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Preface

The work developed during this PhD has embraced several topics that I divide in three
blocks. Each block contains two chapters in this dissertation. Additionally, a general
introduction of the different topics is provided (Chapter 1). The first block corresponds to the
study of colloidal synthetic routes to produce functional nanoparticles (Chapter 2 and 3). In
the second block the developed nanoparticles are used to produce bulk nanostructured
materials. The functional properties of the nanomaterials are also characterized in this second
block. As the paradigmatic application for such bottom-up assembled nanostructured
materials I considered thermoelectricity (Chapter 4 and 5). In the last block, I go one step
beyond and design and prepare multiphase nanoparticles as building blocks for the bottom up

production of nanocomposites with improved thermoelectric performance (Chapter 6 and 7).
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Summary of Results

Block 1: Colloidal synthesis

Initially the study of colloidal synthesis for the production of functional nanomaterials has
been carefully carried out (Chapter 2 and 3). The objective was to obtain the proper
knowledge and skills to prepare colloidal nanoparticles that would allow us to design
nanomaterials for fundamental studies and feasible applications. The first system studied was
highly asymmetric nanocrystals: Bi,S; nanorods (Chapter 2). Nanorods with different aspect
ratios were produced by controlling the reaction parameters (temperature and growth time).
Furthermore a diffusion-reaction kinetic model to explain the growth kinetic of the ensemble
of nanorods was developed. The model took into account the nanocrystal growth in the
longitudinal and radial direction separately, and evaluated them as a function of their surface
free energy, the monomer concentration and the nanorod dimensions. The results obtained

and presented in Chapter 2 were publish in Journal of Physical Chemistry C in 2011.

The next system studied was copper-based quaternary compounds: Cu,-II-IV-V1, (Chapter
3). Quaternary diamond-like chalcogenides nanostructures have generated a great deal of
attention due to their multiple applications, such as photovoltaics, non-linear optics,
thermoelectrics and topological insulators. The potential of these applications is strongly
dependent on the nanoparticles properties: size, shape and composition. Nonetheless, there
was a very limited control over such properties on these compounds due to complexity of the
thermodynamics and kinetics of nucleation and growth of such complex structures. With the
aim to cover such gap, the mechanism to achieve unprecedented size, shape and composition
control in Cu,-II-IV-VI14 nanocrystals were investigated. Additionally, the synthetic process

designed was carefully chosen to be cost-effective and scalable to assure its relevance in a

17



future industrial implementation. The results obtained were publish in Crystal Growth and

Design in 2012.

Block 2: Solution processing approach to produce bulk nanomaterials and
their thermoelectric characterization

Several theoretical and experimental studies reveal the promising thermoelectric properties
of Cup,XSnYy (X=Zn, Cd; Y=S, Se) compounds. Their complex crystallographic structures
provide the material with an intrinsic low thermal conductivity. Moreover, the ample
chemical and structural freedom of these compounds allows further tuning of the material
properties to enhance functionality. It was demonstrated that by tweaking the composition of
such compound it was possible to enhance their thermoelectric performance. The main idea
was to replace Zn or Cd atoms by Cu, and thereby introduce and extra charge carrier (in this
case holes). Such intrinsic doping allowed to increase the electrical conductivity without a
detrimental reduction of the Seebeck coefficient, but even more important allow to reduce the
thermal conductivity by the generated interstitials. With this in mind, we produced Cuy:Cd;.
SnSey (Chapter 4) and CuyZn;GeSes (Chapter 5) nanoparticles with different
compositions (different x) and tested their thermoelectric performance. Despite the reduction
in the electrical conductivity due to the huge interface density of such nanostructured bulk
material the overall figure of merit was slightly increased with respect to their bulk analogous
thanks to the enormous phonon scattering at the grain boundaries. The results presented in
Chapter 4 and 5 were published in Chemistry of Materials and in Journal of the American

Chemical Society respectively in 2012.
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Block 3: Solution processing approach to produce highly homogenous bulk
nanocomposites and their thermoelectric characterization

The highest thermoelectric performance has been reported for multi-phase nanomaterials
or nanocomposites, where acoustic impedance mismatches at the interfaces between
dissimilar structures boost phonon scattering. One of the most successful methods to produce
nanocomposites is based in the spontaneous formation of nanoscale inclusion by controlling
the thermal history of solid solution. However, such approach is not versatile in composition
and it lacks control over the size, composition and phase of the crystalline domains.
Considering the possibilities of solution-processed nanomaterials to overcome such lack of

control, two different systems with different nature were analyzed.

