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Abstract

The research reported in this dissertation work is focused on the synthesis and characterization of the sustainable
thermoelectric materials consisting of elements such as copper, iron and sulfur. These elements are earth abundant,
less toxic, and inexpensive and acts as building blocks for the fabrication of copper sulfide, iron sulfide, and Cu-
Fe-S nanobulk materials for thermoelectric use. These nanoparticles are fabricated using bottom-up/ wet chemical
approach which offers the most versatility in terms of control over size, shape, composition and structure of the
nanoparticles. Moreover, the bottom-up synthetic technique can be adequately scaled up to create large amount
of nanoparticles or nanobulk material for the subsequent thermoelectric measurement. Research work presented
in the thesis is based on the synthesis and characterization of chalcogenide, and Cu-Fe-S nanobulk thermoelectric
materials.

In chapter 1, I have described background and information about thermoelectricity and choice of thermoelectric
materials. A brief review of current status of various thermoelectric materials is given. Research objective will
provide the brief information of the work done in this dissertation.

In chapter 2, | have discussed the fabrication of copper iron sulfide nanoparticles by a bottom-up chemical
approach. Varying amounts of copper and iron were used to synthesize copper iron sulfide nanoparticles and these
nanoparticles with varying composition of copper and iron were fabricated into nanobulk pellet by cold pressed
method without applying any special techniques such as pulsed electric current sintering or thermal treatment.
Subesquently, their thermoelectric properties were mapped as a function of composition at room temperature and
it was observed that on increasing iron content, the power factor decreased. The Seebeck coefficient of the
materials reveals p-type conductivity with a maximum value of 203 uV/K at room temperature for Cu/Fe (mol %
=30:70).

Chapter 3, | have discussed the fabrication of sustainable Cu-Fe-S nanobulk system for thermoelectrics using
Cu:S and FeS nanoparticles as building blocks. Bottom-up/ wet chemical approach was followed to synthesize
Cu,S and FeS nanoparticles. Varying volume fraction of Cu,S and FeS nanoparticles were used to obtain different
crystal structure of Cu-Fe-S nanobulk material with readily tunable p- to n- type conductivity. Nanobulk material
leads to low lattice thermal conductivity ranging from 0.3 to 1.0 W m* K1, Blend of 9:1 volume fraction of Cu,S
and FeS NPs gave nanocomposite consisting of bornite CusFeS, as the main phase and other minor phases,

including nukundamite, digenite, roxbyite, and CuO. This nanocomposite has a maximum dimensionless figure



of merit (ZT) of 0.55 at 663 K, which is 45% higher than that of pristine bornite CusFeS4 because of the enhanced
power factor and low lattice thermal conductivity (ra, 0.3 W m?* K1),
Chapter 4 describes the structural and thermoelectric property relationship of different Cu-Fe-S system and

chapter 5 gives overall general conclusion, and future prospects of the presented research.

Keywords: Thermoelectric, Colloid Chemical Method, Nanoparticles, Sulfides, Sustainable
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Chapter 1: Introduction

1.1 Energy Harvesting Materials and History of Thermoelectrics

With growing population, energy consumption has also accelerated which presents one of
the most critical challenges in the current time. The energy from coal, petroleum, natural gas
etc. is expected to deplete at faster rates at the current demand for the energy. It has been
reported that 34 % of the energy from the utilization of coal, petroleum, natural gas is consumed
by the factories, nuclear power plant, automobiles etc. and rest of the energy is wasted as heat
and this waste heat is under 400 °C. If this waste heat can be captured and utilized, it will
represent a significant energy savings.! Thermoelectric (TE) materials can be the promising
candidate to utilize this waste heat. TE materials re-capture lost waste heat because they possess
the ability to convert a heat gradient to an electric current. Such energy efficiency enhancing
properties has sparked attention amongst researchers to create high performance TE materials
which can help in improving energy usage efficiency and also can be used in supplemental
energy generation for clean fuel.>® Moreover, TE materials has beneficial properties, such as
light weight, no moving parts, and low noise.*° Before going further in TE materials, a brief
history about TEs and underlying principle for the development of TE material is required.
Underlying physics on which TE materials work are studied since early stage of 19" century.
TE materials work on the principle of Seebeck effect.® In 1821, Thomas Johann Seebeck found
that, on imposing a temperature gradient onto the dissimilar metals or semiconductors, a
voltage gradient develops which can be observed in the form of the Seebeck effect. This effect
arises due to the free movement of charge carriers (electrons or holes) in metals and
semiconductors carrying charge as well as heat. Therefore, in the presence of temperature or
heat gradient across the material, mobile charge carriers can diffuse from the hot end to the
cold end of the material giving rise to the potential difference which can be expressed in the

form of equation 1.1.



S=AV /AT (1.1)

S is Seebeck coefficient (WV/K), AV is voltage difference (V), AT is temperature gradient (K).
In 1909, Edmund Altenkirch’ mathematically derived the relationship between parameters
which includes S, thermal conductivity (x) and electrical conductivity (o) of TE generators
which later integrated in 1949-1956 by scientist Abram F. loffe® into quantity known as the

thermoelectric figure of merit (ZT) given by following equation 1.2.

ZT =oS°T I« (1.2)

where ¢ is the electrical conductivity (S/m); T is the temperature (K); « is the combination of
electronic thermal conductivity due to charge carriers (xe), and lattice thermal conductivity due
to phonons (xiat). e is dependent on the ¢ according to the Weidemann-Franz law as shown in

equation 1.3.9%0

K, =LoT (1.3)

Where L is the Lorenz number (2.44 x 108 WQK?). The maximum power of TE material is
proportional to the S%s or known as power factor (PF, uW/mK?). All these parameters are
interrelated to each other. Change of one parameter will certainly effects the TE efficiency of
the material. Therefore, choice of materials for TE applications should be made keeping the
interrelation of these parameters to achieve high ZT value.

To make a choice of materials for TE applications it is really important for the materials to

satisfy the condition of high S and ¢ and «, to achieve high ZT* as per equation 1.1. But S and



o are interrelated to each other in a reverse manner as per Mott’s formula as shown in equation

1.4.1283

s 8n’kg’
3eh?

m*T (n/3n)"” (1.4)
where m* is the effective mass of the carrier, h is the Planck’s constant, kg is the Boltzmann
constant. This relation shows S value decreases with increase in n and n is related to the ¢ as

per equation 1.5.

o =nue (1.5)

where n is the number of charge carriers, w is the mobility of charge carriers, e is the
electronic charge. So it is difficult task to decouple these two parameters from each other but
both these parameters can be optimized to get high PF with low . In case of «, as we know it
is combination of both xe and xiat. And it is difficult task as well to decouple the ke from o as
both are interrelated in a direct manner. Only xisx component is beneficial in the reduction of
x* which will be discussed later in this chapter. Hence, for bulk materials these requirements
become fundamental challenge to search for good TE materials.

It can be better understood from the qualitative behavior shown in Figure 1.1 where Metals
have large o and low S*°, thus low PF. Metals also have high thermal conductivity because of
high charge carrier concentration. Thus, overall ZT of the metals becomes very low which
makes them unsuitable for the TE applications. It is opposite in case of insulators, where S is
very high but has low or no mobility of charge carriers. While in case of semiconductors both
S and o values are in between of metals and insulators. At low temperature semiconductors

behave as insulator and on increasing temperature o increases, thus electrical conductivity start
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to increase. Both S and o values can be optimized by varying charge carrier concentration to
achieve maximum PF.X® Thus, this property of semiconductors makes them useful for TE

applications.

Insulator Semiconductor Metal

n

Figure 1.1. Interrelation between o, S, PF, e, i (#1at).*®

Since we know that semiconductors can be best for TE applications. Therefore early TE
works were based on semiconductors which are chalcogenides based materials. Out of the
various TE materials chalcogenides emerges as the promising candidates because of tunable

band gap.

1.2. Chalcogenide based Thermoelectric Materials

Chalcogenides are chemical compounds composed of at least one chalcogen ion from group
VI of the periodic table.1”*® Chalcogenides are stable in air and have high melting points which
makes the chalcogenide based material promising for TE applications.’® Out of various
chalcogenide based materials which has gained milestone for TE applications are Bi>Tes and
PbTe. TE performance of both Bi>Tes and PbTe are described below.

BixTes is currently the finest TE material with efficient TE performance. It is binary

chalcogenide semiconductor with narrow band gap of 0.15 eV.?° Because of low band gap
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values Bi,Tes material was chosen for TE applications. In the late 1950’s, Goldsmid and
coworkers?! had reported the TE properties of n- and p-type Bi>Tes material with ZT value of
0.76 at 290 K and these both n-type and p-type materials could be operated at room temperature.
Researchers thought to enhance the ZT of Bi,Tes further to make it commercially more
attractive. At the end of the 1960’s, pace of research on these materials slowed down with
several discussions among TE community that upper limit of ZT is around 1 and cannot be
increased further. Thus, many research programs for TE materials were discontinued. After
1970, many parameters have been discussed among scientist and concept of low dimensional
TE materials was introduced by Dresselhaus and coworkers??2* which kept the hope for
enhancement of ZT alive. Some examples with enhanced TE performance of Bi;Tes and PbTe
is discussed below.

Yan and coworkers have successfully fabricated n-type Bi2oTe27Seos bulk material using
ball milling to introduce microstructures and hot pressing to achieve lower x of 1.06 W/mK
with xiat 0f 0.7 W/mK. It was established that the increase in the grain boundaries acted as a
scattering center for the heat carrying phonons resulting into lower x values.?® Kim and
coworkers fabricated material with composition Bio.4ShieTes4 having excess of Te with
impressive ZT value of 1.41 at 417 K which is suitable for low temperature applications.?®

Now talking about PbTe and PbTe based materials are extensively studied and found
interesting electronic properties. Maximum ZT= 1.8 at 850 K has been reported for Na doped
PbTe1xSex.2” Heremans and coworkers have known to report maximum ZT for the Tl for doped
PbTe.? They obtained ZT of 1.5 for Tloo:PboosTe thin film TE materials at 773 K. There
increase in the carrier concentration and o which leads to increase in the TE performance of
the material to achieve maximum ZT.

Both Bi>Tes and PbTe based TE materials have achieved ZT value greater than 1 (threshold

value for materials to be used commercially) near room temperature and intermediate
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temperature range (400-600 °C) and are already employed for power generation applications.
Despite of ZT value over 1, these material remain unsustainable in terms of toxicity, scarcity
in earth’s crust and expensive.?®3 Te is known as one of the rarest elements which is only
0.001 ppm with respect to other elements in the earth’s crust®-*> which is even lower than rare
earth elements like Ag and Au. Usage of Te for fabrication of TE materials, leads to increase
in the market price. Thus, looking for an alternative material is a must.

Sulfur received the greatest attention of in TE materials because of its price is one-tenth of
the price of Te. Thus, metal sulfides can be promising TE materials.*®

Toxicity is also a major concern towards choosing environmentally compatible materials for
TE applications. Even if the material possesses excellent TE properties but is highly toxic, it
would not be possible to use it for TE applications in the future due to personal and
environmental safety. Since Te, Pb and Sb have very low lethal dose-50 (LDso) values, thus
high toxicity. Thus, it is very important to look for environmentally benign TE materials.3"°

Because of all these limitations researchers are now investigating more environmentally
benign material such as sulfide based TE materials which will be discussed in following

sections.

Sulfide based Thermoelectric Materials

Since long, metal sulfides had been of great interest and were intensively studied as TE
materials.**** Binary metal sulfides such as Cu,S (0<x<1) are attractive to researchers to use
them for TE applications as copper sulfide materials have low toxicity, low cost, earth
abundance as shown in Figure 1.2 and have semiconducting properties which makes them

useful to use in TE applications.*>4
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Figure 1.2. (b) The abundance of various elements employed in thermoelectric materials. (c)
The price of elements compared with that of 99.99% Te powder (—200 mesh), where all price
data were obtained from the Alfa Aesar Co. website. (d) The LDsg values and the GHS values
of elements normally employed in thermoelectric materials. The GHS values run from 01 to
08, and very safe elements such as Ag and In have no GHS value.*®

Copper Sulfide

Lately, good TE performance has been reported for materials such as Cu1.96S (djurelite, dj)
and CuisS (digenite, di)*" because of superionic behavior of copper sulfide materials. In
superionic behavior of copper sulfide materials, Cu ions become mobile and move in the crystal
lattice when copper sulfide material is subjected to heat treatment. This movement of Cu ions
affects the electrical and thermal properties of the copper sulfide material. Mobile Cu ions may
help in enhancing the ¢ and reduce the x because of glassy behavior of mobile Cu ions. This
phenomenon is known as phonon liquid electron crystal (PLEC)* behavior in which the

combination of liquid like x and electronic properties like crystal and thus, involved
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phenomenon makes the electrical and thermal properties of the copper sulfide system
interesting. Thus, electrical and thermal transport properties of the copper sulfide materials
were investigated because of their superionic behavior which attracted the researchers to
explore this advantage further.*” Combination of both Cu1.96S and CussS achieved ZT value of

0.5 at 673 K. But still there are some problems associated with copper sulfide system which

are discussed in the following sections.

