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I. RESUMO

Os geradores termoelétricos sdo dispositivos capazes de reconverter calor residual em
eletricidade, sendo assim uma potencial fonte de energia verde. Porém, apesar de serem uma
fonte de energia confiavel para locais remotos e/ou ndo tripulados, como naves espaciais ou
expedicdes polares, exigindo pouca ou nenhuma manutencdo e ndo produzindo nenhum
poluente ou ruido adicional durante o seu funcionamento, 0 seu uso ndo estda mais
disseminado devido ao elevado custo e alta toxicidade dos materiais termoelétricos

atualmente disponiveis comercialmente, geralmente a base de Bi, Pb e Te.

Na busca por materiais termoelétricos mais baratos e menos toxicos, a tetraedrite,
Cu12ShsS13, destaca-se como uma boa alternativa para uma gama de temperaturas médias.
Este mineral de ocorréncia natural é abundante na terra, tem baixa toxicidade e boas
propriedades termoelétricas no estado natural (zT=0.6 a 700K). Embora a sua performance
ainda ndo possa competir com materiais termoelétricos comerciais (com zT>1.0), a dopagem

isovalente pode ser usada para alcancar um zT mais préximo de 1.

Durante a Gltima década um extenso esforco de investigacdo foi realizado para melhorar
0 desempenho termoelétrico da tetraedrite por ajuste de composi¢do, mas a maioria dessa
investigacdo focou-se na dopagem de um unico elemento. Este projeto explora os efeitos da

dopagem simultanea com Niquel e Selénio nas propriedades termoelétricas da tetraedrite.

Caracterizacdo por difragdo de raios X, espectroscopia de Raman e SEM-EDS
revelaram uma formacdo bem-sucedida de uma fase maioritaria de tetraedrite em amostras
com diferentes teores de niquel e selénio em diferentes etapas de sintese: fusdo, recozimento e

prensagem a quente.

Foi possivel melhorar significativamente o desempenho termoelétrico através da dupla
dopagem de Ni e Se, havendo uma amostra que se destacou significativamente nesta familia
de composicdes, Cui115NiosSbaS125Seos, apresentado um alto fator de poténcia (1279.99
HW/m.K? a 300 K), que, depois de estimar-se a condutividade térmica pela lei de
Wiedemann-Franz e assumindo k. =0.5 W/m.K, um valor tipico para tetraedrite ndo-dopada,
obteve-se uma figura de mérito de zT = 0.33 a 300 K, que é um dos mais altos para este tipo

de materiais termoelétricos a temperatura ambiente.

Palavras-chave: Tetrahedrite, termoeletricidade, dopagem quimica, reacdo de estado

solido, materiais sustentaveis.






ILABSTRACT

Thermoelectric generators are a promising heat harvesting devices capable of
converting waste heat into electricity. However, albeit being a reliable power source for
remote and/or unmanned locations, like spacecrafts or polar expeditions, requiring little to no
maintenance and not producing any additional pollutants or noise in their operation, they have
failed to find widespread application due to expensiveness and high toxicity of current
commercially available thermoelectric materials, generally based on Bi, Pb and Te.

In the search of cheaper and less toxic thermoelectric materials, tetrahedrite,
Cu12ShsS13, is one of the most notable alternatives for medium temperature range. This
naturally occurring mineral is earth abundant, has low toxicity and has good thermoelectric
properties in the natural state (zT=0.6 at 700K). While this performance cannot yet compete
with commercial thermoelectric materials (with zZT>1.0), isovalent doping can be used to

improve it, to near unity zT.

During the last decade, an important and extensive research effort has been carried out
to improve the thermoelectric performance of tetrahedrite by composition tuning, but most of
it has been conducted by single element doping. This project explores the effects of doping

simultaneously with Nickel and Selenium in thermoelectric properties of tetrahedrite.

X-ray diffraction, Raman spectroscopy and SEM-EDS characterization revealed
successful formation of main tetrahedrite phases in samples with different Nickel and

Selenium content at different synthesis stages: casting, annealing, and hot-pressing.

It was possible to significantly improve thermoelectric performance via simultaneous Ni
and Se doping, with one sample standing out from this family of materials,
Cu115Nio5SbaS125Se0s, with a high power factor (1279.99 uwW/m-K? at 300 K), and after
estimating the thermal conductivity using the Wiedemann-Franz law and assuming a . =0.5
W/m.K, typical for undoped tetrahedrite, a figure of merit of zT = 0.33 at 300 K is obtained,
which is one of the highest for this type of thermoelectric materials at room temperature.

Keywords: Tetrahedrite, thermoelectrics, chemical doping, solid state reaction,

sustainable materials.
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1.INTRODUCTION

1.1 HISTORY OF THERMOELECTRICS AND MAIN MOTIVATORS

There are a set of energy transport phenomena that occurs in solid materials that involve
a response of the electron system to a temperature gradient, collectively called thermoelectric
effects. These effects centre on the electron, a subatomic particle with negative charge that
carries electric current. In solids, the vast quantity of electrons present is in thermal
equilibrium, suggesting that they also carry heat and entropy. This means that outside the
thermal equilibrium or, in other words, in the presence of a temperature gradient, electrons
move from the hot side to the cold side producing in the end an electric voltage. This
behaviour, explains why thermal and electrical phenomena are coupled together and are thus
called thermoelectric effects.®

The first recorded mention of a thermoelectric effect dates back to 1794, in an
experiment carried out by Alessandro Volta, best known for the invention of the first electric
battery, the voltaic pile. In his records, Volta connected two wires made of the same metal,
but at different temperatures to a dissected frog leg, which made the leg muscles contract and
twitch, that is to say, Volta was able to produce enough electrical charge to make the muscles
in the frog leg spasm. However, despite this first mention, the discovery of this particular
phenomenon, is accredited to the German physicist, Thomas Johann Seebeck, who in 1821, in
his study of magnetic fields, devised an experiment where he could create a magnetic field by
heating up one side of wires or rods of bismuth or antimony and copper, thus becoming

known as the Seebeck effect.®

In 1834 another thermoelectric effect was discovered, the Peltier effect, named after the
French physicist Jean Charles Athanase Peltier, who discovered that if two different metal
wires were connected in a closed circuit with an electrical current, the junctions between these

two metal wires would either heat up or cool down, depending on the direction of the current.

Later, the Thomson effect, named after William Thomson, also known as Lord Kelvin,
was added to the list of thermoelectric phenomena. Thomson made an expansion to both the
Seebeck and Peltier effects, based on the variations of Seebeck coefficient with a gradient of
temperature in a material when crossed by an electrical current. He remarked that, depending
on the direction of the current passing through the material, heat evolved differently

throughout the circuit made by a single material, resulting in points equidistant to the heat
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source, having different temperatures depending on the direction of the electrical current on
that point.¢4

The first practical application of thermoelectric effects occurred during World War 11,
when the Soviet Union, inspired by the physicist Abram Fedorovich loffe, produced a 2-4
Watt thermoelectric generator to be included in a “partisan mess kit”, capable of powering a
small radio with the heat of a small cooking fire. During the 1950s and 60s there was a
significant effort to develop this technology, originally for military applications and later for
civilian applications, driven by major advances in semiconductor technology, which lead to
the discovery of more efficient thermoelectric semiconductor alloys and advances in
thermoelectric theory. As the proven efficiency in laboratory of these thermoelectric devices
kept increasing, many appliance corporations like Westinghouse, as well as universities and
national research laboratories thought that thermoelectrics could transcend conventional heat
engines, thus investing heavily on researching thermoelectric applications, peaking by mid
60s. At this point, thermoelectric devices were majorly used in niche sectors like aerospace
field being used in both cooling and powering systems, but also to a minor extent, found
applications in optoelectronics and small refrigerators. However, by the end of the 60’s,
progress began to slow down, as increasing efficiency became significantly more arduous,
leading to many researchers believing there was a un upper limitation to the potential
efficiency and overall performance of thermoelectric devices, ultimately resulting in a sharp
decline over the course of a three-decade period, as companies abandoned research due to the

limited application in only niche sectors and low expectations to improve efficiency.®9

Despite the decreased interest of major companies in this field of research, between
1963 and 1983, major breakthroughs were achieved in thermoelectricity, with successful
transition from the laboratory to practical applications. Most notably, the combination of a
nuclear heat source and a thermoelectric generator (TEG), resulted in a long-life power source
that required no maintenance or human intervention, usable in inaccessible and hostile
environments, known as radioisotope thermoelectric generators, which have been critical in
NASA missions to the moon, Mars, and outer-planetary exploration missions like VVoyager |
and |1, but also used in a variety of other fields, to name a few: buoys, unmanned lighthouses,
polar stations, and even as a very successful and safe nuclear-powered thermoelectric cardiac

pacemaker battery.12

However, in recent years a “renaissance” occurred in the field of thermoelectric, with a

significant rise in popularity after decades of stagnant research. After major breakthroughs in
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the field of material science, the pool of thermoelectric materials (TEMs) available for study
exploded from a small group to a veritable ocean of potential material combinations, with
new ones being discovered every year. Advances in simulation software, coupled with better
understanding of the behaviour of subatomic particles, have provided more accurate
predictive modules that hastened the discovery of novel materials with high thermoelectric
properties. Coupled with growing global environmental concerns, rising energy demand,
climate change and dwindling accessible natural resource reserves, which forced today’s
societies to re-evaluate their dependence on fossil fuel and current energy production
technologies, which in turn, led to the rise of popularity of thermoelectrics and other green
energy sources. Originally, the focus of thermoelectric research was about application as a
reliable energy source or cooling system for long remote operations. Nowadays, the focus has
shifted toward the efficiency angle, due to the society’s growing need for more efficient, cost-
effective, less fuel-consuming and less pollutant-emitting operations across all aspects of
society, be it in the industry, transportation or domestic sector.*®

Thus, the scientific community is now driven to seek new, sustainable, and more
efficient ways to produce electricity. Following this motivation, the research of TEMs has
grown in popularity, with the focus of discovering novel, cheaper and sustainable materials to
make thermoelectric devices more affordable, cost-effective, and easier to widely implement
in electricity generation from heat or use electricity to extract heat. In terms of energy
generation, this means that waste heat (the energy lost in the form of heat that is prevalent in
nearly all forms of energy production, with some studies estimating that 52% of total global
energy produced is wasted as heat®®) could be harvested to produce electricity, through

TEGs®", thus increasing the overall efficiency of any process that releases waste heat.
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1.2 THERMOELECTRIC EFFECTS

While extremely interchangeable, there are three known distinct phenomena that
correlate charge carrier transport and thermal gradient within a solid, which are named after
their discoverers: the Seebeck effect, Peltier effect, and Thomson effect. These effects are all

reversible.

1.2.1 Seebeck effect

The first discovered thermoelectric effect, at its core, is a phenomenon wherein a solid
conducting material exhibits a charge carrier concentration gradient, i.e., a small voltage,

when subjected to a temperature gradient.

To further elucidate and substantiate this phenomenon, an effective and simplistic
approach involves employing a thermocouple system. This system comprises two dissimilar
conductive materials, denoted as A and B, interconnected at two junctions to establish
electrical series connection and thermal parallel connection. In practical terms, assuming
wires of materials A and B, the ends of the A wire are connected to the corresponding
independent B wire ends, thereby forming a complete open circuit. Subsequently, if the
junctions experience different temperatures, for instance, junction 1 being heated by a small
flame, resulting in T1>T2, applying a voltmeter across the open circuit—specifically, the ends

of the independent B wires—will indicate the presence of voltage.

The underlying cause of this voltage formation stems from the movement of charge
carriers within conductive materials induced by heat, which can be considered Kinetic
vibrational energy. Thus, electrons in the hotter region migrate towards cooler regions within
the conductive material to exchange energy, just obeying the laws of thermodynamics.
Consequently, these electrons lose a portion of their vibrational energy, reducing their kinetic
energy and thus leading to an increased concentration of electrons in colder regions and a
decreased concentration in warmer regions. This disparity in electron concentration manifests
as a voltage, the Seebeck voltage, which is defined as the net thermal electromotive force

established under open circuit conditions.@4?

Therefore, the Seebeck effect comprises of net conversion of thermal energy into

electrical energy with the emergence of a voltage. It was found that for small temperature
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differences between the junctions of the dissimilar conductive materials, the change in voltage
(4V) formed was proportional to the temperature difference (47=T2-T1), thus:

AV < AT & AV = =S, 5. AT (1)

with Sa g, a proportionality coefficient, be labelled the Seebeck coefficient, the sign of which
is determined by the materials (A and B) used on the circuit. Per convention, the sign of Sag
is set as positive if the induced current flows from A to B on the cold junction. The Seebeck

coefficient can also be expressed as a flux of entropy per carrier per unit charge.®19

In the analysis of a single material, the determination of the Seebeck coefficient
necessitates comparative measurements with respect to a well-characterized reference
material, denoted as X. This practice stems from the fact that in thermocouples, experiments
have demonstrated that the thermal electromotive force or voltage (V) occurring at the

junctions between various material pairs can be combined in the following manner©:

VA,B (T1, Tz) = VA,X (Tl' Tz) - VB,X (T1, Tz) (2)
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1.2.2 Peltier effect

The Peltier effect was the second discovered effect and is essentially the inverse of the
Seebeck effect. In simple terms, when a current is applied to a solid conductive material, it

develops a temperature gradient.

To illustrate the Peltier effect using the previously described thermocouple system,
instead of maintaining an open circuit, the ends of the independent B wires are connected to a
direct current source. Thermometers positioned at both junctions between the A and B wires
would reveal that one junction is increasing in temperature while the other is decreasing,
exhibiting a balanced rate of heating and cooling. In other words, one junction emits heat
while the other absorbs an equivalent amount of heat. This phenomenon occurs because,
although the thermocouple system maintains a constant overall temperature, charge carriers
transport heat throughout the circuit. As these carriers pass through the junctions, they
undergo changes in entropy, resulting in the absorption or emission of energy in the form of
heat.

It is worth mentioning that observing the Peltier effect in metals is challenging due to
the concurrent occurrence of Joule heating. This phenomenon arises from the passage of
electrons through the metal, generating heat. Consequently, heat is simultaneously produced
by the circuit, absorbed at one junction, and emitted at the other. In certain circumstances, this
makes it only possible to discern variations in the quantity of heat emitted at a junction when

the direction of the current changes.®47

Similar to the Seebeck effect, experimental observations of the Peltier effect have
shown that the heat absorbed or emitted at a junction (Q) is proportional to the current (I)
passing through that junction, thus a proportionality coefficient, the Peltier coefficient (/7ag),

can be obtained through the formula:

HA,B = % (3)
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1.2.3 Thomson effect

While the Seebeck and Peltier effects are inversely related, representing the intricate
connection between heat and charge carrier transport in solid conductive materials, the

Thomson effect can be regarded as an extension of these phenomena.

The Thomson effect pertains to the manner in which heat is transported within a
conductive solid material while an electric current passes through it. To explain this
phenomenon in a simplified manner, consider a homogeneous conductive material, such as a
wire, through which a current is flowing. If a small section of the wire is exposed to a direct
heat source, the wire naturally heats up, and the heat conducts throughout the length of the
wire in both directions. Logically, one would assume that two points (A and C) to either side
of the position of the heat source (B), if they are equidistant to B, they would have the same
temperature, however if current is passing through the wire, the temperature in point A and C
will often be different. Assuming the current direction is from A to C, if the temperature at
point C is higher than at point A, it signifies that heat has been absorbed in the A-B segment
of the wire and evolved in the B-C segment. This is referred to as a positive Thomson effect.
Conversely, if, with the same current direction, the temperature at point A is higher than at
point C, it means that heat is being evolved in the A-B segment and absorbed in the B-C
segment of the wire, thus denoting a negative Thomson effect. Whether the Thomson effect is
positive or negative depends on the Thomson coefficient of the material. It is worth noting
that certain materials may possess a null Thomson coefficient, resulting in both points A and
C having the same temperature, with no heat being absorbed or evolved in the process.®4"

By establishing a reversible thermoelectric circuit, William Thomson accomplished the
correlation between the Seebeck (S) and Peltier coefficients (/7) based on the principles
elucidated by the first and second laws of thermodynamics. This correlation can be
mathematically expressed by the following formula:

n=sr7=2%2 ()

that can be expanded to express heat flux (dQ/dx) observed in the Thomson effect as a

function of the gradient of temperature and current:

dQ d_T
E_T'I'dx (5)

where, 1 is the proportionality coefficient for the Thomson effect, the Thomson coefficient.
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1.3 THERMOELECTRIC MATERIALS

All materials exhibit thermoelectric effects to some extent, with varying effectiveness or
practical utility, thereby qualifying the most effective and most practical as thermoelectric
materials (TEMSs). The degree to which these effects are manifested is commonly evaluated
using a measure known as the figure of merit, denoted as zT. This dimensionless parameter
was originally introduced by loffe et al.?Y in 1959 and is calculated using the following

formula:

=0T (6)

K

where S represents Seebeck coefficient, o the electrical conductivity, T the absolute
temperature and x the thermal conductivity and serves as a facilitated form of comparison

between different materials, with higher values correlating to higher thermoelectric

performances.
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Fig. 1 Maximum efficiency (%) achievable for a thermoelectric device with an average zT between 1.0

and 3.5 with the cold side at approximately room temperature (=<300K) as a function of temperature of the hot
side (K).?

To contextualize this parameter, in order to achieve a 10% energy conversion
efficiency, materials with an average zZT~ 1,0 require a temperature difference of AT>250 K,
and those with an average zZT= 2.0, the required temperature difference decreases to AT>150
K, as depicted in Fig. 1. In comparison, the Rankine cycle (Fig.2) which is prevalent method

utilized for energy conversion in both power generation and in refrigeration, thermal
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efficiency ranges from 10% with a AT=100K to nearly 50% with a AT=550K or higher. It has
been demonstrated (Fig.3) that achieving the efficiency level of the Rankine cycle would

require a zT >4.0.(2329

Boiler
Qin @D
Qout

(25)

Fig. 2 Schematic of the ideal Rankine Cycle and corresponding T-S diagram.
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Fig. 3 Efficiency of mechanical engines compared to different thermoelectric estimates. %)

It is pertinent to emphasize that although Rankine cycle-based devices exhibit
significantly higher efficiency compared to thermoelectric devices, their operation
necessitates the use of highly intricate and voluminous machinery. This machinery relies on
numerous moving parts and the circulation of a working fluid (such as steam, water,
refrigerants, or hydrocarbons), which, in turn, leads to requiring frequent maintenance and

monitoring. On the other hand, thermoelectric devices are able to make direct energy
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conversion simply through the passage of charge carriers through TEMSs, so devices
employing these materials would not only be considerably smaller and more compact than
Rankine cycle-based devices, because they do not require tubes, compressors, turbines and
other complex machinery, but also lack the moving parts and working fluid, thus being able

of operating silently for long periods of time without maintenance or human interaction.

Achieving higher zT values poses a formidable challenge. The fundamental requirement
for increasing zT involves simultaneously increasing electrical conductivity (¢) and Seebeck
coefficient (S), while minimizing thermal conductivity (xt). However, due to the inherent
interdependence of these properties, it becomes exceedingly difficult to manipulate them
independently. Notably, materials with high electrical conductivity often exhibit elevated
thermal conductivity as well. Nonetheless, by introducing simplifications to the calculations
and assuming a simple parabolic band for electron energy levels, while disregarding electron-
electron and proton-electron interactions, it becomes feasible to express these properties (S, o,
and «r) as functions of charge carrier concentration, n, using the following equations:

_ 8m?kg . 7 \2/3
S=Zem ™ T(E) ()

oc=n-e-u (8)
KT=KL+KE=KL+L'O-'T (9)
where kg is the Boltzmann constant, 7 is the Planck constant, e the electron charge, m*
the effective mass, i the charge carrier mobility, L the Lorenz number, and x. and e the
lattice or phonon contribution and electrical contribution to thermal conductivity,
respectively. With a constant Lorenz number being calculated through the formula:

2
L= ”?2("?3) =244-10"8V2/K?  (10)

It is important to note, that by charge carriers, researchers are referring to both electron
particles, carrying a negative charge, and quasiparticles called “holes”, that effectively
represent the absence of an electron in a state, thus carrying a “positive” charge.@?" So, by
combining these functions, it becomes possible to estimate a specific n for optimum

conditions, as represented in Fig. 4.
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Fig. 4 Representation of the Seebeck coefficient (S), electrical conductivity (c), power factor (S%c) and

thermal conductivity (k) as a logarithmic function of charge carrier concentration, (n).@®

In this figure, it can be inferred that metals and insulators usually have bad
thermoelectric properties, since they will either have high electrical conductivity but low
Seebeck coefficient or high Seebeck coefficient but low electrical conductivity, respectively.
Continuing the estimation, if a Boltzmann distribution is assumed instead of Fermi-Dirac, the
optimum n is evaluated around 10*°-10%° cm~3, which is close to the value characteristic of
degenerate semiconductors. This explains why most thermoelectric materials are
semiconductors, particularly degenerate semiconductors of high mobility, since the only way
to maximize electrical conductivity with a set optimum n, according to (eq. 8) is by

maximizing the charge carrier mobility.*2%:%0)

Even within this subsection of semiconductive materials exist a vast number of different
naturally occurring minerals and artificially made materials with a wide range of different
compositions, thus identification of those with high thermoelectric potential still proves quite
challenging. There are however, two main methods to search for TEMs with potential high
performance. The “phonon glass electron crystal” method, is based on the assumption that an
ideal TEM should have a combination of glass-like thermal conductivity and crystal-like
electronic properties (i.e. low thermal conductivity and high electrical conductivity)®2?. This
combination of transport properties is more achievable with complex crystals structures where

voids/vacancies and “rattlers” (heavy element atoms that can be incorporated into these voids)
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would provide phonon scattering, reducing significantly the lattice thermal conductivity. The
other method is the nanostructuring of TEMs, based on the assumption that nanostructures
can enhance zT. The reasoning is that nanostructures provide quantum confinement, in other
words, the spatial confinement of electron-hole pairs within the material, can enhance the
density of states at the Fermi level, which improves the Seebeck coefficient and provides a
way to tune this property disjointed from the electrical conductivity.®=3 Also, in heavily
doped semiconductors, the mean free path of electrons is significantly shorter than that of
phonons. Therefore, the introduction of more interfaces through nanostructuring could help
scatter more effectively the phonons, which due to the larger mean free path would be more
affected than electrons, ultimately reducing the lattice thermal conductivity without affecting
too much carrier mobility and electron conduction. For this purpose, the nanostructure should
have one or more dimensions smaller than the mean free path of the phonons, while being
larger than the mean free path of the charge carriers.@”

Thermoelectric Generator (TEG)
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Fig. 5 Operation of a thermoelectric device: on the left, representation of the flow of charge carriers in a

thermoelectric generator(34), on the right, schematic of a module of a thermoelectric device®).

Thermoelectric devices usually consist of multiple n-type and p-type semiconducting
legs that are assembled in an alternating arrangement and connected in series to form a circuit
that can move current from the hot side to the cold side, with electrons on the n-type legs and
holes in the p-type legs, following the heat flow (Fig. 5). Since the efficiency of these devices
is based on the average figure of merit of the legs, in order to have the best performance for
each situation it is necessary that the n-type and p-type material have similar values of zT in
the range of operating temperatures. Thus, often new materials need to be discovered to find a

suitable pair.

44



1.3.1 Inorganic Thermoelectric Materials

The most conventional inorganic TEMs are bismuth telluride (Bi-Tes), lead telluride
(PbTe), silicon-germanium (SiGe), antimony telluride (Sb2Tes), tin telluride (SnTe) and their
alloys. Biz2Tes, PbTe and SiGe were extensively studied in the early thermoelectric boom, due
to their high thermoelectric performance: Bi,Tes achieving zT 0.8-1.0 at room temperature
and PbTe with a zT of 1.8 at 850K. Bi.Tes, Sh.Tes and BiSes are currently the most
commonly used and have been extensively studied to increase their performance with some of
the highest zT values reaching 1.7 (Fig. 6 and 7). However, despite high thermoelectric
performances, concerns about a potential upcoming tellurium scarcity, which is frequently
used in the making of current electronic devices, coupled with the high toxicity of heavy
metals, most concerningly lead, are pushing the scientific community to search for cheaper
and less toxic alternative materials for a wider range of applications. Other examples of
studied inorganic thermoelectric material include chalcogenides, oxides, MgAgSbh,

skutterudites, clathrates and Half-Heusler’s. 293641
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Fig. 6 Figure of merit of state-of-the-art commercial materials currently used or being developed by

NASA for thermoelectric power generation: a), p-types; b), n-types and c) the effect of dopant concentration on

the zT of PbTe alloy. With higher concentrations, the zT increases and peak shifts to higher temperatures.(42)
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temperature and year of publication. In green are represented p-type materials and in red the n-type.*®)

To improve the thermoelectric performance of inorganic materials the most common
methods are doping/alloying and nanostructuring (Fig. 6C). Examples of nanostructured
inorganic materials include silicon nanowires, nanotubes and quantum dots that are added to

bulk thermoelectric material to improve the thermoelectric performance. 74449

It should be mentioned that the current record zT value in inorganic thermoelectric
materials is 3.1 with SnSe“**9, However, a recent study by Hinterleitner, B. et al.®® has
suggested that a meta-stable thin-film Half-Heusler alloy, with the formula Fe>Vo.sWo.2Al,
could potentially achieve a zT in the 5.0-6.0 range.
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1.3.2 Organic Thermoelectric Materials

The early stages of thermoelectric research focused on inorganic materials, as they can
be more easily and rapidly improved. Only in the recent decades organic TEMs, such as
polymers, graphene, and carbon nanotubes, were identified and studied, as they have some
advantages over their inorganic counterparts, namely: recyclability, flexibility, and price.

Because organic materials possess low thermal conductivity, the zT will be mostly
dependent on the power factor (PF), which can be significantly increased in these materials.
Improvements come from new molecular designs, or the manufacture of nanocomposites

composed of conducting polymers or nanomaterials.

Polymer TEMs are divided into conducting and non-conducting. Conducting polymers
are low cost, non-toxic and have low thermal conductivity, tending to perform better than
non-conducting polymers due to their intrinsic electrical conductivity. The most researched
conducting polymers are poly(3,4-ethylenedioxythiophene), polyaniline, and polypyrrole. On
the other hand, non-conducting polymers often act as barriers to bundle-to-bundle hopping,
which decrease thermoelectric performance. Nonetheless, both types are being extensively

investigated to improve performance, often via doping or new designs.®?