In the first system, Cu,GeSe; (CGSe) nanoparticles were produced with nanometer scale
control over their crystal phases (Chapter 6). By carefully adjusting the nucleation and growth
conditions, ordered single-phase orthorhombic or disordered polytypic wurzite-zinc blenda
CGSe nanoparticles could be produced. The obtained nanoparticles were compacted into
pellets to produce single- and multi- phase nanocomposites and their thermoelectric properties
were studied. The most relevant result was the significant lower thermal conductivity of the
multi-phase nanocomposite, which resulted into a 2.5 fold increase of the thermoelectric
figure of merit when compare with the single phase nanocomposite. The results shown in

Chapter 6 were published in Chemistry of Materials in 2012.

The second approach studied the possibility to produce highly homogeneous
nanocomposites by using core-shell nanostructure as building blocks (Chapter 7). PbTe@PbS
core-shell nanoparticles were synthesized to produce (PbTe);«(PbS)x nanocomposites with
tuned composition. The structural, chemical and thermoelectric properties of the obtained
nanocrystal were carefully studied. Although the figure of merit obtained was lower than the

analogous material in bulk, the results were really promising. Figure of merit up to 1.1 were
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obtained which represents one of the highest values ever reported for nanomaterials produced
by solution-techniques. The results expose in Chapter 7 has been just accepted for publication

in ACS Nano.
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Resum en Catala

El treball desenvolupat durant aquesta tesi doctoral engloba diverses tematiques que s’han
dividit en tres blocs. Cada bloc conté dos capitols. A més a més, com a Capitol 1 s’ha inclos
una introduccio general de cadascuna de les tematiques tractades. En el primer bloc, Capitols
2 1 3, s’estudien diferents sintesis col-loidals per produir nanoparticules funcionals. En el
segon bloc, Capitols 4 i 5, les nanoparticules desenvolupades s'utilitzen per produir materials
nanoestructurats en bulk a partir del seu assemblatge. Les propietats funcionals d’aquests
nanomaterials es caracteritzen també en aquest segon bloc. Com a aplicacid paradigmatica
s’ha considerat la termoelectricitat. En 1"altim bloc, Capitols 6 1 7, es va un pas més enlla i es
dissenyen nanoparticules heterogénies com blocs de construccié per a la producid de

nanocompostos amb millor rendiment termoeléctic.

Bloc 1: sintesi col-loidal

Inicialment, es va dur a terme un estudi acurat de la metodologia en sintesi col-loidal per a
la produccié de nanomaterials funcionals (Capitols 2 i 3). Es perseguia obtenir els
coneixements 1 habilitats necessaries per preparar nanoparticules col-loidals que ens
permetessin dissenyar nanomaterials en bulk amb les propietats adequades per a una
determinada aplicacio. El primer treball que es va realitzar tenia com a objectiu prioritari
obtenir les condicions idonies per produir nanoparticules assimétriques de sulfur de bismut,
concretament, nanorods (Capitol 2) amb la minima distribucié possible de mida i forma.
Variant els parametres de reaccid (temperatura i temps de creixement), es va aconseguir
produir nanorods amb diferents longituds 1 gruixos. Addicionalment, es va desenvolupar un
model cinetic de difusid-reaccid per explicar el creixement del conjunt de nanorods. El model

proposat t¢ en compte el creixement de les nanoparticules en la direccido longitudinal
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(longitud) 1 radial (gruix) per separat en funcid de la seua energia lliure superficial, la
concentracio de monomers i les dimensions del nanorod. Els resultats obtinguts i presentats

en el Capitol 2 es van publicar a la revista Journal of Physical Chemistry C el 2011.

El segiient sistema en el que es va treballar pretenia desenvolupar una ruta sintética per
produir nanoparticules quaternaries, Cu,-1I-IV-VI4 (Capitol 3). Les nanoparticules d’aquest
tipus de compostos han despertat un gran interés per la seva aplicabilitat en camps diversos:
energia solar fotovoltaica, Optica no lineal, termoelectricitat o aillants topologics. El potencial
d'aquestes aplicacions esta fortament lligat a les propietats de les nanoparticules: mida, forma
1 composicio. No obstant aix0, en aquest tipus de compostos hi havia un control molt limitat
sobre aquestes propietats. Aquesta carencia era deguda a les diferéncies termodinamiques i
cinetiques entre els diferents elements presents en les nanoparticules. Amb 1'objectiu de cobrir
aquest buit, es van investigar les condicions necessaries en la nucleacio i el creixement de les
nanoparticules per tal d’obtenir un bon control sobre la mida, la forma i la composicid. A més,
es va tenir especial cura en dissenyar un procés de sintesi amb alt rendiment i facilment
escalable per assegurar la seva rellevancia en una possible implementacio industrial. Els

resultats obtinguts es van publicar a la revista Crystal Growth and Design el 2012.