Challenges for Copper Sulfides as Thermoelectric Material and Solution

From the above discussion, it can be inferred that copper sulfide can be promising material
for TE applications but still there are some issues associated with copper sulfide material. There
are thermal instability issues with this material and shows phase transitions when subjected to
high temperatures as can be seen from Figure 1.3. Such frequent phase transitionsare restricting

it’s use in the practical applications.>*>*

5 § § 5 — Cuy S
s 2 - = JCPDS # 23-0962
— T Rhombohedral

a3k = o5 * 400 °C
I 2 =8 & & *cus
Jﬂ AA T+ ﬁ\ T S. = #cCus
— o
2 S S —cus 30°C
£ S o
& Q JCPDS # 65-2980

30 35 40 45 50 55 60 65 70 75
26 (°)

Figure 1.3. XRD patterns for the samples synthesized by annealing at

100, 300, 350, and 400 °C. The standard reference is also displayed.
It is observed that the transition from one phase to another can be obtained by annealing.>*
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These thermal stability issues certainly affects the resulting ZT value of copper sulfide
material® as can be seen in Figure 1.4, where the phase transition is evident with change in

temperature.

0.7 g n
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Figure 1.4. Temperature dependence of ZT of two bulk samples and reference.>

For this reason, we thought to enhance the thermal stability of Cu-S system by incorporating
third element which is earth abundant, less toxic and inexpensive as well. Thus, we have
investigated other sulfides like natural minerals which have been known for many years like
Cu-Fe-S system which meets all the sustainability criteria.

So my research is focused on synthesis of Cu-Fe-S system to be used as TE material which

is discussed in the following section.

Cu-Fe-S system as Thermoelectric Material

Various Cu-Fe-S systems can be fabricated as TE materials. In the literature it has been

reported that chalcopyrite (CuFeS,, cp)®*®', isocubanite (CuFe;Ss, cb)*®®°, and Bornite
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(CusFeSa, bn)®1%3 are the sulfide materials which have semiconductor properties and can be
explored for TE applications. Presence of Fe in the Cu-S system provides extra stability to the
Cu-S system. Immobile Fe atoms are substituted at copper sites and thus, hamper the movement
of Cu atoms in the lattice. This provides structural stability for the Cu-S system.®? Other
elements can be chosen over Fe such as Zn, Mn, Co but firstly we focused on Fe as third
element.

In addition, the Cu—Fe—S system can be either a p- or n-type semiconductor depending on
the composition.>*°%62 Cy-Fe-S systems have been extensively studied individually and various
approaches have been devised to enhance the ZT value of the materials. Some of the examples
with brief information about Cu-Fe-S materials along with their TE properties are discussed

below which helps us to understand the Cu-Fe-S materials in a better way.

Bornite

bn is a copper sulfide based mineral which is widely spread in variety of ore deposits under
various geological conditions® and and its high cubic crystal structure with five Cu atoms, one
Fe atom and two vacancies randomly occupy the center of eight sulfur tetrahedrons is shown
in Figure 1.5. This material is comparatively stable than copper sulfide material from room
temperature to above 1373 K.®® bn has a completely disordered crystal structure due which
results in ultra-low i Of this material because mean free path (MFP) in bn is 0.23 nm®! and
has band gap of 0.27 eV which results in tunable electrical properties. Usually sulfides have
high x because of light atomic mass of sulfur but it is interesting to know that this material has
lower xiat Values observed at wide temperatures. Thus bn had been explored as TE material.

Qiu and co-workers®! have fabricated stoichiometric bn using top-down approach and found
that ZT of stoichiometric bn, CusFeS4is 0.38 at 663 K. They also fabricated off stoichiometric

Cus 02Fe0.98S4, and CusosFe0.96S4 showing higher ZT value of 0.5 at 663 K because off-
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stoichiometric bn materials can provide more hole carriers and thus result into enhanced o.
which means that this if this material becomes slightly copper rich, its TE properties can be

easily tuned. Thus, this material holds better stability than copper sulfides.

Figure 1.5. Crystal structure of bn.

Chalcopyrite

cp is the most abundant and inexpensive naturally occurring copper mineral. It crystallizes
into tetragonal system as shown in Figure 1.6. Its crystal structure is closely related to the zinc
blend but unit cell of cp is twice as large as zinc blend unit cell. Being most sustainable among
other materials cp can be considered for TE application having a band gap of 0.53 eV.%8 In the
literature, cp is mostly synthesized using top down approach such as mechanical alloying, spark
plasma sintering for fabricating TE materials.

It has been reported that the carrier concentration of Cu;—xFe1+S2 can be tuned within a wide
range by varying x. For example, n = 0.34 x 10%° cm ™3 when x = 0, while n = 7.02 x 10%?° cm3
when x = 0.1.% Due to change in n, both S and & values can vary widely even if the XRD

pattern remains same as of cp. In a wet chemical approach for the synthesis of cp material

18



particle of size 6.4 nm was reported®’ to give p-type conductivity and ZT of 0.264 at 500 K

which is 77 times greater than cp synthesized by solid state methods.

Q © Cu
O Fe
O S

Figure 1.6. Crystal structure of cp.

Isocubanite

cb is also a natural mineral which is not available in the pure form but coexist with cp and
pyrrhotite (po).>® and meets all the sustainability criteria. It is also a semiconductor material
with n-type conductivity and has not been extensively studied as TE material. Its crystal
structure is shown in Figure 1.7.

Only one research article has been reported where cb has been studies as TE material. In

this, cb was fabricated using top-down approach and it shows the ZT value of 0.13 at 650 K.
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Figure 1.7. Crystal structure of cb.

Research work included in this dissertation is focused on the synthesis and characterization
of Cu-Fe-S type system. Objective of the research work done is briefly described in the research
objective section.

All these three systems have been fabricated by using top down approaches such as vacuum
melting method or mechanical alloying method. This top down approach is much time and
energy consuming processes which is why energy and time efficient bottom-up/ wet / colloid
chemical approach was used to fabricate Cu-Fe-S TE material. Quantitative analysis of both
approaches are mentioned below

To synthesize cp samples melting-annealing-sintering process is employed in which high
purity elements Cu, Fe and S in stoichiometric proportions were sealed in evacuated quartz
tubes and heated slowly upto 1400 K for 36 hours. After which it is allowed to cool down
naturally to room temperature. Obtained ingots were ground into fine powders and cold pressed
before resealing in quartz tube. Sealed tubes were annealed at 800-900 K for 7 days and
obtained material is again ground to fine powder before subjecting it to spark plasma sintering
at 800-820 K at 60 MPa pressure.> In case of bn, high purity elements Cu, Fe, S were taken in
stoichiometric atomic ratio and sealed in evacuated quartz ampoules and heated to 1273 K

slowly for 20 hours. Ingots obtained were annealed at 873 K for 5 days and then ground into

20



fine powder before subjecting to spark plasma sintering at 773 K for 5 minutes.t ~ Thus,
overall fabrication process looks very time and energy consuming.

On the other hand, fabrication process of Cu-Fe-S TE material using wet / colloid chemical
approach is much time and energy efficient. Because, if we follow through the fabrication
process in colloid chemical approach. Sample preparation involves use of precursors. But
precursors are dissolved in suitable solvent and kept under Ar atmosphere for 5-10 minutes
which is much time and energy efficient as compared to fabrication using vacuum melting
method. Then synthesis of the material usually takes less synthesis time (about 1-2 hours) and
washing and ligand exchange of material obtained takes about 4-6 hours. By comparing above
two approaches in quantitative manner, colloid chemical approach is way much time and

energy efficient.

1.3. Role of Nanotechnology to Enhance Thermoelectric Efficiency

To achieve higher ZT, it is necessary to fabricate materials having high PF than « as per
equation 1.2. It can be done by reducing xiat, which will have positive effect on reduction of «
because ke and ¢ are interdependent to each other according to the Weidemann- Franz law.
Thus, reducing the xiat can be one of the possible solution to enhance the ZT. The xia can be

given by following equation 1.6.

\

1
Klat :§C VI (16)

where Cy is the heat capacity at constant volume; v is the phonon velocity; | is the MFP, where
Cv, v are constant, so the it is governed by the MFP.% Altering Cy and v is difficult as both

these quantities are constant for solids. Main focus is to reduce the MFP of long wavelength
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phonons because heat is carried by long wavelength phonons.®® The MFP of phonons can be
reduced by many methods such as nanostructuring®®"°

Nanostructured materials can be easily synthesizes by means of a wet chemical approach
which allows the scale up of the reaction from molecular precursors to create large scale TE
materials. This solution based synthetic approach allows the ability to tune the shape, size and
electronic properties of the material effectively which is challenging in the case of solid state
synthesis approach or top-down approach to bring down the material from micro scale to

nanoscale.”

1.4 Research Objective

For last many years, TE materials with high ZT values such as PbTe, Bi>Tes have been
studied which consists of toxic Pb and rare Te earth elements. Toxicity and scarcity of these
elements in the earth’s crust make these elements not suitable for commercial use. So, the
investigation for new class of sustainable materials have been started which could meet the
sustainability requirements and can match upto the efficiency of the state of the art
unsustainable bulk materials. Moreover, at the same time research was going on to further
enhance the ZT value of the state of the art bulk material by means of nanostructuring (one of
the solution to enhance the ZT).

Objective of this research is to do fundamental study for the alternative TE materials by
fabricating Cu-Fe-S NPs by colloid chemical or bottom-up approach. Idea of use of both
sustainable system and nanostructuring is employed in this dissertation work to design new
class of sustainable nanostructured TE material.

Bottom-up/ wet chemical approach has been used to fabricate copper sulfide, iron sulfide
and Cu-Fe-S nanobulk TEs. This synthetic approach enables direct control over shape, size and

crystal phase. Since, we know that tuning the size of the NPs depends on the scattering length
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of phonons and thus, can reduce the lattice thermal conductivity. We targeted this phenomenon
of nanostructuring as one of the solution to our materials composed of copper, iron, and sulfur
and successfully demonstrated the enhancement in the ZT value. Copper sulfide, iron sulfide
and Cu-Fe-S systems are widely studied semiconducting materials. Thus, these material have
great potential to be studied for TE materials. Research work presented in this dissertation is
designed by keeping the main objective in mind and will give more insight about designing of
new class sustainable TE nanomaterial.

In chapter 2, colloid chemical approach was employed to fabricate different types copper
iron sulfide NPs using Cu-Fe-S NPs as building block and samples were processed into a solid
pellet for further TE measurements at room temperature. Thiourea was used as the sulfur source
in the fabrication of Cu-Fe-S NPs because thiourea has very small chain length as compared to
dodecanethiol which gives advantage of shorter interparticle distance. Thus, no ligand
exchange was done and no thermal treatment was given to the pellets. Seebeck measurements
of all the pelletized samples were done at room temperature. Fabrication and fundamental
studies of Cu-Fe-S NPs with modest TE properties at room temperature gives curiosity to
explore such materials more at higher temperatures.

In chapter 3, research work was designed to make use of copper sulfide, iron sulfide NPs as
building blocks for the synthesis of Cu-Fe-S nanobulk material. These building blocks were
blended into liquid state and sintered to give dense bulk materials. Inter grown minor phases
acting as nanoprecipitate or nanoinclusons along with the main Cu-Fe-S phases can be highly
beneficial to effectively enhance the electrical conductivity of the fabricated Cu-Fe-S TE
material as intergrown nanopahases have high electrical conductivity which increases the
electrical conductivity of the fabricated samples. Moreover, these phases can act as scattering
centers for phonon. Thus, reducing the xiat and provides more support in the enhancement of

overall TE performance of the fabricated nanomaterial. In chapter 4, TE properties on the basis
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of crystal structure will be thoroughly discussed and chapter 5 will give the general conclusions
for the dissertation work.

Many researchers have reported the fabrication of Cu-Fe-S system using top down and
bottom up approaches using different fabrication protocols but fabrication of Cu-Fe-S nanobulk
system have not been tried using dual nanoparticle system method and using the same synthetic
protocol which is the originality and novelty of this research. In all the reported articles, two
different nanoparticles system were not used to create Cu-Fe-S nanobulk material. In this
protocol Cu-Fe-S nanobulk material was prepared by mixing Cu.S and FeS in different volume

ratios followed by pulsed electric current sintering (PECS).
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Chapter 2: Colloid Chemical Approach to Fabricate Cu-Fe-S Thermoelectric Materials

using Cu-Fe-S Nanoparticles as Building Blocks

2.1 Abstract

Earth abundant, inexpensive, less-toxic and interesting TE properties of Cu-Fe-S bulk
systems have led us to investigate Cu-Fe-S system fabricated using colloid chemical approach.
Fabrication of Cu-Fe-S NPs using colloid chemical approach using single precursors was done
and the samples were further characterized for TE properties. In this chapter, different Cu-Fe-
S NPs were synthesized by changing the input feeding ratio of copper and iron precursors. The
advantage in this process is straight forward fabrication of Cu-Fe-S pellet samples without
doing any ligand exchange and special treatment such as annealing or PECS. Thiourea was
used as sulfur source and capping ligand because chain length of thiourea (one carbon) is much
smaller than other sulfur sources such as dodecanethiol which has 12 carbons. All the pelletized
samples were characterized in terms of structure, composition, morphology and Seebeck values
(at room temperature). All pelletized samples revealed p-type conductivity. Reported results

will give more clarity to design and fabricate Cu-Fe-S NP system for TE applications.