Graphene and carbon nanotubes are frequently used as fillers in polymer
nanocomposites, since they have high electrical conductivity and their large surface area
increases interference between polymer and carbon particles, providing a way to adjust the
thermal conductivity and increase the properties of organic TEMs. Moreover, both are
flexible, non-toxic, lightweight and have high mechanical strength.“”
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1.3.3 Inorganic-Organic Thermoelectric Materials

While inorganic thermoelectric materials, in general, achieve zT values 2-3 times higher
than organic, the latter tends to be cheaper, more sustainable, and more mechanically flexible.
Thus, hybrid materials are being developed, to combine the best properties of both types of
materials, with the goal of producing a thermoelectric material with low thermal conductivity

and high electrical conductivity and Seebeck coefficient.“”

Most dominant approach for producing hybrid materials is integrating nanostructured
inorganics (e.g.: Te, Bi>Tes) with conducting polymers. With this technique tellurium
nanostructures coupled with carbon nanotubes and poly(3,4-ethylenedioxythiophene)
polymers, managed to achieve a PF of 235 pW/mK?2, as reported by Ahn et al.5253, as well as
SnSe incorporated with Te and poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
polymers that achieved a PF of 390 pW/mK?.¢9)

Other organic materials have also been employed to produce hybrid materials, i.e.:
CH3sNH3sl was used in a multilayer composite with SboTes, which achieved a PF of 1600
HW/mK? &9; and graphene sheets combined with Bio4Sb1sTes demonstrated a PF of 4600
HW/mK2. )
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1.4 THERMOELECTRIC DEVICES

The utilization of heat for electricity generation or the application of electricity for
cooling or heating purposes does not represent the novelty introduced by thermoelectric
devices (Fig 8). In fact, the waning interest from both companies and the scientific
community in thermoelectrics during the 1960s to 1990s can be attributed to the presence of
alternative power generation and refrigeration methods that are often more efficient and cost-
effective. Technologies based on the Rankine Cycle emerged as the favoured means of energy
conversion. However, what sets thermoelectric devices apart is their ability to facilitate
energy conversion through thermoelectric modules without the reliance on complex processes
and bulky machinery to harness useful energy from heat. Consequently, these devices exhibit
remarkable compactness compared to their counterparts. Moreover, devoided of moving
parts, they operate silently, require minimal maintenance, and produce no pollutants. It is
precisely these attributes that render thermoelectric devices the preferred choice for
applications constrained by size, weight, portability, and accessibility limitations.

As mentioned before, thermoelectric devices can either employ the Seebeck effect to
produce electricity by absorbing heat or employ the Peltier Effect to use electricity to produce
cooling/heating. Thus, thermoelectric devices are split into two categories: generators (TEGS),
for heat harvesting, and coolers (TECs), for cooling or heating. Conceptually, there is very
little difference between the two types of devices, with both TEGs and TECs having a similar
geometry as described in Fig.5. Aside from different soldering material/method employed in
the contacts (to operate at different temperatures and voltages), the only major difference
between them is whether there is an imposed passage of current or an imposed temperature

difference.

Fig. 8 Examples of thermoelectric applications from the 40s and 50s: A) a kerosene lamp chimney capable of
powering a small radio, and B) a domestic refrigerator prototype.(s)
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1.4.1 Generators

In what regards to the application of TEGs, there are two main motivations for their use:
A) is the need for small and durable power sources for devices with very limited access or
very limited size and weight restrictions; or B) to reduce energy waste in the form of waste
heat.

Regarding this latter motivation, it is estimated that around two thirds of total primary
energy global production is wasted. Heat is by far the most prevalent form in which the
energy is lost, with waste heat accounting for approximately half of the entire primary energy
produced, regardless of the sector: industry, transportation, domestic, etc. Which, effectively
speaking, means that the entire global production energy has only a roughly 33% efficiency.
From both an economic and a sustainable standpoint, it is crucial to mitigate this waste,
increase the efficiency of our power generation methods, reduce fuel consumption, reduce
overall production costs, and reduce pollutant emissions. TEGs, by harnessing waste heat to
produce electricity, can help meet all these goals, with the added benefits of not producing
any pollutants, requiring very little to no maintenance and being noise free, on account of not
having moving parts. This, combined with their small size and modular design, makes them
far easier to apply and customize, and easily be adaptable to a wide range of surfaces. On top
of that, since TEGs only require a temperature difference to operate, these devices TEGs can
be easily added to any existing operation system by installing in any equipment, machine or
surface where it can be exposed to a temperature difference as a sustainable approach to

improve efficiency in any existing process.7:2456-58)

For various decades, TEGs found niche application in the space sector or in remote
locations due to being a reliable energy source that could go without maintenance for
extended periods. Radioisotope Thermoelectric Generators (Fig.9), being the most notable
application of TEGs, which is used to power space probes, rovers, satellites, uncrewed
lighthouses, navigation beacons, equipment used in polar bases and, for several decades, heart
pacemakers, which were only abandoned due to fear that pacemakers would be cremated with
the corpse before removal, which would compromise the integrity of the radioactive heat
sources®12, In recent years, however several studies were published exploring the application
of these devices to a wide range of applications, to name a few: automotive applications in car
exhaust® and break systems®; industrial waste heat recovery®?; wearable technology and
internet of things applications®2%9); medical sensors that rely on body heat®; and additions to

solar collectors® and photovoltaic panels®. In the case of photovoltaic cells the heat

50



produced by solar radiation and the heat emitted by radiative cooling of photovoltaic cells
during the night combined, resulting in solar panels capable of producing energy not just
during the day but also at night.
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Fig. 9 The (a) overall structure of a general-Purpose Heat Source Radioisotope Thermoelectric generator and the
schematic for the SiGe thermocouple components.(ﬁe)

However, despite these advantages and the potential application in all sectors and
operations that involve generation of heat, this technology had some difficulty of expanding
from niche applications. The problem stems from the expensiveness and toxicity of currently
used TEMs, as well as the low energy conversion efficiency of TEGs, when compared with
alternative energy converters. In conclusion in the present this technology is not sufficiently
cost-effective to be widely applicable. As such, to expand TEGs beyond niche applications it
IS necessary to improve the cost-effectiveness by engineering better designs, developing new
nanoscale structures and interfaces, and discovering novel inexpensive sustainable materials

with high thermoelectric performances.7:2456-59)
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1.4.2 Coolers

TECs compared to the commonly used vapour-compressing refrigeration systems, are
smaller, have more flexible shapes that can be easily tailored to each specific situation, have
no moving parts and no refrigerants, resulting in longer lifespan, less maintenance, and no
risk of leaks. Since most currently used refrigerants still have a negative environmental
impact, the absence of refrigerants makes TECs, in this aspect, a greener and more sustainable
option. Also, with the amount of heat absorbed or emitted being proportional to the applied
DC current, these devices are suitable to be used for temperature control with a remarkable
precision, by accurately controlling the direction and amount of current applied.

Nonetheless, despite these advantages, TECs are not considered a viable alternative to
vapor-compressing refrigeration in most situations due to the operational limits of the
technology. Despite the amount of heat moved by these devices being proportional to the
product of current and Peltier coefficient, as denoted by eq.3, there are two phenomena that
offset this formula. The first is the generation of waste heat by the TEC itself due to Ohm’s
law and the second the thermal conduction within the device from the hot side to the cold
side. The latter is naturally aggravated by the increase of temperature difference and is further
intensified by the small dimensions of the device, in other words, a smaller distance between
hot and cold regions. Eventually, the heat moved by the Peltier effect cannot offset the one
moved in the opposite direction by these two phenomena and thus, a typical single-stage TEC
can only achieve a maximum temperature difference of 70 °C between the hot and cold side.
Also, TECs can achieve a maximum of 10-15% efficiency in energy conversion, while the
reverse Rankine cycle, which is the base process of the vapor-compressing refrigeration, can

achieve an energy conversion of 40-60%, being the best option in most cases.

However, in situations where the efficiency is not the critical point, TECs are a valid
option, as in portable coolers, humidifiers, and heat sinks in microprocessors. In the industrial
sector, while not being able to compete with vapour-compressing refrigeration in dealing with
large heat removal from macro equipment of the manufacturing process, TECs are still
employed in both small and sensitive equipment like semiconductor diodes, laser equipment,
power amplifiers, infrared detectors, charge-coupled devices and other electro-optic
instruments®, and large, even industrial size, electronics like telecommunications, vehicle
cooling, mini refrigerators, incubators, military equipment, IT enclosures, personnel
temperature control for full body military uniforms, astronaut suits, and bio/chemical hazard

protection suits.®” Their application in small delicate devices also translates into a wide range
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of scientific research equipment, which coupled with low maintenance requirements, small
size, flexible shape, and long lifespan makes this technology the most suitable for temperature

regulation of the electronic systems.
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1.5 TETRAHEDRITE AS A THERMOELECTRIC MATERIAL

As mentioned in chapter 1.3.1, many state-of-the-art TEMs are chalcogenides, which
include, but are not limited to: Bi>Tes, PbTe, Sh.Tezand SnTe. Because they have been one of
the most extensively studied groups of materials and tend to display high thermoelectric
performances. Chalcogenides represent a group of materials that have at least one chalcogen
anion (element from the column 16 of the periodic table) combined with at least one more
electropositive element. Although oxides fit the description of a chalcogenide, the term is

commonly reserved to describe sulphides, tellurides, selenides, and polonides.

Currently, in thermoelectric applications, most of the commonly used chalcogenides are
tellurides, but the growth of global tellurium demand and concerns about the application of
heavy metals and other toxic elements, like thallium, lead or bismuth, have pushed the
scientific community to discover other alternative materials that do not contain these

elements, (2445.68-70)

Sulphides were not originally explored for thermoelectrics due to the challenges they
pose, namely: the low melting and boiling points of Sulphur limited the temperature range of
applications (115-445°C)("*7); also, light atomic weights and the tendency for intrinsically
having either too high or too low charge carrier concentration, led to low conversion
efficiencies. However, since mineral sulphides are not only naturally occurring but are also
abundant on the crust of the Earth, it could mean not only cheaper TEMSs, but also less
complex production processes, with the added benefit that sulphide-based TEMs having lower
toxicity and thus higher environment compatibility than other chalcogenides.“) Amongst the
novel sulphides being studied are: chalcocite, CuzS; colusites, Cu26V2(Ge, Sn, As, Sb)eSs»;

bornite, CusFeSs; and tetrahedrites, Cu12ShsS;3.(29.36-38.73)

Tetrahedrites, Cu12ShsS13, the object of study of this project, is an earth-abundant
mineral (Fig. 10)7 that has drawn the attention of researchers due to its naturally good
thermoelectric properties as a p-type semiconductor, with zt values of ~0.17% at 700 K, with
synthetic tetrahedrite reaching zT value as high as 0.76 at 623 K.7%7)_ |t is composed of
significantly less toxic and more common elements than current commercial grade TEMs,
with already a few studies carried out discussing the application of this mineral in TEGs®*787)

and in solar absorbers.©08D
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Fig. 10 Natural tetrahedrite crystal. Origin -Peru.®?

Tetrahedrite was named in 1875 and has been extensively studied in geology and
mineralogy, and despite the knowledge that tetrahedrites had good thermoelectric properties
since 1950, the main interest in this mineral is solely on being an economically attractive
copper and antimony ore, which often also contains traces of silver and mercury.®3% Only
recently, did the focus of research shifted to thermoelectric applications, after “re-
discovering” the high thermoelectric properties and odd low thermal transport prompting

further study of the crystal, electronic and thermal properties.

Fig. 11 Crystal structure of tetrahedrite (Cu128b4313).(77)
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Although frequently represented by Cu12SbsS13, @ more accurate chemical formula of
tetrahedrites is A12XsY13, where A = Cu (with possible partial substitutions by transition
metals, such as Ag, Zn, Fe, Ni, Co, Mn, or Hg); X = Sb (with possible partial substitution by
As, Bi or Te); and Y = S (with possible partial substitution by Se). In natural tetrahedrites all
these elements can be present, with a great amount of geology and mineralogy studies
dedicated to tracing specific compositions to specific geological locations.

The crystal structure of tetrahedrite (Fig.11) is cubic (I143m space group), with 58
atoms per unit cell. The A, X and Y elements are distributed into 5 distinct crystallographic
sites. For the sake of simplicity, taking into consideration the ternary tetrahedrite formula
(Cu12ShsS13), the copper atoms possess two different chemical environments: Cul, which is
located in a tetragonal configuration with three S atoms and one Sb atom, and Cu2 that is
arranged in a near coplanar triangle configuration with three S atoms. The S atoms are also
distributed into two distinct chemical environments, with 12 of the 13 atoms arranged in a
tetragonal configuration and the remaining S atom surrounded with six Cu atoms in
octahedron configuration. This crystal configuration exhibits two main peculiarities: i) the
Cu2 atoms are able to strongly vibrate around their equilibrium position, displaying large
anisotropic atomic thermal displacement parameters; and ii) the tetrahedral environment of Sh
atoms lacks a fourth S atom, which leads to the formation of 5s lone electron pairs in the Sb
atom. These two peculiarities contribute both to a reduced lattice contribution to the thermal
conductivity, as the interaction between them results in the modification of the Cu2
environment into an oversized atomic cage, effectively functioning as an anharmonic rattler
scattering phonons, which, according to the Phonon Glass/Electron Crystal principle, leads to

reduced thermal conductivity.®7685-90)

Regarding the electronic properties, Candolfi, et al.®® best explains them, after the
simple assumption of all atomic bonds to be considered as purely ionic. From this assumption,
the chemical formula can be written as (Cu*)10(Cu?*)2(Sh*")(S? )13, which represents a total of
204 valence electrons. Following the Brillouin zone model, if the number of valence electrons
are a multiple of the number of electrons of the 1% Brillouin zone, the material is a
semiconductor or an insulator, otherwise it is considered a metal since it has accessible
conduction bands. In the case of tetrahedrite, the space group /43m has a body-centred lattice
of cubic unit cell, making the first Brillouin zone a dodecahedron <110>, which contain 4

electrons®V, thus attesting to the semiconductor nature of the tetrahedrite.
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However, from an electronic standpoint, the valence bands of tetrahedrite are not
entirely filled, leaving two holes per formula unit, thus the prediction is that the ternary
compound can behave as a p-type metal. Another argument to be made about the
semiconductor-metallic behaviour of tetrahedrites stems from the real chemical formula that
frequently diverges from the classical (Cu*)i0(Cu?*)2(Sb*")4(S? )13, denoting different partial
substitutions and different ratios of Cu and Sb atoms, following the ionic model.

Although the tendency is to have exactly 2 divalent cations per unit formula, the reality
of situation is that by following the ionic model, for the chemical stability of the tetrahedrite,
26 positive charges are required, which can also be met with additional Cu or Sb atoms on the
unit formula, like (Cu*)14(Sb®)a(S?)1s and (Cu*)12(Sb**)467(S? )13, or any combinations of
additional Cu and Sb atoms, following the formula Cu12+xShs+yS13. These additional forms of
tetrahedrite have already been confirmed experimentally®?°® and some studies supporting this
approach to improving thermoelectric performance.®”-1% These variations in the formula also
change the number of valence electrons, which are, in general, between 204 and 208.
Although indicative of semiconductor behaviour, any number in between attest a potential
metallic behaviour, which seems to indicate that tetrahedrite can manifest p-type metallic
behaviour for certain compositions that, although less energetically favourable than the

standard two divalent cations per formula unit, are still possible.®

This change from metallic to semiconductor behaviour can be seen in the experimental
work of Suekuni et al.®%) for Cu12SbsS13, Fig. 12, in which the transport and magnetic
properties of ternary tetrahedrites were studied. The ternary tetrahedrites have a metallic-
insulator shift in both the Seebeck coefficient, electrical resistivity and thermal conductivity
dependence of temperature around the 85 K. Below this temperature there is a sharp increase
in electrical resistivity, which combined with an increase in Seebeck coefficient from a 25 pVv
K?'at 85 K to 100 uV K* at 60 K, brings confirmation of a semiconductor-like state at low
temperatures.°21%9 Thermal conductivity also decreases below 85 K, which is associated with
the increased in electrical resistivity that translates into lower electronic contributions to the
thermal conductivity. Below the transition temperature the magnetic susceptibility drops,

adopting an antiferromagnetic ordering.
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Fig. 12 Temperature dependence of (A) electrical resistivity p, (B) Seebeck coefficient S, (C) thermal
conductivity k and field-cooled magnetic susceptibility y for tetrahedrite Culeb4513(101)

In the same work®®), other tetrahedrites of the type CuioTr2ShaS13 (Tr= Ni, Zn, Co, Fe
or Mn) were also studied (Fig.13). It was shown that semiconductor-like behaviour was still
observed in these quaternary tetrahedrites, which also exhibited very low thermal
conductivities (in the order of 0.4 W/m.K). However, the presence of different metals leads to
significant increase in the electrical resistivity and Seebeck coefficient, with the high
electrical resistivity, unfortunately, preventing the possibility of high zT values. Thus, further
optimization of the thermoelectric properties of this material requires the adjusting of the
transition metal dopant content for, aiming for the hole concentration optimization, which
translates into maximized PFs. This strategy for improving the thermoelectric efficiency has
been at the centre of various studies®®76104125 most notably the one carried out by Heo at
al.1%® that claimed to have achieved a record high zT of 1.13 at 575K with the formula
Cu11MnShsS13 (Fig.14A). However, this result lacks confirmation, as studies with similar
compositions did not achieve the same zT, which could be attributed to differences in the
synthesis procedure. Also studied was the performance of doped-tetrahedrite based
nanocomposites, with two notable studies achieving a zT around 1.15 at 723 K (Fig.14 B and
C) with a Cu115NiosShsS13 based nanocomposite with 0.7%vol of Bilz*?® and 0.3%vol of
Nb203¢27,
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Other studies focused on the effect of substituting Sb with other elements (Fig.15), such
as: As, Si, Te and Bi.(?-13) With these dopants it was possible to achieve a max zT of 0.63 at
723K for Cu12SbzsSio2S13; 0.68 at 700K for Cui12ShoAs;Sis, to 0.92 at 723 K for
Cu12Sh3TeS13 and 0.88 at 723 K for Cu12SbzoBio.1S13. Each of these elements were expected
to improve the thermoelectric properties in a different way. Si doping was expected to
increase charge carrier concentration as additional electrons would be introduced when

replacing Sb3 = [Kr] 4d*° 5s2 for Si**=1s? 2s2 2p®, which should result in an increased number
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of valence electron. In this case, however, charge concentration only increased moderately up
to 0.2 Si stoichiometric content, thus a slightly higher zT over ternary tetrahedrite at 723K
with zT=0.63. Since As belongs to the same group in the periodic table as Sb, it should have
the same number of valence electrons and should have a smaller ionic radius thus producing a
contraction of the unit cell resulting in a shortening of the energy band gap, this could mean
that doping with As results in a tetrahedrite-tennantite (Cu12SbaS13- Cu12As4S13) solution that
is more conductive, which explains why Cu12Sh2As>S13 would display the best results, has it
possess the optimum combination of increased electrical conductivity without a great increase
in thermal conductivity. In the case of Te doping, the electronic configuration of Te**= [Kr]
4d'° 5s? 5p!, has one more electron than Sh®", contributing to a higher charge carrier
concentration, thus optimizing the PF. And similar to As, Bi belongs to the same group as Sb,
also meaning the same number of valence electrons and no expected change to carrier
concentration, however, since Bi has a larger ionic radius, its introduction in the structure
causes lattice distortions and produces point defects, leading to the creation of Cu vacancies
that can act has electron acceptors, thus increasing the hole concentration, nevertheless, this
interference in the unit cell favours the occurrence of secondary phases that often have an

adverse effect on the thermoelectric properties of the overall sample.
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Fig. 15 Variation with temperature of the figure of merit ZT for various tetrahedrites doped on the Sh
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The substitution of S for Se (Fig.16) was also studied!21%-142) which resulted in a
zT=0.86 at 720K for the formula Cu12Sb4S12Se. This increase comes from a reduction of the
total thermal conductivity, with contradictory results regarding the electrical conductivity
measurements, which can be connected to the tendency of formation of secondary phases that
increases with Se content increase.
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Fig. 16 Temperature dependence of the figure of merit (zT) of tetrahedrite doped with Se,
Cu12Sh4S13-<Sey. 112

Since substitutions of the three elements in tetrahedrite are able to improve its
thermoelectric properties, this opens the possibility of further optimization of the
thermoelectric efficiency via co-doping, with some studies already reported on the effect of
different combinations of dopants. (3413513714014 Amongst them, figures of merit as high as
0.9 at 723K were achieved for Cu11.975ZN0.025504S12.85€02M?, Fig. 17. Following this line of
reasoning, the present project seeks to study the effects of co-doping with Ni and Se in

tetrahedrite.
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Fig. 17 Temperature dependence of the figure of merit (zT) of tetrahedrite doped with Se, Cui, xZnxSha
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2. METHODOLOGY AND EXPERIMENTAL PROCEDURE

21 BAND CALCULATIONS AND THERMOELECTRIC PROPERTIES
SIMULATIONS METHODOLOGY

In order to provide a frame of reference to compare with later measurements of
thermoelectric properties, simulations of the temperature-dependent behaviour of
thermoelectric properties were carried out for tetrahedrites with different Ni and Se content,
namely: Seebeck coefficient, electric resistivity, and thermal conductivity.

The method chosen in this study to make these simulations is based on the method used
by Ravaji et al.**® and Knizek et al®*¥, which combines the Wien2K software**?), for
density of states simulation, with BoltzTraP software®*®, for the actual simulation of
thermoelectric properties.

2.1.1 Wien2K Package

The calculations were made using the Wien2k package. This program is based on the
density-functional theory and uses the full-potential linearized augmented plane-wave method
with the dual basis set. This method operates by partitioning the crystal unit cell into two
parts: non-overlapping spheres centred around each atom, where there is rapid variation of
wavefunctions, and the remaining interstitial region with constant potential. Then, each basis
function is defined as a planewave in the interstitial region connected to a linear combination
of atomic-like functions located in the spheres, this way it is possible to obtain an efficient

representation throughout space.

The Wien2K package is a combination of several independent programs working
interchangeably through C-Shell scripts. In Fig. 18 is represented a schematic of the various
data flow lines and program usage transpiring in order to fulfil the calculations. The process is
divided into two stages: initialization, which consists of running a few small auxiliary
programs that prepare inputs for the main programs; and the SCF cycle, a self-consistency
cycle, where the inputs defined in the initialization stage are run until the convergence criteria

is met4) after which a Density of States (DOS) diagram is obtained.
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In order to carry out the calculations, some approximations were taken, namely: the
exchange-correlation energy which was calculated using local spin-density approximation and
the generalized gradient approximation (GGA), as well as the modified Becke-Johnson
exchange potential. It should be added that GGA was calculated in accordance with the
standard parametrization proposed by Perdew, Burke and Ernzerhof.®4" With the linearized
augmented plane-wave method, the software performs the electronic structure calculations for
crystals, solving the Kohn-Sham equations for the total energy, Kohn-Sham eigenvalues, and
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ground state density to obtain energy bands of a many-electron system. To improve the
description of 3d electrons, the GGA+U method was used. In this method, an orbital
dependent potential is introduced for the chosen set of electron states, the 3d states of Cu and
Ni in this case. This additional potential has an atomic Hartree—Fock form but with screened
Coulomb and exchange interaction parameters. The fully localized limit version of the
GGA+U method was employed. All calculations were performed to account for spin-
polarization, with a plane wave cut off energy of 100 keV and a 9 x 9 x 9 k-point mesh in the

reciprocal space of the first Brilloin zone.

Several compositions were simulated following the formula Cu12xNixSbsS13.ySey, where
x and y varied between the values 0.0, 0.5 and 1.0. Unfortunately, it was not possible to
analyse the composition x and y equal to 1.5, because the size and complexity of unit cell
necessary for the simulation is too big and becomes unsustainable with the available
computational power to make the calculations, with the longest simulation having taken well

over 1 month to converge.
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2.1.2 BoltzTraP Simulations

The main objective of the BoltzTraP software is to bridge between DFT data and other
simulations like phase field simulation. The code uses Fourier expansion and the simulated
crystal structure from Wien2K in the calculations, with the space group symmetry being
maintained by star function, until the extrapolated energies fit the energy-bands obtained in
the DFT calculations of the Wien2K. Once the fit is complete, through Boltzmann transport
theory it is possible to calculate the overall transport properties of the simulated material. This
method has already been tested to calculate transport coefficients of intermetallic compounds,

high-temperature superconductors and thermoelectric materials, (146148150

To conduct these simulations, it was assumed a constant relaxation time for charge
carriers, and by establishing a mesh of k-points (up to 5000) on the energy bands, it was
possible to calculate electrical conductivity (o), Seebeck coefficient (S) and thermal

conductivity (k) through the formulas:

__e%t  9e B¢ of +(T;€)
Oij = h_z‘fa_kla_k] - 92 ]a&' (11)

T ds 0O¢ " af ,«(T;e)
Kij = ] o (6 = WO |- =5 0e
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af  «(T;e)

ac @ .

fak‘E akg-(s_“ )[ uas ]ae
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’ eT fas de wri ds

6ki6kj de

Where ¢, is the energy variable, T the absolute temperature, p”, chemical potential, e is

the electron charge and 7 the relaxation time.(14315
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2.2 SYNTHESIS AND PROCESSING TECHNIQUES

The preparation methodology (Fig.19) is heavily based on previous similar
studies9112139) ' mainly following the synthesis methodology employed by Alves, et al.4Y,
The procedure is the same for all samples and the conditions were kept as similar as possible.
However, some adjustments in the temperature and duration (time) of the annealing step were

taken in order to reduce the quantity of secondary phases in samples of specific compositions.

Weighing ' Casting

-X-Ray diffraction -X-Ray diffraction -X-Ray diffraction

-Raman -Raman -Raman

-SEM-EDS -SEM-EDS -SEM-EDS
-Measure S and p -Measure S and p

Fig. 19 Simplified schematic of the synthesis and characterization process.

2.2.1 Preparation by solid-state reaction (Casting and Annealing Steps)

Cu12xNixShaS13ySey (0<x<1,5; 0<y<1,5) samples were synthesized by reacting the pure
elements (Cu (99.99%), Ni (99.99%), Sb (99.99%), S (99.99%), Se (99.99%) from Sigma-
Aldrich and Alfa Aesar) inside quartz ampoules sealed under vacuum (10 Torr). The amount
of each element in each sample was calculated for the desired stoichiometric ratio to make a
mixture with a total mass of 1.5g, except for sulphur, which, in an effort to offset losses due
evaporation, was added an excess of ~1.0 wt%. The samples were submitted to a casting
process with multiple steps: (1) were heated up to 920°C at the rate of 4 °C /min and kept at
that temperature for 1 hour; (II) then cooled to 700 °C at the rate of 11 °C /min kept for 10
min; after which (I11) were cooled to 650 °C at the rate of 11 °C /min kept for 20 min; and
finally (IV) cooled to 400 °C the rate of 4 °C /min kept for 18 hours before removed.

After casting, the ampoules are broken, and the samples removed. Then for the
annealing step, samples are crushed with a mortar, pestle into a fine powder and shaped into
pellets by cold pressing with a hydraulic press. The obtained disks were sealed under vacuum
(10 Torr) inside quartz ampoules and subjected to a temperature treatment at 450 °C for 7
days. Samples with solely selenium doping underwent the 350 °C annealing temperature for
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14 days, due to a higher tendency to produce secondary phases. Similarly, samples of
undoped tetrahedrite also underwent annealing at different conditions, 300 °C for 14 days, to

minimize the appearance of secondary phases.
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2.2.2 Densification by hot-pressing

Hot-pressing is the pressing at high temperatures of a powder, allowing the production
of fully dense powder compacts, with controlled microstructures, and minimal porosity (near
100% density).

pressure

L upped punch

heater
(renslance
o mduction

Fig. 20 A) Schematic of the setup of the powder loaded in the graphite mould , and B) Termolab SV-
Prensa 200/2018 equipment.

