JAIST Repository

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

gopbooddCu- Sn -

Ssdgbboooobobooopoo

Title Jdddddodgggggoggo
Author(s) a, O

Citation

Issue Date 2019-09

Type Thesis or Dissertation

Text version

ETD

net/ 101019/ 16188

URL http:/7/7 hdl handl e.
Rights
Description Supervisor: gooooa, oooooopoag,

HEN

AIST

JAPAN
ADVANCED

INSTITUTE OF

SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



Doctoral Dissertation

Nanostructured Thermoelectric Materials Fabricated using

Chemically-synthesized Cu-Sn-S Based Nanoparticles as Building Blocks

Zhou Wei

Supervisor: Professor Shinya Maenosono

Graduate School of Advanced Science and Technology

Japan Advanced Institute of Science and Technology

Materials Science

September 2019



Abstract

Thermoelectric (TE) technique has attracted much attention due to the dramatical demand for energy conversion.
The researches on TE materials is hotpot. However, most of the high efficiency TE materials contains toxicity
and rare elements such as Te and Se that are not feasible for real application. To investigate the sustainable TE
materials with high efficiency, copper tin sulfide (CTS), which emerged as promising TE material and has been
widely studied for solar cells, was chosen as the target material because it contains environmentally friendly, earth
abundance and low cost elements. However, it used as TE material is lack of understanding. The impacts of
nanostructuring, Zn doping effect and grain size effect on the final TE performance of CTS material have been
systematically investigated. This dissertation research surrounds on the work of CTS based nanoparticles (NPs)
as building block for TE materials, which synthesized by chemical methods that can control over the size, shape,
composition and structure of NPs. The fabrication approaches, characterizations and TE properties of the copper
tin sulfide based materials are all presented in this work.

Chapter 1 gave a basic introduction of thermoelectricity and background about CTS material and its potential
and challenges for being chosen as TE materials. A brief review of the chosen strategies to enhance the TE
efficiency and current research work on CTS based TE materials have been given.

Chapter 2 demonstrated the chemically synthesized uniform hole-doped Cu,Sn;_.Zn,S; (x=0-0.2) NPs and
fabricated TE materials by sintering the NPs into dense bulk materials using pulse electric current sintering
(PECS) technique after ligand exchange. Then, the structure and composition-property relationships in the
Cu,Sni-,Zn,S3; TE materials were analyzed. By introducing Zn doping effect and nanostructuring, the highest Z7T
value of 0.37 at 670 K was achieved in both CuzSng.95Zn0.05S; and CuxSng ssZng.15S; nanostructured materials,
which was comparable to the ZT value at the same temperature of the Cu,Sng 9Zny.;S3 non-nanostructured material.

Chapter 3 described the one pot chemical method and hot injection method synthesized copper tin sulfide
materials with controllable size, shape and structure. The resulting particles after ligand exchange were pelletized
by using PECS technique for further TE measurements. The grain size effect and composition-property
relationships in the CTS TE materials have been analyzed. It was found that the lattice thermal conductivities
decreased with grain sizes and could be strongly suppressed when the grain size of pellet decreased to around
30nm. In addition, the ratio of Sn/Cu in CTS materials has been found to have huge effect on the carrier

concertation.



Chapter 4 studied the enhanced TE properties of blended Cu,Sn;..Zn,S3 nanobulk materials, which fabricated
by sintering a mixture of chemically synthesized Cu>Sng 35Zno.15S3 (high ¢ and high x) and Cu>Sng.9Zng 1S3 (low &
and low x) NPs with different weight ratios into dense bulk materials by PECS technique. CuzSng gsZno.15S3 has
been used as a host material and Cu,SngeZng;S; used as nanoinclusions. By using different chemical mixing
methods, these two heterogeneous (but nearly identical) NPs were blended in a weight fraction of 9:1 for making
a nanobulk material, the pellet showed ZT = 0.64 at 670 K, which is 1.7 and 1.9 times higher than the ZT values
of the pristine Cu,Sng.85Zn.15S3 and CuzSno.0Zno.1S3 nanobulk materials, respectively.

Chapter 5 gave the general conclusions, and future prospects of the overall research work.

Keywords: Thermoelectric, Copper Tin Sulfides, Chemical Method, Nanoparticles, Size effect
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Chapter 1: Introduction

1.1 Introduction to Basics of Thermoelectrics

Recently, due to the increasing energy demand and prominent environmental issue, energy
diversification and multi-level efficiently utilize of energy have become important technical
approaches to systematically solve the problem.!? Thermoelectric (TE) technique have
attracted much attention in the field of industry and academia because it act as a green energy
technology. For example, the efficient multi-stage utilization of industrial waste heat, the
recovery of environmental energy and the development of special power technology lead to the
urgent requirements for the efficient thermal energy conversion technology.’> Meanwhile, the
development of modern industries such as electronic information and new energy vehicles put
forward the urgent need for the technique, which can quickly control temperature in tiny spaces
and actively thermal control high density heat flux at local area. Therefore, thermoelectric
power generation have attracted unprecedented expectations due to their advantages of
irreplaceable flexibility, diversity, and reliability.*

The Seebeck effect is the first physical effect of direct conversion of TE energy, which was
found by German scientist Thomas Johann Seebeck in 1821.° In his experiment, two different
metal wires were connected end to end to form a loop, when one of the junction is heated and
the other was kept cold as shown in Figure 1.1 (a), a magnetic field generated around the loop.
In 1823, Hans Christian Oersted gave the physical interpretation. This phenomenon is due to
the temperature gradient creates a potential difference between the junctions of different
materials lead to generate a circuit current that causes a magnetic field around the wire.
Thereby, the concept of thermoelectricity is proposed. However, Seebeck was the first to found
this phenomenon and it named as Seebeck effect. The potential difference can be expressed in

the equation 1.1 as flowing:



S = AV /AT (1.1)

Where S is Seebeck coefficient (uV/K), A4V is potential difference (V), AT is temperature

gradient (K). The principle can be explained by the illustration as shown in Figure 1.1 (b).

(a) a

T+ AT T

AV

Figure 1.1. (a) Illustration of Seebeck effect, (b) Schematic diagram for principle of Seebeck
effect.

As shown in Figure 1.1 (b), when a p type semiconductor kept in a uniform temperature field,
the carriers are uniform distributed inside. When a temperature difference exists between the
two ends, the holes in the hot side get much more energy than that of cold side that leads to
more holes generated at the hot end. Thus, the hole concentration difference leads to holes
diffuse to the cold end resulting in uneven distribution of internal charge concentration of
materials forming a space electric field inside of the material. Meanwhile, it produces a reverse
drift charge flow under the influence of the potential difference, when the charge diffusion flow
caused by the thermal diffusion and the drift charge flow generated by the electric field are
dynamically balanced. A stable potential difference formed at both ends of the semiconductor.

In 1834, France scientist Jean-Charles-Athanase Peltier discovered the reverse process of the
Seebeck effect named Peliter effect® that is when an electric current flow produced in a loop
connecting two different conductors, one junction became hot and another become cold. In

1855, William Thomson, also called Lord Kelvin related these two important effects by



thermodynamic theory and predicted another effect which had been proved by experiment in
1867, known as Thomson effect.” In 1911, Edmund Altenkirc analyzed the TE energy
conversion efficiency and gave a theory to calculate it.® He also pointed out that a high TE
conversion efficiency should improve the absolute Seebeck coefficient and electrical
conductivity and meanwhile should low the thermal conductivity. Based on them, Abram
Fedorovich loffe quantified the expression to the dimensionless of figure of-merit (Z7) as
shown in the equation 1.2.
ZT = S?0T [« (1.2)
Wher ¢ is the electrical conductivity (S/m); 7T is the temperature (K); x is the thermal

conductivity (W-m-K™1).

1.2. Thermoelectric Efficiency and the Figure of Merit (Z7)

A simplest thermoelectric generator consisting of a single thermocouple with thermoelements

fabricated from n- and p-type materials as shown in Figure 1.2.

Heat source

Heat flow

Heat sink
=\
_/

Figure 1.2. Illustration of thermoelectric generator based on Seebeck effect.

The efficiency of the generator® is given in the equation 1.3.
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= o (1.3)

Where 7 is generator efficiency of generator, P is the energy supplied to the load, Onis the
heat energy absorbed at hot junction. Assumption that the electrical conductivities, thermal
conductivities, and Seecbeck coefficients of materials are constant within an arm, and that the
contact resistances at the hot and cold junctions are negligible compared with the sum of the
arm resistance. The maximum efficiency can be expressed as equation 1.4.

_ Ty—T) V1+ZT-1
Mmax Tn V1+ZT+T(/Th

(1.4)

Where Th, 71 are the temperature of hot and cold side, respectively. T is the average
temperature of hot and cold side. (7h-71)/Th is Carnot efficiency. The maximum efficiency is
thus the product of the Carnot efficiency, which is clearly less than unity. Figure 1.3 shows the
relationship of maximum efficiency and the temperature difference between hot and cold side
when the cold side temperature is 300K. It is known that the higher ZT value, the better

generator efficiency.

Figure 1.3. Relationship between the maximum efficiency and 7w/7i when Ti is 300K.1°

11



If we want to achieve the same efficiency 25% as a traditional heat engine, the Z7 value of
material should be more than two. However, most of the materials are less than unity, which
lead to the low efficiency less than traditional heat engine. Therefore, how to improve the ZT
value of material has become the core work of TE materials.

The dimensionless of figure of merit (Z7) is an important parameter for judging a
thermoelectric material. For a long time, researches on TE materials have focused on how to
improve ZT value of materials. As we know, ZT=5%0/k, a high performance TE material should

have high power factor (PF= $?¢) and low thermal conductivity (x). However, S, ¢ and « are

interrelated to each other in a reverse manner. The Seebeck coefficient can be expressed by
using Fermi-Dirac statistics.!! Mott-Jones relation is useful for metals and highly degenerate
semiconductors, which mainly applicable for simple transport models'? is shown in the

equation 1.5.

__ 87°K§

S="- m*T(ﬁ)ZB (1.5)

Where ks, e, m*, h and n are Boltzmann constant, carrier charge, effective mass of the carrier,
Planck’s constant and carrier concentration, respectively.

The electrical conductivity is related to carrier concentration is given by equation 1.6.

o =neu (1.6)

Where 4 is carrier mobility. It is clearly to observe that an increase in carrier concentration
decreases the Seebeck coefficient whereas the electrical conductivity increases with the
increase in carrier concentration. Fundamentally, it limits the efforts of improving the power
factor.

Further, the total thermal conductivity is given by equation 1.7.

K= Ke T Kat (1.7)

12



Where xe and x1at are the electronic and lattice thermal conductivity, respectively. It indicates
that xe and xiar both contribute to the total thermal conductivity. According to Weidemann-
Franz law,!3-1* the electronic conductivity can be estimated in equation 1.8.

Ko = LaT (1.8)

Where L is the Lorenz number (2.44 x 10 WQK2). From the above equation, it reveals that
the materials with high electrical conductivity also possess high thermal conductivity.
Therefore, monotonic increase in carrier concentration leads to increase thermal conductivity
and hence affects adversely on ZT value. Figure 1.4 describes the variation of Seebeck
coefficient (S), electrical conductivity (o), electronic thermal conductivity (), lattice thermal
conductivity (klar) and power factor ($°) relationships of carrier concentration (n) over a wide
range. It shows that the best materials for thermoelectric applications are semiconductors with

optimum power factors.

S%0

10"%~ 1020 cm=

Insulator Semiconductor Metal

n

Figure 1.4. Interrelation between carrier concentration (n) and o, S, PF, e, Klat.!

Among them, lattice thermal conductivity is relatively independent; however, the scattering
mechanisms of electrons and phonons are usually related to each other, the reduction of lattice

thermal conductivity by scattering phonons often affects electrical conductivity. Therefor, three

13



important parameters (o, S, x) that determine the TE properties of a material are closely related,

which is the basic reason of the difficulty in continuing improve Z7 values of TE materials.

1.3 Approaches to Improve the Thermoelectric Efficiency

Several approaches have been introduced as modern concepts to improve the TE performance.
(1) Enhance the Seebeck coefficients by electronic band structure convergence,'¢!7 (2)
Increase the electrical conductivity by doping effect'®2?° and (3) Reduce the lattice thermal

conductivity through nanostructuring and all-scale hierarchical architecturing.?'->* For example,

24-31 34-38

design of isostructural solid solution alloys,?*3! complex crystal structuring,’?-3* doping,
etc. Among these approaches, nanostructuring and all all-scale hierarchical architecturing are
important strategies to reduce the lattice thermal conductivity, which has been proven to be

very promising. Hereby, some of these approaches will be discussed briefly in the following

text.

1.3.1 Isostructural Solid Solution Alloys

The solid solution alloying between two isostructural phases (e.g., A and B) results in a
minimum of thermal conductivity at a certain composition A1xBx, which has been proven to
be a successful and classical strategy to increase ZT by introducing point defects.**-*? The solid
solutions feature atomic mass fluctuations in the crystal lattice (i.e., disorder), which causes
strong phonon scattering and generally can lead to significant lower thermal conductivity. It
has been proven in many systems such as PbTeixSex,*! CuGai«In:Te,*> Mg:Si based solid
solution,* CoSbS3 based solid solution** and so on. For example, compared to pure PbTe, the
point defects in PbTei-+Sex scatter the phonons and result in a large decrease around 20% in the

thermal conductivity at 800K and hence an enhancement in overall thermoelectric efficiency.

1.3.2 Complex Crystal Structuring

14



In 1996, Sales filled rare elements La and Ce into the hole of crystal structure (FexCo1-x)aSbi2
which significantly reduced the lattice thermal conductivity of material.** This is a classic case
of filling in atoms to the complex symmetry. The crystal structure with “cages” or “tunnels”
that is large enough to allow atoms locate inside to rattle without destroying the favorable
electronic structure. “Rattling” frequencies are low and produce phonon damping that can

result in dramatic reduction of the lattice thermal conductivity.

In 1990s, Slack proposed the idea of “Phonon glass and electron crystal” (PGEC)* as a

design concept for good TE materials. That is, an ideal TE material should achieve record low
lattice thermal conductivities and meanwhile has excellent electronic performance. Some
“clathrate” and “skutterudite” compounds?? have recently emerged as a new class of materials
for thermoelectric because of their quite complex crystal structures that are likely working
according to the PGEC concept. Unfortunately, until now, it has not been proven that a PGEC
material exists. In most cases of PGEC materials, many factors were accounted to coexist in

the reduction of thermal conductivity.

1.3.3 Doping

To achieve high ZT values of materials. Optimization of carrier concentration is necessary,
which can be done by doping foreign elements in the compounds.*’” When the energy level of
a dopant is close to either valence band or conduction band or sometimes inside these bands
due to heavy doping, there is a possibility of changing of density of state (DOS) around Fermi
level. It was pointed out that most of the TE materials are heavily doped semiconductors with

carrier concentration approximately 10'8-10%° cm3.

Kim group investigated the effect of Pb, Ag, and Cu doping on the TE transport parameters
of p-type Bios2Sbi4sTes both theoretically and experimentally.*® They found that the

concentration of majority of hole carriers could be increased by controlling doping of Pb, Ag,

15



and Cu in a low temperature range. In addition, a Z7 value of 1 could be obtained over the wide
temperature range of 300-400 K by optimizing the doping elements and contents. Recently,
Wu et al.?” reported that a record ZT reached to 2.3 at 923K, realized in 3% Na doped (PbTe):-
A(PbS)x when x=0.2. Duong et al.*’ reported that n-type SnSe single crystals were successfully
synthesized by doping bismuth (Bi) and achieved the maximum Z7 value of 2.2 along b axis
at 733 K and with a carrier density of 2.1 x 10!” cm™ at 773 K in the most highly doped sample.

Doping has been proven an effective method to improve TE performance.

1.3.4 Nanostructuring and All-scale Hierarchical Architecturing

The ZT value of material can also be enhanced by decreasing the thermal conductivity. The
complex relationship between thermoelectric parameters (S, o, xe) indicate that the lattice
thermal conductivity (x1at) is the only independent one on the carrier concentration. The lattice

thermal conductivity (xiat) can be expressed in the equation 1.9.
1
KGat = 3 CoV1 (1.9)

Where Cvy is the heat capacity and v is the phonon velocity that are constant values; / is the
phonon mean free path (MFP), so the xia is governed by the MFP.3° When the dimension of
grain boundaries, the inclusions/defects in the material are comparable to the MFP, the phonons
will be effectively scattered. Therefore, suppressing the lattice thermal conductivity by
effective phonon scattering is an important method to enhance the TE performance. Acoustic
phonons have a spectrum of wavelengths and MFP distribution, which carry the most of heat
in a material. The including short, medium and long wavelength phonons, synergetically
contributes to the total thermal conductivity.'%2!-5! Therefore, all length-scale structures (point
defects, nano-scale precipitates and grain boundaries) corresponding to the broad spectrum of
phonons should be the main design principle for decreasing the lattice thermal conductivity in

TE materials.

16



Nanostructuring and all-scale hierarchical architectureing are effective methods to scatter
most of phonons in TE materials. In general, there are two types of nanostructured TE materials.
The first type consists of a single phase and it is defined by an assembly of nanosized particles
or grains. The second type is a system comprising a major bulk phase containing a minor
second phase embedded in the matrix. Here, the second phase is nanoscale size whereas the

matrix itself need not be.

Grain /M/"Vl/

boundary

“e.@

Nano
precipitate
9 ®

S
Point ! S 0
defect .w 3 H
e 9
1® o000 %9

Figure 1.5. All-scale hierarchical architectures to scatter phonons.’!

Particularly, many experiments and theoretical investigations have been done to predict a
large reduction in thermal conductivity in bulk nanostructured materials with improved ZT
values.’'->? The all-scale hierarchical architecturing strategy was also successfully introduced
and applied to various lead chalcogenides PbQ (Q = Te>?, Se>*, and S*). In our research group,
nanostructuring and all-scale hierarchical architectureing strategies have been successfully
proceed in reducing the lattice thermal conductivity, which further lead to the enhancement in

the TE performance of copper sulfide based materials.6-5

1.4 Typical Materials for Thermoelectric Applications

Back to the TE materials. The working temperature of TE materials can be divided into three
ranges: low-, middle- and high- temperature ranges varying from <400K, 400K~900K and

17



>900K, respectively.’> TE materials have the most optimal TE performances in different
temperatures is due to the nature of material itself. In the following text, I will introduce some

typical TE materials along with their challenges for real application.
1.4.1 State-of-the-art Thermoelectric Materials and Their Challenges

BixTes-based materials have been found in 1950s, which emerged to propose excellent TE
performance near room temperature and have been widely used in commercial ways. Their ZT
values are larger than unity. Recently, the research work shown that the superlattices and

quantum dots of Bi2Te3 with further improvement of Z7 > 2.%°

PbX (X=S, Se, Te) based materials were one of the first found well-known TE materials.50-6!
In 1822, Seebeck found PbS material has high Seebeck coefficient, however, the systematically
investigation on its compounds were done after the second world war. PbTe is one of the most

attractive materials, the study of which throughout the history of thermoelectric.®? %+ It has

optimal TE performance at middle temperature range. By using multi-scale hierarchical
architecture to control phonon scattering, the ZT value of PbTe have achieved to 2.2.2! In 2014,
Rachel et al reported a high ZT value of 2 at 800K in the 2% Na doped (PbTe)1-2:(PbSe)«(PbS)x

material when x=0.07.6°

In 1960s, people found that SiGe alloy has lower thermal conductivity without significantly
destroying carrier mobility resulted in an excellent TE performance compare to pristine Si and
Ge. After that, SiGe alloy has been used as one of the particular TE materials for high
temperature applications. Its working temperature can range from room temperature to 1300K.
The highest ZT values of p type and n type of SisoGezo are 0.5 and 0.93 (1173K~1223K),
respectively.®® By using nanostructuring approach, the ZT value of SisoGe20 have been raised

to near 1.3.°7 SiGe alloy has been used for space missions, which converts radio-isotope heat

18



into electricity. As we know, Ge is expensive element, which is not suitable for practical

application.