2.2 Introduction

In the field of energy materials, nanotechnology has already found many uses. NPs and the
related nano-fabrication techniques have been used in catalysts for fuel cellst, in solar panels
as the light collecting component?, for hydrogen production® and storage?, as well as a host of
other applications. More recently nanotechnology has been used in TE materials, which has the
potential to greatly enhance our current energy production efficiency. TE materials rely on the
Seebeck and Peltier effects to convert an electric current to a heat gradient, or vice versa. By
utilizing these phenomena, TE materials can be used to generate electricity from nearly any

heat source, for example an automobile engine, in steam turbine electricity generation, or even
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direct geothermal energy. Till now though, TE materials have not found widespread use
because of their inherently low energy conversion efficiency, described by the dimensionless
figure of merit, ZT. In recent years, however, new techniques revolving around nanotechnology
have been developed that have opened up the doors to improving the ZT value. Techniques
such as nanostructuring allow suppression of the thermal conductivity, which is a useful tool
to enhance ZT. While this development has been exciting in light of the improved efficiency
values, there are still many challenges left to address from the aspect of material sustainability.
The very best TE materials available today (i.e. Bi>Tes, BiSbTes, PdTe, etc) contain either rare
or toxic elements that limit their practical application®®. Tellurium is one such element that is
present in nearly all of the high efficiency TE materials because of its beneficial electronic
band properties®®, but the element is extremely rare in the earth making these materials
increasingly expensive. With this in mind, new sustainable TE materials must be sought out
that do not rely on rare or toxic elements. To accomplish this, the nanotechnology techniques
that have been pioneered in enhancing the TE efficiency of the traditional materials should now
be applied to sustainable materials systems to elucidate and identify new techniques for
optimizing TE properties through the material characteristics such as particle size, shape,
composition, structure or interparticle properties®. In this work, we developed a synthetic
approach toward NPs composed of copper, iron and sulfur, which is attractive because of the
abundant nature of the constituent elements. Apart from this abundant nature, the Cu-Fe-S
system is chosen for its structural properties which can prove to be beneficial for good TE
characteristics!®!,

The colloid chemical approach used allows control of the nanoparticle composition by
changing the metallic feeding ratio. Cu.S (and its related materials) is a widely studied
semiconductor material'>*°, and the particles can be created in a straightforward thermolysis

reaction.'®!” The resulting particle characteristics are studied using techniques such as TEM,

34



XRD and ICP-OES, then the material is processed into a solid pellet to characterize the Seebeck
value of the material. The processing of the sample for Seebeck measurement does not include
any ligand exchange or thermal treatment of the NPs, which is highly beneficial since it
preserves the true nanoparticle size. This fundamental difference for our materials provides a
great contrast to the past studies on the TE materials composed of chalcopyrite. It is also
important to note that the Seebeck value for bulk chalcopyrite is n-type, which is in contrast to
our measured value showing p-type conductivity. While doping of the chalcopyrite material
can be used to control the type of conduction providing further merits to this sustainable

nanoparticle system for TEs.

2.3 Materials
List of the chemicals used for the fabrication of Cu-Fe-S NPs is shown in Table 2.1. All

the chemicals have been used as received without further purification.

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

Chemicals Chemical Formula / Abbreviation Purity %
Copper nitrate hydrate Cu(NOQgz)2- xH20 99.9
Iron sulfate heptahydrate FeSO4-7H20 99.9
Tetraethylene glycol OH(CH2CH20)3CH2CH20H / TEG 99.9
Thiourea SC(NH2)2 99.0
Methanol CH30OH 99.8
Ethanol C2HsOH 99.5

2.4 Experimental

Synthetic Technique for Cu-Fe-S Nanoparticles
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Cu-Fe-S NPs were synthesized using a modified polyol method. A total of 10 millimoles of
Cu(NO3)2-xH20 and FeSO4-7H,0 precursors were used. The molar feeding ratio of copper and
iron precursors was varied as shown in Table 2.2 for a total of 4 samples. Pure iron sulfide NPs
were not prepared because the synthetic conditions used could not lead to the formation of iron
sulfide NPs. In a typical synthesis, first the copper precursor, 200 mL of TEG as solvent and
12 millimoles of thiourea were added into a three neck round-bottom flask. One of the flask
necks was used for monitoring the reaction temperature by thermocouple probe, another neck
was fitted with a gas trap and condenser to catch volatile materials during the synthesis and the
final neck was used for injecting reactants and for bubbling argon through the reaction solution.
The reaction mixture was stirred at 600 rpm using a magnetic stirring bar with argon bubbling
and was kept at room temperature for 5 minutes to remove the air. After that, the flask was
heated to 240 °C. When the temperature of the reaction flask reached 170 °C a stock solution
containing iron precursor dissolved in 10 ml of methanol was injected into it. The methanol
quickly evaporated and was caught in the gas trap. After the reaction temperature reached
240 °C and was maintained at 240 °C for one hour. The solution color changed from light grey
to black, indicating the starting of formation of NPs. After the reaction, the heating mantle was
removed and the reaction mixture was cooled down to room temperature. General synthetic
technique for Cu-Fe-S NPs is shown in Scheme 2.1.

The reaction mixture was centrifuged at 5000 rpm for 10 minutes and supernatant was
removed. In this case, we expect the NPs to be coated in thiourea, which would make the
particles soluble in polar solvents. After this first washing, the particles were further purified
by washing with a methanol. The particles were dispersed in 50 ml of methanol with the help
of sonication. The mixture was then centrifuged at 5000 rpm for 10 minutes. The supernatant
was removed and this process of washing was repeated thrice. The resulting NPs were dried

and used for subsequent characterization.
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FeSO,-7H,0

Cu(NOs)z-xHZO Methanol
Thiourea
TEG

Coolingdown ¢, Fe.s

N NPs
Washing

RT 170 °C 240 °C

Scheme 2.1. General synthetic scheme for Cu-Fe-S NPs system.

Table 2.2. Input molar ratio of metallic precursors for the Cu-Fe-S NPs system.

Copper nitrate Iron sulfate Cu:Fe

Sample (mmol) (mmol) (mol %)
Sample_10/0 10 0 100:00
Sample_7/3 7 3 70:30
Sample_1/1 5 5 50:50
Sample_1/3 3 7 30:70
Sample_0/10 0 10 0:100

2.5 Characterization Techniques

After synthesizing the NPs, next step is to characterize the NPs using various characterization

techniques. A wide range of instruments were used in the characterization of the NPs studied
here. The crystalline properties of the samples were analyzed by XRD with a Rigaku Miniflex
instrument, Cu K, radiation (A= 0.15418 nm) at 30 kV and 15 mA over a 20 range of 20-70°.
TEM characterization was performed using a Hitachi H-7100 and H-7650 operating at 100 kV.

Samples were prepared by drop-casting in a dilute solution of NPs in methanol/ toluene
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solution onto a Cu TEM grid (from Ted Pella). Sample composition was studied using
inductively coupled plasma-optical emission spectroscopy (ICP-OES) using a Shimadzu ICPS-
7000 instrument. Energy dispersive X-ray spectroscopy (EDS) data for these samples were
collected using a Hitachi H-7650. The accelerating voltage of the electron beam was 100 kV.
Data for multiple regions of the Cu-Fe-S NP system was collected. Further these NPs samples
were subjected to TE properties measurements.

In order to measure the S of these materials, they must first be processed into a solid pellet.
The NPs were dried in vacuum and then each sample was pelletized using a hydraulic pellet
press. Each sample was pressed with a pressure of 40 MPa for 5 h and pellets with a nominal
thickness of ~5 mm and a 10 mm diameter were obtained as shown in Figure 2.1. The pellet
was cut into a square piece using a wire cutter, after this procedure the samples were ready for

S measurement.

Pelletization * .
Dried Cu-Fe-S ‘ wire cut
samples,1g E— —
40 MPa, 5 hours

Figure 2.1. Schematic illustration of pelletization and sample cutting using for ¢ and S
measurement using diamond wire cutter.

The Seebeck measurement was conducted twice for each sample using different pieces of
pellet. The pellet piece was fixed onto a glass plate using grease. Two thermocouples
(consisting of copper and constantan wires) were fixed onto each side of the pellet using gold
paste. The other end of the thermocouple wires were immersed in ice bath to create a reliable
reference for temperature (0 °C) and then went on to be attached to a nano-voltmeter to measure
the voltage difference between the thermocouples when a heat gradient is created within the

pellet. One side of the pellet was heated by contact with a hot soldering gun and the resulting
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temperature and voltage changes were recorded. The resulting plots of change in temperature
versus the TE voltage reveal the S by taking the slope of the fit line of data.
The S for each sample was measured twice in Cu-Fe-S NP system was analyzed at room

temperature on a homemade Peltier device® as shown in Figure 2.2.
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Figure 2.2. Schematic illustration of set up for thermoelectric voltage measurement.
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2.6 Results and Discussion
2.6.1 Morphology and Crystal Structure

After the synthesis, a dispersion of NPs in methanol was drop-cast on a carbon coated copper
micro-grid and was analyzed using TEM. Figure 2.3 shows the resulting representative TEM
image of sample_10/0. For Sample_10/0, (metallic feeding ratio 100% Cu) the particles appear
to be spherical in shape with a size of 25.1 £ 2.5 nm and in some places spiky morphology was
observed.!’ In this case the particles are lying on the TEM grid face down. Along with spherical

shape particles some areas on the TEM grid are showing spiky morphology of the particles.

39



~ 100n0m °° J00 nm

Figure 2.3. TEM image of sample_10/0

For sample_7/3 (metallic feeding ratio of 70% Cu, 30% Fe) however, the particle
morphology remains spiky. Some rod-like features can be observed in the image embedded in
large clumps. Moving to sample_1/1 (metallic feeding ratio of 50% Cu, 50% Fe) and
sample_1/3 (metallic feeding ratio of 30% Cu, 70% Fe), the rods become more pronounced
and seem to have a central focal point for each cluster. This central point may be the originating
nucleation point for each cluster of particles as shown in Figure 2.4. The clumpy material itself
may in fact be sheets of nanoparticle material, which would be consistent with the morphology

observed for the parent copper sulfide NP material.181°
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Figure 2.4. TEM images of NPs (A) sample_7/3, (B) sample_1/1, (C) sample_1/3, and (D)
sample_0/10. All scale represents 100 nm.

Origin of this spiky morphology of these particles is due to the use of type of the sulfur source
in the synthesis. It was reported that morphology depends on the rate of release of sulfide ions
into the reaction mixture.

Fabrication of copper-thiourea aqueous has already been studied to obtain copper sulfide NPs
and morphology of these copper sulfide nanomaterials have been studied in the presence of
different sulfur sources such as sodium sulfide (Na>S), thioacetamide (SC(CHz)(NH.)), and
SC(NH>). separately in ethylene glycol by Li and coworkers. Ref For growth process of
crystals, it includes nucleation stage followed by growth stage. Formation of crystallographic

phase of the seed formed during the synthesis is responsible for the resulting morphology of
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the particles. Nucleating stage also depends on the nature of the reactant and surrounding
medium of the particles.

Presence of different sulfur sources have great impact on final morphology of the particles.
Different sulfur sources have different release rate of S* ions. Na.S easily dissociates into
sodium (Na2*) ions and sulfide (S%) ions in the presence of ethylene glycol and formation of
copper sulfide nuclei occurs very rapidly. Because of high concentration of S copper sulfide
nuclei grow isotropically. In case of SC(CHs)(NH,), S? are readily released but concentration
of S% is little lower than in NaS. Thus, results in weak anisotropic growth.

In case of SC(NH>)., because of strong complex between Cu?*, SC(NH.)2, and ethylene
glycol. This strong complex formation leads to lesser amount of S in the reaction solution
resulting in the anisotropic growth of copper sulfide particles.'’

This phenomenon is possible in our studies as well where NPs are obtained in the presence
of SC(NH>). in TEG. Because of strong complex formation between Cu?*, SC(NH.)2, and TEG,
insufficient amount of S in the reaction solution gives much time to grow NPs in particular
direction owing anisotropic growth of the NPs.