After annealing, samples were crushed again with a mortar and pestle into a fine
powder. Then, the powder was loaded into a graphite mould as shown in Fig. 20A, with two
graphite sheets separating the powder from the upper and the lower punch, to prevent the
adhesion of the final compacted sample and facilitate extraction without breaking. The
equipment used was a Termolab SV-Prensa 200/2018 with single action pressing (only the
upper punch moves, the other parts are stationary). The graphite mould with the powder was
then loaded into the chamber which was evacuated and filled with an inert (Argon)
atmosphere. The system was then heated through indirect resistance at the rate of 25 °C /min,
the pressure was increased at the rate of 3MPa/min and were maintained at 575°C and 56 MPa
for 90 min, respectively. Finally, the samples were cooled to room temperature and the

pressure released at the rates of 25 °C /min and 3MPa/min, respectively.
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2.3 CHARACTERIZATION TECHNIQUES
2.3.1 Powder X-ray Diffraction

Water cooled
copper block

Metal E—
target/ >
) Beryllium
window §
e_
Tungsten
filament
(cathode)
A B

Fig. 21 A) Schematic of a typical X-ray tube, and B) D2 Phaser Bruker 2nd Gen equipment.

In 1912, Max von Laue discovered that crystalline structures are able to diffract X-ray
wavelengths similar to the spacing of planes in a crystal lattice and because most materials
have a unique diffraction pattern, X-ray diffraction became a common technique for phase
identification and determining atomic spacing in crystal structures.

A typical X-ray diffractometer has four main components elements: a X-ray source, a
sample holder, a X-ray detector, and a way to change the incidence angle at which the X-rays
hit the sample surface. For the source, it is generally used a X-ray tube (Fig.21A). The tube
contains a block of water-cooled copper that supports a metal target anode and a tungsten
filament cathode in an evacuated atmosphere. When high voltage passes through the tungsten
filament, it heats up and potential difference between the cathode filament and the anode,
causes electrons to be ejected towards the metal target. The accelerated electrons knock core
electrons out of the water-cooled metal target, and to fill the vacancies in the core orbitals,
electrons from outer orbitals drop down to fill the vacancies, emitting X-rays in the process,
which then exit through the beryllium window. The emitted X-ray radiation is in the form of a

small spectrum of wavelengths designated “white radiation”, resulting in X-ray fluorescence.
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Thus, to reduce fluorescence filters and monochromators are often used to thin out the “white

radiation” to a desired characteristic wavelength.

When the monochromatic X-rays hit the surface of the sample, they are partially
scattered by the atoms of the crystal structure, but the part that is not scattered passes through
the first layer and is again partially scattered by the atoms of the new layer or passes through
to the next layer, so on and so forth. The scattering and interference is what causes the
diffraction and the signature pattern. Overall, for a material to diffract radiation it must be
crystalline, in order to have an ordered regular arrangement of the atoms, and distance
between layers, spacing or grating constant, d, must be similar to the wavelength of the
incident radiation. When both these conditions are met, Bragg’s law (zA=2d.sin(0)) can be
applied and used to calculate the spacing, where @ is the incidence angle of the X-ray, 1 the
wavelength of the incident X-ray and z, the diffraction order represented by an integer value.
Because the d-spacing is characteristic to each crystal, it can be used to identify the crystal
phase, generally by comparison with reference patterns. The constructive interference of the

diffracted radiation is what results in the diffraction pattern after reaching the detector.

Older diffractometers used to have a film as a detector. Nowadays, most modern
equipment uses transducers as detectors. These devices produce electrical signals when
exposed to radiation. Transducers often are used as photon counters, resulting in intensity

being determined by the number of counts in a determined amount of time.(152-15%

The equipment used in this project was D2 Phaser Bruker 2nd Gen diffractometer (Fig.
21B). Because the focus is in studying the whole bulk material to have an overall
understanding of the material, the samples were ground into a fine powder and placed on a
silicon wafer, the sample holder for the equipment. To even the layer of agglomerated powder
in the silicon sample holder, a few drops of acetone, combined with gentle stirring was
applieded. The measuring conditions used were as follow: 35mA current; 40kV tension;
through a 1 mm slit; measured in the in the 10°- 65° 26 range; in 0,02° steps each taking 0.6

seconds.

Phase identification was performed using the Crystallography Open Database with the
Diffrac.Eva software version 5.1.4%9, Cell parameters were extrapolated from the diffraction
data and used in the Unit Cell software®?, that uses the non-linear least squares method, to

calculate the lattice parameter of the Tetrahedrite phase.
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2.3.2 Raman Spectroscopy

This non-destructive technique for chemical analysis is based on the interaction of light
with chemical bonds within a material, providing information on the chemical structure,

phase, polymorphy, crystallinity and molecular interactions.

This technique is based on Raman scattering, a phenomenon first observed by the
Indian physicist C.V. Raman and his research partner K.S. Krishnan in 1928.%%® Raman
scattering happens when light is scattered by the molecule, the photons transfer energy to
electrons when hitting the molecular electron cloud leaving the molecule in a higher virtual
energy state. However, these energy states are so short-lived, often called virtual states, that
molecule almost immediately reverts back to the original lower energy state, re-emitting the
photon as scattered light. In the bulk of the scattering events, the photon is re-emitted with the
same energy and, by extension, the same wavelength, it had prior to hitting the molecule
electron cloud. In other words, the scattered photon is equal to the incident photon, this form
of scattering is called elastic or Rayleigh scattering. On the other hand, in the significantly
smaller portion of the scattering events (approximately 1 in 107 photons)®) where the
scattered photon has a different energy and, thus, different wavelength, a form of scattering
named inelastic scattering or Raman scattering. In one form of this scattering, the molecule
instead of reverting back to the original vibrational energy state from the virtual energy state,
it ends up being excited to a higher vibrational level (Stokes-Raman scattering) or being
relaxed to a lower vibrational level (Anti Stokes-Raman scattering), resulting in the emission
of a photon with less energy and a higher wavelength or with more energy and smaller

wavelength than the incident photon, respectively, as it is shown in Fig. 22.

While in a quantum mechanics level, both forms of Raman scattering are equally likely
to occur, since it is more likely for molecules to be in the lowest vibration energy state, Stokes
Raman scattering ends up being the most probable to occur, thus having more intense signals
than Anti-Stokes Raman. It should also be noted that not all vibration modes can be detected
using Raman spectroscopy. Only when the molecular polarizability changes during a
vibration, is it possible to detect this vibrational mode, often being referred to as “Raman

Active” vibrational mode.
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Fig. 22 Visual representation of the changes to the electron energy state in Rayleigh, Stokes Raman and
Anti-Stokes Raman Scattering and respective position of the signal for each scattering in a Raman spectrum.

Because photons with different wavelengths will also have different energy that will
result in excitation to different vibrational modes and so on, it becomes difficult to properly
compare the patterns and extract proper information of the vibrational modes. Thus, what is
actually used in Raman spectra is the Raman shift expressed in wavenumber (4v, cm™), which
is the difference between the inverse of incident wavelength, Ao and the inverse of the

scattered wavelength, A1, following the formula:

1 1

Av = (Z - Z) (14)

The position (Raman shift) of the peaks in the Raman spectra, or scatter, provides
information about the molecule and permits the identification of phases and compounds in the

sample.
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At its core, a Raman spectrometer is composed of 4 main elements: laser source; sample
illumination and collection system; spectral analyser; and detection and computer control and
processing system. For Raman spectroscopy its necessary to have a highly monochromatic
incident light, thus, it is commonly used a continuous-wave laser with a wavelength in the
visible spectrum or close to the range. The laser beam then passes through a filter to reduce
the beam to a single wavelength, which is then focused on the sample. The resulting Raman
scattered light is collected by the lenses and passes through a filter to remove Rayleigh
scattering which is more intense than Raman scattered light. Afterwards the filtered scattered

light is diffracted in a grating and then registered in the detector.®5%-16D

Fig. 23 Setup of the Horiba LabRam HR Evolution Raman microspectrometer

For this work, a Horiba LabRam HR Evolution Raman microspectrometer was used, as
seen in Fig.23, with a diode laser with 532 nm wavelength and 10mW power. All the samples
were analysed in the 150-1400 cm™ wavenumber range with a 100x objective. The spectra
acquisition parameters were 5 scans of 30s duration each at 100% laser intensity for as-cast
and annealed samples, and 5 scans of 300s duration each with 10-25% laser intensity for hot-
pressed samples, this change in laser intensity was to minimize surface sample disintegration
due to high laser intensity, while still obtaining an eligible spectra with minimized peaks

related to material ejection.
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2.3.3 Scanning Electron Microscopy- Energy Dispersive X-ray Spectroscopy

Scanning Electron Microscopy (SEM) is a technique to analyse the microstructure and
identify the phases that exist in a sample. With this non-destructive technique, it is possible to
study the surface of materials, by focusing an electron beam and performing multiple scans
over a specific area of the sample surface. This results in a SEM image with three-

dimensional appearance with large depth-of-field.

When high-energy electrons hit the sample surface, they suffer elastic and inelastic
scattering. Elastic scattered electrons also called Back Scattered Electrons (BSE) are scattered
by the atoms of the sample, generally have between 60 to 80 % of the energy of incident
electrons and are deflected at high angles. On the other hand, inelastic scattered electrons also
called Secondary Electrons (SE), are emitted at low angles from the electron shell of the atom
after interaction with the electron beam and generally have significantly lower energy.
Through the signal obtained with two different detectors (one for SE and other for BSE) it is
possible to gather information about the topography contrast with the SE signal and the

chemical composition contrast from BSE signal.

Fig. 24 Thermo Scientific Phenom ProX generation 6 desktop SEM with integrated EDS system.

In addition, when coupled with Energy Dispersive X-raySpectroscopy (EDS), it enables
elemental analysis of the surface sample. As it happens, when the SE are ejected from the

atom’s electron shell, higher energy electrons move to fill the vacancy, resulting in relaxation

75



of the electron cloud and the emission of the excess energy in the form of X-rays. Because
each element has a unique atom structure, they end up with a unique set of peaks on the
electromagnetic emission spectrum. The energy of these peaks is predicted by the Moseley’s
law, where, simply put, it is stated that the square root of the frequency of the emitted X-ray is
approximately proportional to the atomic number of the element. As such, by also comparing
the intensity of the peaks, EDS allows the qualitative and semi-quantitative analysis of the

chemical composition of a thin layer at the surface of the sample.®

The SEM-EDS equipment used was a Thermo Scientific Phenom ProX generation 6
desktop SEM with integrated EDS detector (Fig.24). This technique was used to identify the
phases observed in as-cast, annealed and hot-pressed samples, and provide an estimated
chemical composition of the tetrahedrite phases. All micrographs depicted wherein were

captures with an applied voltage between 15-20 keV with BSE detector.
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2.3.4 Low temperature transport properties measurement

To measure the Seebeck coefficient (S), a system based on the apparatus developed by
Chaikin was used®®, The original Chaikin’s apparatus was originally designed to measure
highly conducting organic single crystals, however, with some adjustments, it is possible to
adapt to inorganic samples, like the presently studied tetrahedrite samples. The samples need
to be shaped into a plate-like geometry with dimensions around 2x1.5x0.5 mm, then placed
between two gold foils, glued directly with GE varnish to the quartz block to ensure good
thermal contact. The gold foils are attached to a single crystal quartz block each, the blocks
have copper wiring coiled around them that will enable heating the quartz blocks, thus
functionally behaving like two independent heat sinks with separate temperature control. Two
gold wires are then connected to the sample with silver paint to establish the electrical
contact. For the voltage measurements, a low frequency AC technique was used with a
maximum temperature gradient in the sample of 1 K. One differential pair of thermocouples
are attached to the quartz blocks to measure the temperature difference between them, another
thermocouple is attached in one end to one of the quartz blocks and the other junction is
immersed in iced water at 0°C that serves as a temperature reference, this thermocouple
measures the quartz block temperature and gives the temperature of the measurement.

In the beginning of operations, the system is heated up to 310K and then slowly cooled
to 20K. The closed cycle cryostat being cooled by successive cycles of compression and
subsequent expansion of helium gas, like in a refrigerator, with the overall temperature within
the chamber being controlled through a heater and a silicide diode thermometer situated in the

cold finger of the cryostat with the help of a PID temperature controller.

Since the temperature gradient is being measured in the quartz blocks and not directly in
the sample, an excellent thermal coupling of the system is required so that AT in the sample is
as similar as possible to AT between the quartz blocks. However, thermal losses are
inevitable, leading to a temperature gradient lower in the sample than in the quartz crystals,
heavily dependent on the quality of the thermal contact. Consequently, the measured Seebeck
coefficient is usually underestimated in comparison with the real Seebeck coefficient of the
material, errors can be minimized assuring the best possible thermal contact combined with
optimum sample’s geometry. In the case of tetrahedrites, optimum geometry was long thin
plates in order to have the highest gradient possible on the samples and thus minimize thermal

losses.
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Measurements of electrical resistivity (o) at low temperature were obtained through the
four-point technique with an AC resistant bridge for high resolution in measurements of small
resistances. This technique was chosen to avoid errors associated with contacts resistances.
For these measurements, the sample needs to be shaped into a bar-like geometry with regular
cross-section and dimensions around 2x0.5x0.5 mm. The setup of the wires and the samples
are shown in Fig.25: the two outer wires pass current (1) through the ends of the bar, the inner
wires kept at a distance (/) detect the voltage difference (4V) across the sample. The voltage

measured can be converted into electrical resistivity through the equation:

AV.wW.h
p=== (15)

Where w is the width of the bar and h the thickness. A 1ImA current was injected in the
sample while the temperature was controlled with thermocouples directly connected to the
sample. Electrical transport properties were measured in the 20-300K temperature interval, at
a rate of 0.3K/min for Seebeck coefficient and 0.5K/min for electrical resistivity, using a

closed-cycle cryostat.

Voltmeter

Ammeter

Current
source

Fig. 25 Schematic of the position four wire connections used according to the 4-point method. %%
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3. COMPUTATIONAL RESULTS

3.1 WIEN2K

The simulated band diagram and corresponding density of states (DOS) for ternary
tetrahedrite (Cu12SbsS13) were obtained from the Wien2K calculations and are presented in
Fig. 26 and 27, respectively. The calculations converged into a non-magnetic solution, and
since the Fermi level resides below the top of the valence band complex, tetrahedrite can be
described as an almost metallic heavily doped p-type semiconductor.

Simulations of the DOS for tetrahedrite with different dopant contents were also
calculated. The first observable difference in DOS of tetrahedrites due to containing Ni in
their composition, is the increase of asymmetry between minority and majority spin, which
pertains to the transition of the top of the valence band past the Fermi level, in the spin down
condition. This transition results in an apparent energy band gap reduction, a sign that could
be interpreted as increased conductivity. The asymmetric response to minority and majority
spin, points to a change in magnetic properties, similar to what was reported by Suekuni et
al.1%%: the magnetic momentum carried by Ni results in a magnetic susceptibility proportional
to Ni content and postulate that Ni atoms adopt an antiferromagnetic interaction with each
other. Also there is an increase in the density of states below Fermi level, which is connected
to the electronic configuration of Ni%*, [Ar]3d8, when compared to Cu?*, [Ar]3d9. This means
there is one less electron, and since tetrahedrite is a p-type semiconductor, where “holes* are
the charge carrier, after doping with Ni there are more charge carriers (holes) thus there is an

increase in the density of states.®?4

Se content does not appear to contribute in the DOS, which would translates to an
expecting limited impact in the thermoelectric performance of tetrahedrite. Thus, it is
expected that Ni doping causes a greater variation in the thermoelectric properties than Se
doping. However, it should be noted that while Se seemingly does not contribute directly to
the density of states, doping with certain amounts of Se alters the contribution of Cu, S, Sb
and Ni. Comparing DOS diagrams of composition with the same Ni stoichiometric content
shows that there is very little difference in the DOS between a stoichiometric content of Se of
0.0 or 1.0, which can be attributed to the fact the Se and S belonging to the same column in
the periodic table, so isovalent doping will result in the same number of valence electrons,
thus it is not expected to alter the charge carrier concentration, which explains the no

perceivable change to the DOS. However, for the compositions with a Se stoichiometric
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content of 0.5, there is a significant increase in the intensity peaks. This odd nonmonotonic
response to Se content, might be a result of lattice strain caused by the larger size of the Se
atom comparatively to the S atom it replaces. Lattice strains and other defects in the crystal
structure might create energy levels within the band gap or alter the density of states, with the
latter being observed in the simulations containing Se= 0.5. these distortions can result in
charge carrier traps resulting in localized energy levels or altering the mobility or

reconfiguration speed of the charge carriers.16%
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Fig. 26 Band diagram of undoped tetrahedrite simulated by the Wien2K software.

Unfortunately, due to limitations in the available computational capability, performing
the simulations with stoichiometric dopant content x or y=1.5 became unreasonable, as it
would require simulating extremely large and highly complex unit cells in the Wien2K,
resulting in extremely morose computational cycles that often failed to converge due to the
high level of complexity. Amongst the simulations carried out, the longest successful

simulation took over a month the conclude calculations.
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Fig. 27 Density of States calculated through the WIEN2k package of tetrahedrite with specific
stoichiometric content of Ni and Se, in accordance with the formula Cu12xNixSbsS13.ySey (0<x<1,0; 0<y<1,0)
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3.2 BOLTZTRAP SIMULATIONS

To have a better framework to compare the experimental results, simulations of the
thermoelectric properties were carried out by combining the Wien2K package for predicting
the electronic structure of the crystalline structure of tetrahedrite, with the BoltzTraP
software, to provide an estimation of the Seebeck coefficient, electrical resistivity, and
thermal conductivity, which are represented in Fig. 28. Unfortunately, the composition

Cu11NiShsS125Seq s failed to converge even after numerous attempts, thus it is not presented.
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Fig. 28 BoltzTraP estimations of the temperature dependence of thermoelectric properties of tetrahedrite
with different dopant contents following the formula Cu12xNixSbaS13.ySey (0<x<1,0; 0<y<1,0): A) electrical
resistivity; B) Seebeck coefficient; C) thermal conductivity; D) figure of merit, zT.

The BoltzTraP calculation show that Ni doping increases electrical resistivity and
Seebeck coefficient, and decreases thermal conductivity, resulting in an overall improvement
of the figure of merit. Noteworthy, is the fact that, contrary to what was expected, despite the
increase in the number of “holes” due to Ni doping, the compositions ended up becoming
more resistive. All compositions presented a positive Seebeck coefficient, which is an
indication of the conductivity dependant on positive charge carriers, ergo ‘“holes”, and

following this assumption, increasing “hole” concentration should have improved
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conductivity, however, as explained by Suekuni et al."®, where Ni doped tetrahedrites
revealed a negative measurement for Hall coefficient, which contradict the assumption
convened by the positive Seebeck coefficient, in other words, according to Hall coefficient
negative measurement, conductivity is dependent on negative charge carriers, ergo, electrons.
Combining both these arguments, only attests to tetrahedrite having a metallic-semiconductor
behaviour, resulting in the conductivity being dependent on both “holes” and electrons, and
the increase in electrical resistivity not for the added “hole” but for the missing electron.
Nonetheless there was a significant narrowing of the band gap in the minority spin of
compositions containing Ni, leaving the question whether Ni-doped tetrahedrite might have
spin-dependent transport properties, which could significantly alter the overall thermoelectric

performance.

In regard to Se doping, as expected, Cu12xNixSbsSi3 and Cui2xNixSbsS12Se
compositions showed very similar properties between compositions with the same Ni content
(x), and compositions with Se=0.5 showed a higher difference in the variation of their
properties with temperature. This is best observed when comparing Cui2SbsSiz and
Cu12ShsS12Se compositions with the differentiated curve for Cu12ShaS125Seos. Other studies
have also reported a non-monotonic relation between Se content in tetrahedrite and
thermoelectric properties, often suggesting that there is a specific optimum stoichiometric Se
content for tetrahedrite. However, as different studies analysed different value intervals for
both Se content and temperature, it resulted in different and, to some extent, seemingly
contradicting conclusions. Lu et al®®, reports that when comparing tetrahedrite with Se
stoichiometric content of 0.0, 0.5, 1.0, and 2.0, experimental results show that doping with Se
reduced the electrical resistivity and thermal conductivity and provided a minor increase in
the Seebeck coefficient. Despite the decrease over ternary tetrahedrite, electrical resistivity
exhibited a non-monotonic response to Se content, achieving the lowest values Se content=
1.0 and increasing for Se content=2.0. The low resistivity with Se content=1.0, was attributed
to a potential increase in hole mobility due to a modified electronic structure near the band
edge caused by the Se substitution, which was corroborated, after performing some DFT
calculations, by noticing a dispersion of the P and I" bands, resulting in smaller average band
effective mass, which in turn translates to higher charge carrier mobilities and higher
electrical conduction. As for the increased resistivity for Se content=2.0, following similar
calculations, was attributed to increased intervalley scattering. Zhu, et al.*“®, on the other
hand, studied experimentally smaller Se substitutions, varying the stoichiometric content
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between 0.0 and 0.4 in 0.1 increments. They reported the same minor increase in Seebeck
coefficient with Se content, but both electrical resistivity and thermal conductivity were non-
monotonic with Se content, showing reducing results up to Se content=0.2 and 0.1,
respectively, and increasing for higher contents, with the sample with Se content=0.4 having
nearly the same electrical resistivity as ternary tetrahedrite but a higher thermal conductivity.
They attributed this behaviour to the increased presence of CusSbS4 secondary phase, which
resulted in a vacancy of S atoms of the tetrahedrite phase. This led to a smaller electron
concentration (with a minimum in the Se content=0.2) which is translated in a higher
concentration of holes that increased the mobility thus decreasing electrical resistivity. While
this explanation is not suitable to the simulations results (which intrinsically assumes to be
dealing only with a tetrahedrite phase), both these studies4%168) present the conclusion that
minute changes in Se content doped into the tetrahedrite may result in widely different
thermoelectric properties, despite the fact that Se and S are isovalent and present very similar

electronegativity (2.55 and 2.58, respectively, Pauling scale).

Overall, the simulations show that doping with both Ni and Se can induce significant
changes to the thermoelectric properties, with most samples exhibiting higher electrical
resistivity, higher Seebeck coefficient and lower thermal conductivity than un-doped
tetrahedrite. This culminates in generally higher simulated figures of merit for most
compositions, with the exception of the Cu1:NiSbsS12Se (above ~400K) and Cu12ShsS12Se

ones.

The calculations also suggest that the potentially highest zT will be achieved with the
sample Cui15NiosShaS125Segs, with an estimated zT~0.30 at 300 K. This result, while
promising, must be taken with a grain of salt, as various assumptions and approximations

were taken in the calculation.
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4. EXPERIMENTAL RESULTS

4.1 AS-CAST AND ANNEALED SAMPLES

4.1.1 X-ray Diffraction

Powder X-ray diffractograms of as-cast samples (Fig. 29) show that the most intense

peaks are consistent with the tetrahedrite structure (COD 9004148), indicating that even with

just the casting step, the samples are mainly composed of tetrahedrite. There are peaks related

to secondary phases, namely, a chalcostibite phase with the presence of selenium

(CuSh(S,Se)2), which are evidenced by single wider peak in the 27-29° interval rather than the

typical double peak in the 28.35 and 28.67° position. This is a result of the juxtaposition of the

two peaks characteristic of the chalcostibite phase with 5 main peaks that are diffracted by a

chalcostibite like crystal with Se replacing S (CuSbSey); the covellite (CuS) phase, with peaks

around 31.76°, and copper sulphide, CuzS, with a peak at around 45.80° that does not coincide

with tetrahedrite pattern.
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At the as-cast stage, chalcostibite and covellite phase distribution in the samples does
not appear to possess a particular relation with any composition of dopant. On the other hand,
the CuzS phase only appears in samples with high Ni content (x>1.0), which could be
interpreted as the presence of Ni favouring the formation of this phase, possibly by replacing
copper in the tetrahedrite phase. This, combined a non-homogenic solid solution, could create
regions with higher concentration of copper which would in turn produce the Cu.S phase.

After annealing, the presence of these extra peaks is less prevalent and less intense, with
more samples not exhibiting any perceivable peaks from secondary phases (Fig. 30) and
indicating that the annealing step plays a crucial role in the mitigation of these secondary
phases. Interestingly enough, prior to annealing, samples would frequently display two or
more secondary phases, and aside from the Cu2S only appearing in samples with high Ni
content, the distribution of secondary phases did not appear to have a particular correlation
with Ni or Se content. However, after annealing, the appearance of secondary phases on top
of becoming less intense and frequent, also appear to be related to specific Ni or Se contents.

The chalcostibite phase, for instance, only appears on the diffractograms of samples
doped with Se exclusively. This, coupled with an increase of the intensity of chalcostibite
peaks, implies that the introduction of selenium, induces the formation of this extra phase.
The tendency to form chalcostibite, for this particular group of samples, became one of the
major obstacles to the study of these compositions both after annealing and later, after hot-
pressing, and forced us to change the annealing conditions to lower temperatures, specifically
to mitigate the formation of chalcostibite phase. The reason behind the absence of
chalcostibite in the other compositions may be connected to the presence of Ni, which has
already been demonstrated to favours the formation of tetrahedrite and reduce

degeneration.(®

In regards to the CuS phase, after annealing, it appears in only two samples with high
Ni content (x=1.5) and high Se content (y=1.0 and 1.5), which lends more credibility to the
previous assessment that the presence of Cu.S phase is apparently connected to the Ni
content, but also, given the presence on only high Se content, it appears that at the annealing
stage the presence of high total dopant content is also a contributor to its appearance. Also,
the absence of this phase on the two other samples with Ni content x=1.5, implies that after
annealing the sample is more homogeneous, which also logically suggests that samples with
high total dopant content may exhibit lower homogeneity than samples with lower dopant
content, at least for the present annealing conditions.
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Fig. 30 Powder X-ray diffractograms of annealed Cu12.xNixSbsS13.ySey samples. Peaks of secondary
phases are indicated by arrows: green for Covellite (CuS); blue for Chalcostibite (CuSh(S,Se)2); in grey Copper
sulphide (CuzS); and in black- SiO, from a damaged sample holder.

As for the covellite phase, it only appears on Cu11NiSbsS125Seos and Cu11NiShsS12Se
samples, which appears to be associated to those specific compositions, as both samples

possess similarly close compositions.

Also of note, is that peaks of tetrahedrite are sometimes doubled, particularly in the
undoped sample and the samples only doped with Se. This anomaly is characteristic of
ternary tetrahedrite (without doping) and has been extensively studied even before their
interest as a thermoelectric material. The splitting of the peaks in the X-ray diffraction pattern
is a result of the exsolution of a single tetrahedrite phase into two tetrahedrites phases (a Cu-
rich and a Cu-poor) when the solid solution is cooled below what is called the
homogenization temperature, which is generally around 120°C, but may vary depending on
the composition.®%92%) This phenomenon has been attributed to the migration of copper
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resulting in Cu-rich phases with partially vacated Cul2d sites and additional Cu ions present
in the interstices of the lattice. The reason behind the anomaly becoming more visible in Se-
only-doped samples after annealing, may be connected to the presence of a larger ion creating
a bigger deformation of the crystal structure potentially creating bigger interstices that
facilitate the Cu migration, or potentially, due to having to use a different annealing
temperature, in order to mitigate secondary phase formation, which it might also have altered
the cooling conditions, resulting in a more pronounced differentiation of both tetrahedrite

phases.

It should also be noted that while not directly observable in the diffractograms, the main
splitting peaks around 29.9 ° and 49.8° (20) are often wider and/or present a irregular shape,
which might imply that the exsolution is often occurring, but either the difference between
compositions is small or that one phase is significantly more prevalent than the other, thus
resulting in small peak differentiation. The exhaustive presentation of the powder X-ray
diffractograms is shown in Attachment 1.