Bloc 2: Produccio de nanomaterials en bulk a partir de I’assemblament de
nanoparticules processades en solucio i la seua caracteritzacio
termoeléctrica.

Diversos estudis teorics i experimentals han revelat les prometedores propietats
termoelectriques dels compostos Cu,XSnY, (X = Zn, Cd, Y = S, Se). Les seues complexes
estructures cristal-lografiques estan directament associades amb una baixa conductivitat
termica. D'altra banda, la gran llibertat quimica 1 estructural d'aquests compostos permet
ajustar les propietats del material augmentant la seua funcionalitat. Es va demostrar que en

ajustar la composicié d’aquests compostos era possible millorar el seu rendiment
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termoelectric. L’estratégia consisteix en substituir atoms de Zn o Cd per Cu, i amb aixo
introduir portadors de carrega addicionals (en aquest cas forats). Aquest dopatge intrinsec
permet augmentar la conductivitat electrica del material sense una gran reduccid del
coeficient Seebeck, i addicionalment permet reduir una mica més la conductivitat térmica a
causa dels defectes intersticials generats. Amb aixd en ment juntament amb les técniques de
sintesi desenvolupades en els treballs anteriors (Capitol 3), es va decidir produir
nanoparticules de Cu; + yCd;xSnSe4 (Capitol 4) i Cu, + xZn; xGeSes (Capitol 5) amb diferents
composicions (diferent x), compactar-les per a la fabricacié del nanomaterial en bulk i
estudiar-ne el rendiment termoelectric. Tot i la reduccié en la conductivitat eléctrica a causa
de I’alta densitat d’interficies d'aquest material nanoestructurat, la figura de merit obtinguda
va superar lleugerament la reportada pel seu analeg en bulk gracies a I’enorme dispersio de
fonons en les fronteres de gra. Els resultats presentats en els Capitols 4 1 5 es van publicar en
les revistes Chemistry of Materials 1 Journal of the American Chemical Society,

respectivament, el 2012.

Bloc 3: Produccio de nanocompostos altament homogenis en bulk a partir
de ’assemblament de nanoparticules heterogenies processades en solucio i
la seua caracteritzacio termoeléctrica.

El rendiments termoeléctrics més elevats s'han obtingut per a materials nanoestructurats
amb maltiples fases, és a dir, nanocompostos, on la dispersié6 de fonons es veu altament
incrementada a causa de les diferéncies en les impedancies acustiques en les interficies entre
les diferents estructures. Un dels meétodes més eficagos per produir nanocompostos es basa en
la formacid espontania d'inclusions nanometriques mitjancant el control de la historia térmica
de la solucid solida. No obstant aix0, aquest enfocament no €s versatil en la seua composicid 1
no es pot controlar la mida, composicié o fase dels dominis cristal-lins. En aquesta darrera

part de la tesi es van estudiar les possibilitats de produir nanocompostos a partir de
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nanoheteroestructures processades en solucid. L’objectiu era utilitzar els coneixements
adquirits en els dos blocs anteriors per dissenyar nanocompostos en bulk on es pogués tenir
una amplia llibertat en I’eleccié de les fases cristal-lografiques i controlar el mida dels
nanocristalls. Amb aquest objectiu en ment es van investigar dos sistemes multifasics de

diferent naturalesa.

En el primer sistema, es van sintetitzar nanoparticules de Cu,GeSe; (CGSe) amb diferents
fases cristal-lines dins de cada particula (Capitol 6). Ajustant acuradament les condicions de
nucleacié i creixement, es va aconseguir produir nanoaparticules amb una sola fase
cristal-lografica ordenada (ortorrombica) o diverses/varies fases cristal-lografiques
desordenades (wurzita-zinc blenda). Les nanoparticules obtingudes es van compactar en
pastilles per produir nanocompostos amb una unica fase o amb multiples fases i es van
estudiar les seues propietats termoelectriques. El resultat obtingut més rellevant va ser la gran
reduccid en la conductivitat termica del material nanocompost de multiples fases gracies a la
qual es va aconseguir un increment de 2.5 vegades en la figura de merit respecte del material
nanoestructurat d’una unica fase. Els resultats mostrats en el Capitol 6 es van publicar en la

revista Chemistry of Materials €l 2012.