The NPs were next analyzed with XRD to study the crystalline characteristics of the NPs.
Figure 2.5 shows the resulting XRD patterns produced for each sample in the analysis. For
sample_10/0, a clear pattern is obtained that matches cubic phase di?°, consistent with the
expected result. However, for sample_7/3, non-symmetrical peaks are obtained, particularly
the primary peak matches with the location for the 660 line for cubic Cu1.39S?° and has a
shoulder matching with the 400 line for tetragonal Cus.sFe1.0sS4.2° The results indicate a
mixture of these two phases for sample_7/3. For sample_1/1, the peaks align closely to the
reference locations for tetragonal cp?°, which is consistent with the metallic feeding ratio used
for this sample. The asymmetry observed will be discussed in Rietveld refinement of

sample_1/1. Finally, for sample_1/3, the observed peaks match the reference for tetragonal cp
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and cubic cb.?° The XRD pattern does not match with the input amount of precursors. The XRD
pattern shows mixture of both tetragonal cp and cubic cb. It is confirmed that Sample_1/3 is a
mixture of cp and more of iron. Presence of mixture in sample_1/3 can also be analyzed using
EDS analysis as shown in the Figure 2.11. In the low angle region however, many low intensity
and relatively sharp features are observed. These do not quantitatively meet the criteria to be
considered peaks, and may arise as a result of organic impurities in the particles or could be
due to unreacted precursors. These features do not match any known oxides of copper or iron.
As a last qualitative observation, in general the broad peaks observed in sample_7/3,
sample_1/1, and sample_1/3 show that the particles possess a smaller grain size when
compared to sample_10/0. This is contrary to the visual inspection of the TEM images but
could be due to the clumpy material in sample_7/3, sample_1/1, and sample_1/3 being
composed of very thin sheets, which would lead to the observed peak broadening. In general,
we observe a systematic shift from the cubic phase of di to tetragonal cp as the metallic feeding

ratio of iron is increased.
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Figure 2.5. XRD patterns of NPs (i) sample_10/0, (ii) sample_7/3, (iii) sample_1/1, (iv)
sample_1/3, and (v) sample_0/10.2

The Rietveld analysis of Sample_7/3 was not possible because of unavailability CIF file of
phase Cu139S but for Sample_1/1 and Sample_1/3 was done using FULLPROF software as
shown in Figure 2.6. In Sample_1/1, cp is the major phase observed whereas nu is the minor
phase observed. cb was observed as main phase in Sample_1/3 with vol % of 55 % along with
minor cp phase with vol % of 45 %. The 4 value is 15.0 and 10.9 is observed for Sample_1/1
and Sample_1/3 respectively, which is quite high to be considered as good fit. This high »°

value is probably because of low signal to noise ratio.

44



Sample_1/1 Sample_1/3

Intensity (arb. units)

20 30 40 50 60 70 80 90

2 theta (degrees) 2 theta (degrees)

Figure 2.6. Rietveld refinement of the powder XRD pattern of (A) Sample_1/1, and (B)
Sample_1/3. The experimental patterns are shown as red circles and the calculated patterns are
shown as black lines. The x? value is 15.0 and 10.9 respectively. The Bragg reflection positions
are shown as short green bars below the diffraction patterns. The blue lines represent the
difference patterns.

Sampling experiments was also performed before and after injection of the iron precursor
to investigate the type of particles formed before and after the injection of the iron precursor.
Two sets of experiments were performed for sampling the particles before and after injection
of iron precursor. In the first set of the experiment, when the temperature reached 170 °C, 5 ml
of reaction mixture was taken out immediately to check morphology and crystal structure of
the particles formed. Figure 2.7 shows the morphology of the particles formed before the
injection of iron precursor. Two kinds of morphologies were observed during the TEM

investigation. One with spiky morphology and second, small spherical particles can be seen.
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Figure 2.7. TEM image of the NPs sampled before the injection of iron prebursor.

These NPs were analyzed using XRD to investigate the crystal structure of the NPs formed.
It was found that NPs formed are composed of beta-CuSCN (beta-copper thiocyanate), and

Cus (covellite, co) as shown in Figure 2.8.
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Figure 2.8. XRD of the NPs sampled before the injection of iron precursor.?°
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In the second set of the experiment, when the temperature reached 170 °C and iron precursor
was injected, 5 ml of reaction mixture was taken out immediately to check morphology and
crystal structure of the particles formed. Figure 2.9 shows the morphology of the particles
formed after the injection of iron precursor. Spiky morphology was observed even after the

injection of the iron precursors. No small spherical particles were observed in this case.

Figure 2.9. TEM image of the NPs sampled after the injection of iron precursor.

These NPs were analyzed using XRD to investigate the crystal structure of the NPs formed.
It was found that NPs formed are composed of beta-CuSCN (beta-copper thiocyanate), and
CusFeSs (bn) as shown in Figure 2.10.

In conclusion it was observed that Fe did not reduce immediately after injection at 170 °C

and took time to reduce during the course of the reaction.
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Figure 2.10. XRD of the NPs sampled before the injection of iron precursor.?

2.6.2 Compositional Analysis

To gain an understanding of the material composition, ICP-OES was performed for each
sample. Nanoparticle (0.5 mg) samples were dissolved in 1 mL of aqua-regia, and then were
diluted with distilled water to a volume of 50 mL to achieve a total dilution of about 10 ppm
concentration. Calibration curves for copper and iron were created by using ICP standard
solutions of each metal at 2, 4, 6, 8 and 10 ppm. The samples were analyzed, and the calibration
curves were used to calculate the nanoparticle compositions. The material atomic compositions
are shown in Table 2.3. In addition, the nanoparticle compositions were measured using EDS
(which is integrated with the TEM technique). The samples, which were cast onto carbon
coated copper micro grids for TEM, were used in the EDS analysis. Several areas were selected
in each grid which included several NPs. The composition from these areas was averaged.
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These results are also shown in Table 2.3. While the composition for most samples matches
closely with the observed XRD patterns, sample_1/3 appears to contain an excess amount of
iron (the XRD pattern matches closely with that of the CuFeS2 material while the composition
shows a content of about 49% iron). To investigate why the metallic feeding ratio of
sample_1/3 does not seem consistent with the apparent composition or crystal structure
observed with XRD we analyzed the composition of several different areas using EDS. In
sample_1/3 there are two different types of particle observed, one consisting of the nano rods
(Area 1) and separate areas that appear dark and clumpy (Area 2). We independently analyzed
the composition of these areas and found that the composition is different for these two types
of particles. The nanorods (Area 1) have a composition consistent with the crystal structure
observed in XRD (51% Cu and 49% Fe) while the clumpy particles (Area 2) contain much
more iron (20% Cu and 80% Fe). Based on these results, we believe that the iron rich areas are
amorphous in nature, which is why it is not observed in the XRD pattern. This would also
explain where the excess iron in the feeding ratio ends up. Additional data on the EDS

composition analysis for sample_1/3 is provided in the Figure 2.11.
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Figure 2.11. EDS and TEM (above and below) images of sample_1/3. Inset TEM image rod
like shape (left) and aggregated part (right). Scale bar is 100 nm.

Table 2.3. ICP-OES and EDS determined atomic compositions for nanoparticle samples.

Cu:Fe ICP-OES EDS (%)
Sample Input
Cu (%) Fe (%0) Cu (%) Fe (%)
(mol %)
Sample_7/3 70:30 77 23 82+3 18+3
Sample_1/1 50:50 54 46 54+1 46+ 1
Sample_1/3 30:70 36 64 51+8 49+8 Area 1

205 805 Area 2
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Chemical composition of the sampled NPs before and after was also investigated using
SEM-EDS. It was found that atomic % of copper and iron after injection of iron precursor was
91 % and 9 %. Low iron atomic percent is may be due to removal of iron content during
washing of the sampled NPs after iron precursor injection because iron precursor is soluble in

methanol and is removed during washing.

2.6.3 Thermoelectric Properties

By using the TE voltage plots as shown in Figure 2.12, the S was calculated for each sample.
We found that sample_10/0 (copper sulfide NPs) possesses average S of 22 puV/K, which is
consistent with the reference value for closely related bulk materials such as di (Cu1gS) of
about 10 pV/K.? For sample_7/3 the average S increases to 26 pV/K. The S then rises again
for sample_1/1 to 43 puV/K and even higher for sample_1/3 at 203 pV/K. This trend is
intriguing given the composition and crystalline properties of these materials. The S may
remain the same however, if the crystalline phase is doped with a higher amount of iron in this
case, since the S measurement is not very sensitive to the overall conductivity quality of the
material. Although, we cannot rule out the possibility that the amorphous phase is contributing
greatly to the S. Experimentally it is a great challenge to separate these two materials to
definitively determine this, but a more controlled synthesis of the materials could reveal
additional information, which is a part of our ongoing investigations.

All the samples show p-type conductivity, indicating that the major carrier in these
semiconducting materials is holes, which is consistent with copper sulfide materials, but
contrasts with the n-type conductivity of bulk chalcopyrite.?? For example, bulk CuFeS;
prepared by a PECS technique has a maximum S of nearly —600 pV/K at 325 K and is n-type??,
contrary to our own material. However, for chalcopyrite NPs with a size of 6.4 nm, the S was

reported to be over 800 puV/K and p-type.l® The primary difference between the materials
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analyzed in this reported study and our own study versus bulk chalcopyrite is the nano-sized
dimension of the particles. The nano-scale size of the particles used to make the TE material
causes several effects. First, there is a very high degree of particle surface interfaces, and two
the small particle size leads to the observation of quantum confinement effects.'° The very high
degree of interparticle surface area can affect the S by creating a unique local surface
composition, for example by being sulfur rich or sulfur deficient.!® However, the quantum
confinement effect may prove to have an even larger impact on the S (and other properties)
because it will directly alter the electronic properties of the NPs themselves, which is
responsible for governing not only S, but o as well. While we cannot isolate these phenomena
at this time, our results are consistent with past literature reports, and are the objective of part

of our ongoing studies on this unique class of sustainable energy material.
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Figure 2.12. Seebeck measurement plots of all the samples
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One of samples, sample_1/1 was analyzed using STEM-HAADF as shown in the Figure
2.13 which is clearly showing that sample_1/1 is not very dense. Voids can be seen in the

STEM-HAADF image which is not suitable for o measurements of the pelletized samples.

Figure 2.13. STEM-HAADF and elemental mapping images for sample_1/1

This synthetic protocol is not suitable for fabricating Cu-Fe-S NP system, as it is difficult to
control the composition, size and shape of the NPs. Thus new synthetic technique has to be

devised in which shape, size and composition can be controlled.

2.7 Conclusions

In conclusion, we have reported the synthesis and characterization of a sustainable

chalcopyrite based NPs system for low temperature TE. XRD analysis for these samples shows
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that the NPs exhibit a phase transition from cubic to tetragonal as the amount of iron is
increased in the particles. Compositional analysis shows that the particles contain a
composition representative of the feeding ratio, proving that the particle composition can be
reliably controlled. The straightforward pellet preparation used in this study allows for the true
nanoparticle size to be retained in the TE materials. Finally, the room temperature S was
measured for each sample and was found to be p-type for each with a maximum value of 203
MV/K for the highest iron content, which is attributed to the high degree of interparticle
interfaces and quantum confinement effects arising from the nanoparticle size. The results give
insight and provide information into how NPs preparation and processing techniques can be

harnessed to create TE materials with tunable and enhanced characteristics.
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Chapter 3: Colloid Chemical Approach for Fabricating Cu-Fe-S Nanobulk
Thermoelectric Materials by Blending Cu.S and FeS Nanoparticles as

Building Blocks

3.1 Abstract

In the previous chapter it was found that it was very difficult to control the shape, size and
composition of Cu-Fe-S NPs fabricated using polyol method. For this synthetic method for
fabrication of Cu-Fe-S NPs has been changed to have better control over shape, size and
composition. In the literature, CuFeS, TE material has been fabricated using Cu, Fe and S
powders by rapid thermal explosion method in which all the elemental powder are ignited at
once. During the process, formation of Cu>S was observed which further reacts with Fe and S
powders to give CuFeS, material. With this idea, colloidal chemical method was employed
fabrication of Cu-Fe-S nanobulk material using liquid blend of different volume ratios of
copper sulfide and iron sulfide nanoparticles which on further sintering using PECS to give

bulk nanomaterial with ingrown nanoinclusions.

3.2 Introduction

A significant amount of energy is lost as waste heat, and thus tremendous effort has been
devoted to develop efficient energy harvesting and conversion technologies. TE generators are
one of the most promising devices to recycle waste heat because of their beneficial properties,
such as light weight, no moving parts, and low noise.>? TE generators are typically composed
of p- and n-type semiconductors (thermoelectric materials). The performance of a TE material
is quantified by the dimensionless figure of merit: ZT = ¢S?T/x. For practical energy harvesting
applications, enhancing the ZT values of both p- and n-type TE materials composed of earth-
abundant low-toxic elements below ~600 K is a major challenge.®
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It has been reported that composite TE materials with nanoinclusions (or nanoprecipitates)
are promising to enhance the ZT value because they exhibit significantly reduced xiat While
maintaining their electrical transport properties and/or enhanced thermoelectric power factor
(PF = 65?) by three-dimensional modulation doping. For example, the xia Values of Na-doped
PbTe-PbS,* Na-doped PbTe-SrTe® and Na-doped PbTe-MgTe® TE materials are effectively
reduced because these systems are not only nanostructured but also have nanoprecipitates (PbS,
SrTe or MgTe) embedded throughout the PbTe matrix. Chen and co-workers’ demonstrated
that the PF of a uniform p-type SigsGe14B1.5 sample can be significantly enhanced by the three-
dimensional modulation-doping approach. Modulation doping is widely used in thin-film
semiconductors to increase the o value by increasing the carrier mobility x because of spatial
separation of the charge carriers from the dopants.” They fabricated modulation-doped
SigsGe1sB15 samples composed of two types of nanograins (doped Si nanograins and intrinsic
SigoGeo grains). The charge carriers can separate from the doped Si nanograins and move into
the undoped SigoGe2o grains, which results in enhanced mobility of the carriers compared with
uniform doping or normal doping owing to the reduction in ionized impurity scattering.
Consequently, the o of the two-phase composite can exceed those of the individual
components, leading to a higher PF. He and co-workers® reported that the ZT value of the p-
type BiCuSeO system can be improved by three-dimensional modulation doping. They
fabricated a modulation-doped Bios7sBao12sCuSeO sample in which heavily doped
Bio.7sBao.2sCuSeO nanograins are incorporated into an undoped BiCuSeO matrix. Comparing
the carrier concentration n and x values of modulation-doped Bio.g7sBao.12sCuSeO with those
of uniformly doped Bio.s7sBao.125CuSe0, they found that the carriers preferentially transport in
the undoped BiCuSeO region in the modulation-doped sample, resulting in higher « compared
with the uniformly doped sample even though the n values of both samples are almost identical.

