JAIST Repository

https://dspace.jaist.ac.jp/

Title gobdooooooooooooooooooao
Author(s) Nguyen, Thanh Mai

Citation

Issue Date 2013-09

Type Thesis or Dissertation

Text version

ETD

19/ 11561

URL http://hdl.handle.net/ 101
Rights

L Supervisor: gooooa, oooooo
Description

g, HEN

[ogoggo

AIST

JAPAN
ADVANCED INSTITUTE OF
. SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



Synthesis and Characterization of Nanoparticles and

Nanostructured Materials for Thermoelectric Applications

NGUYEN THANH MAI

Japan Advanced Institute of Science and Technology



Synthesis and Characterization of Nanoparticles and

Nanostructured Materials for Thermoelectric Applications

by
NGUYEN THANH MAI

Submitted to
Japan Advanced Institute of Science and Technology
In partial fulfillment of the requirements
For the degree of

Doctor of Philosophy

Supervisor: Professor Dr. Shinya Maenosono

School of Materials Science
Japan Advanced Institute of Science and Technology

September 2013



Acknowledgment

This thesis could not be completed without the support and contribution of many
people. 1 would like to thank Prof. Dr. Shinya Maenosono for supervise me during my research.
His encouragement, guidance and support always lead me ahead with my research. He creates

a good research environment in the lab that | can study and enjoy my study time.

I highly acknowledge Prof. Dr. Kohki Ebitani for being my second supervisor. | learn

from him many helpful things for my research and my life.

My thanks will go to Assoc. Prof. Dr. Mikio Koyano for his acceptance as my minor
research project supervisor. His kindly guidance and discussions strongly contribute to the

expansion of my knowledge to physic aspects of my work.

| would like to acknowledge the useful discussion and help from Prof. Hideo lwasaki,
Dr. Koichiro Suekuni, Dr. Tatsuya Murakami, Dr. Koichi Higashimine, Dr. Go Nakamoto from
JAIST and Dr. Atsushi Yamamoto from AIST. They kindly cooperate with me in many of the
technical issues and measurements presented in this thesis.

| would like to thank Dr. Derrick M. Mott for his support and discussion from the very

beginning of my research in Japan as well as his correcting and proofreading my paper works.

| express my sincere gratitude to the former and current members of the Maenosono

and Ebitani Lab for their support and sharing with me the studying time in the lab.

Finally, I would like to thank my family for their endless love and understanding for all

hard and happy moment of my life.

Nguyen Thanh Mai

September 2013



Table of Contents

i)
i)
vi)
vii)
xi)

xii)

Acknowledgment

Table of Content
Abbreviation and Symbol
List of Figure

List of Table

Abstract

Chapter 1. General Introduction to Thermoelectric Materials and Research Objective 1

1.1. Introduction to Thermoelectric Materials ... 2
1.2. Thermoelectric Effect, Thermoelectric Efficiency and Its Limitation ......................... 3
1.3. Materials for Thermoelectric AppPliCatioNS ............ccccevevivceccccceeeee e, 6
1.4. Solution for Improving the Thermoelectric Efficiency ..., 7
1AL AHOYING oottt 8
1.4.2. Phonon rattling in complex symmetric and crystal materials ............ccccccoen.... 9
1.4.3. Low dimensional MAaterials ... 9
1.5. Chemical Synthesis of Nanoparticles for Thermoelectric Applications .................... 11
1.5.1. Thermal decomposition Method ............cccoeviiiviiiiiciicccccce e 12
1.5.2. Hydrothermal Mmethod .............cccoeiiiiicii s 12
1.5.3. Solvent based reduction Method ............cccoooiiirrnniicee e, 13

1.5.4. Important factors in the synthesis towards well-defined NPs for TE
APPHCALIONS ... 14

1.5.5. Review on the chemical method to synthesize some representative NPs for TE

APPLICALIONS ..t ettt 15

1.5.6. Thermoelectric properties of nanostructured TE materials synthesized

using chemical MEthOAS ... 25
1.6. RESEAICN ODJECLIVE ....ocvceieiicce et 26
RETEIBNCES ..ottt e et e s 29



Chapter 2. Study on Formation Mechanism and Ligand-directed Architectural Control
of Nanoparticles Composed of Bi, Sb and Te: towards One-pot Synthesis of Ternary

(Bi,Sb)2Tes Nanobuilding BIOCKS.........c.cccirieeiceess s 34
2.1, INTFOTAUCTION ..o 35
2.2. EXperimental SECHION ..o 37

2.2.1. CREMICAIS ... 37
2.2.2. SYNENESIS OF NPS ...t 38
2.2.3. Instrumentation and analysis CONdItIONS ..........cccccoveereernnnre e 38
2.3. ReSUItS aNd DISCUSSION .......cocviiiiiriiieiiceisseee e 39
2.3.1. Study of monometallic synthesis approach ...........ccccoovrrriiiiisiccces 40
2.3.2. Study of bimetallic synthesis approach ..o 44
2.3.3. Summary of the mono- and bi-metallic synthesis studies .............c.ccccvvrrrnne. 51
2.3.4. Study of trimetallic synthesis approach ...........cccoovvrrnnnnnniscs 52
2.3.5. Summary of the nanoparticle formation mechanism ..........c.ccocovviiiiiciennn 55
2.4, CONCIUSION ..ttt bbbttt b bbbttt 56
ACKNOWIEAZMENT ...t 57
RETEIENCES ... 57

Chapter 3. Chemical Synthesis of BiSbTe Nanoparticles with Composition and Shape

MANTPUIBLION ..ovieiii et n s s s s s s 59
3L INEFOTUCTION .ottt 60
3.2. EXPErimental SECLION .........ccccvoviiiiiieiciecccccceee e 61

3.2.1. CREMICAIS ...t 61
3.2.2. Synthesis 0f BISH NPS .........cooviicccccccecee e 62
3.2.3. Synthesis of BISDTE NPS .......c.cccoiccccccceceeeee e 62
3.2.4. Instrumentation and analysis cONdIitioNS ..........ccccoovvviviviiiiciccsc e 63
3.3. RESUILS @Nd DISCUSSION ..ottt 63

3.3.1. Binary solid solution BiSb NPs with controllable composition and

MOTPROLOZY ot 63
3.3.2. Seed mediated growth of the ternary solid solution BiSbTe NPs .................. 69
T T 07033167 LT3 o) PSS 70
ACKNOWIECAZMENT ...t 71
RETEIENCES ..ottt b e e e s e s s 71


javascript:popupOBO('CHEBI:50803','c1ra00069a')

Chapter 4. One-pot Chemical Synthesis of Zinc Antimonide Nanoparticles as Building

Blocks for Nanostructured Thermoelectric Materials ..., 73
A1, INEFOTUCTION ..ottt et 74
4.2. EXPerimental SECHION ..o 75

4.2.1. CREMICAIS ..ottt 75
4.2.2. SYNthesis 0f ZN-SD NPS ..o 75
4.2.3. SYNthesis 0f S NPS ... 75
4.2.4. SYNNESIS OF ZN NPS .....oooiiiiir s 76
4.2.5. Instrumentation and analysis CONAItIONS ... 76
4.3. RESUILS aNd DISCUSSION ...ovviieiieiiiririiee et 77

4.3.1. Morphology, composition, structure and surface properties of Zn-Sb NPs .. 77

4.3.2. Seebeck coeffiecient of the powder of Zn-Sb NPS ..., 82
S 014 s Tod 10 1S3 10 o TSP PSRS 83
ACKNOWICAZMENT ...ttt 83
RETEIBNCES ...ttt 83

Chapter 5. Scaled-up Chemical Synthesis of Zn-Sb Nanoparticles and Thermoelectric

Properties of Zn-Sb Nanostructured Materials ..., 85
5.1, INTFOTUCTION ..ottt 86
5.2. EXperimental SECTION ..o 87

5.2.1. CREMICAIS ..ottt 87
5.2.2. Large scale synthesis 0f Zn-Sb NPS ..........ccccocviiiiiiicieeee e 87
5.2.3. Making the nanostructured pellet ... 88
5.2.4. Instrumentation and analysis cONditionS ..........cccccoveviviviiiicccc e 89
5.3. ReSUILS @Nd DISCUSSION .....vvieiieieiririccieieieisistsee ettt 90
5.3.1. Large scale chemical synthesis of Zn-Sb NPS .........c.ccccoovviiiicccccece, 90
5.3.2. Zn-Sh NPs after thermal treatment ... 96
5.3.3. Zn-Sh pellet after Ot PresSing ........ccccveevcvccciccieeeee e 98
5.3.4. Thermoelectric properties of the Zn-Sb nanostructured pellet ..................... 101
5.4, CONCIUSION ..viiuiitiiicticie ettt ettt et et e b e e eseereebeebesbesteseeeens 106
ACKNOWICAZMENT ... 107
RETEIENCES ..ot e s 107



Chapter 6. Conclusion and PrOSPECLS .........cccoiriiiiiiiirinesississ s 109

AAPPENAIX |t 111
APPENAIX TT et 120
APPENAIX T o 134
APPENAIX TV o bbb 136
APPENAIX Vbbb bbb 139
LiSt OF PUBHCATION ... 143
Abstract of SUDTNEME RESEAICH .........cccoiiiiieee e 147



Abbreviation and Symbol

Abbreviation

DT

EDS
HAADF
HR-TEM
ICP-MS
ICP-OES
ND, NDs
NP, NPs
NW, NWs
OAC
OAM
SEM
STEM
TE

TEM
TGA
XPS

XRD

Symbol

Decanethiol

Energy Dispersive X-ray Spectroscopy

High Angle Annual Dark Field

High Resolution Transmission Electron Microscopy
Inductively Couple Plasma - Mass Spectroscopy
Inductively Couple Plasma — Optical Emission Spectroscopy
Nanodisc, Nanodiscs

Nanoparticle, Nanoparticles

Nanowire, Nanowires

Oleic Acid

Oleylamine

Scanning Electron Microscopy

Scanning Transmission Electron Microscopy
Thermoelectric

Transmission Electron Microscopy

Thermal Gravimetric Analysis

X-ray Photoelectron Spectroscopy

X-ray Diffraction

Seebeck coefficient
Thermal conductivity
Electrical resistivity
Electrical conductivity

Wavelength

Vi



List of Figure

Figure 1.1. Schematic illustration of Seebeck effect (A) and a gas diffusion model to explain

the voltage arises from the temperature gradient applied to a p-type semiconductor (B) ........ 4
Figure 1.2. Thermoelectric generator composed of n-type and p-type semiconductors based on
S TTe] ool 1 (T ST STPRP USRS 5
Figure 1.3. Contribution of phonons with different mean free paths to the cumulative lattice
thermal conductivity Value fOr PDTe........coiiiiie et 8
Figure 1.4. Hydrothermal reaction to synthesize PbTe NWs and TEM images of PbTe NWs
.................................................................................................................................................. 12

Figure 1.5. TEM images of Bi>Tes/Te nanowires and Bi>Tes/Sb>Tes nanodiscs synthesized
using oleic acid/oleylamine and decanethiol as capping ligands respectively ........................ 13

Figure 1.6. Schematic illustration of the chemical method to synthesize Bi>Tesz nanotube using
Te nanowire (NW) template via Kirkindall effect...........c.ccccooviiiiici e, 14

Figure 1.7. Schematic illustration of utilizing capping species to direct the shape formation of
NPs via control the kinetic growth of NPs in the chemical method ............ccccoecviiiiiiiiene 15

Figure 1.8. SEM images of (a) Bix(Te,Se)s, (b) (Bi,Sb).Tes aggregated nanocrystals
synthesized by aqueous chemical route adapted from ref. 65 and (c) TEM image of (Bi,Sh).Tes
powder by hydrothermal synthesis adapted from ref. 66............ccccovvvieiiiiiiiienee e 18

Figure 1.9. TEM images of (a) BiosSbhisTeso NPs adapted from ref. 68, (b) BiroSbioTeso
nanosheets and (c) Bi17SbosTeso nanoplatelets synthesized by ligand assisted solvothermal

route adapted From ref. 15, . ..o s 19
Figure 1.10. TEM images of Zn4Shz NPs obtained from the synthesis in solution adapted from
=] S TSP 23
Figure 1.11. Summary of the issues and research objectiVes .........c.ccccecvveveiieie s 27

Figure 2.1. XRD patterns and TEM images of materials synthesized using BiClz and OAM (A

and D), OAC/OAM (B), and DT (C anNd E).......ccoveiureiriiieieee e 41
Figure 2.2. XRD patterns and TEM images of Sb NWs synthesized using OAM (A and C) and
OAC/OAM (B and D). In the case of using DT, no solid particles can be obtained............... 43

Figure 2.3. XRD pattern and TEM images of resulting Te NPs synthesized using OAM (A and
D), OAC/OAM (B and E), and DT (C @nd F) .....cceeiiiiieieieiereeeee e 44

Figure 2.4. XRD patterns and TEM images of the Bi-Sb NPs synthesized using OAM (A and
D), OAC/OAM (B and E), and DT (C and F). G is the HR-TEM image of Bi-Sb NPs
SYNEhESIZEA USING QAL ...ttt b e bbbt 46

Figure 2.5. Relationship between the lattice spacing of (012) crystal plane and molar
composition of BiSb alloy synthesized using OAM (BizoShso) and OAC/OAM (BigsShs) ....47

vii


javascript:popupOBO('CMO:0000850','c1ra00069a')
javascript:popupOBO('CMO:0001802','c1ra00069a')
javascript:popupOBO('CMO:0000850','c1ra00069a')
javascript:popupOBO('CMO:0001802','c1ra00069a')
http://www.chemspider.com/4510681
javascript:popupOBO('CMO:0000850','c1ra00069a')
javascript:popupOBO('CMO:0001802','c1ra00069a')
javascript:popupOBO('CMO:0000850','c1ra00069a')
javascript:popupOBO('CMO:0001802','c1ra00069a')

Figure 2.6. XRD patterns and TEM images for Bi-Te materials synthesized using OAM (A
and D), OAC/OAM (B and E), and DT (C and F).....cceeveiieiiiir e 49

Figure 2.7. XRD patterns and TEM images for Sh-Te materials synthesized using OAM (A
and D), OAC/OAM (B and E), and DT (C and F).....ccceeveiieiiiieiieieee e 51

Figure 2.8. TEM (A-C) and HR-TEM (D-E) images of trimetallic NWs synthesized using
OAM as capping species with 1:1 molar ratio of precursors and OAM .........c.ccccevvevereennenn, 53

Figure 2.9. XRD patterns of trimetallic NWs synthesized using OAM as capping species with
1:1 molar ratio of precursors aNd OAM ... e 54

Figure 2.10. The illustration of the formation mechanisms for (A) Te/Bi,Tes/Sh,Tes phase-
segregated NDs synthesized using DT as a capping system and for (B) Te/(Bi,Sb),Tes NWSs
synthesized using OAM as @ CAPPING SYSTEM ......c.eiiiiiiiiiirie i 56

Figure 3.1. TEM images of BiSb NPs synthesized using approach | (upper row A-C) and Il
(lower row D-F) with Bi:Sb molar feeding ratio of 1:2, 1:1 and 2:1 (from left to right) ........ 63

Figure 3.2. TEM images of single elemental Bi NPs (A, B) and Sb NPs (C, D) synthesized
using synthesis approach | (left) and 11 (right) respectively. .......c.ccccoooiiveiiiiieieiecie e 64

Figure 3.3. Size distributions of BiSb NPs synthesized using approach I (upper row A-C) and
I (lower row D-F) with Bi to Sb molar feeding ratio of 1:2, 1:1 and 2:1 (from left to right).65

Figure 3.4. lllustration for the correlation between size and feeding ratios (then composition)
of resulting BiSb NPs due to the differences in the nucleation and growth rate of Bi and Sh
under the reaction conditions used in the injection method (synthesis approach Il ............... 65

Figure 3.5. XRD patterns of BiSb NPs synthesized using approach | with BiClz:ShClz molar
feeding ratio of (A) 1:2, (B) 1:1and (C) 2:1....ceiiiiieeece e 66

Figure 3.6. XRD patterns of BiSb NPs synthesized using approach 11 with BiClz:SbClz molar
feeding ratio of (A) 1:2, (B) 1:1aNnd (C) 2:1....iiiiiiiiieieie e 66

Figure 3.7. Relationship between the lattice spacing of (012) crystal plane of the synthesized
BiSb NPs with the molar feeding ratios of BiClz to SbCls equal to 1:2, 1:1 and 2:1 and the
corresponding composition of NPs measured by EDS .........cccooov e 68

Figure 3.8. Relationship between the Bi content in NPs and the input moles of Bi precursor (in
QLT 0T o =) TSSO P TR PR PRSPPI 68

Figure 3.9. TEM images of BiSb seed NPs redispersed in diphenylether (A) and BiSbTe NPs
synthesized at 195 °C (B), using OAM as the reducing agent and capping ligand with the seed’s
COMPOSITION OF Bi7aSh26 .. .vvveieiieiiiiees e e 70

viii


javascript:popupOBO('CMO:0000850','c1ra00069a')
javascript:popupOBO('CMO:0001802','c1ra00069a')
javascript:popupOBO('CMO:0000850','c1ra00069a')
javascript:popupOBO('CMO:0001802','c1ra00069a')
javascript:popupOBO('CMO:0000850','c1ra00069a')
http://www.chemspider.com/4885717
http://www.chemspider.com/4885717

Figure 3.10. XRD patterns of BiSbTe NPs synthesized at 195 °C, using OAM as the reducing
agent and capping ligand. The BiSh seed NPs were synthesized with BiCls:ShCls feeding ratio

0 ) 0 1 OSSOSO PR PP 70
Figure 4.1. Schematic illustration of the configuration for Seebeck measurement ............... 77
Figure 4.2. TEM image (A) and XRD pattern (B) of SD NPS........cccoooiviiiiiiiiie e 78
Figure 4.3. TEM image (A) and XRD pattern (B) of Zn NPS. .......ccccccevviiiniiniine e 78

Figure 4.4. TEM images of Zn-Sb NPs (A, B) (the inset in (B) shows the size distribution of
NPs), high-resolution TEM (C) and HAADF-STEM image (D) of a single Zn-Sb NP.......... 78

Figure 4.5. XRD pattern of Zn-Sh NPS.........cccooiiiiiiic e 79
Figure 4.6. XPS spectra of Zn-Sb NPs, (A) Zn 2p and (B) Sb 3d areas........c.ccccccevvevivennenne. 80
Figure 4.7. XPS spectra of (A) Zn 2p area of Zn NPs and (B) Sb 3d area of Sb NPs............ 80

Figure 4.8. (A) HAADF-STEM and (B-D) EDS elemental mapping images of a Zn-Sb NP:
overlay (B) of Zn K edge (C) and Sb L edge (D), (E) the EDS line profile at the center of the
NP as indicated by a yellow line in (a). Dashed and solid lines represent raw and low-pass-
filtered profiles, reSPECLIVEIY. ...c..ooiiiiiee e 82

Figure 5.1. Photograph of the reactor after 1 hour of reaction with the black dispersion of the
resulting NPs in di-phenylether. The reaction solution volume is about 1070 mL ................. 88

Figure 5.2. TEM images of (A) Sb seed NPs and (B-I) Zn-Sb NPs synthesized using different
molar feeding ratios 0f Zn t0 SD PreCUrSOrS..........coviiiieiiiee e 91

Figure 5.3. XRD pattern of the as-synthesized Zn-Sh NPs using different molar feeding ratios
OF ZN 10 S PrECUISOIS ...ttt bbbttt bbbt 94

Figure 5.4. XPS spectra of resulting NPs from Sample 111 with composition of Zn2Shsg (upper
row) and Sample 1V with composition of ZnssShss NPs (lower row): the narrow scan areas of
S 30 NG ZN 2P e 95

Figure 5.5. TGA curve for the Zn-Sb NPs after 6 hours annealing at 366 °C ....................... 96

Figure 5.6. XRD pattern of Zn-Sb NPs after thermal annealing for Sample 111 (A) and IV (B)

Figure 5.7. XRD pattern of Zn-Sb pellets after hot pressing of Sample 11l (A) and IV (B)...99



Figure 5.8. Upper row: TEM sample preparation from the pellet in which FIB stands for focus
ion beam, the technique used to prepare thin film sample for TEM observation; the blue arrows
indicate the position from the surface of the pellet; and the TEM image shows small grain size
in the pellet. Lower row: dark field (HAADF) image and elemental mapping images for Sb L,

Figure 5.9. Temperature dependence of the thermoelectric properties of Zn-Sb nanostructured
pellet prepared from SamPle T ..o 102

Figure 5.10. Temperature dependence of the thermoelectric properties of Zn-Sb nanostructured

pellet prepared from SAmMPIe TV ...ccoooiiiiiiiii 103

Figure 5.11. Schematic illustration of the micro-structure of the pellet...............coccvvenrnnn 104



List of Table

Table 2.1 Main products synthesized using a single metal precursor...........ccccceeevvvevesiiennen. 40
Table 2.2 Main products synthesized using two different kinds of metal precursors............. 45
Table 2.3 Mean crystalline size calculated for NPs based on XRD pattern and Scherrer's
L{0] 141U |- USSP OUUSPRPRS 48
Table 3.1 Summary of main results in composition, XRD peak position of (012) crystal plane
and sizes of NPs for each synthesis approach............ccceceiveieiie e, 67
Table 5.1 Summary of the composition, phases and sizes for the as-synthesized Zn-Sb NPs
using different molar feeding ratios of the metal precursors.........cccocceviveveieneence s 92
Table 5.2 Summary of the composition of Zn-Sb NPs and pellets and the bulk properties the
0211 PSSR 98
Table 5.3 Thermoelectric properties of related materials. The data if not mentioned more were
GIVEN AL R T et bbbttt b bbbttt e e 105

Xi


javascript:popupOBO('CMO:0000850','c1ra00069a')

Abstract

Thermoelectric (TE) materials are interesting research field for energy conversion applications such as cooling
devices, power generation, energy harvesting materials. Because TE materials can enable the direct alternative conversion
between poor-quality thermal energy and high-quality electric energy, the renewal of these materials can make them
become potential candidate for a next generation technology of waste heat recovery. TE materials with phonon-glass
electron-crystal (PGEC) property have been recognized as one of the most promising approaches to improve the TE
efficiency for practical applications and introducing desired nanostructure into TE materials is one way to create PGEC
materials. Because of the capability of well control morphology and nanostructure, chemical synthesis is interesting for
producing nanoparticles (NP)s with tailorable characteristics for TE applications. Furthermore, the chemical synthesis
could be scaled up to obtain large amount of NPs for creating nanostructured TE materials.

The purpose of this research is to develop the chemical synthesis approaches towards nanoparticles and
nanostructured materials for TE applications. With this purpose, my research will address the issues regarding NPs
synthesized via chemical methods in order to offer scalable and economic comparative syntheses with capability of
creating compounds and alloys with tailorable characteristics in nanoscale regime. The NPs which | focus on include Bi-
Sh-Te based ternary alloys and Zn-Sb alloys which can be applied for room temperature to 400 °C and are challenging
for chemical synthesis.

(1)  Synthesis and formation mechanism to control the composition and morphology of solid solution BiSbTe NPs

The modified polyol method was utilized to synthesized BiSbTe containing NPs via a one-pot chemical reaction.
The resulting NPs show various morphologies (hanowires, nanodiscs, nanodiscs grew on NWs) associated with nature of
the capping ligands used in the synthesis and the phase segregation occurs in each case. Because of the complicated
interactions between metal precursors and capping ligands as well as the metal interaction in the one-pot reaction, a
systematic investigation of the synthesis of monometallic, bimetallic and trimetallic NPs was conducted to elucidate the
NP’s formation mechanism. The results of the investigation indicate that using DT as capping ligand, Te can act as the
catalyst for the formation of Bi,Tes and Sh.Tesz and the strong interaction between Te and Bi and/or Sh precursor complex
results in the phase segregation of the resulting BiShTe containing NPs. On the other hand, using OAM as the capping
species, BiSb NPs (alloy) can be formed and the interaction between BiSb and Te NPs in the solution can result in the
formation of ternary BiSbTe NPs. Based on the NP’s formation mechanism, the one-pot synthesis is performed with tri-
molecular precursors in OAM to achieve ternary BiSbTe NWs. To further control the morphology and composition of
ternary BiSbTe NPs, the chemical synthesis was modified in which BiSb alloy NPs with tailorable composition first
prepared in the presence of OAM and used as the seed to grow ternary solid solution BiSbTe NPs. The resulting NPs are
ternary alloy of Bi, Sb and Te and the ratios of Bi:Sb and the morphology of the seeds were maintained in the BiShTe
NPs. The results of these studies offer the fundamental understanding of the NPs’ formation mechanism and the basic
knowledge to synthesize NPs with controllable morphology and composition.

(2)  Zn-Sb NPs: chemical synthesis and large scale reaction to create the nanostructured Zn-Sh materials.

A chemical synthesis with multiple steps in one-pot reaction was designed via the formation of Sb NPs as the seed
followed by the reduction of Zn on surface of Sb NPs and alloying to form Zn-Sh NPs. The careful investigation using
TEM, XRD, EDS, XPS, STEM-HAADF reveals the complex structure of Zn-Sb NPs with core-shell like morphology
and the opposite composition distribution of Zn and Sb from the core to the shell of single NP. The enhancement of
oxidation stability of Zn-Sh NPs is associated with the alloy formation.

The nanostructured Zn-Sb materials were prepared from Zn-Sb NPs obtained in the large scale synthesis (after

surface treatment) via hot-pressing. The Zn-Sb pellets still possess the nanograinboundary and the TE properties of the
pellets were investigated. The results indicated that the pellets have semiconducting properties with good electrical
conductivity, low thermal conductity and Seebeck coefficient similar to Sb, which arises from the existence of Sb phase
and Zn-Sb phase together with ZnO in the pellet. Even though the TE efficiency is not significant, the research exhibits
the capability of utilizing NPs as the building block for creating nanostructured TE materials. Further study on the reaction
and pressing conditions can help to improve the TE efficiency.

Key word: thermoelectric, nanoparticles, semiconductor, chemical synthesis, alloy

xii



Chapter 1

General Introduction to Thermoelectric Materials and

Research Objective

This chapter will give a general introduction to the thermoelectric (TE) effect, TE
materials and the challenges to make TE materials practical available for energy conversion.
The studies on improving TE efficiency, the center of the current research on TE materials, are
briefly reviewed. We then focus on the nanoparticles as a potential candidate for improving TE
performance with an overview on the chemical synthesis approach to get nanoparticles as
promising building block for creating TE materials. The difficulties and strategy to synthesize
nanoparticles with well-defined structure and tunable properties for TE applications will be
reviewed. The chapter will conclude with the objective of the research.



1.1. Introduction to Thermoelectric Materials

Energy is considered to be the blood of the planet because of the fact that all activities
of living thing require energy. The energy sources consist of two types, one is the long term
energy (eternal energy) such as solar energy or earth heat and the other created from solar
energy and stored in biomass and underwent a chemical and physical transition such as
charcoal, petroleum, natural gas... The later is ready to use but it is expected to be quickly run
out in the future at the current demand of energy. Furthermore, using these energy sources
always result in the CO, emission and greenhouse effect which damages the environment and
sustainable development. A new policy and research should be devoted to solve these
problems. One direction mainly focuses on creating new energy sources such as making use of
reusable energy from biomass, fuel cell, solar cell... Researchers all over the world are doing
their best for those green energy sources widely and practically available to replace oil and
charcoal. The other direction which also attracts much of consideration is to improve the
efficiency of using energy in the world (in other words, saving energy). It would be significant
if we take into account the current efficiency of using energy where about 30 % of energy will
be ready to use while large amount of energy releases as heat waste. In term of power
generation as well as improving the energy usage efficiency, thermoelectric (TE) materials
known to be one potential candidate can converse heat (in general) and/ or heat lost to
electricity. In other words, these materials enable direct alternative conversion between poor-
quality thermal energy and high-quality electric energy. Especially, the reuse of waste heat will
be significant with the renewal of these materials to become a next generation technology.
Another advantage of TE materials is associated with the fact that TE materials can help to
reduce the impact on the environment via diminishing CO2 emission during the energy
conversion processes. The advantage is also worth when TE materials are utilized as electronic
cooling devices and equipments when apply the current to generate the thermal difference at
their ends without moving part or Freon generation. Therefore, to solve the energy and

environmental issues, TE materials are expected to be very important candidate.”’

Back to the history of TE materials, the underlying physics of TE materials, called
thermoelectric effects including Seebeck effect, Peltier effect, are well known for a long time.
However, since Seebeck effect and Peltier effect were separately discovered in 1821 and 1834
respectively which served as basic principles for TE materials, until second half of the 20%"

century, TE materials for energy conversions became practical.®* The great consideration and



extensive researches were put on this field which resulted in the finding of Bi and Bi-Sb alloys,
Bi>Tes based alloys and PbTe compound as well as Si-Ge alloys as the state of the art materials
for specific temperature ranges.>®’ Those studies also expanded a huge knowledge of TE
properties and materials characteristics relation, synthesis techniques and characterization
methods. However from those studies, a limitation of TE efficiency is found and set a big
challenge for not only the wide application of TE materials in terms of energy conversions but
also the further study in this field. By the 1970s, less research effort was made in TE material
and seemed to be stopped because it was considered as a mature field. Two decades later, in
the 1990s, when the energy crisis become serious and requirement for higher TE efficiency
became crucial for the future development, TE research had been brought back with great of
interest. Along with the renewing of TE research, many new findings in theoretical and
calculation aspect, thin film, nanotechnology and new concept for materials have been

discovered and evidenced, which expected to open new windows for higher TE performance.

The following part of this chapter will overview the underlying principle of TE effect,
thermoelectric efficiency and its limitation, the materials for thermoelectric application, the
proposed solutions for improving TE efficiency. A part of this chapter will focus on the
chemical synthesis approach to get TE nanoparticles (NP)s as promising building block for TE
application. This chapter will end with the research area and the objective of the study
presented in the thesis. The characterization methods of low dimensional materials and the
measurement of TE properties are important for study in field of NP for TE applications will
be given in the Appendix I.

1.2. Thermoelectric Effect, Thermoelectric Efficiency and Its

Limitation

Thermoelectric effects refer to the effects in which thermal energy converts to
electricity and vice versa. The Seebeck effect, named after the physicist Thomas Johann
Seebeck, occurs when a temperature gradient between the junctions of two conductors
connected each other raises a voltage between two junctions. This effect is familiar with all
technicians and scientists who work with a thermal couple to measure temperature. The
Seebeck effect can be expressed via an integral form relates the voltage V appears at
temperature difference AT: V' = aapAT, Where oap IS the Seebeck coefficient of two junctions

between conductors a and b (Fig. 1.1A).
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Figure 1.1. Schematic illustration of Seebeck effect (A) and a gas diffusion model to explain

the voltage arises from the temperature gradient applied to a p-type semiconductor (B).

The Peltier effect which named after Jean Charles Athanase Peltier exhibits the
phenomenon when a current passing though the junction between two conductors creates the
temperature different at the two ends of the junction. The integral form of the Peltier effect is
mab = /1, where q is the heating rate (cooling rate) at one of the junctions when an electric
current | passes round the circuit and zas is the Peltier coefficient for these two junctions. The
Seebeck effect and Peltier effect are reversible phenomenon and closely related to each other
via the Kelvin relationships: zap = aanT. It is noted that these two thermoelectric effects are
defined for two junctions between two conductors, but the two coefficients are properties of
the bulk materials which have the absolute coefficient (aa, 7a for examples) and aan and/or 7ap
equal to the different of the absolute coefficients of two conductors (aab = @a - ab, ab = 7a - 7).
The Seebeck coefficient is often regarded as thermopower of the materials and can be measured
easier than the Peltier coefficient. The Seebeck and Peltier effects can be imagined with
consideration that electrons/holes diffuse under temperature gradient or move in the electric
field as gas model (Fig. 1.1B).