Un segon plantejament va ser estudiar la possibilitat de produir nanocompostos altament
homogenis mitjangant 1'ts de nanoparticules core-shell com a blocs de construccid dels
nanocompostos (Capitol 7). Es van sintetitzar nanoparticules core-shell de PbTe@PbS amb
diferents mides del core i la shell de manera que es poguessin obtenir mitjangant el seu
assemblatge nanocompostos de (PbTe),«(PbS)x amb different composicions. Les propietats
quimiques, estructurals, 1 termoelectriques d’aquests nanocompostos es van estudiar
acuradament. A pesar que la figura de merit obtinguda va resultar ser inferior a la del material
analeg en bulk, els resultats van ser molt prometedors. Es va obtenir una figura de merit de

1.1, el que representa un dels valors més alts mai reportats per a nanomaterials produits en
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solucid. Els resultats exposats en el Capitol 7 han recentment acceptats per a la seva

publicaci6 en la revista ACS Nano.
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Chapter 1

Introduction to block 1: Colloidal synthesis
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1.1 Colloidal Nanoparticles

Colloidal Nanoparticles (NPs) are inorganic particles with nanometric size grown in
solution and stabilized by a layer of surfactants attached to their surface. The inorganic core
consists of hundreds to a few thousand atoms each and their size ranges from 1 to 100 nm. In
this regime, materials possess special properties directly related to their high surface-to-

volume ratio, their tiny sizes, and the possible quantum confinement.'

The physical properties of NPs are strongly influenced by their relatively high number of
weakly bonded surface atoms. One of the best known consequences of this high surface-to-
volume ratio is the decrease of the melting temperature with the NP size.” Other examples are

the higher NPs chemical reactivity,” * and their self-cleaning capability.’

When the NP size is of the same magnitude as the wavelength of the electron wave
function, quantum confinement effects are observed. Under such circumstances, the density of

their electronic states, which control many physical properties, can be easily tuned by
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adjusting NP size, shape or composition.® New phenomena, such as size dependent band gap’

' or shifting of the plasmon resonance''* can take place.

These size-tunable characteristics offer unique opportunities to tailor the materials

properties to fulfill a wide variety of applications: i.e. optically transparent layers,"” thin-film

electrodes,' superparamagnetic nanoparticles,!” photodetectors,'® light-emitting devices,' 2°

20 2 . 2325
sensors,” radio frequency tags, solar cells,” thermoelectrics.

1.2 Colloidal synthesis of NPs

Fine control of NP properties is extremely important for further progress in fundamental
studies and technological applications.® Reproducible synthetic approaches to produce
inorganic NPs with uniform shape, size and composition have been extensively studied for

over the last two decades.**?’

A reaction system consists of three components: precursors, organic surfactants, and
solvents. Typically a colloidal synthetic route involves three consecutive events: nucleation,
growth and purification of the NPs.%*** Temporal separation between nucleation and growth
is required to produce NPs with a narrow size distribution.’® The most common method used
for such finality is the hot-injection technique,’’ where the precursors are rapidly injected into
a hot solvent with the subsequent temperature drop. Although the separation of these two
events can be also accomplish by heating-up the reaction mixture. Additionally nucleation and
growth should be kinetically balanced, otherwise bulk crystals or molecular species could be
produce. The proper balance of these two different processes is usually addressed empirically
by searching the good combination of chemicals (precursors, surfactants and solvents) and
reaction conditions (injection temperature, reaction temperature and growth time). Among
them, surfactants play a key role during NPs formation. Most common surface ligands are

long-chained, carbon-based molecule with at least one coordinating functional group. Typical
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examples are alkyl phosphonic acids, fatty acids, and amines. The energy with which
surfactant molecules adhere to the surface of growing NPs needs to allow a dynamic
solvation. Surfactants need to be able to go on and off the NPs surface, controlling in this way
the surface accessibility to monomers and thus determining the NP growth rate.’'
Additionally, surfactants determine the NPs solubility, their ability to adhere to a substrate,

and their surface charge.