In normal doping or uniform doping the charge carriers are uniformly embodied in a material
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and have high charge carrier scattering leading to low carrier mobility of charge carriers where
as in modulation doping the dopants are non-uniformly distributed throughout the material.
Because of the fermi level imbalance between host and guest material, the charge carriers are
separated from the dopants leading to high carrier mobility because of low charge carrier
scattering or ionized impurity scattering.®

Recently, to improve the ZT value of Cu2Sni—xZnxSs nanobulk materials, we fabricated
blended Cu2Sn;—xZnxS3 nanobulk materials by sintering a mixture of chemically synthesized
Cu2SnogsZno.15S3 (high o and high ) and Cu2Sno.9Zno.1S3 (low o and low x) nanoparticles as
dense bulk materials by the PECS technique using Cu2Sno.gsZno.15S3 as the host material and
CuzSno.9Zno.1Ss as nanoinclusions.® By blending these two heterogeneous (but nearly identical)
nanoparticles in a weight fraction of 9:1 to fabricate a nanobulk material, the resulting pellet
has ZT = 0.64 at 670 K, which is 1.7 and 1.9 times higher than the ZT values of the pristine
Cu2Sno.85Zno.15S3 and Cu2Sno.eZno.1S3 nanobulk materials, respectively.

Cu-Fe-S semiconductors, including cp,’®** cb,®>1" and bn,’®% are earth-abundant low-
toxicity thermoelectric materials. In addition, the Cu—Fe—S system can be either a p- or n-type
semiconductor depending on the composition.41>19 Despite their promising properties, such
as low band gap energies and relatively high S values, the ZT values of Cu-Fe-S
semiconductors are not very high, mainly because of their low PF values (0.38 mW mK™ at
625 K for cp,'! 0.48 mW mK™2 at 663 K for cb,'® and 0.23 mW mK™ at 663 K for bn?0).
Moreover, Cu—Fe-S thermoelectric materials are mostly synthesized by vacuum melting or
mechanical alloying, which are high-energy time-consuming processes. In addition, multiscale
defect engineering and interfacial modification to enhance the PF and xit are inherently
difficult for Cu—Fe—S materials using these processes.

In this study, we fabricated Cu—-Fe-S nanobulk TE materials by sintering a mixture of

chemically synthesized Cu»S and FeS nanoparticles into dense bulk materials by the PECS
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technique. CuzS and FeS nanoparticles were blended in the liquid phase to form a homogeneous
mixture. The n- and p-type of the resulting Cu—Fe—S nanobulk material can be readily tuned
by changing the volume ratio of the Cu.S and FeS nanoparticles. Therefore, p- and n-type TE
materials can be individually prepared by just changing the Cu.S/FeS blending ratio. In
addition, the spontaneously formed minor phases in the nanobulk material can act as

nanoinclusions to effectively enhance the ZT value of the Cu—Fe—S TE material.

3.3 Materials

List of the chemicals used for the fabrication of Cu-Fe-S nanobulk samples is shown in

Table 3.1. All the chemicals have been used as received without further purification.

Table 3.1. List of the chemicals, their chemical formula or abbreviation, and purity %.

Chemicals Chemical Formula / Abbreviation Purity %
Copper acetyl acetonate Cu(CsH70z)2 / Cu(acac)2 99.9
Iron acetyl acetonate Fe(CsH702)3 / Fe(acac)s 99.9
1-Dodecanethiol CH3(CH2)11SH / DDT 98.0
Thiourea SC(NHz2)2 99.0
Oleylamine CigH3sNH2 / OAM 70.0
Methanol CH3OH 99.8
Ethanol C2Hs0H 99.5
Toluene C7Hs 99.5
Hexane CeHu4 96.0
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3.4 Experimental

3.4.1 Synthetic Technique for Cu2S and FeS Nanoparticles

Cu2S NPs were synthesized with a heat-up method. Briefly, 40 mmol of Cu(acac). and 240
mL of DDT were put into a 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
80 °C and kept for 30 min with Ar bubbling to remove volatile matter and dissolve Cu(acac)a.
Subsequently, the reaction temperature was further raised to 220 °C and kept for 2 h. After the
reaction, the mixture was cooled to room temperature (crude CuzS). General synthetic

technique for copper sulfide NPs is shown in Scheme 3.1.

Cooling down

—
Washing

Copper sulfide
NPs

RT 80°C 220°C

Scheme 3.1. General synthetic scheme for CuS NPs.

FeS NPs were also synthesized in the same manner as the case of CuzS nanoparticles. 20
mmol of Fe(acac)s, 40 mL of DDT and 80 mL of OAM were put into a three-necked flask, and
then, the reaction mixture was stirred with Ar bubbling at room temperature for 5 min.
Immediately after that, the temperature was increased to 80 °C and kept for 30 min with Ar
bubbling to remove volatile matter and dissolve Fe(acac)s. Subsequently, the reaction
temperature was further raised to 220 °C and kept for 2 h. After the reaction, the mixture was
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cooled to room temperature (crude FeS). General synthetic technique for iron sulfide NPs is

shown in Scheme 3.2.

Fe(acac),
DDT : OAM (1:2)

/E\

w Cooling down Iron sulfide
E—

NPs
Washing

RT 80°C 220 °C

Scheme 3.2. General synthetic scheme for FeS NPs.

3.4.2 Preparation of Blended Powders

To prepare the powder for making a pellet, crude Cu>S and crude FeS were mixed so as to
the volume ratio between CuzS and FeS NPs (Vcy,s/Vres) in the powder becomes to be a
desired value. Table 3.2 shows the relation between Vc,,s/Vges and the weight fractions of
CuzS (p) and FeS (1—¢) in the powder. In the present study, 6 powder samples with different
Veu,s/Vres=100/0, 90/10, 75/25, 50/50, 25/75 and 0/100 were prepared. These powder samples

are referred to as Powder 10/0, Powder 9/1, Powder_3/1, Powder_1/1, Powder_ 1/3, and

Powder_0/10, respectively (Table 3.2).

Table 3.2. Relation between Vc,,s/Vges and the weight fractions of CuzS (¢) and FeS (1—¢).

Sample name Veuys/Vres ) 1-¢
Powder_10/0 100/0 1.00 0
Powder_9/1 90/10 0.91 0.09
Powder 3/1 75/25 0.78 0.22
Powder 1/1 50/50 0.55 0.45
Powder_1/3 25/75 0.29 0.71
Powder_0/10 0/100 0 1.00
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3.4.3 Ligand exchange of FeS and CuzS Nanoparticles

1.0 g of the powder was dispersed in 66 mL of toluene in a conical flask. In another flask,
2.7 g of thiourea was dissolved in 106 mL of methanol. Then, the methanol solution of thiourea
was poured into the toluene dispersion of the NPs followed by sonication for 1 h. After the
sonication, the NPs were separated from the mixture by centrifugation at 5000 rpm for 3 min.
Then, the NPs were first washed by the following process: redispersion in hexane,
centrifugation, and supernatant removal. Subsequently, 12 mL of methanol was added to the
precipitates and the dispersion was sonicated for 10 min. After the sonication, the NPs were
separated from the mixture by centrifugation at 5000 rpm for 5 min. Then, the NPs were washed
four times by repeating the following purification cycle: redispersion in methanol,
centrifugation, and supernatant removal to completely remove excess thiourea. Finally, 20 mL
of toluene was added to the NPs followed by centrifugation at 5000 rpm for 10 min. The

resulting powder sample was dried under vacuum.

3.5 Characterization Techniques

After synthesizing the NPs, next step is to characterize the NPs using various characterization
techniques. A wide range of instruments were used in the characterization of the NPs studied
here. The crystalline properties of the samples were analyzed by XRD with a Rigaku Miniflex
instrument, Cu K, radiation (A= 0.15418 nm) at 30 kV and 15 mA over a 20 range of 20-60°.
TEM characterization was performed using a Hitachi H-7100 and H-7650 operating at 100 kV.
Samples were prepared by drop-casting in a dilute solution of NPs in methanol/ toluene
solution onto a Cu TEM grid (from Ted Pella). Sample composition was studied using

inductively coupled plasma-optical emission spectroscopy (ICP-OES) using a Shimadzu ICPS-
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7000 instrument. The accelerating voltage of the electron beam was 100 kV. Further these NPs
samples were subjected to TE properties measurements.

After ligand exchange, the blended NPs were pelletized into a solid disk with a diameter of
10 mm and a thickness of 2-3 mm using a PECS machine (Sinterland LABOX-100) under the
following conditions: atmosphere, vacuum; temperature, 450 °C; pressure, 30 MPa; and
sintering time, 5 min. x is measured using a technique called laser flash analysis (LFA) and S,

electrical resistivity (p) is measured using ZEM-3 instrument.

3.6 Results and Discussion

3.6.1 Morphology and Crystal Structure

TEM images of the powder samples are shown in Figure 3.1. Both the CuxS (Powder 10/0,
Figure 3.1a) and FeS (Powder 0/10, Figure 3.1f) nanoparticles are relatively uniform in size
with a hexagonal platelet-like morphology. It is well known that Cu,S nanoparticles have a
hexagonal disk shape and are relatively stable at high temperatures.?'> For the FeS
nanoparticles, some of the nanoparticles are standing up and others are lying down on the TEM
grid (Figure 3.1f). The mean diameter and thickness of the CuxS nanoplatelets were calculated
to be 15.1 £ 0.7 nm and 2.8 = 0.4 nm, respectively. The average diameter and thickness of the
FeS nanoplatelets were calculated to be 134.9 = 24.1 nm and 13.5 + 5.4 nm, respectively. The
TEM images of the Powder 9/1, Powder 3/1, Powder 1/1, and Powder 1/3 blended samples

show that the Cu,S and FeS nanoplatelets are mixed to form blended powders.
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Figure 3.1. TEM images of (a) Powder 10/0, (b) Powder 9/1, (¢) Powder 3/1, (d)
Powder 1/1, (e) Powder 1/3, and (f) Powder 0/10 recorded before ligand exchange.

The XRD patterns of Powder 10/0, Powder 9/1, Powder 3/1, Powder 1/1, Powder 1/3,
and Powder 0/10 recorded after ligand exchange are shown in Figure 3.2. The XRD patterns
of Powder 10/0 and Powder 0/10 agree well with those of cc and troilite (zr, FeS),
respectively. The relative intensity ratio of the XRD peaks of cc to tr systematically decreases
with decreasing Viy,s/Vres. The mean crystalline sizes (Dxrp) of cc and #r were calculated
using Scherrer’s equation based on the most intense diffraction peaks. The Dxrp values of

Powder 10/0 and Powder 0/10 are 14 and 18 nm, respectively.
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Figure 3.2. XRD patterns of Powder 10/0, Powder 9/1, Powder 3/1, Powder 1/1,
Powder 1/3, and Powder 0/10 (from bottom to top). The red and purple lines correspond to
the reference XRD patterns of chalcocite (CuzS, JCPDS PDF No. 00-009-0328) and troilite
(FeS, JCPDS PDF No. 00-001-1247), respectively.

The XRD patterns of Pellet 10/0, Pellet 9/1, Pellet 3/1, Pellet 1/1, Pellet 1/3, and
Pellet 0/10 recorded after the thermoelectric measurements are shown in Figure 3.3. The
crystalline structure of Pellet 10/0 is di, which is a stable phase of the Cu—S system. During
sintering by PECS, the cc phase becomes unstable and changes to the more stable di phase.**
CuzS is a superionic conductor and shows a superionic phase transition above 689 K.>*»
Therefore, excess Cu could have precipitated at the surface of the pellet during sintering at high

temperature (>700 K), but it would have been removed during polishing.?® For Pellet_0/10, the
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crystalline structure is iron-deficient monoclinic pyrrhotite (m-po, Fe7Sg) with a small amount
of iron oxide. The existence of iron oxide is verified by peaks at 26 = 35.4° and 56.9°, which
correspond to the XRD peaks of the (311) and (511) planes of iron oxide, respectively (Figure

3.3).
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Figure 3.3. XRD patterns of Pellet 10/0, Pellet 9/1, Pellet 3/1, Pellet 1/1, Pellet 1/3, and
Pellet 0/10 (from bottom to top). The reference XRD patterns of isocubanite (CuFe»S3, JCPDS
PDF No. 01-081-1378), tetragonal chalcopyrite (CuFeS,, JCPDS PDF No. 01-073-9964),
bornite (CusFeS4, JCPDS PDF No. 00-042-1405), monoclinic pyrrhotite (Fe;Ss, JCPDS PDF
No. 01-074-7398), and digenite (CuoSs, JCPDS PDF No. 00-047-1748) are shown by black,
blue, green, pink, and orange lines, respectively.