The efficiency of TE materials is defined by the useful work (w) divided by the heat (q)
from the heat source: w/q. The temperature different between the heat source (Tw) and the sink
(Tc) (Tw-Tc) results in the electromotive force V = aan(TH-Tc). The current of the circuit I,
equals to V/(R+RL) where R is the resistance of TE generator and Ry is the resistance of the
load. The heat is the sum of the heat lost by thermal conduction of the TE generator and the

heat compensates for Peltier cooling of the hot junction when the current passes through:
g =K(TH-Tc) + aablTH Q)

The highest efficiency (nmax) was first given by loffe as follows:
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where T = (Th+Tc)/2, and Z equals to (azan’/KR) which is the figure of merit of the TE generator
(Fig. 1.2). It is noted that (Th-Tc)/Tw is the maximum efficiency of an ideal thermodynamic
machine (Carnot efficiency). Therefore, the highest TE efficiency could be reached when Z
value becomes very large. The efficiency of TE materials strongly depends on the Z (ZT) value
and the Z value depends on the properties of both materials which form the TE generator. The

figure of merit Z of the TE generator when it reaches the optimum value is given by:

7 = (aa_ab)z (3)

[(6aka)/?+(opKp)1/?]?

where ka, kb IS the thermal conductivity of two branches of TE generator.

Heat source
. |
T_
|
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Figure 1.2. Thermoelectric generator composed of n-type and p-type semiconductors based on
Seebeck effect.
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For a single material, the figure of merit is defined as z = a?0/x (where ¢ is the
electrical conductivity, « is the thermal conductivity and o is the Seebeck coefficient of the
material) which is convenient in investigation of the TE materials. The figure of merit has the
dimension of inverse temperature, and when times it with absolute temperature (normally
operating temperature range) we have the dimensionless figure of merit, zT, which is
commonly used. The other definition of figure of merit is as the ratio of power factor to thermal
conductivity. The power factor (a?c) depends on the electronic properties of the material while
the thermal conductivity is sum of lattice and electrical thermal conductivity, . and #e

respectively. It is noted that the electrical thermal conductivity always exists and it is in



relationship with the electrical conductivity expressed in Wiedemann-Franz law: z = LoT,
where L is the Lorentz number which is a constant for metal and depend on the Fermi level for
a semiconductor (SC). For this reason, each increase or decrease of electrical conductivity
always causes the corresponding increase or decrease of thermal conductivity, which make the
ratio of o/ke nearly constant. Moreover, the Seebeck coefficient, «, is also in a relation with the
electrical conductivity, o, because an increase in a of often gives a certain decrease of o. The
interrelation of parameters determined thermoelectric efficiency therefore sets a limitation (zT

about 1) which is difficult to overcome.

1.3. Materials for Thermoelectric Applications

A good material for TE applications must satisfy the following requirements of high
enough Seebeck coefficient, high electrical conductivity and low thermal conductivity.
Because an increase in a often leads to the decrease of ¢ and the decrease of ¢ results in the
decrease of the electronic contribution to « as displayed in Wiedemann-Franz law. Hence, for
bulk materials, these requirements themselves make a fundamental challenge for searching a
good TE material. Metals and their alloys generally have very low o (less than some tens of
microvolts per Kelvin) and the ratio of o to x nearly the value given by Wiedemann-Franz law,
which is all together resulting in much less than unity of the dimensionless TE figure of merit
(zT).

Since semiconductors were discovered, the higher Seebeck coefficient of milivolts per
Kelvin was found in some SCs.® However, SCs with enhanced Seebeck coefficient still
displayed a small value of the ratio between electrical conductivity and thermal conductivity
due to the fact that they have low electrical conductivity and the dominant of the lattice thermal
conductivity. The improvement in the ratio between electrical and thermal conductivity nearly
the value given in Wiedemann-Franz law in some of SCs make them become the current used

TE materials. In the classical approximation,® the zT value was estimated by:

)P
(Bexpn)~+(r+2)

(4)

where 7 is the Fermi energy divided by kT (different from the efficiency in eq.2), r is a
scattering parameter that describes the way in which the relaxation time for the carriers varies
with energy and r often lies between -1/2 and 3/2, the extremes corresponding to acoustic-mode

lattice scattering and ionized-impurity scattering. 3 was given by:



B = 5.745 x 10-6%(%*)3/@5/2 )
L

where W is the carrier mobility, m and m” is the mass of a free electron and the effective mass
of the carriers. For the optimum value of zT, the quantity £ should be as high as possible.

However, it is found that for known materials, f is less than 0.5.

The calculations based on classical statistics as well as Fermi-Dirac statistics are in
good agreement in indicating the zT can reach the optimum in SCs with high carrier mobility,
large effective mass, and low thermal conductivity. It also requires a large enough energy gap,
Eg, for the negligible of the concentration of the minority carrier when the Seebeck coefficient
is optimized. In the classical SCs, the maximum value of Seebeck coefficient at given
temperature is equal to E¢/2eT, where e is the electronic charge. The Seebeck coefficient can
be calculated using Fermi-Dirac statistics, and the optimum value is close to + 200 pVK™3

1.4. Solutions for Improving the Thermoelectric Efficiency

The solutions for improving TE efficiency include the methods to obtain materials
displaying good Seebeck coefficient, electrical conductivity and low thermal conductivity, on
the other words, to reduce the lattice thermal conductivity without much decrease of the power
factors, or improvement of power factor of the existing materials without increasing much of
thermal conductivity. The current researches in the field of TE indicate that the phonon glass
electron transmission materials which offer low thermal conductivity as glasslike materials and
high electrical conductivity as metal should be ideal for high performance thermoelectricity.®
Introducing the mechanism to lower the thermal conductivity via effective and selective
phonon scattering therefore becomes very important to obtain the ideal TE materials. Because
the heat carried by phonon often has a band spectrum of mean free path (MFP)® which can be
scattered in different mechanisms (Fig. 1.3), the study and combination of scattering phonons
with short, medium, and long MFP can result in extremely low thermal conductivity at the
same extent of electrical structure. The following reviews the methods to effectively scatter
heat carried by phonon at different length scale (of the MFP) while not much affect on the

electrical conductivity of the materials.
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Figure 1.3. Contribution of phonons with different mean free paths to the cumulative lattice

thermal conductivity value for PbTe adapted from ref. 10.

1.4.1. Alloying

This method was first proposed by loffe and his colleagues based on the prediction that
alloying allows introducing the short range disturbance to significantly scatter phonon but the
maintaining the long range order to prevent the scattering of electrons and holes.® As a result,
the alloys exhibit much lower thermal conductivity than their constituents without decreasing
of electrical conductivity. This approach serves as one efficient method providing the most
improvement of zT in 1950s -1960s and find its significant in Bi>Tes based materials (now
mostly in solid solution with Sh,Tes or Bi>Ses to form one of the best p- and n-type SCs for TE
application at room temperature up to 200 °C ), Pb-Te (often in solid solution with SnTe, PbSe
to form one of the best p- and n-type SCs for TE application at intermediate temperature above
200 °C to 500 °C), and Si-Ge alloys (above 500 °C to 1000 °C) which are now used as materials
for TE generation. For example, the alloy BiosSbisTes and Bi2Tez27Seos show the figure of
merit, z, increase to 3.3x10° K* compared to z of 2x10° K for Bi;Tes. Another example is
about Si-Ge alloy at 300 K the « values for Si and Ge are of 113 and 63 Wm™K™! respectively
while a solid solution of Si and Ge with composition of Sio7Geos has x of only 10 WmK™,

The underlying mechanism of the thermal conductivity reduction is the phonon
scattering due to mass fluctuation entire the solid solution. The alloying allows the effectively

scattering of phonon with short mean free paths in the order of subnano to several nanometers.

(Phonon scattering mechanisms in crystal structure materials: the decrease of thermal

conductivity of crystal materials is often due to the phonon-phonon scattering, phonon-



impurity scattering, phonon-boundary scattering. The first one was further divided into normal
phonon scattering and Umklapp scattering where the phonon momentum was transferred to the
lattice causing the resistance to the heat flow. The phonon-phonon scattering is important
contribution to heat resistance at room temperature due to the Umklapp scattering, but phonon
impurity scattering more dominant as lowering the temperature. At low temperature, phonon-
boundary scattering contribute to the decrease of thermal conductivity (the MFP of phonon is
comparable to the grain size of materials) and this kind of scattering is temperature
independence. Therefore, at low temperature, the thermal conductivity is proportional to T* as

the same as specific heat.)

1.4.2. Phonon rattling in complex symmetric and crystal materials

In 1990s, Slack suggested the concept of “phonon glass electron crystal” (PGEC) as the
criteria for good TE materials.>!*!2 His idea of such TE materials becomes somewhat practical
presence in materials exhibiting the complex symmetry and crystal structure with “cages” or
“tunnels” large enough for atoms located inside to rattle but do not destroy the favorable
electronic structure. The rattling centers (atoms) effectively scatter phonon for which the
thermal conductivity is glasslike while allows the electron pass through the crystal lattice,
displaying the PGEC structure. The “phonon rattling” concept proposed to reduce the lattice
thermal conductivity in the crystal materials with high power factor is important as it had
contributed to the great improvement of zT observed in the history of TE materials where many
solid systems were found to possess zT values over 1 such as skutterudites and clathrates based
on this standpoint.>113 However, it is worth to emphasize that even the ideal PGEC material
is still not practical presence, the enhancement of zT due to the rattling process in complex
symmetric materials is a good theoretical guidance for researchers in searching effective TE
materials based on lowering the thermal conductivity while maintaining a good electrical

conductivity.

1.4.3. Low dimensional materials

Low dimensional thermoelectricity refers to two important strategies to improve zT
value including: (i) offer large area of boundary for phonon-boundary scattering even at room
temperature if the size of materials smaller or comparable with the mean free path of phonon,
which results in extremely low x, while still allows carrier transmission and (ii) improve « and

somewhat decoupling « and o via the quantum confinement effect theorized by Hick and



Dresselhaus in which the increase of the density of states near the Fermi energy leads to the
enhancement of a and the low dimensionality offer the possibility to tailor the electronic
structure to decouple the o and ¢.14*° The first advantage of the low dimensionality is based on
choosing a suitable size of materials that allow the boundary effectively scattering phonon than
electron giving rise in the o/k ratio.!®?> The experimental results in Bi;Tes-SbhaTes
superlattices’” and nanostructured TE materials can clearly demonstrate this theoretical
standpoint. The second aspect of low dimensionality regarding the enhancement of «a arises
from the increase of the density of states near the Fermi level due to the confinement effect.*4*°
It was proved in the PbTe-PbixEuxTe quantum well superlattices where the increase of o
directly relates to the increase of density of state at each subband edge.® Furthermore, the
experimental results for n-type PbTe agree well with the theoretical calculation results that o?n,
where n is the carrier concentration, also increase with the size decreases of PbTe. Another
example is the size dependent semimetal-semiconducting transition due to the quantum
confinement effect when the decrease of the size of Bi from the bulk to nano regime leads to
the increase in Seebeck coefficient and the capability of tuning its electronic structure from
semimetal into SC. These results indicate the possibility of decoupling the interrelated
parameters, which determine TE efficiency, in low dimensional materials to obtain enhanced

ZT values.®

Other phenomena displaying in low dimensional materials can also contribute a part to
the decoupling and somewhat independently modifying «, o, x are energy filtering, carrier
pocket engineering.

The theory of low dimensionality (nano regime) for enhanced TE efficiency and the
experimental achievements of improved zT values arising from decreasing the size of the state
of the art TE materials make this research field become more and more promising for advanced
TE materials. As mentioned before in this section, the much higher zT can reach by the
combination of the low dimensionality (current approach) with alloying and/or complex
structure and symmetry which is the main origin of the high zT in most of the bulk state of the
art TE materials. Therefore, introducing low dimensionality (nanostructure) into state of the art
TE materials has been active research topic in the field of advanced TE materials. Synthesis of
these advanced materials, however, associates with a lot of difficulties regarding precise
control the dimensions, nanostructure, composition, surface properties and so on due to its
essential importance for TE efficiency improvement. Therefore, the following part of the thesis

is devoted to overview the synthesis of nanoparticles (NP)s for TE applications, especially the
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chemical synthesis which displays high capability of tailoring NPs characteristics compared to

physical methods, its advantages, achievements and challenges.

1.5. Chemical Synthesis of Nanoparticles for Thermoelectric

Applications

Regarding the synthesis method for TE materials, physical methods are dominant in
producing bulk TE materials. In preparation of NPs for TE applications, there are two main
methods categorized based on the starting materials and pathways used to create NPs: first,
start with bulk materials, using physical method to reduce size of the bulk (top down methods)
and second, start with the molecules and using molecules to build up the nanostructure (bottom
up methods).?® The physical approaches include: alloying, melting, zone-melting, cold/hot-
pressing, grinding, spark plasma sintering, crystal growth techniques, molecular beam epitaxy,
molecular vapor deposition. Other approaches combine the physical and chemical methods
such as electro-chemical synthesis, sono-chemical synthesis also work in producing TE NPs.
However, in terms of large scale synthesis, environmentally benign technique and manipulation
NPs’ characteristics such as size, shape, composition, nanostructure, surface properties, and so
on, there are some degrees of difficulty regarding the physical approaches which often require
intensiveenergy, normally high temperature, some time high degree of vacuum level and
expensive apparatus. Chemical synthesis, on the other hand, serve as a bottom up method, can
offer host of advantages in tailoring NPs’ characteristics and potential to obtain large amount
of products at comparative cost.?*?® As the characteristics of NPs are crucial important
parameters affecting on the TE properties of their nanostructured materials, the good
manipulations on those parameters have received great of interest. Hence, focusing on the
chemical methods to control the NPs’ characteristics for advanced TE materials, a review is
provided for the chemical methods, the key factors to obtain well-defined nanostructure, the
capability and current difficulties when using chemical techniques towards NPs for TE

applications.

Several chemical synthetic methods have been developed towards NPs for TE
applications. The most often used methods are the hydrothermal/solvothermal method with
various reducing agents, solvent based reduction method, microwave assisted chemical

synthesis (sonochemical method), or the decomposition method.
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1.5.1. Thermal decomposition method

In this approach, precursors are typically prepared in the form of single or multiple
zero-oxidation-state metal complexes.?® They are dispersed in an organic solvent with
stabilizing (capping) molecules. Around the decomposition temperature of the metal
complexes, the elemental precursor atoms undergo nucleation, followed by protection by the
capping molecules and subsequent growth of the NPs. In this method, study of the precursor
source, decomposition conditions and capping molecules is very important to elucidate the

parameters that are required to obtain well-defined NPs.

1.5.2. Hydrothermal method

Hydrothermal synthesis is typically conducted in water at temperatures higher than the
boiling point of water in a closed system under pressure (Fig. 1.4).2”-?° For the metal precursor,
one can use salts, oxides, hydroxides, or metal/semimetal powders. Various kinds of reducing
agents can be introduced into the reaction system ranging from sodium borohydride (NaBHa4)
or hydrazine (N2H4) to organic compounds including oleylamine, ethylene glycol, glucose,
formaldehyde or biomolecules. Capping ligands such as oleic acid, oleylamine, dodecanethiol,
sodium  bis(2-ethylhexyl)sulfosuccinate,  L-glutathionic  acid, complexing agents
[ethylenediaminetetraacetic acid (EDTA), cetyl trimethylammonium bromide (CTAB), etc.],
or polymers (polyvinyl pyrrolidone, PVP, polyethylene glycol, etc.) are often employed to
stabilize NPs and control the resulting morphology during nucleation and growth. Other
synthetic conditions including pH, temperature and reaction time can be modified to obtain

monodispersed and uniform NPs.

Na,TeO, + PVP 180°C, 24 h

+ NQH,,.XHQO Te NWs

+ NH./H,O Autoclave
180 °C | + Pb(NO,),
12h Autoclave

Figure 1.4. Hydrothermal reaction to synthesize PbTe NWs and TEM images of PbTe NWs
adapted from ref. 27.
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1.5.3. Solvent based reduction method

The solvent based reduction method is similar to the hydrothermal/solvothermal
synthesis in terms of reducing agents, capping molecules, solvents and precursors used except
for the point that it can be conducted under atmospheric pressure.®=2 The synthesis is typically
performed in an organic solvent such as diphenyl ether, phenyl ether, dioctyl ether or ethylene
glycol, at a temperature ranging from room temperature to near the boiling point of the solvent
(25-300 °C). The polyol method is a class of the solvent based synthesis technique that uses a
polyol as solvent and reducing agent. The polyol method is a good candidate for synthesizing
highly uniform NPs in terms of size, shape and structure.

Figure 1.5. TEM images of Bi>Tes/Te nanowires and Bi,Tes/Sh,Tes nanodiscs synthesized
using oleic acid/oleylamine and decanethiol as capping ligands respectively. The images are
adapted from ref. 34.

Recently, the solvent based reduction method has proven to be advantageous in control
over the size and shape of NPs for TE applications with narrow size distribution.® PbSe
nanowires (NWSs) with various controllable morphologies (zigzags, branches, wires, helical
wires) with a diameter that can be tuned from 4 to 20 nm,*° and very thin Sb2.«BixTes nanosheets
have been obtained based on this method® as well as Bi, Sb, Te containing NPs with different
morphology can be produced by changing the capping species (Fig. 1.5).2* This technique has
provided a convenient tool to manipulate the NP morphologies via modifying the synthetic
conditions, capping systems, reaction steps, and molecular precursor sources. The main
disadvantages of this method relates to the existence of organic capping species on the surface
of the NPs which strongly affects the surface and TE properties. The complete removal of
adsorbed capping species is a challenge and often results in the oxidation of NPs which will

reduce o and the resulting zT value.
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1.5.4. Important factors in the synthesis towards well-defined NPs for TE

applications

In order to synthesize well-defined NPs for TE applications, the careful control of
synthetic conditions is crucially important. For well-defined size and shape NPs, a nano- or
micro-scaled template with specific geometry is often required. The “hard template” is based
on micro-porous materials which provide confined spaces for the reaction and growth of NPs,
defining the final morphology. By using the template-based synthesis method, various kinds of
NWs have been synthesized including Bi;Tes,*® PbTe®* and PbTe/BixTeix/PbTe
heterostructured dumbbell-like NWs.*” In another case, templating NPs can be sacrificed
themselves for the formation of another kind of NP with different composition but inherited
morphology via galvanic replacement or Kirkendall effect. For example, Bi>Tes NWs were
synthesized using Ni NWs as a template,®” and Bi,Tes nanotubes (NTs) were fabricated using
Te NWs as templates (Fig. 1.6).%®

- VTe

Bi Bi > Vg

g T

: Diffusion Vi >V,

c
gi [ Bi
Te NW Bi@Te NWs Diffusion rate of Te, v, Bi,Te,
template higher than that of Bi, v;, Nanotube

Figure 1.6. Schematic illustration of the chemical method to synthesize Bi>Tesz nanotube using

Te nanowire (NW) template via Kirkindall effect

When capping molecules are used in the synthesis, they can act as a “soft template” to
direct the shape formation and play a key role in stabilizing the NPs. At the early stage of the
homogeneous nucleation, the capping species selectively adsorb on the thermodynamically-
favored surfaces of nuclei, and then, strongly restrict the growth direction of the nuclei to form
NPs with specific shape (Fig. 1.7).%° It was observed that very thin PbTe NWs were grown by
the polyol synthesis in the presence of sucrose capping ligands as a soft template, while
isotropic PbTe NPs or even bulk PbTe crystals were obtained in the absence of sucrose.*® There

14



have been a number of in-depth studies addressing the effect of capping molecules on the size
and shape formation of NPs.2>#142 Another way that the capping species can be used to direct
the particle size and shape formation is through micelles formed from a surfactant*® or ionic
liquid molecules* which act as nanoreactors. The organic capping species on the surface of the
NPs is crucial not only for manipulating the NP morphology but also for protecting the NPs
from uncontrollable aggregation and oxidation which readily occurs once the capping
molecules are removed. On the other hand, however, the organic nature of the remaining
capping molecules often causes a significant decrease of electrical conductivity which is
detrimental to overall TE efficiency, negating the advantages of low dimensional of NPs.
Hence, some solutions and modifications have been proposed in order to use capping species
to direct the growth of anisotropic NPs while avoiding a decrease in the electrical conductivity.
For example, conducting polymers or short alkyl chain molecules have been utilized as capping
species to stabilize NPs,* and surface organic ligands were extracted and replaced with
ammonia® or NoH4-H,0% offering new approaches to increase the zT value of TE materials

made from NPs.

X | growth

x | direction
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Figure 1.7. Schematic illustration of utilizing capping species to direct the shape formation of
NPs via control the kinetic growth of NPs in the chemical method

1.5.5. Review on the chemical method to synthesize some representative NPs

for TE applications
(Bi,Sb)-(Te,Se) based NPs

(Bi,Sb)-(Te,Se) based NPs can serve as one of the most efficient TE materials near
room temperature. The layered crystal structure makes it feasible to grow Bi-Te alloy NPs with

anisotropic morphologies.*” 1D NPs of this system were prepared by surfactant assisted

15



hydrothermal/solvothermal synthesis,*® solvent based technique®#**® or the thermal
decomposition method.?® It is notable that, the one dimensional NPs can be obtained for only
binary Bi,Tes, ShoTes but still challenging for ternary BiSbTe alloy NPs due to the difficulty
associated with homogenous nucleation, growth and alloying of ternary element, the uniformity
of NPs’ morphology and composition as well as the stabilization NPs in the synthesis. The
knowledge from binary NP synthesis is still useful in understanding the chemical synthesis of
BiSbTe containing NPs.

Bi>Tes nanorods (NRs) with a diameter smaller than 80 nm are required to display
improved TE efficiency due to the size reduction induced decrease in thermal conductivity.>2
Based on an aqueous solution synthesis at 100 °C, Ramanath and coworkers demonstrated that
the size of BizTes NRs can be tuned by changing the organic capping ligands,>? for example,
using L-cysteine, NRs with an average diameter of 71 nm and length of 470-800 nm were
obtained, while their mean diameter and length were reduced to 54 nm and 210-520 nm
respectively when using thioglycolic acid as a capping ligand. More complex Bi>Tes/BiS core-
shell NRs whose lengths and lateral dimension respectively range from 100-4000 nm and 35-
290 nm were synthesized by the polyol method using L-glutathionic acid (LGTA) biomolecular
surfactant as a capping ligand.>® Additionally, the kinetic growth of NRs which important to
direct the morphology and sizes can be controlled with choosing the appropriate reaction
temperature, time and ligand to precursor ratios such as at 140 °C in the synthesis, wide and
long unbranched NRs were obtained at high LGTA/Bi®* ratio, and branched NRs appear at low
LGTA/Bi*" ratio while increase the reaction temperature to ca. 195 °C, longer NRs with
branches and macroscopic agglomerates became dominant for short reaction time (5 hours) and

for longer reaction time (24 hours), respectively.

One dimensional (Bi,Sb)-(Te,Se) based NWs have received even more interest for high
TE efficiency, but it is still a synthetic challenge in terms of producing thin NWs with well-
defined crystal structure, high uniformity as well as chemical and mechanical stability. In a
typical synthesis of Bi-Te NWs, Te NWs were first formed followed by reduction of Bi
precursor in the presence of capping ligands. Based on this approach, Bi>Tesz based NWs have
been synthesized by hydrothermal or solvent based reduction syntheses*® with strong reducing
agent (NaBHs or NzHi). BixTes based NWs were also synthesized by the thermal
decomposition method using tris[bis(trimethylsilyl)amino] bismuth (Bi[N(SiMez)2]s) and Te
NW precursors.?® It is noted that the diameter of the Bi>Tes NWs strongly depends on the
synthetic method, i.e., 200-500 nm for the hydrothermal method,*® 50-85 nm for the thermal
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decomposition method?®, and 20-25 nm for the solvent based method using PVP as a capping
ligand.>® Mott et al. recently reported a one-pot polyol synthesis of Bi;Tes/Te heterogeneous
NWs with diameters of 30-50 nm and high aspect ratio using organic capping ligands such as

oleic acid and oleylamine.3*

(Bi,Sb)-(Te,Se) NTs are also promising 1D TE NPs because of their hollow-quasi-1D
structure. The synthesis of well-defined NTs by hydrothermal or solvent based methods have
been reported as exemplified by Bi,Ses NTs™ and Bi,Tes NTs.338485054 The galvanic
displacement reaction between Bi** and HTeO?" ions and Ni NWs as templates was first
utilized to form Bi>Tes NTs.*” The formation of Bi>Tes NTs was promoted by the difference in
the reduction potential between Bi and Te precursors and Ni NWs. As another way to
synthesize Bi>Tes NTs, the Kirkendall effect, which originates in the difference in diffusion
rates of the elements in a solid, has been extensively utilized in hydrothermal or solvent based
chemical syntheses.3848-5054 |n the syntheses, Te NWs were used as templates and Bi precursor
was subsequently added. As the Bi is reduced at the Te NW surface, the Te and Bi begin to
diffuse into each other, the higher diffusion rate of Te into Bi causes a void space to form in
the center of the wires, creating the hollow NTs (known as the Kirkendall effect). As a result,
Bi>Tes NTs were readily synthesized.®® This method appears to be advantageous in large scale

synthesis, uniformity and control of the wall thickness.

The last decade has witnessed the success of various chemical synthetic routes in
producing 2D (Bi,Sb)-(Te,Se) based NPs including hexagonal nanoplatelets of Bi>Tes, ShoTes,
n-type BixTexxSex and p-type ShoxBixTes, nanobelts of Bi>Ses or ShoTes, ShoyBixTes
nanosheets and heterostructured Bi>Tes/ShoTes nanodiscs. The chemical synthesis show
relatively well control on the binary NPs of Bi>Tes, SboTes or Bi>Ses but only few synthesis

routes can produce ternary alloy NPs.

Single crystal and highly monodispersed hexagonal shaped Bi>Tes nanoplatelets that
are very thin (thickness lower than 15 nm) are formed as a result of surfactant assisted organic
solvent based synthesis under well controlled synthetic parameters such as elemental precursor,
temperature and synthetic conditions.®® The resulting Bi,Tes nanoplatelets exhibit the
advantages in control of NP characteristics over other chemical methods, such as surfactant
assisted hydrothermal/solvothermal synthesis®>° and surfactant-free galvanic replacement
reaction,®® where thicker nanoplates (30-50 nm) with larger size distribution are often formed.
For example, heterogeneous crystal structures and Bi>Tes/Te segregated phases are detected in
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the microwave stimulated solvothermal method®® and microwave assisted galvanic
replacement method.® In the case of 2D Sh,Tes NPs, the hydrothermal synthesis is the most
successful approach,>’%2%472 different from the cases of 2D Bi,Tes NPs which could be

synthesized by various other synthetic techniques.

Figure 1.8. SEM images of (a) Bix(Te,Se)s, (b) (Bi,Sb).Tes aggregated nanocrystals
synthesized by aqueous chemical route adapted from ref. 65 and (c) TEM image of (Bi,Sh).Tes
powder by hydrothermal synthesis adapted from ref. 66. All images show submicron non-

isolated particles without much control morphology.

It is well known that incorporation of Se or Sb into the Bi>Tes crystal structure can
produce n- or p-type semiconductors respectively with the enhancement of phonon-scattering
due to low crystal symmetry, and site occupancy disorder which contributes to the decrease of
lattice thermal conductivity, hence, improvement of TE efficiency. With high grain boundary
area gained from a nanoscale size, ternary BiSbTe or BiTeSe alloy NPs are expected to scatter
heat carried by the phonon much more effectively.® However, the chemical synthesis of these
ternary alloy NPs has to overcome many challenges evolving from control of the homogeneity
of both morphology and composition at the same time. There have been some reports on the
formation of BiSbTe NPs via hydrothermal approach,®*®” in which NPs appear highly
aggregated in nature, their compositions and crystal structure were not clearly determined and
their sizes and shapes were not well controlled. The lack of stabilizing agents®® and the
hydrothermal conditions®®®” in an one-pot synthetic technique make it difficult to obtain

isolated NPs with well-defined morphology as shown in Fig. 1.8.

Recently, Zhang et al.>” modified a solvothermal synthesis using PVP as capping
molecules, ethylene glycol as solvent and reducing agent, and NaOH as reaction environment

control agent, to synthesize n-type Bi>Te>Se semiconductor NPs from oxide precursors. The
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obtained NPs are hexagonal shaped nanoplatelets with a thickness of 25 nm and edge length of
200-300 nm. The XRD, SAED pattern and HRTEM images reveal nanoplatelets with a single
phase and well-defined crystal structure. P-type BiSbTe NPs with true nanosize composed of
single phase BiosSbisTes (Fig. 1.9 a) has been synthesized via a ligand assisted organic
solution synthesis developed by Burda et al. with the injection of Te-TOP complex into the hot
solution of Bi and Sb organometallic precursors, capping ligands, and reducing agent.®
Although an anisotropic morphology was not achieved, it shows the feasibility of the ligand
assisted solution approach in creating low dimensional ternary BiSbTe alloy NPs. However,
this method consists of multiple reaction steps and using toxic chemicals, which may limit the

practical application.

(o)) Bi1_OSb1¢T§§:?iXY 5

-

Figure 1.9. TEM images of (a) BiosSbisTeso NPs adapted from ref. 68, (b) Bi1.oShioTeso
nanosheets and (c) Bi17Sbo4Teso nanoplatelets synthesized by ligand assisted solvothermal

route adapted from ref. 15.

Taking the advantage point of this approach with some modifications, Weller and
coworkers recently succeeded in synthesizing p-type Sb2.xBixTes nanosheets and nanoplatelets
which have elemental composition of BiroSbi.oTeso (Bi:Sb = 1:1) and Bi1.7Sbo4Teso (Bi:Sh =
4:1) respectively (Fig. 1.9 b and c).*® The morphology and structure of these 2D NPs are
sensitive to the reaction temperature. At moderate reaction temperature (ca. 60 °C), the
formation of thin nanostructures occurs followed by their combination to form larger structures,
so-called “nanosheets”. Nanosheets are very thin (thickness of about 5 nm) and ranges from
50-200 nm in edge length. Futhermore, nanosheets have a single crystalline structure revealing
the perfect alignment of the thin nanostructures in a specific crystalline direction during the
reaction. At higher reaction temperature (90 °C), the thickness of the nanosheets increased to
15-20 nm which are referred to “nanoplatelets”. The transformation of nanosheets to

nanoplatelets with an increase in thickness is due to growth in the c-axis direction initiated by
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an increase in reaction temperature. This method opened the way to chemically grow well-
defined NPs for highly efficient TEs. Even though this is the only successful wet-synthesis of
2D BiSbTe ternary alloy, it is still limited in the type of NPs (with certain morphology and
composition) the method can produce and exhibits how challenging it is to create ternary alloy
NPs.