In the following section, a classical nucleation and growth model will be used to describe
the processes occurring during colloidal NPs formation. Although this model represents a
useful guide to understand such phenomena, its limitations must be mentioned. While the
model considers the formation of spherical NP nucleus, nucleation and growth appear to go
through a number of discrete, magic-sized clusters. ** > Additionally, the model fails to
explain the sensitive relationship between NP growth and the molecular interactions between
ligands and solvents. It also fails to describe the crystallographic detail of the NP facets.
Advanced studies on the formation of colloidal NPs have proven such deficiencies and have

introduced new knowledge to overcome the current hurdles in designing new NPs.**

1.2.1 Nucleation event

A high energy barrier to spontaneous homogeneous nucleation exists. The free energy
change (AG) related with nucleation depends on the variation of the chemical potential (Ap)
required to convert molecular precursors (monomers) into a crystalline solid (driving energy),
and the surface energy (y) necessary to overcome the particle/solution interface. Considering

spherical particles with radius r, it can be expressed as

4
AG = §7rr3-A,u+47tr2-y
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The driving energy can be described in terms of the monomer concentration (S). A High
concentration of monomers present into the solution is required to overcome the height of the
energy activation barrier for nucleation. To produce highly uniform NPs, it is necessary to
force a nucleation event and to prevent additional nucleation during the following growth
process.” The idea is to cause a burst of nucleation which will generate NPs with nearly the
same growth histories. Considering the hot-injection as the experimental approach for such
goal, a temporal evolution of the reaction temperature and concentration of monomers is
presented in figure 1. The injection produces a rapid increase of the monomers concentration
in the solution, which is necessary to induce nucleation, and the temporary drop of the
solution temperature. Due to the nuclei formation, the monomer concentration is strongly
reduced. At this point the NPs concentration reaches a maximum. This point represents the
transition between the nucleation and the growth event, after which the number of NPs will

either remain constant or decrease depending on the growth mode. *°

Injection

quench

—

growth

<—Pp
. nucleation

Temperature (°C) Concentration
H
o

0o 1 2 3 4 5 6
Reaction Time (min)

Figure 1. Typical concentration and reaction temperature profiles illustrating the temporal separation

of the nucleation and growth event.*
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1.2.2 Growth

The NPs growth process can occur in two different modes, ‘focusing’ and ‘defocusing’,
depending on the concentration of monomers present in the solution. Figure 2 represents the
dependence of the growth rate on the size of the nanoparticle for two different monomer

concentrations.

High monomer concentration

Critical ! .
; Low monomer concentration

Growth rate (a.u.)
o

Size

Figure 2. Growth rate dependence on the nanoparticle size for low and high concentration of

monomers. 3

Very tiny NPs possess a larger fraction of active surface atoms, which make them highly
unstable. As their size increase, the surface-to-volume ratio decreases, and the NPs become
more stable and grow. The free energy expressed in the nucleation section predicts the
existence of a critical size at which NPs neither grow nor dissolve (dAG /dr = 0). The critical
size and the growth rates are dependent on the monomer concentration, the molecular volume
of the NPs (v), the Boltzmann constant (k3); and the temperature (T) by the equation:

1. = 2yv/kgTInS

Lower monomer concentrations favor larger critical sizes and lower growth rates. The
depletion of monomers due to the NPs growth eventually results in a larger critical size than
the average size present and the system enters in the Oswald-ripening regime. In this regime,

larger NPs grow at the expenses of the dissolution of smallest ones broadening the size
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distribution.”” However, if the concentration of monomers is kept high enough during the NPs
growth, the smaller NPs grow faster than the larger ones, and the size distribution can be
focused down.”” This is known as size focusing which is optimal when the monomer
concentration is kept such that the average NPs size is slightly larger than the critical size.”!
The condition to establish the focusing or defocusing regime has been addressed theoretically
and proven experimentally for an ensemble of spherical NPs.>® ** The model determined two
general strategies to obtain narrow size distribution of NP: i) diffusion-controlled regime
(controlling the diffusion or mass-transfer coefficient); and ii) increase surface tension at the

NP-solvent interface. This model was extended lately for nanorods.*

1.2.3. Purification of NP
Once the NPs growth is stopped a purification step is necessary to separate them from the
free ligand molecules and the non-reacted monomers. Efficient purification is critical to any

future use of the NPs. Moreover, the final properties of the NPs will strongly depend on the

purification history.‘“’ *2 There are several methods to purify the NPs: magnetic separation,*

47, 48

selective precipitation,™ * filtration/diafiltration,* electrophoresis, and density gradient

ultracentifugation®

are some examples. However, the most common technique for
purification of the NP produced by organometallic synthesis is the precipitation/dissolution

technique.
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1.2.4 Shape control

Figure 3. Examples of inorganic nanoparticles with different shape and morphologies synthetized by

colloidal chemistry: > a) PbS spheres; b) PbTe cubes; ¢) Cu,CdSnSe, tetrahedrons; d) Bi,S; nanorods.