To perform quantitative phase-composition analysis of the blended samples, Rietveld
refinement of the XRD patterns of Pellet 9/1, Pellet 3/1, Pellet 1/1, and Pellet 1/3 was
performed using the FullPROF program.?® The Rietveld-refined XRD patterns are shown in
Figure 3.4. Pellet 9/1 is a mixture of bn, nukundamite [nu, (Cu,Fe)sSs], di, roxbyite (ro,

Cu29S16), and a small amount of CuO (Table 3.3). The volume percentages of the bn, nu, di,
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ro, and CuO phases were calculated to be 89.0%, 8.9%, 1.1%, 0.1%, and 0.9%, respectively.
For Pellet 3/1, bn is the main phase with some minor phases, such as nu and covellite (co,
CuS) (Table 3.3). For Pellet 1/1, the main phase is ¢p and the secondary phase is bn (Table
3.3). The volume percentages of the c¢p and bn phases are 90% and 10%, respectively. For
Pellet 1/3, the main phase is cp with the m-po secondary phase (Table 3.3). The volume

percentages of the cp and m-po phases are 92% and 8%, respectively.

zg| W Pellet 9/1 | 2 | (B) Pellet_3/1

c c

>0 =3

< £

£ 8

= el

= -

o c

Q ‘ Q ‘

E W g 'lI!n"l e \.!.-‘f!l At ’l]llulrululugllyrr\ r,lllIIlII[uﬂll[\lllll[ilh\ll c 1 & '|J i A Lotk II N I

- ) y *m,"- e o) W s W ,.,n._'\, ,.._«‘"._.‘;_»' A I PPN | W et fna) ‘,‘Mj‘v-.—mh‘/‘ll‘\.,.u 'Mp-w...“-,' (R

2 | © Pellet 11| = | (P Pellet_1/3

= =

3 3

ol el

= —

£ &

= 2

2 2

Q —-L - @ . -

c ! I i K = NTNN TR LU DRV R U R O

- e T e el e, /] - w«.-..mw,fa,».r-«\.ur;‘m"..\.*.fm'ww-m.ﬁwfmw:v' W ratmpmiemturtins ™ d
20 30 40 50 60 20 30 40 50 60

2 theta (degrees) 2 theta (degrees)

Figure 3.4. Rietveld refinement of the powder XRD patterns of (A) Pellet 9/1, (B) Pellet 3/1,
(C) Pellet_1/1, and (D) Pellet 1/3. The experimental patterns are shown as red circles and the
calculated patterns are shown as black lines. The y* values are 3.87, 3.88, 2.08 and 1.19 for
Pellet 9/1, Pellet 3/1, Pellet 1/1, and Pellet 1/3, respectively. The Bragg reflection positions
are shown as short green bars below the diffraction patterns. The blue lines represent the
difference patterns.

Table 3.3. Volume percentages of the phases determined by Rietveld analysis.

Pellet name Main phase (vol %) Minor/secondary phases (vol %)
Pellet_10/0 di (100) -
Pellet_9/1 bn (89.0) nu (8.9)+di (1.1) + ro (0.1) + CuO (0.9)
Pellet_3/1 bn (90.1) nu (7.7) + co (2.2)
Pellet_1/1 cp (90) bn (10)
Pellet _1/3 cp (92) m-po (8)
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Pellet 0/10 m-po (91) Fe304 (9)

The Dxrp values of the main phases in Pellet_10/0, Pellet_9/1, Pellet_3/1, Pellet_1/1,
Pellet_1/3, and Pellet_0/10 were calculated to be 18, 6, 9, 10, 18, and 18 nm, respectively.
Interestingly, the Cu—Fe—S phases, such as bn and cp, have smaller Dxrp values than the CuxS
and FeS nanoparticles, whereas the Dxrp values of the Cu—S (di) and Fe-S (m-po) phases are
approximately the same as those of the Cu,S and FeS nanoparticles, respectively. The mean
crystalline size did not change much after PECS because of the fast heating and cooling rate.
This advantage of PECS provides limited grain growth rate. The PECS technique is rapid
densification technique which involves joules heating effect in the particles on application of
electric DC pulse across the sample which causes diffusion of the atoms enhancing the growth
of the particles. But due to short hold time and rapid cooling, this diffusion process is hampered

and the grain growth is diminished. All of the crystalline phases in the samples are listed in

Table 3.4.
Table 3.4. Crystal phases in the samples.
T f i
Chemical formula Mineral name Abbreviation ype ol carrier
(bulk crystal)
CuzS chalcocite cc p?’
Cu29S16 roxbyite ro p28
CuoSs digenite di p?
CuS covellite co p3°
P18
CusFeS4 bornite bn
(n at low temperature)
CuFeS; chalcopyrite cp n'!
(Cu,Fe)sS4 nukundamite nu N/A
P3l
FesSs monoclinic pyrrhotite m-po

(n at low temperature)
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P32
(metallic when 7> 420 K )

FeS troilite tr

XPS analysis for all the pellets are done to investigate phases present other than the
crystalline phases which are not observed in the XRD are shown in Figure 3.5. Deconvolution
of the Cu 2p, Fe 2p and S 2p are done using Gaussian-Lorentzian mixed function in
XPSPEAKA41 software. The Cu 2p spectra was deconvoluted with four different species: Cu’,
Cu*, Cu?" and satellite peak, the Fe 2p spectra was deconvoluted with five different species:
Fe’, Fe**, Fe** surface component and satellite peak.

In Pellet 10/0 (Figure 3.5 a), two XPS spectras Cu 2p and S 2p are shown. Cu; sS as the
main phase was observed in XRD pattern of this sample as shown in Table 3.3 and also
confirmed from the Cu*, Cu?" and low binding energy value of 161.3 eV and 162.5 which
correspond to S 2ps2 and S 2pi respectively. Presence of metallic Cu in the form of Cu® and
SO4* (~168 eV) species due to surface oxidation were also observed. These phases are probably
amorphous in nature and could not be observed in XRD analysis.

Pellet 9/1 (Figure 3.5 b), three XPS spectras are Cu 2p, Fe2p and S 2p are shown. bn as the
main phase along with the secondary phases such as nu, di, ro, CuO. bn (Cus"Cu**Fe**S4) has
Cu*, Cu*', Fe*', nu (Cuz*"Fez*"S4) has Cu?*, Fe?" species, di and ro has Cu*, Cu*" presence of
all these species in the XPS spectra confirms the presence of bn, di, nu and CuO. Presence of
Cu’ and Fe" are also detected which was not observed in the XRD pattern of this sample and
is probably in amorphous form. Pellet 3/1 (Figure 3.5 ¢), three XPS spectras are Cu 2p, Fe2p
and S 2p are shown. bn as the main phase along with the secondary phases such as nu, co. bn
has Cu*, Cu**, Fe?" and presence of all these species in the XPS spectra confirms the presence
of bn and also nu and co. Presence of Cu’ and Fe® are also detected which was not observed in

the XRD pattern of this sample and is probably in amorphous form.
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In Pellet_1/1 and Pellet 1/3, (Figure 3.5 d and e respectively) surface oxidation of S due to
SO4* species (~168 eV) was observed which was detected during XRD. In both the samples
cp as the main phase was observed and Cu”, Cu*", Fe?", Fe’" species confirms the presence of
cp and bn well in Pellet_1/1 and m-po in Pellet_1/3. Presence of Cu® and Fe® are also detected.
In Pellet 0/10 (Figure 3.5 e), surface oxidation of S due to SO4> species (~ 168 eV) was
observed which was detected during XRD. Presence of Fe’ was observed. Presence of Fe?",
Fe’" species corresponds to the main phase m-po and Fe;Oa4.

In addition, it is somehow difficult to differentiate between Cu® and Cu'" because their
binding energies are almost identical (~932 eV). So presence of Cu® species is doubtful. So
without the presence of Cu’ species atomic % of each species calculated from respective areas
are shown for all the pellets in Table 3.5 and theoretical ratio of each species in all the samples
are shown in Table 3.6. Theoretical ratio of each chemical species is calculated on the basis of

the phases present in the respective pellet samples.

Table 3.5 XPS composition of each species (atomic %).

Pellet name Cu* Cu? Fe' Fe?* Fe¥*
Pellet_10/0 75 25

Pellet 9/1 82 18 29 24 47
Pellet_3/1 79 21 12 42 46
Pellet _1/1 76 24 14 39 47
Pellet_1/3 93 7 18 47 35
Pellet_0/10 27 57 16
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Table 3.6. Theoretical % of chemical species in all the samples.

Cu* Cu?* Fe** Fe¥*
Pellet_10/0 89 1 - -
Pellet 9/1 85 15 67 33
Pellet_3/1 63 37 67 33
Pellet 1/1 100 -- -- 100
Pellet _1/3 100 -- 63 37
Pellet 0/10 -- -- 60 40
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Figure 3.5. XPS patterns of (a) Pellet 10/0, (b) Pellet 9/1, (c) Pellet 3/1, (d) Pellet 1/1, (e)
Pellet 1/3, and (f) Pellet_0/10.

74



3.6.2 Compositional Analysis.

The average composition of each sample was determined by ICP-OES [hereafter referred to
as (Cu/Fe)icp]. The theoretical Cu/Fe atomic ratio in the sample [(Cu/Fe)cac] was calculated
from the V,,s/Vres value. For the pellets, cross-sectional HAADF-STEM and EDS elemental
mapping analyses were also performed, as shown in Figure 3.5. The average Cu/Fe values
calculated from EDS and quantitative Rietveld phase analysis are hereafter referred to as
(Cu/Fe)eps and (Cu/Fe)xrp, respectively. The (Cu/Fe)cae, (Cu/Fe)icp, (Cu/Fe)eps and
(Cu/Fe)xrp values agree relatively well (Table 3.6), indicating that the pellets are
macroscopically homogeneous.

The internal nanostructures of the pelletized samples are characterized by the cross sectional
TEM and STEM-HAADF as shown in Figure 3.7. It is clear that the microscopic compositional
non-uniformity increases with decreasing Viy,s/Vres (Figure 3.6). Combined with the XRD
analyses, this result can be interpreted as follows: For Pellet 9/1 and Pellet 3/1, even though
they are a mixture of several phases (Table 3.3), the compositional non-uniformity is not very
pronounced because the Fe content in the pellet is relatively low and the mean size of the Cu,S
nanoplatelets is small (15 nm). Pellet 1/1 is a mixture of c¢p and bn and Pellet 1/3 is a mixture
of cp and m-po (Table 3.3). Because the mean size of the FeS nanoplatelets (135 nm) is much
larger than that of the CuzS nanoplatelets, the compositional inhomogeneity in the resulting

pellets increases with decreasing Ve, s/ Vges.
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STEM-HAADF CuK Fe K SK Overlay

Pellet_9/1
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vy
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Figure 3.6. Cross-sectional HAADF-STEM and EDS elemental mapping images of Pellet 9/1,
Pellet 3/1, Pellet 1/1, and Pellet 1/3 after the thermoelectric measurements (from top to
bottom). The left column is the HAADF-STEM images, the second column from the left is the
Cu K line, the middle column is the Fe K line, the second column from the right is the S K line,
and the right column is the overlay. The scale bar is 30 nm.

Table 3.7. Cu/Fe atomic ratios in the blended samples.

Sample name (Cu/Fe)calc (Cu/Fe)icp (Cu/Fe)kps (Cu/Fe)xrp
Pellet 9/1 92/8 89/11 93(£6)/7(£6) 84/16
Pellet_3/1 80/20 80/20 79(£1)/21(£1) 84/16
Pellet_1/1 55/45 55/45 60(£2)/40(£2) 54/46
Pellet 1/3 30/70 30/70 40(£2)/60(£2) 46/54

It has been reported that PECS has the potential to form preferential crystal orientation

perpendicular to the pressing axis>® and/or compositional gradient along the pressing axis**>>
which lead to the anisotropy of the transport properties. Because x was measured for the pellet

in the cross-plane direction while S and o were measured in the in-plane direction, the isotropy
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and homogeneity of the pellet is essential. In the cases of the blended samples, it is unlikely
that the preferential orientation occurs during PECS, because bn and cp are cubic and tetragonal
crystal systems, respectively, and the grain growth was suppressed as mentioned above. To
find out if the compositional gradient along the pressing axis is formed, the composition of
both surfaces of the pellet was measured by SEM-EDS. EDS spectra were obtained from eight
randomly selected regions within one side of the pellet. Since no significant differences in the
composition of both sides were detected, it is confirmed that the pellets were compositionally

isotropic.

