) without porosity correction; (b) corrected for porosity.
Temperature dependence of (a) electronic component; (b) lattice component of
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Symbols

AV Potential Difference
AT Temperature Difference

S Seebeck Coefficient

Q Heat absorbed/liberated

11 Peltier Coefficient

I Electric current

T Absolute Temperature

n Thermoelectric conversion efficiency
Th Temperature of Hot Junctions
Tc Temperature of Cold Junction
zT Dimensionless Figure of Merit
o Electrical Conductivity

K Thermal Conductivity

Ke Electronic Thermal Conductivity
K| Lattice Thermal Conductivity

KBipolar Bipolar Thermal Conductivity

n/p Electron/Hole Carrier Density
e Electronic Charge

i Charge Carrier Mobility

Kk Boltzmann Constant

h Planck Constant

L Lorentz Number
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Power Factor

Ry Hall Coefficient

d Thermal Diffusivity

Co Specific Heat Capacity

m* Charge Carrier Effective Mass
Hy Vickers Pyramid Number

Ny Orbital Degeneracy

E Energy

Er Fermi Energy

Op Debye Temperature

Es Depth of Potential Barrier
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TE Thermoelectric
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PGEC Phonon Glass Electron Crystal

XRD X-ray Diffraction

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

HR-TEM High Resolution Transmission Electron Microscopy

DSC Differential Scanning Calorimetry

JCPDS Joint Committee on Powder Diffraction Standards

STEM Scanning Transmission Electron Microscopy

HAADF High-angle annular dark-field scanning transmission
electron microscopy

ABF-STEM | Annular Dbright-field scanning transmission electron

microscopy
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