The NP shape can be controlled by two different manners. NP can be formed under
thermodynamic or kinetic control to yield equilibrium or non-equilibrium shapes. The first
approach is based on modifying the NP surface energy. Thermodynamics suggest that the
final shape of the NP is determined by the surface free energy of individual crystallographic
faces. The final NP shape will correspond to the minimum surface free energy.’" ** Although
this theory explains most of the morphological evolution of NP, cannot account for the
formation of highly anisotropic shapes which are metastable, high energy forms. Such kind of

NPs can be only obtained under kinetic control conditions. In a kinetically controlled regime,
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high growth rates results in the faster growth of high-energy facets than low-energy facets.”'
By choosing the appropriate surfactants it is possible to block or limit the dynamic solvation
on certain facets reducing their growth rate with respect to others.”””’ Additionally, in the
kinetic growth regime, it is possible to create sequences of events to produce more complex
shapes such as tetrapods.™®

Another important approach for the formation of complex NP morphologies is by oriented

attachment via dipole-dipole attractions.”* '

Nanorods, nanowires, nanorings and nanosheets
are some examples of the possible morphologies obtained by dipole-mediated alignment.

Figure 4, shows a schematic illustration of the formation of a nanosheet by oriented

attachment, using as a model PbS NPs.

(111)

(100) (110)

7

Figure 4. schematic illustration of large-particle (A) and sheet formation (B and C) from small PbS

quantum dots.*

The NPs shape plays a crucial role in determining of their properties.®* Depending on their
dimensionality in the quantum confinement regime NPs can be classified as zero-dimensional
(OD; Isotropic spheres, cubes, and polyhedron); 1D (rods and wires); and 2D (disc, prisms,

and plates).”® Figure 5 shows the variation on the density of electronic states versus energy for
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bulk material, 2D where the charge are confined along one direction, 1D confined along 2

direction; and 0D confined in all directions.

3D 0D

2D 1D
y 4 / .
D(E) D(E) D(E) D(E)

N \NNSIEN

Figure 5. Evolution of the density of states function from a bulk (3D) material to a 2D, 1D and 0D.

1.2.5 Synthesis of colloidal nanoheterostructures

Colloidal nanoheterostructures are multi-component NPs, consisting of two or more
different material sections that are combined through chemical bonding interfaces.®* One of
the most exciting and unique features of colloidal NPs is the possibility to prepare such multi-
component nanostructures with a huge degree of freedom of the individual components.
Novel functional nanomaterials with synergetic properties could be created by combining
materials with different functionalities.®> °® The resulting nanoparticles could exhibit distinct

physical-chemical properties from those inherent to the individual components, such as

67, 68 69-71

enhanced or tunable plasmon scattering or photoluminescence, modified magnetic

72, 73 74, 75

behavior, and improved (photo) catalytic responses , depending on the specific
combination. Different nanoheterostructure geometries can be found in the literature, from

core-shell nanocrystals to the so-called janus NP. Some examples are shown in the figure 6.
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Figure 6. FePt-PbTe nanostructures with dumbbell morphologies (A),” Color-composite map energy-
filrered TEM map binary heterostructures made of Cu,S-CdS nanorods synthesized by partial Cu" for
Cd*" cation exchange (B),”® CdS nanorod with periodic array of Ag,S domains within their body (C),”
Au-decorated CdSe@CdS nanorods heterostructures (D);”® and PbTe@PbS core-shell nanoparticles.”

There are several possible methods to synthesize nanoheterostructures. The most common
route is to grow a second crystallographic phase onto an existing nucleus of a different
material. Synthetic parameters must be carefully chosen to provide the conditions for lower
activation energy for nucleation of the second material on the surface of the primary phase

than the activation energy for an independent nucleation.
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Introduction to block 2 & 3: Solution processing approach to produce
bulk nanomaterials or nanocomposites for thermoelectric application

1.3 Macroscopic arrays of nanoparticles

The actual active element of most devices will not be individual NPs, but their
macroscopic arrays. The step from synthesized NPs to 2D or 3D functional nanomaterials
represents the challenge path which scientists and engineers are meant to walk to go from
performing fundamental studies to developing real world applications. NPs assemblies find
applications in areas such as photonics,” electronics,® thermoelectrics, photovoltaics™ *'
and sensing.*> The ability to tailor size, shape, and compositions of the individual NPs
provide means for fine-tuning the bulk nanomaterials properties. Additionally, the behavior of
such solids does not only depend on the properties of individual elements, but also on the

electronic and optical communication between them, on the interparticle medium, packing

density, the nature of interfaces, mutual orientation of NPs, etc.
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NPs can be assembled as a disordered (amorphous) solid or as an ordered periodic
supercrystal. Amorphous NPs solids are isotropic materials and have only short-range order
among the NPs. On the other side, ordered NPs solids are anisotropic materials (superlattices)
characterized by 3D periodicity with or without preferential orientation of individual NPs.® **

% Despite the technological potential of such periodic NPs arrays, the technical challenges of

large scale production, reproducibility and control over their structural defects has avoided

85-87

their implementation in real applications, and remain the subject of fundamental studies.