BixTes, PbX (X=S, Se, Te) based materials have been studied for TE materials extensively.
However, the use of these compounds limited by several reasons such as the used of heavy
elements Te and Pb are toxicity, rare, expensive and their compounds have difficulty in
processing, etc. For instance, Te is the main candidate used in the promising TE materials and
its abundance in the earth’s crust is only 0.001 ppm, which is even less than gold (Au) which
is about 0.004 ppm.°® The low cost-effective, lack of resources, environmental hazards of these
materials are the major reasons to restrict the use of making large-scale thermoelectric

generators in electrical power generation.
1.4.2 Copper Sulfide Thermoelectric Materials and Their Challenges

Many new materials have been developed, however the limitations either in the low
conversion efficiency or in the cost made them are not feasible in large-scale thermoelectric
energy conversion applications. Another important candidate here is copper sulfide material. It
has been reported that around 34 % of the energy has been utilized from the total consumed
energy from coal, petroleum, natural gas etc. and rest of the consumed energy is dissipated as
waste heat. And the their temperature is under 400 °C. In this temperature range, the TE
efficiency of copper sulfide is comparable to the classical material Bi2Tes, PbTe systems as
discussed above in section 1.4.1. Moreover, Copper sulfide contain low cost, earth abundance
and environmentally friendly elements. In addition, many research groups have reported

promising electronic properties of these materials.

Copper sulfides are usually expressed as Cuz2-+S, where the value of x varies between 0 and 1.
Depending on the x value, the stoichiometry of copper sulfide varies from Cu2S to CuS.*-2 To

date, many kinds of phases have been identified as well as promising TE efficiencies. In 2011,
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it was reported that digenite (Cu1.sS) with a second djurleite (Cui1.96S) phase exhibited ZT'= 0.5
at 673 K.7? In 2014, the relatively high ZT values are 1.4 at 1000 K for Cu1.9sS, and 1.7 at 1000
K for Cu1.97S which were reported by He et al.”* Recently, Na doped Cui S have been prepared
with improved ZT of 1.1.7° Zhao et al reported a maximum thermoelectric efficiency with ZT
equal to 1.9 is observed in Cui97S bulks at 970 K.’ Even though many promising TE
efficiencies have been observed in copper sulfides. However, the TE properties are very
sensitive to change in the ratio of Cu/S. Moreover, the optimum Cu/S ratio of CuxS are
favorable for high power factors and ZT values. It has been proven that Copper sulfides are
thermally unstable, the second phase may generate during measurement, meanwhile, a slight
composition change also has impact on the TE efficiency.”” Need for strict control of the
composition in compounds as well as thermally unstable are big challenges for practical

application.
1.4.3 Copper Tin Sulfide as Thermoelectric Materials

As another choice, many research works have been carried on alloys, which consist of copper
and sulfur as main candidates, one of the most frequently studied compounds is copper tin
sulfide. Cu-Sn-S system has been emerged as promising earth-abundant photovoltaic absorber
materials based on the DFT calculation. ’® Among them Cu2SnSs, hereafter CTS, which has
been intensively studied in the photovoltaic field,”*-*" and recently has attracted much attention

as an outstanding p-type eco-friendly TE material due to its stability for wide temperature range.

CTS has a melting point of 1129 K and a direct band gap of 0.9-1.3 eV.8%-82 It has also been
reported that the bulk form of Cu2SnS; shows monoclinic,® tetragonal® and triclinic®
structures at low temperatures (<780 °C). The metastable zincblende (ZB) and wurtzite (WZ)
phases were observed only at higher temperatures (>780 °C). However, in the nano-scale

region, ZB and WZ structures exist even at low temperatures.®® ZB and WZ CTS structures are
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considered to be derived from ZnS structure. The 2/3 and 1/3 Zn?" cations in ZnS are replaced
by Cu* and Sn*" cations in cubic and wurtzite CTS. The Cu*, Sn*" and sulfur occupy the same
position in the CTS as they have in ZnS zincblende structure. Figure 1.6 shows the unit cells

and structure relations of Cu2SnS3 with ZB and WZ structures.

. \\{\\/ I S T 60’ ?T

c—=o

c./ ® P \ ©
Zincblende Wourtzite

Figure 1.6. The zincblende (left) and wurtzite (right) structures of CTS material.3

Recently, Shen et al. have systematically studied the Zn-doped CTS as TE materials, which
synthesized by direct reaction at high temperature followed by spark plasma sintering (SPS) at
773 K. As a result, Cu2Sno.9Zno.1S3 exhibited ZT = 0.58 at 723 K. In-doped CTS bulk
materials were prepared by the mechanical alloying (MA) combined with SPS. In that work,
Cu2Sno.lno.1S3 displayed ZT = 0.56 at 773 K , which has been reported by Tan et al.38 Zhao et
al. also studied the Co-doped CTS, which synthesized by direct reaction at high temperature
followed by SPS. The sample of Cu2Sno.sC00.2S3 showed Z7'=0.85 at 723 K.8° The same group
also reported a ZT of ~0.75 has been achieved in the Fe doped sample Cu2Sno.ssFeo.15S3 at 723
K. Xu et al. reported a relatively high Z7 up to 0.56 in the Cu2Sno.oNio.1S3 sample at 723 K.”!
Zhang et al. investigated the Mn doped CTS , a high Z7 ~0.68 at 723 K was obtained.’> Cu2SnS3
was also successfully synthesized by Nakamura group, they used a solid phase reaction with
binary compounds and obtained high a Seebeck coefficient and a low thermal conductivity.

However, the low electric conductivity results in a low Z7T of less than 0.1.%3
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No report about nanostructured CTS as building block for TE materials have been studied
before. In our research, in order to investigate sustainable TE materials with high efficiency;
CTS was chosen as the based TE material for study, doping and nanostructuring strategies
would be employed to investigate the related TE properties. Moreover, in this research Zn was
the first selected element as the acceptor dopant for substituting Sn considering its similar
radius (60 pm, C.N.= 4) to that of Sn*" (55 pm, C.N.=4) and Cu* (60 pm, C.N.= 4) as well as
its cost benefit. Even though there are other elements could be considerable choices such as Fe,
Ni and Co, however, they are magnetic elements with many valence states, which might have

unexpected effects on the TE properties and it is difficult to clarify the mechanism.

Until now, many groups have focused on the bulk CTS based compounds as TE materials
and introduced many strategies to improve the Z7T values. All of the samples were fabricated
by solid-state reaction. Physical methods are costly due to the complex operation, complex
equipment structure and vacuum is need for operation.”* On the other hand, chemical methods
are easily to operate with low cost, no use of vacuum and low wastage of material. Moreover,
chemical methods can easily tune the shape, size and electronic properties of the materials

during the reaction.

1.5 Chemical Methods for Synthesis of Copper Tin Sulfide Nanoparticles

The most often used chemical methods for synthesis of CTS nanoparticles (NPs) are the
solvothermal/hydrothermal method, hot injection method, one pot chemical method.”> The
recent developments in CTS NPs synthesis by various chemical methods with its working
mechanism and the effect of various experiment parameters will be briefly discussed in the

following text.

1.5.1 Solvothermal/Hydrothermal method
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Solvothermal/hydrothermal method can be described to be a closed vessel reaction system,
which involves decomposition or reaction between precursors in the presence of solvent.”® In
addition, the reaction is accomplished by applied temperature and pressure. The pressure is
self-generated as increased with temperature and the percentage filled in the vessel and the
dissolved salts. The solvothermal process can be affected by many factors such as chemical
property of solvent, composition, structure of solvent precursors, chemical properties of
additives, pH, reaction temperature and time. In this synthesis scheme, water and ethanol are
widely used as solvent. Ethylene glycol (EG) act as both solvent and reducing regent. In general,
ethylenediamine (EDA), polyethylene glycol (PEG), dimethyl formamide (DMF) are also used
as solvent. The different combination of mixed solvent can have great influence on morphology
and chemical structure of NPs.?” In hydrothermal method, the solvent used is water. In both
cases, commonly used copper sources are hydrated based chloride, acetate and copper powder.
Tin sources used only hydrated chloride sources and tin powder. Sulfur sources are sulfur
powder, thiourea, L-cysteine, thioacetamide, thiosemicarbazide and 1-dodecanethiol (DDT).
The difference in reactivity of cationic and anionic precursors results in separation of nucleus
and phases. Reaction temperature has impact on nuclei formation and crystallization of
particles. Reaction time plays role in tuning size, phase and morphology of particles. Many
shapes and sizes such as naosphere,”® nanorod,” nanoflower!® of CTS particles have been

synthesized based on them.

The reaction mechanism of CTS formation by solvothermal/hydrothermal method have been
investigated.!?! Initially, Cu®" ions are reduced to Cu" by sulfur source to form Cu’-S
complexes. Meanwhile, Sn*" ions are oxidized to Sn*" ions by Cu?* ions. These two reactions
proceed simultanecously. As the temperature and pressure increases, the Cu*-sulfur complex
will decompose to release Cu*, HzS species produced from sulfur source as well. The produced

Sn** ions then react with H2S can form [Sn2Se]* monomer anions, which further react with
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newly formed Cu” ions to form Cu2SnSs;. The timely breaking of Cu’-sulfur complex and the
reaction of split Cu* ions with the monomer anions is very important. Otherwise, the reaction
will be not complete, and it may form impurities. Because of the drawbacks such as long
processing time, low dispersibility, no control of composition and wide distribution of particle

102

size.'’* This method is not suitable for large-scale synthesis.

1.5.2 Hot Injection Method

Hot injection reaction is carried out in a three-neck flask. It starts with a rapid injection of
cold precursor into hot complex precursor solvent followed by ageing at certain temperature.'%
The sudden injection of cold precursor into hot complex precursor causes lowering of the
temperature of the complex precursor leading to rapid nucleation followed by slower growth
of particles. It is usually preferred for nanoparticle synthesis due to its advantage in greater

controlling over size, composition and phase.

For the synthesis of CTS compounds, initially, copper and tin metal precursors are mixed in
the coordinating solvent and heated at a certain temperature followed by ageing for some time
(100-160 °C and 30 min). It forms copper tin complex. Further, sulfur source is rapidly injected
into the hot complex solution. Then the complex is heated to temperature (220-260 °C) and is
allowed to age for some time to complete the reaction and tune the size of particles.!%+1% The

formation of complex is associated with color change.

Usually chloride, acetate, acetylacetonate and iodide metal precursors are used, elemental
sulfur powder, thiourea, DDT are commonly used as sulfur sources. Oleylamine (OLA) and
octadecene (ODE) are the commonly used solvents. Capping agents like oleic acid and
trioctylphosphine oxide (TOPO) are commonly used for phase and size tuning.!%:197 Different
metal precursors, sulfur source and solvents combining can affect CTS nanoparticle synthesis.

Size, shape and phase tunability can be achieved using different solvents and varying metal
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precursor molar concentration. Using highly reactive sulfur source, strong coordinating solvent
and capping agents can produce metastable phase of CTS in this method.®® The reaction
mechanism has been studied in details.!?719 [n this method, copper sulfide nanocrystals formed
first and then it transformed to CTS by Sn interdiffusion with increasing aging time. The

general reaction mechanism in hot injection method can be described in Figure 1.7.

- 1st growth step ‘ 27 growth step
a8

Reaction of Cu?* with Diffusion of of Sn**

Precursor thiol to form Cu,S into Cu,S to form CTS

Figure 1.7. Schematic representation of the growth process for the formation of CTS NPs. 17

1.5.3 One Pot Chemical Method

Pellet shape of material is required for TE properties measurements, hence, larger scale of
nanoparticles synthesis method is preferred. One pot chemical method is an ideal option for
large-scale synthesis.!? It can be described as a reaction, which all precursor were added into
the solvent at the beginning of the reaction. The mixture is heated to induce thermal
decomposition of precursors followed by nucleation and growth. The general reaction
mechanism is similar to the hot injection method, initially; Cu.S seed generated and followed
with Sn ions diffusion to form CTS nanoparticles. Lin et al.''” synthesized kuramite-tetragonal
CTS phase using elemental sulfur powder as sulfur source and OLA as solvent. It was found
that the atomic composition did not change while the size of NPs increased from 10.7 nm to
16.4 nm with the reaction time increased from 5 to 45 min. Thus, it was concluded that the
crystal structure formed at the beginning with the desired atomic composition does not change
throughout the reaction. However, unfortunately, it is difficult to control the phase and size of

CTS NPs simultaneously by using this method.
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As we all know, the crystal structure of NPs has great influence on the final TE properties.
However, the work on the studied of phase selectivity mechanism of CTS NPs in this method
is still incomplete; the difficulty is due to the various reaction parameters. Many researchers
have studied the phase selective mechanism and suggested that the crystal structures of the
final CTS NPs were indeed related to the initial structure forms of the Cu.S seeds.'!! Liang
proposed that the initial redox conditions is the key reason for forming different phase
structures. When the reaction was conducted under reducing conditions, CuzS (or CuziSie)
seeds were formed, leading to the formation of wurtzite CTS nanocrystals. When the conditions
were less reducing, the initial CuS (or Cui.s4S) seeds resulted in zincblende structure CTS
nanocrystals.!'> Kuzuya et al. reported that the anion sources with different capabilities of
providing electrons result in the various structure forms of Cu.S seed.'!* Regulacio et al.
suggested that the organic surfactant used in the synthesis that induced the different crystal
phase of the CuxS seeds.''* It should be noticed that the reaction temperature, time, metal
precursor concentration and reactivity of precursor sources and so on also are responsible for

phase formation and size tenability. It is a big challenge to identify the exact parameter.

1.6 Research Objective

The energy and environmental issue drive people to look for sustainable TE materials. Even
though, many approaches have been introduced to improve the TE efficiencies of Te based, Se
based materials; the toxicity and low abundance in nature still limit them for commercial use.
In this environment, to investigate sustainable TE materials with high efficiency, CTS used as
TE material was chosen as a model for study. Moreover, the nanostucturing, all-scale
hierarchical architectureing and Zn doping strategies were employed in this research work to
investigate their effect on the final TE efficiencies of CTS materials for designing the

sustainable TE materials. Keep this in mind; my research work has devoted to address the
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investigations in the chemically synthesized CTS based nanostructed materials as TE materials
in terms of structures, compositions, sizes and TE properties, which will support the foundation
information for the future practical use. Meanwhile, hot injection and one pot chemical
methods will be proceeded to control over the size, shape and phases of NPs as building block
for making naobulk TE materials. My research will address the following items; the details are

discussed later:

(1) Fabrication of CTS NPs with different structures and Zn contents by chemical methods,

which served as building blocks for TE materials.

(2) Investigation on the doping effect and nanostructuring effect of CTS based materials on

the TE properties.

(3) Synthesis of CTS NPs with controllable sizes, phases and structures by chemical method,

which served as building blocks for TE nanomaterials.

(4) Study on the grain size effect of CTS materials on their TE properties.

(5) Design a new approach to introduce inclusions with different structures in blended Cu2Sni-

xZnxS3 materials by chemical method, which served as building blocks for TE materials.

(6) Investigation on the impact of sizes and structures of inclusions included in blended

Cu2SnixZnxS3 materials on the final TE properties.

The general introduction of thermoelectrics, the basic information of the focused materials,
the fabrication methods and the effective strategies employed to improve the TE efficiency in

this research were given in chapter 1.

In Chapter 2, one pot chemical approach was employed to fabricate CTS NPs with main
zincblende cubic phase and main wurtzite hexagonal phase. Moreover, main wurtzite phase

CTS NPs with different Zn compositions will be synthesized, all the samples used as building
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block for TE materials. DDT was used as the sulfur source and capping ligand as well in the
chemical synthesis, the long chains on the surface of NPs might have effect on the electronic
transport. Thus, thiourea with shorter chain and lower boiling temperature was chosen for
ligand exchange that can be easily removed during the sintering process as compared to DDT.
Pulse electric current sintering (PECS) technique has been proceed to make pellets for further
TE measurements. The work systematically investigated the nanostructuring and Zn doping

effect on the TE properties of nanostructured CTS nanobulk materials.

In Chapter 3, one pot chemical method and hot injection method were proceed to fabricate
CTS particles with different sizes used as building blocks for TE materials. As we know, the
grain size has impact on the lattice thermal conductivity, which related to the mean free paths
of phonons. It is necessary to understand the grain size dependence of CTS material with the
TE properties. By controlling the sintering conditions, naobulk materials with different grain
sizes could be obtained. Therefore, the systematical study of the grain size effect on the final

TE performance of CTS materials were investigated.

In Chapter 4, the objective is to further enhance the ZT value of CTS based materials. It was
found that the nanobulk Cu2Sno.9Zno.1S3 with mixture phase (zincblende + wurtzite) exhibits
low ¢ and x, nanobulk Cu2SnossZno.1sS3 with pure zincblende phase has high ¢ and «.
Surprisingly, they shown almost the same Z7 values at 673K. Keep this in mind, the chemical
methods were designed to make Cu2Sni-+Zn»S3 nanobulk materials using Cu2Sno.85Zno.15S3 as
a host material and Cu2Sno.9Zno.1S3 as inclusions with different weight ratios, which could
reduce thermal conductivity without dramatically destroying electronic transport. The size and

structure of inclusions on the TE properties of Cu2Sni+Zn.S3 nanobulk were investigated.

In Chapter 5, the general conclusions and the future proposals will be given based on this

dissertation work.
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Chapter 2: Nanostructured Thermoelectric Materials
Fabricated using Cu,SnS; based Nanoparticles

as Building Blocks

2.1 Introduction

Copper sulfide thermoelectric materials have recently attracted much attention due to their
relatively high ZT value along with the earth-abundant nature and low toxicity of their
constituent elements. In 2011, it was reported that digenite (Cui.sS) with a second djurleite
(Cu1.96S) phase exhibited ZT = 0.5 at 673 K.! In 2013, Suekuni and coworkers found that
Cu10.5Ni1.5SbsaS13 tetrahedrite exhibited ZT = 0.7 at 665 K.? Shortly thereafter, Suekuni and
coworkers reported that Cu26V2GesS32 colusite had a ZT value of 0.73 at 663 K.3 At nearly the
same time, several copper sulfide thermoelectric materials with a ZT value exceeding 1, such
as CuitMnSba4S13 tetrahedrite (Z7 =1.13 at 575 K),* Cui0.5Ni1.0ZnosSbsS13 tetrahedrite (ZT =
1.03 at 575 K),> and Cu26Ta2Sns.5S32 colusite (Z7 ~ 1 at 670 K),® had been reported from
different groups. With this global trend of development of copper sulfide-based sustainable
thermoelectric materials, researchers have revived interest in Cu2SnS3 (CTS) which had been
well known as a solar cell material.

Recently, Shen et al. have reported that Zn-doped CTS (Cu2Sno.9Zno.1S3) exhibited a ZT value
of 0.58 at 723 K.” Tan et al. have also reported that In-doped CTS (Cu2Sno.oIno.1S3) exhibited
a ZT value of 0.56 at 773 K.® Zhao et al. have reported that Co-doped CTS (Cu2Sno.sC00.2S3)
exhibited a ZT value of 0.85 at 723 K.? On the other hand, multi-scale structuring has been
regarded as one of the promising approaches to enhance the ZT value of a thermoelectric
material by enhancing phonon scattering with maintaining good carrier transport properties.
For example, Kanatzidis et al. fabricated a PbTe-SrTe thermoelectric material with a

hierarchically organized multi-scale defect structure (panoscopic structure), i.e., atomic defects,
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nano-endotaxial structures and mesoscale grain boundaries, which exhibited Z7 = 2.2 at 915
K.!0 To fabricate panoscopic thermoelectric materials, the bottom-up preparation approach is
promising in which chemically synthesized nanoparticles (NPs) are used as building blocks for
making the panoscopic materials. This enables us to easily create exotic structures never before
possible by introducing atomic defects in NPs (including impurities) during the synthesis,
controlling size and shape of the NPs, blending two or more different types of NPs for making
a bulk material, and controlling mesoscale defect structures by taking advantage of the pulse
electric current sintering (PECS) technique.

With these in mind, in this chapter, we chemically synthesized uniform hole-doped CTS
(Cu2Sni-«ZnxS3) NPs and fabricated sustainable thermoelectric materials by sintering the NPs
into dense bulk materials by PECS. Then, the structure and composition-property relationships
in the Cu2Sni-+ZnxS3 thermoelectric materials were analyzed. To avoid misunderstanding, we
emphasize the differences between Cu2ZnSnS4 (CZTS) and Cu2Sni-«ZnxS3 (Zn-doped CTS).
CZTS has also been well known since early times as a promising quaternary p-type
semiconductor material for solar energy conversion and photocatalysts with a bandgap of 1.45
-1.50 eV. In addition, a nanostructured bulk thermoelectric material has been fabricated by
using chemically synthesized CZTS NPs.!!