In summary, various chemical synthesis techniques are demonstrated the capability of
creating well-defined binary NPs of (Bi,Sb)-(Te,Se) based system. The formation and effect of
synthetic parameters on the resulting NPs dimensions and nanostructure have been somewhat
elucidated. On the other hand, the synthesis of ternary BiSbTe and BiTeSe alloy NPs is very
challenging work in term of creating true NPs, controllable morphology, composition and
structure with high uniformity and homogeneity simultaneously. Moreover, synthesis
techniques succeeded in formation of BiSbTe alloy NPs can lead to only one specific type of
NP in terms of shape or structure, making these techniques very limited in the range of NPs
they can produce. Part of these difficulties arises from the lack understanding of the formation
of NPs in the tri-elemental NPs due to the complexity occurs in the reaction of tri-elemental
precursors in which not only the effect of surfactant but also other factors such as relative
reaction rate or interaction of the two or three elemental precursors, the alloying... on the
growth of NPs. Therefore, further study on the formation of ternary alloy NPs is required to
well control NPs’ characteristics and to be able to expand the chemical synthesis to obtain,

such as ternary BiSbTe NWs or BiSbTe NPs with tunable morphology and composition.
Pb-(Te,Se) system

Pb-(Te,Se) materials possess very high zT value at an intermediate temperature (the
maximum zT value occurs at about 430 °C). PbTe quantum dot superlattices show improved
TE efficiency compared to the bulk.®® One-dimensional PbTe NPs with an enhanced Seebeck
coefficient were experimentally and theoretically proven to give a comparable zT value with
PbTe/PbSexTe1x superlattices.’® The chemical synthesis of 1D Pb-(Te,Se) NPs required strict
control of the reaction conditions. Recently, 1D PbTe and PbSe NPs were successfully
synthesized using the hydrothermal method and solvent based synthesis method with the aid

of shape directing surfactants.?”2%-32

Hydrothermal synthesis in an one-pot reaction at high temperature (ca. 200 °C) using
N2Hs4 or NaBH4 as reducing agents with or without different surfactants has been widely
applied for the synthesis of 1D PbTe NPs.2"2/-"3 However, the resulting NPs often have
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relatively large diameters of 30-100 nm. The formation of 1D PbTe with various morphologies
such as NRs, NTs and NWs and sizes was reported depending on the amount of surfactant (eg.
CTAB)" or the reaction environment (mixed hydroxides of NaOH and KOH).”2" For better
control of 1D NP size and shape, a two-step synthetic route was developed in which Te NWs
were first synthesized, and then PbTe NWs were formed by alloying of the Te NWs. The
resulting PbTe NWs displayed pearl-necklace shape with the average external diameter of the
PbTe NWs was about 30 nm, which is smaller than the exciton Bohr radius of PbTe crystal (ca.
46 nm).?” Several phenomena may govern the formation of pearl-necklace-shaped NWs
including the higher diffusion coefficient of Pb than Te resulting in the fracture of Te NWs in
the transformation process from trigonal Te NWs to face-centered-cubic (fcc) PbTe NWs, the
oriented attachment of existing dot-shaped NPs along a given crystal orientation, the dipole-
dipole interaction between PbTe nanocrystals, and/or the selective protecting effect of
pyrrolidone (PVP) capping molecules. Varying the reaction temperature, reaction time and
concentration of Pb precursor, uniform and smooth PbTe NWs with a diameter ranging from
20 to 40 nm and length from several to 100 um were obtained.?® Towards the NT morphology,
till now, there are few reports on the chemical synthesis of PbTe NTs via hydrothermal
synthesis.”*" Modified polyol synthesis with the injection of precursor solutions into sucrose
containing-hot pentandiol solvent (180-210 °C) has also succeeded to produce PbTe NWs.
The advantages of this method include creating very thin PbTe NWs and tunability of the NW
size via the shape directing effect of sucrose based on the n-n interaction of hydroxyl groups
in these molecules with Pb in the PbTe to form a stacking template in the solution. Sometimes
chemical synthesis techniques offer flexible ways to tailor the morphology of 1D PbTe NPs.

For example, PbTe NRs can be synthesized using Te NTs as templates.”

1D PbSe NPs have also been deeply investigated in terms of chemical synthesis
technique, formation mechanism, assembly and electronic properties.®®32 Solvent based
methods are typically used for PbSe NW synthesis. Cho and coworkers synthesized PbSe NWs
by injecting precursors [lead acetate trihydrate/oleic acid and Se-trioctylphosphine
(TOP)/TOP] into diphenyl ether at 250 °C.%° Talapin and coworkers tailored the morphology
of the resulting NWs including straight, zigzag, helical and branched forms using surfactants
as shape-directing agents.3! Their observation suggested that the resulting NWs were formed
as a result of spontaneous alignment and fusion of cubic PbSe NPs along the (100) axis. This
process refers to the oriented attachment mechanism which creates highly anisotropic NWs

from nanodot building blocks. Higher feeding ratios of Pb to Se resulted in a branched
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morphology. Use of n-tetradecylphosphonic acid as a capping ligand resulted in straight and
uniform NWs, while addition of long-chain aliphatic amines gave zigzag-shaped NWs. Talapin
et al. has further developed this technique to prepare more complex-shaped PbSe/PbS core-
shell NWs, or to decorate PbSe NWs with Au NPs.3? Core-shell NWs with a tunable shell
thickness are interesting in terms of controlling the TE properties. Complex heterostructured

NWs can become a new candidate for TE materials with novel and tunable characteristics.

There have been few reports on the chemical synthesis of 2D PbTe or PbSe NPs due to
the challenges in anisotropic growth of the highly symmetric cubic crystal structure of this
system. Even though, some groups have successfully synthesized 2D PbTe or PbSe nanosheets
with thickness of 20-80 nm using an alkaline hydrothermal route in the presence of PVP.’87°
A time-dependent study suggested that nanosheet formation in this system is also related to the
spontaneous arrangement and alignment of Pb-(Te,Se) nanocrystals via an oriented attachment
mechanism and form a single crystal upon fusion of the nanocrystals,’® which is consistent with

the previous observation in 1D Pb-(Te,Se) NPs,2/:29-32
Zn-Sb system

ZnSb compounds are representative for a class of the rare-earth-element-free
compounds with high zT value at an intermediate temperature range from 200 °C to near 400
°C.8 Zn,Shs shows the maximum zT value of 1.3 at about 600 K, which can be a promising
substitute for PbTe with the advantage of Pb and Te free. ZnsShs has very low thermal
conductivity arising from the complex structure and the disorder interstitial Zn in the crystal
structure.8® Zn,Shs or ZnSb were mostly prepared via physical methods such as ball-
milling,®® mechanical alloying,®® zone melting,®’ spark plasma sintering,®® and hot-pressing.®
The TE properties of Zn-Sb can be tuned with doping of a third element into ZnSb bulk crystal

to enhance the TE efficiency.®%-%

Nanostructuring of TE materials enables the reduction of thermal conductivity while
retaining the electrical conductivity, and thus, leads to an enhancement in TE efficiency.
However, a few chemical approaches toward Zn-Sb nanostructures have been proposed.®3-%
For example, Zn@Sb core-shell particles were synthesized first, and then, nanostructured Zn-
Sb compound was formed by annealing Zn@Sb core-shell particles at 300 °C for 6 hours.*® In
this method, the crystal growth occurs during longer heating periods, and thus, undesirable

grain growth cannot be avoided during the reaction. In another approach, based on the solid
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state reaction of activated powders of Zn and Sb pioneered by Schlecht et al.,* Tremel and
coworkers developed a new synthetic method to obtain Zn-Sb NPs via a peritectoid reaction
between differentially-synthesized Zn and Sb NPs in an organic solvent at about 300 °C
(Fig.1.10).%5% In this case, it is also somewhat difficult to control the grain size, which is
crucially important for TE properties, because coalescence of the NPs takes place during the
peritectoid reaction. In either case, it isn’t possible to synthesize well-defined Zn-Sb NPs in
terms of morphology and uniformity. Even though, these results indicate that the chemical
synthesis are able to use for obtaining Zn-Sh compounds and they encourage the further study

on the preparation of Zn-Sh compounds with better control on the nano-structure.

|
100nm 2 Sl 100 nm

Figure 1.10. TEM images of Zn4Shz NPs obtained from the synthesis in solution adapted from
ref. 95.

Quasi three dimensional TE materials

Beside the NPs, the chemical synthesis was found to be able to create quasi three-
dimensional (3D) TE materials which have micro-scale dimensions but are composed of
nanostructured building blocks such as aligned Bi>Tes nanoplatelet-Te NR heterogeneous

structures or string-cluster hierarchical structured Bi>Tes nanoplatelets.

The first example in this section is the complex structure of aligned Bi>Tes nanoplatelets
on Te NRs first reported by Lu et al..*® In the attempt to synthesize n-type semiconductor NPs
by simply adding a small amount of Se-TOP into the surfactant-solution synthesis reaction of
Bi>Tes nanoplatelets, they happened to obtain complex nanostructures in which strings of
nanoplatelets growing out of the NRs attached at the NR edges. The alignment of nanoplatelets
exhibits a very well controlled reaction which reveals the specific crystal orientation
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relationship. The detailed composition correlated with morphology analysis suggested that the
NRs are composed of Te, while the nanoplatelets are made of Bi>Tes. Furthermore, the crystal
characterization at the interface of the nanoplatelets and the NR shows the c-axis of the
nanoplatelets parallel to the c-axis of the NRs indicating an expitaxial orientation relationship
between nanoplatelets and NRs. Therefore, the string of aligned Bi>Tes nanoplatelets on Te
NRs occurred as a result of epitaxial growth of Bi>Tes on Te NRs. The formation of Te NRs
may relate to the lower stability of Te-TOP compared to Se-TOP at high temperature. These
complex structures are very interesting for several reasons: first, the assembly of 2D NPs has
not met with much success until now, and thus, the understanding of the formation mechanism
may open new approaches to control and tailor anisotropic building blocks into higher-order
structures; second, the higher-order nanostructures may result in enhancement of TE efficiency

as well.

The above mentioned primary results of well aligned Bi>Tesz nanoplatelets grown out
of Te nanorods feature the perfect alignment of 2D structures into strings. However, these
complex nanostructures still possess heterogeneity in their structure and composition. A finer
study on a hydrothermal synthesis of BiTe nanoplatelets conducted by Mi and coworkers
resulted in the same string-alignment pattern of resulting nanoplatelets with homogeneous
structure, composition and even longer range ordering.®” The platelets align into strings and
these strings connect to form clusters with hierarchical structures. It is very important to point
out that these hierarchical structures were built up from only nanoplatelets and the structure-
composition analysis confirmed that they are single crystal Bi>Tes. Based on the time-
dependent study, the formation of Te NWs were observed in the course of the reaction which
was followed by the epitaxial growth of Bi>Tes nanoplatelets which is consistent with the
mechanism proposed by Lu et al..>® If the hydrothermal synthesis is prolonged for 24 hours,
Te NRs were also found to be consumed during the development of Bi>Tes nanoplatelets. The
Te NRs act as intermediate templates that transfer their patterns into the strings of Bi>Tes
nanoplatelets which were aligned with a specific orientation. The strings of nanoplatelets then
connect to each other via the combination of nanoplatelets to form the cluster of strings with
hierarchical structure (arrays). The formation mechanism of these string-clusters of
nanoplatelets can happen with smaller nanoplatelets and the different intermediate templates
can result in different ordered arrays of NPs. These results can be used to study the self
assembly of 2D TE NPs and contribute to further study on the design of higher-order
nanostructured quasi 3D TE materials.
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1.5.6. Thermoelectric properties of nanostructured TE materials synthesized

using chemical methods

The low-dimensional TE materials are expected to have an enhanced power factor, oo,
due to the shaft feature in the electronic density of states originating from a quantum
confinement effect. Therefore, the enhancement of « in 1D materials is considered to be one of
the important factors for the improvement in overall zT value arising from low dimensionality.
Even though from NP building blocks to nanostructured materials, a lot of challenges need to
overcome such as the large amount of NPs required, surface treatment and pressing/sintering
conditions for maintain the nanostructure in the 3D materials, some research group succeeded
in demonstrate the enhanced TE properties of nanostructured materials with NP building blocks

synthesized via chemical route.

Purkayastha et al. reported that the room-temperature o of PbTe NRs with a diameter
of 66 + 12 nm was 263 puV/K, which is almost the same value as that for bulk PbTe crystal.”
This would be due to the larger mean diameter of the PbTe NRs than the exciton Bohr radius
of PbTe crystal (ca. 46 nm), which cannot exhibit a strong quantum confinement effect. On the
other hand, the pearl-necklace-shaped PbTe NWs with smaller mean diameter (ca. 30 nm)
showed a significant improvement of the Seebeck coefficient (¢ = 307 uV/K), which is 16%
higher than that of the bulk counterpart at room temperature.?’ PbTe NWs with even smaller
diameter (< 30 nm) yielded about 80% enhancement in o (~ 470 uV/K) compared to the bulk
PbTe in the temperature range of 375-425 K 4

More importantly, the main purpose in using low-dimensional TE NPs as building
blocks for TE devices to improve zT value is significant reduction in x. By fabricating TE
devices using TE type NPs as building blocks, one can easily create a phonon scattering/carrier
transmission structure utilizing grain boundaries among NPs. The thermal conductivity of the
pellets fabricated from Sb17Bio4Teso nanoplatelets by spark plasma sintering is found to be
dramatically reduced, especially in the lattice thermal conductivity (60% lower than that of its
bulk counterpart).®® The electrical conductivity, ¢, of pelletized Shi7Bio4Teso nanoplatelets
was also found to be reduced compared to those of the bulk counterpart. However, the reduction
in x 1S much larger than that in o, and thus, the zT value is increased to over 15% higher than
that of the bulk counterpart. The enhancement of the zT value has also been reported for the

Bi,Tes-Te micro-nano heterostructure.!
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In summary, the results of enhanced TE properties of nanostructured TE materials with
NP building block synthesized via chemical techniques are important step on the way to use
NPs for TE application. Again, a suitable surface treatment, maintaining nanostructure,
attempting high density materials with good electrical contact and so on are still raising a lot

of difficulties for creating a good nanostructured TE materials from NP building blocks.

1.6. Research Objective

Nanostructured materials have been proved as one of the most promising approaches
to improve efficiency of the state of the art TE materials. The studies on the chemical synthesis
and TE properties of Bi-Te, Pb-Te and Zn-Sb based NPs demonstrated a great potential of
creating NPs as advanced materials for TE applications. At the same time, there were pointed
out many challenges remaining as reviewed for BiSbTe ternary alloy NPs and ZnSb NPs which
are mainly associated with (i) the lack of understanding the formation mechanism of the
BiSbTe ternary alloy NPs or solution growth of ZnSb NPs, (ii) synthesis route and conditions
to get NPs with high uniformity, controllable composition, structure, morphology and other
properties simultaneously, (iii) scale-up the chemical synthesis, surface treatment of NPs and
creation of nanostructured materials using NPs as the building blocks, study the thermoelectric
properties, and the relationship between the TE properties and the NPs’ characteristics such as

size, shape and so on.

My research has been devoted to address the mentioned challenges of chemical
synthesis of BiSbTe ternary solid solution and ZnsShs NPs because of several reasons: firstly,
their bulk counterparts are well known for the high TE performance at near room temperature
(< 250 °C) and moderate temperature (200-400 °C) respectively in which BiSbTe is
representative of a p-type SC containing Te while ZnsShz contains abundant elements; and
secondly, nanostructuring of the materials is promising for TE applications. However, the
chemical synthesis of these NPs is challenging in terms of control NP characteristics including
composition and nanostructure, which are important for improving the TE efficiency. This
research aims to offer scalable, economically comparative and environmentally friendly
syntheses with capability of creating compounds and alloys with tailorable characteristics in
the nanoscale regime for TE applications.
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Figure 1.11. Summary of the issues and research objectives

In detail, my research will address the following aspects (Fig. 1.11):

(1) Investigation of the formation of BiSbTe containing NPs to manipulate the NP’s
characteristics: nanostructure and composition.

(2) Synthesis of BiSbTe ternary NPs with controllable composition and nanostructure

(3) Design a chemical route towards Zn-Sb NPs with defined nanostructure served as
building blocks for TE nanomaterials

(4) Study on the scaling up reaction, creation of nanostructured TE materials, and the TE

properties of nanostructured TE materials with a case study of Zn-Sb NPs.
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Following the introduction, the thesis continues with another 4 chapters for the results
obtained from my research in which chapter 2 and 3 are for the study of BiSbTe ternary solid
solution NPs and chapter 4 and 5 are devoted for the research on chemical synthesis of Zn-Sh
NPs and the TE properties of the Zn-Sb nanostructured materials. The conclusion and highlight
of the contribution and prospects of the research are given in chapter 6. In more detail:

Chapter 2. The chemical synthesis, characterization and formation mechanism of
BiSbTe NPs with various morphologies and compositions. This study is important due to the
fact that the formation of ternary BiSbTe NPs are complicated and not been elucidated in the
literature. Additionally, few chemical syntheses succeeded in the formation of single phase
BiSbTe NPs are limited in the type of NP morphology they can produce. The understanding of
ternary solid solution NPs formation and synthesis could help to create NPs with better control
of NPs characteristics. Because of the complex interaction of capping species with elemental
precursors, nuclei and NPs during the nucleation and growth of NPs during the formation of
ternary solid solution NPs, the research performed a systematic investigation of NP formation
in mono-, bi-, and tri-elemental synthesis with different type of capping system to elucidate the
formation details of BiSbTe ternary NPs.

Chapter 3. Based on the mechanism elucidated in chapter 2, the seed mediated growth
of BiSbTe based NPs were developed which mainly focuses on the manipulation of the seed
NPs’ composition in order to manipulate the BiSbTe ternary alloy NPs’ composition. In this
chapter, BiSb NPs with various compositions and platelet like morphology were synthesized.
The BiSb NPs are used as the seeds, Te was reduced and growth on the seeds, followed by the
alloying to form BiSbTe NPs. By this method, the study exhibits a control on NPs’ morphology
and composition.

Chapter 4. One pot chemical synthesis of Zn-Sb NPs was investigated. Because the
successful solution syntheses of ZnsShs NPs are based on peritectod reaction which in general
relies on the formation of new phase (ZnsShs) from Zn and Sb NPs in the solution at high
temperature to form ZnsShz NPs, the method is not fully capable of producing isolated NPs
with well-defined nanostructure and surface properties. Therefore, in this chapter, a multiple
step reaction was designed with the formation of Sb seed NPs, the reduction and growth of Zn
on the seed and followed by the alloying to obtain Zn-Sb NPs with better control over the
morphology. The resulting Zn-Sb NPs which display high uniformity and complex
nanostructure were carefully characterized in addition to assessment of the Seebeck coefficient

conducted on the powder sample of these NPs.
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Chapter 5. The TE properties of Zn-Sb nanostructured materials are necessary to study.

For that purpose, a large amount of Zn-Sb NPs are required to make a large scale pellet.

Therefore, scaling up the chemical reaction of Zn-Sb NPs and using these NPs to make the

nanostructured pellet to study their TE properties will be presented in this chapter.
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Chapter 2

Study on Formation Mechanism and Ligand-directed
Architectural Control of Nanoparticles Composed of Bi, Sb
and Te: towards One-pot Synthesis of Ternary (Bi,Sb).Tes
Nanobuilding Blocks

This chapter reports a study on the formation mechanism of nanoparticles (NPSs)
composed of bismuth, antimony and tellurium for thermoelectric materials using a modified
polyol synthetic route. This one-pot synthesis technique has proven highly versatile in creating
a wide range of different anisotropic NPs such as nanowires (NWs), nanodiscs (NDs),
nanoribbons and nanospines (NDs studded on NWs) simply by modifying the capping species
or elemental precursor feeding ratio used in the synthesis. However, an independent control of
morphology and composition is still hugely challenging and the facile synthesis of (Bi,Sb).Tes
solid solution NPs is not a trivial task, reflecting the complex nature of this multicomponent
system. To achieve this goal, it is imperative to understand the formation mechanism based on
a systematic investigation of mono- and binary elemental NP systems. The study clearly shows
the different actions of oleylamine (OAM) and decanethiol (DT) capping ligands in the
synthesis reaction. In the case of DT capping system, Te NDs are first formed, and then, Bi and
Sb are separately incorporated into the Te ND structure via catalytic decomposition of Bi-DT
and Sb-DT complexes on the Te ND surfaces. Therefore, the resulting NPs are phase
segregated into Te, Bi>Tes and Sh,Tes. On the other hand, in the case of the OAM capping
system, Te NWs and Bi-Sb solid solution NPs are formed separately, and then, parts of Te
NWs are transformed into (Bi,Sb).Tez phase via oriented attachment of Bi-Sb NPs and Te
NWs. These findings are crucially important towards the one-pot synthesis of uniform
(Bi,Sb),Tes nanobuilding blocks with controllable characteristics for highly efficient
thermoelectric materials.
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2.1. Introduction

With the advent of nanotechnology the field of thermoelectric (TE ) materials has been
rejuvenated, and what was once thought of as an area of research with insurmountable
challenges has now become one of the most promising technologies to extend our current
energy sources.! TE materials are highly exciting because they exhibit the Seebeck effect which
can be used to create devices that harvest excess heat to create electricity, or can be used to
make freonless refrigerators, cool microelectronics, etc.}? Nanoparticles (NPs) have proven
useful in these materials because the small particle (grain) size causes scattering of the heat
carrying phonon along the crystal boundaries, effectively allowing the thermal conductivity to
be reduced while maintaining the electrical conductivity.>® In addition, it has been
demonstrated that the NP shape plays a key role in this effect because the orientation and area
of the grain boundaries can be tuned by long range ordering of the NPs, for example
superlattices of one-dimensional nanowires (NWs) or two-dimensional nanodiscs (NDs).*®
This causes the overall efficiency of the material to be increased, which is expressed by the
dimensionless figure of merit, ZT = a“cT/x, where « is the Seebeck coefficient, o is the electrical
conductivity, « is the thermal conductivity and T is the absolute temperature.> With this in
mind, several researchers have attempted to create efficient TE materials with nanostructuring.
Bi-Te alloy systems are known to have some of the highest ZT values at low temperature range
(< 600 K).? By creating Bi-Te alloy based NPs, the thermoelectric efficiency is predicted to be

even higher.>’8

Currently there is a large amount of attention being devoted to the creation of
nanostructured TE materials. Most often, the synthetic approaches to the TE nanomaterials
include techniques such as hydrothermal,® electrochemical deposition,’®® pulsed laser
deposition,'* sputtering,'® shear extrusion,*® mechanical alloying,!” spark plasma sintering,®
rapid solidification processes,’® microwave assisted organic surfactant synthesis,?®?' or
sonoelectrochemistry.?? Despite much attention being given to the creation of the
nanostructured TE materials, few techniques have proven successful at the creation of true
nanoscale particles with controllable size, shape and composition composed of Bi-Te alloys.
In response to the challenges encountered in these preparation techniques, a few researchers
have begun to explore wet chemical based synthesis techniques towards binary Bi-Te alloy
NPs with controllable properties in terms of size, shape, composition, etc. For example, the
synthesis of well-defined Bi>Tes-Te heterogeneous nanostructures by controlling the kinetic

reaction of Bi** and TeOs® in the presence of hydrazine,? the inorganic surfactant assisted
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solvothermal synthesis of Bi>Tes nanoplates,?* the ligand-directed synthesis of BizTes nanorods
or nanosheets,? or the hot injection synthesis of Bi,Tes nanoplatelets in the presence of oleic
acid® have been previously reported. Moreover, the synthesis of Bi,Tes NPs through a
microemulsion synthetic route,?” two-step synthesis of Bi,Tes NPs from Bi seeds in the
presence of oleylamine,?® hydrothermal synthesis of Bi;Tes NWs through the solid state
interdiffusion of Bi and Te,?® surfactant directed synthesis of Bi,Tes/Bi,Ss core-shell
nanorod,® and two-step synthesis of well-defined Bi,Tes nanotubes based on solution phase
nanoscale Kirkendall effect®! have illustrated the feasibility of using chemically synthesized
NPs to create materials with enhanced TE properties because of the highly controllable

characteristics of the NPs.

The (Bi,Sb)2Tes ternary solid solution system is known as a p-type TE material and has
a higher ZT value when compared with the Bi,Tes binary alloy.3>*® This is mainly because
(Bi,Sh).Tes exhibits significantly reduced lattice thermal conductivity due to increased unit cell
size, low crystal symmetry, and site occupancy disorder. As stated above, chemical synthesis
strategies for binary Bi>Tes NPs have been somewhat successful, even though the formation
mechanisms of those NPs have not been completely clarified yet. Meanwhile, however, there
have been very few successful reports on the direct chemical synthesis of (Bi,Sh)2Tes ternary
solid solution NPs. For example, Talapin and co-workers have reported the formation of a
Bi>-xShyTez nanostructured thin film by annealing Bi>Sz nanorods functionalized with ShoTes
metal chalcogenide complex.® Zhao and co-workers synthesized nanocrystalline Bi-Sb-Te bulk
solids by a combination of hydrothermal synthesis and hot pressing.® Ren and co-workers
created irregular-shaped (Bi,Sb).Tes bulk solids in an aqueous-phase reduction process.* All
of these synthetic approaches did not lead to isolated (Bi,Sb).Tes ternary solid solution NPs.
Exceptionally, Burda and co-workers successfully synthesized isolated BiosSb1sTes angular
shaped NPs by direct chemical solution synthesis. They first heated bismuth acetate [Bi(OAc)3]
and antimony acetate [Sb(OAc)s] dissolved in phenylether in the presence of dodecanethiol
(DDT) for 1 h followed by injection of Te dissolved in trioctylphosphine (TOP), followed by
reaction for 30 min to form BiosSbisTes NPs.® Weller and co-workers also reported the
successful synthesis of isolated BixSh,—xTes nanoplatelets*® which was similar to the synthetic
route of Burda and co-workers.® They first heated Bi(OAc)s and Sb(OAc)s dissolved in DDT
for 45 min followed by injection of oleylamine and Te dissolved in TOP to form BixSho-—xTes

nanoplatelets.
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The above mentioned synthetic techniques typically required multiple steps with the
preparation of elemental precursors and lead to only one specific type of NP in terms of shape
or structure, making these approaches very limited in the range of NPs they can produce. The
polyol synthetic technique is one that has proven very versatile for synthesizing NPs with
controllable size, shape, composition, and structure, and in our own research we have
demonstrated that in a one-pot synthesis, this general approach can lead to a wide variety of
Bi, Sb and Te based NPs with tunable shape and composition simply by changing the nature
of the capping species used in the synthesis.” Because of the importance in synthesizing
(Bi,Sh),Tes ternary solid solution NPs with controllable characteristics we present here a study
on the formation mechanism of these promising nanoscale materials. The complexity
associated with the formation mechanism of NPs is remarkably increased with the presence of
more than one elemental precursor and capping ligand. Even in the single elemental system,
the growth mechanism was reported to be not simply based on the function of surfactant as a
soft template for NP growth.3 Expanding to the double elemental NPs, not only the effect of
surfactant but many other factors such as the relative reaction rate or the interaction of the two
elemental precursors should be taken into account for the increased difficulties in elucidating
the NP formation pathway.3*4? Therefore, in a ternary system, there are many more challenges
in addressing the formation mechanism without understanding the fundamental formation of
mono- and bi-elemental NPs. Our synthesized NPs consist of Bi, Sb and Te, which are in
general considered to be a poor metal (Bi) or a semi-metal (Sb and Te) but hereafter are referred
to as “metals”. Hence, a systematic study of mono-, bi- and trimetallic NP synthesis is strongly
required to investigate the formation mechanism in this complex system. Our results detail the
effect of capping ligands, precursors and the metal—ligand cross interaction on NP morphology
and composition and elucidate the different formation mechanisms that occur with different
capping species. The formation and synthesis of a ternary BiSbTe NW alloy in oleylamine and

binary BiTe/SbTe NDs in decanethiol will be discussed.

2.2. Experimental section

2.2.1. Chemicals

Bismuth trichloride (BiCls, purity 99%), antimony trichloride (SbCls, purity 99%),
tellurium tetrachloride (TeCls, purity 99%), oleic acid (OAC, purity 90%), oleylamine (OAM,
purity 70%), 1,2-hexadecanediol (HDD, purity 90%), 1-decanethiol (DT, purity 96%), 1-
dodecanethiol (DDT, purity 98%) and dioctylether (purity 99%) were purchased from Sigma
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Aldrich Corp. as well as other common solvents. All reagents were used without further

purification .
2.2.2. Synthesis of NPs

1.67x10™* moles each of BiCls, SbCl; and TeCls precursors were used in the
monometallic synthesis. For each bimetallic and trimetallic synthesis, a total 5x10~* moles of
elemental precursor was used with equimolar feeding ratio. Elemental precursors were mixed
with 25 mL of dioctylether, and 1.5x10~° moles of HDD was added along with the capping
species, the identity of which was used to manipulate the morphology and composition of the
resulting NPs. In this work, OAM, OAC/OAM and DT were used as capping agents with
varying ratios and amounts. The exact amount of capping species used in each synthesis is
described more fully in the text. Next, the mixture was purged with argon under vigorous
stirring. At this point the reaction temperature was raised to 105 °C for 10 min to remove water,
which also caused the reactants to completely dissolve in the solvent (a light grey color in the
solution). After this, the temperature was increased to 200 °C and was held for 1 h. The
formation of particles within this time was evidenced by the solution color change from light
grey to dark grey or black depending on the capping species used. After reaction, the NP
solution was cooled to room temperature and the particles were purified by precipitation in
ethanol. The materials could be briefly resuspended in hexane with additional OAC, OAM

and/or DT. The resulting NPs were then analyzed.

2.2.3. Instrumentation and analysis conditions

An array of instrumental techniques including X-ray diffraction (XRD), transmission
electron microscopy (TEM), energy dispersive spectroscopy (EDS), inductively couple plasma
mass spectroscopy (ICP-MS), electrospray ionization Fourier transform ionization cyclotron
resonance mass spectroscopy (ESI-FTICR-MS), and thermogravimetry (TG) were used to
characterize the size, shape, composition, structure and other properties of the materials. XRD
patterns were collected in reflection geometry using a Rigaku RINT2500 X-ray Diffractometor
at room temperature with Cu Ka radiation (wavelength 1.542 A). TEM analysis was performed
on Hitachi H-7100 and H-7650 transmission electron microscopes operated at 100 k\V. TEM
samples were prepared by dropping the suspended particles onto a carbon coated copper grid
and drying in air overnight. Samples for ICP-MS were prepared by dissolving in aqua regia

then were diluted using nitric acid solution (2-5%). The data were collected using a Hitachi
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Plasma Mass Spectrometer P-5000 with guide voltages of 30, 35, and 50 V for Sb, Te, and Bi
isotopes, respectively. A Fourier transform ion cyclotron resonance mass spectrometer
equipped with a 9.4 T superconducting magnet (SolariX, Bruker Daltonics) was used to analyze
the metal-ligand complex solution. TG analysis was performed using a Seiko TG /DTA6200.
Samples underwent heat treatment from 25 to 600 °C in flowing nitrogen gas with a heating

rate of 10 °C per minute.

2.3. Results and discussion

In the previous work,3” we successfully synthesized NPs composed of Bi, Sb and Te
using different capping systems and the complexity that arose in the ternary alloy system
inspired us to conduct a more systematic study to investigate the formation mechanism for
controlling the morphology and composition of the final NPs. In this study, three capping
systems consisting of OAM, OAC/OAM and DT were used to synthesize mono-, bi- and
trimetallic NPs. We studied the effect of individual interactions between capping ligands and
metal precursors on NP morphology and composition from the results of the primary synthesis
using only one metal precursor with each capping system. Then the combination of two metal
precursors was studied to clarify the role that each metal plays in the synthesis, along with
effect of capping ligands in the reaction/incorporation of the two metals into the final NPs.
These results together with the characterization of trimetallic NPs synthesized using each
capping system help to clarify the formation mechanism of trimetallic NPs in these complex
systems. As a result of the wide range of syntheses conducted with varying reaction conditions,
not all of the synthesized materials have an ideal size, structure or composition. Many of the
results related in this work show the formation of micro-sized particles, hon-homogeneous
structure/composition, or oxidized materials, etc., however these results still shed light on the
underlying formation mechanism of NPs in this system. Additionally, it is also important to
note that the three different capping ligands used in this study were not further purified before
use, so a significant portion of these ligands (especially OAM) may include short alkane chain
impurities. It is well known that trioctylphosphine oxide (TOPO) ligands contain impurities
such as phosphonates and phosphonic acid , and these impurities may very well bind far more
strongly to cation sites than TOPO. The ligands used in this study may also contain impurities
which have different functional groups. While these impurities may influence the particle size
or shape formation, this study primarily focuses on the chemical nature of the reactive terminus

of the primary component of the ligands (i.e. amine, carboxylate and thiol ), which is the
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primary factor leading to the various particle size, morphology, structure and compositions

observed.