3.6.3 Thermoelectric Properties

The temperature dependence of the o, S, PF, «, ki, and ZT values of all the pellets is shown
in Figure 3.7. It should be noted that we measured the S and ¢ values during both the heating
and cooling cycles, and the values are the same in both cycles, as shown in Figures 3.8 and 3.9.
Therefore, only the values during the heating cycle are shown in Figure 3.7.

Thermogravimetric analysis (TGA) of thiourea capped nanoparticles were also done which
shows that thiourea start to degrade above 140 °C into ammonium thiocyanate (NH4SCN),
NH3, HoS and carbodiimide (NH=C=NH) as shown in Figure 3.10. The melting point of
thiourea is 184.5 °C.3°

Pellet _10/0 shows very similar TE properties to those of non-nanostructured di, which is
known to be a p-type degenerate semiconductor.’” However, the o value is significantly lower
than that of non-nanostructured di (22,5000 S/m),?’ presumably because the relative density of
the pellet is low and/or the Cu/S ratio in Pellet 10/0 is slightly larger than 1.8.%8

For Pellet 9/1, the ZT value reaches 0.55 at 663 K, which is about 45% higher than that of
non-nanostructured bn (ZT = 0.38 at 663 K),'® even though the main phase is bn (Table 3.3).

The x value is almost the same as that of non-nanostructured bn. It is known that b has intrinsic
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ultralow x (0.3 W m ! K™!). Therefore, the nanostructuring does not lead to a further reduction
of xiat. In the present study, the Z7 value of bn is increased to 0.55 (at 663 K) by increasing the
PF while maintaining ultralow x. Pellet 3/1 shows similar TE properties to those of non-

nanostructured stoichiometric bn,'®!°

probably because the fraction of the bn phase in
Pellet 3/1 is very high (Table 3.3) and the bn phase could be nearly stoichiometric. One
possible reason for the enhanced figure of merit of Pellet_9/1 is the off-stoichiometry of the bn
phase and the resulting higher PF. It has been reported that the S value of the stoichiometric bn
phase is very large, while the ¢ value is relatively low (ca. 5.0 S m* at 300 K) because of its
low carrier concentration (1.7 x 10'® cm™ at 300 K). However, the ¢ value can be greatly
enhanced by tuning the off-stoichiometry. In fact, slightly off-stoichiometric bn with richer Cu
and poorer Fe contents (Cus.o4Feo.96S4) has a 2—3 orders of magnitude higher ¢ value than that
of stoichiometric bn by creating more hole carriers, while the S value of slightly off-
stoichiometric hn is as high as that of stoichiometric bn. As a result, the ZT value of
Cus 04Feo.06S4 reaches 0.5 at 663 K.'® However, even if that is the case, the off-stoichiometry
of the bn phase in Pellet 9/1 is small because no significant shift of the XRD peaks was
observed for the bn phase in Pellet 9/1.

Another possible reason for the enhanced ZT of Pellet 9/1 is three-dimensional modulation
doping.”®¥ It is possible that the carriers diffuse from the di and/or other minor phases (high
n) to the bn phase (low n) in Pellet 9/1. For example, the n values have been reported to be 4.5
x 10210 3.0 x 10?! cm ™ for di*® and 3.3 x 10?! cm ™ for r0.?® The Fermi level of pristine bn is
thought to be located between the conduction and valence bands, while it exists in the valence
band for di. Since bn is an intrinsic semiconductor (undoped) and for intrinsic semiconductors
the Fermi level lies in between the conduction band and valence band*! whereas di is p-type
semiconductor and for p-type semiconductors, the Fermi level lies within the valence band*.

This Fermi level imbalance between bn and di can lead to modulation doping. After performing
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Hall measurement for Pellet 9/1, the n is 3.1 x 10?! cm™> at 300 Kwhich is much higher than
reported for pristine bn (1.7 x 101 cm™ at 300 K).'®

Pellet 1/1 and Pellet 1/3 show n-type semiconductor behavior. This is consistent with the
fact that the main phase in these pellets is cp, which is an n-type semiconductor. It has been
reported that the carrier concentration of Cui—Fe1+S2 can be tuned within a wide range by
varying x. For example, n = 0.34 x 10?° cm ™ when x = 0, while n = 7.02 x 10?° cm™> when x =
0.1.!2 Therefore, both the S and ¢ values can vary widely even if the XRD pattern remains
virtually unchanged. The ZT values of Pellet 1/1 and Pellet 1/3 were calculated to be 0.06 and
0.08 (at 663 K), respectively. These values are less than half of the ZT value of non-
nanostructured cp (ZT = 0.18 at 663 K).!? This is presumably because of the existence of
another phase (bn or m-po) and/or nanostructuring decreasing not only xi. but also o, resulting
in lower PF. Note that the x value of non-nanostructured Cu;—Fei+S is as high as 1-2 W m™!
K112 Pellet 0/10 shows metallic behavior, as expected from the carrier transport properties of
m-po.3! It is evident in Figure 3.6e, where i of Pellet 0/10 exhibits the classical 1/T
dependence caused by Umklapp scattering, while the characteristic 1/7 dependence of xiat
disappears in the cases of the blended samples (Pellet 9/1, Pellet 3/1, Pellet 1/1 and

Pellet 1/3) supporting the fact that the phonon scattering is dominated by defect scattering.

79



108 500 j
(a) (b)

400
——0—0—0—o— ]
10° 300 3
“—a o o 5 o E

R B e o S 200 1 g%

o 100 7
[~ X ]

Eiv] e |5 ol
@ *Pellet_10/0 [ 2 3
b ePellet 9/1 | ©» 1003

*—o—o—0—o0—0—0
102 ]
] e Pellet_3/1 -200 3
e Pellet_1/1 -300 ]
107 4 3
* Pellet_1/3 400 ]

¢ Pellet_0/10 3
100 T T T -500
300 400 500 600 700 300 400 500 600 700
Temperature (K) Temperature (K)
70 1(c) ° (d)
E c E
600 ] g
] 4 3
—~ 500 3 o 351
4 ] ]
£ 400 E o
s S 25 —4++++33
2 300 3 x o,
w ] 3
% 200 5] #3533
] 1 3
100 0.5 ] ; '._'_‘g:_:h.ﬁ
0 :M.. 0 —rr—r—r——r——r————
300 400 500 600 700 300 400 500 600 700
Temperature (K) Temperature (K)
3.5 0.8
(€ U]
3 ] 0.7 1
N \\\ 0.6 1
5 ] . 0.5 1
0.4 4

Kiat (W/mK)
P

-
1

0.3 -
- 4>,:’_._—_._’— : : 0.1 5

300 400 500 600 700 300 400 500 600 700
Temperature (K) Temperature (K)

o
2

Figure 3.7. Temperature dependence of the (a) o, (b) S, (c) PF, (d) «, (e) ki, and (f) ZT values
for all of the pellets. Black, pink, green, blue, orange, and red are the data for Pellet 10/0,
Pellet 9/1, Pellet 3/1, Pellet 1/1, Pellet 1/3, and Pellet 0/10, respectively. It should be noted
that we measured the S and ¢ values during both the heating and cooling cycles and the values
were the same. Therefore, only the values during the heating cycle are shown here.
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(f) Pellet_0/10. Red and blue circles represent data measured in heating and cooling cycles,
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The TE properties plotted as a function of the Cu atomic percentage in the pellets are shown
in Figure 3.11. The thermoelectric properties drastically change by varying Vc,,s/Vges. Both
p- and n-type nanostructured thermoelectric materials can be fabricated by just changing the
Veu,s/ Vres ratio with the same starting materials and using the same synthesis process. In
addition, we succeeded in significantly improving the ZT value of Pellet 9/1, in which bn and
other copper sulfide phases coexist, compared with pristine bn, possibly because of the off-
stoichiometric effect and/or the modulation doping effect. In future work, we will perform
temperature-dependent Hall effect measurements in combination with high-resolution three-
dimensional electron backscatter diffraction tomography to clarify the mechanism of the

enhancement of the Z7 value.
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The TE properties of the nanostructured pelletized samples and bulk materials are compared

with each other at 663 K as shown in Table 3.8 and 3.9. In case of Pellet_10/0, xiat values is

lower than the bulk sample because of phonon scattering.

Table 3.8. Experimental values of g, S, xiat, and ZT for all the samples at 663K.

Sample o (S/m) S (uLV/K) Kiat (WIMK) ZT
Pellet_10/0 102039 70.00 0.8 0.13
Pellet_9/1 21317 162.00 0.3 0.55
Pellet_3/1 12266 163.00 0.5 0.27
Pellet _1/1 2611 -177.80 0.8 0.06
Pellet_1/3 28193 -82.25 1.0 0.08
Pellet_0/10 122002 -16.48 2.3 0.005
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Table 3.9. Reference values of o, S, xiat, and ZT for bulk materials at 663K .43 18. 12

Bulk Material o (S/m) S (uLV/K) Kiat (W/mK) ZT
Cu1sS 100000 70.00 1.5 0.12
CusFeS, 7500 200.00 0.3 0.38
CuFeS> 4900 -350.00 1.5 0.18

3.7 Conclusions

The Cu-Fe-S system contains environmentally benign and abundant elements, and it
potentially has good TE properties in a medium temperature range. However, the low figure of
merit and the difficulty of producing Cu-Fe—S TE materials limit their practical applications.
Therefore, it is imperative to develop rapid low-cost methods to fabricate high-performance
Cu—Fe-S TE materials. In this study, we demonstrated a facile, rapid, and low-cost method for
fabricating Cu—Fe-S TE materials based on colloid chemistry. In this method, chemically
synthesized Cu,S and FeS nanoparticles are mixed and then sintered by the PECS technique.
During sintering, phase changes occur, resulting in multiphase nanocomposites. By varying the
ratio of Cu»S to FeS, the type of carrier (p- or n-type) can be readily controlled. In addition, the
phonon scattering is dominated by defect scattering in the cases of blended samples. In
particular, with a blending ratio of CuS/FeS = 9/1, a nanocomposite mainly consisting of bn
along with some minor phases is produced. It is known that bn is a promising TE material
because of its intrinsic ultralow x (0.3 W m™t K™1). However, the ZT value of stoichiometric bn
has been reported to be about 0.38 (at 663 K) owing to its low PF. In the present study, the ZT

value of bn is increased to 0.55 (at 663 K) by increasing the PF while maintaining ultralow «.
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Chapter 4: Relation between Structure and Thermoelectric Properties of

Cu-Fe-S Thermoelectric Materials

4.1 Abstract

Cu-Fe-S system has been studied as TE material and their TE properties are dependent on
the crystal phase of the system. This chapter provides an insight on TE properties of various
Cu-Fe-S nanobulk materials fabricated in chapter 3 by mixing Cu.S and FeS in different ratios
and comparing with the reported Cu-Fe-S TE bulk materials on the basis of crystal phase of

the Cu-Fe-S systems.

4.2 Relation between Structure and Thermoelectric Properties of Fabricated

Pellets

4.2.1 Pellet_9/1 and Pellet_3/1

Pellet_9/1 and Pellet_3/1 are fabricated by mixing Cu>S and FeS in liquid state in 90:10 and
75:25 (VIV) respectively, followed by densification using PECS and TE measurements. After
TE measurements, intergrown nanopahases were observed in XRD as shown in Table 3.3.
XRD was done for Pellet 9/1 which shows that bn was the main phase along with the
intergrown phases such as di, nu, ro, and CuO. In case of Pellet_3/1, the bn as the main phase
was observed along with intergrown phases nu, and co. These intergrown phases certainly
affect the thermoelectric properties of the resulting material. The structural relation of TE

properties of the Pellet_9/1 and Pellet_3/1 will be discussed.

Electrical Conductivity
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Both the samples show semiconducting behavior. o of Pellet_9/1 is much higher than the
reported bn® material (5.0 S m™ at 300 K) but can enhanced by tuning the off-stoichiometry
because low thermal activation energy (Ea) values of bn (0.16 and 0.27 eV for low
orthorhombic phase (at 300 K) and high cubic phase (at 620 K) as shown in Figure 4.1 suggests
that o can be easily tuned. It is reported that the o of off-stoichiometric Cus.02Feo.98S4 has 2-3
orders of higher ¢ than the stoichiometric bn (CusFeSa). It is because; Fe3* valence state is
higher than that of Cu* in bn.? Thus, off stoichiometric bn can generate more hole carriers (3.9
x 10 cm™ for Cus.o2Feo9sSa at 300 K).! Another possible reason for enhanced o to those
reported for non-nanostructured stoichiometric bn, is modulation doping because of the
presence of high charge carrier (n) phases such di, nu and, ro. It is possible that charge carriers
diffuses from high n (4.5 x 10%° to 3.0 x 10%* cm™3 for di® and 3.3 x 10?* cm™2 for ro®. ) to low
n (1.7 x 10'® cm™2) in bn. This diffusion occurs because of the fermi level imbalance between
pristine bn and di. Fermi level lies in the valence band in case of di where as it lies in between
in case of pristine bn. From the Hall measurement of Pellet_9/1, it was confirmed that the n
(3.1 x 102t cm™®) is 5 orders higher than the pristine bn which is the possible case of modulation

doping.

o of Pellet_3/1 shows similar value to those of non-nanostructured non-stoichiometric
(Cus.0sFeo.96S4) bn. it is probably because the volume fraction of bn is comparatively higher
than in Pellet_9/1 as shown in Table 3.3 in the last chapter and there is possibility of slight non-
stoichiometry. Comparison of o of Pellet_9/1 and Pellet_3/1 with stoichiometric and non-

stoichiometric bn is shown in Figure 4.2.
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Figure 4.1 Crystal structures along the b-axis for the high cubic phase, intermediate cubic
phase and, low orthorhombic phase and of bn. The XRD diffraction patterns of bn collected at
300, 520, and 620 K.!
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Figure 4.2 Comparison of o of Pellet 9/1 and Pellet_3/1 with non-nanostructured
stoichiometric and non-stoichiometric bn?.