However, the ZT value of the nanostructured CZTS thermoelectric material was quite low
(0.026 at 700 K) predominantly because of its low electrical conductivity. In contrast, the
parent structure of Zn-doped CTS is a ternary p-type semiconductor with a bandgap of 0.9-1.3
eV.!1213 In the case of Zn-doped CTS, Sn is partly substituted with Zn in the desired amounts.
Pristine zinc blende (ZB) and wurtzite (WZ) Cu2SnS3 NPs were chemically synthesized as well
as Zn-doped Cu2Sni-xZnxS3 NPs by a heat-up method.

The work in this chapter is one part of my Ph.D. research, which has been published in an

article. This work was supported by Ms. Naoko Fujimoto and Mr. Atsushi Yamamoto of AIST
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for operating and supporting the ZEM-3 and LFA457 measurements. Mr. Takida Hiroshi and
Dr. Akatsuka Takeo in Nippon Shokubai Co., Ltd. supported the work of pelletization. The
author also thank Koichi Higashimine of JAIST for helping with STEM-HAADF

measurements and Dr. Miyata Masanobu of JAIST for helping with the DFT calculation.

2.2 Experiments

2.2.1 Materials
The chemicals have been used for the fabrication of Cu2Sni-xZn,S3 NPs are shown in Table
2.1. All chemicals were purchased from Sigma-Aldrich and used without any further

purification.

Table 2.1. List of the chemicals, their chemical formula or abbreviation, and purity %.

Chemicals Chemical Formula / Abbreviation Purity %
Copper(Il) nitrate hydrate Cu(NOs3)2 - xH20 99.999
Copper(Il) acetate hydrate Cu(CO2CH3)2 - xH20 / Cu(OAc): - xH20 98.0

Tin(II) acetate Sn(CH3CO2)2/ Sn(OAc)2 99.0
Zinc acetylacetonate hydrate Zn(CsH702)2 - xH20 / Zn(acac)2 99.995
1-Dodecanethiol CH3(CH2)11SH / DDT >98

Oleylamine CisH3sNH2/ OAM 70.0

Thiourea SC(NH2)2/ TU 99.0
Hexane CH3(CH2)4CH3 96.0
Methanol CH;OH 99.8
Ethanol C2HsOH 99.5
Toluene Ce¢HsCH3 99.0
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2.2.2 Fabrication of Cu-Sn-S Nanoparticles

Briefly, 4 mmol of copper(Il) nitrate hydrate [Cu(NOs)2], 2 mmol of tin(II) acetate
[Sn(OAc)2], 100 mL of oleylamine (OAM) and 100 mL of 1-dodecanthiol (DDT) were put into
a 500-mL three-necked flask equipped with a dry Ar inlet/outlet, trap sphere, condenser,
heating mantle, thermometer, and magnetic stirrer. First, the reaction mixture was stirred with
Ar bubbling at room temperature for 5 min. Then the temperature was increased to 100 °C and
kept for 10 min with Ar bubbling to remove volatile matter. Subsequently, the reaction
temperature was further raised to 260 °C and kept for 1 h. The synthetic scheme as shown in
the Figure 2.1. After the reaction, the NPs were separated from the reaction mixture by
centrifugation at 5000 rpm for 3 min. Then, the NPs were washed twice by repeating the
following purification cycle: redispersion in hexane, addition of ethanol, centrifugation, and
supernatant removal. Finally, the NPs were dried in vacuum. Pristine zincblende (ZB) Cu2SnS3
NPs were also synthesized by using copper(Il) acetate hydrate [Cu(OAc):] as a Cu precursor
and changing the volume ratio of OAM to DDT was 3:1 keeping the total amount of solvent
constant (OAM + DDT = 200 mL). Other synthesis conditions were exactly the same as those

for synthesis of WZ Cu2SnS3 NPs and used for subsequent characterization.

CU(NO3)2 : XHZO

Sn(OAc),
DDT
OAM

/Ar /Ar

8\
|
(]~
>

R.T, 5min 100 °C,10mim 260 °C, 1h

Figure 2.1. Synthetic scheme of Cu-Sn-S NPs system.
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2.2.3 Fabrication of CuxSnixZnxSs Nanoparticles

Hole-doped Cu2Sni«ZnxS3 NPs were synthesized in a similar manner as described in section

2.2.2 by varying the input molar ratio of zinc(Il) acetylacetonate hydrate [Zn(acac):] to tin(Il)

acetate [Sn(OAc)2] and keeping the total amount of those two precursors constant [Zn(acac)2

+ Sn(OAc)2 =2 mmol].

The input amount of chemicals are shown in the Table 2.2. In this study, 6 different types of

NPs were synthesized, i.e., ZB Cu2SnS3, WZ Cu2SnS3, Cu2Sno.95Zn0.05S3, Cu2Sno.9Zno.1S3,

Cu2Sn0.85Zn0.15S3, and Cu2Sno.sZno2S3 NPs will be referred to as Samples A, B,C, D, E, and F,

respectively, hereafter.

Table 2.2. Input amount of chemicals for the CuzSni1-+Zn.S3 NPs system.

Cu(NO3): Cu(OAc):-
Zn(acac): Sn(OAc); DDT/OAM
Sample - xH0 xH0
(mmol) (mmol) (mL)
(mmol) (mmol)
Sample A - 4 - 2 50/150
Sample B 4 - - 2 100/100
Sample C 4 - 0.1 1.9 100/100
Sample D 4 - 0.2 1.8 100/100
Sample E 4 - 0.3 1.7 100/100
Sample F 4 - 0.4 1.6 100/100
2.2.4 Ligand Exchange

It is worthy knowing that we should have great of concern about the organic capping species

on the surface because of their roles in directing morphology and protecting the NPs from

aggregation and oxidation. Moreover, the organic nature of the remaining capping molecules
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on the surface of NPs often causes a significant decrease of electrical conductivity, which has
effect on the overall TE efficiency. It is necessary to propose some solutions and modulations
to avoid the electrical conductivity decrease caucused by surface ligand.

Because the as synthesized NPs were capped with insulating organic ligands (DDT and
OAM), it is necessary to remove those ligands from the surface of NPs before making a pellet.
Although the most straightforward way to remove those organic ligands is the thermal
treatment of the NPs under inert atmosphere, it leads to the undesirable grain growth of the
NPs because high temperature (>450 °C) and long-time treatment is required. Therefore, ligand
exchange of the NPs from DDT/OAM to thiourea (TU) was carried out, because TU sublimates
at approximately 170 °C under reduced pressure and thermally decomposes in the temperature
range higher than 230 °C.'4

Briefly, 4 g of TU was dissolved in 160 mL of methanol. Then the solution was added into a
100-mL toluene dispersion of the NPs (1.36 g of the NPs was dispersed) followed by sonication
for 1 h at room temperature. After the ligand exchange reaction, the TU-capped NPs were
separated from the solution by centrifugation at 5000 rpm for 3 min. The TU-capped NPs were
washed by the following process: redispersion in hexane/toluene mixture, centrifugation, and
supernatant removal. Finally, the resulting TU-capped NPs were redispersed in methanol, and
then toluene was added to the dispersion followed by centrifugation at 5000 rpm for 10 min to
remove excess TU. Schematic illustration of ligand exchange for Cu2Sni-xZn.S3 NPs system
as shown in Figure 2.2(a).

To know the organic residues on the surface of NPs, the thermogravimetric analyses (TGA,
TGA/SDTA851e) was performed. Figure 2.2(b) shows the weight with temperature
dependence of Sample D. It suggested that TU thermally decomposes around 170 °C, while
remained DDT/OAM (boiling temperature around 266-288 °C, 350 °C) thermally decomposes

around 400 °C. One should note that a small amount of organic residues (6 wt. %) remains in
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the sample after ligand exchange. With temperature increase, the organic residues will decrease

to less than 1 wt. %.

101

100
99
L o8
= 97
: D2 96
DDT m=P  Thiourea 2o
NS S o4
# 93
OAM HZNJLNHZ 92
/\/\/\/\ 0 200 400 600 800
Hsc/\/\/\/\= NH, Temperature (°C)

Figure 2.2. (a) Schematic illustration of Ligand exchange for Cu2Sni—~Zn,xS3 NPs system, (b)
TGA of Cu2Sno.85Zno.15S3 nanoparticles after ligand exchange.

Such less organic residues can not be removed completely even after pelletization. On one
hand, the insulate residue helps preventing the material from oxidation in the ambient
environment. On the other hand, it usually lead to a reduced electrical conductivity and thermal
conductivity. Therefore, intentionally control the amount of residue could be an alternative
approach to enhance the ZT value in the material, which is worthy investigating. For the first
demonstration purpose, the smallest amount of residues, i.e., 1 wt. % which should barely affect
the main experimental result.

2.2.5 Pelletization

TU-capped Samples A-F were then pelletized into solid disks with a diameter of 10 mm and
a thickness of 2 - 3 mm by using a pulse electric current sintering (PECS) machine (Sinterland
LABOX-100) under the following conditions: temperature: 450 °C, pressure: 30 MPa, and
sintering time: 5 min. In this process, a large pulsed electric current is applied to heat the
graphite mold and the powder specimen, which is subjected to a modest pressure inside the

mold. Schematic illustration of pulse electric current sintering (PECS) technique as shown in
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Figure 2.3. Pellets composed of Samples A-F will be referred to as Pellets A-F, respectively,

hereafter.

Nanoparticles

— Pulsed current

Pressure

Figure 2.3. Schematic illustration of pulse electric current sintering (PECS) technique.

2.3 Characterization Techniques

As-synthesized Samples A-F were characterized by transmission electron microscopy (TEM,
Hitachi H-7650) at 100 kV, X-ray diffraction (XRD, Rigaku MiniFlex600 with Cu Ka), and
inductively coupled plasma optical emission spectroscopy (ICP-OES, Shimadzu ICPS-7000).
Pellets A-F were characterized by XRD, ICP-OES and a scanning TEM (STEM) equipped with
a high-angle annular dark-field (HAADF) detector, and energy-dispersive X-ray spectroscopy
(EDS) elemental mapping. STEM-HAADF imaging and EDS elemental mapping were
performed on a JEOL JEM-ARM200F microscope operated at 200 kV with a spherical
aberration corrector and a nominal resolution of 0.8 A °. The specimens for the cross-sectional

STEM analyses were prepared by a focused-ion beam (FIB) method (Figure 2.4).

¥ Focusion beam ¥ Focusion beam

4

8 mmx2mmx2mm 20x5x2~5 um TEM sample

Figure 2.4. Schematic illustration of sample preparation by FIB for STEM measurement.
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2.3.1 Thermal Conductivity Measurement

The samples used for thermal conductivity measurements are solid disks with diameter of 10
mm and thickness of 2-3 mm whose surfaces were coated by graphite spray. First, x was
measured for the pellet in the cross-plane direction by laser flash analysis (Netzsch LFA457).
In this method, x (W-m™'-K™') was calculated as x = dcD where d (kg'm™), ¢ (J-kg'-K"!) and
D (m?-s") are density, specific heat and thermal diffusivity of the pellet, respectively. The
densities of pellets were determined using a gas pycnometer (Shimadzu AccuPyc 11 1340). The
values of D were directly measured, while the values of ¢ were indirectly derived from a
standard sample (Netzsch Pyroceram 9606) under an Ar gas flow of 100 mL-min’! over a
temperature range of 300-670 K. The relative uncertainty of x was estimated to be smaller than
8% based on the uncertainties of d, ¢ and D. Figure 2.5 shows the illustration of setting up for

thermal conductivity measurement.

Laser

Polished pellet ¢ Heat flow
10 mm x 2~3 mm

IR sensor

Figure 2.5. Schematic illustration of set up for thermal conductivity measurement.

2.3.2 Seebeck and Electrical Conductivity Measurements

Then, Seebeck coefficient (S) and electrical resistivity (p) were measured in the in-plane
direction as shown in Figure 2.6 (cutting the pellet into a rectangular bar with dimensions of
approximately 2 mm x 2 mm x 8 mm) by temperature-differential and four-probe methods,
respectively, under a He atmosphere (Advance Riko ZEM-3). In this method, S (V-K') is
determined by the ratio of electromotive to the temperature difference as shown in the equation

S=AV/AT. Electrical conductivity o (S-m) is given by the equation 6=1/p where p is determined
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by the electromotive to the current. The relative uncertainty of S and o were estimated to be

5%. The ZT values were calculated with those uncertainties in mind.

Cut the pellet

m Hot Thermocouple
= = o
Cold

8mmx2mmx2mm

Figure 2.6. A diagram is shown for the sample cutting using for p and S measurement.
2.3.3 Hall Measurement
After the thermoelectric measurements, Pellet B, Pellet D and Pellet E were polished to thin
blocks approximately 4 mm x 2 mm X 0.5 mm by using sand paper. The electrodes were bonded
to the rectangular in-plane specimen using gold paste. Then hall measurement was performed.

The Hall voltage V'u was measured at 300 K using a physical properties measurement system
(PPMS; Quantum Design) by applying a magnetic field of £5 T with an AC current. The AC
current applied for these three samples was 60mA.

The Hall Effect'” is due to the nature of the current in a conductor, which is very useful as a
mean to measure the carrier density. Current consists of the movement of charger carriers.
When a perpendicular magnetic field is present, charge carriers will experience a force, called
the Lorentz force. The moving path of charger carriers are curved. Thus, moving charges
accumulate on one face of the material, the opposite and equal chargers will expose on the
other face. The separation of charge establishes an electric field that opposes the migration of
further charge. When the Lorentz force and the electric field force are balanced on the charge
carrier, as long as the charge starts flowing, then a steady electric potential is established.

The Hall coefficient Ry was calculated as Ru = Vud/BI, where Vu, d, B and [ are the Hall

voltage, the thickness of specimen, external magnetic field and current, respectively. Assuming
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single carrier transport, carrier concentration » and Hall mobility 4 were calculated as n =
1/|Rule and u = Ruo, where e is elementary charge. The configuration for the measurement of

Hall voltage and setting up of sample for hall measurement are shown in Figure 2.7.

®
I ( 1
@)

4 mmx2mmx0.5mm

Figure 2.7. (a) A diagram illustrating the configuration for the measurement of the Hall voltage,
(b) Setting up of sample for Hall measurement.

2.4 Results and Discussion

2.4.1 Morphology and Crystal Structure

In order to observe the morphology of obtained NPs, after the synthesis and washing process,
the samples for TEM were prepared by dropping the suspended particles in hexane onto a
carbon coated copper grid and drying in vacuum overnight. Figure 2.8 shows the TEM images
of as-synthesized Samples A-F. All samples are relatively uniform in size and shape except for
Sample A. Interestingly, Samples B-F have a hexagonal pencil-like morphology. By analyzing
the TEM images, it was found that Samples B-F all have nearly the same size and shape. The
relationship between sizes and Zn contents is shown in Figure 2.9. The average length and
width of the NPs were calculated to be around 40 and 25 nm, respectively.

The reaction mechanism to obtain CTS NPs with WZ or/and ZB phase have been studied by
many researchers. In this synthesis scheme, all precursors were added into the solvent at the
beginning of the reaction. The mixture is steadily heated to induce thermal decomposition of
precursors followed by nucleation and grain growth. Researchers studied that different metallic

precursors, sulfur source and solvents could affect CTS nanoparticle synthesis.!¢"!7 Using
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highly reactive sulfur source, strong coordinating solvent and capping agents can produce
metastable phase of CTS. In this synthesis, OAM was used as solvent, DDT act as sulfur source
as well as capping agent. Simultaneous control of phase and size of CTS NPs was studied by
Park et al.'® He found that WZ CTS phase was produced when DDT used as sulfur sources
because of DDT being less reactive has low activation rate of S* ions and hence the reaction
temperature was high (>200 °C). The higher reaction temperature (260 °C) in this reaction
scheme lead to the activation rate of S* ions become faster and favor CTS WZ phase.

It was also reported that the reason for forming different phase structures is the initial redox
conditions, when the reaction was conducted under a reducing condition, CuzS (or Cu3iSic)
seeds were formed, leading to the formation of wurtzite CTS nanocrystals. When the condition
were less reducing, the initial CuS (or Cuis4S) seeds resulted in zincblende structure CTS
nanocrystals. The reducing condition can be tuned by varying the input amount of DDT and

OAM.

Figure 2.8. TEM images of CTS (a) and (b) and Zn-doped CTS (c) - (f) NPs: (a) Sample A
(ZB), (b) Sample B (WZ), (c) Sample C (x = 0.05), (d) Sample D (x = 0.1), (e) Sample E (x =
0.15), and (f) Sample F (x =0.2).
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Figure 2.9. The plot of lengths (closed circle) and widths (open circle) of Sample B-F(x=0-
0.2).

In our control experiments, it was confirmed that input amount of DDT and OAM could affect
the phase of nanoparticles as shown in Figure 2.10 and Figure 2.11. When Cu(OAc)2-xH20
was used as copper source in the same synthesis scheme and keep the same input mole ratio of
copper and tin precursor (0.2 mmol / 0.1 mmol), when the input amount of OAM and DDT

(the total amount is 10 mL) was changed, the ZB CTS phase was obtained when DDT was

3mL.

Figure 2.10. TEM images of obtained NPs in the control experiments by varying the input
molar ratio of OAM and DDT when Cu(OAc)2-xH20 was used as copper source. The total
amount of OAM and DDT was 10mL.

54



o o N AN\ . DDT 8ml
— W WASAN — ~ DDT 7ml |
___.._...__J\M—A PP e e DDT 6ml
>
:.C% Y/ W\ A — R N, DDT 5ml
c
E AA.../\__..—-/L
8 Aj\ A AL DDT 3ml
= N A AL DDT 2m
©
£ A DDT 1ml
= Cu,S 00-046-1195
\ ) SnS 00-01-984
| ET T L4 Cu,SnS, 00-071-129
| | ZBCTS
|
R | : ‘ l. \ | | | WZCTS
20 30 60 70

40 5IO I
2 theta (degree)

Figure 2.11. XRD patterns of obtained NPs in the control experiments by varying the input
molar ratio of OAM and DDT when Cu(OAc)2:xH20 was used as copper source. The total
amount of OAM and DDT was 10mL. The reference XRD patterns of WZ and ZB CTS are
also shown for comparison.'”

The crystal structure of all the Samples A-F and Pellets A-F were also characterized. Figure
2.12 shows the XRD patterns of Samples A-F [Fig. 2.12 (a)] and Pellets A-F [Fig. 2.12 (b)].
As shown in Fig. 2.12 (a), the primary crystal phase of Sample A is ZB with small amounts of
WZ phase (the reference XRD patterns of WZ and ZB CTS were taken from the Ref.19), while
the primary crystal phase of Samples B-F is WZ with small amounts of ZB phase. As shown
in Fig. 2.12 (b), the phase transition from WZ to ZB is clearly seen for Pellets B-F. Specifically,
Pellets E and F have a phase-pure ZB crystal structure, while Pellets B-D contain small amounts
of residual WZ phase. The reason why only Pellets E and F could obtain a phase-pure ZB
structure is possibly because the phase transition temperature decreased by increasing the Zn

impurity concentration.
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Figure 2.12. XRD patterns of (a) Samples A-F and (b) Pellets A-F. The reference XRD patterns
of WZ and ZB CTS are also shown for comparison.'®

The mean crystalline sizes (Dxd) of Samples A-F and Pellets A-F were estimated using
Scherrer’s equation as shown in Table 2.3 for the three intense diffraction peaks. As a result,
the most intense diffraction peak of the primary phase were chosen for Samples A-F for
comparison. The values of Dxd were calculated to be 24.5, 18.3, 16.9, 20.0, 19.6, and 18.3 nm,
respectively. On the other hand, the values of Dx:d for Pellets A-F were calculated to be 26.8,
21.4, 19.0, 18.2, 24.5, and 27.6 nm, respectively, indicating that the mean crystalline size
remains virtually unchanged during sintering for all pellets. The reason why the mean
crystalline size of Sample D decreased after the sintering is due to the broadening of the primary
peak of the ZB phase caused by the non-negligible amount of WZ residue.