2.3.1. Study of monometallic synthesis approach

Bi, Sb and Te monometallic NPs were synthesized using a single metal precursor with
the various capping systems. The morphology and crystal structure of the resulting NPs were
characterized by TEM and XRD analyses. The results are briefly summarized in Table 2.1.

Table 2.1 Main products synthesized using a single metal precursor?

Organic Capping Ligands

Metal Precursors OAM OAC/OAM DT
BiCls BiOCI aggregates BiOCI aggregates Bi plates
D ~500 nm
L>2 pum
SbCls Sb NWs Sb NWs No solid product
D ~ 100 nm D ~ 100 nm
L ~2-10 um L ~2-10 um
TeCl4 Te NWs Te NWs Te nanoplates
D ~ 200 nm D ~ 100 nm D ~ 100 nm
L ~5-10 um L ~2-6 um

4D and L represent mean diameter and length estimated from TEM images, respectively

Synthesis of Bi NPs

Fig. 2.1 shows the XRD patterns (A—C) and TEM images (D and E) of materials
synthesized using a BiClz precursor. When OAM or OAC/OAM is used as a capping system,
bismuth oxychloride (BiOCI) was mainly formed with elemental Bi in a rhombohedral phase
as a minor product as seen in Fig. 2.1A and B (for detail see Appendix Il, Table A2.1 and
A2.2). The BIOCI NPs are insoluble in any kind of solvent used in this study. The peak
broadening in the XRD pattern indicates that the mean crystalline sizes of BiOCI and Bi are
relatively small. Fig. 2.1D shows a TEM image of the sample synthesized using OAM. Large
aggregates composed of matrix having an indeterminate form and small NPs with spherical
shape with a diameter of about 20 nm are observed. Similar TEM images were also observed

for the case of using OAC/OAM (not shown). As a consequence, we attribute the small
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spherical NPs and the matrix in Fig. 2.1D to Bi NPs and BiOCI crystals, respectively. It is well
known that BiCls reacts with water to give a white precipitate of BiOCI. The source of oxygen
in the present syntheses may be from residual water and/or oxygen molecules dissolved in the
solvent (dioctylether) which could not be completely removed, even under argon purging and
elevated temperature. In addition, it has also been reported that BiOCI was formed in the
synthesis of Bi»Sz with BiCls and sulfur precursors using OAM as solvent and capping ligands

even under a water-free environment*® which is similar to our observation.

Changing to the DT capping system, only an elemental Bi phase (see Appendix II,
Table A2.3 for detail XRD peak assignment) was observed with some minor unidentifiable
peaks (unlabeled) in the XRD pattern as shown in Fig. 2.1C. These minor peaks could arise as
a result of some leftover bismuth precursor-ligand complex which could not be removed during
the particle purification process. A mixture of elongated plate-like particles (~500 nm in
diameter and several microns in length) and smaller polyhedral shaped particles (~500 nm) are
shown in Fig. 2.1E. These results suggest that DT makes stable complexes with the Bi cation
and protect it from creating BiOCI while OAC and OAM ligands do not.
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Figure 2.1. XRD patterns and TEM images of materials synthesized using BiClz and OAM (A
and D), OAC/OAM (B), and DT (C and E). The indexed peaks are marked by the symbols
open triangle (V') for BiOCI (JCPDS card no. 006-0242) and filled triangle (V) for Bi (JCPDS
card no. 044-1246).
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Synthesis of Sb NPs

Similarly, syntheses with SbCls and capping ligands OAM, OAC/OAM and DT were
performed. Fig. 2.2 shows the XRD patterns (A and B) and TEM images (C and D) of the
synthesized NPs. When OAM or OAC/OAM is used as a capping system, the XRD patterns
collected for the samples are well defined for elemental Sb with a rhombohedral structure
without by-product such as antimony oxychloride (SbOCI) as shown in Fig. 2.2A and B (for
detailed peak positions and assignment see Appendix Il, Table A2.4 and A2.5). Using OAM
or OAC/OAM leads to the formation of NWs which have a diameter of about 100 nm and
length of several microns (Fig. 2.2C, D, and Appendix Il, Fig. A2.1 and A2.2). However, using
DT as a capping system, Sb was not successfully reduced under the reaction conditions as
evidenced by the fact that the reaction solution did not change color during one hour of heating
at 200 °C and no solid materials could be obtained. This phenomenon can be explained due to
the stable complex that Sb forms with DT which is not easily decomposed, preventing the
subsequent reduction and formation of Sb NPs. To further probe the observation, the Sb-DT
synthesis was also conducted at 240 °C, which resulted in a brown suspension that quickly
returned to a clear color upon cooling of the reaction. When the synthesis was repeated using
dodecanethiol (DDT) at 250 °C, an identical phenomenon was observed. The results indicate
that Sb NPs could not be synthesized in the presence of DT or DDT, even at elevated
temperature, perhaps because of an etching effect of Sb metal by thiol containing ligands.

In a separate experiment, SbCls could be dissolved in DT and hexane solvent at room
temperature (Appendix Il, Fig. A2.3) and ESI-FTICR-MS was used to detect high molecular
weight fragments containing Sb isotopes coupled with an organic component which arises from
the Sb-DT complex (Appendix Il, Fig. A2.4). Moreover, thermal analysis for the Sb-DT
complex shows a slow mass loss taking place before 220 °C (Appendix Il, Fig. A2.5), which
explains the stability of the Sb-DT complex under the reaction conditions. The study of
monometallic Sb synthesis suggests that different capping ligands created a complex with Sb
with different stability in which DT makes a more stable complex that did not undergo the
reduction to Sb NPs while OAM or OAC/OAM creates a weaker complex that can be reduced
to form elemental Sb NWs.
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Figure 2.2. XRD patterns and TEM images of Sb NWs synthesized using OAM (A and C) and
OAC/OAM (B and D). In the case of using DT, no solid particles can be obtained. The upright
filled triangles ( A) indicate peaks assigned to Sbh with rhombohedral structure (JCPDS card
no. 01-085-1322) in the XRD pattern (A and B).

Synthesis of Te NPs

Fig. 2.3 shows the XRD patterns (A—C) and TEM images (D—F) of NPs synthesized
using a TeCls precursor. The composition and structure of all the resulting NPs determined
based on the indexed peaks show that all samples are composed of elemental Te with a
hexagonal phase (Fig. 2.3A-C). For detailed XRD peak assignment, see Appendix Il, Table
A2.6-A2.8.

The formation of elemental Te in all cases may occur because of the relatively high
reduction potential of Te*", E ea(Te*"/Te) = 0.529V, which enhances the ability of Te to be
reduced under the synthetic conditions. In addition, E'req(Te**/Te) is significantly higher than
those of Bi®* [E’rea(Bi**/Bi) = 0.16V] and Sb®* [E rea(Sb3*/Sb) = 0.212V].3* This supports the
favorable tendency of elemental Te particles to be formed under the various reaction conditions
while Bi and Sb exhibit many cases where particles were not formed. The elemental Te NPs
with various morphologies illustrate the effect of capping ligand identity. The use of the OAM
or OAC/OAM capping system led to the formation of very long wires which appear to grow
from a central nucleation point in different directions (Fig. 2.3D, E, and Appendix Il, Fig. A2.1
and A2.2). This phenomenon is especially apparent when using OAC/OAM as a capping
species, in Fig. 2.3E a NW cluster can be observed with a central nucleation point and tapered

wires protruding out from the center of the cluster .
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Figure 2.3. XRD pattern and TEM images of resulting Te NPs synthesized using OAM (A and
D), OAC/OAM (B and E), and DT (C and F). The XRD peaks are labeled by filled circle (®)
for hexagonal structured Te (JCPDS card no. 036-1452).

Changing the capping ligand to DT resulted in roughly spherical particles with a
diameter of about 100 nm (Fig. 2.3F). However, the mean crystalline size of Te NPs was
estimated to be around 41 nm from the full width at half-maximum of the (101) primary peak
by the Scherrer formula, which is smaller than the size estimated from TEM images (ca. > 100
nm) suggesting that the NPs have a platelet morphology. For detailed XRD peak assignment,
see Appendix Il, Table A2.8.

2.3.2. Study of bimetallic synthesis approach

To further study the general synthetic system, the analysis was expanded to include
binary metallic precursors in the synthesis under otherwise identical conditions to the
monometallic cases. The resulting variation in particle formation in terms of composition,
morphology and structure reveals the complex nature of this system. The understanding of the
interdependence of each metal precursor along with the organic capping ligands is important
for controlling the properties of the resulting NPs. Each combination of two elemental
precursors was used with different capping ligand systems including OAM, OAC/OAM or DT
to study the effect on the final particle characteristics. The general results for these syntheses

are summarized in Table 2.2.
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Table 2.2 Main products synthesized using two different kinds of metal precursors?

Organic Capping Ligands

Metal precursors

OAM OAC/OAM DT
BiCls, SbCls BiSb nanoplates BiSb NPs Bi plates

D ~20-60 nm D ~20—40 nm D ~ 100-300 nm

L~ 10 pm

BiCls, TeCl4 Te NWs Te NWs Bi-Te NDs

D ~30-200 nm D ~100-200 nm D ~30-50 nm

L ~3-10 um L ~3-10 um H~5-10 nm
SbCls, TeCla Te NWs Te NWs Sh-Te plates

D ~30-100 nm D ~50-200 nm

L ~3-10 um L~3-10 um

&The composition assessment is based on EDS except for the case of NPs synthesized using Sb and Te
precursors. D, L and H represent mean diameter, length and/or thickness estimated from TEM images,
respectively.

Synthesis of Bi-Sb NPs

Bi-Sh materials were first synthesized using OAM, OAC/OAM and DT as capping
systems. Fig. 2.4 shows the XRD patterns and the corresponding TEM images collected for the
three resulting materials with OAM (A, D, and G), OAC/OAM (B and E) and DT (C and F)
capping system. When OAM is used, the particles appear roughly spherical (some particles are
observed with hexagonal (Fig. 2.4G) or pentagonal shape) with an approximate size of ~20—
60 nm. However, in some places where particles overlap each other (the inset of Fig. 2.4D), it
is found that the overlapping areas were darker than the other areas which suggests NPs with a
disc or platelet morphology. Additionally, the peaks in the XRD pattern for this sample (Fig.
2.4A) seem uncharacteristically broad (i.e. reflective of a smaller grain size), in light of these
observations it may be that very thin platelets have formed in this synthesis approach. Weller
and co-workers made a similar claim when they analyzed their BixSbh,—Tes nanoplatelets.3®
When OAC/OAM was used as a capping species, spherical and egg shaped NPs with a diameter
around ~20—40 nm were obtained (Fig. 2.4E) with a morphology similar to Bi NPs formed in
the monometallic synthesis using BiCls and OAM or OAC/OAM (Fig. 2.1D). The broadened
peaks appearing in the XRD pattern (Fig. 2.4B) arise as a result of the nanoscale size of the
particles. The mean crystalline size of the NPs was calculated to be 19 nm from the full width
at half-maximum of the (012) primary peak by the Scherrer formula, which is comparable with

the size estimated from Fig. 2.4E as shown in Table 2.3 suggesting that the crystallinity of the
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NPs is quite good. For detailed XRD peak assignment, see the Appendix Il Table A2.9 and

A2.10.
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Figure 2.4. XRD patterns and TEM images for Bi-Sb NPs synthesized using OAM (A and D),
OAC/OAM (B and E), and DT (C and F). G is the HR-TEM image of Bi-Sb NPs synthesized
using OAM. The identities of XRD peaks were labelled by filled diamond (#) for Bi-Sb alloy
(JCPDS card no. 00-035-0517) and filled triangle (V) for Bi (JCPDS card no. 044-1246). For
detail see Appendix Il, Table A2.9-11.

By analyzing the XRD peak positions in detail, all peaks are found to be in between the
reference positions of pure Bi and Sb peaks for both samples. The lattice spacing measured
from HR-TEM (Fig. 2.4 G) for single Bi-Sb NP also shows a value of 3.24 A (corresponding
to (012) crystal plane) which is consistent with the average d-spacing calculated from main
peak in XRD pattern (Bragg’s law) and in between those values of pure Bi and Sb. In addition,
EDS analyses for the particles shown in Fig. 2.4D and E confirmed that the compositions of
NPs are Biz7oShso and BigsShs, respectively. Both Bi and Sb have a face-centered rhombohedral
crystal structure, and they have complete solid solubility with each other.** Early X-ray studies
showed that the lattice parameter changes linearly with Sh concentration.*® Hence, Vegard's
law can be applied directly to the Bi-Sb alloy system. The mathematical expression of Vegard's
law is given by:

dgisb = xdgi + (100-x)dsp (2.1)
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where dgi, dsp and dgisp denote the lattice spacings of Bi, Sb and BixShioo-x, respectively, and x
is the molar percent of Bi in the alloy. When the (012) lattice spacing (primary peaks in Fig.
2.4D and E) is plotted as a function of x, a clear linear relationship was obtained (Fig. 2.5). As
a result, it is concluded that both NPs synthesized using OAM and OAC/OAM as capping

systems are Bi-Sb alloys with compositions of BizoSbzo and BigsSbs respectively.
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Figure 2.5. Relationship between the lattice spacing of (012) crystal plane and molar
composition of BiSb alloy synthesized using OAM (Bi7oShso) and OAC/OAM (BigsSbs). The
lattice distance of crystal plane (012) of pure Bi, Sb and BiSb alloy were calculated based on

XRD peak positions of (012) crystal plane collected for the corresponding synthesized NPs.

Changing the capping ligand to DT, particles with elongated plate-like shape occur with
a length of ~10 um and diameter of ca. ~100-300 nm, along with some smaller spherical shaped
NPs as shown in Fig. 2.4.F. The XRD pattern reveals the formation of elemental Bi with some
minor unidentifiable peaks as shown in Fig. 2.4C, which are characteristically the same pattern
as those observed in Fig. 2.1C for monometallic Bi synthesized using DT (for detailed
comparison see Fig. A2.6, Appendix Il). Therefore, these unidentifiable peaks could arise as a
result of some by-product of bismuth and organic ligand that could not be removed in the
particle purification process. One important observation is that there is no bismuth oxide or
BiOCI peaks observed in the XRD pattern, which is consistent with the case of Bi monometallic
synthesis using DT. The composition assessment using EDS shows only Bi without Sb in the
final products. These results show the consistence with the monometallic study for Bi and Sh
with DT where Bi elongated plates grew and Sb-DT could not be reduced to form Sb NPs. This
also suggests that once Bi is formed, it does not seem to catalyze the decomposition or

reduction of the stable Sb-DT complex under the reaction conditions used here.
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Table 2.3 Mean crystalline size calculated for NPs based on XRD pattern and Scherrer's

formula?

PrggSJ[rasllers f;gg::g Main product 2 (‘g:ge)ta D xrp (M) D tem (Nm)
TeCls DT Te nanoplates 27.54 40.9 ~100
BiCls, SbCls OAM BiSb 27.45 14.6 39+14

nanoplates
BiCls, SbCls OAC/OAM BiSb NPs 27.28 19.0 32+4
BiCls, TeCl4 DT BiTe NDs 27.62 43.1 ~30-50
SbCls, TeCla DT SbTe plates 28.20 45.5 N/A

2Dxrp and D1em represent mean crystalline size and NP size estimated from XRD patterns and TEM images,
respectively.

Synthesis of Bi-Te NPs

Fig. 2.6 shows the XRD patterns (A—C) and TEM images (D—F) of NPs synthesized
using BiClsz and TeCl4 binary precursors. Fig. 2.6D shows the TEM image of NPs synthesized
using OAM capping system. As can be seen in Fig. 2.6D, NWs with a smooth surface and a
relatively narrow diameter (~30-200 nm) with a length of several microns are obtained. Fig.
2.6E shows that using the OAC/OAM capping system leads to the formation of wire or bar
shaped materials with a length of several microns and diameter of about ~100-200 nm. These
wire shaped materials are mainly composed of elemental Te based on XRD analysis (Fig. 2.6A
and B) and TEM-EDS measurement. The disappearance of Bi in the final materials indicates
that the alloying of Bi and Te did not occur and Te NWs did not promote the reduction of Bi
complex to Bi under these synthetic conditions using OAM or OAC/OAM capping ligands.
Moreover, BiOCI was not observed in the resulting synthesized material even though it was
observed in the monometallic synthesis using OAM (Fig. 2.1A) or OAC/OAM (Fig. 2.1B).
This may be due to the formation of a Te complex and preferential adsorption of the capping
species on the Te NP surface (resulting in enhanced protection for Te NWs during growth,
effectively occupying a majority of the capping species). Therefore, BiOCI was not observed
as a byproduct of the synthesis, or it may have been removed as a result of the washing process

of the Te NPs after the synthesis.
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Figure 2.6. XRD patterns and TEM images for Bi-Te materials synthesized using OAM (A
and D), OAC/OAM (B and E), and DT (C and F). Filled circles (®) and filled squares (m)
indicate peaks assigned for hexagonal-phase Te (JCPDS card no. 036-1452) and for
rhombohedral Bi,Tez (JCPDS card no. 015-0863), respectively. For detail see Appendix I,
Table A2.12-14.

TEM and XRD results for bimetallic NPs synthesized using DT capping species are
given in Fig. 2.6C and F. From the TEM images (Fig. 6F) captured for this sample, the NPs
appear to be highly aggregated and have a disc-like morphology. The NPs are not uniform in
size, but seem to be very thin as several particles can be observed that overlap each other. Some
additional TEM images (Appendix Il, Fig. A2.7) collected for the resulting NPs show the
varying image contrast caused by the different alignment of NDs to the electron beam where
very light, roughly spherical NPs correspond to the top-down alignment and very dark rod like
NPs offer a side view of the discs. The NDs have a diameter of about ~30-50 nm and thickness
of about ~5-10 nm. The broad peaks in the XRD pattern (Fig. 2.6C) collected for these NPs
may arise as a result of the nanoscale size and thin platelet morphology. Analysis of the
composition based on assigning XRD peaks shows the presence of the Bi>Tes phase which is
consistent with the fact that both Bi and Te particles were formed in the monometallic approach
using DT.
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The higher standard reduction potential of Te(IV) likely leads to an initial reduction
and nucleation of Te followed by the reduction of Bi complex to form Biz>Tes. The Te particle
surface in this case catalyzed the decomposition of the Bi complex followed by the alternate
adsorption/reduction reaction of Bi and Te, resulting in the Bi>Tes phase and ND morphology
instead of Bi elongated plates as found for Bi synthesized with DT (Fig. 2.1E). The formation
of Bi>Tes NDs capped with DT arises primarily as a result of the catalytic effect of Te at the
particle surface in the decomposition of the Bi-DT complex which introduces an intriguing
pathway to modify the final NP morphology and composition.

Synthesis of Sb-Te NPs

Fig. 2.7 shows the XRD patterns (A—C) and TEM images (D—F) of NPs synthesized
using SbCls and TeCl4 binary precursors. It was found that the synthesis using SbClz and TeCls
with OAM or OAC/OAM capping systems resulted in the formation of NWs (Fig. 2.7D and E)
with a length of several microns and diameter of about ~30-200 nm. The XRD peak assignment
(Fig. 2.7A and B) for these materials indicates the formation of only elemental Te without any
sign of Sb or other compounds which is in agreement with the EDS analysis . It seems that Sh
was not reduced or incorporated into the Te NWs even though both Sb and Te NWs can be
created using these two capping systems in monometallic syntheses. From the study of Sb-DT
complex, the complex fragments are noted to have very high molecular weight (Appendix 11,
Fig. A2.4) which may reflect the fact that several capping ligand species are required to form
the complex. Therefore, in bimetallic synthesis when the amount of capping ligands used in
the synthesis is double the normal amount, there still may not be a sufficient amount to make
a stable complex with all metal precursors. The lack of Sb in the resulting NWs can be
explained due to the fact that most capping species were used to make the complex with Te
and were adsorbed on the Te NW surface rather than making a complex with SbCls. As a result,
SbCls or even Sb oxide and other compounds, such as SbOCI, would likely be removed in the

particle washing process.
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Figure 2.7. XRD patterns and TEM images for Sb-Te materials synthesized using OAM (A
and D), OAC/OAM (B and E), and DT (C and F). The peak identities were labelled by the
symbol filled circle (@) for Te (JCPDS card no. 036-1452) and open square ([]) for SboTes
(JCPDS card no. 015-0874). The inset of Fig. 2.7E represents a zoomed out view of synthesized
NWs. For details see Appendix Il Table A2.15-17.

Using DT as a capping system, on the other hand, leads to the formation of large platelet
-like particles (Fig. 2.7F) composed of Sh,Tes with a minor amount of elemental Te as indexed
in the XRD pattern (Fig. 2.7C). The formation of two segregated phases including Sh.Tesz and
Te indicates that the existence of Te NPs catalyzed the decomposition and reduction of the Sb-
DT complex, which failed to be reduced in the Sb - monometallic synthesis with DT (see Table
2.1).

2.3.3. Summary of the mono- and bi-metallic synthesis studies

From the study of mono- and bi-metallic syntheses, we can elucidate the role that each
individual capping ligand plays, as well as the influence of the metallic interaction in the
formation of the NPs. The formation of NPs is summarized for two general types of capping
systems: one is DT and the other is OAM and OAC/OAM. For the first case, DT creates a
relatively strong complex with the three elemental precursors, especially with Sb which could
not be reduced in the monometallic synthesis. The resulting small Te nanoplates and long Bi
particles without oxides and other compounds in single precursor approach show the good
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capping ability of DT. Furthermore, the results of the bimetallic system capped with DT
highlighted the important catalytic effect of Te for Bi>Tez and Sh.Tes formation. We also found
that NPs composed of Bi and Sb failed to be formed in DT due to the stability of Sb-DT
complex along with no catalytic effect of Bi particles. Therefore, the strong bimetallic
interaction of Te with Bi and/or Sb-DT complexes and the lack of Bi-Sb alloy formation
explain the existence of two segregated phases obtained when using DT with all three elemental
precursor synthesis.®” On the other hand, OAM or OAC/OAM, in the interaction with single
precursor, directs the growth of monoelemental Sb and Te NWs as well as the BiOCI formation
with a minor phase of Bi. In these capping systems, if Te does not act as catalyst for Bi or Sb
complex reduction, then only monometallic Te NWs grow in the bimetallic systems. However,
Bi and Sb can be incorporated into a Bi-Sb alloy NP as a result of the formation and catalytic
effect of Sb on the Bi complex. Therefore, in OAM or OAC/OAM capping systems, there is a
possibility of forming a (Bi,Sb).Tes ternary solid solution when all three elemental precursors
are combined together. The general understanding of the NP formation mechanism encourages
a study of the synthesis of trimetallic NPs using these capping species, towards (Bi,Sb).Tes
ternary solid solution NPs.

2.3.4. Study of trimetallic synthesis approach

In light of the key results obtained from the formation mechanism investigation for
monometallic and bimetallic syntheses, we synthesized trimetallic NPs with the OAM capping
ligand system. In this section, the OAM capping system was focused on because of the failure
to synthesize a Bi-Sb alloy using the DT capping system in the bimetallic synthesis, while only
Bi-Te and Sb-Te alloys could be obtained using DT. Based on these results, it is likely that
Te/BixTes/ShoTes segregated NPs would be dominantly synthesized if DT was used in a Bi-
Sb-Te trimetallic synthesis. In fact, a similar result was previously reported in which phase-
segregated NDs were obtained.®” Therefore, the formation mechanism in this case is relatively
simple, i.e., Te NP formation followed by Bi and Sb individual incorporation into the Te NPs
due to the catalytic effect of Te without Bi-Sb interaction. Accordingly, it seems quite difficult
to synthesize nanostructured (Bi,Sb)>Tes solid solution using DT as a capping system. On the
contrary, in the case of Bi-Sb bimetallic synthesis using the OAM capping system, we
successfully synthesized BizoSbso alloy nanoplates, while Bi-Te and Sh-Te alloys could not be
obtained using OAM. It is worthwhile to investigate whether a Bi-Sb-Te cross interaction takes

place. The main results and discussion of this section, therefore, will detail only trimetallic
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NWs synthesized with OAM capping species which give more insight into the growth

mechanism of Bi-Sb-Te NPs and how to control the resulting shape, composition and structure.

Using OAM as a capping ligand led to the formation of very long and high aspect ratio
NWs. Fig. 2.8 shows the TEM and HR-TEM images of NWs synthesized using 0.17 mL OAM
(corresponding to 1 : 1 molar ratio of elemental precursors to OAM). The length of the NWs
is several microns with a diameter ranging from 50 to 100 nm, which gives a very high aspect
ratio (~50-100). On the surface of the NWs, there are some small NPs and the non-
homogeneous local areas (reflected by different contrast) observed in the TEM images for each
NW may indicate a heterogeneous composition. In addition, if one takes a close look at Fig.
2.8C, the center of a NW is lighter than the periphery suggesting the composition distribution
in a radial direction (i.e. Bi-rich at the periphery) or the tube-like structure caused by nanoscale
Kirkendall effect®* which refers to a nonreciprocal mutual diffusion through an interface of two
metals. HRTEM images of a single NW (Fig. 2.8D and E) illustrate the high crystallinity of
particles, however, the lattice spacings measured by HR-TEM cannot used to distinguish
between Te, Bi>Tes and ternary solid solution BiSbTe phase due to the similarity in their crystal

structure.

Figure 2.8. TEM (A-C) and HR-TEM (D-E) images of trimetallic NWs synthesized using
OAM as capping species with 1:1 molar ratio of precursors and OAM. Image (A) shows the
zoomed out view of the synthesized NWs, (B) shows a magnified view of the NWs which have
a narrow diameter and are smooth, and (C) shows NWs with some smaller NPs at the surface
and the tip of NWs. D and E are the HR-TEM of a single NW.

Fig. 2.9 shows the XRD patterns for NWs capped with OAM. XRD peaks can be
indexed for several segregated phases including Te (hexagonal structure), Bi>Tes, and
(Bi,Sb)>Tes (rhombohedral structure) due to their similar crystal structures and overlapping
peaks. The reference reflection of bulk (Bio.sSho.s)2Tes was used to assign the peak position of
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(Bi,Sh),Tes phase. Note that Sh,Tes, Sb or Sb oxide phases could not be found in the XRD
pattern. To assign the phases definitively, the elemental assessment for NWs using ICP-MS
analysis was conducted with the result of BiisSb2eTesg, which is in general consistent with each
other in the co-existence of all three metal components. Note that the accurate elemental
assessment of Bi-Sb-Te ternary material is difficult using EDS because Sb and Te peaks
overlap each other significantly. It can be concluded that dominant phases of the NWs
synthesized using OAM capping system are (Bi,Sb).Tes (rhombohedral) and elemental Te
(hexagonal) by considering the following facts: (1) the NWs have no ShoTes, Sb or Sb oxide
phases, (2) the NWs contain a significant amount of Sb, and (3) the presence of the
characteristic peaks of Te at 20 = 22.98, 38.21, 40.38, 43.28, 49.55, 51.16, and 51.92 degrees
and of (Bi,Sb).Tesz at 20 = 70.06°. Note that the existence of the Bi,Tes phase is not ruled out
because other peaks of the (Bi,Sb).Tes phase significantly overlap with the Bi>Tes phase. For
details XRD peak assignment see Appendix Il, Table A2.18.

Normalized Intensity

20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta (Degree)

Figure 2.9. XRD patterns of trimetallic NWs synthesized using OAM as capping species with
1:1 molar ratio of precursors and OAM. The peak identities are labeled by the symbol filled
circle (o) for Te (JCPDS card no. 036-1452), and open diamond (0) for (Bio.5Sbo:s)2Tes (JCPDS
card no. 01-072-1835).

For the reference, the synthesis of BiSbTe NPs using only OAC also conducted, and in
this case the phase segregation was clearly observed (see Appendix Il, Fig. A2.8-9, Table
A2.19).
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2.3.5. Summary of the nanoparticle formation mechanism

To consistently explain all the results in the systematic studies about the effect of
capping ligands and metal complex interaction on NP morphology and composition, we
propose two separate formation mechanisms for BiSbTe containing NPs with two kinds of
capping systems: OAM and DT based on the metal-ligand complex formation, decomposition
and interaction. In general, due to the high reduction potential, the Te complex was first
reduced, undergoing nucleation. However, the growth of Te NPs and the incorporation of other
metals strongly depend on the capping ligands (formation of complex with the metal
precursors) and the metal-ligand cross-interaction.

In the case for DT, a stable complex with Sb can be formed, with a less stable complex
for Bi or Te. As a result, the Sb-DT complex itself could not be reduced under the synthetic
conditions, but Bi and Te can be reduced and form elongated plates or nanoplates respectively.
Bi was not found to catalyze the reduction of the Sb-DT complex, as indicated in the bimetallic
approach which led to the formation of only monometallic Bi plates. On the other hand, Te
NDs could act as a catalyst for Bi or Sb complex reduction, resulting in the formation of Bi>Tes
and Sh.Tes materials. The existence of these two phases in trimetallic NPs synthesized using
DT therefore can be explained based on the catalytic effect of Te and reaction of Te with the

other metal complexes.

When OAM is used as a capping system, Te does not exhibit catalytic properties in the
reduction of the other metal complexes. Moreover, the formation of Te containing NWs for all
synthesis approaches with the presence of Te precursor and OAM indicated that the growth of
Te NWs capped with OAM is preferential and the incorporation of other metals into the NWs
is not feasible when using OAM. In this capping system, Sb was found to play a dual role in
catalyzing the decomposition of the Bi complex, which prevented the formation of BiOCI. It
is very important that a Bi-Sb alloy can be formed under similar synthetic conditions with
OAM. The formation of these materials illustrates the possibility to form an alloy of BiSbTe
when all three metal precursors are used in the synthesis. Therefore, the reduction and growth
of Te NWs and Bi-Sb NPs can occur separately in the trimetallic synthesis, and the formation
of the final NWs containing (Bi,Sb)>Tes ternary solid solution may be caused by the oriented
attachment*? of Te NWs and Bi-Sb NPs which was not observed in the case of using DT as

capping ligand. The formation mechanism in these two cases is illustrated in Fig. 2.10.
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Figure 2.10. The illustration of the formation mechanisms for (A) Te/Bi>Tes/Sh2Tes phase-
segregated NDs synthesized using DT as a capping system and for (B) Te/(Bi,Sh)>.Tez NWs
synthesized using OAM as a capping system.