The position of the diffraction peaks (20) might yield some information regarding the
doping condition of the samples, as the doping elements can have different ionic radius. These
differences can lead to changes in the lattice cell parameters and, consequently, to small shifts
in the position of the tetrahedrite phase peaks. The annealing process promotes the
homogenization of the as-cast materials and a potential change in composition due to

increased diffusion with higher temperatures.

A surface graph that represents the estimated lattice parameter as a function of
composition is shown in Fig. 31. Overall, the lattice parameter of the as-cast materials ranges
between 10.3224 to 10.3690(x0.0003) A, denoting significant changes with the Se
concentration, but being almost unaffected by the Nickel content. This is due to the small
difference between the ionic radius of Cu?* (73 pm) and Ni** (69 pm)“®") and to the
appreciably larger ionic radius of Se? (198 pm), when compared with S (184pm)\“67). After
annealing, there is a tendency for the lattice parameter to increase, ranging now from 10.3215
to 10.3819 (+0.0003) A, implying that more Selenium is integrating in the tetrahedrite phase.
However, also in this case it is not possible to confirm the integration of Nickel in the
tetrahedrite phase from X-ray diffraction data, since even after annealing the Nickel content

seems to not affect the lattice parameter.
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Fig. 31 Lattice parameter dependence on Nickel content (x) and Selenium content (y) in As-cast (A) and
Annealed (B) Cu12xNixShaS1a.ySey samples.
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4.1.2 Raman Spectroscopy

The Raman spectra, presented in Fig. 32, allowed the identification of different phases
present in the samples, by comparing peak position to database references*). The first major
constraint is proper identification of tetrahedrite and differentiation of famatinite (CuzSbhSa)
(COD 9011133), which due to having a similar chemical composition and crystal structure
also means a similar Raman signature, with both phases displaying two peaks with the same
position (Raman shift) 315 and 348 cm, and the only the major difference being which peak
is the most intense. Since for tetrahedrite the most intense peak is the 348 cm2(6170) it js

possible to conclude that all samples exhibit a predominant tetrahedrite phase.
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Fig. 32 Raman spectra of several Cu12.xNixSbsS13.ySey samples after casting. The peaks pertaining to the
tetrahedrite phase are located in the 315 and 348 cm! shifts*6%179), Peaks not related to tetrahedrite phase are
indicated with arrows: blue arrows for Cu-S chemical bond of ejected material which are also in common with
chalcostibite and copper sulphides; red arrows representing copper sulphide (CuxSy) secondary phase; yellow
arrows represent famatinite (CusSbS.); and grey arrows- chalcostibite (CuSbsS,).
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Pertaining to other phases, occasionally some samples display a small peak around the
~450 cm™* position, which considering the elements present in the samples (Cu, Sb, S), was
identified as a copper sulphide (CuxSy) phase, most likely a combination of covellite (CuS)
and anilite (Cu;S4); and a widening of the 348 cm™ in some samples that are potentially
connected to a chalcostibite phase which has a peak around 335 cm™, but due to this position
being so close to that of the main peak of tetrahedrite (348 cm™), only in samples with

excessive chalcostibite formation it is possible to observe this phase in the Raman spectra.

There are also some additional peaks observed, with the main ones around the 180 cm™
and 250 cm positions, which pertain to the Cu-S bond signature. These peaks are also
common in the spectrums of chalcostibite and copper sulphide phases, however, because
these peaks disappeared, exclusively, when reducing the laser beam intensity, it was
determined that they are caused by material ejection of the sample surface due to high laser
beam intensity. Unfortunately, the samples produced in this study proved to be highly
susceptible to being “burned off” by laser beam, most likely connected to the low melting
point of sulphur at 445°C7*72, thus proper analysis through Raman spectroscopy proved to be
difficult, as it required balancing sample integrity and signal detection for spectra acquisition

through adjusting laser intensity.

After annealing (Fig.33 and 34), samples present fewer peaks of secondary phases, and
while the main tetrahedrite peak shifts position in the 338-355 cm™, there appears to be no
clear correlation with Ni or Se content. However, when comparing sets of samples either with
the same Ni or Se content, it is visible in most of sets, that samples without the Ni or Se have
deviated peaks from the others. In other words, the presence of Ni or Se in the sample clearly

changes the peak position.
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Fig. 33 Raman spectra of several Cu1,.xNixSbsS13.ySey samples after annealing grouped by equal Ni
content and ordered by increasing Se content The peaks pertaining to the tetrahedrite phase are located in the 315
and 348 cm shifts. With arrows, are indicated the peaks not related to the tetrahedrite phase: blue arrows-the
Cu-S chemical bond of ejected material and gray arrows - chalcostibite (CuSbSy).

To understand what these deviations in peak positions mean, it is necessary to refer
back to the previous 2.3.2 chapter, where is stated that Raman shift or wavenumber (Av, cm™)
is calculated through the formula (eq.14). With this formula, and assuming a constant Ao, it
can be reasoned that a peak with a lower Av (shifted to the left), is a product of a Raman
scattered emission with lower A1, which can be interpreted as an increase in the chemical bond
strength, because a photon with smaller wavelength is, by definition, of higher energy.
Conversely meaning that a higher Av (shifted to the right) would imply a larger A1 and thus a

weaker chemical bond because the resulting photon would have less energy.
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Fig. 34 Raman spectra of several Cu12.xNixSbsS13ySey samples after annealing grouped by equal Se
content and ordered by increasing Ni content. The peaks pertaining to the tetrahedrite phase are located in the
315 and 348 cm! shifts. With arrows, are indicated the peaks not related to the tetrahedrite phase: blue arrows-
the Cu-S chemical bond of ejected material and gray arrows - chalcostibite (CuShSy).

Interestingly, introducing Ni in the tetrahedrite results in a shift of the main peak to the
right, a higher wavenumber, and introducing Se results in a shift to the left, a lower
wavenumber. Which both confirms that both Ni and Se are integrating the tetrahedrite phase
and that Ni doping results in weaker bonds and Se doping results on stronger bonds.
However, both these results are equally puzzling. In the Ni case, in principle, with the same
oxidation state of Cu, Ni atoms should be less electronegative than Cu due to having one less
electron, which would result in a larger electronegativity difference between Ni and S than Cu
and S, thus in theory the bond should be stronger between Ni and S, and not weaker. On the
Se case, due to Se having a higher atomic number than S and despite having the same

electronic configuration, Se will be less electronegative than S and have significantly higher
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ionic radius, both factors should result in a weaker bond, not a stronger bond as presented by
the experimental results, which leaves us to conclude that there are other factors affecting the

average bond energy in tetrahedrite.

One potential justification to these deviations lies on the size difference between the
original atoms and the dopants. While small in the Ni-Cu case, with 73 pm for Cu®* and 69
pm for Ni2*167) it should be noted that these particular Cu atoms are the ones located in the
“rattler” configuration, does possessing a high degree of vibrational freedom, a smaller atom
would garner a higher degree of freedom to vibrate, which would supposedly result in less
stiff bond and ultimately weaker bonds. Conversely due to the larger ionic radius difference
between Se? and S?, 198 pm and 184pm, respectively®” which would result in a
significantly distorted and strained crystal structure with the introduction of Se, which would
imply stiffer bonds and thus bonds that would require more energy to be broken. While most
of this justification are plain suppositions, it would explain the deviations that occurred due to
merely introducing one dopant or the other and emphasize the idea that the size of the dopant

element can potentially play a bigger role in phase formation and properties than expected.

The exhaustive presentation of the Raman spectra is shown in Attachment 2.
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4.1.3 SEM-EDS analysis

SEM observations show that the as-cast samples are dotted with pores and fractures
(Fig.35), and, aside from the matrix phase, there are two other visually different phases
observed: a darker, often star-shaped phase, and a lighter intergranular phase. Semi-
quantitative EDS analysis (Table 1) indicates that the chemical composition of the matrix is
approximate to that of tetrahedrite, as the analysed composition is similar to the nominal one,
including both Ni and Se in the composition, thus corroborating the X-ray diffraction and
Raman spectroscopy assessment of a main tetrahedrite phase and that doping of both elements

IS occurring.

Fig. 35 SEM (BSE) micrography of the Cu1,Sh4Si15Se as-cast sample

The dark star-shaped phase has a composition that is similar to copper/nickel sulphides
((Cu,Ni)xSy) with varying ratios of (Cu, Ni) to S, with a small content of Se (generally less
than 5.0 at%), when this element is present in the sample. This sulphide phase is the most
commonly observed, being present in 14 out of 16 samples, and generally tending to either
have a composition similar to the NiS; and NiS, with sole exception of the Cu12Sb4S125Seo5
nominal composition sample presenting a CuzS phase. It should be noted that the formation of
each these phases is heavily dependent on the the Ni content: the Cu»S phase appeared in a
phase with Ni content, x=0.0, the NiS, appears in samples with small Ni content (x=0.5) and

in the Cu1:NiShsS13 sample, while NiS appears on nearly all samples with x=1.0 and 1.5.

The lighter phase has a composition similar to a mixture of chalcostibite and ptibramite
(CuSbhS>xSex) and is only observed in two samples, CuSbsS115Se1s and
Cu105Ni15ShsS115Se1s, with the latter exhibiting both copper/nickel sulphides and
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chalcostibite- ptibramite phase as observed in Fig.36. The appearance of this phase seems to
be associated with high Se content, as both samples that presented this phase had y=1.5.

As for coherence with the X-ray diffractograms, the three previously identified phases
are present in the samples, albeit with Ni and Se. Both the covellite and CuzS phase are
observed in the form of the dark phase mixture of copper and nickel sulphides with different
(Cu, Ni):S ratios; and the chalcostibite observed on the diffractograms being more accurately
a mixture of chalcostibite and piibramite that manifests in the lighter phase. However,
compared with the X-ray diffractograms which identified the chalcostibite phase in half of the
samples, SEM is not detecting as much differentiated chalcostibite- ptibramite phase. Either
this intergranular phase is more prevalent inside the samples, in other sections, than it is
observed with SEM in the current studied surfaces, or it is finely distributed in the matrix (as
seen in Fig. 36A).

Fig. 36 SEM (BSE) micrography of the Cu105Ni15SbsS1155€1.5 as-cast sample: in (A) the dark grey phase
visible has a composition pointing to Nickel Sulphide (NixSy); and in (B) the light grey phase has a composition
similar to doped-chalcostibite (CuSh(S,Se).).
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Table 1 SEM-EDS semi-quantitative analysis of the matrix of as-cast samples. The matrix chemical
formula was calculated based on the composition and assuming a 29 atoms molecule like tetrahedrite.

Cu12SbsSi3 48.1+1.6 12.940.5 39.0£1.7 Cu13.9:055D3.8:01511.3:05
Cu115NiosSbaS13 44.4+1.2  2.1+0.1 12.140.3  41.3£1.3 CuU12.88+0.3Ni0.6+0.15D3 5:0.1512.0+0.4
Cu12SbsS125S€05 42.0+0.4 13.9+0.2 43.0£0.4 1.1+0.2 Cu12.2+015D4.0+0.15125:015€0.3:0.1

Cu115Nio5SbsS125Se0s | 39.6£1.3  1.2+0.1 13.0+0.5 @ 44.7+1.8  1.5+0.3 | Cui15+0.4Nio.4+0.1SD38+0.1513.0:055€0.420.1
Cu1:NiSbsSi3 47424 42404  13.2+0.7 35.2+2.2 Cu137+0.7Ni1.2:01Sb3.8:02S10.2+0.6

CuuiNiSbsS125Se0s  43.5+1.5  4.240.3  12.8#0.5 38.2+1.6  1.3#0.3  CuU126:04Ni12:0.15b37:0.1S111:055€0.420.1
Cu12SbsS12Se 47.3+1.8 12.6£0.5 35.6£1.7 4.6£05 CU13.7+05504.0+0.1S10.3:055€1.310.2

Cu115Nio5SbaS12Se 47.0+1.9 1.9+0.2 13.2+0.6 34.8+1.7 3.2+0.5 Cu13.6+05Ni0.5+0.1503.8+02510.1+055€0.9:0.1
Cu12NiSbsS12Se 46.8+1.5 1.6+0.2 14.0+0.5 35.4+1.4 2.320.3 CuU13.6:0.4Ni0.5:0.1S04.1+0.1510.3:0.45€0.7+0.1

CuwosNi1sSbaSis  44.6£1.6  54#03 12505 37.5t1.6 Cu120+05Ni16:015D3 62015109205

Cuw0sNiisSbsSi2sSeos  44.1+1.4 48203 12.8+0.4 38.3%l5 BN g S S e
CuwsNiisSbsSi2Se | 44.2+17 4503  12.4+05 33916 50%0.6  CuigsosNir3:015036:01508:055€1 5502

CunSbuSusSers  44.241.7 13.3+05 35.8+1.7 6.8+0.6 TS L N e

Cui15NiosSbaS115Se1s  42.0£1.3 1.2+0.1 12.1+0.4  38.3%x1.5 6.4+0.5 CuU12.2+0.4Ni0.420.1Sb35:0.1511.120.45€1.9:0.1
Cu1:NiSbsS115Se15 41.2+1.4 3.320.2 11.9+0.4 40.0x1.6 3.7+0.4 Cu11.9:0.4Ni0.9:0.1Sb35:0.1S11.6:055€1.120.1
Cu105Ni15SbaS115Se1s5 | 44.2+1.9 5.6+0.4 14.2+0.6 29.2+15 6.9+0.7 Cu12.8:05Ni1.6:0.15D4.1:0.2S8.5:0.55€2.0£0.2

Aside from these phases, 6 out of 16 samples also exhibited two intertwined phases with
roughly the same distribution and coloration of the matrix (Fig.37), EDS point analysis
showed that both phases had highly similar chemical compositions identified as tetrahedrite
with small differences in composition. It should be added that multiple tetrahedrite phases are
common occurrence, with even the observation of double tetrahedrite signature peaks in
powder X- ray diffraction in nearly all the samples, even if the differentiation of phases is not
observed by SEM-EDS. Overall, the matrixes of as-cast samples had an atomic composition
containing Ni and Se, in compositions that while off the expected values, were similar enough
to be identified as doped tetrahedrite, which served to verify the chemical substitution with

both dopants.
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Fig. 37 SEM micrographies of (A) Cu12SbsS13; (B) Cu12ShsS12Se; (C) Cui15NiosSbaS12Se; (D)
Cu105Ni15Sb4S13; (E) Cu105Ni15Sh4S12Se; and (F) Cu11NiSbaS115Se1 5 as-cast samples, to showcase the two
tetrahedrite phases present in the matrix, with the black phases being composed of (Cu,Ni)xSy phases

Semi-quantitative composition analysis (Table 1) also shows that samples tend to
exhibit larger atomic percentage of Cu and the final stoichiometric dopant content severely
fluctuates with a maximum stoichiometric difference of +0.5 from the expected content,
potentially implying that the tetrahedrite produced after casting is one of the Cu-rich forms of
tetrahedrite previously discussed in chapter 1.5. The results displayed are merely indicative
and may not be an accurate representation of the full matrix composition of each sample, as

multiple measurements in the same matrix revealed lack of homogeneity.
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Fig. 38 Microstructures and pores observed in SEM imaging of annealed Cu105Ni15SbsS1155€1.5 sSample
with a dark toned NiS phase.

Compared to as-cast samples, it is immediately noticeable that after annealing there is a
substantial reduction in the distribution and size of observable secondary phases (Fig. 38),
with now more samples not exhibiting any secondary phase (6 out of 16). Also, no annealed
sample exhibited two distinct tetrahedrite phases, which correlates to a more homogeneous
chemical composition throughout the matrix. On the other hand, a new phase is observed in
the Cu11NiShsS12Se sample (Fig.39), a light-coloured vaguely square-shaped microstructure
of ullmannite (NiSbS).

Fig. 39 Microstructures and pores observed in SEM imaging of the Cu11NiShsS1,Se annealed. The light
phases are composed of ullmannite (NiSbS).
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Fig. 40 SEM micrographies of (A) Cu12Sbas S125S€05; (B) Cu12Shs S115S€e15; (C) Cui1.5NiosSha S1255€05; (D)
Cu11NiShsS13; and (E) Cui05Ni1sShaSi3; annealed samples, to showcase the chalcostibite (CuSbS;) phase
indicted by the lighter coloration.

In regards to the distribution of the secondary phases: Cu.S only appeared on the
Cu12ShsS1,Se  sample and NiS on two samples with high Ni content (x=1.5),
Cu105Ni155b4S125S€05 and CuiosNii1sSbsS115Se1s, which maintain the previous tendency
observed on as-cast samples; NiS> appeared on two samples, Cui15NiosSbaSi1155€e1s
Cu105Ni15ShsS13, thus now appearing on both a sample with low Ni content (x=0.5) and high
Ni content (x=1.5) rather than just low Ni content; and lastly, the chalcostibite- pfibramite
phase, which now becomes the most commonly observed phase on the SEM micrographs,
appearing in 5 out of the 16 samples, namely Cu12ShsS125S€05, Cu12SbaSi115Sess,
Cu115Nio5ShsS125Se0s, Cu1iNiShsS1z and Cui0sNi1sSbsS13 (Fig.40). This disparity in
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theoretical compositions forming chalcostibite phase is clear indication that at this stage,
chalcostibite formation is non-dopant specific and quite likely a sign of minor tetrahedrite
degeneration, in fact looking into the semi-quantitative compositions of the chalcostibite
phase microstructures of all samples that previously did not form the chalcostibite phase,
revealed only a small Se at% (1.8 and 5.0 at% for the Cu12SbsSi125Se0s and
Cu115NiosShsS125Se0s, respectively) when this dopant is present, this plus the other two
samples that did not contain Se (Cu11NiSbsS13 and Cu10sNi15SbsS13) which nonetheless
formed chalcostibite clearly points to a non Se-dependant or piibramite-dependant
chalcostibite formation. Interestingly enough, the remaining annealed sample that presented
chalcostibite, Cu12ShsS115Se1s5, also previously exhibited the same phase after casting, and
comparing the before and after annealing SEM micrographs (Fig. 41) reveals a clear evolution

of the chalcostibite phase and clear depiction of the intergranular growth of this phase with

clearly straight boundary lines.

* &
» LA
3 & S
Es ¢ ‘
& f 3 4
A= 5 T RS *
|
S BE P
;#/\t o e
o S
= = Sy o

Fig. 41 SEM micrography of the Cu1,Sh.S115Se15 sample after casting (A) and after annealing (B). The
light grey phase has a composition similar to doped-chalcostibite (CuSbS,).

Compared to the X-ray diffraction results, while it previously suggested that there was a
clear correlation between specific compositions and the appearance of specific phases, SEM
analysis does not vyield the previously observed correlation or any coherent correlation
between composition and phase formation, further implying that the prepared surfaces of the
samples, even after polishing, are not complete absolute representations of the entire sample
or that these secondary phases are potentially hidden in deeper inside the samples.

While taking these results with a grain of salt, the semi-quantitative analysis of the
matrix (Table 2) shows that it maintains a composition similar to tetrahedrite, but the
percentage of Se is consistently lower than what is expected in 11 out of the 12 Se-containing
samples, with an average deficit of approximately 17.3%, which might suggest that Se has
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higher difficulty for integrating in the tetrahedrite crystal structure, most likely rooted on the

larger ionic radius of the element.

Ultimately despite this consistent deficit in Se content, the estimated composition is

closer to what is expected when first weighting each element prior to casting. This fact

coupled with the reduction in the number and size of secondary phase microstructures as well

as pores and other observable imperfections, further justifies the need of the annealing step to

produce samples with ultimately better thermoelectric properties, as it was previously

discussed in the introduction that secondary phases, fractures, pores, and other structural

defects may have a negative impact in the overall thermoelectric properties.

The exhaustive presentation of the SEM-EDS analysis is shown in Attachment 3.

Table 2 SEM-EDS semi-quantitative analysis of the matrix of annealed samples. The matrix chemical formula
was calculated based on the composition and assuming a 29 atoms molecule like tetrahedrite.

Cu12SbsSi3
Cu11.5NiosSbaS12 40.1+£0.5
Cu12SbsS125S€05 40.6+0.3
Cu115Nio5SbaS12.55€05 41.5+0.4
Cu11NiSbsS13 39.0+0.4
Cu11NiSbsS125Se05 38.4+0.5
Cu12ShsS12Se 38.9+0.5
Cu115NiosSb4S12Se 39.4+0.4
Cu12NiShsS12Se 37.3x0.5
Cui05Ni15ShS13 37.7x0.5
Cu105Ni155b4S12.55€05 38.3+0.5
Cui05Ni155bsS12Se 37.3+0.5
Cu12Sb4S11.55€15 44.2+0.4
Cu115Nio5SbaS11.55€15 39.8+0.5
Cu11NiSbsS1155€15 38.4+0.5
Cu105Ni155b4S11.55€15 37.5+0.5

42.0+0.5

1.9+0.3

1.4+0.3
2.6+0.2
3.8+0.3

2.1+0.2
4.7+0.3
4.5+0.3
4.0+0.3
4.8+0.3

1.4+0.3
3.6+0.3
4.5+0.3

14.4+0.2
14.2+0.3
14.1+0.2
11.1+0.2
13.8+0.2
14.4+0.2
12.7+0.3
13.7+0.2
13.9+0.2
14.3+0.2
14.1+0.2
14.2+0.3
14.5+0.2
14.7+0.2
14.0+0.2
13.9+0.2

43.6+0.6
43.9+0.7
44.1+0.5
45.0+0.6
44.7+0.6
41.9+0.6
44.7+0.7
42.0+0.5
41.6+0.6
43.6+0.6
42.5+0.6
41.2+0.6
37.1+0.5
40.5+0.6
40.1+0.6
40.3+0.6

1.2+0.2
1.0+0.2

1.6+0.2
3.7+0.3
2.8+0.2
2.5+0.2

1.2+0.2
2.6+0.2
4.2+0.3
3.6+0.2
3.9+0.3
3.8+0.3

Cu12.240.1Sb4.2+0.1512.6+0.2
Cu11.6:02Ni0.6:0.1Sh4.1:0.1S12.720.2
CU11.8:0.15D4.140.1512.8:0.1S€0.420.1

Cu11.7+0.1N10.4+0.1Sb4,00.1S12.6+0.25€0.4+0.1
Cu11.3:0.1N1i0.8:0.1Sb4.0:0.1S13.0+0.2
Cu11.1+0.1N1i1.140.1Sb4.2+0.1S12.2+0.25€0.5:0.1
Cu11.30.2Sb3.740.1513.0:0.25€1.120.1
Cu11.4:0.1Ni0.6:0.1Sb4.0+0.1S12.2+0.2S€0.8+0.1
Cu10.8:0.1Ni1.4+01Sb4.0+0.1S12.1+0.2S€0.7+0.1
Cu10.9:0.2Ni1.3:0.1Sb4.1:0.1S12.6:0.2
Cu11.1:0.2Ni1.2+01Sb4.140.1S12.3+0.2S€0.3+0.1
Cu10.8:0.2Ni1.4:01Sb4.1+0.1S11.9+0.2S€0.7+0.1
CuU12.8:0.15D4.240.1510.8:0.1S€1.2:0.1
Cu11.6:0.2Ni0.4:0.1Sb4.3:0.1S11.7+0.2S€1.120.1
Cu11.1:0.1Ni1.1:01Sb4.140.1S11.6:0.2S€1.120.1

Cu10.9:0.1N1i1.3:01Sb4.0£0.1S11.7+0.2S€1.120.1
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4.1.4 Thermoelectric Properties of Annealed samples

The measurements of the thermoelectric properties of annealed samples are presented in
Fig. 42, as well as the calculated PF. The electrical resistivity of the materials tends to
increase as the temperature decreases, which is a characteristic of semiconducting behaviour,
and the Seebeck coefficient is always positive indicating that “holes” are the main charge
carriers making tetrahedrite a p-type semiconductor. The fact that the Seebeck coefficient
decreases as temperature decreases, indicative of metallic behaviour, points to tetrahedrites as
highly degenerate semiconductors. It should be noted that undoped tetrahedrite (x=0.0 and
y=0.0) exhibit an additional jJump in both Seebeck coefficient and electrical resistivity around
the 80K, that reflects a metallic-semiconductor transition associated to a structural transition,
which was previously discussed in chapter 1.5. The absence of the metal-semiconductor
transition on the other samples could be attributed to changes in the band structure and band
filling, which arise from the introduction of dopants that supress the conditions that constitute

the driving force for this structural transition.

1A Seebeck e 1 Electrical
Ly Coefficient 1,000,000 _ Resistivity
140 -

100 0001
120

100 \ N 10,000 +

p (uQ2.m)

80 4

S (uV/K)
\

1,000
60 4 1

40 4 100

20 4

101

0 T T T T T T

T T T .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (K) Temperature (K)

1,400 - ——Ni=0.0 Se=0.0
C Power Factor . - — Ni=0.0 Se=1.5
1,200 1 % - - - Ni=0.5 Se=0.0
£ —-—Ni=0.5 Se=0.5

oo / —--=Ni=05 Se=1.0
800 5 ---=- Ni=0.5 Se=1.5
3 Ni=1.0 Se=0.0
ooy . --=-=Ni=1.0 Se=0.5
——Ni=1.0 Se=1.0
— — Ni=1.0 Se=1.5
- Ni=1.5 Se=0.0
—-—Ni=1.5 Se=0.5
—--=Ni=1.5 Se=1.0

0 50 100 150 200 250 300 350 ---=- Ni=1.5 Se=15
Temperature (K)

PF (uW/m.K?)

400 4 >

200

Fig. 42 Measured temperature dependence of electrical resistivity (A) and Seebeck coefficient (B); and
resulting PF as a function of temperature (C) calculated for annealed samples following the formula Cu -
xN ibe4813-y.
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It is also noted that for the samples whose compositions have been previously reported
in this temperature range (Cu12xNixSbsS13 and Cu12ShsS13ySey), the temperature dependence
of electrical resistivity and Seebeck coefficient are very similar to the described in those
works, albeit the overall Seebeck coefficient values are slightly lower than those previously
reporte(76:101,112,113,117,123,124,134,139,140,164.166) - Thjs difference is most likely attributed to the
presence of secondary phases in annealed samples, which may alter the composition of the
matrix resulting in sufficient variation in charge carriers concentration that leads to lower
Seebeck coefficients that those reported by the aforementioned studies. It should be also noted
that these results come from annealed samples, while the results published in these studies
were obtained in samples that underwent both annealing and a hot-pressing/spark plasma
sintering step, which might exhibit a smaller presence of secondary phases due to the
additional treatment step. Wherein, for the sake of simplicity, the stoichiometric content of Ni
and Se shall be referred to x and y, respectively in accordance with the expected chemical
formula of the samples (Cu12xNixSbsS13.ySey).
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Fig. 43 Comparison of the temperature and Ni stoichiometric dependence of measured electrical
resistivity of annealed samples with fixed Se stoichiometric content following the expected formulas: (A) Cuz..
xNixSbsS13; (B) Cu12-xNixShaS1255€0.5; (C) Cu12-xNixSbaS12Se; (D) Cu12-xNixSbaS11.55€1 5.

When comparing the variation of both the electrical resistivity and Seebeck coefficient
with a varying content of a single dopant while keeping the other dopant content fixed, it
becomes clear that both Ni and Se play a significant role in the final thermoelectric properties

of the sample, as it is difficult to observe the same tendencies across the different graphs. The
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exhaustive presentation of the Seebeck coefficient and electrical resistivity measurement

results is located in Attachments 4 and 5.