The densities of Pellets A-F were determined to be 4.45, 4.43,4.57,4.56,4.50, and 4.48 g/cm?,
respectively, using a gas pycnometer (Shimadzu AccuPyc II 1340). Because the density of
monocrystalline ZB CTS is 4.73 g/cm?, the relative densities of Pellets A-F were calculated to
be 94 ~ 97%. The results are shown in the Table 2.4. These results indicated that PECS

technique has ability of rapidly heating the powder compact to high temperatures
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and consolidating it to high densities within very short time suppressing grain growth for these

samples.
Table 2.3. Summary of mean crystalline size (nm) of NPs and Pellets.
Peak 1 Peak 2 Peak 3
(20 =~26.9° (260=~28.4°% (20=~30.5°

NPs 244 24.5 13.9
Sample A

Pellet 24.4 26.8 15.1

NPs 244 18.6 18.3
Sample B

Pellet 23.7 21.4 19.6

NPs 18.6 18.6 16.9
Sample C

Pellet 19.9 19.0 17.2

NPs 20.8 22.0 20.0
Sample D

Pellet 21.3 18.2 19.6

NPs 20.3 23.8 19.6
Sample E

Pellet N/A 24.5 N/A

NPs 18.1 22.5 18.3
Sample F

Pellet N/A 27.6 N/A

Table 2.4. The Density and Relative density of Pellets A-F.

Sample Density (g/cm?) Relative Density (%)
Pellet A 4.45 94
Pellet B 4.43 94
Pellet C 4.57 97
Pellet D 4.56 96
Pellet E 4.50 95
Pellet F 4.48 95

In order to check the homogeneity, Pellets B and D were choose for the cross-sectional
STEM-HAADF and EDS elemental mapping measurement. Their images are shown in Fig.

2.13. The contrast of the STEM-HAADF image is relatively uniform in both cases even though
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some dark areas were observed suggesting the successful formation of homogeneous pellets.

The EDS elemental mapping images also confirm that the pellets are compositionally uniform.

Figure 2.13. Cross-sectional STEM-HAADF and EDS elemental mapping images of (a-¢)
Pellet B and (g-1) D. (f) A photograph of Pellet B (10 mm¢ x1.9 mm). (a,g) STEM-HAADF
images. (b,h) Cu K edge, (c,i) Sn L edge, (d,j) S K edge, (k) Zn K edge and (e,l) overlay.

2.4.2 Compositional Analysis

To get better understanding of the compositions of samples, inductively coupled plasma
optical emission spectroscopy (ICP-OES) measurement was performed on all the Samples A-
F and Pellets A-F. The Cu:Sn:Zn atomic ratios of as-synthesized Samples A-F were determined
to be 68:32:0, 69:31:0, 67:31:2, 65:31:4, 63:31:6, and 63:29:8, respectively. The values of x
were calculated to be 0, 0, 0.06, 0.11, 0.16, and 0.21 for Samples A-F, respectively, which
correspond to the input molar ratio of Zn to Sn precursors. This result indicates that Zn was
doped stoichiometrically to Cu2SnSs substituting Sn presumably because of its similar ionic
radius to those of Sn* (55 pm, C.N. = 4) and Cu" (60 pm, C.N. = 4).”-2° The Cu:Sn:Zn atomic
ratios of Pellets A-F were determined to be 69:31:0, 67:33:0, 69:29:2, 65:31:4, 68:27:5, and
66:26:8, respectively. These results shown that the contents of each elements in all the pellets
maintained without losing during the sintering. The ICP-OES determined atomic compositions

for Samples A-F and Pellets A-F are shown in Table 2.5.
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Table 2.5. ICP-OES detrmined atomic compositions for Sample A-F and Pellet A-F.

ICP-OES
Sample
Cu (at %) Sn (at %) Zn (at %)

Sample A 68 32 0
Pellet A 69 31 0
Sample B 69 31 0

Pellet B 67 33 0
Sample C 67 31 2
Pellet C 69 29 2
Sample D 65 31 4
Pellet D 65 31 4
Sample E 63 31 6

Pellet E 67 27 6
Sample F 63 29 8

Pellet F 66 26 8

As a result, we successfully obtained different phase of CTS NPs and hole-doped CTS NPs
with varying Zn contents by using chemical method. The resulting NPs were pelletized for

further thermoelectric properties characterization.

2.4.3 Thermoelectric Properties
2.4.3.1 Nanostructuring Effect on the Thermal Conductivities

Finally, the thermoelectric measurements were performed on Pellets A-F. First thermal
conductivity (x) was measured for the pellet in the cross-plane direction by laser flash analysis
(Netzsch LFA457). In this method, x (W-m™!-K™!) was calculated as x = dcD where d (kg'm™),
¢ (J-’kg"K™") and D (m?-s™") are density, specific heat and thermal diffusivity of the pellet,
respectively. The values of ¢ and D for Pellet A-F are shown in Fig. 2.14. The relative

uncertainty of k¥ was estimated to be smaller than 8% based on the uncertainties of d, ¢ and D.
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Figure 2.14. (a) Thermal diffusivity D and (b) specific heat ¢ of Pellet A-F. Filled black
triangles, filled black circles, filled pink circles, filled blue circles, filled brown circles, and
filled gray circles represent Pellet A-F, respectively.

The comparison of thermal diffusivities and specific heat on Pellet A-F are shown in Figure
2.14 (a) and (b), respectively. It was noted that ¢ might be considered independent of any small
amount of additional Zn doping in these pellets. As see in Figure 2.14 (a), Pellet A, E, F have
higher D than pellet B, this is presumably because Pellet A, E, F have more the highly
symmetric cubic structure which leads to the higher heat carrier mobility resulting in higher
thermal diffusivity. Pellet B-D have similar thermal diffusivities. The phenomenon in the
thermal diffusivity is the same as thermal conductivities that will be discussed later.

As we know, the total thermal conductivity contains lattice thermal conductivity (xiat) and
carrier thermal conductivity (xcar). The carrier thermal conductivity (xcar) was calculated by
Wiedemann-Franz’s law xcar = LoT where L and ¢ denote the Lorenz number (2.44x107%
W-Q-K?) and electrical conductivity, respectively. Then lattice thermal conductivity (k1a) was

calculated as xiat = k¥ — kcar. The values of pellets are shown in Figure 2.15.
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Figure 2.15. (a) Thermal diffusivity x and (b) lattice thermal conductivity xiat of Pellet A-F.
Filled black triangles, filled black circles, filled pink circles, filled blue circles, filled brown
circles, and filled gray circles represent Pellet A-F, respectively. The open circle represents the
data of undoped non-nanostructured monoclinic CTS taken from Ref.7. The inset of (b) shows
lattice thermal conductivities of Pellet B (filled black circles) and undoped non-nanostructured
CTS (open circles) plotted with respect to the reciprocal of temperature.

For comparison, the data of undoped non-nanostructured CTS taken from Ref.7 are shown in
Figure 2.15. As seen in Figure 2.15 (a) and (b), Pellet B had lower x and xiar values than non-
nanostructured CTS. This suggests that the phonon scattering is successfully facilitated by
nanostructuring. It is more evident in the inset of Figure 2.15 (b), where xiat of non-
nanostructured CTS exhibits the classical 1/7 dependence caused by Umklapp scattering, while
the characteristic 1/7° dependence of xiat completely disappears in the case of Pellet B
supporting the fact that the phonon scattering is dominated by defect scattering. In the case of
non-nanostructured CTS, it has been reported that a chemically ordered monoclinic phase has
larger xlat than the chemically disordered cubic/tetragonal phase.” This might be because the
random distribution of metal atoms and vacancies plays an important role in suppressing xiat
possibly by thoroughly disrupting the normal phonon transport. In the present case, Pellets A,
E, and F (ZB CTS without the WZ phase) exhibited higher xiat than Pellets B-D (ZB CTS with
the WZ phase). This is presumably because the coexistence of ZB and WZ phases is responsible

for the phonon scattering at the interfaces and grain boundaries.
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2.4.3.2 Doping Effect on the Electrical Transport Properties

Then, we measured S and ¢ in both heating and cooling cycles for all the pellets and found
that the values coincide in both cycles are shown in Figure 2.16 and Figure 2.17. Therefore,
the values only in the heating cycle for all the pellets are shown in Figure 2.19 for further
discussion. The power factor (PF) and ZT values were calculated as PF = ¢S? and ZT = 68T/,

respectively. The ZT values of Pellets A-F with error bars also shown in Figure 2.18.
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Figure 2.16. Seebeck coefficients of (a) Pellet A, (b) B, (¢) C, (d) D, (e) E and (f) F. Red and
blue circles represent data measured in heating and cooling cycles, respectively.
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Figure 2.17. (a) Electrical conductivities of (a) Pellet A, (b) B, (c) C, (d) D, (e) E and (f) F.
Red and blue circles represent data measured in heating and cooling cycles, respectively.

As seen in Figure 2.19 (a), (b) and (c), Pellet B showed similar values of ¢, S and PF as non-
nanostructured CTS, while it had lower x and xiat than non-nanostructured CTS (Figure 2.15).
This suggests that the phonon scattering is successfully facilitated with maintaining good
carrier transport properties by nanostructuring. As shown in Figure 2.19 (a), the sign of S is
positive in all cases, confirming p-type carrier transport. With increasing Zn concentration, x,
in the Zn-doped CTS (Pellet C-F), a systematic increase in ¢ was observed [Figure 2.19 (b)],
while S decreased in an opposite manner. In addition, o of Pellet B increases with increasing
temperature showing a semiconductor behavior, while ¢ of Pellet C-F remains unchanged or

decreases with increasing temperature showing a metallic behavior.
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Figure 2.18. The ZT values for (a) Pellet A, (b) B, (¢) C, (d) D, (e) E and (f) F.

To clarify the effect of Zn-doping on the electronic structure of CTS, the density of states
(DOS) of undoped CTS (ZB-phase Cu2SnS3) and Zn-doped CTS (ZB phase
Cu2Sn0.9375Zn0.062553) was determined using first principles calculations based on density
functional theory (DFT) within the generalized gradient approximation (GGA) in the scheme
of Perdew-Burke-Ernzerhof (PBE) functional with the consideration of spin-orbit coupling
(SOC) as shown in Figure 2.20. In consequence, it has been found that the chemical potential
(1) decreases by substituting Sn with Zn leading to hole doping. As a result, o increases while
S decreases.

To look insight of the electrical transport properties, Hall Effect measurement were

performed on Pellet B, D and E at 300 K to determine the carrier concentrations and carrier
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mobilities. The values of g, n and u at room temperature of Pellet B, D and E are shown in

Table 2.6.
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Figure 2.19. (a) Electrical conductivity a, (b) Seebeck coefficient S, (c) power factor PF, (d)

ZT with error bars of Pellets A-F. Filled black triangles, filled black circles, filled pink circles,
filled blue circles, filled brown circles, and filled gray circles represent Pellet A-F, respectively.
The open circle represents the data of undoped non-nanostructured monoclinic CTS taken from
Ref.7. It should be noted that we measured S and ¢ in both heating and cooling cycles and
found that the values coincide in both cycles. Therefore, the values only in the heating cycle

are shown here.

Table 2.6. o, n and u (at 300K) of Pellet B, Pellet D and Pellet E.

c n H
(S'em™) (cm™) (em?-V~1g71)
Pellet B (x=0) 34 6.90x10" 0.31
Pellet D (x=0.1) 453 1.96x10%! 0.14
Pellet E (x=0.15) 364.8 2.07x102! 1.10
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Figure 2.20. DOS of undoped (red curve) and Zn-doped CTS (x = 0.0625).

It can be seen that in Table 2.6, the carrier concentration increased from 6.90x10'° cm™ to
2.07x10%' cm™ with Zn contents increased from 0 (Pellet B) to 0.15 (Pellet E), confirming that
Zn doping can increase the carrier concentration of CTS material.

Interestingly, a sharp increase in o is clearly observed when x is increased from 0.1 (Pellet D)
to 0.15 (Pellet E) as shown in Figure 2.19 (b). This suggests that the electronic transport
properties of Zn-doped CTS are influenced not only by the Zn concentration but also by the
crystalline structure. As discussed earlier, Pellet E and F have a phase pure ZB crystal structure,
while Pellets B-D contain small amounts of residual WZ phase [Figure 2.12 (b)]. In general,
the ZB compound is expected to have smaller effective masses, higher carrier mobility, and
higher doping efficiency than its WZ counterpart, because of its highly symmetric cubic
structure.?! Therefore, the presence of the WZ phase in the pellet might create an adverse effect
on o. To confirm this hypothesis, the values ¢ of Pellets A (ZB CTS without the WZ phase)
and B (ZB CTS with the WZ phase) were compared. As shown in Figure 2.19 (b), Pellet A
showed a metallic behavior with higher o, while Pellet B exhibited a semiconductor behavior
with significantly low o. This result clearly validates the hypothesis.

Unfortunately, it is unclear which is the main contributing factor for lowering of o, the
existence of interfaces between ZB (high ) and WZ (low ¢) phases or the existence of the WZ

phase (low o) itself, because it was difficult to fabricate a pellet which has a phase-pure WZ
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structure. As shown in Figure 2.19 (d), the ZT values monotonically increase with temperature
in all pellets and the highest ZT value of 0.37 at 670 K is achieved in both Pellets C
(Cu2Sno.95Zn0.05S3) and E (Cuz2Sno.s5Zno.15S3). In the case of non-nanostructured Cuz2Sni-+Zn.Ss,
the highest ZT value is reported to be 0.58 in the x = 0.10 sample at 723 K.” In this study, we
set an upper temperature limit of 670 K for the thermoelectric property measurements to ensure
that the pellets will not be chemically altered. Thus, if we compare the Z7 values of Pellet C or
E and non-nanostructured CuzSni~Zn:S3 (x = 0.10) at the same temperature, they are

comparable.

2.5 Conclusions

In conclusion, the CTS system exhibits modest thermoelectric properties at relatively low
temperature range. In theory, introducing nanograins into a CTS-based TE material in a
controlled manner enables us to enhance its Z7 value in comparison to the non-nanostructured
counterpart by reducing lattice while maintaining PF. In addition, further enhancement of the
ZT value can be achieved through doping of another element such as Zn in these materials. In
this study, both strategies are employed to improve the Z7 value. In particular, the chemically
synthesized CuzSni1-+ZnxS3 (x =0 ~ 0.2) NPs were pelletized by a pulse electric current sintering
method. The highest ZT value of 0.37 at 670 K is achieved in both Cu2Sno.95Zno.05S3 and
Cu2Sno.85Zno.15S3 nanostructured materials. However, this value was comparable to the ZT
value at the same temperature of the Cu2Sno.0Zno.1S3 nonnanostructured material’ presumably
because the advantages and disadvantages of nanostructuring are balanced out in this case.
Based on this, the further improvement of the ZT value by optimizing the size and shape of the
NPs, blending two or more different types of NPs [e.g., ZB phase Zn-doped CTS and mixed-
phase (ZB + WZ) Zn-doped CTS] for making a bulk material, and controlling mesoscale

structures by tuning sintering conditions can be the future work.
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Chapter 3: Structure-Property Relations in
Thermoelectric Nanobulk Materials Fabricated from

Cu,SnS; Nanoparticles

3.1 Introduction

With the global trend of development of copper sulfide-based sustainable thermoelectric (TE)
materials,'"'? researchers have revived interest in Cu2SnS3 (CTS), which had been well known

as a solar cell material'!!1>

along with the earth-abundant nature and low toxicity of their
constituent elements. Moreover, CTS system exhibits modest TE properties at relatively low
temperature range (< 200°C).'® The low ZT (< 0.1) value of bulk CTS encourages researchers
to devote to improve the TE properties of Cu2SnSs3 based materials. For example, Zhao et al.
reported a ZT of ~0.75 has been achieved in the Fe doped sample Cu2Sno.ssFeo.15S3 at 723 K.!7
Xu et al. reported a relatively high ZT up to 0.56 in the Cu2Sno.oNio.1S3 sample at 723 K.!®
Zhang et al. investigated the Mn doped CTS , a high ZT' ~0.68 at 723 K was obtained."”

The challenges associated with increasing the overall ZT value can be observed in the figure
of merit equation where ¢ must be maintained while x is suppressed. Doping have been proved
to be an effective method to improve the electrical conductivity. Multi-scale structuring has
been regarded as one of the promising approaches to enhance the ZT value of a TE material,
due to x can be dramatically reduced through enhanced phonon scattering at grain boundaries
because of the longer mean free path of phonons than that of mean grain size.?°

With this in mind, in the previous chapter, we chemically synthesized uniform hole-doped
CTS (Cuz2Sni-»Zn«S3) NPs and fabricated sustainable thermoelectric materials by sintering the
NPs into dense bulk materials by PECS. Then, the structure and composition-property

relationships in the CuSni+ZniS3 TE materials were analyzed. It was found that

nanostructuring and Zn doping effect strategies could be successfully introduced to improve
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the ZT values of CTS based materials. Furthermore, it is necessary to investigate the impact of
grain size of CTS material on the final TE performance. Moreover, the impacts of grain size
on TE properties of CTS have not been studied before, which encourage us to look insight in
the relationship between structure and property of CTS material. This fundamental
investigation will support the future application of this material.

In this chapter, three different sizes of CTS particles were synthesized by chemical methods
as building blocks to form a bulk material controlling the nanoscale structure. Nanoscale and/or
mesoscale structures could be controlled by changing the sintering conditions and the size and
shape of particles that act as building blocks. The mean crystalline sizes of particles were varied
from ~20 nm to ~60 nm without changes of crystal structure of material. Thereafter, the
resulting particles were further pelletized into a nanobulk material by a pulse electric current
sintering method. Finally, TE properties of the pelletized materials will be discussed in terms
of composition and structure.

Many people supported the work in this chapter. I must say thanks to them. Firstly, Ms.
Naoko Fujimoto of AIST supported the work for operating the ZEM-3 and LFA457 and Mr.
Atsushi Yamamoto of AIST for supporting these measurements. Mr. Takida Hiroshi and Mr.
Akatsuka Takeo in Nippon Shokubai Co., Ltd. also supported the work of pelletization. The
author also thank Mr. Koichi Higashimine of JAIST for helping with STEM-HAADF

measurements.

3.2 Experiments

3.2.1 Materials

The chemicals have been used for the fabrication of Cu-Sn-S NPs are shown in Table 3.1.

All the chemicals were used without further purification.
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Table 3.1. List of the chemicals, their chemical formula or abbreviation, and purity %.

Chemicals Chemical Formula / Abbreviation Purity %
Copper (II) nitrate hydrate Cu(NOs3)2 - xH20 99.999

Copper (II) chloride CuClz 99.9
Copper (I) chloride CuCl 99.0
Tin (II) acetate Sn(CH3CO2)2/ Sn(OAc):2 99.0
Tetraethylene glycol HO(CH2CH20):CH2CH20H / TEG 99.0
1-Dodecanethiol CH3(CH2)uiSH/ DDT >08
Oleylamine CisH3sNH2/ OAM 70.0
1-Octadecene CH3(CH2)1sCH=CH2/ ODE 90.0
Thiourea SC(NH2)2/ TU 99.0
Hexane CH3(CH2)+CH3 96.0
Methanol CH3OH 99.8
Ethanol C:HsOH 99.5
Toluene CeHsCH3 99.0

3.2.2 Synthesis of Small Size of Cu-Sn-S Nanoparticles

One pot chemical method was used to fabricate small size of NPs in this study. Compared to
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the synthesis scheme in section 2.2.2. The solvent Oleylamine (OAM) was replaced by
tetracthylene glycol (TEG). Briefly, 4 mmol of copper(Il) nitrate hydrate [Cu(NO3)2], 2 mmol
of tin(Il) acetate [Sn(OAc)z], 100 mL of TEG and 80 mL of 1-dodecanthiol (DDT) were put
into a 500-mL three-necked flask equipped with a dry Ar inlet/outlet, trap sphere, condenser,
heating mantle, thermometer, and magnetic stirrer. First, the reaction mixture was stirred with
Ar bubbling at room temperature for 5 min. Then the temperature was increased to 100 °C and
kept for 10 min with Ar bubbling to remove volatile matter. Subsequently, the reaction
temperature was further raised to 260 °C and kept for 1 h. After the reaction, the NPs were
separated from the reaction mixture by centrifugation at 5000 rpm for 3 min. Then, the NPs

were washed twice by repeating the following purification cycle: redispersion in hexane,



addition of ethanol, centrifugation, and supernatant removal. Finally, the NPs were dried in
vacuum. The obtained NPs were used for subsequent characterization. The reaction scheme is

shown in Figure 3.1.