2.4. Conclusion

In conclusion, we have partially addressed the complexity in the growth mechanism of
trimetallic nanoparticles based on the synthesis and investigation of monometallic and
bimetallic systems using various capping ligands. The use of different capping ligands in the
complex formation and metallic interaction result in two different pathways in the formation
of trimetallic NPs. Our study illustrates the formation of Bi>Tes and Sh>Tes based NPs due to
the Te catalytic effect on the decomposition of the Sb and Bi precursor complexes. A bimetallic
interaction was also observed in the case of using DT capping species. The formation of BiSb
alloy in the OAM based capping system is important for the formation of a trimetallic alloy,
which is observed in the triple elemental synthetic approach. The understanding of the NP
formation mechanism arising from this expansive study gives a fundamental understanding of
how to further control the composition, structure and characteristics of trimetallic NPs towards
TE materials with enhanced and promising properties. Part of the ongoing work includes
further delineation of the synthetic parameters, including precursor concentrations as well as

characterization of the TE properties of these materials.
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Chapter 3

Chemical Synthesis of BiSbTe Nanoparticles with
Composition and Shape Manipulation

The ligand-directing chemical approach developed in chapter 2 have succeeded in
synthesizing BiSbTe based nanoparticles (NP)s with capability of manipulating the
morphology towards nanowires (NWs), nanodiscs (NDs) or nanoplates. However, at the same
time, the strong correlation of composition and morphology in resulting NPs as well as their
composition in-homogeneity are found and necessary to address. This chapter therefore mainly
focuses on the control of NP compositions in correlation with morphology in terms of
uniformity, homogeneity and ability to vary the composition. Based on the formation
mechanism of BiSbTe ternary alloy NWs elucidated in the previous chapter, to obtain
homogenous BiSbTe NPs with tunable composition and without preferential growth of Te
NWs, a seed mediated growth chemical synthesis has been proposed. In the first step, an array
of uniform BixSbx NPs with x ranging from 0 to 1 was synthesized via careful control of the
feeding ratio and synthetic conditions. Then in the next step BiixSbx NPs were used as the
seeds for growth of BiSbTe NPs with controllable composition. The study further elucidates
the key parameters for manipulation of the NP compositions.
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3.1. Introduction

It is well know that the renewed interest of study on thermoelectric (TE) materials
make this research field have become a hot topic with the main purpose is to overcome the
limitation of the zT about 1 and make TE materials practical available with zT above 3.1 The
dimensionless figure of merit, zT, is given by zT = Taalx, where T, a, o, and « are absolute
temperature, Seebeck coefficient, electrical and thermal conductivity, respectively, and « is the
sum of the thermal conductivity contributed from electron (xe) and phonon (xi). The challenges
that limit the zT about 1 arise from the interrelated relations of the parameters defining zT, in
which o and electronic contributed to « is proportional as given by Wiedemann-Franz’s law,
and the increase in a often goes with the decreasing of ¢. To obtain the materials with enhanced
ZT, the current approaches are mainly laid on creating of materials satisfied the “phonon glass
electron crystal” (PGEC) structure which possesses the glass-like thermal conductivity and
electrical conductivity similar to crystal structure.® For that purpose, one can (i) introduce the
nanostructure into the state of the art TE materials to make use of the large surface areas and
size dependent properties of NPs to somewhat independently control the parameters (a, o and
x) determining the TE efficiency,*” or (ii) create the complex symmetric materials with crystal
structure to make used of phonon rattling effect®1° or (iii) taking advantages of alloying in
preserve the electrical conductivity and reduce thermal conductivity.'*!2 It is well known that
the low dimensional materials with large area of grain boundary and suitable size can allow
phonon scattering at the surface more effectively than electron scattering.**'* As a result,
utilizing this advantage of the low dimensional materials can offer the larger reduction of
thermal conductivity than that of electrical conductivity, or on the other words, decoupling the
thermal and electrical conductivity to give rise in the TE efficiency and somehow create the
PGEC materials.*®!* Therefore, it is efficient to create the nanostructure of the state of the art
TE alloys to further improve their TE performance.

Ternary solid solution BiSbTe are well known as promising p-type semiconductors for
thermoelectric applications with one of the highest zT value of about 1.1>® Much of
consideration and effort has been devoted to make BiSbhTe ternary alloy in low dimensional
structure because further reducing of x in compensation for the decreasing o is expected to
further enhance the zT.”1"18 This idea attracted a great of interest from the experimentalists in
synthesizing BiSbTe nanoparticles (NP)s and furthermore control the ternary solid solution
NPs’ characteristics such as size, shape and composition which are important factors

contributing to the enhanced TE efficiency. However, it is challenging to well manipulate these

60



factors and producing uniform, homogenous NPs, especially, in case of the ternary element
system in nano regime.” "8 Regarding of chemical synthesis, it is the fact that only few facile
syntheses is able to form ternary solid solution NPs.

From the previous study (chapter 2), it was found that the one-pot reaction is versatile
in producing various morphologies of Bi, Sb and Te containing NPs, but the resulting single
NPs are often heterogeneous in terms of phases and composition.'® Under precise synthetic
condition using OAM, ternary solid solution BiSbTe nanowires (NWs) can be grown. It was
emphasized that the formation of Te and BiSb alloy NPs in the presence of OAM as the capping
ligands is important for the formation of BiSbTe ternary solid solution NWSs, however, the
preferential growth of Te results in its existence as minor phase in a single NW.* Finally, it
ends up with the fact that the composition and the morphology of the resulting NWs are hardly
de-coupled and resulting BiSbTe ternary solid solution exist in narrow range of composition
with minor undesirable Te phase. Therefore, based on the formation mechanism elucidated for
BiSbTe ternary NWs, one of the particular interests is further development of the chemical
approach towards synthesizing BiSbTe ternary alloy NPs with tailorable composition and
morphology. In this chapter, a seed mediated growth synthesis of BiSbTe NPs is proposed with
BiSb solid solution NPs as the seeds. The complete solubility of Bi and Sb in binary solid phase
throughout entire range of compositions makes it possible to synthesize solid solution BiSb
NPs with controllable composition. After that, BiSb NPs as the seeds are used to grow BiSbTe
NPs and suppress the homogenous nucleation and growth of Te phase, aiming to better
manipulation of their ternary composition, homogeneity and morphology. Additionally, the
results in chapter 2 show that oleylamine supports the formation of BiSb solid solution NPs as
well as the formation of ternary solid solution BiSbTe in NWSs. Therefore, oleylamine is chosen
as the capping agent for the seed mediated growth towards ternary solid solution BiSbTe NPs.
The feeding ratio and temperature are the main parameters to tune the composition of the BiSb
and BiSbTe NPs.

3.2. Experimental Section
3.2.1. Chemicals

Bismuth trichloride (BiCls, purity 99%), antimony trichloride (SbCls, purity 99%),
tellurium tetrachloride (TeCls, purity 99%), oleylamine (OAM, purity 70%), 1,2-
hexadecanediol (HDD, purity 90%), dioctylether (DOE, purity 99%) and diphenylether (purity
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99%) were purchased from Sigma Aldrich Corp. as well as other common solvents. All

reagents were used without further purification.

3.2.2. Synthesis of BiSb NPs

Binary solid solution BiSb NPs can be synthesized using either the bimetallic synthesis
approach developed in chapter 2 (approach 1) or the injection method (approach I1). In both
synthesis approaches, the molar feeding ratios of BiCls to SbClz equal to 1:2, 1:1 and 2:1 were
used to tune the composition of the resulting NPs. In the first synthesis approach total 5.62x10"
* moles of BiCls and ShCl; was added to 6.08x10~° moles of OAM and 25 ml of DOE in a
three neck flask under Ar gas bubbling and vigorous stirring for an hour. The flask was heated
to 110 °C for 10 minutes to remove moisture and then heated to 195 °C and kept for 2 hours of
reaction. In this synthesis approach, oleylamines have dual function as capping species and
reducing agent at elevated temperature. The synthesis approach Il is based on the injection of
metal precursor complex stock solution into reducing solution at 250 °C. Stock solutions were
prepared under Ar gas by mixing and heating total 5.00 x10* moles of metal halide precursors
in 1.5x107* moles of OAM and 10 mL of DOE to 60 °C for 10 min. The reducing solution was
prepared under Ar gas by adding 1.5x1073 moles of HDD along with the 1.5x107* moles of
OAM into 15 ml of DOE, then heating to 250 °C. After the injection, the reaction solution turns
to black quickly indicating the formation of NPs. The reaction was kept for an hour at 250 °C.
After the reaction, the NP solution was quickly cooled to room temperature. Resulting NPs

were purified using ethanol and hexane several times then collected for characterizations.

3.2.3. Synthesis of BiSbTe NPs

BiSb NPs were synthesized using phenylether as the solvent (while other conditions are
kept constant) and used as the seeds to synthesize BiSbTe NPs. Half of the BiSb NPs in one
batch of synthesis were redispersed in 10 mL of diphenylether and 3x1073 moles of OAM, and
stirred under Ar gas (Dispersion 1). 0.843x10™* mole of TeCls and 4.5x107> moles of OAM
were added into 15 ml of diphenylether and stirred under Ar gas until TeCls completely
dissolved to form Te stock solution. Te stock solution was added into the Dispersion I. The
reaction solution was heated up to 195 °C and hold for 2 hours then cooled to room temperature.
The resulting NPs were repeatedly washed with ethanol several times and collected for

characterizations.
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3.2.4. Instrumentation and analysis conditions

An array of instrumental techniques including X-ray diffraction (XRD), transmission
electron microscopy (TEM ), energy dispersive spectroscopy (EDS), inductively coupled
plasma optical emission spectroscopy (ICP-OES) were used to characterize the size, shape,
composition, structure and other properties of the materials.

XRD patterns were collected in reflection geometry using a Rigaku SmartLab X-ray
diffractometer at room temperature with Cu Ka radiation (wavelength of 1.542 A).

TEM analysis was performed on Hitachi H-7100 and H-7650 transmission electron
microscopes operated at 100 kV. TEM samples were prepared by dropping the NP dispersions
onto a carbon coated copper grid and natural drying in air overnight.

Samples for ICP-OES were prepared by dissolving dried NP samples in aqua regia then
diluted for certain degree. The data were collected using a Shimazu Sequential Plasma
Spectrometer ICPS-7000.

3.3. Results and Discussion
3.3.1. Binary solid solution BiSb NPs with controllable composition and
morphology
The resulting BiSb NPs were characterized using TEM, TEM-EDS and XRD. Fig. 3.1
show the TEM images of BiSb NPs synthesized using different molar feeding ratios.

Figure 3.1. TEM images of BiSb NPs synthesized using approach | (upper row A-C) and Il
(lower row D-F) with Bi:Sb molar feeding ratio of 1:2, 1:1 and 2:1 (from left to right). The

scale bars of the insets are 25 nm.
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Almost all NPs are found to display hexagonal shape and with increasing BiCls in the
feeding ratios, NPs in synthesis approach | exhibit average diameters of 42.8 + 8.1, 35.3 £ 6.6
and 56.9 + 8.7 nm respectively and NPs in synthesis approach Il have mean diameters of 63.1
+ 32.9, 38.4 £ 9.3, 38.7 £ 7.3 nm respectively. Additionally, the small thickness of NPs is
clearly evidenced by the magnified TEM image captured for some overlapped NPs (inset of
Fig. 3.1A), which clearly shows the different contrast between the overlapping areas compared
to the surrounding (similar for some areas in Fig. 3.1B-F). Based on the contrast of the TEM
images, it seems that NPs have a disk-like morphology with the thickness smaller than the
diameter.

It is noted that the morphologies of resulting NPs in both syntheses are intermediate
between those of single Bi and Sb NPs (Fig. 3.2). This is one of the contributions to the fact
that BiSb solid solution NPs are formed in the syntheses which will be discussed later.

Figure 3.2. TEM images of single elemental Bi NPs (A, B) and Sb NPs (C, D) synthesized
using synthesis approach | (left) and Il (right) respectively.

The size and the uniformity in terms of the size and shape of the resulting BiSb NPs
change according to the BiCls to SbCls molar feeding ratios (see Fig. 3.3 for the size
distribution). The most uniformity in size and shape is obtained in both synthesis approaches
using equal elemental molar feeding ratio with NPs size of 35.3 + 6.6 nm and 38.4 £ 9.3 nm
for synthesis approach I and Il respectively. When the feeding ratios of two precursors are far
from equal, the NP size becomes less uniform, which indicated that the comparative nucleation
and growth of Bi and Sb can occur in the synthesis. It can be clearly observed that the resulting
NPs in synthesis approach Il became de-focused in size since the precursor molar feeding ratio

of Bi:Sb equal to 1:2. The reduction rates of the precursors are also taken in to account for the

64



formation and growth of NPs. Compared to synthesis approach I, stronger reducing agent
(HDD) and higher temperature (250 °C) used in synthesis approach Il can allow precursors to
be reduced simultaneously after the injection, but the nucleation and growth rate differences
can become more significant than that in the first synthesis approach. As a result, it can
contribute to the fact that NPs rich in Sb (elemental analysis will be shown later) may have

larger size than the one rich in Bi as observed in synthesis approach Il (Fig. 3.4).
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Figure 3.3. Size distributions of BiSb NPs synthesized using approach I (upper row A-C) and
Il (lower row D-F) with Bi to Sb molar feeding ratio of 1:2, 1:1 and 2:1 (from left to right).
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Figure 3.4. lllustration for the correlation between size and feeding ratios (then composition)
of resulting BiSb NPs due to the differences in the nucleation and growth rate of Bi and Sb

under the reaction conditions used in the injection method (synthesis approach II).
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The XRD patterns were collected for resulting BiSb NPs (Fig. 3.5-3.6). XRD peak
broadening was used to estimate the mean crystalline size of NPs (Table 3.1) based on Scherrer
formula.?C It is noteworthy that the mean crystalline size is similar or slightly smaller than the
NP diameters measured from TEM images, which is in good agreement with the small size and
disk like morphology of NPs, and suggests that binary solid solution NPs have good
crystallinity.
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Figure 3.5. XRD patterns of BiSb NPs synthesized using approach | with BiClz:SbClz molar
feeding ratio of (A) 1:2, (B) 1:1 and (C) 2:1. The reference patterns of rhombohedral structural
Bi (JSPS card no. 044-1246) and rhombohedral structural Sb (JSPS card no. 01-085-1322)

were labeled by black and red colors.
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Figure 3.6. XRD patterns of BiSb NPs synthesized using approach Il with BiClz:SbClz molar
feeding ratio of (A) 1:2, (B) 1:1 and (C) 2:1. The reference patterns of rhombohedral structural
Bi (JSPS card no. 044-1246) and rhombohedral structural Sb (JSPS card no. 01-085-1322)

were labeled by black and red colors.
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Table 3.1 Summary of main results in composition, XRD peak position of (012) crystal plane

and sizes of NPs for each synthesis approach

Approach 'Eﬂi%?gtgg%jllan O/Eaé'i()) C[gtrgr%??:'%]n Z[EQge]t 2 E)nTrEII\f E)nxrﬁﬁ)
1.2 (33.3) BizzoSbia: 2820  42.8+8.1 26.7

' 1:1 (50.0) BissaShas;  27.42  35.3+6.6 27.4

2:1 (66.7) BissoShis:  27.24  56.9+8.7 54.7

1.2 (33.3) BisoSbro 2832 6314329  39.0

[ 1:1 (50.0) Biso:Shass ~ 28.08  38.4+9.3 26.0

2:1 (66.7) BizaaShiss 2749  38.7+7.3 21.4

Compositions were measured by TEM-EDS for several single NPs. Dtem and Dxgrp represent the mean
crystallize size and NP size calculated from TEM images and XRD patterns, respectively.

It can be seen in XRD patterns of Fig. 3.5 and Fig. 3.6 for NPs synthesized using the
synthesis approach | and Il respectively that all peaks are symmetric with peak positions in
between the reference positions of pure Bi and pure Sh peaks. Except for the minor Bi peak in
Fig. 3.6A, there is no sign of single phase Bi or Sb for all other cases. In addition, the TEM-
EDS analysis confirmed that all single NPs contain Bi and Sb with average atomic composition
nearly the feeding ratios of the elemental precursors (Table 3.1). Besides, the NPs are relatively
uniform in size and shape (Fig. 3.1 and Fig. 3.3) with the morphology intermediate of the Bi
and Sb single elemental NPs (Fig. 3.2). All the results indicate the formation of the binary solid
solution BiSb NPs. Moreover, the peak position systematically shifted in a direction from the
reference position of Sb towards the reference position of Bi in accordance with increasing the
Bi composition of the resulting NPs, which suggests that the changes in lattice spacing due to
the formation of Bi-Sb solid solution are strongly correlated with varying the NPs’
compositions. This tendency is displayed in the XRD patterns of the resulting NPs synthesized
using both approaches (Table 3.1). It is well known that Bi and Sb with rhombohedral structure
can form the solid solution at any composition.?>?? Therefore, the lattice spacings of (012)
crystal planes (corresponding to the primary peak in XRD pattern) of the resulting NPs were
plotted versus their composition in Fig. 3.7, where the lattice parameters were calculated from
Bragg’s law and the compositions were measured using TEM-EDS. Overall, the lattice spacing
of the (012) crystal planes is in a linear relation to the measured composition by TEM-EDS,
indicating that these materials obey Vegards law and are the binary solid solutions of Bi and
Sh. While some points deviate slightly from the linear trend expected between lattice spacing
and composition, this may arise as a result of slightly non-homogeneous alloy formation in

these cases (i.e. the particles synthesized in approach | with a feeding ratio of Bi:Sb of 1:1).
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Figure 3.7. Relationship between the lattice spacing of (012) crystal plane of the synthesized
BiSb NPs with the molar feeding ratios of BiCls to ShCls equal to 1:2, 1:1 and 2:1 and the
corresponding composition of NPs measured by EDS. The data points for lattice spacing
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Figure 3.8. Relationship between the Bi content in NPs and the input moles of Bi precursor (in

percentage). A linear line is used to guide the readers.

The composition of resulting NPs in both synthesis approaches can be controlled via
tuning the feeding ratios of the precursors. We found a good linear relationship when the Bi
content in resulting NPs was plotted versus Bi in metal precursors (in molar percentage) as
shown in Fig. 3.8. In both synthesis approaches, the equal molar ratio of the precursors results
in nearly equal molar ratio of metal composition in the resulting NPs, but higher or less Bi
feeding ratios seem to cause higher or less Bi in the resulting NPs. This tendency is clear for

NPs synthesized using approach | while the NPs synthesized using injection method seem to
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have better equal relation between Bi content of the resulting NPs and that of the input
precursors for a wide range of composition. It is reasonable because the nucleation and growth
in the solution highly depends on the saturation concentration of the elemental atoms (Bi, Sb
in this case). The nucleation and growth of Bi and Sb seem to occur simultaneously; therefore
the elements with less concentration will reach the saturation conditions faster, which results
in less content of the element in the resulting NPs than in the feeding ratios. Additionally, the
reduction/decomposition rate of Sb and Bi may be different in the first synthesis, but it is likely
that the injection methods, especially at high temperature, may be better in simultaneously
producing both elemental atoms for growth of resulting NPs.

In summary, the binary solid solution BiSb NPs were successfully formed with

controllable size and composition, and can be used for the next step to synthesize BiSbTe NPs.

3.3.2. Seed mediated growth of the ternary solid solution BiSbTe NPs

In this part, a case study of BiSbTe NPs using BiSb NPs as the seeds will be discussed.
In this section, di-octylether solvent was exchanged to di-phenylether which is more suitable
for scaling up the synthesis in future. The BiSb seed NPs were synthesized using phenylether
which has composition of BizeSbh2s measured by ICP-OES. The following will show the
primary results of the synthesis of BiSbTe NPs at 195 °C. The reaction temperature was chosen
based on the previous study (chapter2) in which it is known that at 200 °C BiSbTe ternary solid
solution NPs can be obtained. The presence of BiSb NPs as the seeds can help to prevent the
homogenous nucleation and growth of Te, which is easy to be reduced and grow up, causing
the phase segregation (chapter 2), because BiSb NPs can offer high surface area for the
reduction of Te and alloying. Furthermore, gradually heating is also expected to give a good
condition for the gradual reduction of Te, prevent the high concentration of Te atom for the
homogenous nucleation.

Fig. 3.9 shows the TEM images collected for resulting BiSbTe NPs synthesized using
the BizeSh24 NPs as the seeds. It can be seen in the TEM images that the size of resulting
BiSbTe of 80-100 nm which is bigger than the diameter of the BizeSh24 NPs (42 £ 10 nm).
Additionally, the BiSbTe NPs display the similar morphology to the BiSb seeds. The results
indicate the possibility that Te was incorporated into the seed NPs.

ICP-OES and XRD were utilized to analyze the composition and structure of BiSbTe
NPs. The ICP-OES result shows the composition of Biz7Sbi.Tes1. The molar ratio of Bi and Sb
in the resulting BiSbTe NPs is similar to that of the BiSb seeds, furthermore indicating that the

composition of the seed is maintained in the BiSbTe NPs. Because Bi>Tes and BiSbTe have
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similar crystal structure, the existing of Sb indicated by ICP-OES analysis and the absence of
Sb or Sb oxides phase in XRD pattern are important for assignment of (Bi1xShx)2Tez or Bi>Tes
phases, where x ranges from 0 to 1. BiSbTe was found with Te as the very minor phase as
shown in the XRD pattern (Fig. 3.10, see Appendix Il for detail of the peak assignment). All
these results together indicate that the ternary BiSbTe NPs can be obtained using the BiSb NPs
as the seed, in which the morphology and composition of the BiSbTe NPs is similar to the seed
NPs. The formation of Te phase can be suppressed with further control of the Te precursor

concentration and the reaction temperature.

Figure 3.9. TEM images of BiSb seed NPs redispersed in diphenylether (A) and BiSbTe NPs
synthesized at 195 °C (B), using OAM as the reducing agent and capping ligand with the seed’s

composition of BizaShos.
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Figure 3.10. XRD patterns of BiSbTe NPs synthesized at 195 °C, using OAM as the reducing
agent and capping ligand. The BiSb seed NPs were synthesized with BiCls:SbCl3 feeding ratio
of 1:1. The identities of the peaks were labeled by open diamond () for BiSbTe (JSPS card
no. 01-072-1835) and black circle (e) for Te hexagonal structure (JSPS card no. 036-1452).

3.4. Conclusion
In conclusion, the chemical synthesis approach was illustrated to be straightforward in

preparation of BiSb seed NPs and BiSbTe NPs with controllable composition and morphology.
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The seed mediated growth technique developed in our study exhibits a strong potential in

tailoring the NPs composition and morphology towards designed structures. Further

investigation of synthesis conditions can help fully control the ternary solid solution BiSbhTe

NPs in term of their composition, uniformity, homogeneity and phases.
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Chapter 4

One-pot Chemical Synthesis of Zinc Antimonide
Nanoparticles as Building Blocks for Nanostructured
Thermoelectric Materials

This chapter reports a one-pot chemical synthesis of zinc antimonide (Zn-Sb)
nanoparticles (NPs) via a sequential reduction of metal precursors and subsequent
compositional redistribution. The NP’s characteristics were carefully investigated using wide
range of analytical methods to elucidate the complex structure of the resulting NPs.
Chemically-synthesized Zn-Sb NPs are expected to be promising building blocks for
nanostructured thermoelectric materials.
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4.1. Introduction

Thermoelectric (TE) materials have currently attracted much attention due to the
immediate applicability to energy harvesting.> However, an improvement of TE efficiency is
required for practical realization of these devices. One of the most promising approaches
toward the enhancement of TE efficiency is a phonon-glass electron-crystal (PGEC)
approach.>® Zn-Sh systems (especially B-ZnsShs phase) exhibit excellent TE properties
because of their remarkably low thermal conductivity («) due to the disordered local (PGEC)
structure.%*2 In addition, Zn-Sb consists of relatively abundant elements, and thus, it has been
regarded as a promising candidate for TE energy harvesting. Zn-Sb systems have invited
various investigations ranging from fabrication to structure-property relation.*? With respect to
the fabrication of Zn-Sb alloy, physical methods have been mostly used such as ball-milling,*®
mechanical alloying,'* zone melting,*® spark plasma sintering,'® and hot pressing.!” To tailor
the TE properties of Zn-Sb, the doping of a third element into the Zn-Sb bulk crystal has

prevailed to enhance the TE efficiency.8-%°

Nanostructuring of TE materials enables the reduction of k while retaining the electrical
conductivity, and thus, leads to an enhancement in TE efficiency. It has been demonstrated that
nanostructured TE materials fabricated using TE NPs as building blocks can exhibit significant
reduction in k and better control over the resulting characteristics.?>?2 Recently, a few chemical
approaches toward Zn-Sb nanostructures have been proposed. For example, Zn@Shb core-shell
particles were synthesized first, and then, nanostructured Zn-Sb compound was formed by
annealing Zn@Sb core-shell particles at 300 °C for 6 hours.?®> However, NPs are sensitive to
heat because of crystal growth during longer heating periods, and thus, undesirable grain
growth cannot be avoided during the reaction. In another approach, based on the solid state
reaction of activated powders of Zn and Sb pioneered by Schlecht et al.,>* Tremel and
coworkers developed a new synthetic method to obtain Zn-Sb NPs via a peritectoid reaction
between differentially-synthesized Zn and Sb NPs in an organic solvent at about 300 °C.?52¢ In
this case, it is also somewhat difficult to control the grain size, which is crucially important for
TE properties, because coalescence of the NPs takes place during the peritectoid reaction. In
either case, it isn’t possible to synthesize well-defined Zn-Sbh NPs in terms of morphology and
uniformity. Unfortunately, however, the direct chemical synthesis of Zn-Sb NPs has not been
achieved yet. In this study, Zn-Sb NPs were chemically synthesized via a sequential reduction
of metal precursors and subsequent alloying. The synthesis starts with the formation of Sb cores

followed by the growth of Zn shell onto the cores. This chemical approach with the well control
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of the core in term of size and shape and the deposition of the shell is expected to give better

control on the resulting NPs.
4.2. Experimental Section

4.2.1. Chemicals

ZnCl (purity 98%), SbCls (purity 99%), dioctyl ether (DOE, purity 99%), oleylamine
(OAM, purity 70%) and lithium triethylborohydride (LiBHEts, 1M solution in THF) were
purchased from Sigma Aldrich and used without further purification. Other common solvents

were purchased from Kanto Chemical and used as received.

4.2.2. Synthesis of Zn-Sb NPs

The synthesis was carried out in a three-neck flask under an Ar atmosphere. 0.1 mmol
of SbCls and 0.6 mmol of OAM were put in 3 ml of DOE and heated up to 60 °C under stirring
(stock solution 1). Separately, 0.1 mmol of ZnCl> and 0.4 mmol of OAM were put in 10 mL of
DOE and heated up to 200 °C (stock solution 2). 0.3 mL of LiBHEtz and 12 ml of DOE were
put into the flask and heated up to 250 °C under Ar (matrix solution). Then, 3 mL of stock
solution 1 was rapidly injected into the matrix solution. The color of the reaction solution turned
to black immediately after the injection. After 30 min of the reaction at 250 °C, the temperature
of the reaction solution was quickly reduced to 200 °C. Subsequently, 10 mL of stock solution
2 preheated at 200 °C was injected into the reaction solution followed by the injection of 0.2
mL of LiBHEts. The reaction was continued for 1 hour at 200 °C. After the reaction, the
temperature of the reaction solution was quickly cooled to room temperature, and then a
mixture of ethanol and hexane (1:1 volume ratio) was added to the reaction solution followed
by centrifugation at 5000 rpm. This purification process was repeated several times to obtain

the final product.

4.2.3. Synthesis of Sb NPs

0.1 mmol of SbClz and 0.6 mmol of OAM were put in 3 ml of DOE and heated up to
60 °C under stirring (stock solution 1). 0.3 mL of LiBHEtz and 12 ml of DOE were put into the
flask and heated up to 250 °C under Ar (matrix solution). Then, 3 mL of stock solution 1 was
rapidly injected into the matrix solution. The color of the reaction solution turned to black
immediately after the injection. After 30 min of the reaction at 250 °C, the temperature of the
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reaction solution was quickly reduced to room temperature. The resulting Sb NPs were purified

and collected for further analysis.

4.2.4. Synthesis of Zn NPs

0.2 mmol of ZnCl; and 0.8 mmol of OAM were put in 20 mL of DOE and heated up to
200 °C. Then, 0.4 mL of LiBHEts was injected into the solution. The reaction was continued

for 1 hour at 200 °C. The resulting Zn NPs were purified and collected for further analysis.
4.2.5. Instrumentation and analysis conditions

X-ray diffraction and X-ray photoelectron spectroscopy

X-ray diffraction (XRD) patterns of NPs were collected in reflection geometry using a
Rigaku SmartLab X-ray diffractometer at room temperature with Cu Ka radiation.

For X-ray photoelectron spectroscopy (XPS), the dried NPs were put on carbon tape
and measurements were performed on a Shimadzu Kratos AXIS-ULTRA DLD high
performance XPS system. Photoelectron was excited by monochromated Al Ka radiation.
Detection was done with a delay-line detector (DLD) and a concentric hemispherical analyzer
(CHA). The X-ray tube was operated at 150 W. The pass energy of the CHA was 20 eV for
narrow-scan spectra. The analyzed area on the specimen surface was 300x700 um? and was
located in the center of the irradiated region. The instrument was operated at a vacuum level of
1x1078 Torr.

TEM measurement

As-synthesized NPs were redispersed in ethanol with the addition of OAM. 10 pL of
the NP dispersion was dropped onto a carbon-coated TEM grid and completely dried in
ambient conditions. TEM and high-resolution TEM imaging were performed on Hitachi H-
7650 and H-9000NAR transmission electron microscopes operated at 100 kV and 300 kV,
respectively. High-angle annular dark-field scanning TEM (HAADF-STEM) imaging and
energy dispersive X-ray spectroscopy (EDS) elemental mapping were carried out using a JEOL

JEM-ARMZ200F instrument operated at 200 kV with a spherical aberration corrector.

Seebeck coefficient measurement

A sample for the Seebeck coefficient measurement was prepared by the following

procedures.
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Purification of Zn-Sb NPs: as-synthesized Zn-Sb NPs were washed with hexane (3
times) and ethanol (2 times), and then, allowed to precipitate spontaneously. Finally, the

precipitates were redispersed in hexane and centrifuged to obtain final product.

glass Zn-Sb film

0°C i \§4/ 1
T, T,

........................................................................

Figure 4.1. Schematic illustration of the configuration for Seebeck measurement

Thin film fabrication: Purified Zn-Sb NPs were put onto a mica substrate followed by
drying under N2 gas flow (50 mL/min) for 2 h. Then, another mica substrate was put on the
NPs sandwiching the NPs between two glass slides. By applying the pressure of 20 MPa, a
strip-shaped thin film of NPs was fabricated on the mica substrate.

Electrodes were attached on either end of the NP film to monitor temperature and
voltage (Fig. 4.1). A manganin heater was placed near the one end of the NP film to generate
a thermal gradient between two electrodes (AT). By measuring the Seebeck voltage as a

function of AT, the Seebeck coefficient was obtained.
4.3. Results and Discussion

4.3.1. Morphology, composition, structure and surface properties of Zn-Sb NPs

Zn-Sh NPs were chemically synthesized via a sequential reduction of metal precursors
and subsequent alloying. Before the growth of the Zn shell, Sb NPs with rhombohedral
structure as the core were formed (Fig. 4.2). In a separate experiment, the synthesis of Zn NPs
was performed in the absence of Sb cores. As a result, Zn NPs of mean size of 80.2+11.5 nm

were obtained (Fig.4.3).
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Figure 4.2. TEM image (A) and XRD
pattern (B) of Sb NPs. All XRD peaks
were identical  with
rhombohedral Sb (JCPDS card no. 01-
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Figure 4.3. TEM image (A) and XRD
pattern (B) of Zn NPs. All XRD peaks
were identical  with
rhombohedral Sb (JCPDS card no. 01-
085-1324).
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Figure 4.4. TEM images of Zn-Sb NPs (A, B) (the inset in (B) shows the size distribution of
NPs), high-resolution TEM (C) and HAADF-STEM image (D) of a single Zn-Sb NP.



Fig. 4.4A-C shows TEM images indicating that the resulting as-synthesized NPs are
nearly spherical in shape and have a mean size of 21.1+3.4 nm. The mean size and size
distribution of NPs were estimated from randomly-selected NPs observed in the TEM images
(Fig. A4.1, Appendix IV). TEM-EDS analysis on single NPs as well as an ensemble of NPs
confirmed that each NP contains both Zn and Sb with an average atomic ratio of Zn:Sb = 47:53.
Fig. 4.4D shows the high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM image). As can be seen, the Z contrast decreases from center to edge
suggesting that Zn is rich at the periphery while Sb is rich in the core. The lattice fringes with
different d-spacings can be clearly resolved in Fig. 4.4C and D. However, it is difficult to
determine which phase these crystal planes belong to because several different phases have

lattice planes with similar d-spacing.
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Figure 4.5. XRD pattern of Zn-Sb NPs (black curve). Red, green, and blue colors represent Sh
(JCPDS No. 01-085-1324), hexagonal ZnSb (JCPDS No. 00-018-0140), and orthorhombic
ZnSh (JCPDS No. 01-073-7857), respectively.