Figure 7. (A) Some examples of binary superlattices, self-assembled from different NP, and modeled
unit cells of the corresponding 3D structures.* (B) An example of a disordered organization of NP, the

image correspond to dried powder of Cu,GeSe; NP

The easiest way to produce bulk nanomaterials is to dry out the NPs from solution to form
a gel or solid phase. By this method the material formed will be a close packed array of
disordered NPs. The aggregation of suspended NPs is the easiest, most inexpensive and
scalable processes to produce nanomaterials by the bottom-up assembly of colloidal NPs.
Thereby, to date, this is the only feasible process to produce nanostructured materials from

colloidal nanoparticles at an industrial scale.

38



A special mention should be made here to the determining role of surface ligands in NPs
solids. Surfactant molecules determine the distance between adjacent NP and the interparticle
interactions. Unfortunately, most organic ligands are highly electrically insulating obstructing
the charge transport between NPs. Several post-synthesis treatments have been addressed to
remove or replace long-chain organic ligands by shorter organic groups or inorganic ligands.

88, 89

An extended list of compounds has been proven already useful: e.g. pyridine, molecular

metal chalcogenides complexes (MCC) stabilized by hydrazine,” nitrosonium (NOBE,),’!

91 92

diazonium™ and trialkyl oxonium;~ tetrafluroborate acids (HBF4, HPFq);” ammonium
thiocianate (NH4SCN);94’ 95 sulphides like Na,S, NH4S, and K,S; 93.96.97 halide anions such as

CI, Brand I.7%1%

1.4 Thermoelectricity

Thermoelectricity represents the direct solid-state conversion between thermal and
electrical energy. In the current energy scenario, where more than half of the energy produced

101 . . .
%! thermoelectric energy conversion constitutes an

end up wasted in form of heat (Figure 8),
alternative solution to improve energy efficiency of current industrial and domestic processes.

However, their implementation in market application has not been yet widespread due to the

low efficiencies of current thermoelectric (TE) devices and the need for expensive materials.
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Figure 8. U.S. Energy Flow Use in 2011."""

Beside waste heat recovery, the thermoelectric effect can be used for precise temperature
control, either by cooling or refrigeration. A heat flow is generated when a potential gradient
is applied to a material, the so-called Peltier effect. Thermoelectric convertors operating as
Peltier elements could become essential pieces of modern transistor microchips. All
semiconductor based electronic devices can solely work appropriately within a narrow
temperature window. As the transistor dimensions is been reduced, fan-based cooling devices
are no longer a possibility. Additionally, Peltier elements work silently and can be
maintenance-free. Thermoelectric materials will play a crucial role in such systems. However,
to accomplish this goal there is an urgent need to improve their efficiencies and to find more

low cost, abundant and environmental friendly materials.

1.4.1 Thermoelectric devices
A TE module is an array of TE couples connected electrically in series and thermally in

parallel. A TE couple is composed of a p-type and an n-type material connected electrically in
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a looped arrangement (figure 9). Both refrigeration and power generation can be

accomplished using the same module.

(@) Heat absorbed
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Figure 9. TE module showing the direction of charge flow on both cooling or power generation'*

TE power generation is obtained when one side of the module is heated (cooled) by an
external source generating a temperature gradient alongside the two materials (Seebeck
effect). This leads toward a kinetic diffusion of the predominant charge carriers to the cold
(hot) side. The resulting voltage can be used to drive a current through a load resistance.
Conversely, the TE refrigeration is the response of the electrically driven carriers toward one
side. The accumulation of charge carriers rise the probability of collisions and the
consequently release of heat (Peltier effect).

The TE device performance relies directly on the temperature gradient (AT) and an
intrinsic material parameter, the so-called thermoelectric figure of merit (ZT):

ZT—USZT
Tk
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Where S is the Seebeck coefficient (also known as thermopower), o is the electrical
conductivity, k is the thermal conductivity, and T is the absolute temperature. The efficiency
of a TE energy generator producing electricity from a temperature difference AT is given by

equation 2.