CU(NO3)2 . XHQO
Sn(OAc),
DDT

TEG

/Ar I/Ar

R.T, 5min 100 °C,10mim 260 °C, 1h

Figure 3.1. Synthetic scheme of small size Cu-Sn-S NPs system.

The input amount of chemicals are shown in the Table 3.2. In this study, the resulting NPs

will be referred as Sample S, hereafter.

Table 3.2. Input amount of chemicals for the small size of Cu-Sn-S NPs system.

Sample Cu(NO3)2'xH20 Sn(OAc): DDT TEG
P (mmol) (mmol) (mL) (mL)
Sample S 4 2 80 100

3.2.3 Synthesis of Middle Size of Cu-Sn-S Nanoparticles

Hot injection method was introduced to tune the size of NPs. The reaction scheme is shown
in Figure 3.2. Briefly, 0.4 mmol of copper chloride (CuCl2), 0.2 mmol of tin(II) acetate
[Sn(OAc)2], 6 mL of 1-octadecene (ODE) were put into a 50-mL three-necked flask equipped
with a dry Ar inlet/outlet, trap sphere, condenser, heating mantle, thermometer, and magnetic
stirrer. First, the reaction mixture was stirred with Ar bubbling at room temperature for 5 min.

Then the temperature was increased to 100 °C and kept for 30 min with Ar bubbling to remove
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volatile matter. Subsequently, 3 mL of 1-dodecanthiol (DDT) were rapidly injected into the hot
solution and the reaction temperature was further raised to 260 °C and kept for 1 h. After the
reaction, the NPs were separated from the reaction mixture by centrifugation at 5000 rpm for
3 min. Then, the NPs were washed twice by repeating the following purification cycle:
redispersion in hexane, centrifugation, and supernatant removal. Finally, the NPs were dried in

vacuum. The obtained NPs were used for subsequent characterization.

R.T, 5min 100 °C,30mim 260 °C, 1h

Figure 3.2. Synthetic scheme of middle size Cu-Sn-S NPs system.

The input amount of chemicals are shown in the Table 3.3. In this study, the obtained NPs

will be referred as Sample M, hereafter.

Table 3.3. Input amount of chemicals for the middle size of Cu-Sn-S NPs system.

Samole CuCl, Sn(OAc): DDT ODE
P (mmol) (mmol) (mL) (mL)
Sample M 0.4 0.2 3 6

3.2.4 Synthesis of Large Size of Cu-Sn-S Particles
Hot injection method was also chosen for tuning the size of particles in this research as

shown in Figure 3.3. Briefly, 0.4 mmol of copper chloride (CuCl), 0.2 mmol of tin(Il) acetate

75



[Sn(OAc):2], 6 mL of 1-octadecene (ODE) were put into a 50-mL three-necked flask equipped
with a dry Ar inlet/outlet, trap sphere, condenser, heating mantle, thermometer, and magnetic
stirrer. First, the reaction mixture was stirred with Ar bubbling at room temperature for 5 min.
Then the temperature was increased to 100 °C and kept for 30 min with Ar bubbling to remove
volatile matter. Subsequently, 3 mL of 1-dodecanthiol (DDT) were rapidly injected into the hot
solution and the reaction temperature was further raised to 260 °C and kept for 5 h. After the
reaction, the particles were separated from the reaction mixture by centrifugation at 5000 rpm
for 3 min. Then, the particles were washed twice by repeating the following purification cycle:
redispersion in hexane, centrifugation, and supernatant removal. Finally, the particles were

dried in vacuum. The obtained particles were used for subsequent characterization.

DDT
1 /Ar / Ar
Al T
R.T, 5min 100 °C,30mim 260 °C, 5h

Figure 3.3. Synthetic scheme of large size Cu-Sn-S particles system.

The input amount of chemicals are shown in the Table 3.4. In this study, the obtained particles

will be referred as Sample UL, hereafter.

Table 3.4. Input amount of chemicals for the large size of Cu-Sn-S NPs system.

Sample CuCl Sn(OAc): DDT ODE
P (mmol) (mmol) (mL) (mL)
Sample UL 0.4 0.2 3 6
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3.2.5 Ligand Exchange and Pelletization

The ligand exchange and palletization process for these three kinds’ sizes of particles are the
same as section 2.2.4 and section 2.2.5. After ligand exchange, the TU-capped Sample S,
Sample M and Sample UL were then pelletized into solid disks. The diameters and thicknesses
for these three pellets are around 10 mm and 2-3 mm, respectively. The sintering conditions of
PECS machine for Sample M and Sample UL are: temperature: 450 °C, pressure: 30 MPa, and
sintering time: 5 min. However, the sintering temperature decreased to 400 °C without
changing other conditions for Sample S.

Pellets composed of Sample S, Sample M and Sample UL will be referred as Pellet S, Pellet

M and Pellet UL respectively, hereafter.

3.3 Characterization Techniques

3.3.1 Structural Characterization

As-synthesized Sample S, Sample M and Sample UL were characterized by transmission
electron microscopy (TEM, Hitachi H-7650), X-ray diffraction (XRD, Rigaku MiniFlex600
with Cu Ka) and scanning electron microscopy with energy dispersive spectroscopy (SEM-
EDS, Miniscope TM3030Plus). Pellet S, Pellet M and Pellet UL were characterized by XRD,
SEM-EDS and a scanning TEM (STEM) equipped with a high-angle annular dark-field
(HAADF) detector and energy dispersive X-ray spectroscopy (EDS) elemental mapping.
STEM-HAADF imaging and EDS elemental mapping were performed on a JEOL JEM-
ARM200F microscope operated at 200 kV with a spherical aberration corrector and a nominal
resolution of 0.8 A°. The specimens for the cross-sectional STEM analyses were prepared by

a focused-ion beam (FIB) method.

3.3.2 Thermoelectric Properties Measurements
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The pellets used for the measurements are solid disks with diameter of 10 mm and
thickness of 2-3 mm whose surfaces were coated by graphite spray. First, x was measured for
the pellet in the cross-plane direction by laser flash analysis (Netzsch LFA457). In this method,
x (W-m™"K™") was calculated as x = decD where d (kg'm?), ¢ (J-kg!-K'!) and D (m?-s™") are
density, specific heat and thermal diffusivity of the pellet, respectively. The densities of pellets
were determined using a gas pycnometer (Shimadzu AccuPyc 11 1340).

After thermal conductivity measurement, the solid disks were cut to bars approximately 2
mm x 2 mm X 8 mm. Then § and ¢ were measured in the inplane direction by ZEM-3 (ULVAC-
Riko, Japan). Carrier thermal conductivity (kcar) was calculated by Wiedemann-Franz’s law xcar
= LoT, where L denotes the Lorenz number (2.44x107% W-Q-K™2). Then xiat was calculated as
Klat = K — Kear. PF and ZT value were calculated as PF = 6S* and ZT = 65?T/x, respectively. The
relative uncertainty of x was estimated to be smaller than 8% based on the uncertainties of d, ¢
and D. The relative uncertainty of S and ¢ were estimated to be 5%. The ZT values were
calculated with those uncertainties in mind.

3.3.3 Hall Measurement

After the thermoelectric measurements, all the three pellets were polished to thin blocks
approximately 4 mm x 2 mm x 0.5 mm by using sand paper. The electrodes were bonded to
the rectangular in-plane specimen using gold paste. Then hall measurement performed. The
Hall voltage Vu was measured at 300 K using a physical properties measurement system
(PPMS; Quantum Design) by applying a magnetic field of £5 T with an AC current. The AC
current applied for these three samples were 1mA, 10mA and 10mA, respectively.

The Hall coefficient Ru was calculated as Ru = Vud/BI, where Vu, d, B and [ are the Hall
voltage, the thickness of specimen, external magnetic field and current, respectively. Assuming
single carrier transport, carrier concentration » and Hall mobility 4 were calculated as n =

1/|Rule and x4 = Ruo, where e is elementary charge.
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3.4 Results and Discussion

3.4.1 Morphology and Crystal Structure

Figure 3.4 shows the TEM images of as synthesized Sample S, Sample M and Sample UL
nanoparticles. Samples S, M nanoparticles are uniform in size with a hexagonal pencil-like
morphology (some nanoparticles are standing up and others are lying down on the TEM grid).
The average length and width of Sample S were calculated to be 17 + 1.5 nm and 11 + 2 nm,
respectively. The average length and width of Sample M were also calculated to be 28 = 4 nm
and 19 £ 2 nm, respectively. It is clearly to see that the average length and width of Sample UL
are larger than 100 nm, but the size and shape of particles are uniform. The relationship between
sizes and samples as shown in Figure 3.4 (d). These results indicated that we successfully
obtained different size of particles.

The reasons why we could obtain different sizes of particles is due to the advantage of
chemical method. As we mentioned before, compared to the synthesis reaction of Sample B in
section 2.2.2, the solvent of OAM was changed to TEG for synthesizing Sample S. It is well
known that the TEG has strong reducing property. In the reaction of Sample S, the strong
reducing environment in the solution could lead to the rapid nucleation rate followed by slow
growth of particles. Moreover, the incompatibility between TEG and DDT could result in the
nucleation occurred near the interface under vigorous stirring. As a result, smaller NPs could
be obtained by changing OAM to TEG.

However, it is difficult to tune the size and phase by using one pot chemical method at the
same time. Hot injection method is usually preferred for nanoparticle synthesis due to its
greater controlling over size, composition and phase.?? Kept this in mind, this method was
proceed to tune the size of NPs. To synthesize CTS compound by using this method, copper
and tin source were mixed into ODE solvent at the beginning and sulfur source (DDT) was

injected at certain time and temperature (100 °C). The reaction mechanism has been studied in
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depth by many researchers.?3>* In this reaction, the first step involved the nucleation of CuxS
nanoparticles, followed by the diffusion of Sn*" into Cu.S nanoparticles to form CTS
nanoparticles. The reactivity of metal precursor has influence on the formation of CTS particles.
In the reaction of Sample M, CuClz used as copper precursor, Cu?* is readily reduced to Cu*
by DDT due to its low reduction potential of +0.159 V.2>27 DDT easily chelates Cu* to form
stable Cu*-DDT complexes, while Sn?* can be slowly oxidized to Sn** by Cu?* ion. Thus, the
nucleation rate of CuxS is slower than the reaction of Sample UL that use CuCl as copper source,
while the diffusion rate of Sn*" is faster. It has been studied that the diffusion of Sn** into Cu.S
seeds that also results in the growth of Cu.S/CTS nanoparticles.?® Meanwhile, longer reaction

time (5h) was proceed in the synthesis of Sample UL that resulted in larger CTS particles.

.?ﬁ&“o ':él

"’c’ '

i -} 'f’.
B

Sample UL

Sample S

Figure 3.4. TEM images of (a) Sample S, (b) Sample M, (c) Sample UL particles, (d) The plot
of lengths (closed circle) and widths (open circle) of particles. The purple color, orange color
and dark blue color represent Sample S, Sample M and Sample UL, respectively.

The crystal structures of Samples S, Sample M, Sample UL, Pellet S, Pellet M and Pellet UL

were also characterized and have been shown in Figure 3.5 (a) and (b). As shown in Figure 3.5
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(a), it is obvious to see that the primary crystal phase of Samples S, Sample M and Sample UL
are mixture phase of ZB and WZ phase (the reference XRD patterns of WZ and ZB CTS were
taken from Ref.29. The primary crystal phase of Pellet UL is ZB with residue WZ phase while
the primary phase of Pellet S and Pellet M have nearly pure ZB phase as shown in Figure 3.5
(b). Specifically, the phase transition from WZ to ZB is clearly seen for Pellet S and M. The
reason why only Pellet S and M could obtain a phase-pure ZB structure is possibly due to the
high surface energy of small size of NPs acts as building blocks in Pellet S and M. It is well
known that WZ is metastable phase, while ZB structure has high symmetry which is more
stable. Pellet S and Pellet M has high possibly tune to ZB structure under the sintering
conditions with high sintering temperature and pressure.

The mean crystalline sizes (Dxrd) of Samples S, Sample M, Sample UL, Pellet S, Pellet M and
Pellet UL were estimated using Scherrer’s equation as shown in Table 3.5 for the first three
intense diffraction peaks. As a result, the most intense diffraction peak of the primary phase
were chosen for comparison. The values of Dxrd of Sample S, Sample M and Sample UL were
determined to be 8.2, 18.1 and 37.7 nm, respectively. On the other hand, the values of Dxqd for
Pellet S, Pellet M and Pellet UL were calculated to be 28.6, 39.3 and 47.2 nm, respectively.
These results indicating that the mean crystalline sizes increased in all the Pellets.

The reason why the mean crystalline sizes increased a lot in Pellet S and Pellet M is due to
the bigger specific surface area and higher surface energy of small NPs that act as build block
lead to them easily aggregated to each other. When look backward the sintering conditions, it
was found that the sintering conditions for Sample S and M were the same except the sintering
temperature is lower than Sample UL. Even though the lower sintering temperatures (400 °C)
were used for Sample S and Sample M, the mean crystalline size still increased around 20 nm
in Pellet S and Pellet M; it suggested that the current sintering condition could not maintain the

mean crystalline size for Sample S and Sample M. It means that the current sintering conditions
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are not the optimized. In order to maintain mean crystalline sizes after sintering for Pellet S

and Pellet M, it is better to decrease the sintering temperature or/and reduce the sintering time.
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Figure 3.5. XRD patterns of (a) Samples S, Sample M and Sample UL and (b) Pellet S, Pellet
M and Pellet UL. The reference XRD patterns of WZ and ZB CTS are also shown for
comparison.?’

Table 3.5. Summary of mean crystalline size (nm) of Particles and Pellets.

Sample Peak 1 Peak 2 Peak 3

p (20=~269°) (20=~284"  (20=~30.5"

Samle S NPs 13.4 8.2 92

P Pellet N/A 28.6 N/A

NPs 19.7 18.1 14.0

le M

Sample Pellet N/A 39.3 N/A

Particles 58.1 37.7 40.1

Sample UL Pellet 66.4 472 50.6

The densities of Pellets were determined to be 4.35, 4.47 and 4.62 g/cm?, respectively, using
a gas pycnometer (Shimadzu AccuPyc II 1340). Because the density of monocrystalline ZB
CTS is 4.73 g/cm?, the relative densities of all the Pellets were calculated to be 92 ~ 97%. The
results are shown in the Table 3.6 indicating that we obtained high-density pellets.
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Table 3.6. The Density and Relative density of Pellet S, Pellet M and Pellet UL.

Sample Density (g/cm?) Relative Density (%)
Sample S 4.35 92

Sample M 4.47 94

Sample UL 4.62 97

3.4.2 STEM-HAADF and Compositional Analysis of Pellets

In order to check the homogeneity, all the pellets were choose for cross-sectional STEM-
HAADF and EDS elemental mapping measurement. The images are shown in Figure 3.6. The
contrast of the STEM-HAADF image is relatively uniform in all cases even though some dark
areas were observed, which suggested the formation of homogeneous pellets was successful.
The EDS elemental mapping images also confirm that the pellets are compositionally uniform.
However, it is obvious to see that some big dark areas observed in the Figure 3.6 (a) due to the
porosity generated in Pellet S during the sintering that might affect the electronic transport. The
porosity in the pellets need to be further reduced by fine-tuning of the sintering conditions.
Therefore, it is a big challenge for optimizing the sintering conditions to prevent grain growth

while reducing porosity in pellet.

The compositions of pellets were also measured by using scanning electron microscopy with
energy dispersive spectroscopy (SEM-EDS). The results are shown in Table 3.7. The average
Cu:Sn:S atomic ratios of Pellet S, Pellet M and Pellet UL were determined to be 38:17:45,
37:17:46 and 39:16:45, respectively. Based on the results, the ratios of Sn and Cu for Pellet S,
Pellet M and Pellet UL were determined to be 0.447, 0.459 and 0.410 respectively. Compared
to the theory ratio of Sn to Cu in Cu2SnS3 (0.5), which shown Sn poor in these pellets. The

composition difference might have effect on the final TE properties.
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I_ 50 nm

Figure 3.6. Cross-sectional STEM-HAADF and EDS elemental mapping images of (a-¢)
Pellet S, (f-1) Pellet M, (k-o) Pellet UL. (a, f, k) STEM-HAADF images. (b, g, 1) Cu K edge,
(c, h, m) Sn L edge, (d, i, n) S K edge, (e, j, 0) overlay.

Table 3.7. The measured SEM-EDS compositions of Pellet S, M and UL.

SEM-EDS
Cu (at %) Sn (at%) S (at%)
Pellet S 38 17 45
Pellet M 37 17 46
Pellet UL 39 16 45

3.4.3 Grain Size Effect on Thermal Conductivity

To get better understanding of the relationship between grain size and thermal conductivity,
the thermal conductivities of Pellet S, Pellet M and Pellet UL have been measured. Firstly, the
total thermal conductivities were measured and then the lattice thermal conductivities (xlat)

were calculated as xiat = ¥ — xcar. The carrier thermal conductivity (kcar) was calculated by
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Wiedemann-Franz’s law xcar = LoT where L and ¢ denote the electrical conductivity and the
Lorenz number (2.44x107% W-Q-K™2), respectively. Figure 3.7 shows the total thermal
conductivities x and lattice thermal conductivities xlat of Pellet S, Pellet M and Pellet UL. For
comparison, the data of thermal conductivity and lattice thermal conductivity of non-
nanostructured monoclinic CTS were taken from Ref. 16 as shown in Figure 3.7. It is obvious
to see that all the pellets in this study have lower lattice thermal conductivities than the non-
nanostructured monoclinic CTS. It suggests that the phonon scattering is successfully
facilitated by nanostructuring.

Pellet M and Pellet UL shown higher xiat than Pellet S that is due to their larger grain sizes,
as shown in Table 3.5. The average grain sizes for Pellet S, Pellet M and Pellet UL were
calculated to be 28.6, 39.3 and 47.2 nm, respectively. Meanwhile, the average grain sizes of
Pellet S is less than 30 nm and it has the lowest xiat near to theoretical minimum (0.3
W-m K1) for Cu-Sn-S systems at high temperatures.’® It indicates that when the average
grain size reduced to around 30 nm could strongly enhance phonon scattering at grain
boundaries in CTS material result in low xiat. Moreover, the average grain sizes in Pellet M and
Pellet UL are 39.3 nm and 47.2 nm, respectively. Both of them have larger xit than Pellet S. It
indicates that if the grain size is smaller, the xiat could be suppressed enough by phonon
scattering at grain boundaries. Moreover, the nanograin boundaries exist in these pellets lead
to enhanced phonon scattering result in low lattice thermal conductivities, which are still less

than the non-nanostructured CTS material.

To get better understanding of the thermal transport behaviors, the inset of Figure 3.7 (b),
where kit of Pellet M, Pellet UL and non-nanostructured CTS exhibit the classical 1/T
dependence, which caused by Umklapp scattering. While the characteristic 1/7 dependence of
kit completely disappears in the case of Pellet S supporting the fact that the phonon scattering

is dominated by defect scattering. This might be because the random distribution of vacancies
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plays an important role in suppressing xiat possibly by thoroughly disrupting the normal phonon
transport. The result is consistent with the STEM-HAADF observation of Pellet S.

In total, the grain size has huge effect on the thermal conductivity of CTS material. The lattice
thermal conductivities decrease with grain size decrease, when the grainsize decrease to around

30nm, the lattice thermal conductivities could be strongly suppressed.
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Figure 3.7. (a) Thermal diffusivity x and (b) lattice thermal conductivity xit of Pellet S, Pellet
M and Pellet UL. Filled purple circles, filled orange circles and filled dark blue circles represent
Pellet S, Pellet M and Pellet UL, respectively. The open circle represents the data of non-
nanostructured monoclinic CTS taken from Ref.16. The inset of (b) shows lattice thermal
conductivities of Pellet S, M, UL (filled purple, orange, dark blue circles) and non-
nanostructured CTS (open circles) plotted with respect to the reciprocal of temperature.