Fig. 4.5 shows the XRD pattern of the Zn-Sb NPs indicating that the NPs consist of
several different phases including hexagonal ZnSb (and/or rhombohedral Sb), and

orthorhombic ZnSh. No oxide related peak and no metallic Zn peak is observed in the XRD
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pattern, while an unidentified peak at around 26 = 41° is observed. Importantly, the XRD
pattern does not correspond to any other phase including ZnsShz,%"? ZnsShs,?>?° and ZngSh7.2°
It is worth noting that some peaks are abnormally broadened and asymmetric suggesting the
overlapping reflections. It is also important to note that the XRD peak positions of hexagonal
ZnSb are almost identical with those of rhombohedral Sb, and thus, we cannot rule out the
existence of a pure Sb phase. Whatever the case, it is difficult to precisely determine the phases

and their fraction in principle because of significant peak broadening and overlapping.

The surface properties of Zn-Sb NPs were analyzed using XPS. The high resolution
XPS core-level spectra of the Zn-Sb NPs were shown in Fig. 4.6 while that of Zn NPs and Sb

NPs were shown in Fig. 4.7.
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Figure 4.6. XPS spectra of Zn-Sb NPs, Figure 4.7. XPS spectra of (A) Zn 2p
(A) Zn 2p and (B) Sb 3d areas. area Of Zn NPs and (B) Sb 3d area Of Sb
NPs.

For Zn-Sb NPs, Zn and Sb NPs, the asymmetrically broadened 2p peaks were
deconvoluted by using Gaussian-Lorentzian mixed functions corresponding to Zn and ZnO
(for detail see Appendix 1V, Table A4.1 and 3). Similarly, the Sb 3ds/> and Sb 3ds/» peaks were
deconvoluted for Sh, SbxOy, and O 1s (see Appendix IV, Table A4.2 and 3). For both elements,
the majority is found in Zn-Sb NPs to be metallic. ZnO and SbxOy detected in XPS are
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indicative of a surface oxide layer which is undetectable in XRD. It has been reported that Zn
2p and Sb 3d XPS peaks in Zn-Sb alloy are almost identical to those of metallic Zn and Sh.*°
Therefore, it is reasonable to consider that Zn and Sbh atoms are incorporated in the NPs in the
form of alloy because no metallic Zn phase was observed in the XRD pattern. It is important
to note that a significant fraction of oxide was detected in the XPS spectra in the cases of Zn
and Sb NPs synthesized under the same conditions unlike Zn-Sb NPs. Although the real reason
why Zn-Sb NPs becomes resistant to oxidation is not clear, the enhancement of oxidation
stability in Zn-Sb NPs (even if the surface is Zn rich) may be due to the alloying. It is well-
known that Pb-Sb eutectic alloys, which have been the most common grid alloy system in
automobile-type batteries, show an enhanced corrosion resistance even though the content of
Sh is low (typically ranging from 4 to 12 wt%).3! Piecing together all analytical results, it can
be concluded that the resulting Zn-Sb NPs have an Sbh-rich core and Zn-rich surface with a
composition gradient along the radial direction as a result of being composed of multiple ZnSb
phases.

To confirm the composition distribution in the Zn-Sb NPs, EDS mapping was carried
out for a single Zn-Sb NP (Fig. 4.8). Both Zn and Sb are found to be distributed over the entire
area of a single NP. The cross-sectional line profile (Fig. 4.8E) confirmed that Sb is rich in the
center and Zn content increases at the periphery (vice versa for Sb). Similar results were
obtained for other single NPs indicating that this structural feature is typical and uniform. It
has been reported that Zn-Sb solid solutions with various compositions are formed above 360
°C.32 |n addition, the fast diffusion of Zn into Zn-Sb alloy is known to take place even at low
temperature, ca. 195 °C.3® Based on these facts, Zn atoms are considered to rapidly diffuse into
the core to form Zn-Sb alloy NPs at low temperature (200 °C) because of the relatively small
size of the Sb cores.
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Figure 4.8. (A) HAADF-STEM and (B-D) EDS elemental mapping images of a Zn-Sb NP:
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4.3.2. Seebeck coefficient of the powder of Zn-Sb NPs

The Seebeck coefficient (S) of a compressed specimen of Zn-Sb NPs on a glass plate
was measured (Fig. 4.1). The S value was approximately +25 pV/K with p-type at around room
temperature, which was lower than for the Zn-Sb bulk crystals (~70 uV/K at 300 K) including
ZnSh, ZnsShs and ZngSh7.3* Lowering of the S value for the Zn-Sb NPs results from the
compositional inhomogeneity, probably due to the partial oxidation at the surface and/or the
incomplete optimization of the interparticle properties such as the removal of the surface

capping molecules, good electrical contacts between NPs in the compressed specimen.
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4.4. Conclusion

In conclusion, this one-pot synthesis method has been proven to be able to synthesize
compositionally gradient Zn-Sb NPs. The Zn-Sb NPs are relatively uniform, dispersible in
nonpolar solvent, and resistive to oxidation. The present synthetic technique offers a new
approach toward nanostructured Zn-Sb TE materials. If necessary, the composition gradient in
a single NP can be uniformized during sintering at higher temperatures to fabricate
nanostructured Zn-Sb TE materials, which will be the target of the next chapter. In addition,
by changing the molar feeding ratio of Zn to Sb, it will be able to tune the crystal phase of
nanostructured Zn-Sb TE materials, e.g. ZnsSbz, ZnsShs, ZngSby;. However, a full
characterization of the TE properties of these Zn-Sb NPs is still challenging in terms of scaling
up the reaction to obtain enough amount of NPs, the existence of surface organic ligands, the
optimization of the sample processing, the interparticle properties, the composition, among

other factors. Part of this work is to be performed and discussed in the next chapter.
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Chapter 5

Scaled-up Chemical Synthesis of Zn-Sb Nanoparticles and
Thermoelectric Properties of Zn-Sb Nanostructured
Materials

The large scale syntheses of Zn-Sh nanoparticles (NP)s result in gram amount of NPs
for making the pellet and study the thermoelectric properties of the nanostructured bulk
materials. The large scale chemical synthesis was investigated with varying the feeding ratio
of precursor to obtain the resulting NPs with size of 20.5 - 25.4 nm and compositions of
Zn42Shsg t0 Zn4sShss similar to that of Zna7Shss NPs obtained from small scale synthesis. The
organic capping molecules on surface of NPs were removed during heat treatment at 366 °C
for 6 h. The pellet made from NPs can be archived via hot-pressing at 400 - 500 °C and 100
MPa for 5 hours with area of 10x10 mm? and 1.4 - 2.3 mm in thickness. The thermoelectric
properties of the nanostructured sample including thermal conductivity, electrical conductivity
and Seebeck coefficient were measured. This study focuses on not only the large synthesis of
NPs but also the thermoelectric properties of the three dimensional materials with NPs as the
building blocks.
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5.1. Introduction

Thermoelectric (TE) materials are interesting for wide range of applications such as
cooling devices, electricity generations, especially, waste heat to electricity converter.:® The
efficiency of TE materials is determined via ZT value, ZT= o?sT/x, where ¢ is the electrical
conductivity, « is the thermal conductivity and « is the Seebeck coefficient. It is well known
that the low efficiency of TE materials is still a big challenge for these applications which
required a ZT higher than 3.! From the fundamental point of view, the difficulty in improving
ZT value arises from the reverse relation between 3 parameters contributing to ZT. Many
studies on the field of TE materials are, therefore, devoted to overcome this challenge, or, on
another words, decoupling the independence of electrical and thermal conductivity to make a
“phonon glass electron transmission” materials.*® Based on the fact that the thermal
conductivity are built up from two parts, one from electron carrying heat which always
proportional to electrical conductivity as given by Wiedermann-Franz’s law and the other one
from phonon carrying heat which can be manipulated to minimize x while not significantly
affect on ¢. With this in mind, nanostructured thermoelectric materials which offer a large area
of grain boundary for phonon scattering and the size dependent properties for separately
manipulating electrical and thermal conductivity have been expected to be a potential candidate
of TE materials with enhanced ZT value.’®

For medium temperature ranges from 200-400 °C, ZnSb bulk materials exhibit one of
the highest ZT value.®*? With introducing nanostructure to ZnSh materials, the more decrease
in x is expected to further improve the TE performance. The ZnSb nanoparticles (NP)s with
controllable properties and characteristics, however, is still challenging for researcher all over
the world and only few studies succeeded in the chemical approaches to synthesize this
compound even though they could not fully manipulate the NPs characteristics.***® In previous
chapter, a multiple step chemical reaction is demonstrated to successfully synthesize Zn-Sh
NPs.1” The resulting NPs exhibit interesting characteristics with size of about 23 nm, narrow
size distribution, and composition nearly ZnsoShso as well as the complex structure where Sb
and Zn distribute in a single NP with a composition gradient of Zn and Sb along the radial
direction of NPs with Zn rich at the shell and Sb rich in the core.r” The multiphases of ZnSh

may exist in the NPs and further annealing are expected to obtain homogenous phase.

Improvement of the TE properties can be achieved by using ZnSb NPs as the bulding

blocks of TE materials. Towards the final target, the large scale reaction, create nanostructured
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materials and optimize the composition are all required even though it is hugely challenging
for NPs obtained by solution synthesis. Base on the synthesis approach developed in the
previous chapter, this study focus on scaling up the chemical synthesis, adjust the composition
and homogeneity with further thermal annealing during pelletizing NP powder (by means of

hot pressing) and finally investigation of the TE properties of nanostructured pellet.

5.2. Experimental Section

5.2.1. Chemicals

ZnCl; (purity 98%), SbCls (purity 99%), phenyl ether (PhE, purity 99%), oleylamine
(OAM, purity 70%) and lithium triethylborohydride (LiBHEt3, 1M solution in tetrahydrofuran,
THF) were purchased from Sigma Aldrich and used without further purification. Other

common solvents were purchased from Kanto Chemical and used as received.

5.2.2. Large scale synthesis of Zn-Sb NPs

The synthesis was carried out in a 4-neck flask under an Ar atmosphere. 8 mmol of
SbCls and 48 mmol of OAM were put in 100 ml of PhE and heated up to 60 °C under stirring
(stock solution I). Separately, 8 mmaol of ZnCl, and 32 mmol of OAM were put in 100 mL of
PhE and heated up to 200 °C (stock solution I1). 24 mL of LiBHEts; and 800 ml of PhE were
put into the flask and heated up to 250 °C under Ar (matrix solution). Then, 100 mL of stock
solution | was rapidly injected into the matrix solution. The color of the reaction solution turned
to black immediately after the injection. After 30 min of the reaction at 250 °C, the temperature
of the reaction solution was quickly reduced to 200 °C. Subsequently, 100 mL of stock solution
Il preheated at 200 °C was injected into the reaction solution followed by the injection of 16
mL of LiBHEts. The reaction was continued for 1 hour at 200 °C to obtain the Zn-Sb NPs
dispersion (Fig. 5.1). After that the reaction solution was quickly cooled to room temperature,
and then ethanol was added to the reaction solution for the natural precipitation of NPs. This
purification process was repeated 5 times to obtain the final product. In case of the sampling to
take out small amount of NPs, centrifugations were utilized to separate NPs from the matrix

solution.
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Figure 5.1. Photograph of the reactor after 1 hour of reaction with the black dispersion of the
resulting NPs in di-phenylether. The reaction solution volume is of about 1070 mL.

5.2.3. Making the nanostructured pellet

Thermal treatment

After purification, the resulting NPs were put into the quartz boat in the tube furnace to
be underwent the thermal treatment under N2 gas with flow rate of 50 mL/min for 6 hours at

366 °C to remove oleylamine left on the surface of NPs.

Then, the pellet was prepared either by means of cool pressing and sintering or hot

pressing techniques. For the cool pressing, refer to the results of the subtheme research.
Hot pressing

After the thermal treatment, NPs was introduced into the pressing holder of the hot
pressing machine. The sample chamber was vacuumed to the vacuum level of 2x10 Torr to
remove the air. After that, the Ar gas was flowed into the chamber with flowing rate of 1 Lmin"
! The sample was pressed at 100 MPa at elevated temperature ranging from 400 °C to 500 °C
for 5 hours under Ar gas (heating rate of 6.5 °Cmin‘t). The pressure was fine adjusted to keep
constant during the time of hot-pressing. After 5 hours of the hot-pressing, the sample was

naturally cooled down to room temperature, then, the pressure was released.

The pellet after the hot-pressing was underwent the surface polishing and was cut in

specific configuration for further analysis and measurement of thermoelectric properties.
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5.2.4. Instrumentation and analysis conditions

X-ray diffraction and X-ray photoelectron spectroscopy

X-ray diffraction (XRD) patterns of NPs were collected in reflection geometry using a
Rigaku SmartLab X-ray diffractometer at room temperature with Cu Ka radiation (X-ray
wavelength of 1.5418 A).

For X-ray photoelectron spectroscopy (XPS), the dried NPs were put on carbon tape
and measurements were performed on a Shimadzu Kratos AXIS-ULTRA DLD high
performance XPS system. Photoelectron was excited by monochromated Al Ko radiation.
Detection was done with a delay-line detector (DLD) and a concentric hemispherical analyzer
(CHA). The pass energy of the CHA was 20 eV for narrow-scan spectra. The analyzed area on

the specimen surface was 300x700 um? and was located in the center of the irradiated region.

Transmission Electron Microscope (TEM)

As-synthesized NPs and NPs after annealing were re-dispersed in ethanol with the
addition of OAM. 10 uL of the NP dispersion was dropped onto a carbon-coated TEM grid and
completely dried under ambient conditions. TEM for NPs was performed on a Hitachi H-7650
and H-9000. High-angle annular dark-field scanning TEM (HAADF-STEM) imaging and
energy dispersive X-ray spectroscopy (EDS) elemental mapping were carried out for
nanostructured pellets using a JEOL JEM-ARM200F instrument operated at 200 kV.

Inductively couple plasma optical emission spectroscopy (ICP-OES)

Samples for ICP-OES were prepared by dissolving NPs in aqua regia then were diluted
using Mili Q water. The data were collected using a Shimazu Sequential Plasma Spectrometer
ICPS-7000.

DT/TGA measurement

TG/DTG measurement of the dried NP powder was conducted using a Seiko
TG/DTAG6200 with heating rate 10 °Cmint under N gas with flow rate of 200 mLmin™.

Thermoelectric property measurement
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The thermal conductivity, x, was measured by laser flash method on a TC-7000
(ULVAC-RIKO Inc.). The electrical conductivity, o, and Seebeck coefficient, a, of the
resulting pellet were measured on a ZEM-1 (ULVAC-RIKO Inc.).

5.3. Results and Discussion

5.3.1. Large scale chemical synthesis of Zn-Sb NPs

The purpose of this part is to scale up the synthesis developed in chapter 4 to obtain the
larger amount of Zn-Sb NPs with similar structure and morphology enough for making the
pellet and study the TE properties. The large scale syntheses were first conducted with the
feeding ratio of Zn:Sh = 50:50 as the same as the synthesis presented in chapter 4. However,
the resulting NPs show a composition of ZnssSbe: (measured by XPS) and ZnzoSh7o (measured
by ICP-OES) (Table 5.1) which is far from the composition of Zns7Shss obtained for NPs in
small scale synthesis (chapter 4).1” Therefore, it is necessary to increase the feeding ratio of
ZnCl> in the synthesis. In the following part, the syntheses were conducted with the molar
feeding ratio of Zn:Sb equal to 50:50, 66:34, 58:42 and 58:42 followed by the addition of Zn
NPs respectively. The resulting NPs from those syntheses were labelled by Sample I, 11, 11, IV

respectively and collected for the characterizations.
Morphology of NPs

The as-synthesized NPs (before annealing) were investigated for the the morphology,
composition, crsytal structure and oxidation state. Fig. 5.2 shows the TEM images of Sb NPs
(Fig. 5.2A) sampled before injection of Zn stock solution, Zn-Sb NPs with molar feeding ratio
of Zn:Sh equal to 50:50 (Sample I, Fig. 5.2B), 67:33 (Sample 11, Fig. 5.2C), 58:42 (Sample III,
Fig. 5.2D-F) and 58:42 followed by the addition of Zn NPs (Sample, IV, Fig. 5.2G-I)
respectively. The addition of Zn NPs is to adjust the average composition of the pellet prepared
by hot pressing and it is found effectively suppress antiony oxide formation. The Sb NPs are
aggregated in the TEM image, and the segregated Sb NPs have roughly round shape. The mean
crystalline size calculated from the XRD peak based on the Scherrer formula for Sb NPs is of
21.3 nm. The aggregation of NPs observed in the TEM image is due to the fact that the NPs
were separated from the matrix solution by means of the centrifugation prior to the preparation
of the TEM sample. Zn-Sb NPs prepared using different elemental feeding ratio of ZnCl; and
SbCls were shown in Fig. 5.2B-I. The average size of resulting NPs were listed in Table 5.1

for the syntheses using different feeding ratio which ranges from 21 + 4 to 31 £ 5 nm. However,
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in comparison to the small scale synthesis (chapter 4),'” the morphology of Zn-Sb NPs in large
scale synthesis shows less uniform in size and shape. The most similar morphology of Zn-Sb
NPs were obtained in cases of Sample Il and IV synthesized using feeding ratio Zn:Sb = 58:42

with and without addition of Zn NPs respectively.

Figure 5.2. TEM images of (A) Sb seed NPs and (B-I) Zn-Sb NPs synthesized using different
molar feeding ratios of Zn to Sb precursors: (B) 50:50 (Sample 1), (C) 67:33 (Sample II), (D-
F) 58:42 (Sample 111), (G-1) 58:42 followed by the addition of Zn NPs (Sample IV). The scale
bar in fig 5.21 is 50 nm and all other scale bars are 100 nm. It is noted that the Sh seed shown

in Fig. 5.2 is sampled from the synthesis using feeding ratio of Zn:Sb equal to 50:50.

It is interesting that, among all the cases, the NPs displaying the core-shell like structure
(constrast between the center and periphery of the NPs) (Fig. 5.21) as it was observed in small
scale synthesis (chapter 4) are only founded for Sample IV when the feeding ratio of Zn:Sh
equal to 58:42 was used followed by addtion of the Zn NPs.” Moreover, from the XRD peaks
of Sb NPs and Zn-Sb NPs (Fig. 5.3, Table 5.1), the mean crystalline sizes of the Zn-Sb NPs in
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all cases (20.1 to 23.6 nm) are close to that of the Sb NPs (21.3 nm) and also in good agreement

with the size calculated from the TEM images.

Table 5.1 Summary of the composition, phases and sizes for the as-synthesized Zn-Sb NPs

using different molar feeding ratios of the metal precursors

D Feeding ratio XPS ICP- Phases Dtem  Dxrb

ZnCl2:SbCls OES [nm] [nm]

SbCls only NA NA Sh 25+6  21.3

Sample | 50:50 Zn3eSher  Zn3oSh7o Sh/ZnSh 302 236

Sample 11 67:33 Zng3Sb1z  ZngoShio  ZnSb, Zn, 31+5 224

Sh203, ZnO
Sample 111 58:42 ZnsgSbaz  ZNn42Shsg ZnSh, Zn 25+4 236
Sh>03

Sample IV 58:42, addition  ZnesSbzs  ZNn4sSbss ZnSh, Zn 21+4  20.1

of Zn NPs

DTEM and DXRD represent for the size measured by TEM and crystallite size calculated from
Scherrer’s formula

Composition of NPs

The composition of the resulting NPs was measured using XPS, and ICP-OES. In all
cases, both Zn and Sb were found; however, the composition indicated by each analytical
method is different from each other. The composition measured by XPS is higher than that
measure by ICP-OES. This tendency was observed in samples synthesized with feeding ratios
of Zn:Sh equal to 50:50, 67:33, and 58:42. It can be explained because of the fact that the NPs
may possess the inhomogeneous composition from the surface to the center and XPS only gives
the composition of the surface region while ICP-OES measures the average composition of the
sample after the NPs were completely dissolved in acid solution. Detail of the composition of
each sample was shown in Table 5.1. The average composition of Zn and Sb (measured by
ICP-OES) in the resulting NPs can be tuned by varying the input feeding ratio. NPs with
average composition of ZnzoSbro, ZngoSb1o, Zn42Shsg can be obtained from the feeding ratios
of Zn:Sh equal to 50:50, 66:34 and 58:42. Using the feeding ratio of Zn:Sb equal to 58:42
followed by the addition of Zn NPs results in a little increase of Zn content in the resulting NPs
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in Sample IV (Zn4sShss, measured by ICP-OES) (noted that the Zn NPs were synthesized with
the calculated feeding ratio to obtain ZnsgSbhs> composition). In term of average composition,
the last two samples (Sample I11 and 1V) synthesized using input molar ratio of Zn:Sb equal to
58:42 with and without addition of Zn NPs show the most similar composition to that of Zn-

Sb NPs obtained in small scale synthesis (Zns7Sbs3).

Crystal structure and phases: X-ray diffraction

The crystal structure of the resulting NPs was analyzed using X-ray diffraction. The
results were plotted in Fig. 5.3. For Sample | (equal feeding ratio of Zn to Sb), monometallic
Zn or ZnO and/or antimony oxides could not found in the XRD pattern (Fig. 5.3A). All the
peaks can be well fit with ZnSb hexagonal structure (JCPDS card no. 00-018-0140) as shown
in the reference pattern in Fig 5.3. Because of the similarity of crystal structure of Sh
(rhombohedral structure) and ZnSb (hexagonal structure) as well as the NPs are rich in Sb
(ICP-OES composition of Zn3oSh7o), it is possible for the existence of Sb phase in the final
product. It is also possible that the NPs contain hexagonal Sb and the Zn element exists in
amorphous phase which can be detected in the composition analysis methods while does not
contribute to the XRD pattern. However combination of the XRD analysis and the average
composition of the sample, it suggests that whatever the case, the phase ZnSb can only present

with small portion compared to Sb phase.

Using excess amount of ZnCl, with the feeding ratio of Zn:Sb = 66:34 for the synthesis,
the XRD pattern of the resulting NPs (Sample 11, Fig. 5.3B) clearly shows the crystalline peak
of Zn (at 36.29, 38.66, 43.24), ZnO (at 31.45, 33.76, and 36.29), Sh.0s (at 27.18, 45.26, 53.93
in 26) and the other peaks are identical with XRD pattern of Fig. 5.3A which can be assigned
for either Sb rhombohedral or ZnSh hexagonal structure. It is important that the Zn peaks are
strong in this case which is in agreement with the composition analysis results (ICP-OES
composition of ZngeShio). These results indicate that the high feeding ratio of Zn:Sb equal to
66:34 is fail in produce Zns7Shs3 NPs(obtained in chapter 4). This result may arise from the
limitation diffusion of Zn into Sh, hence, the outside Zn shell or segregated Zn (due to the
homogenous nucleation and growth become more dominant) are oxidized without alloying
with Sb.
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Figure 5.3. XRD pattern of the as-synthesized Zn-Sh NPs using different molar feeding ratios
of Zn to Sb precursors equal to 50:50 (A), 67: 33 (B), 58:42 (C), and Zn to Sb precursors equal
to 58:42 followed by the addition of Zn NPs (D). The references of ZnSb (hexagonal, JSPS
card N0.00-018-0140, Sb (rhombohedral, JSPS card No. 01-085-1324), Zn (hexagonal, JCPDS
No0.03-065-5973), ZnO (hexagonal, JSPS card No. 01-075-0576), Sh.Os (cubic structure,
JCPDS No. 01-075-1565) were labeled by red, green, orange, blue and black colors.

Based on those two cases, it is worthy that the input molar ratio of ZnCl, to SbCls
should not be far from 1 to avoid the oxidation of Zn as well as the dominant formation of Zn.
Using the feeding ratio of Zn:Sb equal to 58:42 results in NPs (Sample 1l1) with average
composition of Zn4>Shsg (measured by ICP-OES) which is closer to the equal composition of
Zn and Sbh. The XRD pattern of this sample is shown in Fig. 5.3C. Zn and Sh203 were found
to be very minor phases in which the peak appear at 43.24 may come from Zn and peaks at
27.18 and 45.26 in 20 come from Sh2Os. The all other main peaks can be assigned for either

ZnSb hexagonal or Sb rhombohedral structure.

Because the NPs will undergo the hot pressing at high temperature (400-500 °C) and
pressure (100 MPs) to form the pellet, Zn NPs were added to resulting Zn-Sb NPs dispersion

to increase the average content of Zn in the final product. For that purpose, the synthesis using
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feeding ratio of Zn:Sbh equal to 58:42 were conducted, then Zn NPs were separately synthesized
and added into the reaction solution of Zn-Sb NPs for mixing with Zn-Sb NPs in the solution.
It is interesting that the final product have the average composition of ZnssShss (Table 5.1) and
the morphology similar to the Zn-Sb NPs in the small scale synthesis (Fig. 5.21). The XRD
pattern of the final product (Fig. 5.3D) shows that there are no zinc oxide and antimony oxides’
peaks. The minor peaks at 36.29, 38.66, and 43.24 in 26 are identical with hexagonal structure

Zn while all the other main peaks were assigned for either ZnSb or Sb phases.

Surface properties: X-ray photoelectron spectroscopy

Further analyze the chemical state and surface properties of Zn-Sb NPs, XPS were
carried out on Sample Il and IV with composition of Zn,Shss and ZnssShss and the results

were plotted in Fig. 5.4.
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Figure 5.4. XPS spectra of resulting NPs from Sample I11 with composition of Zn4>Shsg (upper
row) and Sample IV with composition of ZnssSbss NPs (lower row): the narrow scan areas of

Sb 3d and Zn 2p. For more explanation of the O peaks, refer to the Appendix IV.
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The XPS spectrum of Sb 3d area shows both Sb metal and oxides. It is also notable that
the XPS narrow scanning spectrum of Sb3d area is overlapped with O 1s area, the
deconvolution is necessary to identify Sb 3d peaks and O 1s peak. The oxide peaks found in
XPS spectra may originate from the surface oxidation when the sample exposed to the air (XPS
technique is surface sensitive). The XPS spectrum of Zn area exhibits mostly Zn metal
compared to ZnO. It is noticed that Zn it shelf is reactive metal and easy to be oxidized.
Therefore, the enhancement of oxidation of Zn may indicate the alloy formation between Zn
and Sb, which can stabilize both Zn and Sbh. The similar results were reported for Zns7Shss
NPs!’ synthesized under similar conditions and method in a small scale synthesis. Therefore,
combine all results, it is thought that in the large scale synthesis, Zn-Sb NPs which rich in Sh
can be formed, and the composition gradient along NPs radius still exists. The two last samples
with composition, morphology and structure similar to the reported Zns7Shss NPs'’ in the small
scale synthesis (chapter 4) were used to create the pellets via hot-pressing and study their

thermoelectric properties.

5.3.2. Zn-Sbh NPs after thermal treatment
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Figure 5.5. TGA curve for the Zn-Sb NPs after 6 hours annealing at 366 °C.

The surface of NPs is stabilized with OAM (even after purification) which are organic
capping molecules with long alkyl chain. The existence of OAM with very low electrical
conductivity can affect (decrease) not only the density of the sample but also the electrical
contact between NPs. Therefore, to characterize the intrinsic TE properties of the pellet, all
organic capping molecules should be removed before the measurement. For this purpose, a
thermal treatment was carried out at 366 °C (close to the boiling point of OAM, 364 °C) for 6
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hours under the flowing of reducing gas (10 % H2 in Ar). The TG/DTA analysis shows that
after 6 hours of annealing at 366 °C, the decrease of mass is less than 1 % (under error) until

420 °C (melting point of Zn) which confirms that OAM can be mostly removed (Fig. 5.5).
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Figure 5.6. XRD pattern of Zn-Sb NPs after thermal annealing for Sample 111 (A) and 1V (B).
The references of ZnSbh (hexagonal, JSPS card N0.00-018-0140, Sb (rhombohedral, JSPS card
No. 01-085-1324), Zn (hexagonal, JCPDS N0.03-065-5973), ZnO (hexagonal, JSPS card No.
01-075-0576), Sh203 (cubic structure, JCPDS No. 01-075-1565) were labeled by red, green,

orange, blue and black colors.

The XRD patterns of the sample after annealing were collected in Fig. 5.6 to check the
crystal structure and phases. In both cases the crystalline sizes of 31.8 nm and 43.2 nm for
Sample Il and 1V (with elemental composition of Zn4>Shsg and ZnsSbss respectively) were
increases compared to the as-synthesized NPs. There is no sign for metallic Zn phase appear
in both XRD patterns, however, there are some peaks of ZnO at the position 31.45, 33.76, and
36.29 in 20 in case of ZnasShss sample. Sh,O3 peaks were not found in Sample 111 compared to
the as-synthesized NPs which can be explained due to the fact that Zn and H> gas can act as

the reducing agent to reduce Sb>Oz3 to Sb at elevated temperature. However, the reducing gas
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is not significant protect Zn, so the ZnO once it is formed could not be reduced back to Zn. The
flowing of reducing gas before the heat treatment may not completely remove the gas and water
molecules adsorbed on the surface of NPs, which can be one of the reasons for the oxygen
sources. It is noted that metallic Zn was found in the XPS spectrum of both samples (Appendix
V, Fig. A5.1) even though Zn peaks do not appear in XRD pattern. This phenomenon may due
to the further diffusion of Zn into Sb and the formation of Zn-Sb phase.

5.3.3. Zn-Sb pellet after hot pressing

The composition and structure and bulk properties of pellets were summarized in Table
5.2.

Table 5.2 Summary of the composition of Zn-Sb NPs and pellet and the bulk properties of the

pellets
Composition measured by XPS (up) Pellet
and ICP-OES (down)
Sample i
NPs before  NPs after Dxrp Density
) ) Pellet Phases
annealing  annealing [nm] (%)
Sample ZnsgSha, ZnesShzs  ZnzoShro ZnSh,
28 85.3
1 Zn42Sbsg N/A ZNn40Sbeo Zn0O
Sample ZneaShszs ZnesShzs  ZnzaShes ZnSb,
56 714
v ZnN4sSbss Zn42Sbsg Zn41Sbsg Zn0O

Sample Ill. The pellet after pressing (the inset of Fig. 5.7) has area of 10x10 mm?, height of
2.36 mm and density of 5.4 gcm™ which is 85.3% compared to the theoretical value (6.33 gcm-
%) of ZnsoShso bulk materials (it is noted that the resulting NPs are rich in Sb (Zn2Sbss), and
the molecular weight of Sb is higher than Zn which can contribute to the lower density of the

prepared pellet in comparison to bulk ZnseSbso).

The pellet show almost identical crystal structure with the NPs after thermal treatment
(Fig. 5.7A) except for some minor peaks of ZnO at 31.45, 33.76, and 36.29 in 26 (marked by
blue arrows). The average surface composition calculated from the XPS spectra of this sample
IS Zn3oSh7o (Appendix V, Fig. A5.2). However, the XPS composition shows less Zn than the
ICP composition because of the inhomogeneity of the microstructure and composition
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distribution in the pellet which might be the same as observed for the pellet made from Sample

IV in the mapping images (Fig. 5.8).
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Figure 5.7. XRD pattern of Zn-Sb pellets after hot pressing of Sample 111 (A) and IV (B). The
references of ZnSb (hexagonal, JSPS card No.00-018-0140, Sb (rhombohedral, JSPS card No.
01-085-1324), Zn (hexagonal, JCPDS N0.03-065-5973), ZnO (hexagonal, JSPS card No. 01-
075-0576), Sb20Os (cubic structure, JCPDS No. 01-075-1565) were labeled by red, green,
orange, blue and black colors. The inset shows the picture of the pellet prepared from Sample

11 with the ruler scale unit of 1 cm.