Looking into Fig. 43, a potential pattern can be observed when analysing the impact of
Ni doping on electrical resistivity, where it is clear, for most samples (y=0.0-1.0), that
electrical resistivity, after decreasing from x=0.0 to x=0.5, increases with x, but for samples
with y=1.5, the previous pattern is not observed, as electrical resistivity decreases from x=0.0

to x=0.5, then increases with x=1.0 and decreases again with x=1.5.

180 - . 180 - [——Ni=0.5 Se=05

A [——Ni=0.0 Se=0.0 B | ——nNi=1.0 Se=05
160 ~ ——Ni=0.5 Se=0.0 160 - ——Ni=1.5 Se=0.5
——Ni=1.0 Se=0.0 '
1401 | —— Ni=1.5 Se=0.0| 140
- 120 4 120 4
% g
)1 100 4 ‘): 100 4
0. 80 0‘,'}’ 80 -
60 - 60 /
40 -
40 -
20 -
20
0 T T T T T T T T T T T T 1 T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (K) Temperature (K)
180 4 Ni= _ 180
c — i=0.5 Se=1.0 D )
160 4 ——Ni=1.0 Se=1.0 160 —Ni=0.0 Se=15
——Ni=1.5 Se=1.0| ——Ni=0.5 Se=1.5
140 4 140 ——Ni=1.0 Se=1.5
120 120 ] Ni=1.5 Se=1.5|
g g
S 100 S 100 »
= | = i _—
o o © —
60 60 w.—""—
40 40
204 20 4
0 r T T r T T T ! 0 T T T T T T T 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Temperature (K) Temperature(K)

Fig. 44 Comparison of the temperature and Ni stoichiometric dependence of measured Seebeck
coefficient of annealed samples with fixed Se stoichiometric content following the expected formulas: (A) Cui-
«NixSbsS13; (B) Cu12-xNixShsS1255€05; (C) Cui2xNixShsS12Se; (D) CuizxNixShsS1155€ys.

As for the Seebeck coefficient (Fig.44), while it is clear that Seebeck coefficient tends
to be higher with high Ni content (x>=1.0), the response to varying x is both non-monotonic
and inconsistent across different sets of samples with fixed y. Nonetheless, one can argue that
clearly electrical resistivity and Seebeck coefficient tend to increase with Ni content, which
goes into conformity with what has been described by studies regarding Ni-doping of
tetrahedrite’%1"), This has been associated with the shift of the Fermi level to the top of the
valence band, which causes a decrease in carrier concentration, thus increasing Seebeck
coefficient and electrical resistivity. While this shift is not perceived in the DOS diagrams

from the study simulations, the BoltzTraP calculation of electrical resistivity and Seebeck
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coefficient show an increase in both of these properties after introducing Ni, which strangely
IS not consistent with the experimental measurements of the electrical resistivity, as it not
account the dip in electrical resistivity from x=0.0 to x=0.5, which might indicate that the
assumptions and simplifications taken into consideration during the simulations may not

depict a fully reliable variation on thermoelectric properties with temperature, particularly at
lower ones.
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Fig. 45 Comparison of the temperature and Se stoichiometric dependence of measured electrical
resistivity of annealed samples with fixed Ni stoichiometric content following the expected formulas: (A)
CU128b4513.ySGy; (B) CU11,5Nio,5Sb4813.ySEy; (C) CunNiSb4813.ySey; (D) CU10,5Ni1,5Sb4813.ySGy.

Regarding Se doping, studies have shown that there is a decrease of electrical resistivity
with Se content in tetrahedrite up to y=1.0, followed by an increase of electrical resistivity as
Se content increases with y=2.0, but remaining below undoped tetrahedrite. Also Se content is
not expected to significantly alter the Seebeck coefficient, although to some small extent, Lu
et al.*3% reports minor increase of Seebeck coefficient almost linearly proportional with Se-
content.*2 However, in the current measurements (Fig.45), both these relations between Se-
content and thermoelectric properties are not readily discernible, which in part is related to
inability of produce solely Se-doped samples without an excessive presence of secondary
phases (namely chalcostibite), which prevented the appropriate comparison between the
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findings and the reported data. Despite the absence of a concrete relation between electrical
resistivity and y, for all x values, the lowest electrical resistivity was achieved for y=0.5 or

y=1.0, regardless of x value.
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Fig. 46 Comparison of the temperature and Se stoichiometric dependence of measured Seebeck
coefficient of annealed samples with fixed Ni stoichiometric content following the expected formulas: (A)
Cu12ShsS13ySey; (B) Cu115Nio5ShsaS1aySey; (C) Cu1iNiShaSis.ySey; (D) CuiosNi1sSbaS13ySey.

Similarly, the dependence of Seebeck coefficient with temperature (Fig.46) also ended
up varying widely without a hint of a specific tendency. Interestingly enough while Seebeck
coefficient changes with Se for the sets of samples containing Ni, the two samples not
containing Ni that were successfully analysed (Cu12SbsS13 and Cu12SbsS115Se1s), presented
nearly the same Seebeck coefficient in the entire temperature interval, except for the
disappearance of the peak at around 80K characteristic of the undoped tetrahedrite metal-
semiconductor transition. Obtaining similar Seebeck coefficient strongly implies that doping
with only Se is not altering charge carrier concentration of tetrahedrite, which considering
Se?and S* possess the same number of valence electrons is not particularly surprising. The
large variations observed in the Seebeck coefficient of the Cui15NiosSbaS13ySey family of
samples are especially peculiar, with a sharp increase in the Seebeck coefficient between
y=0.0 (Szook =37.93 uV/K) and y=0.5 (Ssook =103.6 uV/K) followed by a significant decrease
in Seebeck coefficient with increasing y ( Ssoox =76.17 PV/K and Ssook =52.30 pV/K, for
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y=1.0 and 1.5 respectively). The behaviour of the Cui15NiosShaSi13.ySey set of samples
becomes even more aberrant after analysing the two other sets of samples (Cu11NiSbsS13ySey
and Cui05Ni15ShsS13.ySey), which aside from an outlier sample in each set (Cu11NiSbsS1.Se
and Cu105Ni15SbsS125Seos, respectively), the Seebeck coefficient hardly changes or present
significantly smaller changes, as was expected. Curiously, if the semiquantitative SEM-EDS
analysis of the compositions (Table 2, chapter 4.1.3) serves as minimally reliable indication of
the overall composition of the entire sample, the outlier samples of both sets of samples
displayed a significantly different Ni content from the other samples and the expected
composition, with the expected Cu11NiSbsS12Se sample having an estimated
Cu10.8:0.1Ni1.4:0.1Sb4.0:01S12.1:02S€0.7:01  and the expected Cui0sNi15SbsS125S€05 sample
having an estimated Cui11+02Ni12+01Sb41+01S123+02S€03+01. Thus, the outlier Seebeck
coefficient values could be attributed to fairly significant deviations between the actual Ni

content present in the sample and the expected Ni content.

Overall, even considering the difference between expected composition and
composition reported by SEM-EDS, it appears that for all Ni-containing sets of samples, the
ones with highest Seebeck coefficients were achieved with either y=0.5 or y=1.0. This heavily
implies that there is an optimum y value between 0.5 and 1.0, which may differ depending on
x value. But considering that electrical resistivity also decreases at x=0.5, it might possibly
indicate that the composition for optimized thermoelectric performance should be located in

the x and y range values of 0.5-1.0 for both values.

Combining the two properties to calculate the PF, results in the graphs present in
Fig.42C, which show that doping with various amounts of Ni and Se simultaneously can
improve the thermoelectric properties of tetrahedrite, resulting in higher PFs than undoped
tetrahedrite. The highest PF achieved with the current samples is for x=0.5 and y=0.5, which
seems to validate the hypothesis that there might be an optimum composition in the 0.5<x<1.0
A 0.5<y<1.0 region. To properly verify this hypothesis, the properties and the resulting
calculated PF at 300K were registered in Table 3 and a 3-coordinates bar graph was created to
compare the PF of each sample at 300K (Fig. 47A). Curiously, the three highest values were
indeed located in this region of composition with a clearly heavier tendency to be around
x=0.5 and y=0.5, not only providing further confirmation to the hypothesis, but also
corroborating the computational results obtained with Wien2K and BoltzTraP software, that
also placed the optimum composition around x=0.5 and y=0.5. In the present results, the
highest PF was achieved by the Cui15NiosShsS125Se0s sample, which achieved a PF of
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1279.99 pW/m.K? at 300K, followed by the samples Cu11NiSbsS125Se0s with a PF=527.96
HW/m.K? and Cu115Nio5ShsS12Se with PF=335.56 uW/m.K? at 300K. It’s important to note

that the measurements show that annealed samples with high Se content (y=1.5) display even

worst PF than undoped tetrahedrite, which goes against the results obtained by Lu®'?, but this

can be attributed to the lack of the hot-pressing step (resulting in different preparation

conditions), and as a consequence, the samples are less dense and exhibit more structural

defects that in the end hinder their final thermoelectric properties.

Unfortunately, due to inaccessibility to means of measuring thermal conductivity, «r,

this property was not measured. However, it is possible estimate «rt through the Wiedmann-

Franz law®, in order to evaluate the potential zT of the samples at 300K. The calculation of

the thermal conductivity was carried out through eg.9 and the formula:

L =15+e /116

(16)

to calculate the Lorenz number, L (108V?/K?), and it is assumed that 1« =0.5 W/m.K,

which is the typical value for undoped tetrahedrite(3876:170-172),

Table 3 Electrical resistivity, Seebeck coefficient, PF, estimated thermal resistivity and figure of merit of Cui-
xNixShaS13.ySey samples at 300K.

. v o (02m) S (UV/K) PF KT estimated
(MW/m.K?) (UW/m.K)
0.0 0.0 24.02 59.48 147.27 0.76 0.06
0.5 0.0 20.20 37.93 71.22 0.83 0.03
0.5 0.5 8.39 103.62 1279.99 1.18 0.33
1.0 0.0 24.73 78.10 246.64 0.74 0.10
1.0 0.5 21.42 106.35 527.96 0.77 0.21
0.5 1.0 17.29 76.17 335.56 0.85 0.12
1.0 1.0 219.89 106.32 51.40 0.53 0.03
15 0.0 50.62 110.37 240.61 0.61 0.12
15 0.5 208.70 178.22 152.19 0.52 0.09
15 1.0 34.70 78.96 179.71 0.67 0.08
0.0 15 114.98 58.75 30.02 0.55 0.01
0.5 15 3491 52.30 78.35 0.68 0.03
1.0 15 667.27 74.84 8.39 0.51 0.01
15 15 65.47 85.65 112.05 0.59 0.06
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Fig. 47 Representation of PF (A) and estimated figure of merit (B) obtained for each sample following
the formula Cu12xNixShsS13.y, With the x-axis representing Ni stoichiometric content and the y-axis representing
Se stoichiometric content.

With this approximation, it was possible to create a similar 3-coordinates bar graph for
figure of merit at 300K (Fig.47B), where a zT=0.33 at 300K was achieved for
Cu115Nio5ShsS125Seos, which is a high figure of merit, with the previous highest zT for
tetrahedrite doped with either Se and Ni being 0.22 at 300K with a Cu105Ni15504S13.(7®)

The exhaustive presentation of the measurements and calculations of electrical

resistivity, Seebeck coefficient, PF and Figure of Merit analysis are presented in Attachments
4,5, 6 and 7, respectively.
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4.1.5 Weighted mobility

Weighted mobility analysis can provide an important information about the charge
carrier mobility within the material. Typically, charge carrier mobility is obtained through the
measurement of the Hall resistance (Rn) and electrical conductivity (¢) and subsequent
calculation of Hall mobility (un=0. Rn). However due to the spread of Seebeck coefficient
measuring systems, weighted mobility (pw) became an alternative approach to calculating the
charge carrier mobility. By using this property in the calculations instead of the Hall
resistance errors related to other magnetic effects are avoided, and permits the calculation of
charge carrier mobility at high temperatures and low mobility bulk systems.

As such, using the measured electrical resistivity and Seebeck coefficient in the

formula®:

B ﬂ( T )—3/2 exp[k::}e—Z] ,fzki:/le (17)

Hw =7"Goo 1+exp[_5<%_l)] 1+exp[5<k::/le_1)]

with p representing with the electrical resistivity, S the Seebeck coefficient, ks the
Boltzmann constant and e the electronic charge. The reason behind studying this property
after calculating PF and zT, is connected to the absence of the thermal conductivity
measurements. With PF being the only factor that can be calculated with the current measured
properties, to avoid falling into the typical pitfalls of assuming that the largest PF directly
correlates to the best thermoelectric performance, which while not entirely untrue, often the
influence of thermal conductivity will deviate the optimized zT from optimized PF. Weighted
mobility provides another venue for confirming the optimum doping conditions, as zT is
directly proportional to the thermoelectric quality factor, B,?%"4-176) which can be calculated
through the formula:

_ (kB 287te(2mekBT)3/2y_w
B=(7) =R (9

with me representing electron mass, x. the lattice thermal conductivity and 7 the Plank’s
constant. With zT being proportional to B through the re-expression of eg. 6 and the formulas:

s'?

zT = oI (19)

b

b(Ep) = "(f(—i” (’%’9)2 = B.F,, [E:;‘?] (20)
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where q represents electric charge, Er Fermi energy, Ec the energy of a channel, Fi[x]
Fermi-Dirac integral as defined by Blakemore®’” and S’ and L’ representing dimensionless

Seebeck coefficient and Lorenz number respectively, calculated through the formulas:

S'=—"— (20
U= (22)

As shown by the formula of B (eq.18), the thermoelectric quality factor is proportional
to pw/xL, which in turn is proportional to zT. Thus, the improvement of overall thermoelectric

performance can be achieved by increasing pw and reducing ..

It is important to state if it is assumed there is only a single (or multiple overlapping)
parabolic band structure, weighted mobility should remain unaffected by doping, as it should
only alter the Fermi level without altering the density of states or the crystal structure,
resulting in the same scattering times, charge carrier concentration and charge carrier
mobility. However, this assumption cannot be made in the present case, as tetrahedrite has
demonstrated to have multiple non-overlapping both parabolic and non-parabolic bands in
their band structure, both in ternary tetrahedrite and doped with Ni and Se (Fig. 48 and
49)(115.124,164.186) a5 sych, changes to the weighted mobility are to be expected.
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Fig. 48 Spin-resolved electronic band dispersion and DOS for U=0 of Cu12«xNixShS13 (x=0 (a), 1.0 (b),
and 2.0 (c)). The red and blue areas describe partial DOS for Ni.(164)
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Fig. 49 Band structures of Cu12ShaS13.xSex (x=0 (a), 1 (b), 2 (c)). The inset panel in (a) is the first
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Brillouin zone of Cu12ShS13 with high symmetry points (red points). The inset panel in (b) illustrates the band

degeneracy evolution when x=1.(166)

Also, as mentioned by Snyder et al.*”®, assuming non-interacting charge carriers,

perfect crystals of semiconductors will have pw(T) that follows the T2 progression.

Deviations to this progression occur outside of these ideal conditions, which can be caused

by: disorder and impurities in the crystal; non-parabolicity of band structures; carrier

scattering due to carriers-phonons interaction and carrier-carrier interaction for high charge

carrier concentration materials; and grain boundaries, interface roughness and other scattering

mechanisms. As such, grain boundary resistance is identified as potentially the main

contributor to the deviation mainly at lower temperatures, as illustrated in Fig.50.(78)
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Fig. 50 Impact of heat treatment and grain size on the Weighted mobility () and Hall mobility (uw)
represented as functions of Temperature (K) for a polycrystalline n-type semiconductor MgsSb sBig s. a7
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The weighted mobility calculated using the experimental results obtained in this work is
represented in Fig.51. The results show the existence of samples that exhibit a progression
similar to T2 and some that show various degrees of deviation from that progression.
These deviations were associated to high Ni content. In fact, as Ni content increases the
greater is the divergence from T(¥2 progression. This phenomenon is best observed when
comparing weighted mobility of samples following the formulas Cui2-xNixShsS125Seos and
Cu2xNixShaS12Se (Fig.52). There are two potential explanations to this Ni-induced mobility
reduction at lower temperatures: a), grain boundary resistance, which would imply that Ni
may have a hindering effect on crystal growth; or b) the introduction of antiferromagnetic
interactions in the tetrahedrite, resulting in electron scattering by the Ni magnetic moment, as
well as, potentially, induced magnetic moments of Cu and S, as demonstrated by Suekuni et
al.1%, The fact that at lower temperatures, magnetic interactions are stronger due to reduced
thermal motion and consequently increased magnetic ordering, lends strength to the last
hypothesis.
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Fig. 51 Weighted mobility calculated from the measurements of the Seebeck coefficient and electrical
resistivity of annealed samples following the formula Cu12xNixSbaS13.ySey.
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Fig. 52 Weighted mobility (cm?/Vs) as a function of temperature (K) for annealed samples following the
formulas Cu12.xNixShsS1255e05 (A) and Cuio.xNixShaS12Se (B). Showing the impact, the Ni content has on the
Weighted mobility.

Despite the evident presence of high deviation from what would be considered ideal, the

weighted mobility does corroborate the conclusions reached in previous chapters, namely the

highest mobility being achieved by the Cui115NiosSbaSi125Seos samples followed by

Cu11NiShsS1255e05 and Cu11.5Nio5SbsS12Se ones.

The exhaustive presentation of the calculated weighted mobility of annealed samples is

shown in Attachment 8.
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4.2 HOT-PRESSED SAMPLES

The main objective of applying the hot-pressing step, as mentioned in the previous

chapter, is the reduction of microstructural and structural defects that increase electrical

resistivity and reduce Seebeck coefficient, namely porosity, microstructures, cracks, and

strain deformations, and potentially reduce the presence of secondary phases, by increasing

elemental diffusion and increasing homogeneity of the samples.

4.2.1 X-ray Diffraction
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Fig. 53 Powder X-ray diffractograms of several hot-pressed Cu12.xNixShsS13.ySey samples. Identified with
arrows are peaks not associated to tetrahedrite: in green- covellite (CuS); in blue - Chalcostibite (CuSb(S,Se).).;
in red- antimony oxide (Sb20s3); in yellow- ullmannite (NiSbS) and in black-silicon dioxide from the sample

holder.

Powder X-ray diffraction of the hot-pressed samples (Fig. 53) revealed that they still

possess a main tetrahedrite phase, but some peaks of CuSbS, and CuS secondary phases are
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observable. A new secondary phase is observed on the CuiosNii1sSbsS125Seos, a peak
attributed to a ullmannite (NiSbS) phase. Some samples displayed a peak for antimony oxide
(Sb203), which means that during hot-pressing the inert atmosphere was breached and
contaminated with oxygen, resulting in the oxidation of the sample’s surface. It should be
added that prior to the hot-pressing step, producing the Cu12ShsS12Se nominal composition
sample with a main tetrahedrite phase was not possible to do, thus only 15 samples were

studied past this point in the experimental procedure.

When comparing samples before and after hot-pressing, aside from the antimony oxide
which resulted from an unfortunate breach of the inert gas atmosphere during this synthesis
step, fewer samples presented secondary phases (5 out of 15), and those that presented in
general showed a different set of secondary phases. For instance, the Cu12ShsS125Seos
sample, which before hot-pressing exhibited chalcostibite peaks, afterwards, they disappeared
and covellite peaks, which were not present in previous synthesis steps, were visible.
Similarly, the Cu12ShsS115Se1s sample after hot-pressing seemingly formed covellite in
addition to the chalcostibite phase that was already present. Two other samples also formed
new secondary phases after hot-pressing namely: the Cui115NiosSbsS115Se1s forming
chalcostibite; and Cu105Ni15SbsS125S€e05 forming the new phase ullmannite. On the other
hand, the Cu11NiSbsS125Seos sample, which prior to hot-pressing exhibited covellite peaks,
and the CuiosNi15ShsS12Se and CuiosNi1sShaS115Se1s samples, with Cu.S peaks, all

disappeared after this synthesis step.

This dichotomy in the results prior and after hot-pressing makes it impossible to clearly
state, at this point, whether this synthesis step had an overall positive or negative effect on the
production of samples with only a tetrahedrite phase. It should be added that the antimony
oxide, while present in the powder X-ray diffractogram, is a phase exclusively formed on the
surface of the samples, and due to their minor intensity in the diffractograms, will most likely
be removed from the sample after polishing, a step necessary for both SEM-EDS analysis and
measuring the thermoelectric properties, thus expected to have no impact later on.

The exhaustive presentation of the powder X-ray diffractograms of hot-pressed samples

are shown in Attachment 1.

Estimations of the lattice parameter of the tetrahedrite phase in hot-pressed samples are
shown in Fig.54B, with lattice parameter now ranging between 10.2979 to 10.3669(+0.0003)
A. The same relation between lattice parameter size and Se content is observed, with Ni
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content continuing not presenting discernible impact on the unit cell size. However, there is
an almost generalized decrease of the lattice parameter of the hot-pressed sample compared to
their annealed counterparts. This decrease is most likely related to sulphur loss of the samples,
because sulphur has a particularly high vapour pressure and low melting point at 445°C("172),
which ends up creating more vacancies and shrinks the unit cell of the tetrahedrite. The

disappearance of sulphur can also be interpreted as a sign of degeneration of tetrahedrite and
secondary phase formation.

o eweled SomeN

) 19Pe ed SOWEY

Fig. 54 Lattice parameter dependence on Nickel content (x) and Selenium content (y) in annealed (A) and
hot-pressed (B) Cu12-xNixShsS13.ySey samples.
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4.2.2 Raman Spectroscopy
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Fig. 55 Raman spectra of Cui12xNixSbsS13ySey hot-pressed samples. Peaks not related to tetrahedrite
phase are indicated with arrows: blue arrows for Cu-S chemical bond of ejected material which are also in
common with chalcostibite and copper sulphides; red arrows representing copper sulphide (CuxSy) secondary
phase; and grey arrows- chalcostibite (CuShS,). (168169

Raman spectroscopy results indicate that after hot-pressing (Fig. 55) there is a
significant increase in the presence of the secondary phases chalcostibite and copper
sulphides, which lends more credibility to the previously made assessment from the X-ray
diffraction analysis, that hot-pressing conditions, employed in this experimental procedure,
favoured the degeneration of the tetrahedrite phase. It should also be noted that the peak
position shifts for introducing either Ni or Se are no longer visible after hot-pressing and no
visible difference between Raman spectra is visible that might be attributed to variation of Ni

or Se content.
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The presence of copper sulphide peaks only in samples containing nickel, coupled with
the analysis provided by the SEM-EDS characterization, provides compelling evidence that
these peaks correspond to nickel-based sulphides. This occurrence can be attributed to the
close resemblance between copper and nickel in terms of electronic configuration and atomic
size, as well as the same crystal structure (space group P6s/mmc)?"®189 resulting in similar
peak patterns for both groups of compounds. Notably, these peaks were not observed in the
annealed samples, suggesting that the hot-pressing process led to the formation of additional

NixSy phases.

Owing to the proximity of the chalcostibite phase to the primary peak of tetrahedrite,
accurate identification of this phase in the Raman spectra poses challenges. However, the
Raman spectra suggest that the chalcostibite phase tends to emerge in samples with minimal
to no Ni content (x=0.0 and 0.5). This observation can be linked to the preventive effect of Ni
doping on the degradation of the tetrahedrite phase, as elucidated in the studies conducted by
Barbier et al.®® and Pi et al.®¥ concerning the thermal stability of ternary and doped
tetrahedrite.

The exhaustive presentation of the Raman spectra is shown in Attachment 2.
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4.2.3 SEM-EDS analysis

Fig. 56 Phases observed in the Cu115Nio5SbsS12Se after annealing and after hot-pressing sample during
SEM-EDS analysis: light-grey phase has a composition similar to doped-chalcostibite (CuSbhS;) and dark-grey
has a composition similar Nickel Sulphide (NixSy)

As hinted by the characterization with Raman spectroscopy and X-ray diffraction,
SEM-EDS (Fig. 56) revealed, unsurprisingly, the degeneration of the tetrahedrite phase into
the formation of (Cu, Ni)xSy and CuSb(S, Se). secondary phases in all but one sample
(Cu11NiShsS125Seos) after hot-pressing, in addition to the formation of ullmannite (NiSbS) in
the Cu105Ni15ShsS125Se0s sample. In contrast with the samples after casting and after
annealing, which only have one sample with two secondary phases (CuiosNi15SbaS115S€15
and Cui05Ni15ShsS13), after hot-pressing five samples presented two different phases, as seen
in Fig. 57.

The deterioration of the tetrahedrite phase allows the confirmation of the connection
between dopant content and phase formation. The NiS2 phase (and also the Ni>Sz phase
present on the Cui15NiosShaSi115Se1s sample) are only observed on samples with low Ni
content, namely samples with x=0.5 and the Cu11NiShsS13 sample. The Cu.S is present in
samples with no Ni content (x=0.0) and the Cui15NiosSbsS13 sample. The NiS sample is
present in all samples with x=1.5 and the Cu11NiShsS115Se15 sample. And the CuSh(S, Se)
phase is only present in samples with a high Se content (y=1.0 and 1.5). Clearly, the phases
formation are dependent on the dopant content, with: Ni doping favouring the formation of
nickel sulphides over copper sulphides, and the Ni:S ratio being highly dependent on the
overall Ni content of the sample; high Se content also favouring the formation of
chalcostibite-pfibramite phase. Naturally, samples with high total dopant content (x+y>2.0)
tended to form two secondary phases, with the sole exception being the Cui15NiosShaS12Se
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sample with a total dopant content x+y=1.5 and forming a chalcostibite and NiS2 secondary
phases.

It should also be mentioned that one of the analysed samples (Cui15Nio5ShaS13)
exhibited oxidation in the form of a light-coloured phase with the composition of an antimony
oxide (Sh203), which had also been indicated by powder X-ray diffraction. However, the
absence of antimony oxide on the other samples suggests that the polishing of the samples
was effective in removing the oxidized portion of the surface of the sample, and that

potentially, the oxidation of the Cu11.5NiosShsS13 sample was more extensive than expected.

Fig. 57 SEM micrographs of hot-pressed samples with two distinct phases: (A) Cu115NiosSbsaS12Se
sample with NiS; (dark) and CuSb(S,Se). (light) phases; (B) Cu11NiSbsS115Se1s sample with NiS (dark) and
CuSb(S,Se): (light) phases; (C) Cu105Ni155b4S1255€05 sample with NiS (dark) and NiSbS (light) phases; (D)
Cus05Ni15SbaS12Se sample with NiS (dark) and CuSh(S,Se)» (light) phases; and (E) Cu10sNi15Sba S115S€15

sample with NiS (dark) and CuSh(S,Se). (light) phases.
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Despite a clear indication of denser samples, the prevalence of porosity, most likely
evidence of incomplete densification of the powder during hot-pressing, is a clear indication
of less than optimal hot-pressing conditions which warrant a future adjustment of these
conditions, whether by increasing either temperature, pressure and/or duration of the
procedure, with pressure being probably the most viable parameter to adjust given the lower
chance of causing formation of secondary phases.

Semi-quantitative analysis (Table 4) also shows that, for a 29 atoms molecule, the
estimated chemical formula is still similar to the theoretical composition. However, it differs
more from the theoretical composition than the previous annealed samples, which is a sign of
tetrahedrite degeneration altering the compositions, as well as the fact that sulphur loss seems
to facilitate Se integration on the tetrahedrite thus resulting in samples with a significantly

higher Se content than expected.

Therefore, it can be surmised that the applied hot-pressing conditions were not
conducive to maintaining the tetrahedrite phase. In fact, it seems they had the opposite effect,
and that, while successful in reducing the fragility of the samples, the final result was the
formation of secondary phases, which ultimately defeats the purpose of studying the

thermoelectric properties of Ni and Se doped tetrahedrites.