3.4.4 Grain Size Effect on Electrical Transport Properties

In order to know well with the relationship between the structure and TE properties. S and o
in both heating and cooling cycles for all the pellets were measured. It was found that the values
coincide in both cycles as shown in Figure 3.8. Therefore, the values only in the heating cycle
for all the pellets are shown in Figure 3.9 for further discussion. The power factor (PF) and ZT

value were calculated as PF = 6S? and ZT = 6S*T/x, respectively.
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Figure 3.8. Seebeck coefficients of (a) Pellet S, (b) Pellet M, (c) Pellet UL. Electrical
conductivities of (d) Pellet S, (e) Pellet M, (f) Pellet UL. Red and blue circles represent data
measured in heating and cooling cycles, respectively.

As seen in Figure 3.9 (a), (b) and (c), the values of ¢, S and PF of Pellet S, Pellet M and Pellet
UL shown size dependence. The sign of S is positive in all cases, confirming p-type carrier
transport in all pellets. With increasing grain size in pellets, a systematic increase in ¢ was
observed [Figure 3.9 (b)], while S decreased in an opposite manner [Figure 3.9 (a)]. In addition,
the values of ¢ for all pellets increase with increasing temperature indicating semiconductor
behaviors. Interestingly, an increase in o is clearly observed when the grain size is increased
from 28.6 nm (Pellet S) to 47.2 nm (Pellet UL) as shown in Figure 3.9 (b). It seems like that

the electronic transport properties of CTS were influenced by grain size. The small grain
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boundaries not only has effect on reduction in the thermal transport but also has influence on

deterioration in electron conduction. However, it is difficult to clarify the exact reason.
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Figure 3.9. (a) Electrical conductivity o, (b) Seebeck coefficient S, (c) power factor PF, (d) ZT
with error bars of Pellet S, Pellet M and Pellet UL. Filled purple circles, filled orange circles
and filled dark blue circles represent Pellet S, Pellet M and Pellet UL, respectively. It should
be noted that we measured S and ¢ in both heating and cooling cycles and found that the values
coincide in both cycles. Therefore, the values only in the heating cycle are shown here.

As discussed earlier, Pellets S and M have nearly phase pure ZB crystal structure, while Pellet
UL contain small amounts of residual WZ phase [Figure 3.5 (b)]. In general, the ZB compound
is expected to have smaller effective masses and higher carrier mobility than its WZ counterpart
because of its highly symmetric cubic structure.'® Therefore, the presence of the WZ phase in
the pellet was expected to create an adverse effect on 0. However, the value ¢ of Pellet UL (ZB
CTS with the WZ phase) is higher than that of Pellet S and M (nearly pure ZB phase). Thus,

the crystal structure effect might not be the main reason to effect the electrical transport in the
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presence of the contradiction. In addition, based on the composition analysis, these three pellets
all shown Sn poor as discussed in section 3.4.2.
To look insight of the electrical transport properties, Hall Effect measurement were performed

on Pellet S, M and UL at room temperature.

Table 3.8. S, o, n and u (at room temperature) of Pellet S, Pellet M and Pellet UL.

S c n yZ,
(uV-K™ (S:em™) (cm™) (em?-V71-s71)
Pellet S 602.9 0.1 1.76x10"° 0.03
Pellet M 499.4 0.3 2.02x10% 0.09
Pellet UL 451.5 0.6 8.27x10"8 0.45
1020
@ Previous work (Pellet B) ()
® Pellet UL
©® Pellet M
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Figure 3.10. The relationship between carrier concentration and Sn/Cu compositional ratio of
pellets. Filled purple circle, filled orange circle and filled dark blue circle represent Pellet S,
Pellet M and Pellet UL, respectively. It should be noted that we took the data of Pellet B (filled
black circle) in chapter 2 for comparison.

The values of S, g, n and u at room temperature of Pellet S, M and UL were shown in Table
3.8. In the case of Pellet UL, the value of # is less than both Pellet S and Pellet M. As we

discussed in section 3.4.2, a higher degree of Sn vacancy was found in Pellet UL compared to
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the other two pellets, which might be the main reason why Pellet UL has the lowest . The plot
of relationship between carrier concentration and the ratio of Sn/Cu is shown in Figure 3.10.
The data of Pellet B in chapter 2 was taken for comparison. It can be seen that the ratio of
Sn/Cu more close to the theory composition 0.5, the carrier concentration is higher. The ratio
of Sn/Cu in Pellet UL is the lowest that lead to a lowest carrier concentration. These results
suggested that the composition has big effect on the carrier concentration. However, Pellet UL
shown the highest value of ¢ at room temperature, which might due to the highest carrier
mobility as shown in Table 3.8.

As discussed earlier, the grain sizes of Pellet S and Pellet M are smaller than Pellet UL, thus
the area of grain interface are expected to be larger, which might have an impact on the carrier
transportation that strongly scatter carriers resulting in low carrier mobility. Moreover, the
density of Pellet UL is higher than that of Pellet S and Pellet M as shown in Table 3.6,
suggesting a lower porosity in Pellet UL, which is one of major sources of electron scattering.
Keep this in mind, the lower porosity and the smaller grain interface can be the reasons of why
the carrier mobility u of Pellet S and Pellet M is lower than that of Pellet UL.

Unfortunately, it is difficult to clarify the main contributing factor for lowering of ¢ among
the grain size effect, the crystal structure difference and the composition difference. Because it
was difficult to precisely control over the grain size, structure and composition in pellet
simultaneously under the current synthesis and sintering conditions. It is also highly possible
that they work together to have a huge impact on the final performance. It was suggested that
further optimization is required in the current synthesis and sintering conditions for all pellets.
For example, increase the input amount of Sn precursor in the chemical synthesis of all pellets,
optimize the sintering conditions of PECS for Pellet S and Pellet M to reduce the porosity and
meanwhile maintain the grain size. Either step poses a huge challenge for future work.

Lastly, we present the calculated values of PF and ZT for all pellets in Figure 3.9(c) and (d).
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The ZT values monotonically increase with temperature in all pellets and the highest Z7 value
of 0.07 at 670 K is achieved in Pellet UL as shown in Figure 3.9 (d). In the case of non-
nanostructured CTS, the ZT value was reported to be 0.04. at 723 K.'¢ In this study, we set an
upper temperature limit of 670 K for the thermoelectric property measurements to ensure that
the pellets will not be chemically altered. Thus, if we compare the ZT values of Pellet UL and

non-nanostructured CTS at the same temperature, our pellet still shows better TE performance.

3.5 Conclusions

In conclusion, different sizes of CTS particles have been synthesized by using hot injection
and one pot chemical method. XRD analysis for the as synthesized samples shows that the
particles exhibit mixture of wurtzite and zincblend phases, proving that the size of CTS
particles can be effectively controlled without changing the crystal structure by chemical
methods. The resulting nanoparticles were pelletized by a PECS method. The sintering
conditions used in this study for pellets preparation allows for the nanograins retained in the
TE materials even though they need further optimization. Moreover, three kinds of grain size
(28.6 nm, 39.3 nm, 47.2 nm) have been controllable fabricated in CTS pellets. Finally, the TE
properties were measured for each sample and the relationship between grain size and TE
performance was investigated. It shown that the lattice thermal conductivity could be
effectively reduced compared to the non-nanostructured CTS material when the grain size in
the pellet low to around 30 nm that resulted in enhanced phonon scattering at grain boundaries.
In addition, it was found that the composition played an important role on the carrier
concentration. Even though the main impact factor on the electrical transport property in these
pellets is still unclear, the results in this study still provide information that how particles and

pellets can be prepared to create TE materials with tunable grain sizes.
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Chapter 4: Enhancement of the Thermoelectric Figure

of Merit in Blended Cu;Sn..Zn,S; Nanobulk Materials

4.1 Introduction

For energy harvesting applications, it has been a major challenge to enhance the ZT value of
thermoelectric materials composed of earth abundant and low-toxic elements. Copper tin
sulfide thermoelectric materials consist of eco-friendly and abundant elements and thus they
have recently attracted much attention.!"!2 For example, Shen et al. have reported that Zn-doped
CTS (Cu2Sno.9Zno.1S3) exhibited ZT = 0.58 at 723K.” Tan et al. have also reported In-doped
CTS (Cu2Sno.oIno.1S3) exhibited ZT'= 0.56 at 773 K.'* Zhao et al. have reported Co-doped CTS
(Cu2Sn0.8C00.2S3) exhibited ZT = 0.85 at 723 K.'* Recently, we also reported that the ZT value
of around 0.4 at 670K was achieved in a Cu2Sni-+Zn.S3 nanostructured material created by
pelletizing chemically synthesized Cu2Sni+ZnxS3 nanoparticles using a pulse electric current
sintering (PECS) method.!> This ZT value is 10 times higher than that of a non-nanostructured
Cu2SnS;s bulk crystal thanks to effective phonon scattering by nanograins and the increase in

hole carrier density by Zn doping.

In previous study, the nanostructuring effect, Zn doping effect and grain size effect have been
systematically investigated, which could support the information for us to further improve the
TE performance of CTS material. Based on the work in chapter 2, it also was found that the
pellet of Cu2Sno.s5Zno.15S3 exhibited metallic behavior with high electrical as well as thermal
conductivities and its ZT value was 0.37 at 670 K, while the pellet of Cu2Sno.oZno.1S3 exhibited
semiconductor behavior with low electrical and thermal conductivities and its Z7 value was
0.33 at 670 K. To enhance the ZT value, it has been reported that composite thermoelectric
materials with nanoinclusions (or nanoprecipitates) are promising because they exhibit

significantly reduced lattice thermal conductivity (xia) while maintaining their electrical
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transport properties. Na doped PbTe-PbS thermoelectric materials succeeded in effectively
reducing xlat, while modifying the electronic structure to enhance thermoelectric power factor,
because the Na-doped PbTe-PbS system is not only nanostructured but also exhibits PbS
nanoprecipitates embedded throughout the PbTe matrix. As a result, 2 mol% Na-doped PbTe-
PbS 12 mol% showed a maximum ZT value of 1.8 at 800 K.'® Shortly afterwards, it was
reported that 2 mol% Na-doped PbTe-SrTe 4 mol% exhibited a maximum ZT value of 2.2 at
915 K.!” Meanwhile, PbS thermoelectric materials with 1.0 mol% Bi>S3 nanoinclusions and
doped with 1.0 mol% PbCl> showed an enhanced ZT value of 1.1 at 923 K.'® The inclusion of
a small amount of the CaSe, SrSe and BaSe nanoprecipitates into a PbSe host material caused
a reduction of xiat without significantly deteriorating the charge transport properties, and thus a
high ZT value of 1.3 (at 923 K) was achieved.!” It is also reported that n-type PbTe1-:l-,MgTe
systems also exhibited a maximum ZT of 1.2 at 700 K.?* There are a number of examples of
successful enhancement of Z7 value through the nanoinclusion approach including a ZnO
nanobulk material with ZnAlLOs nanoprecipitates,”! AgSbi.Sn.Te> with AgTe
nanoprecipitates,?? SiGe with silicide (FeSi2 or Mg2Si) nanoinclusions,?® and Bi2(Te,Se)s with

Cul nanoprecipitates.>*

With this in mind, in this study, we fabricated blended Cu2Sni-x+Zn»S3 nanobulk materials by
sintering a mixture of chemically synthesized Cu2Sno.ssZno.15S3 (high ¢ and high x) and
Cu2Sn0.9Zno.1S3 (low ¢ and low x) nanoparticles into dense bulk materials by PECS technique
to further improve the Z7 value of Cu2Sni+Zn»S3 nanobulk materials using Cu2Sno.85Zno.15S3
as a host material and Cu2Sno.9Zno.1S3 as nanoinclusions. By blending these two heterogeneous
(but nearly identical) nanoparticles in a weight fraction of 9:1 for making a nanobulk material,
the pellet showed Z7 = 0.64 at 670 K, which is 1.7 and 1.9 times higher than the ZT values of

the pristine Cu2Sno.s5Zno.15S3 and Cu2Sno.9Zno.1S3 nanobulk materials, respectively.
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4.2 Experiments

4.2.1 Materials
The chemicals used for the fabrication of Cu2Sni-+Zn.S3 samples is shown in Table 4.1. All

the chemicals have been used as received without further purification.

Table 4.1. List of the chemicals, their chemical formula or abbreviation, and purity %.

Chemicals Chemical Formula / Abbreviation Purity %

Copper (II) nitrate hydrate Cu(NO3)2 - xH20 99.999
Tin (IT) acetate Sn(CH3CO2)2/ Sn(OAc)2 99.0

Zinc acetylacetonate hydrate Zn(CsH702)2 - xH20 / Zn(acac)2 99.995
1-Dodecanethiol CH3(CH2)11SH / DDT >98
Oleylamine CisH3sNH2/ OAM 70.0
Thiourea SC(NH2)2/TU 99.0
Hexane CH3(CH2)4+CH3 96.0
Methanol CH;OH 99.8
Ethanol C>2HsOH 99.5
Toluene Ce¢HsCH3 99.0

4.2.2 Fabrication of CuxSn.9Zn.1Ss3 and CuzSng.ssZno.1583 Nanoparticles

Hole-doped Cu2Sn0.9Zno.1S3 and Cu2Sno.85Zno.15S3 NPs were synthesized in a similar manner

as described in section 2.2 of chapter 2 by varying the input molar ratio of zinc(Il)
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acetylacetonate hydrate [Zn(acac)2] to tin(Il) acetate [Sn(OAc):2] keeping the total amount of
those two precursors constant [Zn(acac): + Sn(OAc)2 = 2 mmol]. The methods of synthesis,
purification and ligand exchange were all the same as previously described in section 2.2.

4.2.3 Preparation of Blended Materials
Three kinds of blended materials were fabricated as described in the following text.

4.2.3.1 Mixing After the Ligand Exchange

The first kind of blended material. (1) After the ligand exchange, TU-capped
Cu2Sno.ssZno.15S3  (hereafter referred to as Znl5-CTS) and TU-capped Cu2Sno.9sZno.1S3
(hereafter referred to as Zn10-CTS) nanoparticles were dispersed in methanol separately. Then,
both nanoparticle dispersions were mixed in such a way that the weight ratio of Zn15-CTS to
Zn10-CTS in blended nanoparticles was 9:1. After centrifugation, the resulting nanoparticles
were dried in vacuum. The blended nanoparticles were then pelletized into a solid disk with a
diameter of 10 mm and a thickness of 2-3 mm using a PECS machine under the following
conditions: atmosphere, vacuum; temperature, 450 °C; pressure, 30 MPa; and sintering time, 5
min. The pellet is referred to as Pellet 9:1 ALE (ALE stands for “after the ligand exchange”).

The general scheme for blending materials after the ligand exchange as shown in Figure 4.1.

Keep in methanol Mix in methanol

Keep in methanol

Zn10-CTS NPs Keep in methanol

Figure 4.1. General synthetic scheme for blended materials after ligand exchange. ( “L.E.”
denote ligand exchange).
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The second kind of blended material. (2) After the ligand exchange, TU-capped Zn15-CTS
and Zn10-CTS nanoparticles were dispersed in methanol separately. Then, both nanoparticle
dispersions were mixed in such a way that the weight ratio of Zn15-CTS to Zn10-CTS in
blended nanoparticles was 5:5. The blended nanoparticles were then pelletized into a solid disk
with a diameter of 10 mm and a thickness of 2-3 mm under the same conditions as above. The

pellet is referred to as Pellet 5:5 ALE.
4.2.3.2 Mixing Before the Ligand Exchange

The third kind of blended material. (2) Before the ligand exchange, DDT/OAM-capped Zn15-
CTS and Zn10-CTS nanoparticles were dispersed in DDT separately. Then, both nanoparticle
dispersions were mixed in such a way that the weight ratio of Zn15-CTS to Zn10-CTS in
blended nanoparticles is 9:1. After mixing, the nanoparticles were washed and subjected to
ligand exchange. The resulting nanoparticles were dried in vacuum. The blended nanoparticles
were then pelletized into a solid disk with a diameter of 10 mm and a thickness of 2-3 mm
using a PECS machine under the same conditions as above. The pellet is referred to as

Pellet 9:1 BLE (BLE stands for “before the ligand exchange” ). The general scheme for

blending materials before the ligand exchange as shown in Figure 4.2.

Zn15-CTS NPs

Mix in DDT

Keep in methanol

Zn10-CTS NPs

Figure 4.2. General synthetic scheme for blended materials before ligand exchange. ( “L.E.”
denote ligand exchange).
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For comparison, we show the data of the pristine Zn15-CTS and Znl0-CTS nanobulk
materials, which are referred to as Pellet 10:0 and Pellet 0:10, respectively. The weight of

Zn15-CTS and Zn10-CTS NPs in the blended materials are shown in the below Table 4.2.

Table 4.2. The weight of Zn15-CTS and Zn10-CTS in blended nanobulk materials.

Sample Zn15-CTS (g) Zn10-CTS (g)
Pellet 10/0 0.850 0
Pellet 9/1 ALE 0.765 0.085
Pellet 5/5 ALE 0.425 0.425
Pellet 9/1 BLE 0.085 0.765
Pellet 0/10 0 0.850

4.2.3.4 Dynamic Light Scattering (DLS) Analysis

Since the blended materials were mixed in liquid, it is necessary to know particle size and size
distribution of particles in methanol and DDT. Here, dynamic light scattering (DLS) is used
for this measurement. We redispersed the dried Zn15-CTS particles in methanol after ligand
exchange and then have its average hydrodynamic particle size measured. In addition, this
measurement was performed for the as synthesized Zn15-CTS NPs before ligand exchange
when they were dispersed in DDT. For comparison, the concentration in both cases are

0.000465mg/mL. These two samples were chosen for DLS measurement as a reference.

Figure 4.3 shows the particle diameter and statistical size distribution of Zn15-CTS particles
dispersed in methanol and DDT. It is clear that the size distribution of dried Zn15-CTS particles
after ligand exchange (capped with TU) redispersed in methanol are not uniform indicating the
existence of particle aggregation. Because of the aggregation, the measured particle size is in
access of 238.2 nm. While in the other one, the size distribution is uniform with a smaller

average hydrodynamic particle size of 151.6 nm. The size difference of particles in methanol
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and DDT might lead to the structure difference of inclusions in blended materials. Scheme 4.1

illustrates the system in a comprehensible way including fabrication processes.

25 25
(a) (b)
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Figure 4.3. Particle diameter of (a) dried Zn15-CTS particles after ligand exchange redispersed

in methanol and (b) as-synthesized Zn15-CTS NPs before ligand exchange dispersed in DDT
by DLS.
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Scheme 4.1. [llustration of five different nanobulk materials in this study including fabrication

methods (“L.E.” and “PECS” denote ligand exchange and pulse electric current sintering,
respectively).
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4.3 Characterization Techniques

4.3.1 Structural Characterization

As-synthesized nanoparticles were characterized by transmission electron microscopy (TEM;
Hitachi H-7650 operated at 100 kV), X-ray diffraction (XRD; Rigaku MiniFlex600 with Cu
Ka), and inductively coupled plasma optical emission spectroscopy (ICP-OES; Shimadzu
ICPS-7000). The pellets were characterized by high resolution TEM (HRTEM; Hitachi H-
9000NAR operated at 300 kV), selected-area electron diffraction (SAED; using HRTEM),
XRD, ICP-OES and a scanning TEM (STEM) equipped with a high-angle annular dark-field
(HAADF) detector and energy-dispersive X-ray spectroscopy (EDS) elemental mapping
(JEOL JEM-ARM200F operated at 200 kV). The specimens for the cross-sectional STEM
analyses and SAED analyses were prepared with a focused-ion beam (FIB) method. The
sample preparation by using this method can refer the section 2.3 in Chapter 2.
4.3.2 Thermal Conductivity Measurement

The samples used for thermal conductivity measurements are solid disks with a diameter of
10 mm and thickness of 2-3 mm whose surfaces were coated by graphite spray. First, x was
measured for the pellet in the cross-plane direction by laser flash analysis (Netzsch LFA457).
In this method, x (W-m™-K™!) was calculated as x = dcD where d (kg'm™), ¢ (J-kg'-K!) and
D (m?-s7") are density, specific heat and thermal diffusivity of the pellet, respectively. The
densities of pellets were determined using a gas pycnometer (Shimadzu AccuPyc I 1340).
Carrier thermal conductivity (xcar) was calculated by Wiedemann-Franz’s law xcar= Lo T, where
L denotes the Lorenz number (2.44x1078 W-Q-K?). Then xi1at was calculated as xlat = k — Kcar.