Sample IV. The pellet after pressing and polishing (not show) has area of 10x10 mm?, height
of 1.43 mm and density of 4.52 gcm™3 which is 71.4 % compared to the theoretical value (6.33
gem™3) of ZnsoShso bulk materials (again it is noticed that the resulting pellet is rich in Sb
(ZNn41Sbse), with the molecular weight of Sb higher than that of Zn, and contains ZnO with bulk
density of 5.6 gcm™).
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This pellet also displays the same crystal structure with that of the NPs after heat
treatment, but the ZnO peaks appear more clearly in the XRD pattern (marked by blue arrows
in Fig. 5.7B).

The average surface composition calculated from the XPS spectra of this sample is
Zn34Shee Which is similar to that of the pellet prepared from Sample 111 (Appendix V, Fig.
A5.2).

In both cases, the mean crystalline size of the sample is of 56 nm for pellet prepared
from Sample 111 and 28 nm for pellet prepared from Sample 1V, which may suggest that the
nanostructure may be maintained at certain extent and these samples have large area of grain
boundary. The existence of the nanostructures in the pellet can be comfirmed by TEM image

for pellet prepared using sample 1V (Fig. 5.8) where grain size less than 100 nm were found.

% 1 2
2 cutting l FIB STEM mapping &
Vi image

—

Pellet TEM sample
(10x10x2.36 mm)

Figure 5.8. Upper row: TEM sample preparation from the pellet in which FIB stands for focus

ion beam, the technique used to prepare thin film sample for TEM observation; the blue arrows
indicate the position from the surface of the pellet; and the TEM image shows small grain size
in the pellet. Lower row: dark field (HAADF) image and elemental mapping images for Sb L,
Zn K, O K. All scale bars in HAADF and mapping images are 100 micrometer.

The structure and composition distribution for pellet prepared from sample IV with

composition of Zn41Sbsg were analyzed using HAADF-STEM and EDS mapping. The results
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shown in Fig. 5.8 indicate that both Zn and Sb exist in the sample, but segregated from each
other to in different areas, with dark color for Sb and lighter for Zn in the dark field image. The
elemental mapping images further indicate that oxygen exists in the same area with Zn rather
than Sb which is consistent with the existence of ZnO and Sb. The EDS results for Zn area and
Sb area (Appendix V, Fig. A5.3) are also consistent with the results indicated in elemental
mapping images. But, it is noted that, Zd and Sb are not completely segregated and ZnSh phases
can exist in the pellet, where both Zn and Sb were found (Fig. 5.8 and Appendix V, Fig. A5.4).
The TEM image (Fig. 5.8) also indicates that the pellet contains space between nanoparticles

which contributed to the low density of the sample.

In summary, the pellet display Sb/ZnSb and ZnO segregated phases especially near the
surface. The pellet contains the large (in order of micron) and small (hundred nanometer) grain
sizes with porosity exist in the sample. Even though the optimal Zn-Sb phases were not found
as the pure phase in the pellet, the maintain of small grain size under the pressing condition is
important for further using of NPs as the building block for the nanostructured TE materials.
The following investigation of the TE properties of pellet is necessary to understand relation

of the structure, composition and TE properties which will help further progress in this field.

5.3.4. Thermoelectric properties of the Zn-Sb nanostructured pellet
Sample Il Pellet

After the hot pressing at 100 MPa and 400 °C for 5 hours, the pellet was used to measure
the thermoelectric properties. The results were shown in Fig. 5.9. The temperature dependence
of the pellet’s resistivity was plotted in Fig. 5.9A. The result shows the decreasing of p with
increasing of temperature (dp/dT<0) for the measurement temperature range from near room
temperature to 250 °C. This temperature dependence tendency is good indication of the
semiconductor like behavior of the pellet. The resistivity of 0.32-0.37 mQ.m for Zn-Sb pellet
which is 4 order larger than the value of Zn (metal, 6x10° mQ.m) and 3 order higher than that
of Sb (semimetal, 40x10° mQ.m) furthermore suggests that the Zn-Sh pellet is a
semiconductor. The large value of p is also consistent with the analytical result for the
composition of the pellet (ZnoSbeso) Which is not ZnsoShso.?? We also do not rule out the partial
contribution of the low density of the sample (less than 85.3% of the theoretical value) and the

antimony and zinc oxides to the high value of p.
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Figure 5.9. Temperature dependence of the thermoelectric properties of Zn-Sb nanostructured
pellet prepared from Sample Ill: (A) electrical conductivity, (B) Seebeck coefficient, (C)
thermal conductivity and (D) the dimensionless thermoelectric figure of merit.

Seebeck coefficient versus temperature (Fig. 5.9B) is nearly constant from near room
temperature to 200 °C then decreases as the temperature increases. It can be explained due to
the increase of carrier concentration due to the increases of temperature. The positive sign of
Seebeck coefficient over the entire measured temperature range indicates of the p-type
conduction with holes as the dominant carrier in the sample. The value of a is of about 17 pVK-
1 from near room temperature to 200 °C which is larger than the Seebeck coefficient of Zn (2.5
UVK1)8 but in the same order with the Seebeck coefficient of Sh (~24 pvK?).1°

Thermal conductivity as function of temperature was plotted in Fig. 5.9C. « slightly
increases along temperature range from near room temperature to 250 °C, then increases more
significantly when the temperature rises up to 400 °C. Additionally, it is possibility that the
small value of x (~0.5-0.6 WK™m™ at near room temperature to 250 °C) can be contributed
partly by the low density of the sample. The x versus T curve indicates the phonon scattering
by grain boundary. The huge amount of grain boundary can be offered by the nanostructure
still maintained in the pellet.
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Sample IV pellet

After the hot pressing at 100 MPa and 500 °C for 5 hours, the pellet was used to measure
the thermoelectric properties on a ZEM and Laser flash. The results were shown in Fig. 5.10.
The temperature dependence of the thermal conductivity, electrical resistivity and Seebeck
coefficient of the pellet does not show any significant different in the cooling curve and heating

curve, which indicates the stability of the sample and its homogenous thermal expansion.
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Figure 5.10. Temperature dependence of the thermoelectric properties of Zn-Sh
nanostructured pellet prepared from Sample 1V: (A) electrical conductivity, (B) Seebeck

coefficient, (C) thermal conductivity and (D) the dimensionless thermoelectric figure of merit.

Fig. 5.10A is the temperature dependence of the pellet’s resistivity in which the
decrease of p along with the increasing of temperature (dp/dT<0) for the entire measurement
temperature range exhibits the semiconductor like behavior of the pellet. The resistivity of
0.026-0.029 mQ.m which is 3 order larger than the value of Zn (metal, 6x10° mQ.m) and 2
order higher than that of Sb (semimetal, 40x10° mQ.m) also suggests that the Zn-Sh pellet is
a semiconductor. When compared to the case of Zn4>Shsg sample without addition of Zn NPs,
the resistivity of this sample is much smaller even its density is lower than that of the former
one. Additionally, in Sample IV pellet, the content of zinc oxides may be larger than that in

Sample 11 pellet (the XRD peaks of ZnO in Sample IV pellet are clear with higher relative
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intensity than that of Sample Il pellet. Therefore, it is possible that the electrical contact
between NPs in this case was improved due to the higher temperature (500 °C) during the hot
pressing process. It is reasonable because the increase of the thermal conductivity of 3 times
compared to that of Sample 111 pellet also observed for the entire measured temperature range.

The Seebeck coefficient (Fig. 5.10B) is positive in entire measurement temperature
range which again indicates the p-type conduction with hole as the dominant carrier in the
sample. Moreover a is found to decrease with increasing of the measurement temperature.
Combination with the increase of thermal conductivity as well as the decrease of electrical
conductivity along with increasing of measurement temperature, those tendencies of «, x, and
p can originate from the increase of carrier concentration of semiconductor due to the
increasing of temperature. The value of Seebeck coefficient is higher than 20 uVK? and
reaches the maximum value of 26 VK™ at 150 °C. Even the Seebeck coefficient is improved
compared to that of the Sample 111 pellet, it is still similar to that of Sb (~24 pvK™).%9

The overall zT is very small (~ 10®) but was improved one order compared to that of
Sample 111 pellet mainly due to the improvement of the electrical conductivity in compensation
with the increase of thermal conductivity. In both cases, the small zT is due to the low Seebeck
coefficient and electrical conductivity. Both samples show that the maximum of zT falls in
range of 200-250 °C which is different than the normal peak position at 400 °C for ZnsoShso.°

Discussion on the TE properties and the micro-nanostructure of the pellet

Zn-Sb

Figure 5.11. Schematic illustration of the micro-structure of the pellet

Based on the results of TE properties, it is clear that both of the pellets display the
semiconducting characteristic. The Seebeck coefficient close to the value of Sb, and which is
far from the value of ZnO (the sign of « is negative for ZnO) as well as ZnSb phases indicates

the primary contribution of Sb in the pellet which is consistent with the result of composition
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and structure analysis as illustrated in Fig. 5.11. The Zn-Sh and ZnO phase may distribute in

the matrix of Sb, and the spaces between NPs/phases can exist in the sample.

Because the grain size of ZnO phase is smaller than 100 nm (of 55 nm in Sample 1V
pellet and even smaller than 20 nm in Sample 111 pellet), the thermal conductivity of ZnO with
small grain size can be reduced to 3 WmK (for 20 nm grain size of ZnO in bulk sample)*?
compared to the bulk ZnO (~100 Wm™K™) (Table 5.3). The ZnSb and/or Sh phase also have
grain size less than 100 nm. Moreover, the density of the pellets is lower than 90% of the
theoretical value which can enhance the phonon scattering and reduce thermal conductivity.
These reasons contribute to the fact that the thermal conductivity of both pellets is small. The
electrical resistivity of these pellets is similar to ZnShb, even though the sample rich in Sb. There
are several reasons for this result such as: the presence of ZnO phase with high electrical
resistivity can inhibit the electrical conduction of Sb and/or ZnSh main phase in the pellet, the
porosity of the pellet can also offer the electron scattering. The increase of electrical and
thermal conductivity in the Sample 1V pellet compared to Sample 111 pellet can be explained
due to the increase in the grain size of the main ZnSb and/or Sb phases which is mainly because

of the higher hot-pressing temperature used for Sample IV pellet.

Table 5.3 Thermoelectric properties of related materials. The data if not mentioned more were

given at RT.
_ c K zT d Reference,
Materials
[mQm] [uVvK?] [WKim?] [gcm?] note
> 92%
4.56x10° ]
Zn47Sbs3 0.11 196 2.3 5 theoretical [21]
value
ZnsoShso 0.6-0.8
0.2 300-500 1.41 6.36 [20]
bulk (300 °C)
ZnsoShso
single 0.012 ~200 3.7 [22],at0°C
crystal
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_ c K zT d Reference,
Materials
[mQm] [uVK?Y] [WKIm?] [gcm™?] note
ZnspShso
~200 1.3-2.6 [23,24]
polycrystal
Zn 6x107 2.5 116 7.134 [18]
Sb 40x107° 24.4 20-50 6.697 [19]
75x107- 25], n-type
200 [25], n-typ
1.5x106 SC
ZnO bulk
single 100 5.607 [26],29
crystal
ZnO bulk
30-40 [30,31]
polycrystal
_ -60~-100
ZnO, grain 5x1072
_ 10-500 (25-500 3 90% [32]
size<100 nm (300 °C)
OC)
Shy03 5x10° -
A [27, 28]
thin film 2.5x10*

5.4. Conclusion

In conclusion, the large scale syntheses were studied with different feeding ratios of

metal molecular precursor, Zn:Sb, ranging from 50:50 to 66:34. The feeding ratio of Zn:Sh
equal to 58:42 with and without the addition of Zn NPs results in the Zn-Sb NPs with

composition of Zns>Shss and ZnssSbss respectively, which is the most similar to Zn-Sb NPs

obtained in the small scale synthesis. The as-synthesized NPs after heat treatment were used to

prepare the nanostructured pellets. The pellets show nanostructure and main phases similar to

the as-synthesized sample, but, the oxidation of Zn (and partial oxidation of Sh) was found. It

is important that the pellet shows the Seebeck coefficient is similar to Sh. The presence of ZnO

is not good for the electrical conductivity and Seebeck coefficient of the sample. A part of the

further work should be devoted to prevent the presence of ZnO. Further manipulation of the
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as-synthesized NPs’ composition and investigation of the post treatment and pelletizing

conditions are necessary for the improvement of the TE properties.
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Chapter 6

Conclusion and Prospects

My study was conducted to achieve the research objectives. The following summaries

the achievement, contribution and prospects of the research:

1) My researches were designed to obtain TE NPs via suitable chemical approaches and
to address the related fundamental issues on the chemical synthesis of NPs towards desired
characteristics such as size, shape, composition, nanostructure and surface properties.

Regarding BiSbTe containing NP, | focus on a modified polyol synthesis to obtain
various morphologies such as nanowires (NW)s, nanodiscs (ND)s or NDs grown on NWs. The
phase segregation and complexity of the resulting BiSbTe NPs encourage us to investigate the
formation mechanism of BiSbTe containing NPs systematically. The study on the formation
mechanism of these NPs elucidated the important effect of capping molecules and the
interaction between the metal precursor complexes. It is found that in the presence of oleyl
amine as the capping agent, the formation of Te nanowires, BiSb alloy NPs and their solid
solution formation can facilitate the formation of single NW composed of BiSbTe ternary alloy
and Te segregated phases. On the other hand, the formation of Te and its catalytic activity in
formation of Bi>Tes and Sh,Tez phases with the strong interaction between Te with Bi and Sb
complex in the presence of decanethiol result in two phases in a single nanodisc, without any
ternary phase of Bi, Sb and Te.

Based on the formation mechanism of Bi, Sh, Te containing NPs, a synthesis approach
is further developed to obtain ternary alloy BiSbTe NPs with the manipulation of the NPs’
composition and morphology. In this approach, BiSb NPs with tunable composition and
relatively uniform morphology were successfully synthesized. These BiSb NPs were used as
the seed for the growth of BiSbTe NPs. Ternary solid solution BiSbTe NPs can be formed with
morphology similar to that of the seeds and the composition is expected to be tunable based on
the seed composition and the feeding ratio between the seed and the Te precursor.

The chemical synthesis was studied for the Zn-Sb NPs which compose of relatively

cheap and abundance elements and are challenging in term of creating Zn-Sb NPs via chemical
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approach. The designed one-pot reaction with the first formation of Sb NPs as seeds followed
by the reduction and growth of a Zn shell and subsequence alloying of Sb and Zn has succeeded
to form Zn-Sb NPs with composition of Zn47Sbss. The resulting NPs are uniform in size and
shape and reveal the complex nanostructure in which Zn and Sb show the radial distribution
with Zn richer at the shell and Sb richer at the core, and the oxidation enhancement arises from
the alloy formation between Zn and Sb was found in the resulting NPs.

2) Utilizing NPs as the building blocks to form the nanostructured TE materials was
demonstrated in case of Zn-Sb NPs. The chemical synthesis of Zn-Sb NPs was scaled up to
obtain gram amount of NPs. The scaled up reaction was studied with varying the feeding ratio
of the metal precursors to obtain Zn-Sb NPs which have similar characteristics (morphology,
composition and structure) with the Zn-Sh NPs obtained in the small scale synthesis. The NPs
underwent the surface treatment and pressing to form the pellet. It is found that the resulting
bulk pellet has the nanograin size and interesting TE properties.

3) The research on the synthesis, formation mechanism and manipulation of NPs’
characteristics such as morphology, composition and structure can contribute to the
fundamental understanding on the formation of NPs with tunable characteristics in chemical
approach. Moreover, the chemical synthesis in this research is proved to be scalable to produce
large amount of NPs which is important for using NPs to create the nanostructured bulk
materials. All of the results in this study encourage the further study on the conditions of post
treatment and creating nanostructured materials, the TE properties and the impact of NPs’

characteristics on the TE properties.
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Appendix |
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General Introduction to Thermoelectric Materials and Research
Objective

1.1. The current state of the art TE materials
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Figure Al.1. Current state-of-the-art in bulk TE materials. Adapted from M. G.
Kanatzidis, Chem. Mater. 2010, 22, 648-659.

1.2. Characterization Methods

This section briefly describes the characterization methods used in the study to (i)
investigate the nanoparticles’s characteristics including: morphology, sizes, crystal structure
and phases, composition, surface properties;'® (ii) measure the thermoelectric properties of the
nanostructured materials’° such as methods to measure a, «, x, and n; and (iii) measure others

related properties.
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1.2.1. Nanostructure analysis

Electron microscopy

Electron microscopy use the primary electron beam with characteristic wavelength less
than 1 A interacting with the NPs then collecting the transmitted, diffracted, scattered,
secondary or backscattered electron,... giving information about sample characteristics. This
method includes some of the straight forward techniques to determine the size and shape of the

NPs as well as correlating with the NPs’ composition and structure.

- A part of primary electron passes through the sample (transmitted electrons) and the
attenuation of the transmitted electron beam depends on the thickness and the density of the
sample giving the two dimensional projection of the sample. This is the principle of the normal
Transmission Electron Microscope (TEM). Because the atoms with higher mass will scatter
electron stronger than lower mass atoms, it will contribute apart to the contrast in the TEM
images beside the thickness of the sample.

- The diffracted electron obtained when the primary electron beam hit the sample can be
used to analyze the crystallographic of the sample. The Selected Area Electron Diffraction
(SAED) can be collected for analyzing the crystal structure of the NPs. The High Resolution
TEM (HR-TEM) is also operated based on the collection of diffracted electrons which
interferes consecutively. HR-TEM can display the lattice fringes of the crystal structured NPs.
From these data, the crystal planes and direction can be addressed. Under certain conditions,
the information can be used to discuss about the growth direction of NPs.

- The high angle scattered electron can be collected using an annual dark field detector
with spherical aberration corrector to give the dark-field images (High Angular Annual Dark
Field image, HAAD image). This technique allows the atomic resolution and the contrast in
the images with the intensity (the brightness of the image) is proportional to the atomic number
of the atom (Z-contrast) present in the sample.

- Scanning Electron Microsope (SEM) involves rastering the electron beam over the
surface of the sample and collecting either secondary electron or backscattered electrons as a
function of the position of primary electrons. The part of the surface facing to the detector
appears brighter than the part that points away from the detector resulting in the contrast of the
image. The secondary electrons are often originated from the surface region while the
backscattered electrons come from deeper region and have the information of the sample’s

composition. The intensity of the backscattered electron beam depends on the atomic number
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of the element present in the sample and the area of higher atomic number atoms is brighter in
the image.

- Furthermore, the characteristic X-rays emitted from the interaction of electron and atom
in the sample are identical for the element, and the amount of the atoms is proportion to the
emission’s intensity. Hence, the characteristic X-ray emission can be used to determine the
composition of the sample qualitative and quantitatively. This content relates to the Energy
Dispersive X-ray Spectroscopy (EDS) which often correlated with TEM or SEM machines to
measure NPs composition. The elemental mapping correlated with STEM or SEM can give the

distribution of element in single NP in correlation with NP’s morphology.

X-ray Diffraction

X-ray Diffraction (XRD) is one of the most important methods to characterize the
crystal structure and phases of the NPs’ powder or thin film via identify the lattice structural
parameters. The X-ray diffraction occurs when X-ray elastically scattered by the atoms in the

lattice which satisfies the Bragg equation:
nl. = 2dsiné (Eq. A1.1)

where 4, d, 8 and n is the X-ray wavelength, the distance between two lattice planes, the angle
between incoming X-ray and the normal to the reflecting lattice planes and the order of the

diffraction (integer number) respectively.

In the XRD pattern, the sharp peak can only observe for the sample with long-range
order . The peak becomes broaden when the short-range order of the phase (the size of the
ordered range is so-called crystalline size) exists in the sample due to either the small particles’
size or the polycrystalline domains. Therefore, beside the information of the lattice parameters,
XRD data also carry important information about the mean crystalline size of the NPs. The
relation between the peak broadening and the mean crystalline size was described in Scherrer

formula;
<L> = KA/(fcosh) (Eq. Al.2)

where <L> is the crystalline size of the phase related to the broadening peak, K is the shape
factor which is typical 0.9 for spherical particles but varies for other shape, and f is the peak

width at half the maximum (FWHM) intensity of the peak at 26 degree. Based on the line
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broadening, one can calculate the average crystalline size of the sample, and in case of the NPs,

this number can reveal the size of the NPs as well.

X-ray Photoelectron Spectroscopy (XPS)

XPS is among the most used techniques to analyze the surface properties of NPs
including the elemental composition (quantitative and qualitative), the oxidation state of the
element (the interaction of surface adsorbed molecules to the NPs). Taken into account the size

of NPs, this method is informative in indicating the sample composition.

XPS is based on the photoelectronic effect in which an atom absorbs a photon of energy
hv, then the electron in the core level with binding energy E, emit (photoelectron) with kinetic
energy Ex. The binding energy of the photoelectron can be calculated based on the energy

conservation equation:
Eb=hv-Ex— @ (Eq. A1.3)
where @ is the work function of the spectrometer.

The intensity vs. the kinetic energy of photoelectron was measured and then the kinetic
energy was used to converse to the binding energy. The binding energy, Ey is identical for
element that the photoelectron emitted from. Because an electron in the atom has the orbital
and spin momentums which represents by the quantum number | and s respectively, each
electron has the total momentum j = | + s. Except for | = 0 (s orbital), electron in each level has
two sublevels j = | £ 1/2 with different energy resulting in two XPS peaks (spin-orbit doublet)
with different binding energy from electron of one core level. The intensity ratio of the spin-
orbit doublets is spin-orbit ratio which determined by multiply (2j+1) to the corresponding
sublevels, for instance, the spin-orbit ratio of j = 3/2 and j = 1/2 (I = 1, s = £1/2, p orbital) is
4:2 = 2:1. The binding energy difference called spin-orbit splitting is also characteristic of the
elements. Therefore, the XPS peaks’ positions (binding energy axis) and the spin-orbit splitting

can indicate the elements present in the sample.

Moreover, because the energy of the core electrons slightly depends on the chemical
state of the atom, the binding energy also contains the chemical information by mean of the
shift of binding energy (so-called chemical shift). It is explained due to the fact that the core
electrons of a neutral atom bind loser to the nuclei compared to the core electrons of a cation

and stronger in comparison to that of an anion. Therefore, one can record the chemical shift in
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the XPS spectrum. The chemical shifts often range from 0 to 3 eV and can be used to discuss
the chemical state of the element. It is noted that when analyze the chemical shift for NPs
sample which have large surface to volume ratio of atoms (surface atoms do not possess
saturated bonding, usually), the chemical state and the size effect should be taken into account.

1.2.2. Elemental analysis

There are many methods to determine the composition of NPs, the mainly used method
in case of this study to measure the average elemental composition is Inductively Couple
Plasma- Optical Emission Spectroscopy or Mass Spectroscopy (ICP-OES/MS). ICP-MS is
based on ionizing the sample with inductively couple plasma then using the mass spectroscopy
as the detector to separate and quantify the ions. ICP-MS offers very sensitive, high accurate
analysis with the concentration of ions in order of one per billion. In ICP-OES, atoms and ions
were excited by plasma (ICP) to emit the characteristic radiations for the elements presenting
in the sample. The emission will be separated based on their wavelength and counted for the
intensity in the optical chamber. The intensity of the emission light (ICP-OES) or the isotopes
(collected in MS) is proportional to the concentration of element in the sample. An array of
known concentration solution of the concerned elements was measured to build the calibration

curve which then was used to calculate the amount of the investigated element in the sample.

Beside the mentioned methods, TEM-EDS and SEM-EDS and XPS can also be used to
measure the composition (relative) of the NPs’ sample. In certain condition, the composition
of single NP is required, the TEM-EDS becomes crucial important method. However, it is
noticed that in case of using EDS or XPS to determine the composition of the sample, the size
and the homogeneity of the sample should be considered because the penetration of electron
beam and X-ray beam as well as the mean free path of the characteristic emitted
electron/photoelectron are smaller than the thickness of the NPs which under the radiation

beam.

1.2.3. Thermoelectric property measurements

In order to investigate the TE properties of the TE materials, a, o, x, carrier
concentration, and density of the sample are normally required. The following will mention
about the measurement of those properties and parameter. The review on these measurements

can be found in references.
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Electrical conductivity

Electrical conductivity is often calculated from the electrical resistivity of the sample
via the equation a = 1/p where p is the electrical resistivity. For the bulk sample, the four probe
method is typically used where current and voltage are injected through different sets of current
leads and voltage leads to prevent the contribution of the leads or the contacts (contact
resistance) to the voltage measurement. One can obtain the voltage and the current value which
leads to the resistance of the sample. To obtain the resistivity, p, the dimension of the sample

should be measured accurately and p will be drawn from the relation:
p=VAII (Eq. AL.4)

where V, 1, A and lo are the voltage, current, cross area between two current leads and length
between two voltage leads of the sample respectively. It is required that the current is uniform
through the sample where the voltage was measured. Hence the configuration of the sample
and the leads position should satisfy I-lo > 2w, where | and w are the length and the thickness
of the sample respectively. The resistivity (conductivity) measurement is relatively
straightforward and simple; however, it is still necessary to pay much attention because TE
materials are often SCs which can easily have oxide layer on the surface causing some
difficulties in creating good electrical contact. Other reason is the p-n junction contact between
SCs and the leads and resulting nonohmic voltages which can contribute some errors to the

resistivity measurement.

Seebeck coefficient

The Seebeck coefficient is calculated from the measured voltages arise due to the

temperature gradient along the sample:
0o = AVIAT = (Vu - VO)/(TH - TL) (Eq. A1.5)

where ao = (a’ - a) is the measure value of Seebeck coefficient including the part contribution
from sample (o) and the leads («’). The error in measuring Seebeck coefficient is independent
of the sample dimensions, but much depends on the determination of the temperature gradient
of the sample. Another error source of the Seebeck coefficient measurement comes from the
placement of thermal couples in relation to the voltage leads. Ideally, the thermal couples
should be placed at the position of voltage leads, or used as voltage leads and precisely measure

the temperature. In both cases, good thermal and electrical contact is required.
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Thermal conductivity

Thermal conductivity measurements are the most difficult to make with relatively high
accuracy, 5%. The typical TE materials has low thermal conductivity, x <2 Wm™K™, which is
challenging for an accurate measurement because the heat will flow through the other paths of
higher thermal conductivity such as any gas flow around the sample. The thermal conductivity

for a standard steady-state method is given by:
A1 = Q1lo/AAT (Eq. Al.6)

where Qr is the heater power, AT is the resulting temperature difference, I, is the length between

thermocouple leads and A is the cross section area of the sample.

An accurate measurement of thermal conductivity should be done with minimizing the
heat losses (or gain) through the convection, radiation between sample and environments or
conduction through the thermocouples, leads attached to the sample. The best way is to conduct
the measurement under moderate vacuum (10-10" torr), using a long lead lengths of small
diameter (to reduce the AT arises between sample and the shield). Using an array of standard
samples for each temperature range to calibrate the measurement apparatus is essential for an

accurate measurement of thermal conductivity in the standard steady-state method.

Physical Property Measurement System-Thermal Transport Option to measure At
(PPMS-TTO) based on the mentioned principle with providing the high vacuum environment
for the designed TTO sample puck. Using PPMS-TTO can give measurement of the thermal
conductivity with high accuracy, 5%, due to the ability of accurate measurement of small

temperature differentials, controlling the heat flow, and correcting the heat losses.

For thin film sample, 3-» method can be used to measure the thermal conductivity. This
technique is originally developed to measure the thermal conductivity of glasses and
amorphous solids, and later on, for the thin film samples. In this technique, a thin metal film
was deposited on the sample (thin film). An AC current heating (frequency of w) is applied to
the film, providing an oscillating heat source (Joul heating) (P = I?R) of frequency of 2w. The
Joul heating leads to the temperature fluctuation at frequency of 2w. The resistance of the film
is dependent on the temperature fluctuation also at 2w. Therefore, the monitored voltage (V =
IR) as the function of the frequency of the AC current, will have the 3w component. The thermal

conductivity will be determined by means of the linear slope of AT vs. In(w). The 3-® method
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is advantageous compared to standard steady state technique in terms of radiation effects and

contact effect.

The thermal conductivity can be measured using laser flash thermal diffusivity methods
for both bulk and thin film. This method measure the thermal diffusivity of the sample which
will be used to draw the thermal conductivity (equal to thermal diffusivity time specific heat
and density). In this technique, one face of the sample was radiated by the short laser pulse and
on the other opposite face of the sample, the temperature rises is measured. The thermal
diffusivity was measured via the temperature rises vs. time profile. The thermal diffusivity
measurement requires a sample surfaces highly emissive to maximize the thermal energy
transmitted from one to opposite surface, hence maximize the collected signal by the detector.
The laser flash method can be used to measure the diffusivity in temperature range from 77 to
2300 K.

It is important notice on the measurement data of thermal conductivity regarding the
density of the sample. Because the high porosity sample will offer huge vacant space inside
and the vacant space can play a role of scattering or reducing thermal conductivity. Therefore,
the very low thermal conductivity can be obtained in a measurement, but it may not reflex the
intrinsic low thermal conductivity of the sample due to lowering the lattice thermal
conductivity, but instead due to the high porosity of the sample. This notice often important
when discuss about the mechanism and meaning of thermal conductivity value measured for
nanostructured materials which prepared from the NPs building block by pressing/sintering
because these samples may not have the same density as the bulk counterpart. Density higher
than 90 % the theoretical value can be considered as good for thermal conductivity
measurement. In some cases, density higher than 80 % of the theoretical value can be used. In
these cases, the correction is necessary to extract the thermal conductivity value which can be

attributed to the lattice and electrical thermal conductivity.

Others. Other parameters are also important in studying the TE properties of TE materials
including carrier concentration, carrier mobility, Hall voltage, Hall coefficient and density. The

measurement of those parameters can be found in the literature.
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Appendix Il

for

Study on Formation Mechanism and Ligand-directed

Architectural Control of Nanoparticles Composed of Bi, Sb and

Te: toward One-pot Synthesis of Ternary (Bi,Sb).Tes
Nanobuilding Blocks

2.1. XRD Peak Assignments

2.1.1. Monometallic Systems

2.1.1.1. Bi monometallic systems

Table A2.1. XRD peak positions and corresponding crystal planes for Fig. 2.1A (Bi-OAM system).

2 Theta (Degree) Intensity Phase (hkl)
22.42 Very weak Bi (RHO) (003)
24.16 Strong BiOCI (TET) 002
25.88 Medium BiOCI (TET) (101)
27.15 Medium Bi (RHO) (012)
32.48 Strong BiOCI (TET) (110)
33.44 Strong BiOCI (TET) (102)
34.73 Very weak BiOCI (TET) (111)
36.56 Medium BiOCI (TET) (003)
38.01 Weak Bi (RHO) (104)
39.70 Weak Bi (RHO) (110)
40.89 Weak BiOCI (TET) 112
44.53 Very weak Bi (RHO) (015)
45.93 Very weak Bi (RHO) (006)
46.60 Weak BiOCI (TET) (200)
48.36 Very weak BiOCI (TET) (201)
48.76 Very weak Bi (RHO) (202)
49.62 Weak BiOCI (TET) (113)
53.06 Very weak BiOCI (TET) (202)
54.04 Weak BiOCI (TET) (211)
55.14 Weak BiOCI (TET) (104)
58.56 Weak BiOCI (TET) (212)
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Table A2.2. XRD peak positions and corresponding crystal planes for Fig. 2.1B (Bi-OAC/OAM

system).