The exhaustive presentation of the SEM-EDS analysis of hot-pressed samples is shown
in Attachment 3.

Table 4 SEM-EDS semi-quantitative analysis of the matrix of hot-pressed samples. The matrix chemical
formula was calculated based on the composition and assuming a 29 atoms molecule like tetrahedrite.

Cu115Nio5Sb4S13 38.2+0.4 3.0+0.2 14.4+0.2 44.5+0.6 Cu11.140.1Ni0.9:0.1SD4.240.1S12.9:0.2
Cu12Sb4S1255€0.5 41.2+0.4 13.7+0.2 42.4+0.6 2.7+0.2 Cu11.9+01504.0:01512.3:0.25€0.8:0.1
Cu11.5Nio5Sb4S1255€05 38.7+0.4 1.2+0.3 13.8+0.2 42.2+0.6 4.1+0.2 Cu11.2:0.1N10.4201SD4.040.1512.3+0.25€1.2+0.1
Cu11NiSbsS13 40.5+0.4 2.0£0.2 14.2+0.2 43.3+0.6 Cu11.7:0.1N1i0.6+0.1SD4.1201S12.620.2

Cu11NiSb4S125Se0.5 37.5+0.4 2.5+0.3 13.9+0.2 42.3+0.6 3.8+0.2 Cu110.9:0.1N10.740.1SD4,0£01512.30.25€1.120.1
Cui15NiosSbaS12Se 39.2+0.4 1.6+0.3 14.3+0.2 41.0+0.6 3.9+0.2 Cu11.420.1Ni0520.1S04.2:01S11.9:025€1.120.1
Cu12NiSbsS12Se 37.1+0.4 3.310.3 13.8+0.2 41.2+0.6 4.7+0.2 Cu10.8:0.1N10.9+0.1SD4.040.1511.9+0.25€1.420.1
Cu105Ni15Sb4S13 36.9+0.4 3.9+0.2 14.2+0.2 45.0+0.6 Cu10.720.1Ni1.120.1SD4.120.1813.120.1
Cui105Ni15SbsS125Se05 ~ 37.4+0.4 4.0+0.3 13.6+0.2 41.3+0.6 3.8+0.2 Cu10.8:01Ni1.2:0.1SD3.9:01S12.0£0.25€1.120.1
Cu105Ni155baS12Se 36.1+0.4 3.5+0.3 13.9+0.2 42.0+0.6 4.5£0.2 Cu10.5:0.1N11.0015D4.040.1512.240 25€1.3:0.1
Cu12Sh4S11.5Se15 39.7+0.5 14.2+0.2 39.0+0.6 7.1+0.2 Cu11.5:0.15D4.1+01511.3+0.25€2.1+0.1
Cu115NiosShsS1155e1s | 44.1+0.5 0.8+0.3 12.6+0.2 37.240.6 5.4+0.2 Cu12.8:0.1Ni0.2+0.15D3.7401S10.820.25€1.620.1
Cu11NiSbsS1155€15 37.3x0.5 2.9+0.2 14.0+0.2 39.5+0.6 6.2+0.2 Cu10.8+0.1Ni0.9:0.1SD4.101S11.5:0.25€1.820.1
Cu105Ni15Sb4S1155€15 35.6+0.5 4.0+0.3 14.3+0.2 39.2+0.6 6.9+0.2 Cu10.3:0.1N11.240.15D4.240.1511.440.25€2.0:0.1
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4.2.4 Thermoelectric Properties of Hot-pressed samples

The thermoelectric characterization of the hot-pressed samples suggest that the
conditions used in the hot-pressing step have, in general, degraded the tetrahedrite phase and
resulted in porous pellets and objectively more riddled with secondary phases. All these
characteristics have a negative impact in the thermoelectric performance of the materials, as
they increase electrical resistivity and lower Seebeck coefficient. Therefore, lower
thermoelectric performances of the samples are expected after this hot-pressing step which

translates into lower PFs and zTs.
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Fig. 58 Measured temperature dependence of electrical resistivity (A) and Seebeck coefficient (B) for samples
following the formula Cu12.xNixShsS13ySey,.
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In Fig. 58, the results of electrical resistivity and Seebeck coefficient measurements of
hot-pressed samples are shown. Comparing with annealed samples, they appear to be in

general more resistant and have lower Seebeck coefficients.

Looking into the how varying the Ni content affects the electrical resistivity of hot-
pressed samples (Fig.59), it is seen that for fixed Se content, y=0.0 and 1.0, electrical
resistivity increases from x=0.5 to x=1.0 and decreases in x=1.5. This behaviour is not
observed on the other y values. However, it is seen that samples without Ni (x=0.0) are more
resistive than Ni-doped samples, which is in disagreement with Suekuni et al.® and our
observations and the results obtained from samples prior to hot-pressing. This again
corroborates that, instead of reducing detrimental factors in the samples, hot-pressing with
these conditions actually increased them. In regard to Seebeck coefficient (Fig.60), it is clear
that adding Ni normally results in its increase, and a high Ni content (y>1.0) generally results
in the highest values. However, while it was expected to also be proportional to Ni content,
this relation is not observable for all fixed Se content, showcasing that there are other aspects

at play altering the final thermoelectric properties of the samples.
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Fig. 59 Comparison of the temperature and Ni stoichiometric dependence of measured electrical
resistivity of hot-pressed samples with fixed Se stoichiometric content following the expected formulas: (A)
Cu12xNixSbsS13; (B) Cu12-xNixShaS125S€05; (C) Cur2xNixSbsS12Se; (D) Cu1z-xNixShsS1155€1 5.
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Fig. 60 Comparison of the temperature and Ni stoichiometric dependence of measured Seebeck
coefficient of hot-pressed samples with fixed Se stoichiometric content following the expected formulas: (A)
Cu12-xNixSbsS13; (B) Cu12-xNixShaS125S€05; (C) Cur2xNixShaS12Se; (D) Cuiz-xNixShsS11.55€1 .

After hot-pressing, no clear correlation between Se content and electrical resistivity
(Fig.61) is observed across all sets of samples with the same Ni content. Similarly, a proper
clear correlation between Se content and Seebeck coefficient (Fig.62) is also hard to
determine. However, the temperature dependence of both Seebeck coefficient and electrical
resistivity appears to have a more uniform behavior across samples with the same Ni content.
This level of uniformity in the temperature dependence of the properties of samples with the
same Se content is not observed, implying that Ni content has a bigger role in determining the
final properties than Se content. Looking into other studies and the present difficulty in
producing Se-only doped tetrahedrites without excessive secondary phases, it becomes clear
that tetrahedrite phase stability is a major factor into determining the final thermoelectric
properties. Thermal Gravimetric analysis of Ni-doped tetrahedrite (x=1.5 and x=1.0) made by
Barbier et al.!% and Pi et al.**¥), respectively, indicate a remarkable reduction of phase
degeneration, when compared with the ternary tetrahedrite. This can be the reason behind the
greater degree of uniformity for Seebeck coefficient and electrical resistivity dependence on
temperature for samples with the same Ni content, has they would experience similar levels of
tetrahedrite degeneration. Further confirmation of these results would require additional

thermal stability studies of these samples, particularly those doped with Se only.
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Fig. 61 Comparison of the temperature and Se stoichiometric dependence of measured electrical
resistivity of hot-pressed samples with fixed Ni stoichiometric content following the expected formulas: (A)
CU125b4513.ySEy; (B) CU11_5Nio,5Sb4513.ySEy; (C) CU11NiSb4513-ySEy; (D) CU10.5Ni1,5Sb4313.ysey.
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Fig. 62 Comparison of the temperature and Se stoichiometric dependence of measured Seebeck
coefficient of hot-pressed samples with fixed Ni stoichiometric content following the expected formulas: (A)
CU12$b4313.ysey; (B) CU11_5Nio,5Sb4813.ySEy; (C) CU11NiSb4813.ySEy; (D) CU10_5Ni1,5Sb4513.ySEy.
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After calculating the PF (Fig. 63B) and comparing the curves of annealed and hot-

pressed samples, one could easily make an erroneous first observation that there seems to be

general tendency for samples manifesting a lower PF after hot-pressing. However, individual

comparison of each composition before and after hot-pressing for each property at 300K, as

presented in Fig. 64, 65 and 66, reveals that not every hot-pressed sample presented worst

thermoelectric properties. In fact, some samples benefited from the hot-pressing step, even in

these clearly non-optimal conditions, being possible to observe that there is often a drastic

improvement of thermoelectric properties, with one instance more than tripling their PF prior

to hot-pressing (CuiosNi15SbsS1155e15. with PF=112.05 pW/m.K? before hot-pressing and
PF=499.56 nW/m.K? after hot-pressing at 300K).
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Fig. 63 Comparison of the PF between Annealed (A) and Hot-pressed (B) samples following the formula

Cui2xN ibe4813.ySey,

Considering all observations made on this chapter, it is clear that there are multiple

correlated factors at play that dictate the final thermoelectric performance of tetrahedrites,
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namely: phase decomposition, sulphur loss and Ni content. Phase degeneracy is a most central
factor: the presence of secondary phases is probably the biggest hindrance to the overall
thermoelectric performance of the samples, as evidenced by a decrease in the PF at 300K
between several annealed samples and hot-pressed samples. Sulphur loss, which is suggested
by the overall decrease of lattice parameter of the tetrahedrite phase in all hot-pressed
samples, can have both a detrimental and beneficial effect on the PF of the sample. On one
hand, it promotes degeneration of tetrahedrite phase into secondary phases. However, the
remaining tetrahedrite phase would end up having a higher Cu content (a Cu-rich tetrahedrite)
that has higher charge carrier concentration, due to more Cu ions, thus becoming more
conductive,®®. Regarding the last factor, the Ni content, the samples that exhibited higher
PFs, either were solely doped with Nickel or had high stoichiometric Ni content (x>1.0), as
was demonstrated by Barbier et al.2%). Ni doping increases tetrahedrite thermal stability,
reducing degeneration and the number of secondary phases formed when compared with
undoped tetrahedrite. This means that Ni-doping preserved these Cu-rich tetrahedrites from
degeneration, and after hot-pressing, these samples would have less defects like pores and
fractures, resulting in samples with better thermoelectric properties than their annealed

counterparts.
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Fig. 64 Comparing Electrical resistivity of annealed and hot-pressed samples as a function of
stoichiometric Nickel and Selenium content, following the formula Cu12-xNixSbsS13.ySey.

129



180

1801

1604 160

140 T

120 120

D 400
’(2100_ €100
T

< 4
X &0 2 50

60 601

404 40

= se
= Se

Annealed Hot-Pressed

Fig. 65 Comparing Seebeck coefficient of annealed and hot-pressed samples as a function of
stoichiometric Nickel and Selenium content, following the formula Cu1,-xNixSbsS13.ySey.
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Fig. 66 Comparing PF of annealed and hot-pressed samples as a function of stoichiometric Nickel and
Selenium content, following the formula Cu12.xNixSbsS13.ySey,

Following the same methodology presented in chapter 4.1.4, to estimate the thermal
conductivity, the figure of merit for each sample at 300K was calculated, resulting in the
graphs presented in Fig. 67 and Table 5.

Prior to hot-pressing, the sample with the best thermoelectric performance was the one
with expected composition Cu115NiosSbaS125Seos, which achieved an estimated zT of 0.33 at
300K. This result was corroborated by the Wien2K-BoltzTraP simulations, which also

estimated a zT~0.3 at 300K. After hot-pressing however, this sample presented a decrease in
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their PF, which ultimately translated in a decrease in their zT to 0.06 at 300K. On the other
hand, samples with high Ni content showed a general increase in PF and conversely, in
estimated figure of merit, particularly the Cui10sNi15SbsS13 sample, achieving a zT=0.21 at
300K, which is similar to what was achieved by Suekuni et al”® for the same composition

,and the Cu105Ni15SbsS11.55€15 sample with a zT300x=0.20.

Nonetheless, overwhelming consensus of the data is that the hot-pressing conditions
used in this study were not adequate to improve both thermoelectric and mechanical

properties of the samples, given the porosity after the procedure, resulting in more fragile and
brittle samples.
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Fig. 67 Comparing zT of annealed and hot-pressed samples as a function of stoichiometric Nickel and
Selenium content, following the formula Cu1,-xNixSbsS13.ySey.

The exhaustive presentation of the measurements and calculations of electrical
resistivity, Seebeck coefficient, PF and Figure of Merit analysis of hot-pressed samples are
presented in Attachments 4, 5, 6 and 7, respectively.
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Table 5 Electrical resistivity, Seebeck coefficient, PF, estimated thermal resistivity and figure of merit of hot-
pressed Cui1,xNixShaS13.ySey samples at 300K.

PF K estimated
PQm)  SUVAD - WimKD)  (wWim.K)
05 0.0 12.14 56.32 261.24 1.02 0.10
0.0 05 719.76 103.18 14.79 0.51 0.01
05 05 13.18 51.63 202.22 0.99 0.06
10 0.0 25,68 53.70 112.31 0.75 0.05
10 05 28.68 106.31 394.10 0.70 0.17
05 10 10.95 61.23 342.34 1.07 0.10
10 10 193.74 120.12 74.49 0.53 0.04
15 0.0 24.29 111.82 514.83 0.73 0.21
15 05 102.84 115.84 130.47 0.55 0.07
15 10 28.32 84.63 252.93 0.71 0.11
0.0 15 231.97 44.18 8.41 0.53 0.01
05 15 56.40 66.62 78.69 0.61 0.04
10 15 4158 74.84 267.75 0.64 0.13
15 15 22.39 105.75 499.56 0.75 0.20
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4.2.5 Weighted mobility

The variation of the weighted mobility with temperature of the annealed and hot-
pressed samples is presented in Fig. 68. Their direct comparison shows that most samples
maintained the values after the hot-press procedure, with only a few samples displaying
important changes, associated with significant variations in their overall PF and zT.
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Fig. 68 Weighted mobility calculated from the measurements of the Seebeck coefficient and electrical
resistivity of samples after annealing (A) and after hot-pressing (B)following the formula Cu1o.xNixShsS13.ySey.

Looking into the effect of Ni content (Fig.52), it was observed that in annealed samples
Ni disrupted the T¢¥?) progression of the weighted mobility at low temperatures and that this
disruption would appear to be proportional to Ni content. After hot-pressing, the same type of

deviation from the T¥2 progression is observed at lower temperatures in several of the
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samples containing high amounts of Ni (x>1.0). However, hot-pressed samples exclusively
doped with Ni did not exhibit this deviation, as seen in Fig. 69A. Only in samples containing
both Ni and Se it is possible to observe the deviation at lower temperatures. Nonetheless, it is
clear that Ni content still play a role in producing this deviation, but there are other factors
contributing to it as well. This phenomenon is best observed when comparing samples with
fixed Ni content x=1.0 and 1.5 (Fig. 70 C and D), where it appears that by introducing Se in
the sample, the weighted mobility diverges from the T¢¥? progression, but this divergence

diminishes and overall p increases as the Se content increases.
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Fig. 69 Comparison of the temperature and Ni stoichiometric dependence of the calculated weighted
mobility of hot-pressed samples with fixed Se stoichiometric content following the expected formulas: (A) Cui..
xNixSbsS13; (B) Cu12-xNixShaS1255€0.5; (C) Cu12-xNixSbaS12Se; (D) Cu12-xNixSbaS11.55€1 5.

It was previously considered two possible reasons for the origin of the lower
temperature deviation, both associated to Ni content: increased grain boundary resistance or
magnetism induced charge carrier scattering. After hot-pressing, it has become clear that Ni
content is not the only factor contributing to this deviation, but it also appears that secondary
phases formation might impact the weighted mobility, given the need of a high dopant
content. In fact, comparing results for samples with the same Ni or Se content, a direct

connection between a weighted mobility decrease of one or two orders of magnitude and the

134



presence of chalcostibite (CuSh(S,Se)2), covellite (CuS) and ullmannite (NiSbS) can be
inferred. The presence and quantity of these secondary phases negatively affect the weighted
mobility, much probably in the same way as small grain sizes increase the grain boundary
resistance, but also by introducing different mediums for electron transport, which ultimately
results in increased mean-free-paths, thus decreased mobility. The presence of antimony
oxide seems to not alter the weighted mobility, which is most like related to the fact that the
oxidation is mainly localized at the sample surface. Moreover, these samples are also polished

before SEM analysis and measurements of Seebeck coefficient and electrical resistivity.

It is important to note that many factors and mechanisms can affect the charge carrier’s
mobility and can cause this low temperature decrease in the weighted mobility, including, but
not limited to, grain boundary resistance, intergranular secondary phases, impurity scattering,
defect scattering and magnetic scattering. Moreover, it is quite likely that no factor alone is

responsible for the deviation observed in weighted mobility, but all affect its simultaneously.

Nonetheless, as for the reason why Cu11NiSbsS13 and Cu105Ni15SbsS13 do not present
the same decreasing weighted mobility with temperature decrease observed in other samples
with x=1.0 or 1.5, both after annealing and hot-pressing, remains a puzzling question. While
only samples with high Ni content (x>1.0) present weighted mobility decrease, it appears to
be stimulated by the presence of Se in hot-pressed samples. This line of thought conduces
back into what changed with hot-pressing, namely the constriction of the unit cell and the S
loss. However, assuming a relation between unit cell size and magnetic induced scattering
would potentially imply a manifestation of a magnetovolume effect as described by
Takahashi®), where a crystal containing magnetostrictive elements, which include Ni, can
change the size of the unit cell by applying a magnetic moment or when constricting the unit
cell it is possible to mitigate magnetic moment. If this is the case, it could potentially explain
why samples doped solely with Ni do not exhibit the decrease in weighted mobility at lower
temperatures since they present a significant decrease in the unit cell size after hot-pressing.
This would also explain why the weighted mobility decrease appears after doping with Se, the
larger ionic radius of Se increases the lattice parameter, which then translates into the
manifestation of antiferromagnetic moment of Ni and induced magnetic moment on Cu and S,

resulting in the observation of the magnetic scattering at lower temperatures.

In regard to the impact of Se content in the weighted mobility (Fig.70), no discernible
correlation can be inferred. However, it is interesting to notice that weighted mobility tends to
be similar for samples with the same Ni content, which would imply that Se content is not
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altering it. The existence of one sample with a significantly lower mobility in each set of
samples (x=0.5, 1.0 and 1.5) (Fig. 70B, C and D) can be explained by comparing with the
powder X-ray diffraction results, as the outlier samples correspond to the samples that
exhibited secondary phases, namely Cui15NiosShsS115Se1s, Cu1iNiShsS12Se  and
Cu105Ni15ShsS125Se05. This strengthens the argument that the presence of secondary phases
has a detrimental impact in the weighted mobility. Since each of these samples present a
different secondary phase (chalcostibite, covellite and ullmannite, respectively), it appears to
be that this detriment is caused by the sheer presence of a secondary phase rather than being
related to a specific phase, which shows the importance of producing single phased samples
for the optimization of thermoelectric properties.

The exhaustive presentation of the weighted mobility results of the hot-pressed samples
is shown in Attachment 8.
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Fig. 70 Comparison of the temperature and Se stoichiometric dependence of the calculated weighted

mobility of hot-pressed samples with fixed Ni stoichiometric content following the expected formulas: (A)
Cu128b4813.y8ey; (B) CU11_5Nio,5Sb4Sl3.ySGy; (C) CU11NiSb4813.ysey; (D) CU10,5Ni1,58b4513.ysey.
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5. CONCLUSIONS

Throughout this work, samples were extensively studied throughout the synthesis
process, to properly identify all the nuances, phenomena and changes occurring due to the
introduction of not one but two dopants on tetrahedrite and how it affects not just the

thermoelectric properties, but also the physical and chemical properties.

The computational analysis with Wien2k and BoltzTraP software packages allowed the
preview of what potential changes to the band structure could be expected in the tetrahedrite
after doping or substituting Cu and S with Ni and Se, which provided a basis of comparison to
the experimental results obtained later in the project. The initial interpretation of the DOS
graphs showed the decrease of the Fermi level and spin asymmetry introduced by Ni doping,
clearly suggesting a potential change in magnetic behaviour of the tetrahedrite, as well as the
nearly non-existent impact of Se on changes to the DOS of tetrahedrite at higher content, but
an apparent increase in the overall DOS contributions of the other elements present. This
culminated in estimations based on the Boltzmann transport theory of the electrical resistivity,
Seebeck coefficient and thermal conductivity variation with temperature, pointing to that
doping with both Ni and Se would generally significantly improve the thermoelectric

performance of ternary tetrahedrite.

It is clear from the literature that, as single dopants, using Ni and Se have been effective
in improving overall thermoelectric properties of tetrahedrite, yet combining both dopants
seem to create a synergy that goes beyond the expected linear combination of the effect of
both dopants per se. This is evident when we consider the results demonstrated by the present

study but also taking into account what is known from the literature, (76.96-99.101,106,114-117.123-
125,134,138-142,164,166)

It has been demonstrated that attaining Ni and Se doped tetrahedrite after a simple
casting step is possible, however the presence of secondary phases namely chalcostibite and
copper-nickel sulphides and low overall homogeneity, justifies the requirement of further
refining steps to mitigate the formation of these phases. The annealing step, executed as
described, has been effective in reducing secondary phase formation and improving
homogeneity, however, tetrahedrite samples doped exclusively with Se, present a particular
challenge as they favoured formation and growth of chalcostibite secondary phase, even after
reducing the annealing temperature. Despite, otherwise, successfully producing tetrahedrite

samples with negligible secondary phase formation, the porosity and brittleness of the
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samples became the major hindrance to thermoelectric properties, which warranted further
treatment. The hot-pressing, as described in the experimental methodology, has been
successful in reducing brittleness and porosity on the samples, however, it led back to the
formation of secondary phases and loss of sulphur in the tetrahedrite, which ultimately
resulted in a mixed results between improvements and declines in the thermoelectric

performance.

Both computational simulations and experimental analysis of the thermoelectric
properties, shows that Ni-Se doped tetrahedrites maintain the highly degenerate
semiconducting behaviour characteristic of ternary tetrahedrite. The impact that these dopants
had on the thermoelectric properties indicate a potential improvement of the overall
thermoelectric efficiency of tetrahedrite, even with just one annealing step. Particularly, the
Cu115NiosSbaS125S€05 sample shows a PF of 1279.99 pW/m.K? at 300K, much higher than

the previously described regarding tetrahedrites with these dopants (= 490 pW/m.K? at
300K).(76:101.109,112)

In terms of the thermoelectric performance, both computational simulations and
estimations with experimental results after annealing concur that it is possible to significantly
improve performance of tetrahedrite by introducing Ni and Se simultaneously, but they also
seem to agree on the optimum composition to be around Cu11.5Nio5ShaS125Seos, predicting in
simulations a zT30k~0.30 and experimentally, an estimated zT300k~0.33, through the
Wiedmann-Franz law and assuming a x.=0.5 W/m.K, typical value of the lattice contribution
for tetrahedrite.(’®)

In what regards the performance after hot-pressing, unfortunately it confirms,
comparing to the previous characterization assessment, that the conditions of the hot-pressing
were not entirely adequate, as several samples display a decrease in performance, most likely
associated with the formation of secondary phases and sulphur loss. That said, hot-pressing
also showed the degeneration prevention effect of Ni content on tetrahedrite and showed also
the beneficial potential of this step in improving thermoelectric performance, since samples
with high Ni content (x>1.0) show overall improved thermoelectric performance, particularly
samples Cu105Ni15SbsS13 and Cui05Ni15ShaS115Se1s improving from a PFsoox=240.61
UW/m.K? to a PF3pox=514.83 uW/m.K? and a PFsok=112.05 pW/m.K? to a PF30x=499.56
UW/m.K?, respectively. After estimating the electronic thermal conductivity with the
Wiedmann-Franz law for hot-pressed samples, it was possible to estimate a zT3goxk=0.21 and

0.20 for Cu105Ni15SbsS13 and Cui05Ni1sSbsS115Se1s samples, respectively, on par with a
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Cu105Ni15ShsS13 sample (zT300x=0.22) synthesized with a similar procedure, reported by
Suekuni, et al.(’®

Calculating weighted mobility can provide some insight into the charge carrier mobility
in samples, revealing in our case that the presence of secondary phases can have a significant
detrimental effect on the overall weighted mobility, as could be expected. Interestingly, it was
noticed that the presence of Ni content appears to alter weighted mobility variation with
temperature from the expected T-*2 progression at lower temperatures, most likely either by
hindering crystal growth or by introducing an antiferromagnetic interaction which will alter
electron transport and scattering, or by introducing some form of impurity scattering. After
hot-pressing, there is also an apparent interaction between both Ni and Se content, altering
weighted mobility variation with temperature at low temperatures, which might be associated

with the sulphur loss, experienced by most samples after hot-pressing.

Overall, despite the non-optimum conditions applied in the hot-pressing step, it is clear
that not only it is possible to significantly improve the thermoelectric performance of
tetrahedrite through Ni and Se simultaneous doping even with just one annealing step and
with clear indication that it is highly likely to be improved even more after a hot-pressing step
or another sintering procedure that could reduce porosity and further strengthen the doped

tetrahedrite mechanically.

Ultimately, should the Cui15NiosSbsS125Seos tetrahedrite or a similar composition
maintain this increased thermoelectric performance at higher temperatures namely in 300-400
°C range as it is expected, and be successfully produced with minimum secondary phase
formation, low porosity and with higher mechanical strength, it could very well become
cheaper and less toxic alternative to current commercial thermoelectric materials, paving the
way for more accessible and more widely applicable thermoelectric generators that can help
lower the consumption of fossil fuels and other resources and became a green alternative for
energy production. This objective would be further accomplished if, one day, it becomes
possible to start with natural tetrahedrite minerals and change the chemical composition

directly to the desired high performance optimum composition.
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ATTACHMENTS

ATTACHMENT 1: POWDER X-RAY DIFFRACTION

As-cast samples
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Fig. 71 Comparison of XRD of the as-cast Cu12Sh4S13xSex samples. ldentified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se).).; and in green- covellite (CuS).
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Fig. 72 Comparison of XRD of the as-cast Cui15NigsSbsS13xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in green- covellite (CusS).

152



i Logy i
[UIPIASUUIPIT VRNPURY T P, 70 L W LT BT M-JL,MM&.« NN P W <
N o ——Ni=1.0 Se=15

“..A_wmﬁjlhj' LJ\_AAWJ_A_._J ISP .
|.

Intensity (a.u.)

— Ni=1.0 Se=1.0
] ﬂ — Ni=1.0 Se=05
s — Ni=1.0 Se=0.0

Tetrahedrite

A JL_J\ S N }L‘....__J\ | N

26 (°)

Fig. 73 Comparison of XRD of the as-cast Cu11NiSbsS13.xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se)>).; in grey- copper sulphide (Cu,S); and in

green- covellite (CuS).
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Fig. 74 Comparison of XRD of the as-cast CuiosNi15ShsS13xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se),); in grey- copper sulphide (Cu,S); and in

green- covellite (CuS).
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Fig. 75 Comparison of XRD of the as-cast Cui2.xNixShsS13 samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se)2); in grey- copper sulphide (Cu.S); and in

green- covellite (CuS).