4.3.3 Electrical Transport Properties Measurements

After thermal conductivity measurement, all the solid disks were cut to bars approximately 2
mm x 2 mm X 8 mm. Then § and o were measured in the inplane direction by ZEM-3 (ULVAC-

Riko, Japan). The relative uncertainty of S and ¢ were estimated to be 5%. The ZT values were
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calculated with those uncertainties in mind. PF and ZT values were calculated as PF = ¢5? and

ZT = 6S*T/x, respectively.

Three small square disks [~2 (width) x ~2 (Iength) x ~0.5 (thickness) mm] were cut out of
the bar-shaped specimen in pellet 9:1 ALE after the measurements of S and ¢. The sample
preparation are shown in Figure 4.4. The normal direction of two disks is parallel to that of the
pellet (inplane specimens). On the contrary, the normal direction of the last disk is
perpendicular to that of the pellet (cross-plane specimen). Then, small gold electrodes are
attached at the four corners of the faces of both in-plane and cross-plane specimens as shown
in Figure 4.4 (c). The electrical resistivity between two adjacent electrodes (p;;) was measured

using ResiTest8400 (Toyo Corp., Japan) based on Montgomery’s method.?

Figure 4.4. Circular disk-shaped pellet 9:1 ALE (410 x 2.4 mm) for the measurement of «.
The region enclosed by white dashed lines is a bar-shaped specimen for the measurements of
S and o cut out of the circular disk-shaped pellet. (b) Three square disks were cut out of the
bar-shaped specimen: (i) in- and (ii) cross-plane specimens for the electrical resistivity
measurement and (iii) a rectangular in-plane specimen for the Hall measurement. Schematic
illustrations of (c) electrical resistivity measurement based on Montgomery’s method?® and (d)
Hall measurement.
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All the three pellets were performed hall measurement. The Hall voltage Vu was measured
between 10 and 300 K using a physical properties measurement system (PPMS; Quantum
Design) by applying a magnetic field of +£5 T with an AC current (60 mA). The electrodes were
bonded to the rectangular in-plane specimen using gold paste. Then, the Hall coefficient Ru
was calculated as Ru = Vud/BI, where d, B and I are the thickness of specimen, external
magnetic field and current, respectively. Assuming single carrier transport, carrier
concentration 7 and Hall mobility 4 were calculated as n = 1/|Rule and u = Ruo, where e is the

elementary charge.

4.4 Results and Discussion

4.4.1 Morphology and Crystal Structure

Figure 4.5 (a) and (b) show the TEM images of as synthesized Zn15-CTS and Zn10-CTS
nanoparticles, respectively. Both nanoparticles are uniform in size with a hexagonal pencil-like
morphology (some nanoparticles are standing up and others are lying down on the TEM grid).
The average length and width of Zn15-CTS nanoparticles are calculated to be 40 + 5 nm and
27 £ 2 nm, respectively. The average length and width of Zn10-CTS nanoparticles are also
calculated to be 40 = 4 nm and 25 + 2 nm, respectively. The Cu:Sn:Zn atomic ratios of as-
synthesized Zn15-CTS and Znl0-CTS nanoparticles were determined to be 63:31:6 and
65:31:4, respectively, by ICP-OES.

Figure 4.5 (c) shows the XRD patterns of the Zn15-CTS/Zn10-CTS blended nanoparticles in
the weight ratio of 0/10, 10/0, 9/1 and 5/5 from bottom to top. These nanoparticle samples are
referred to as Powder 0:10, Powder 10:0, Powder 9:1 and Powder 5:5, respectively. Figure
4.5 (d) shows the XRD patterns of Pellet 0:10, Pellet 10:0, Pellet 9:1 ALE and

Pellet 5:5 ALE from bottom to top. The reference XRD patterns of zinc blende (ZB) and
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wurtzite (WZ) Cu2SnSs (CTS) were taken from Ref.26. As shown in Figure 4.5 (¢), the primary
crystal phase of all nanoparticle samples is WZ with small amounts of ZB phase. As shown in
Figure 4.5 (d), the phase transition from WZ to ZB is clearly seen for all pellets. Specifically,
Pellet 10:0 and Pellet 9:1 ALE have a nearly phase-pure ZB crystal structure, while
Pellet 0:10 and Pellet 5:5 ALE contain small amounts of residual WZ phase. The reason why
only Pellet 10:0 and Pellet 9:1 ALE could obtain a phase-pure ZB structure is possibly
because the phase transition temperature decreased by increasing the Zn impurity concentration.

The mean crystalline sizes (Dxrd) were calculated using Scherrer’s equation based on the most
intense diffraction peak of the primary phase. The values of Dxd for Powder 0:10,
Powder 10:0, Powder 9:1 and Powder 5:5 are 20.0, 19.6, 20.9, 18.8 nm, respectively. Note
that the values of Dxrd agree well with the average width of nanoparticles estimated from TEM
images. The Dxd values of Pellet 0:10, Pellet 10:0, Pellet 9:1 ALE and Pellet 5:5 ALE are
calculated to be 18.2, 24.5, 30.4, 21.4 nm, respectively, indicating that Dxd remains virtually
unchanged during sintering for all pellets. The reason why Dxrd of Powder 0:10 slightly
decreased after the sintering is due to the broadening of the primary peak of the ZB phase
caused by the non-negligible amount of WZ residue.

The Cu:Sn:Zn atomic ratios of Pellet 0:10, Pellet 10:0, Pellet 9:1 ALE and Pellet 5:5 ALE
were determined to be 65:31:4, 68:27:5, 64:30:6 and 65:30:5, respectively, by ICP-OES. The
densities of Pellet 0:10, Pellet 10:0, Pellet 9:1 ALE and Pellet 5:5 ALE were measured to
be 4.56, 4.50, 4.56 and 4.53 g/cm’, respectively. Considering that the density of
monocrystalline ZB CTS is 4.73 g/cm’, the relative densities of all pellets were estimated to be

95%—97%.
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Figure 4.5. TEM images of (a) Zn15-CTS and (b) Zn10-CTS nanoparticles. (c) XRD patterns
of nanoparticle samples (Powder 0:10, Powder 10:0, Powder 9:1 and Powder 5:5 from
bottom to top). (d) XRD patterns of the pellets (Pellet 0:10, Pellet 10:0, Pellet 9:1 ALE and
Pellet 5:5 ALE from bottom to top). The reference XRD patterns (red lines) of zinc blende
(ZB) and wurtzite (WZ) Cu2SnSs (CTS) were taken from Ref.26.

4.4.2 Thermoelectric Properties
We measured S and ¢ in both heating and cooling cycles for all the pellets and found that the
values coincide in both cycles are shown in Figure 4.6 and Figure 4.7. Therefore, the values

only in the heating cycle for all the pellets are shown in Figure 4.8 for further discussion.
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Figure 4.6. Seebeck coefficients of (a) Undoped CTS nanobulk (Ref. 15), (b) Pellet 0:10, (c)
Pellet 10:0, (d) Pellet 5:5 ALE, (e) Pellet 9:1 ALE and (f) Pellet 9:1 BLE. Red and blue
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circles represent data measured in heating and cooling cycles, respectively.

Figure 4.8. Shows the thermoelectric properties of Pellet 0:10, Pellet 10:0, Pellet 9:1 ALE
and Pellet 5:5 ALE. For comparison, the data of undoped nonnanostructured monoclinic
CTS” and undoped CTS nanobulk material'> are also shown. As seen in Figure 4.8 (a), the S
value of Pellet 10:0 is much lower than that of Pellet 0:10. In addition, Pellet 10:0 showed a
metallic behavior with higher o, while Pellet 0:10 exhibited a semiconductor behavior with
significantly low ¢ [Figure 4.8 (b)]. This is mainly due to the presence of the residual WZ phase

in the pellet.!® The values of S of Pellet 9:1 ALE and Pellet 5:5 ALE are approximately the
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same as that of Pellet 0:10 [Figure 4.8 (a)], while the ¢ and power factor (PF = ¢5%) of

Pellet 9:1 ALE and Pellet 5:5 ALE are in between those of Pellet 0:10 and Pellet 10:0

[Figure 4.8 (b) and (e)].
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Figure 4.7. Electrical conductivities of (a) Undoped CTS nanobulk (Ref.15), (b) Pellet 0:10,
(c) Pellet_10:0, (d) Pellet 5:5 ALE, (e) Pellet 9:1 ALE and (f) Pellet 9:1 BLE. Red and blue
circles represent data measured in heating and cooling cycles, respectively.

As seen in Figure 4.8 (c) and (d), Pellet 0:10, Pellet 9:1 ALE and Pellet 5:5 ALE
manifested as low x and xit as undoped CTS nanobulk material, suggesting that the phonon
scattering is successfully facilitated by nanostructuring and dominated by defect scattering. As

a consequence, both blended nanobulk materials (Pellet 9:1 ALE and Pellet 5:5 ALE)
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showed ZT = 0.64 and 0.46 at 670 K, respectively [Figure 4.8 (f)]. Because the ZT values of
the pristine Zn15-CTS and Zn10-CTS nanobulk materials (Pellet 10:0 and Pellet 0:10) were
ZT = 0.37 and 0.33 at 670 K, it is evident that the further enhancement of the ZT value of
Cu2Sni1+ZnxS3 nanobulk materials was successful by blending two heterogeneous (but nearly

identical) Cu2Sni+ZnxS3 nanoparticle.
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Figure 4.8. (a) S, (b) o, (¢) k, (d) xiat, (¢) PF and (f) ZT of Pellet 0:10 (filled blue circles),
Pellet_10:0 (filled brown circles), Pellet 9:1 ALE (filled yellow circles) and Pellet 5:5 ALE
(filled green circles). The open circles represent the data of undoped non-nanostructured
monoclinic CTS taken from Ref.7. Filled black circles represent the data of undoped CTS
nanobulk taken from Ref.15. It should be noted that we measured .S and ¢ both in heating and
cooling cycles and found the values coincide in both cycles. Therefore, the values in only the
heating cycle are shown here.
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The reason why the ZT value of Pellet 9:1 ALE is 1.4 times higher than that of
Pellet 5:5 ALE is that PF of Pellet 9:1 ALE is much higher than that of Pellet 5:5 ALE
despite having almost identical values of xia, as shown in Figure 4.8 (d) and (e). From this
result, it was confirmed that the inclusion of a small amount of Zn10-CTS nanodomains (ca.
10 vol%) into a Znl5-CTS host material caused an effective reduction of xia without
significantly deteriorating the charge transport properties, leading to a high ZT value of 0.64

(at 673 K).

4.4.3 Electrical Resistivity Anisotropy

Because Pellet 9:1 ALE might have a submicron scale heterogeneous structure, we needed
to find out if the pellet is isotropic in terms of charge transport properties, otherwise there might
be a risk of overestimating the ZT value, because x was measured for the pellet in the cross-
plane direction while S and ¢ were measured in the inplane direction. To precisely measure the
electrical resistivity of anisotropic materials, Montgomery’s method® is employed. Briefly,
small electrodes were attached at the four corners of the faces of both in-plane and cross-plane
specimens. Then, the electrical resistivity between two adjacent electrodes (p;;) was measured,

as shown in Figure 4.3 (c).
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Figure 4.9. In-plane (red) and cross-plane (blue) electrical resistivity of Pellet 9:1 ALE.
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The average resistivity of in-plane and cross-plane specimens was measured to be 8.0 + 2.7
and 6.8 £ 2.7 mQ-cm, respectively, as shown in Figure 4.9 confirming that Pellet 9:1 ALE is

isotropic in terms of charge transport properties.

4.4.4 Sea-Island Structure and Property Relation

Pellet 9:1 ALE was fabricated by mixing a methanol dispersion of TU-capped Zn15-CTS
nanoparticles with a methanol dispersion of TU-capped Zn10-CTS nanoparticles in such a way
that the weight ratio of Zn15-CTS to Zn10-CTS in blended nanoparticles is 9:1 followed by
drying and pelletization. Because the colloidal dispersion stability of TU-capped nanoparticles
in methanol is poor, Zn15-CTS and Zn10-CTS nanoparticles could not be fully mixed with
each other at the single particle level. Therefore, it is highly possible that aggregates of Zn10-
CTS nanoparticles exist in the Zn15-CTS host matrix as nanoinclusions forming a sea-island
structure. The structural characteristics of the sea-island structure including the size of islands,
the island-to-island spacing, the shape of islands, etc., would influence on thermoelectric

properties.

To confirm this supposition, we fabricated another pellet (Pellet 9:1 BLE) with the same
mixing ratio. Pellet 9:1 BLE was fabricated by mixing a DDT dispersion of DDT/OAM-
capped Zn15-CTS nanoparticles with a DDT dispersion of DDT/OAM-capped Zn10-CTS
nanoparticles in such a way that the weight ratio of Zn15-CTS to Zn10-CTS in blended
nanoparticles is 9:1 followed by ligand exchange (for more details, see the Experimental
Section 4.2.2). Because it is necessary to remove those insulating ligands (DDT and OAM)
from the surface of nanoparticles before making a pellet, ligand exchange of the nanoparticles
from DDT/OAM to TU was carried out. Then, the resulting TU-capped nanoparticles were
dried and pelletized. The colloidal dispersion stability of DDT/OAM-capped nanoparticles in
DDT is much higher than that of TU-capped nanoparticles in methanol, and thus Zn15-CTS
and Zn10-CTS nanoparticles could be mixed with each other at the single particle level. As a
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result, every single Zn10-CTS nanoparticle would be homogeneously dispersed in the Zn15-

CTS host matrix with different sea-island structural characteristics from Pellet 9:1 ALE.
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Figure 4.10. (a) S, (b) o, (c) x, (d) xut, (¢) PF and (f) ZT of Pellet 9:1 ALE (yellow circles)
and Pellet 9:1 BLE (red circles).

Figure 4.10 Shows the thermoelectric properties of Pellet 9:1 ALE and Pellet 9:1 BLE. As
seen in Figure 4.10 (a), (b) and (e), Pellet 9:1 BLE showed higher S, lower ¢ and lower PF
than Pellet 9:1 ALE, while it manifested as low x and xit as Pellet 9:1 ALE as shown in
Figure 4.10 (c) and (d). As a consequence, Pellet 9:1 BLE showed ZT = 0.33 at 670 K, as
shown in Figure 4.10 (f). The ZT values of Pellet 9:1 ALE, Pellet 9:1 BLE, pristine Zn15-
CTS and Zn10-CTS nanobulk are summarized in Figure 4.11. The Z7 value of Pellet 9:1 BLE
is as low as those of the pristine Zn15-CTS and Zn10-CTS nanobulk materials as shown in
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Figure 4.11. This result strongly suggests that the structural characteristics of the sea-island
structure would significantly influence the TE properties. In this particular case, the island-to-
island spacing is probably too small to effectively enhance the ZT value by reducing xiat without

significantly deteriorating the PF value.
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Figure 4.11. ZT of Pellet 0:10 (blue circles), Pellet 10:0 (brown circles), Pellet 9:1 ALE
(yellow circles) and Pellet 9:1 BLE (red circles).

Figure 4.12. Cross-sectional HAADF-STEM and EDS elemental mapping images of (a-f)
Pellet 9:1 ALE and (g-1) Pellet 9:1 BLE. (a, gf HAADF-STEM images; (b, h) Cu K line; (c,
1) Sn L line; (d, j) Zn K line; (e, k) S K line; and (f, 1) overlay.

To confirm the sea-island structures are different from each other between Pellet 9:1 ALE

and Pellet 9:1 BLE, cross sectional HAADF-STEM imaging and EDS elemental mapping
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were carried out. The cross-sectional HAADF-STEM and EDS elemental mapping images of
Pellet 9:1 ALE and Pellet 9:1 BLE are shown in Figure 4.12. The contrast of the STEM-
HAADF image is relatively uniform in both cases even though some dark areas were observed
suggesting the successful formation of homogeneous pellets. The EDS elemental mapping
images also confirm that the pellets are compositionally uniform. However, because the
difference in composition between Znl15-CTS and Zn10-CTS domains is quite small, it was
extremely difficult to visualize Zn10-CTS nanoinclusions in the Zn15-CTS host matrix by
those techniques.
4.4.5 SAED Analyses

To reveal differences in the sea-island structure between Pellet 9:1 ALE and
Pellet 9:1 BLE, the SAED analyses using HRTEM were performed for both pellets. Figure
4.13 (a) shows a cross-sectional TEM image of Pellet 9:1 ALE. SAED patterns were obtained
from five randomly selected regions within the pellet, as indicated by the number in Figure
4.13 (a), with two different aperture sizes (770 and 280 nm). Figure 4.13 (b) and (c) show
SAED patterns obtained from region 1 in Figure 4.13 (a), with aperture sizes of 770 and 280
nm, respectively. SAED peak intensity profiles along the Debye-Scherrer rings indexed to the
ZB(111) [as well as WZ(002)] (green circles) and WZ(103) (red circles) planes [Figure 4.13
(d)] after the background subtraction [Figure 4.13 (e)] are shown in Figure 4.13 (f) and (g).
SAED peak intensities were summed for each profile, excluding the beams’ stop region, and
denoted as Izp(111)and Iwz(103), respectively. The ratios of Iwz(03) to Izs111) were calculated with
aperture sizes of 770 and 280 nm from five randomly selected regions within Pellet 9:1 ALE.
The same analyses were also carried out for Pellet 9:1 BLE. As clearly seen in Figure 4.13
(h), in the case of Pellet 9:1 ALE, Iwz(103)/IzB(111) calculated with an aperture size of 770 nm
are approximately constant for all the regions, while there is considerable variation in the values

of Iwzq03)/Izs11) calculated with an aperture size of 280 nm between regions. In the case of
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Pellet 9:1 BLE, conversely, the values of Iwzo03)/Izsa11y are virtually constant for all the

regions regardless of aperture size [Figure 4.13 (h)].
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Figure 4.13. (a) Cross-sectional TEM image of Pellet 9:1 ALE. SAED patterns were obtained
from five randomly selected regions within the pellet as indicated by the numbers. (b, ¢) SAED
patterns obtained from region 1 in panel a with aperture sizes of (b) 770 and (c) 280 nm. (d)
The Debye-Scherer rings indexed to the ZB(111) and WZ(103) planes are indicated by green
and red dashed circles, respectively, using the same SAED pattern as in panel b. (e) Line profile
of the SAED pattern obtained along the purple dashed-dotted line in panel d. (f, g) SAED peak
intensity profiles along (f) green and (g) red circles in panel d after the background subtraction.
(h) Iwzaosy/Izea11y calculated with aperture sizes of (blue) 770 and (pink) 280 nm from five
randomly selected regions within (top) Pellet 9:1 ALE and (bottom) Pellet 9:1 BLE.

These results indicate that Pellet 9:1 ALE has a larger size of islands and larger island-to-
island spacing than Pellet 9:1 BLE. In the case of Pellet 9:1 ALE, the average island size is
probably larger than 200 nm but much smaller than 700 nm. In addition, the average island-to-
island spacing might be larger than 200-300 nm. In the case of Pellet 9:1 BLE, both the
average island size and the average island-to-island spacing are presumably smaller than 200
nm. Therefore, o was significantly reduced, leading to the lower PF and lower ZT values than

for Pellet 9:1 ALE. In other words, it is quite important to precisely control the structural
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characteristics of the sea-island structure (not only the volume fraction of nanoinclusions) for
effective enhancement of the Z7 value. In addition, the difference in sea-island structure may
lead to a hypothesis that can explain the TE properties differences by taking account the
inevitable electron-phonon interaction. Since the Pellet 9:1 BLE has a rather uniform
nanoinclusion distribution, the probability of electron scattering is higher compared to that in
the Pellet 9:1 ALE. When electron is scattered by the nanoinclusions, it is highly possible to
emit a phonon with a certain energy, known as electron-phonon interaction, leading to a lower
electrical and a higher lattice thermal conductivities. However, to clarify the contribution of
electron-phonon interaction on TE properties, more theoretical analysis is required in the future.
In our case, we performed the theoretical analysis of thermal conductivity using the following

equation based on Boltzmann theory:

ko= [0 -0 (- ) g,

Q)

1 K 1 K,?
o(T) = Ko, S(T) = _WK_:)’ Kcar(T) = M_2T<K2 _K_10>

where Kn is the transport coefficient, 6 is the spectrum conductivity, ¢ is the energy, u is the
chemical potential, frp is the Fermi-Dirac distribution function, e is the elementary charge, o is
the electrical conductivity, S is the Seebeck coefficient, and xcar is the carrier thermal

conductivity. According to Sommerfeld expansion, xcar can be approximated as

1

Ko = S?0T = LooT —S%6T  (Er » ksT) )

Kcar (T) =

where EF is the Fermi energy, Lo is the Lorentz number of 2.44x10® V2K, In case of typical
metallic system, the term of S?67 is very small, and thus the second term in Eq. (2) is negligible.
However, for the high power factor materials (such as materials in the present study), the
second term can’t be ignored. Therefore, we calculated xcar of Pellet 9:1 ALE and
Pellet 9:1 BLE based on Eq. (2). As a results, the values of xcar of Pellet 9:1 ALE and
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Pellet 9:1 BLE at 673 K are calculated to be -0.14 and -0.09 WK-'m!, respectively, indicating
that xcar is almost zero for both samples. The negative value of xcar is because the samples in
the present study don’t meet the condition of £r >> ka7 Because Cu2SnixZn«S3 is a degenerate
semiconductor, the value of Lo will not significantly differ from 2.44x10® V2K, Therefore,

the lattice thermal conductivity, xiat, is approximately equal to x for both samples.