Seebeck Coefficient

94



The S value of Pellet_9/1 and Pellet_3/1 is nearly matching with the reported S value of
pristine bn as shown Figure 4.3. Both the samples show p-type conducting behavior for all
temperature range whereas pristine bn shows n-type semiconducting behavior at low

temperatures and changes to p-type behavior above about 450 K.!

Both the pellets show p-type conductivity even below 450 K, this is probably because

intergrown phases such as di, nu and, ro are p-type semiconducting materials.
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Figure 4.3 Comparison of S of Pellet 9/1 and Pellet 3/1 with non-nanostructured
stoichiometric and non-stoichiometric bn®.

Thermal Conductivity

It is reported that three bn samples i.e. one stoichiometric and two non-stoichiometric
samples show abnormally ultra-low «. Stoichiometric bn shows ultra- low xi.t value of 0.2-0.4
W/mK?! from 372-663 K and even in case of non-stoichiometric bn samples low i is

maintained because of strain fluctuation between Cu and Fe in bn as shown in Figure 4.4.
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Because of the highly disordered arrangement of Cu, Fe and vacancies in the high cubic
phase of bn as shown in Figure 4.1, it disrupts the heat transfer by means of phonons and thus,
responsible for low xia. MFP in bn is 0.23 nm at 300 K which is very close to the shortest
atomic distance between Cu/Fe and S atoms in bn of 0.2369 nm. This shows that xiat is close
to the minimum « for this bn material.® Thus, bn as the main phase in both Pellet_9/1 and

Pellet_3/1 is responsible for the low xiat Of both the samples as show in in Figure 4.4.
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Figure 4.4 Comparison of x and xiar Of Pellet_9/1 and Pellet_3/1 with non-nanostructured
stoichiometric and non-stoichiometric bn®.

ZT

For Pellet_9/1 shows the highest ZT value of 0.55 at 663 K if compared to all the samples
and is 45 % times higher than the reported non-nanostructured bn (ZT = 0.38 at 663 K),! as
shown in Figure 4.5 even though the main phase is bn (Table 3.3). The reason for this high ZT
value is the formation of CusFeS4 phase which has low thermal conductivity of 0.4 W/mK
irrespective of its size along with high PF. Therefore, the nanostructuring does not lead to a

further reduction of xjat.

96



ZT value in case of For Pellet_3/1, is slightly lower than the reported non-nanostructured bn,
probably because the slightly high « to those reported for non-nanostructured bn. Thus, slightly

higher o reduces the ZT in Pellet_3/1.
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Figure 4.5 Comparison of ZT of Pellet 9/1 and Pellet_3/1 with non-nanostructured
stoichiometric and non-stoichiometric bn®.

4.2.2 Pellet_1/1 and Pellet_1/3

Pellet_1/1 and Pellet_1/3 are fabricated by mixing Cu>S and FeS in liquid state in 50:50 and
25:75 (VIV) respectively, followed by densification using PECS and TE measurements. After
TE measurements, intergrown nanopahases were observed in XRD as shown in Table 3.3. Both
the pellets show cp as the main phase along with bn and m-po as the minor/secondary

intergrown phases.
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Electrical Conductivity

o of Pellet_1/1 is compared with the non-nanostructured cp and it is lower than the reported
value as shown in the Figure 4.6. It is because of the presence of another bn nano phase along
with the main cp phase as shown in the Table 3.3 which may cause charge carrier scattering
and thus, low electrical conductivity. Another possible reason for low o is, decrease in charge

carrier concentration in S deficient nanostructured cp materials.®

For Pellet_1/3, the o is higher than the non-nanostructured cp because of the presence of m-

po which has o.

105 4
104 4
] === W
103 ;
g
2 ]
b
102 ;
] @ Pellet_1/1
101 3 ® Pellet_1/3
] I CuFeS,
10°

300 350 400 450 500 550 600 650 700
Temperature (K)

Figure 4.6 Comparison of ¢ of Pellet_1/1 and Pellet_1/3 with non-nanostructured cp®.

Seebeck Coefficient

Presence of secondary phases affects the resulting S as well. In case of Pellet_1/1, the

absolute S is lower than the reported non-nanostructured cp® because another phase bn
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(secondary phase) has p-type conductivity and cp has n-type conductivity which reduces the

overall S of the Pellet_1/1.

For Pellet_1/3, S is much lower than the the reported non-nanostructured cp because another
phase m-po has S nearly zero. Thus, reducing overall S of the Pellet_1/3 as shown in Figure

4.7.
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Figure 4.7 Comparison of S of Pellet_1/1 and Pellet_1/3 with non-nanostructured cp®.

Thermal Conductivity

Both Pellet 1/1 and Pellet_1/3 show low x as compared to those reported for non-
nanostructured cp® as shown in Figure 4.8. Possible reason for low x and it is presence of
nanophases which causes effective phonon scattering. Another reason reported in the literature
is that due to highly distorted structures at high temperatures due to strong Umklapp-

scattering.®
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Figure 4.8 Comparison of x and «ia Of Pellet_1/1 and Pellet_1/3 with non-nanostructured cp®.

ZT

The ZT plot of Pellet_1/1 and Pellet_1/3 at 663 K are shown in Figure 4.9, the calculated ZT
value is 0.06 and 0.08 (at 663 K), respectively. These values are less than half of the ZT value
of non-nanostructured cp (ZT = 0.18 at 663 K). ® This is possibly because of the existence of

another phase (bn or m-po) and/or nanostructuring decreasing not only xiat but also o, resulting

in lower PF.
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Chapter 5: Conclusions and Future Prospects

5.1 Summary

In the final conclusions of this dissertation work entitled “Characterization of Sustainable
Thermoelectric Materials Fabricated by using Chemically Synthesized Chalcopyrite NPs as
Building Blocks” we fabricated sustainable TE nano material using wet chemical synthesis
approach. Copper sulfide, iron sulfide, and Cu-Fe-S TE nanomaterials were fabricated using
this synthetic technique as these materials are composed of earth abundant, less toxic and
inexpensive elements which satisfies the objective of the material being sustainable.

This dissertation was outlined into five different chapters giving outlook about TE material
and how sustainable materials are important for new class of TEs and how minimizing the
dimensions of the materials can affect the TE properties of the material, detailed information
for the experimental work and characterization techniques used in the analysis of Cu-Fe-S TE
nanomaterial, detailed information for the one pot wet chemical synthesis of the Cu-Fe-S alloy
TE material. Cu-Fe-S nanobulk system is fabricated using Cu.S and FeS as building blocks.

In the beginning of this dissertation work, detailed introduction regarding the TE materials
for energy harvesting was thoroughly discussed. Origin of the thermopower was briefly
mentioned which eventually developed into the ZT. History of the state of the bulk material
was also mentioned which achieved threshold ZT value by minimizing the dimensions of the
material which has led in the enhancement of the ZT and materials with those values can be put
into commercial purposes. But, being scarce in earth’s crust, issues regarding toxicity and
expensive are making these state of the art materials less sustainable for human use. An
alternative to these materials need to be investigated soon. Chalcogenide and chalcopyrite type
materials are now attracting more attention because of their sustainability (earth abundant, less

toxic, and inexpensive). But these sustainable systems cannot match the efficiency of the state
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of the art Bi>Tes, PbTe, SbTe TE material. Several approaches have been applied to the
alternative materials to enhance the ZT value. One of the approaches is to minimizing the
dimensions of the material into nano range using bottom-up/ wet chemical approach which
opens the avenue for the easy formation of nanograins which can help scattering of phonons
which eventually can reduce the lattice thermal conductivity and helps in enhancing the ZT.
Nanostructuring in the system can be very promising in scattering heat carrying phonons and
enhancing the ZT.

And my research objective in this dissertation clearly mentioned that sustainable Cu-Fe-S
systems were fabricated using bottom up to gain better control, over size of the NPs which is
useful in suppressing kL which hence can prove to be better in improving ZT and were
characterized using various characterization techniques used are mentioned. Various
characterization techniques that are used such as TEM, XRD, ICP-OES, STEM-HAADF and
ZEM-3, LFA to measure the thermoelectric properties of the Cu-Fe-S systems (fabricated using
bottom-up/ wet chemical approach).

In chapter 2 of this dissertation work, synthesis and characterization was reported for the
sustainable chalcopyrite nanomaterial for the TE use at the low temperature. Various Cu-Fe-S
system are synthesized using one pot bottom-up technique and XRD analysis for these samples
shows that the NPs exhibit a phase transition from cubic to tetragonal as the amount of iron is
increased in the particles. Compositional analysis shows that the particles contain a
composition representative of the feeding ratio, proving that the particle composition can be
reliably controlled. The straight forward pellet preparation is done using cold press method and
further studies shows that the true nanoparticle size is retained in the TE materials. Finally, the
room temperature S was measured for each sample. It was found that each sample is a P-type

with a maximum value of 203 pV/K for the highest iron content. But due to difficulty in
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controlling the shape, size and composition of the NPs new synthetic protocol for the
fabrication of Cu-Fe-S system was designed.

Keeping the advantage of Cu-Fe-S system in mind and some challenges with controlling the
shape, size and composition of the NP samples in case of chapter 2, Cu—Fe-S system is
fabricated using environmentally benign and abundant elements (Cu.S and FeS as building
blocks) as a next attempt to fabricate Cu-Fe-S nanobulk TE material in chapter 3 and it
potentially has good TE properties in a medium temperature range. However, the low ZT and
the difficulty of producing Cu—Fe-S thermoelectric materials limit their practical applications.
Therefore, it is imperative to develop rapid low-cost methods to fabricate high-performance
Cu—Fe-S TE materials. In this study, we demonstrated a facile, rapid, and low-cost bottom-up
method for fabricating Cu—Fe-S TE materials based on colloid chemistry. In this method,
chemically synthesized Cu»S and FeS NPs are mixed and then sintered by the PECS technique.
During sintering, phase changes occur, resulting in multiphase nanocomposites. By varying the
ratio of Cu»S to FeS, the type of carrier (p- or n-type) can be readily controlled. In addition, the
phonon scattering is dominated by defect scattering in the cases of blended samples. In
particular, with a blending ratio of CuxS/FeS = 9/1, a nanocomposite mainly consisting of bn
along with some minor phases is produced. It is known that bn is a promising TE material
because of its intrinsic ultralow x (0.3 W mt K™1). However, the ZT value of stoichiometric bn
has been reported to be about 0.38 (at 663 K) owing to its low PF. In the present study, the ZT
value of bn is increased to 0.55 (at 663 K) by increasing the PF while maintaining ultralow «.

In chapter 4, the structural relation of TE properties of different Cu-Fe-S system was
discussed which leads us to more understanding of the TE behaviour of these system with the

crystal structure.
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In these above mentioned two chapters and from their conclusions it can be inferred that
there is still enough room for the enhancements of ZT which will be discussed in the following

future prospects section using the present results.

5.2 Future Prospects

My dissertation work is concluded with having the advantage of using Cu.S and FeS
nanomaterials as building blocks for the fabrication of Cu-Fe-S nanobulk TE system where p-
to n-type conductivity can be varied just by changing the volume ratio of Cu,S and FeS. There
is lot more to explore in this particular research as maximum ZT value is still not optimized. In
current research work maximum ZT of 0.55 at 663 K is achieved for 9:1 volume ratio of Cu,S
and FeS. In my future plan, | would like to take this research further by investigating other
volume ratios of Cu.S and FeS such as 9.5/0.5, 9.7/0.3 to obtain the optimized maximum ZT
value. Though it is very challenging as the volume ratio reaches 100 % volume fraction (pure
copper sulfide —Cu1gS) and ZT value seems to dip to 0.1 at 663 K.

It will be interesting to research further for n-type sustainable Cu-Fe-S nanobulk materials
for future prospects because we know n-type sustainable TE materials are very rare. In the
chapter 4 of this dissertation, we found that it is very easy to tune the p- to n-type conductivity
just by changing the volume ratio of Cu»S and FeS and n-type materials can be obtained by
choosing the appropriate volume fraction of Cu>S and FeS. Challenging thing will be
optimizing the ZT value for these n-type material as ZT value for n-type Cu-Fe-S nanobulk
material (0.06 at 663K for Pellet_1/1, and 0.08 at 663 K for Pellet_1/3) is less than the non-
nanostructured n-type material, cp (0.18 at 663 K)!, probably because of spontaneously
intergrown phases along with cp. If the growth of spontaneously formed phases are controlled
and PF can be enhanced by means of modulation doping, it will be possible to enhance the ZT

value for these n-type TE materials.
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