¥ LJ@JLWLJJLLMM'%Q

{ | I
‘- ! orid ol bty uA...J"wm,JL..,-‘lm'ww»La‘«wMﬁ\’w'w

70

E ~Ni=1.5 Se=05
> J Ni=1.0 Se=0.5
2 A —— Ni=0.5 Se=0.5
..g —— Ni=0.0 Se=0.5
= ¥ ——|Tetrahedrite
N A ‘UMMLJWW‘.\LJL“L%JMW
T, . }w
T T T T T T T T T T T T T
10 20 30 40 50 60 70

26 (°)

Fig. 76 Comparison of XRD of the as-cast Cu12xNixShS125S€05 samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se),); in gray- copper sulphide (Cu,S); and in

green- covellite (CuS).
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Fig. 77 Comparison of XRD of the as-cast Cui2.xNixShsS12Se samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se)2); in gray- copper sulphide (Cu.S); and in
green- covellite (CuS).
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Fig. 78 Comparison of XRD of the as-cast Cu12xNixShS1155e1.5 samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se),); in grey- copper sulphide (Cu,S); and in
green- covellite (CuS).
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Fig. 79 Comparison of XRD of the annealed Cu12SbsS13xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se),); and in black-SiO, from a damaged sample
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Fig. 80 Comparison of XRD of the annealed Cui1.5Nio5ShsS13.xSex samples. Identified with arrows are peaks not

associated to tetrahedrite: in black-SiO, from a damaged sample holder.
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Fig. 81 Comparison of XRD of the annealed Cu11NiSbhsS13-xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in green- covellite (CuS); and in black- SiO, from a damaged sample holder.
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Fig. 82 Comparison of XRD of the annealed Cu10sNi15SbaS13.xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in gray- copper sulphide (Cus,S).
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Fig. 83 Comparison of XRD of the annealed Cu12-xNixShsS13 samples.
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Fig. 84 Comparison of XRD of the annealed Cu12xNixSbsS125Seqs samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSb(S,Se),); in green- covellite (CuS); and in black- SiO-
from a damaged sample holder.
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Fig. 85 Comparison of XRD of the annealed Cu12.xNixSbsS12Se samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSb(S,Se)2); and in gray- copper sulphide (Cu.S).
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Fig. 86 Comparison of XRD of the annealed Cu12xNixSbsS115Se1.5 samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se).); in green- covellite (CuS); in gray- copper
sulphide (Cu,S); and in black-silicon dioxide from the sample holder.
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Fig. 87 Comparison of XRD of the hot-pressed Cu1.SbsS13.xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in magenta- Chalcostibite (CuSbh(S,Se),); in green- covellite (CuS); in red- antimony
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Fig. 88 Comparison of XRD of the hot-pressed Cui15NiosShsS13xSex samples. Identified with arrows are peaks
not associated to tetrahedrite: in magenta- Chalcostibite (CuSb(S,Se),); in red- antimony oxide (Sh20s) and in

black-silicon dioxide from the sample holder.
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Fig. 89 Comparison of XRD of the hot-pressed Cu11NiSbsS13xSex samples. Identified with arrows are peaks not
associated to tetrahedrite: in green- covellite (CuS); in red- antimony oxide (Sh20s) and in black-silicon dioxide
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Fig. 90 Comparison of XRD of the hot-pressed CuiosNi15ShsS13xSex samples. Identified with arrows are peaks
not associated to tetrahedrite: in red- antimony oxide (Sh203); in yellow- ullmannite (NiSbS); and in black-

silicon dioxide from the sample holder.
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Fig. 91 Comparison of XRD of the hot-pressed Cui2-xNixSbhsS13 samples. Identified with arrows are peaks not
associated to tetrahedrite: in red- antimony oxide (Sb20s) and in black-silicon dioxide from the sample holder.
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Fig. 92 Comparison of XRD of the hot-pressed Cu12.xNixSbsS1255€05 samples. ldentified with arrows are peaks
not associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se),); in green- covellite (CuS); in red-
antimony oxide (Sh20s3); in yellow- ullmannite (NiSbS); and in black-silicon dioxide from the sample holder.
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Fig. 93 Comparison of XRD of the hot-pressed Cu12xNixShsS12Se samples. Identified with arrows are peaks not
associated to tetrahedrite: in green- covellite (CuS); in red- antimony oxide (Sb20s) and in black-silicon dioxide
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Fig. 94 Comparison of XRD of the hot-pressed Cu12xNixShsS115Se15 samples. Identified with arrows are peaks
not associated to tetrahedrite: in magenta- Chalcostibite (CuSh(S,Se),); in green- covellite (CuS); in red-
antimony oxide (Sh,03) and in black-silicon dioxide from the sample holder.
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ATTACHMENT 2: RAMAN SPECTROSCOPY
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Fig. 95 Comparison of Raman spectra of the as-cast Cu12ShsS13.xSex samples. Identified with arrows are peaks
not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material); in gray- chalcostibite
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/\
A
S Ny \_ -
/\
‘\"‘-‘
— Ni=0.5 Se=1.5
Ni=0.5 Se=1.0
: —— Ni=0.5 Se=0.5
.f/\\ —— Ni=0.5 Se=0.0
/| .
N Tetrahedrite
\
N ¥
150 200 250 300 350 400 450 500

Raman shift (cm™)

Fig. 96 Comparison of Raman spectra of the as-cast Cui15NiosShaS13.xSex samples. Identified with arrows are

peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material).
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Fig. 97 Comparison of Raman spectra of the as-cast Cu11NiShsS13-xSex samples. Identified with arrows are peaks
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not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material).
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Fig. 98 Comparison of Raman spectra of the as-cast Cui05Ni1.5ShaS13.xSex samples. Identified with arrows are

peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material).
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Fig. 99 Comparison of Raman spectra of the as-cast Cui2-xNixSh4S13 samples. Identified with arrows are peaks
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not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material).
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Fig. 100 Comparison of Raman spectra of the as-cast Cu12xNixSbsS1255€05 samples. Identified with arrows are

peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material).
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Fig. 101 Comparison of Raman spectra of the as-cast Cu12xNixSbsS12Se samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material); in gray- chalcostibite
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Fig. 102 Comparison of Raman spectra of the as-cast Cu12xNixShaS11.5Se15 samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (ejected material); in gray- chalcostibite

(Cushsy); in yellow- famatinite (CusShSs); and in red- copper sulphide (CuxSy).
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Annealed samples
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Fig. 103 Comparison of Raman spectra of the annealed Cu12SbsS13.xSex samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material); and in gray-
chalcostibite (CuSbS,).
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Fig. 104 Comparison of Raman spectra of the annealed Cu115NiosShsS13.4xSex samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material).

168



o —— " Ni=1.0 Se=15
> ——Ni=1.0 Se=1.0
g ——Ni=1.0 Se=05
g /“\ —— Ni=1.0 Se=0.0
- p \ Tetrahedrite
Y T W
\
} \ 4

I ! I H I ! I H 1 ! I H I ! I
150 200 250 300 350 400 450 500
Raman shift (cm™)

Fig. 105 Comparison of Raman spectra of the annealed Cu11NiSh4S13xSex samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material).
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Fig. 106 Comparison of Raman spectra of the annealed Cu105Ni15ShsS13.xSex samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material).
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Fig. 107 Comparison of Raman spectra of the annealed Cu12xNixShsS13 samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material).
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peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material).

Fig. 108 Comparison of Raman spectra of the annealed Cu12xNixShsS125S€05s sSamples. Identified with arrows are
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Fig. 109 Comparison of Raman spectra of the annealed Cu12xNixShsS12Se samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material); and in gray-
chalcostibite (CuShS,).
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Fig. 110 Comparison of Raman spectra of the annealed Cu12-xNixShsS11.5Se1.5 samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material).
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Hot-pressed samples
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Fig. 111 Comparison of Raman spectra of the hot-pressed Cu12ShsS13xSex samples. Identified with arrows are
peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material); in gray-
chalcostibite (CuSbS,); and in red- copper sulphide (CuxSy).
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Fig. 112 Comparison of Raman spectra of the hot-pressed Cui1.5NiosSbaS13.xSex samples. Identified with arrows
are peaks not associated to tetrahedrite: in gray- chalcostibite (CuShS,); and in red- copper sulphide (CuxSy).
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Fig. 113 Comparison of Raman spectra of the hot-pressed Cu11NiShaS13-xSex samples. Identified with arrows are

peaks not associated to tetrahedrite: in gray- chalcostibite (CuSbS); and in red- copper sulphide (CusSy).
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Fig. 114 Comparison of Raman spectra of the hot-pressed Cuo5Ni15SbaS13.xSex samples. Identified with arrows
are peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material); in gray-
chalcostibite (CuShS,); and in red- copper sulphide (CuxSy).
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Fig. 115 Comparison of Raman spectra of the hot-pressed Cui2-xNixSbsS13 samples. Identified with arrows are
peaks not associated to tetrahedrite: in gray- chalcostibite (CuSbS); and in red- copper sulphide (CusSy).
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Fig. 116 Comparison of Raman spectra of the hot-pressed Cu1>-xNixSbaS125Seos samples. Identified with arrows
are peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material); and in gray-
chalcostibite (CuShSy).
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Fig. 117 Comparison of Raman spectra of the hot-pressed Cui2-xNixShsS1,Se samples. Identified with arrows are

peaks not associated to tetrahedrite: in gray- chalcostibite (CuSbS); and in red- copper sulphide (CusSy).
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Fig. 118 Comparison of Raman spectra of the hot-pressed Cui1>-xNixSbaS115Se1s samples. Identified with arrows
are peaks not associated to tetrahedrite: in blue- Cu-S chemical bond signal (from ejected material); in gray-

chalcostibite (CuSbhS,); and in red- copper sulphide (CuxSy).
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ATTACHMENT 3: SEM-EDS ANALYSIS

As-cast samples

Fig. 119 Microstructures and pores observed in SEM imaging of the Cu1,Sb4S;3 as-cast sample with 500x
magnification. The matrix display regions of two different shades, both being a different tetrahedrite phase.

o i 48.1%1.6 12.9+0.5 39.0+1.7

Table 6 Semi-quantitative analysis of the phases of Cu12ShsS13 as-cast sample.

Fig. 120 Microstructures and pores observed in SEM imaging of the Cu11.5NiosSbsS13 as-cast sample with 1500x
magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix = 44.4+1.2 2.1+0.1 12.1+0.3 41.3+1.3
Dark 4.4+0.3 26.3+1.0 69.3+3.1

Table 7 Semi-quantitative analysis of the phases of Cu11.5Nio5SbS13 as-cast sample.
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Fig. 121 Microstructures and pores observed in SEM imaging of the Cu12Sb4S125Seq 5 as-cast sample with 500x
magnification. The darker phases are composed of copper sulphides (CuySy).

Matrix  42.0+0.4 13.940.2 43.0+0.4 1.11+0.2
Dark  66.8+0.2 32.740.4 0.520.2

Table 8 Semi-quantitative analysis of the phases of Cu12ShsS125Se05 as-cast sample.

Fig. 122 Microstructures and pores observed in SEM imaging of the Cu115Nio5Sb4S125S€05 as-cast sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix ~ 39.6+1.3 1.2+0.1 13.0+0.5 44.7+18 1.5+0.3
Dark 5.1+04  37.5£1.9 55.4+3.3 2.1+0.4

Table 9 Semi-quantitative analysis of the phases of Cu11.5Nio5SbsS125S€05as-cast sample.
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Fig. 123 Microstructures and pores observed in SEM imaging of the Cu11NiSbsS13 as-cast sample with 500x
magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix ~ 47.4+2.4  42+0.1 13.2+0.7 35.2+2.2
Dark 2.9+0.3  34.8+14 62.3+3.0

Table 10 Semi-quantitative analysis of the phases of Cu11NiSb.S:3 as-cast sample.

Fig. 124 Microstructures and pores observed in SEM imaging of the Cu11NiShS125Seo 5 as-cast sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix ~ 43.5+15 4.2+03 12.8+05 38.2+16 1.3+03
Dark 43+0.3  48.1+15 45.7+1.8 2.0+0.3

Table 11 Semi-quantitative analysis of the phases of Cu11NiShS125Seo s as-cast sample.
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Fig. 125 Microstructures and pores observed in SEM imaging of the Cu12Sh4S;.Se as-cast sample with 500x
magnification.

Average Area 47 3+0.5 12.6+0.1 35.6+0.5 4.6+0.2

Composition

Table 12 Semi-quantitative analysis of the phases of Cui12Sh4S1,Se as-cast sample.

Fig. 126 Microstructures and pores observed in SEM imaging of the Cu11.5NiosSbsS12Se as-cast sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy). The lighter-shade phase is
another tetrahedrite phase richer in sulphur than the matrix-tetrahedrite.

Matrix — 47.0+1.9 19402 13.2#0.6 34.8+1.7 3.2+0.5
Dark 45+04  33.9+1.6 58.8+3.2 2.9+0.5
Light 45.7¢1.8 15+0.1 12.9+04 36.6+1.3 3.3+0.3

Table 13 Semi-quantitative analysis of the phases of Cui12Sh4S1,Se as-cast sample.
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Fig. 127 Microstructures and pores observed in SEM imaging of the Cu11NiShS1,Se as-cast sample with 500x
magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix  46.8+1.5 1.6402 14.04#05 35.4+14 2.3+03
Dark 2.5+0.2  44.6%1.3 50.9+1.9 2.0+0.3

Table 14 Semi-quantitative analysis of the phases of Cu1,ShaS1,Se as-cast sample.

Fig. 128 Microstructures and pores observed in SEM imaging of the Cu105Ni155b4S13 as-cast sample with 500x
magnification. The dark phases are composed of nickel sulphides (NixSy). The lighter shaded phase is another
tetrahedrite phase

Matrix  44.6+16 54403 125405 37.5+1.6
Dark 51404  52.3+1.9 42.6+1.9
Light 451+1.4 53+0.2 12.5+0.3 37.2+1.2

Table 15 Semi-quantitative analysis of the phases of Cuio.sNi15ShsS13as-cast sample.
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Fig. 129 Microstructures and pores observed in SEM imaging of the Cu105Ni155b4S125S€05 as-cast sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix  44.1+1.4  4.8+0.3 12.8+04 38.3:l5
Dark ' 4.4+03 48515 45.0+1.8 2.1+0.3

Table 16 Semi-quantitative analysis of the phases of Cu1o.5Ni15SbsS125S€05 as-cast sample.

Fig. 130 Microstructures and pores observed in SEM imaging of the Cu1osNi15SbsS12Se as-cast sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy). The lighter shaded phase is
another tetrahedrite phase.

Matrix ~ 44.2+17 4503 124405 33.9+16 5.0+0.6

Dark 45+04  49.8+2.0 42.0+2.1 3.8+0.6
Light 446420 4.6+03 126205 33.0+14 53+06

Table 17 Semi-quantitative analysis of the phases of CuiosNi15Sb4S1,Se as-cast sample.

181



Fig. 131 Microstructures and pores observed in SEM imaging of the Cu12SbsS115Se1 5 as-cast sample with 500x
magnification. The lighter phases are composed of chalcostibite. (CuShS,)

Matrix  44.2+1.7 13.3+0.5 35.8+1.7 6.8+0.6
Light 30.3+1.3 21.8+#0.8 30.5+15 17.4+1.3

Table 18 Semi-quantitative e analysis of the phases of Cu12SbaS11.5Se1 5 as-cast sample.

Fig. 132 Microstructures and pores observed in SEM imaging of the Cu115NiosSbsS11.55€1.5 as-cast sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy). The lighter shaded phase is
another tetrahedrite phase.

Average Area 42.0+1.3 1.20+0.1 12.1+0.1 38.3+0.4 6.4+0.1

Composition

Dark 4.7+0.3 25.9+0.9 64.6+2.5 4.8+0.4

Table 19 Semi-quantitative analysis of the phases of Cui15Nio5ShsS11.5Se15as-cast sample.
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Fig. 133 Microstructures and pores observed in SEM imaging of the Cu11NiSbS11.5Se1 5 as-cast sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy). The lighter shaded phase is
another tetrahedrite phase.

Matrix  412+14 3.3+02 11.9+0.4 40.0+1.6 3.7+0.4
Dark 44403  47.2+16 44.1+1.9 4.240.4
Light 39.9+1.7 3.9+0.3 13.0+0.5 37.8+1.6 5.4+0.6

Table 20 Semi-quantitative analysis of the phases of CuiosNi155b4S1,Se as-cast sample.
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Fig. 134 Microstructures and pores observed in SEM imaging of the Cu1osNi15Sb4S115Se1 s as-cast sample with
500x magnification. The dark phases (A) are composed of nickel sulphides and lighter phases (B) are composed
of chalcostibite (CuSbSy).

Matrix ~ 44.2+19 5.6+0.4 14.2+0.6 29.2+15 6.9+0.7
Dark 3.4+0.3  51.5+2.0 39.2+2.0 5.9+0.5
Light 22.0£1.3 26.3+0.9 28.5+1.2 23.3+14

Table 21 Semi-quantitative analysis of the phases of Cu1o.sNi15ShsS115S€1 5 as-cast sample.
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Cu12SbsS13 48.1+1.6 12.9+0.5 39.0£1.7 Cu13.9:0.55b3.8:0.1511.3+05
Cu11.5Ni05Sb4S12 44.4+1.2 2.1+0.1 12.1+0.3 41.3£1.3 CU12.9:0.3Ni0.6+0.1SD3 5:0.1512.0£0.4
Cu12Sb4S125S€05 42.0+0.4 13.9+0.2 43.0£0.4 1.1+0.2 CU12.2:015D4.0:01512.5:015€0.3:0.1

Cu115NiosSbsS125Se05 = 39.6+1.3 1.2+0.1 13.0+£0.5 44.7+1.8 1.5+0.3 CuU11.5:0.4N10.4:015b3.8:0.1513.0:055€0.420.1
Cu11NiShaS13 47.4+2.4 4.240.4 13.2+0.7 35.2+2.2 Cu13.7+0.7Ni1.2+01Sb3.8:0.2S10.2:06
Cu11NiSb4Si125S€05 43.5%1.5 4.2+0.3 12.8+0.5 38.2t1.6 1.3+0.3 CU12.6:0.4Ni1.2401Sb3.740.1511.12055€0.420.1
Cu12Sh4S12Se 47.3£1.8 12.6+0.5 35.6+1.7 4.6£0.5 CU13.7:0.5504,040.1510.3:0.55€1.3+0.2
Cu115NiosSbaS12Se 47.0£1.9 1.9+0.2 13.2+0.6 34.8+1.7 3.2+0.5 Cui3.6:05Ni0.5:0.1503.8:0.2510.1:0.55€0.9+0.1
Cu12NiSbsS12Se 46.8+1.5 1.6+0.2 14.0+0.5 35.4+1.4 2.3+0.3 Cu13.6:04Ni0.5:01504.1+0.1510.3+045€0.7:0.1
Cu105Ni155b4S13 44.6+1.6 5.4+0.3 12.5+0.5 37.5+1.6 CU12.9:0.5Ni1.6+015D3.6:01510.9:05
Cu105Ni15SbsS125Se0s  44.1+1.4 4.8+0.3 12.8+0.4 38.3+1.5 Cu12.8+0.4Ni1.4+01S037:01S11.1+04
Cui05Ni15Sb4S12Se 44.2+1.7 4.5+0.3 12.4+0.5 33.9+1.6 5.0£0.6 Cu12.8:0.5N11.3:0.1SD3.6:0.1S9.8:055€1.5:0.2
Cu12SbsS11.5Se15 44.2+1.7 13.3+0.5 35.8+1.7 6.8+0.6 CU12.8:0.5503.9:0.2510.4:0.55€2.0+0.2
Cu115NiosSbsS115Se1s = 42.0£1.3 1.240.1 12.1+0.4 38.3£1.5 6.4+0.5 CuU12.2+0.4Ni0.420.1Sb35:0.1511.120.45€1.9:0.1
Cuu1NiSbsS115Se1s 41.2+1.4 3.3+0.2 11.9+0.4 40.0£1.6 3.7£0.4 CuU11.9:0.4Ni0.9:0.1Sb35:01511.6+055€1.120.1
Cu105Ni15SbaS1155e15 = 44.2+1.9 5.6£0.4 14.2+0.6 29.2+1.5 6.91£0.7 CU12.8+0.5Ni1.6+0.15D4.1+0258.5:0.55€2.0£0.2

Table 22 SEM-EDS semi-quantitative analysis of the matrix of as-cast samples. The matrix chemical formula
was calculated based on the composition and assuming a 29 atoms molecule like tetrahedrite.
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Annealed samples

Fig. 135 SEM imaging of the Cu1,ShS13 annealed sample with 500x magnification. The matrix is composed of
tetrahedrite phase.

Matrix  42.0+05 14.4+0.2 43.6+0.6

Table 23 Semi-quantitative analysis of the phases of Cu1,ShSi3annealed sample.

Fig. 136 Microstructures and pores observed in SEM imaging of the Cu115Nig5SbsS13 annealed sample with
500x magnification.

Matrix 401405 1.9#03 14.2403 43.9+0.7

Table 24 Semi-quantitative analysis of the phases of Cui1.5Nio5SbsS13 annealed sample.
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Fig. 137 Microstructures and pores observed in SEM imaging of the Cu12SbsS125S€05 annealed sample with
700x magnification. The light phases are composed of chalcostibite (CuSbSy).

Matrix  40.6+0.3 141402 44.1+05 1.2+0.2
Light  253+0.4 25.0+0.2 47.9+0.6 1.8+0.3

Table 25 Semi-quantitative analysis of the phases of Cu1,Sh4S125Se05 annealed sample.

Fig. 138 Microstructures and pores observed in SEM imaging of the Cu115Nio5SbaS1255€05 annealed sample
with 400x magnification. The light phases are composed of chalcostibite (CuSbhSy).

Matrix ~ 40.2¢0.4  1.4+0.1 13.9+0.2 43.2+05 1.3+0.2
Light 26.2+0.4 0 24.6+0.2 44.1+0.6 5.0+0.3

Table 26 Semi-quantitative analysis of the phases of Cui1.5NiosShsS125S€0.5 annealed sample.
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Fig. 139 Microstructures and pores observed in SEM imaging of the Cu11NiSbS13 annealed sample with 2450x
magnification. The light phases are composed of chalcostibite (CuSbS,).

Matrix 39,0404 2.6+0.2 13.840.2 44.7+0.6
Light = 257+0.4 24.9+0.2  49.4+0.6

Table 27 Semi-quantitative analysis of the phases of Cu11NiSbSi3annealed sample.

Fig. 140 Microstructures and pores observed in SEM imaging of the Cu11NiSh.S12 5505 annealed sample with
500x magnification.

Matrix 384405 3.840.3 14.4+02 41.9+06 1.6202

Table 28 Semi-quantitative analysis of the phases of Cu11NiShsS125Seqsannealed sample.
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Fig. 141 Microstructures and pores observed in SEM imaging of the Cu1,SbsS1.Se annealed sample with 2550x
magnification. The dark phases are composed of copper sulphides (CuxSy).

Matrix = 38.9+0.5 12.7+0.3 44.7+0.7 3.7+0.3
Dark = 65.0+0.4 31.9+0.64 3.1+0.3

Table 29 Semi-quantitative analysis of the phases of Cui12Sh4S1,Se annealed sample.

Fig. 142 Microstructures and pores observed in SEM imaging of the Cu115Nio5SbsS12Se annealed sample with
500x magnification. The dark regions are low depth pores.

Matrix  39.4+0.4 2.1+0.2 13.7+0.2 42.0+0.5 2.8+0.2

Table 30 Semi-quantitative analysis of the phases of Cui12Sh4S1,Se annealed sample.
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Fig. 143 Microstructures and pores observed in SEM imaging of the Cu11NiSbS1,Se annealed sample with 500x
magnification. The light phases are composed of ullmannite (NiShS).

Matrix
Light

37.3x05 4.7+03 13.9+0.2 41.6+0.6 2.5+0.2
4.7+0.4  30.2+0.6 31.8+0.3 29.9+0.6 3.4+0.3

Table 31 Semi-quantitative analysis of the phases of Cu12Sh4S1,Se annealed sample.

Fig. 144 Microstructures and pores observed in SEM imaging of the Cu105Ni15SbsS13 annealed sample with
2450x magnification. The dark phases are composed of nickel sulphides (NixSy). The light phases are composed

of chalcostibite (CuShSy).
Matrix  37.7+0.5 4.5+0.3 14.3+0.2 43.6x0.6
Dark 33.6+0.3 66.4+0.6
Light  25.4+0.5 25.5+0.2 49.1+0.5

Table 32 Semi-quantitative analysis of the phases of CuigsNi15ShsS13 annealed sample.




Fig. 145 Microstructures and pores observed in SEM imaging of the Cu105Ni15Sb4S1255€05 annealed sample
with 500x magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix 38.3xt0.5 4.0+0.3 14.05+0.2 42.47+0.6 1.2+0.2
Dark 49.5+0.4 49.6+0.6  0.8+0.2

Table 33 Semi-quantitative analysis of the phases of CuiosNi15SbaS125S€e0.5 annealed sample.

Fig. 146 Microstructures and pores observed in SEM imaging of the Cu1sNi15SbsS12Se annealed sample with
500x magnification.

Matrix  37.3+0.5 4.8+0.3 14.240.3 41.2+0.6 2.6+0.2

Table 34 Semi-quantitative analysis of the phases of CuiosNi15SbsS1,Se annealed sample.
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Fig. 147 Microstructures and pores observed in SEM imaging of the Cu12Sb4S1155€1.5 annealed sample with
2550x magnification. The light phases are composed of chalcostibite (CuSbS,).

13.7+0.2 39.5+0.6 4.3+0.2

Matrix  42.6+0.4
Light 27.2+0.4 25.0+0.2 36.6+0.6 13.1+0.3

Table 35 Semi-quantitative analysis of the phases of Cu12Sh4S115Se1.5 as-cast sample.

Fig. 148 Microstructures and pores observed in SEM imaging of the Cu115Nio5SbaS11.55€15 annealed sample
with 500x magnification. The dark phases are composed of nickel sulphides (NixSy).

14.7+0.2 40.5+0.6 3.6+0.2

Matrix  398+0.5  1.4+0.3
Dark 2.3£0.2 | 31.6x0.3 63.1+0.6  3.0+0.2
Table 36 Semi-quantitative analysis of the phases of Cui1.5Nio5SbaS11.55€1.5 as-cast sample.
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Fig. 149 Microstructures and pores observed in SEM imaging of the Cu11NiSbsS11.5Se1 5 annealed sample with
500x magnification.

Matrix  384+0.5 3603 14.0£0.2 40.1+0.6 3.9+0.3

Table 37 Semi-quantitative analysis of the phases of CuiosNi155b4S1,Se as-cast sample.

Fig. 150 Microstructures and pores observed in SEM imaging of the Cu105Ni15Sb4S1155€1 5 annealed sample
with 2450x magnification. The dark phases are composed of nickel sulphides (NiSy).

Matrix = 375+05 4.5+0.3 13.9+0.2 40.3+0.6 3.8+0.3
Dark 47.9+0.3 48.4+05 3.7+0.2

Table 38 Semi-quantitative analysis of the phases of CuiosNi15ShsS11.5S€e1.5annealed sample.