The reason why the lattice thermal conductivities (kiat) of Pellet 9:1 ALE and Pellet 9:1 BLE
seem to be significantly different would be mainly due to the measurement error. Therefore,
we added error bars in Figure 4.10 (d). The values of xiat do not differ significantly each other.
Nevertheless, there still remains a slight difference between the values of xiat of
Pellet 9:1 ALE and Pellet 9:1 BLE. This is probably due to the difference in the mean size
on nanoinclusions and the separation distance among them. For example, the larger
nanoinclusions may be able to effectively scatter phonons. However, it is not clear yet how
those structural features influence on xia, and thus such a study remains as part of our future
research directions. Above this, we think the electron-phonon interaction differs in these two

samples is difficult to clarify.

4.4.6 Effective Medium Theory

To further discuss the enhanced thermoelectric properties of blended nanobulk materials
(Pellet 9:1 ALE and Pellet 5:5 ALE), the effective medium theory (EMT) and its generalized
version taking into account percolation theory (GEMT) have been used to estimate the
thermoelectric properties of blended materials where randomly distributed nanoinclusions are
embedded in a host matrix.?’-3® According to EMT, the effective Seebeck coefficient (Sefr) is
given by a mixture rule using the Seebeck coefficients of the host material (Sh) and inclusions

(Si) as
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Kn/Sh — Keg/ Seft o Ki/Si — Kegr/ Sest _
Kn/Sh+ 2 Kee/Sese Ki/Si + 2 Kegr/ Sefe (1)

(1-9)

where @i, kn, ki and xefr respectively denote the volume fraction of inclusions, the thermal
conductivity of the host material (Zn15-CTS), the thermal conductivity of the inclusion phase
(Zn10-CTS) and the effective thermal conductivity. The effective electrical conductivity (cefr)

can be calculated based on GEMT as?°

1/t 1/t 1/t 1/t

(1—0) On  ~ Oeff O T Oeff
Pi 1t g/t

Op Ot

T i 1/t =0 )
A=9d/p. o + 0 (1= 0/
where ¢, ¢, i, and on represent the effective percolation threshold, critical exponent, the
electrical conductivities of the inclusion phase and the host material, respectively. The value
of ¢ determines the effective percolation slope, and the value of ¢ is normally between 1 and 3.
The value of ¢c can vary in a wide range to fit the experimental data. In this study, ¢ and ¢c

were fixed at 1.2 and 0.5, respectively. xetr can also be calculated based on GEMT as*°

1/t 1/t 1/t _ 1/t
Kn Kefr K;

(1—-¢y) i 1 = - *
il il U= 9d/9c K gt (1= 0/ e

In Table 4.3, S, o, x and ZT (at 670 K) of Pellet 0:10, Pellet 10:0, Pellet 9:1 ALE,

Pellet 5:5 ALE, and Pellet 9:1 BLE are summarized.

In Figure 4.14, o, k, S and ZT (at 670 K) are plotted as a function of ¢i together with theoretical
curves obtained by Equations (1)-(3). It is clearly seen that both ¢ and x of blended nanobulk
materials are greatly reduced in comparison with the theoretical prediction, suggesting that the
influence of defect scattering on both carrier and phonon transport properties is significant.

Meanwhile, S of blended nanobulk materials is higher than theoretical prediction. As a
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consequence, the ZT of Pellet 9:1 ALE and Pellet 5:5 ALE is higher than the theoretical
prediction, because they have a suitable sea-island structural characteristic for effective
enhancement of the Z7 value, reducing xiat while maintaining . When one compares ¢ and S
of Pellet 9:1 BLE with those of Pellet 9:1 ALE, o of Pellet 9:1 BLE is lower than that of
Pellet 9:1 ALE, while S of Pellet 9:1 BLE is higher than that of Pellet 9:1 ALE [Figure 4.14
(a) and (c)]. To clarify the underlying physics of this observation, Hall measurements were

carried out as discussed below.

Table 4.3. S, o, x and ZT (at 670 K) of pristine and blended nanobulk materials.

S (LV/K) o (S/em) ¥ (W/m-K) ZT
Pellet 0:10 205.9 455 0.38 0.33
Pellet_10:0 145.0 263.0 1.00 0.37
Pellet 9:1 ALE 2182 95.2 0.45 0.64
Pellet 5:5 ALE 224.5 61.9 0.45 0.46
Pellet 9:1 BLE 259.2 35.5 0.47 0.33
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Figure 4.14. (a) g, (b) x, (c) S and (f) ZT plotted as a function of ¢i (at 670 K). Blue squares
represent the values of Pellet 10:0, Pellet 9:1 ALE, Pellet 5:5 ALE and Pellet 0:10 (from
left to right). Red squares represent the values of Pellet 9:1 BLE. Solid lines correspond to
theoretical curves calculated based on Equations (1)-(3).
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4.4.7 Hall Measurement

Figure 4.15 (a) and (b) show the temperature dependence of carrier concentration # and Hall
mobility u for Pellet 9:1 BLE, Pellet 9:1 ALE and Pellet 5:5 ALE. The values of n for all
pellets are approximately constant between 10 and 300 K, indicating that they are degenerate
semiconductor materials. The values of n for both Pellet 9:1 ALE and Pellet 5:5 ALE are
larger than those of Pellet 9:1 BLE by about 1.4 times. This result is semi-quantitatively
consistent with the difference in S between Pellet 9:1 ALE (or Pellet 5:5 ALE) and
Pellet 9:1 BLE [Figure 4.14 (c)]. As shown in Table 4.4, the values of n at room temperature
of both Pellet _10:0 and Pellet_0:10 are approximately the same (ca. 2x10%! cm™). In the cases
of blended materials, on the other hand, the values of n are less than half of that of pristine

materials as shown in Table 4.4 and Figure 4.15.
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Figure 4.15. (a) Carrier concentration n and (b) Hall mobility x4 as a function of 7. (¢) In u —
In T'plot. Filled and open red circles represent the data of Pellet 9:1 ALE and Pellet 9:1 BLE,
respectively. Green triangle represent the data of Pellet 5:5 ALE.

This result suggests that the interfaces between nanoinclusions and host material might act as
trap sites for carriers. Because Pellet 9:1 BLE has a much larger interface area than
Pellet 9:1 ALE (or Pellet 5:5 ALE), Pellet 9:1 BLE would have a higher density of trap
sites than Pellet 9:1 ALE (or Pellet 5:5 ALE). This could be the reason why the value of n
of Pellet 9:1 BLE is lower than that of Pellet 9:1 ALE (or Pellet 5:5 ALE). Meanwhile, the

u of all pellets decreases with increasing temperature.
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Table 4.4. S, 0, n and u (at r.t.) of pristine and blended nanobulk materials.

S c n yZ,
(uV-K™ (S:em™) (cm™) (em?-V1s71)
Pellet 9:1 ALE 132.7 107.1 1.02x10%! 0.65
Pellet 9:1 BLE 167.0 28.4 7.28x10%° 0.24
Pellet 10:0 79.9 364.8 2.07x10%! 1.10
Pellet 0:10 126.0 453 1.96x10%! 0.14

Figure 4.15 (c¢) shows In 4 — In T curves of Pellet 9:1 BLE, Pellet 9:1 ALE and
Pellet 5:5 ALE. Normally, when the impurity scattering is the domain scattering mechanism,
the material exhibits a temperature dependence of 7% on carrier mobility. As temperature
increasing, the domain scattering mechanism changes from impurity scattering to neutral
scattering, then acoustic phonon scattering. Subsequently, the T dependence transforms from
T%? to T° to T-¥2.31-32 For our materials, we fitted the In 4 — In T curves of Pellet 9:1 ALE,
Pellet 9:1 BLE and Pellet 5:5 ALE using a simple model Inu = rInT + A, with r being the
scattering rate factor and A being an off-set as shown in Figure 1 (¢). In 10K-200K,
Pellet 9:1 ALE, Pellet 5:5 ALE, Pellet 9:1 BLE exhibit 7-%%, 7-003and 7099 dependence
while they show 7-93° 77037 and T03° dependence in 200K-300K. The scatter ratio is 0.04,
0.03 and 0.009 for Pellet 9:1 ALE, Pellet 5:5 ALE, Pellet 9:1 BLE, respectively in 10K-
200K. The scatter ratio is 0.30, 0.37 and 0.39 for Pellet 9:1 ALE, Pellet 5:5 ALE,
Pellet 9:1 BLE, respectively in 200K-300K. Since then, it signify that neutral impurity
scattering is dominant in 10K-200K, while it also indicates that acoustic phonon scattering

probability increases with temperature in 200K-300K.

From the Figure 4.15 (c), it can be concluded that the carrier scattering mechanisms of
Pellet 9:1 BLE, Pellet 9:1 ALE and Pellet 5:5 ALE remain basically the same, while the

values of u of Pellet 9:1 ALE are always larger than those of Pellet 9:1 BLE and
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Pellet 5:5 ALE, because the sea-island structure of Pellet 9:1 ALE is beneficial for
maintaining the high u of the Zn15-CTS host material, even though ¢i of Pellet 9:1 ALE and

Pellet 9:1 BLE are the same.

2.8
@® Undoped CTS nanobulk
24 ® Pellet_10:0
’ ® Pellet_0:10
Pellet_9:1_ALE ‘
—~ 2 [ ePellet 9:1_BLE
'm ® Pellet_5:5_ALE
< 16
> |
o o
1.2 e
5 o
N -
<038
04 P
0 i s s aaaal i i s aaaal i A4 1111
1019 1020 102" 1022

n (cm3)

Figure 4.16. Room-temperature Hall mobility as a function of n. Yellow, red and green circles
represent the values of Pellet 9:1 ALE, Pellet 9:1 BLE and Pellet 5:5 ALE, respectively.
Black, blue and brown circles represent the values of undoped CTS nanobulk (Ref.15),
Pellet 0:10 and Pellet 10:0, respectively.

In order to see whether there is an existence of the modulation doping effect®® 3 for
Pellet 9:1 BLE, Pellet 9:1 ALE and Pellet 5:5 ALE, we plotted x as a function of n as
shown in Figure 4.16. As seen in Figure 4.16, the values of u scatter suggesting that there is a
possibility of the existence of the modulation doping effect in the blended nanobulk materials.

It remains as a future work to clarify whether the modulation doping effect is responsible for
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the larger u of Pellet 9:1 ALE. Through the discussion above, the possible mechanism of
carrier and phonon transport in Pellet 9:1 ALE and Pellet 9:1 BLE in this study could be

described in the following illustration scheme 4.2.
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Scheme 4.2. Illustration of the possible mechanism of carrier and phonon transport in
Pellet 9:1 ALE and Pellet 9:1 BLE.

4.5 Conclusions

The Cu2Sni+Zn:S3 system contains environmentally benign and abundant elements and
exhibits modest thermoelectric properties at a relatively low temperature range. In theory,
introducing nanoinclusions into a Cu2Sni-xZn.S3-based thermoelectric material in a controlled
manner will enable us to enhance its Z7 value in comparison to the homogeneous counterpart
by reducing xiat while maintaining PF. In this study, we chemically synthesized
Cu2Sno.85Zn0.15S3 (Zn15-CTS) and Cu2Sno.9Zno.1S3 (Zn10-CTS) nanoparticles and the resulting
nanoparticles were pelletized by a pulse electric current sintering method. The pristine Zn15-
CTS nanobulk material exhibits high o, high x and Z7=0.37 at 670 K, while the pristine Zn10-
CTS nanobulk exhibits low a, low x and ZT'= 0.33 at 670 K. Surprisingly, the blended Cu2Sni-
xZnxS3 nanobulk obtained by pelletizing a mixture of Zn15-CTS and Zn10-CTS nanoparticles

in a weight fraction of 9:1 mixed after the ligand exchange showed a maximum Z7 value of
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0.64 at 670 K. However, the blended nanobulk obtained by pelletizing a mixture of Zn15-CTS
and Znl10-CTS nanoparticles in a weight fraction of 9:1 mixed before the ligand exchange
showed a ZT = 0.33 at 670 K. This result highlights the importance of nanoscale-architectural
control of thermoelectric materials to further enhance the thermoelectric figure of merit without

using rare and/or toxic elements.
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Chapter 5: Summary and Future Prospects

5.1 Summary

Throughout the experiments and analysis, the settled objectives for this research could be
concluded as achieved. The conclusions and achievements are summarized as follows.

In the introduction, the brief information of thermoelectric technology based on Seebeck
effect for energy conversion has been discussed. The outlook of the relationship between
conversion efficiency and the dimensionless figure of merit Z7 of thermoelectric materials has
been expounded. The topic then changed to the strategies of how to increase the ZT values in
thermoelectric materials revolving around the following parameters: Seebeck coefficient,
electrical conductivity and thermal conductivity. The classical strategies have been listed. After
that, the typical thermoelectric materials for thermoelectric application have also been briefly
introduced.

Based on the development status and existing problems, we put our attentions on the study of
copper tin sulfide as thermoelectric material which contains environmentally friendly,
inexpensive and earth abundant elements. The current research works regarding the
development and strategies used for improving the Z7 value of copper tin sulfide have been
mentioned. Cu2SnS; is a popular material for photoelectric. For thermoelectric researches, it
started from 2016, briefly new. Moreover, the main fabrication process is solid state method.
We are the first who using chemical methods to fabricate Cu2SnS3 nanoparticles as building
block to introduce mesoscale defects into pellets, which helps to reduce the lattice thermal
conductivity. In the meantime, Zn doping was employed to enhance the electrical conductivity
of nanobulk.

Common chemical synthesis methods for nanoparticles synthesis have been generally

introduced along with their mechanisms and impact elements. For the sake of efficiency and
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energy-saving, two chemical methods, (i) one pot chemical method and (ii) hot injection
method, were chosen in our study for synthesis. By using them, all the strategies (nanostructing
and all-scale hierarchical architecturingc, Zn doping) can be combined together easily.
Moreover, the two methods allowed us to control over the size, shape and phase of materials
easily. As a result, Cu-Sn-S TE nanomaterials were fabricated using these synthetic techniques
in this dissertation.

Cu2Sni-«ZnxS3 (x = 0 ~ 0.2) NPs was successfully fabricated by using one pot chemical
method. Ligand exchange was performed to remove the extra surface long chain organics on
the nanoparticles, which might have an impact on electrical transport. Afterwards, pulse
electric current sintering technique was applied to make dense nanobulk materials for
thermoelectric property measurements.

It was found that the CTS system exhibits P-type behavior and modest thermoelectric
properties at a relatively low temperature range. Introducing nanograins into a CTS-based
thermoelectric material successfully enhanced its Z7T value in comparison to the non-
nanostructured counterpart by reducing lattice thermal conductivity while maintaining power
factor. Further enhancement of the Z7 value has been achieved through doping of Zn in these
materials. In addition, the wurtzite crystal structure might has reverse effect on the electron
transport properties. However, it is not clear which has a stronger effect, whether the the
wurtzite structure itself, or the interface between zincblend and wurtzite. As a result, the highest
ZT value of 0.37 at 670 K is achieved in both Cu2Sno.95Zno.osS3 and Cu2Sno.ssZno.15S3
nanostructured materials. However, this value was comparable to the ZT value at the same
temperature of the Cu2Sno.9Zno.1S3 non-nanostructured material.

Keeping the advantages of the nanostructing and exploring the effect of controllable size and
shape of material on the TE properties, the Cu-Sn-S particles with controllable size and shape

were fabricated by using one pot chemical and hot injection method. Eventually, CTS pellets
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with three identical grain sizes (28.6 nm, 39.3 nm, 47.2 nm) have been fabricated under
controllable conditions. However, unintentional grain size growth was found in all pellets. Thus,
the sintering conditions should be further optimized. Nevertheless, the compositional analysis
suggested that all pellets showed Sn poor which suggested that the synthesis condition should
be further optimized.

Finally, the TE properties were measured for each sample and the relationship between grain
sizes and TE performance was investigated. It showed that the thermal conductivity in
nanostructured CTS reduced more efficiently with decreasing grain size compared to that in
the non-nanostructured CTS material, because of the enhanced phonon scattering at grain
boundaries. Surprisingly, a thermal conductivity close to the theoretically predicted lowest
value was measured from nanostructured CTS material with a grain size of ~ 30 nm. In addition,
all the pellets shown high Seebeck coefficient. Even though the main impact elements ( crystal
structure, composition difference and grain size) on the electrical transport property in these
pellets is still unclear, the results in this study still provide considerable insight and valuable
information of how to prepare nano particles and pellets for fabrication of TE materials with
controllable grain size.

Lastly, we opened an avenue for introducing inclusions into host materials by using chemical
method. Further improvement of TE properties in blended Cu2Sni+Zn.S3 has been achieved.
The structures and sizes of nanoinclusions were found to have a strong effect on electrical
transport. In addition, the blended Cu2Sni-+Zn.S3 nanobulk obtained by pelletizing a mixture
of Zn15-CTS and Zn10-CTS nanoparticles in a weight fraction of 9:1, which mixed after the
ligand exchange, showed a maximum Z7 value of 0.64 at 670 K. However, the blended nanobulk
obtained by pelletizing a mixture of Zn15-CTS and Znl10-CTS nanoparticles in a weight
fraction of 9:1 mixed before the ligand exchange only showed a Z7'=0.33 at 670 K. This result

highlights the importance of nanoscale-architectural control of thermoelectric materials to
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further enhance the thermoelectric figure of merit without using rare and/or toxic elements.
The observed behavior can be attributed to electron-phonon interaction that takes place at the
interfaces between grains and inclusions. However, we didn’t find a well developed theory can

support this hypothesis.

5.2 Future Prospects

Based on the conclude work above in chapter 2, Cu2Sni«Zn:S3 (x = 0 ~ 0.2) NPs were
successfully fabricated by chemical method. During the research, it was found that it will be
very interesting to investigate the TE properties of pure ZB phase Zn doped CTS. The further
improvement of the ZT value might be achieved by blending two or more different types of
NPs [e.g., ZB phase Zn-doped CTS and mixed-phase (ZB + WZ) Zn-doped CTS] for making
a bulk material and/or controlling mesoscale structures by tuning sintering conditions. The
research of doping other elements in the nanostructured CTS material is also attractive.

The research work in chapter 3 suggested that it is necessary to further optimize the synthesis
conditions to avoid the Sn poor exist in pellets by increasing the input feeding amount of Sn
source or increase the synthesis time. To prevent grain size growth and get high dense bulk
materials, the sintering conditions could be carefully investigated in detailed. Further
enhancement of Z7 values of the low electrical conductivity CTS material could be expected
by compositing metal materials with the small size nanostructured CTS materials. In addition,
it will be very interesting to investigate the TE properties of CTS bulk materials fabricate from
quantum size particles.

In chapter 4, we concluded that it has advantage to obtain higher Z7 value in Cu2Sni-«Zn.S3
nanobulk TE system by mixing and changing the weight ratio of Zn15-CTS and Zn10-CTS
nanoparticles. However, we don’t know whether the maximum Z7 value of blended nanobulk

materials has been achieved or not, because of the lacking in systematic investigations of the
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structure and the sizes of the inclusions in the host material. In the future, we will continue to
investigate other weight ratios of Zn15-CTS and Zn10-CTS nanoparticles mixed after ligand

exchange such as 8/2, 7/3 to obtain an even higher Z7 value.
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