2 Theta (Degree) Intensity Phase (hkl)
24.10 Strong BiOCI (TET) (002)
25.78 Weak BiOCI (TET) (101)
27.16 Weak Bi (RHO) 012
32.50 Medium BiOCI (TET) (110)
33.40 Medium BiOCI (TET) (102)
34.76 Very weak BiOCI (TET) (111)
36.54 Strong BiOCI (TET) (003)
37.96 Weak Bi (RHO) (104
39.54 Weak Bi (RHO) (110
40.88 Weak BiOCI (TET) 112
44.60 Very weak Bi (RHO) (015)
45.90 Very weak Bi (RHO) (006)
46.60 Weak BiOCI (TET) (200)
48.34 Very weak BiOCI (TET) (201)
49.56 Weak BiOCI (TET) (113)
53.16 Very weak BiOCI (TET) (202)
54.10 Weak BiOCI (TET) (211)
55.02 Weak BiOCI (TET) (104
58.56 Weak BiOCI (TET) (212)

RHO=Rhombohedral, TET=Tetragonal

Table A2.3. XRD peak positions and corresponding crystal planes for Fig. 2.1C (Bi-DT system).

2 Theta (Degree) Intensity Phase (hkl)
22.44 Very weak Bi (RHO) (003)
23.81 Very weak Bi (RHO) (101)
27.12 Strong Bi (RHO) 012
37.92 Medium Bi (RHO) (104)
39.59 Medium Bi (RHO) (110
44.53 Very weak Bi (RHO) (015)
45.95 Very weak Bi (RHO) (006)
46.89 Very weak Bi (RHO) (021)
48.66 Weak Bi (RHO) (202)
55.97 Very weak Bi (RHO) (024)
59.29 Very weak Bi (RHO) (107

2.1.1.2. Sh monometallic systems

RHO=Rhombohedral

Table A2.4. XRD peak positions and corresponding crystal planes for Fig. 2.2A (Sb-OAM system).

2 Theta (Degree) Intensity Phase (hkl)
23.66 Very weak Sb (RHO) (003)
28.65 Strong Sh (RHO) 012
39.98 Weak Sh (RHO) (104)
41.88 Weak Sh (RHO) (110)
46.98 Very weak Sb (RHO) (015)
48.41 Very weak Sbh (RHO) (006)
51.54 Very weak Sb (RHO) (202)
59.39 Very weak Sbh (RHO) (024)
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Table A2.5. XRD peak positions and corresponding crystal planes for Fig. 2.2B (Sb-OAC/OAM

system).
2 Theta (Degree) Intensity Phase (hkl)
23.64 Very weak Sb (RHO) (003)
28.62 Strong Sb (RHO) 012
40.00 Medium Sb (RHO) (104)
4191 Medium Sb (RHO) 110
47.09 Very weak Sb (RHO) (015)
48.35 Very weak Sb (RHO) (006)
51.50 Weak Sb (RHO) (202)
59.33 Very weak Sb (RHO) (024)

2.1.1.3. Te monometallic systems

RHO=Rhombohedral

Table A2.6. XRD peak positions and corresponding crystal planes for Fig. 2.3A (Te-OAM system).

2 Theta (Degree) Intensity Phase (hkl)
23.00 Weak Te (HEX) (100)
27.52 Strong Te (HEX) (101)
38.22 Medium Te (HEX) (102)
4041 Medium Te (HEX) (110)
43.36 Very weak Te (HEX) 111
45.97 Very weak Te (HEX) (003)
47.12 Very weak Te (HEX) (200)
49.62 Weak Te (HEX) (201)
51.22 Very weak Te (HEX) (112)
51.93 Very weak Te (HEX) (103)
56.83 Very weak Te (HEX) (202)

HEX=Hexagonal

Table A2.7. XRD peak positions and corresponding crystal planes for Fig. 2.3B (Te-OAC/OAM

system).

2 Theta (Degree) Intensity Phase (hkl)
23.00 Weak Te (HEX) (100)
27.52 Strong Te (HEX) (101)
38.24 Weak Te (HEX) (102)
40.42 Weak Te (HEX) (110)
43.36 Very weak Te (HEX) (111)
45.88 Very weak Te (HEX) (003)
47.12 Very weak Te (HEX) (200)
49.62 Very weak Te (HEX) (201)
51.24 Very weak Te (HEX) 112
52.04 Very weak Te (HEX) (103
56.84 Very weak Te (HEX) (202)
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Table A2.8. XRD peak positions and corresponding crystal planes for Fig. 2.3C (Te-DT system).

2 Theta (Degree) Intensity Phase (hkl)
23.00 Weak Te (HEX) (100)
27.54 Strong Te (HEX) (101)
38.24 Medium Te (HEX) (102)
40.46 Weak Te (HEX) (110)
43.42 Very weak Te (HEX) 111
46.04 Very weak Te (HEX) (003)
47.16 Very weak Te (HEX) (200)
49.68 Very weak Te (HEX) (201)
51.24 Very weak Te (HEX) (112)
52.06 Very weak Te (HEX) (103)
56.88 Very weak Te (HEX) (202)

2.1.2. Bimetallic Systems

2.1.2.1. Bi-Sb bimetallic systems

HEX=Hexagonal

Table A2.9. XRD peak positions and corresponding crystal planes for Fig. 2.4A (Bi/Sh-OAM system).

2 Theta (Degree) Intensity Phase (hkl)
27.45 Strong BiSb (RHO) 012
38.34 Weak BiSb (RHO) (104)
40.33 Medium BiSb (RHO) (110)
46.34 Very weak BiSb (RHO) (015)
49.44 Very weak BiSb (RHO) (202)
56.78 Very weak BiSb (RHO) (024

RHO=Rhombohedral

Table A2.10. XRD peak positions and corresponding crystal planes for Fig. 2.4B (Bi/Sb-OAC/OAM

system).
2 Theta (Degree) Intensity Phase (hkl)
22.54 Very weak BiSb (RHO) (003)
27.28 Strong BiSb (RHO) 012
38.14 Weak BiSb (RHO) (104)
39.78 Medium BiSb (RHO) (110)
44.78 Very weak Bi (RHO) (015)
46.12 Very weak BiSb (RHO) (015)
48.96 Very weak BiSb (RHO) (202)
56.28 Very weak BiSb (RHO) (024)
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Table A2.11. XRD peak positions and corresponding crystal planes for Fig. 2.4C (Bi/Sb-DT system).

2 Theta (Degree) Intensity Phase (hkl)
22.32 Weak Bi (RHO) (003)
23.60 Very weak Bi (RHO) (101)
27.14 Strong Bi (RHO) 012
37.92 Medium Bi (RHO) (104)
39.60 Medium Bi (RHO) (110)
44.56 Very weak Bi (RHO) (015)
45.18 Very weak Bi (RHO) (006)
45.90 Very weak Bi (RHO) (113)
46.74 Very weak Bi (RHO) (021)
48.66 Very weak Bi (RHO) (202)
56.02 Very weak Bi (RHO) (024)
59.30 Very weak Bi (RHO) (107)

2.1.2.2. Bi-Te bimetallic systems

RHO=Rhombohedral

Table A2.12. XRD peak positions and corresponding crystal planes for Fig. 2.6A (Bi/Te-OAM

system).

2 Theta (Degree) Intensity Phase (hkl)
23.01 Weak Te (HEX) (100)
27.56 Strong Te (HEX) (101)
38.31 Very weak Te (HEX) (102)
40.34 Medium Te (HEX) (110)
43.36 Very weak Te (HEX) (111)
45.88 Very weak Te (HEX) (003)
47.02 Very weak Te (HEX) (200)
49.57 Weak Te (HEX) (201)
51.42 Very weak Te (HEX) 112
56.91 Very weak Te (HEX) (202)

HEX=Hexagonal

Table A2.13. XRD peak positions and corresponding crystal planes for Fig. 2.6B (Bi/Te-OAC/OAM

system).

2 Theta (Degree) Intensity Phase (hkl)
23.02 Weak Te (HEX) (100)
27.54 Strong Te (HEX) (101)
38.28 Weak Te (HEX) (102
40.40 Weak Te (HEX) (110)
43.38 Very weak Te (HEX) 111
45.98 Very weak Te (HEX) (003
47.16 Very weak Te (HEX) (200)
49.62 Weak Te (HEX) (201)
51.26 Very weak Te (HEX) 112
52.08 Very weak Te (HEX) (103)
56.86 Very weak Te (HEX) (202)
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Table A2.14. XRD peak positions and corresponding crystal planes for Fig. 2.6C (Bi/Te-DT system).

2 Theta (Degree) Intensity Phase (hkl)
23.60 Very weak Bi,;Te; (RHO) (101)
27.62 Strong Bi.Tes (RHO) (015)
37.96 Weak Bi>Tes (RHO) (1010)
40.38 Very weak Bi,;Te; (RHO) (0111)
41.16 Weak Bi>Tes (RHO) (110)
44.68 Very weak Bi;Tes (RHO) (0015)
45.00 Very weak Bi,Tes; (RHO) (116)
50.32 Very weak Bi,Tes; (RHO) (205)
54.02 Very weak Bi;Tes (RHO) (0018)
57.18 Very weak Bi;Te; (RHO) (0210)

2.1.2.3. Sb-Te bimetallic systems

RHO=Rhombohedral

Table A2.15. XRD peak positions and corresponding crystal planes for Fig. 2.7A (Sb/Te-OAM

system).

2 Theta (Degree) Intensity Phase (hkl)
22.94 Weak Te (HEX) (100)
27.43 Strong Te (HEX) (101)
38.15 Weak Te (HEX) (102)
40.37 Strong Te (HEX) (110)
43.18 Weak Te (HEX) 111
45.87 Very weak Te (HEX) (003)
47.02 Very weak Te (HEX) (200)
49.49 Medium Te (HEX) (201)
51.22 Very weak Te (HEX) (112)
51.93 Very weak Te (HEX) (103
56.72 Weak Te (HEX) (202)

HEX=Hexagonal

Table A2.16. XRD peak positions and corresponding crystal planes for Fig. 2.7B (Sb/Te-OAC/OAM

system).

2 Theta (Degree) Intensity Phase (hkl)
23.00 Weak Te (HEX) (100)
27.54 Strong Te (HEX) (101)
38.26 Weak Te (HEX) (102)
40.42 Medium Te (HEX) (110)
43.34 Very weak Te (HEX) 111
45.88 Very weak Te (HEX) (003
47.06 Very weak Te (HEX) (200)
49.62 Weak Te (HEX) (201)
51.24 Very weak Te (HEX) 112
52.04 Very weak Te (HEX) (103)
56.86 Very weak Te (HEX) (202)
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Table A2.17. XRD peak positions and corresponding crystal planes for Fig. 2.7C (Sh/Te-DT system).

2 Theta (Degree) Intensity Phase (hkl)
23.00 Very weak Te (HEX) (100)
26.32 Very weak Sh,Tes; (RHO) (009
26.80 Very weak Sh,Tes; (RHO) (104)
27.54 Weak Te (HEX) (101)
28.20 Strong Sh,Tes (RHO) (015)
31.70 Very weak Sh,Tes; (RHO) 107
33.80 Very weak Sh,Tes; (RHO) (018)
38.26 Medium Sh,Te; (RHO), Te (HEX) (1010),(102)
40.42 Very weak Te (HEX) (110)
40.70 Very weak Sh,Tes; (RHO) (0111)
42.30 Weak Sh,Tes; (RHO) (110
43.32 Very weak Te (HEX) 111
44,58 Very weak Sh,Tes; (RHO) (00 15)
45.94 Very weak Sh,Tes (RHO), Te (HEX) (1013),(003)
48.54 Very weak Sh,Te; (RHO) (0114)
49.60 Very weak Te (HEX) (201)
50.56 Very weak Sh,Tes; (RHO) (119
51.64 Very weak Sh,Te; (RHO) (205)
54.20 Very weak Sh,Te; (RHO) (0018)
56.86 Very weak Sh,Te; (RHO), Te (HEX) (0117),(202)
58.36 Very weak Sh,Tes; (RHO) (0210)

HEX=Hexagonal, RHO=Rhombohedral

2.1.3. Trimetallic System

Table A2.18. XRD peak positions and corresponding crystal planes for Fig. 2.9 (Bi/Sb/Te-OAM
system).

2 Theta (Degree) Intensity Phase (hkl
22.98 Very weak Te (HEX) (100)
23.56 Very weak BiSbTe (RHO) (101)
27.59 Strong Te (HEX), BiSbTe (RHO) (101),(015)
33.27 Very weak BiSbTe (RHO) 018)
37.73 Medium BiSbTe (RHO) (1010)
38.21 Weak Te (HEX) (102
40.38 Weak Te (HEX) (110)
41.11 Medium BiSbTe (RHO) (110)
43.28 Very weak Te (HEX) (111
44.46 Very weak BiSbTe (RHO) (0015)
44.95 Very weak BiSbTe (RHO) (116)
45.44 Very weak BiSbTe (RHO) (1013)
45.86 Very weak Te (HEX) (003)
49.55 Very weak Te (HEX) (201)
50.27 Weak BiSbTe (RHO) (205)
51.16 Very weak Te (HEX) 112
51.92 Very weak Te (HEX) (103)
53.74 Very weak BiSbTe (RHO) (1016)
56.84 Very weak Te (HEX) (202)
57.05 Weak BiSbTe (RHO) (0210)
58.95 Very weak BiSbTe (RHO) (2011)
62.17 Weak BiSbTe (RHO) (1115)
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62.76 Very weak BiSbTe (RHO) (0213)

63.66 Very weak BiSbTe (RHO) (0021)
65.90 Weak BiSbTe (RHO) (0120)
66.88 Weak BiSbTe (RHO) (125)
67.65 Very weak Te (HEX) (104)
70.09 Very weak BiSbTe (RHO) (0216)
72.08 Very weak Te (HEX) 212
72.68 Weak BiSbTe (RHO) (2110)
74.91 Very weak BiSbTe (RHO) (1211)
77.87 Very weak Te (HEX) (114)
79.03 Very weak BiSbTe (RHO) (1121)

HEX=Hexagonal, RHO=Rhombohedral

2.2. Monometallic Synthesis of Sb and Te Nanowires using OAM or
OAC/OAM

Figure A2.1. SEM images of Sb NWs synthesized using OAM (A, B), OAC/OAM (C) and Te NWs
synthesized using OAM (D, E).

Figure A2.2. HR-TEM images of Sb NWs (A, B), and Te NWs (C, D) synthesized using OAM.

127



2.3. Photographs of Metal-Ligand Complexes

Each elemental precursor was dissolved in hexane solvent with a single capping ligand
including OAM, OAC or DT under nitrogen atmosphere followed by stirring for 24 hours at
room temperature. After that, a filter was used to separate the solid precursor from the liquid
complex solution for analysis. The complexes of elemental precursors and each capping

ligand have a different color as shown in Fig. A2.3.

Figure A2.3. Photographs of single elemental complex solutions of Sh, Bi and Te with OAM and DT
capping ligands. (A) Sh-OAM, (B) Bi-OAM, (C) Te-OAM, (D) Sb-DT, (E) Bi-DT and (F) Te-DT.

2.4. FTICR-MS Spectrum of Sb-DT Complex

To prove the existence of the metal-ligand complex, we conducted electrospray ionization
Fourier transform ion cyclotron resonance mass spectroscopy (ESI-FTICR-MS) analysis for
the Sb-DT complex. A Fourier transform ion cyclotron resonance mass spectrometer (FTICR-
MS) equipped with a 9.4 T superconducting magnet (SolariX, Bruker Daltonics) was used for
the analysis of the sample solutions. MS detection was performed in positive-ion ESI mode.
Since Sb-DT complexes are thought to be relatively stable and Sh(l111) shows specific isotope

patterns (*21Sh:123Sh; 57:43), they can easily be recognized in the mass spectrum.

Figure A2.4 shows an averaged mass spectrum measured for the sample prepared by
dissolving SbCls in DT at a concentration of 1x10-3 mM followed by dilution using 2-propanol.
The spectrum shows various ions which are not observed for pure DT at an m/z range of 600-
700. Two intense peaks are observed at m/z 611.32091 and 647.29856.

First, we analyzed the peak at m/z 611.32091 (Peak611) and its satellite peaks. The
difference in m/z between the peak at m/z 613.32102 (Peak613) and Peak61l exactly
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corresponds to the difference in accurate mass numbers of the stable isotopes of Sb. In addition,
the intensity ratio between Peak611 and Peak613 is close to the isotope abundance ratio. The

accurate mass obtained with the FTICR-MS supports the identification of Sh.

5.0 ] [121Sh 7]+
4.5 § [121Sb, Y]+ 647.29856
4.0 1
1 61132001 648.30152
o 3.5 7 [*23Sb, Z]
‘C_>| 3 612.32340
- 30 E 123 + 649.29791
= 5 [123Sb, Y]
D 2.5 3
c . 613.32102
40_,’ 2.0 E
£ 3 614.32305
1.5 ; 650.29976
1.0 3 /
o W] I
0.0 :u. IIIIIIIII II IIIIIIIII : I.Iu.I"InIIIII e |I|I| S T I.|I IIIIIII L- . |I —_
605 615 625 635 645 655

Figure A2.4. ESI-FTICR-MS spectrum of Sb-DT complexes.

On the other hand, the difference in m/z between the peak at m/z 612.32340 (or m/z
614.32305) and Peak611 (or Peak613) exactly corresponds to the difference in accurate mass
numbers of the stable isotopes of C (*2C =12, $3C=13.00335484). This result indicates that the
ion has a molecular structure that contains carbon atoms. Consequently, we can conclude that
Peak611 corresponds to a specific ion related to an Sh-DT complex, even though we couldn’t
identify its composition. Therefore, the Peak611 is designated as [*2SbxY]" hereafter where Y

represents a DT-derived organic ligand.

Next, the peak at m/z 647.29856 (Peak647) and its satellite peaks are investigated. Again,
the difference in m/z between Peak647 and the peak at m/z 649.29791 (Peak649) exactly

corresponds to the difference in accurate mass numbers of the stable isotopes of Sb. Also, the
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difference in m/z between the peak at m/z 648.30152 (or m/z 650.29976) and Peak647 (or
Peak649) exactly corresponds to the difference in accurate mass numbers of the stable isotopes
of C. Thus, we can conclude that Peak647 also corresponds to another ion related to an Sb-DT
complex, which has a different ligand structure compared to [121SbxY]". Thus, the Peak647 is
designated as [*2'SbxZ]" where Z represents a DT-derived organic ligand whose molecular

structure differs from Y.

2.5. TGA Data of Sb-DT Complex

Thermogravimetric analysis (TGA) was performed using a Seiko TG/DTA6200 to
investigate the thermal decomposition behavior of the Sb-DT complex. 39.618 milligrams of
the Sb-DT complex was placed in an aluminum pan, and this was then placed in the TGA
instrument. The temperature was raised to 600 °C at a heating rate of 10 °C/min under a N>
atmosphere (flow rate 200 mL/min). Figure A.2.5 shows the resulting TG curve for the

analysis of the Sb-DT complex.
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Figure A2.5. TG curve of Sb-DT complex.
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2.6. Comparison of XRD Peak Position Collected for Resulting NPs
Synthesized using BiCls and BiCls/SbCls with DT as Capping
Ligands

Intensity (a.u.)

20 25 30 35
2 Theta (Degree)

Figure A2.6. XRD patterns of NPs synthesized using DT and BiCls (red curve) and BiCls/ShCl; (black
curve) in range of 20 to 37.5 in two theta degree. The symbol (W) was used to label for the peaks of Bi
with rhombohedral structure. The unidentifiable peaks for these two NPs are found to have the same
pattern. The dash lines were used to show the coincidence of the unidentifiable peak position of those
two XRD patterns.

2.7. Bimetallic Synthesis of Bi-Te Halide Precursors and DT

Figure A2.7. TEM images for NPs synthesized using Bi-Te halide precursors and DT as capping
species. The images of individual NPs show the different contrast arising from the different alignment
with electron beam in which (A and D) show the top down view and (B and C) show the side view of
disc like NPs.
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2.8. Results for Trimetallic Approach using Oleic Acid as Capping
System

The resulting NPs obtained for trimetallic synthesis using oleic acid as capping species
shows nanodiscs studded on NWs in the TEM images (Fig. A2.8). The XRD pattern collected
for these materials shows the existence of several phases including Te, Bi>Tes and SbhoTes (Fig.
A2.9). The elemental analysis based on ICP-MS confirmed the composition of Bi11Sb23Tess

which is consistent with the XRD results.

— 500 nm

Figure A2.8. TEM images for NPs synthesized using three elemental precursors and OAC as capping
species with 1:1 molar ratio between precursors and OAC.

-

200 25 30 35 40 45 50 55 60
2 Theta (Degree)

Normalized Intensity

Figure A2.9. XRD pattern for resulting NPs synthesized using three elemental precursors and OAC as
capping species with 1:1 molar ratio between precursors and OAC. The peak identities were label by
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symbol circle (®) for hexagonal Te, filled square (W) for rhombohedral Bi;Tes and open square (O) for
rhombohedral Sh,Tes.

Table A2.19. XRD peak positions and corresponding crystal planes for Fig. A2.9 (BiSbTe-OAC
system).

2 Theta (Degree) Intensity Phase (hkl
23.01 Very weak Te (HEX) (100)
2757 Strong Te (HEX), Bi,Tes (RHO) (101), (015)
28.20 Medium SbyTes (RHO) (015)
37.89 Weak Bi,Tes (RHO) (1010)
38.24 Medium Sh;Tes (RHO), Te(HEX) (1010), (102)
40.43 Medium Te (HEX) (110)
41.03 Very weak BiTes (RHO) (110)
42.62 Weak Sh,Tes (RHO) (110)
43.33 Weak Te (HEX) (111)
45.26 Very weak Te (HEX) (003)
45.86 Weak Te(HEX), Sb;Tes (RHO) (003), (1013)
47.03 Very weak Te (HEX) (200)
49.63 Weak Te (HEX) (201)
50.56 Very weak Sh,Tes (RHO) (119)
51.19 Very weak Te (HEX) (112)
51.97 Very weak S;Tes (RHO) (205)
56.84 Weak Sh,Tes (RHO), Te (HEX) (0117), (202)
58.35 Very weak Sb;Tes (RHO) (0210)

HEX=Hexagonal, RHO=Rhombohedral
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Appendix Il
for

Chemical synthesis of BiSbTe Nanoparticles with Composition
and Shape Manipulation

3.1. Vegard’s Law

For an alloy, Vegard's law is an approximate empirical rule which holds that at constant
temperature a linear relation exists between the crystal lattice parameter of an alloy (A-B) and
the concentrations of the constituent elements (A and B). The mathematical expression of
Vegard's law is given by:

Da-g = xda + (100-x)ds (Eqg. A3.1)

where da, ds and da-s denote the lattice spacings of A, B and AB, respectively, and x is the
molar percent of A in the alloy between A and B.

3.2. Crystalline size calculated from Scherrer Equation

Scherrer equation relating the crystalline size and the broadening of the XRD peak:
d = KA/(Bcos) (Eqg. A3.2)

where d [nm] is the mean size of the crystalline domain (crystalline size) of the nanoparticles,
K is the shape factor (dimensionless) which has the typical value of 0.9 (but depends on the
shape of nanoparticles), 2 [nm] is the X-ray wavelength, g [rad] is the peak width at half the
maximum intensity (FWHM) and @ [rad] is the peak position (Bragg angle). K=0.9, and

24=0.15418 nm were used to calculate the mean crystalline size (d) of BiSb NPs.

134


http://en.wikipedia.org/wiki/Crystal_lattice
http://en.wikipedia.org/wiki/Lattice_constant
http://en.wikipedia.org/wiki/Alloy
http://www.chemspider.com/7953
http://www.chemspider.com/167251
http://www.chemspider.com/4510681
http://www.chemspider.com/4514266

3.3. XRD peak assignment for BiSbTe NPs

Table A3.1. XRD peak positions and corresponding crystal planes for Fig. 3.10.

2 Theta (Degree) Intensity Phase (hkl)
27.59 Strong Te (HEX), BiSbTe (RHO) (101),(015)
37.73 Medium BiSbTe (RHO) (1010)
40.38 Weak Te (HEX) (110)
41.11 Medium BiSbTe (RHO) (110)
44.95 Very weak BiSbTe (RHO) (116)
45.44 Very weak BiSbTe (RHO) (1013)
50.27 Weak BiSbTe (RHO) (205)
53.74 Very weak BiSbTe (RHO) (1016)
57.05 Weak BiSbTe (RHO) (0210)
62.17 Weak BiSbTe (RHO) (1115)
66.88 Very weak BiSbTe (RHO) (125)
67.65 Weak Te (HEX) (104)
70.09 Very weak BiSbTe (RHO) (0216)
73.2 Weak BiSbhTe (RHO) (2110)

HEX=Hexagonal, RHO=Rhombohedral

Reference: L. Vegard. Die Konstitution der Mischkristalle and die Raumfillung der
Atome. Zeitschrift fir Physik, 5:17, 1921.
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Appendix IV
for

Novel One-pot Chemical Synthesis of Zinc Antimonide
Nanoparticles as Building Blocks for Nanostructured

Thermoelectric Materials

4.1. TEM images of Zn-Sb nanoparticles

Figure A4.1. TEM images of Zn-Sb nanoparticless collected in different areas.
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4.2. XPS peak parameters

Table A4.1. Peak parameters of Zn nanopatrticles.

Zn2pss2 Zn2p1 Zn2pai Zn2p12
(metal) (metal) (oxide) (oxide)
Peak position 1021.66 1044.71 1024.62 1047.68
FWHM 1.17 1.16 1.07 1.16
M 0 0.26 0 0
a 0 0 0 0
Peak 23.06 eV 23.06 eV
separatlon
Spin-orbit
intensity ratio 2.00 2.19
Table A4.2. Peak parameters of Sb nanopatrticles.
Sb3d5/2 Sb3d3/2 Sb3d5/2 Sb3d3/2 Sb3d5/z Sb3d3/2 OlS(l)
(metal) (metal) (Sb203/8b204) (Sb203/3b204) (OlS(Z)/szOs) (szOs)
Peak position | 527.80 537.20 529.75 539.05 531.37 540.94 | 532.19
FWHM 0.80 0.80 1.09 1.04 0.74 0.85 1.04
M 0 0 0 0 0 0 0
a 0 0 0 0 0 0 0
Peak 9.40 eV 9.30 eV - -
separatlon
Spin-orbit
intensity ratio 1.53 1.68 B B
Table A4.3. Peak parameters of Zn-Sb nanoparticles.
Zn2pszp Zn2pip Sh3ds,, Sh3dsp, Sh3ds, Sh3ds,
(metal)  (metal) | (metal)  (metal) | (oxide) (oxide) | O  O1s(2)
Peak position | 1021.42 104451 | 527.20 536.57 529.87 539.29 | 531.63 530.40
FWHM 0.88 0.92 0.59 0.57 0.67 0.80 0.82 0.84
M 0.55 0.69 0.84 0.68 0.65 0.33 0.84 0.84
a 0 0 0.03 0.02 0 0 0 0
Peak 23.09 eV 9.37 eV 9.42 eV - -
separation
_ Spin-orbit 2,09 157 1.59 _ _
|nten5|ty ratio

Note:

The shift of the binding energy scale due to charging was corrected by referencing the
C1 peak in the C 1s signal to 284.8 eV! and the background was subtracted by Shirley’s
method.? The peaks were deconvoluted by/fitted to the asymmetric Gaussian-Lorentzian (G-L)
mixed function:3*

f(x) =

Iy

f+M(x—x%,)?/T?exp{(1—M) In2 (x—x,)2/T?}

(Eq. Ad.1)

where lo, Xo, X, I', and M are the peak height, the peak binding energy (BE), the BE, a parameter
for the peak width, and the G-L mixing ratio, respectively. M = 0 gives a pure Gaussian curve,
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while M = 1 gives a pure Lorentzian curve. To introduce the asymmetry into the G-L mixed
function, the following variable transformation is incorporated in Equation (1):

(X_Xo)

{L+a(x—x)/T}

(X—X%,) — (Eq. A4.2)

where « is an asymmetric factor (« = 0 gives a symmetric line shape).

It has been reported that the BE of Sb 3ds/2 in Sb203, Sh2.04 and Sh20s are 539.6, 539.8
and 540.2 eV, respectively.® In the case of Zn-Sb NPs, the lower energy Sb 3d component
corresponds to Sb metal. The asymmetric higher energy 3ds» component was deconvoluted by
using three G-L mixed functions corresponding to Sb oxide (peak at 529.87 eV), O 1s(1)
(531.63 eV) and O 1s(2) (530.40 eV).°
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Appendix V

for

Large Scale Chemical Synthesis of Zn-Sb Nanoparticles and
Thermoelectric Properties of Zn-Sb Nanostructured Materials

Sample Il
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Figure A5.1. XPS spectra of the nanoparticles in Sample I11 (upper row) and IV (lower row)
after annealing to remove oleylamine with the narrow scan areas of Sb 3d (left) and Zn 2p
(right). The peaks marked by stars (*) appear at higher binding energy than usual for the
corresponding oxide peaks of Sb and Zn (even though the spin-orbit splitting is identical of Sb
3d and Zn 2p) and are thought to be the shake-up satellite peaks. The peaks for O 1s may
contain different types of O including surface absorbed oxygen, O in the oxides of Sh and Zn,
which are broaden and were shown as 1 peaks for the simplification when analyze the

composition of Zn and Sb by XPS.
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Figure A5.2. XPS spectra of Zns»Sbhsg pellet prepared from Sample Il (upper row) and
ZnssShss pellet prepared from Sample IV (lower row) for the narrow scan areas of Sh 3d (left)
and Zn 2p (right). The ZnO are clear evidenced in pellet of Sample 1V. (See Appendix IV for

more detail explanation of O peaks)
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Figure A5.3. TEM-EDS spectrum of areas in the pellet prepared from Sample 1V (ZnssShss)
that contains seggregated Sb (up) or Zn (down). O peak appears with Zn area in the sample.
The insets are the selected area electron diffraction patterns (SAED) measured on the areas
marked by white circles in TEM images. SAED patterns of Sb and ZnO can be obtained.
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Figure A5.4. TEM-EDS spectrum of one area in the pellet prepared from Sample IV
(Zn4sSbss). The inset is the SAED pattern of this sample, which indicates that sample is not
single crystal in nature and the d-spacing of either ZnO, Sbh, antimony oxides or ZnSb can be

found.
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Abstract of Subtheme Research

The large scale syntheses of Zn-Sb nanoparticles (NP)s result in gram amount of NPs for
making the pellet to measure the thermoelectric properties of the nanostructured bulk materials.
The NPs with size of 23 nm and composition of Zn-Sb NPs rich in Sb were synthesized via
wet chemical approach. The organic capping molecules on surface of NPs were removed
during heat treatment at 355 °C for 2 h. The pellet can be obtained by pressing at room
temperature which has size of 10.1 mm in diameter and 3.7 mm in height. The sintering at
elevated temperature under vacuum was conducted to improve the density of the NPs pellet.
Finally, the thermoelectric properties of the NPs bulk sample were characterized using PPMS-
TTO system and four-probe method was utilized to re-check the electrical resistivity of the
sample. The thermal conductivity « of the sample was found to be extremely low of 0.5 Wm"
1K1 at room temperature. The electrical resistivity p however, is also high (6 mQm) and the
Seebeck coefficient a of the sample is of about 15 VK™, The results of measurement suggest
that the low density and the nanostructure of the pellet contribute to the extremely low value
of x while the composition inhomogeneity and far from equal molar ratio affects on the value
of p and a. The overall ZT is very small.
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