193



Cu12ShaS13
Cu11.5Ni055baS13
Cu12ShaS125Seos

Cu115Nio5Sh4S1255€05
Cu11NiSbsS13
Cu11NiSbaS12.5Seos
Cu12ShaS12Se
Cu11.5Nio55b4S12Se
Cu12NiSb4S12Se
Cu105Ni155baS13
Cu105Ni155b4S1255€0.5
Cu105Ni155b4S12Se
Cu12ShaS11.55€e15
Cu115Nio5ShsS1155€15
Cu11NiSbaS11.5Se1s
Cu105Ni15Sb4S1155€15

42.0+0.5
40.1+0.5
40.6+0.3
40.2+0.4
39.0+0.4
38.4+0.5
38.9+0.5
39.4+0.4
37.3+0.5
37.7+0.5
38.3+0.5
37.3+0.5
42.6+0.4
39.8+0.5
38.4+0.5
37.5+0.5

1.940.3

1.4+0.1
2.6+0.2
3.8+0.3

2.1+0.2
4.7+0.3
4.5+0.3
4.0+0.3
4.8+0.3

1.4+0.3
3.6+0.3
4.5+0.3

14.4+0.2
14.2+0.3
14.1+0.2
13.9+0.2
13.8+0.2
14.4+0.2
12.7+0.3
13.7+0.2
13.9+0.2
14.3+0.2
14.1+0.2
14.2+0.3
13.7+0.2
14.7+0.2
14.0+0.2
13.9+0.2

43.6+0.6
43.9+0.7
44.1+0.5
43.2+0.5
44.7+0.6
41.9+0.6
44.7+0.7
42.0+0.5
41.6+0.6
43.6+0.6
42.5+0.6
41.2+0.6
39.5+0.6
40.5+0.6
40.1+0.6
40.3+0.6

1.240.2
1.3+0.2

1.6+0.2
3.740.3
2.840.2
2.5%0.2

1.2+0.2
2.6+0.2
4.3+0.2
3.6+0.2
3.910.3
3.840.3

CuU12.2:0.1S04.2:01S12.6:0.2
Cu11.6:0.2Ni0.6:015b4.1101S12.740.2
Cu11.8:0.15b4.1+0.1512.8+:0.1S€0.440.1

Cu11.70.1Ni0.4£0.1S04.0:0.1512.5:0.1S€0.4:0.1
Cu11.3:0.1N1i0.8201SD4.0£0.1S13.020.2
Cu11.120.1Ni1.1+0.1S04.2:0.1S12.2:0.2S€0.5:0.1
Cu11.3:0.2Sb3.7+0.1513.0+0.25€1.140.1
Cu11.4:0.1Ni0.6£0.15b4.0£0.1S12.2+0.2S€0.820.1
Cu10.8:0.1N1i1.4:0.1S04.0£0.1S12.1:0.25€0.70.1
Cu10.9:0.2Ni1.3:0.1SD4.1:0.1S12.6:0.2
Cu11.1+0.2Ni1.2:0.1Sb4.10.1S12.3:025€0.30.1
Cu10.8:0.2Ni1.4£0.1Sb4.1+0.1S11.9:0.25€0.7+0.1
Cu12.3:0.1SD4.,0+0.1511.5:0.25€1.240.1
Cu11.620.2Ni0.410.1Sb4.3:0.1S11.7:0.2S€1.120.1
Cu11.120.1Ni1.120.1Sb4.1+01S11.6:0.2S€1.1:0.1

Cu10.9:0.1Ni1.3+0.1Sb4.0+0.1S11.7+0.2S€1.1+0.1

Table 39 SEM-EDS semi-quantitative analysis of the matrix of annealed samples. The matrix chemical formula
was calculated based on the composition and assuming a 29 atoms molecule like tetrahedrite.
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Hot-pressed samples

Fig. 151 Microstructures and pores observed in SEM imaging of the Cu11.5Nio5SbsS13 hot-pressed sample with
500x magnification. The dark phases are composed of copper sulphides (CuxSy). The white regions are oxide
phases mainly antimony oxide (SbO>).

Matrix  382+04 3.0+0.2 14.4+0.2 44.5+0.6
Dark 66.1+0.4 34.0+0.6

Table 40 Semi-quantitative analysis of the phases of Cui1 sNip5SbsS13 hot-pressed sample.

Fig. 152 Microstructures and pores observed in SEM imaging of the Cu12Sh4S125S€0.5 hot-pressed sample with
1000x magnification. The dark phases are composed of copper sulphides (CuxSy).

Matrix  41.2+0.4 13.740.2 424406 2.7+0.2
Dark 69.61+0.4 30.5+0.7

Table 41 Semi-quantitative analysis of the phases of Cu12Sh4Si125Seo s hot-pressed sample.
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Fig. 153 Microstructures and pores observed in SEM imaging of the Cu115Nio5Sb4S125S€05 hot-pressed sample
with 380x magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix  38.7+0.4  1.2#0.3 13.8+0.2 42.2+0.6 4.1+0.2
Dark 3.30.3  29.24#0.3 62.4+0.5 5.2+0.2

Table 42 Semi-quantitative analysis of the phases of Cui15Nig5Sb4S125Se0.5 hot-pressed sample.

Fig. 154 Microstructures and pores observed in SEM imaging of the Cu11NiSb.S13 hot-pressed sample with 500x
magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix  40.5+0.4 2.0+0.2 14.2+0.2 43.3+0.6
Dark 1.7¢0.3  33.7+0.3 64.6+0.5

Table 43 Semi-quantitative analysis of the phases of Cu11NiShsS13 hot-pressed sample.
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Fig. 155 Microstructures and pores observed in SEM imaging of the Cu11NiShsS125Seo s hot-pressed sample with
500x magnification. The dark phases are a secondary tetrahedrite phase without Se.

Matrix  37.5+0.4 2.5#0.3 13.9+0.2 42.3+0.6 3.840.2
Dark 37.8+0.5 3.3+0.3 17.75+0.2 41.2+0.6

Table 44 Semi-quantitative analysis of the phases of Cu11NiShS125Seqs hot-pressed sample.

Fig. 156 Microstructures and pores observed in SEM imaging of the Cu11.5NiosSbsS12Se hot-pressed sample with
200x magnification. The dark phases are composed of nickel sulphides (NixSy). The light phases are composed
of chalcostibite (CuSbSy).

Matrix 392404 1.640.3 14.3+0.2 41.0+0.6 3.9+0.2
Dark 29403  28.2+0.3 63.5+0.5 5.3+0.2
Light 26.3+0.4 26.2+0.2 35.1+0.6 15.7+0.3

Table 45 Semi-quantitative analysis of the phases of Cu12ShS;2Se hot-pressed sample.
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Fig. 157 Microstructures and pores observed in SEM imaging of the Cu11NiSbaS1,Se hot-pressed sample with

1000x magnification. The light phases are composed of chalcostibite (CuSbSy).

Matrix

37.1+0.4

3.3+0.3

13.8+0.2

41.2+0.6

4.7+0.2

Light

25.5+0.4

26.6+0.2

42.0+0.6

9.4+0.3

Table 46 Semi-quantitative analysis of the phases of Cu12ShS:1.Se hot-pressed sample.

Fig. 158 Microstructures and pores observed in SEM imaging of the Cu105Ni1.5SbsS13 hot-pressed sample with

500x magnification. The dark phases are composed of nickel sulphides (NixSy).

Matrix

36.9+0.4

3.9+0.2

14.2+0.2

45.0+0.6

Dark

9.8+0.3

40.2+0.4

1.3+0.2

48.8+0.6

Table 47 Semi-quantitative analysis of the phases of CuigsNi15Sb4S13 hot-pressed sample.
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Fig. 159 Microstructures and pores observed in SEM imaging of the Cu105Ni155b4S125S€05 hot-pressed sample
with 500x magnification. The dark phases are composed of nickel sulphides (NixSy). The light phases are
composed of ullmannite (NiSbS).

Matrix  37.4+0.4  4.0+0.3 13.6+0.2 41.3+t0.6 3.8+0.2

Dark 3.7+0.3  47.5+0.4 48.8+0.6
Light 2.3+05 34.9+0.6 39.7+0.3 26.1+0.9 4.3+0.3

Table 48 Semi-quantitative analysis of the phases of CuiosNi15S04S125S€e05 hot-pressed sample.

Fig. 160 Microstructures and pores observed in SEM imaging of the Cu105Ni155b4S12Se hot-pressed sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy). The light phases are composed
of chalcostibite (CuSbS,).

Matrix 361404 35+0.3 13.940.2 42.0+0.6 4.520.2
Dark 0.8+0.3  46.6+0.4 46.7+0.6  6.0+0.2
Light  265+04 1.2403 259402 38.3+0.6 11.6+0.3

Table 49 Semi-quantitative analysis of the phases of CuiosNi15ShsS12Se hot-pressed sample.
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500x magnification. The dark phases are composed of copper sulphides (CuxSy).

Matrix

39.7+0.5

14.2+0.2

39.0+0.6

7.1+0.2

Dark

70.6+0.4

29.5+0.7

Table 50 Semi-quantitative analysis of the phases of Cu1,SbaS115Se1.5 hot-pressed sample.

Matrix

44.1+0.5

0.8+0.3

12.6+0.2

37.2+0.6

5.4+0.2

Dark

3.7+0.3

35.5+0.4

56.4+0.5

4.4+0.2

Table 51 Semi-quantitative of the phases of Cui15Nio5SbsS115Se1 5 hot-pressed sample.

Fig. 161 Microstructures and pores observed in SEM imaging of the Cu12SbsS11.55e1 .5 hot-pressed sample with

Fig. 162 Microstructures and pores observed in SEM imaging of the Cu11.5Nig5ShaS11.5Se1 5 hot-pressed sample
with 500x magnification. The dark phases are composed of nickel sulphides (NixSy).
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Fig. 163 Microstructures and pores observed in SEM imaging of the Cu11NiSbsS11.5Se1 5 hot-pressed sample with
500x magnification. The dark phases are composed of nickel sulphides (NixSy) and lighter phases are composed
of chalcostibite (CuSbS,).

Matrix 373405 2.9+023 14.0+0.2 39.5+0.6 6.240.2
Dark 21+0.3  47.8+0.4 50.1+0.6
Light  27.0+0.4 29.1+0.3 33.9+0.6 14.3+0.3

Table 52 Semi-quantitative analysis of the phases of Cuio.sNi1.5SbsS1,Se hot-pressed sample.

Fig. 164 Microstructures and pores observed in SEM imaging of the Cu105Ni15504S1155€1 5 hot-pressed sample
with 500x magnification. The dark phases are composed of nickel sulphides (NixSy) and lighter phases are
composed of chalcostibite (CuShS,).

Matrix 356405 4.0+0.3 14.3+0.2 39.2+0.6 6.9+0.2
Dark 1.9+0.3  48.9+0.4 43.0+0.6  6.2+0.2
Light  27.1+04 25.7+0.2 38.7+0.6 11.7+0.3

Table 53 Semi-quantitative analysis of the phases of Cu10s5Ni15Sb4S11.5Se1 .5 hot-pressed sample.
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Cu115Nio5SbaS13
Cu12Sh4S125Se05
Cui115Nio5SbaS12.55€05
Cu11NiSbsSi3
Cu11NiSbsS1255e05
Cu115NiosSb4S12Se
Cu12NiSbhsS12Se
Cu105Ni15Sb4S13
Cu105Ni155b4S12.55€0.5
Cu105Ni155baS12Se
Cu12SbsS11.55€e1.5
Cu115Nio5SbaS11.55€15
Cu11NiSbsS115Se15
Cu105Ni155b4S11.55€15

38.2+0.4
41.2+0.4
38.7+0.4
40.5+0.4
37.5+0.4
39.2+0.4
37.1+0.4
36.9+0.4
37.4+0.4
36.1+0.4
39.7+0.5
44.1+0.5
37.3+0.5
35.6+0.5

3.0£0.2

1.2+0.3
2.0+0.2
2.5+0.3
1.6+0.3
3.3+0.3
3.940.2
4.0+0.3
3.540.3

0.8+0.3
2.940.2
4.0+0.3

14.4+0.2
13.7+0.2
13.8+0.2
14.2+0.2
13.9+0.2
14.3+0.2
13.8+0.2
14.2+0.2
13.6+0.2
13.9+0.2
14.2+0.2
12.6+0.2
14.0+0.2
14.3+0.2

44.5+0.6
42.4+0.6
42.2+0.6
43.3+0.6
42.3+0.6
41.0+0.6
41.2+0.6
45.0+0.6
41.3+0.6
42.0+0.6
39.0+0.6
37.2+0.6
39.5+0.6
39.240.6

2.7+0.2
4.1+0.2

3.8+0.2
3.940.2
4.7+0.2

3.8+0.2
4.5%0.2
7.1+0.2
5.4+0.2
6.2+0.2
6.9+0.2

Cu11.1:0.1Ni0.9:0.1Sb4.2+0.1S12.9:0.2
Cu11.9+0.1Sb4.0:0.1512.3:0.2S€0.8:0.1
Cu11.2+0.1N1i0.4:0.1Sb4.0+0.1S12.3+0.2S€1.2+0.1
Cu11.7+0.1Ni0.620.1Sb4.1:01S12.6:0.2
Cu110.9+0.1Ni0.70.1SD4.0+0.1S12.3+0.25€1.1+0.1
Cu11.4:0.1Ni05:0.15b4.240.1S11.9+0.2S€1.1+0.1
Cu10.8:0.1N1i0.9:0.1Sb4.0+0.1S11.9+0.2S€1.4+0.1
Cu10.7:0.1Ni1.1:0.1Sb4.110.1S13.1+0.1
Cu10.8:0.1N1i1.2:01Sb3.9:0.1512.0:0.25€1.120.1
Cu10.5:0.1N11.00.1Sb4.00.1S12.2+0.25€1.310.1
Cu11.5:0.15b4.1+0.1S11.3:025€2.1:0.1
Cu12.8:0.1N1i0.2:0.1Sb3.740.1S10.8:0.25€1.620.1
Cu10.8:0.1N10.90.1Sb4.1+0.1S11.5:0.25€1.8+0.1

Cu10.3:0.1Ni1.2+0.1Sb4.240.1S11.4+0.2S€2.0+0.1

Table 54 SEM-EDS semi-quantitative analysis of the matrix of hot-pressed samples. The matrix chemical
formula was calculated based on the composition and assuming a 29 atoms molecule like tetrahedrite.
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ATTACHMENT 4: MEASUREMENTS OF ELECTRICAL RESISITIVITY

Annealed samples- Electrical resistivity (p)
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Fig. 165 Temperature dependence of Electrical resistivity of annealed samples following the formula Cu12SbsS1s.

ySey.
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Fig. 166 Temperature dependence of Electrical resistivity of annealed samples following the formula
Cu11_5Nio,5Sb4813.ySey.
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Fig. 167 Temperature dependence of Electrical resistivity of annealed samples following the formula
CU11NiSb4513.ySEy.
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Fig. 168 Temperature dependence of Electrical resistivity of annealed samples following the formula
Cu105Ni155b4S13.ySey.
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Fig. 169 Temperature dependence of Electrical resistivity of annealed samples following the formula Cu -

xNixSbsS13.
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Fig. 170 Temperature dependence of Electrical resistivity of annealed samples following the formula Cu1,-

xNixSb4S125S€gs.
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Fig. 171 Temperature dependence of Electrical resistivity of annealed samples following the formula Cu -
xNixShaS12Se.
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Fig. 172 Temperature dependence of Electrical resistivity of annealed samples following the formula Cu..

xNixSbaS1155€1 5.
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Hot-pressed samples-Electrical resistivity (p)
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Fig. 173 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula

Cu128b4813.y8ey.
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Fig. 174 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula
Cu11_5Nio,5Sb4813.ySey.
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Fig. 175 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula
CU11NiSb4513.ySEy.
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Fig. 176 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula
Cu105Ni155b4S13.ySey.
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Fig. 177 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula Cus,-

xNibe4Sl3.
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Fig. 178 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula Cus,-
xNixSbaS125S€0ss.
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Fig. 179 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula Cus,-
xNixShsS;,Se.
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Fig. 180 Temperature dependence of Electrical resistivity of hot-pressed samples following the formula Cus,-
xNixSbsS1155€1 5.
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ATTACHMENT 5: MEASUREMENTS OF SEEBECK COEFFICIENT
Annealed samples- Seebeck Coefficient
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Fig. 181 Temperature dependence of Seebeck coefficient of annealed samples following the formula Cu12SbsS1s-

ySey.
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Fig. 182 Temperature dependence of Seebeck coefficient of annealed samples following the formula
Cu11.5Nig5ShsS13ySey
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Fig. 183 Temperature dependence of Seebeck coefficient of annealed samples following the formula
CLI11NiSb4513.yS€'y
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Fig. 184 Temperature dependence of Seebeck coefficient of annealed samples following the formula
Cu105Ni15Sb4S13.ySey
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Fig. 185 Temperature dependence of Seebeck coefficient of annealed samples following the formula Cuj..
xNixSbsS13
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Fig. 186 Temperature dependence of Seebeck coefficient of annealed samples following the formula Cus..
«NixSbaS125S€e0s
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Fig. 187 Temperature dependence of Seebeck coefficient of annealed samples following the formula Cu..
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Fig. 188 Temperature dependence of Seebeck coefficient of annealed samples following the formula Cus..

xNixSbsS1155€1 5
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Hot-pressed samples- Seebeck Coefficient
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Fig. 189 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula
CU1sz4313.ySEy.
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Fig. 190 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula
Cui115Nio5Sh4aS13.ySey
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Fig. 191 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula
CU11NiSb4513.ySE‘y
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Fig. 192 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula
Cu105Ni15Sb4S13.ySey

216



140 -

——Ni=0.5 Se=0.0
—— Ni=1.0 Se=0.0
120 .
——Ni=1.5 Se=0.0
100
< s0-
>
2
0 60
40 -
20 4
0 T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350
Temperature(K)
Fig. 193 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula Cus..
xNixSbsS13
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Fig. 194 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula Cus..
«NixSbsS125Se05
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Fig. 195 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula Cus..
xNibe45125€'
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Fig. 196 Temperature dependence of Seebeck coefficient of hot-pressed samples following the formula Cus,-
xNixShsS1155€15
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ATTACHMENT 6: POWER FACTOR

Annealed samples-Power Factor
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Fig. 197 Temperature dependence of PF of annealed samples following the formula Cu1,ShS13.4Sey. In closed,
the PF at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 198 Temperature dependence of PF of annealed samples following the formula Cu11 5Nio.sSbsS13ySey
compared to undoped tetrahedrite (Cu12ShaS13). In closed, the PF at 300 K shown as a function of stoichiometric
Selenium content (y)
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Fig. 199 Temperature dependence of PF of annealed samples following the formula Cu11NiSbsS:3.,Sey compared
to undoped tetrahedrite (Cu12ShaSs3). In closed, the PF at 300 K shown as a function of stoichiometric Selenium
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Fig. 200 Temperature dependence of PF of annealed samples following the formula Cu10sNi1.5SbsS134Sey
compared to undoped tetrahedrite (Cu12ShaSs3). In closed, the PF at 300 K shown as a function of stoichiometric

Selenium content (y)
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Fig. 201 Temperature dependence of PF of annealed samples following the formula Cu1>xNixSbsS13 compared to
undoped tetrahedrite (Cu12ShsSa13). In closed, the PF at 300 K shown as a function of stoichiometric Nickel

content (x)

1’400 N 1,400 4
1,200 4 1000
E Eﬂﬂ-
100075 N . Tetrahedrite
— B —Ni=0.5 Se=0.5
g 8004 . :
X N —Ni=1.0 Se=0.5
£ Ni=1.5 Se=0.5
g 600 I Stoichiometric Nickel content
=
& 400 +
200
. )
| T T T | T T T | T I T T T 1
0 50 100 150 200 250 300 350

Temperature (K)

Fig. 202 Temperature dependence of PF of annealed samples following the formula Cu12xNixSbaS125S€05
compared to undoped tetrahedrite (Cu12ShaSs3). In closed, the PF at 300 K shown as a function of stoichiometric

Nickel content (x)
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Fig. 203 Temperature dependence of PF of annealed samples following the formula Cu12xNixSb1S12Se compared
to undoped tetrahedrite (Cu12ShaSs3). In closed, the PF at 300 K shown as a function of stoichiometric Nickel

content (x)
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Fig. 204 Temperature dependence of PF of annealed samples following the formula Cu12xNixSbS115S€15
compared to undoped tetrahedrite (Cu12ShaSs3). In closed, the PF at 300 K shown as a function of stoichiometric

Nickel content (x)
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Hot-pressed samples- Power factor
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Fig. 205 Temperature dependence of PF of hot-pressed samples following the formula Cu12SbsS13.ySey. In
closed, the PF at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 206 Temperature dependence of PF of hot-pressed samples following the formula Cu11.5Nio5SbsS13.ySey. In
closed, the PF at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 207 Temperature dependence of PF of hot-pressed samples following the formula Cu11NiSbsS13.Sey. In
closed, the PF at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 208 Temperature dependence of PF of hot-pressed samples following the formula CuiosNi15SbsS13.ySey. In
closed, the PF at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 209 Temperature dependence of PF of hot-pressed samples following the formula Cui12.x<NixShaSis. In
closed, the PF at 300 K shown as a function of stoichiometric Nickel content (x)
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Fig. 210 Temperature dependence of PF of hot-pressed samples following the formula Cu12-xNixSbsS125S€05. In
closed, the PF at 300 K shown as a function of stoichiometric Nickel content (x)
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Fig. 211 Temperature dependence of PF of hot-pressed samples following the formula Cui2.xNixSh4Si2Se. In
closed, the PF at 300 K shown as a function of stoichiometric Nickel content (x)
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Fig. 212 Temperature dependence of PF of hot-pressed samples following the formula Cu12.xNixSbsS1155€15. In
closed, the PF at 300 K shown as a function of stoichiometric Nickel content (x)
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ATTACHMENT 7: FIGURE OF MERIT

Annealed samples-Figure of Merit
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Fig. 213 Temperature dependence of zT of annealed samples following the formula Cu1.Sb4S13.Sey In closed,
the zT at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 214 Temperature dependence of zT of annealed samples following the formula Cu115Nio5SbaS13.ySey
compared to undoped tetrahedrite (Cu12ShaS13). In closed, the zT at 300 K shown as a function of stoichiometric

Selenium content (y)
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Fig. 215 Temperature dependence of zT of annealed samples following the formula Cu11NiShsS13.,Se, compared
to undoped tetrahedrite (Cu12ShaSi3). In closed, the zT at 300 K shown as a function of stoichiometric Selenium
content (y)
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Fig. 216 Temperature dependence of zT of annealed samples following the formula Cu10sNi15SbaS13.ySey
compared to undoped tetrahedrite (Cu12ShaS13). In closed, the zT at 300 K shown as a function of stoichiometric
Selenium content (y)
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Fig. 217 Temperature dependence of zT of annealed samples following the formula Cu12.xNixShaSs3. In closed,
the zT at 300 K shown as a function of stoichiometric Nickel content (x)
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Fig. 218 Temperature dependence of zT of annealed samples following the formula Cu12.xNixSbsS125S€0.5
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compared to undoped tetrahedrite (Cu12Sh4Si3). In closed, the zT at 300 K shown as a function of stoichiometric

Nickel content (x)
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Fig. 219 Temperature dependence of zT of annealed samples following the formula Cu1..xNixShsS12Se compared
to undoped tetrahedrite (Cu12ShaSi3). In closed, the zT at 300 K shown as a function of stoichiometric Nickel
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Fig. 220 Temperature dependence of zT of annealed samples following the formula Cu12.xNixSbaS1155€1.5
compared to undoped tetrahedrite (Cu12Sh4Si3). In closed, the zT at 300 K shown as a function of stoichiometric

Nickel content (x)
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Hot-pressed samples-Figure of merit
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Fig. 221 Temperature dependence of zT of hot-pressed samples following the formula Cu12SbsS13.ySey . In
closed, the zT at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 222 Temperature dependence of zT of hot-pressed samples following the formula Cui1.5NiosSbaS13.ySey. In
closed, the zT at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 223 Temperature dependence of zT of hot-pressed samples following the formula Cu11NiShsS13.ySey. In
closed, the zT at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 224 Temperature dependence of zT of hot-pressed samples following the formula Cu105Ni15504S13.ySey. In
closed, the zT at 300 K shown as a function of stoichiometric Selenium content (y)
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Fig. 225 Temperature dependence of zT of hot-pressed samples following the formula Cu12xNixShsSis. In
closed, the zT at 300 K shown as a function of stoichiometric Nickel content (x)
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Fig. 226 Temperature dependence of zT of hot-pressed samples following the formula Cu12.xNixSbaS125Segs. In
closed, the zT at 300 K shown as a function of stoichiometric Nickel content (x)
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Fig. 227 Temperature dependence of zT of hot-pressed samples following the formula Cu12xNixShsS12Se. In
closed, the zT at 300 K shown as a function of stoichiometric Nickel content (x)
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Fig. 228 Temperature dependence of zT of hot-pressed samples following the formula Cu12.xNixSbaSi115Se1s. In
closed, the zT at 300 K shown as a function of stoichiometric Nickel content (x)
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ATTACHMENT 8: WEIGHTED MOBILITY

Annealed samples-Weighted mobility
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Fig. 229 Temperature dependence of Weighted mobility of annealed samples following the formula Cu12ShaSa3.
ySey compared to undoped tetrahedrite (Cu12SbaSa3).
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Fig. 230 Temperature dependence of Weighted mobility of annealed samples following the formula
Cu115Nio5SbsS13ySey compared to undoped tetrahedrite (Cu12SbsSi3).
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Fig. 231 Temperature dependence of Weighted mobility of annealed samples following the formula
Cu11NiSh4S13.,Sey compared to undoped tetrahedrite (Cu12SbaSis).
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Fig. 232 Temperature dependence of Weighted mobility of annealed samples following the formula
Cu105Ni15ShsS13ySey compared to undoped tetrahedrite (Cu12SbaS13).
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Fig. 233 Temperature dependence of Weighted mobility of annealed samples following the formula Cus,-
xNixShsS13 compared to undoped tetrahedrite (Cu12SbsSi3).
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Fig. 234 Temperature dependence of Weighted mobility of annealed samples following the formula Cui,.
xNixSh4S1255€05 compared to undoped tetrahedrite (Cu12ShsSs3).
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Fig. 235 Temperature dependence of Weighted mobility of annealed samples following the formula Cus,-
xNixShsS;,Se.
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Fig. 236 Temperature dependence of Weighted mobility of annealed samples following the formula Cus,-
xNixSh4S1155€e1.5 compared to undoped tetrahedrite (Cu12SbsSs3).
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Hot-pressed samples- Weighted mobility
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Fig. 237 Temperature dependence of Weighted mobility of hot-pressed samples following the formula
Cu128b4813.y8ey.
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Fig. 238 Temperature dependence of Weighted mobility of hot-pressed samples following the formula
Cu11_5Nio,5Sb4813.ySey.
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Fig. 239 Temperature dependence of Weighted mobility of hot-pressed samples following the formula
CU11NiSb4513.ySEy.
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Fig. 240 Temperature dependence of Weighted mobility of hot-pressed samples following the formula
CU10,5Ni1,58b4S:|_3.ySEy.
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Fig. 241 Temperature dependence of Weighted mobility of hot-pressed samples following the formula Cuia.
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Fig. 242 Temperature dependence of Weighted mobility of hot-pressed samples following the formula Cuj..
xNixShsS1255€05.
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Fig. 243 Temperature dependence of Weighted mobility of hot-pressed samples following the formula Cus..
xNixShsS;,Se.
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Fig. 244 Temperature dependence of Weighted mobility of hot-pressed samples following the formula Cus..
xNixSbsS11.55€1 5.
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