AT V14+7ZT -1

n_
Thotdl + 7T +%
hot

With T,.,;q and Ty, being the temperatures at the cold and hot ends respectively. The
larger is the ZT, the more efficient is the TE material. Such increase in efficiency is limited by
the second law of thermodynamics up to the Carnot efficiency, which correspond to an
infinitely large ZT. Figure 10 compare the current efficiency for several heat sources
(geothermal, industrial waste, solar, nuclear and coal) with the estimated efficiency of a
103-105

thermoelectric convertor as a function of the working temperatures for different ZT.

ZT>2 are indispensable to produce TE convertors competitive enough to be commercially

available.
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Figure 10. Thermoelectric power generation efficiencies versus Thot (Tcold=300k). Efficiencies for

conventional mechanical engines and the Carnot limit.'”
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1.4.2 Interdependence of the thermoelectric parameter

One of the main problems to increase thermoelectric efficiency is the difficulty to optimize
a variety of interdependent properties. c, S and k are tightly interrelated (figure 11). They all
depend on the electronic density of states. Nevertheless, the transport of heat (k) is carried by
two different elements: charge carriers and phonons. The former, the electronic thermal
conductivity (k,), is proportional to ¢ via the Wiedemann-Franz law. On the hand, the lattice
thermal conductivity (k;,::) depends on the ability of phonons to propagate through the
material and it is the only straightforward decoupled property. Most of the successful attempts
to increase the TE efficiency are based on the k4 reduction, namely the reduction of heat

transport by phonons.

0 1 J
101 1019 1020 1021
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Figure 11. Trade-off between electrical conductivity, Seebeck coefficient and thermal conductivity as

. . 102
a function of the free carriers.

Several approach have been investigate with that goal in mind. The first idea was scatter
phonons within the unit cell by creating rattling structures, point defects, vacancies or

106-108

alloying. However, such scattering mechanism was proven to be truly effective just for

short-wavelength phonons.'” A different idea was to use materials with complex crystal
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structure that allow separating charge from phonon transport, the paradigmatic idea of
phonon-glass electron-crystal (PGEC).''"'"* Despite the advance in the bulk-materials
approach, the most efficient method used to date to reduce the lattice thermal conductivity is
by nanostructuring.''*"'"” Nano-grain boundaries introduce an interface scattering mechanism
which scatter mid- to long-wavelength phonons.'* ''®

Figure 12 shows a schematic illustration of the scattering mechanisms as well as the

electronic transport of hot and cold electrons.

Short wavelength phonon oy Hott Eleciron
M Mid/long wavelength phonon e Cold Electron

Figure 12. Schematic illustration of various phonon mechanisms within a thermoelectric material.'"”

1.4.3 Enhancements by nanostructuring

To date, nearly all high figure of merit thermoelectrics are nanostructured. The low-
dimensional approach is based in two different ideas: the possibility to partially decouple S
from o to increase the overall power of factor (6S?) and the introduction of a large density of

interfaces to reduce thermal conductivity and increase Seebeck coefficient by the filtering of
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low energy carriers at the interface energy barriers. The former idea was introduced

119, 120

theoretically in 1993 by Hicks and Dresselhaus. They predicted that making the size

scale of the material comparable to the spatial extend of the electronic wave-function
(confining the electrons) would directly result in an increase of the Seebeck coefficient
without any reduction of the electrical conductivity by increasing the electronic density of
states near the Fermi level. Up to now, quantum confinement has not been yet proven useful
to increase the ZT. Although the S was highly enhanced, the reduced electron mobility
diminishes the electrical conductivity.

On the other hand, the effect of numerous interfaces to scatter phonons more effectively

114, 121-124

than electrons or to filter out the low-energy electrons at the interfacial energy

barriers'>'* has allowed developing beyond doubt nanostructured materials with enhanced

ZT.

1.4.4 Production of bulk nanomaterials

The best thermoelectric performances have been obtained from thin film nanocomposites

produced by complex and expensive techniques such as molecular beam epitaxy.'*" '

Despite their promising results, these methods are just useful as an experimental proof-of-

121, 130

principle of the potential benefits of nanostructures. Their scale-up challenges and the

high cost techniques used for the materials production require the development of more

economically feasible alternatives. Different options are being studied to produce large scale

131

quantities of bulk nanostructured materials, e.g. solvothermal/hydrothermal methods, ™ wet-

124, 132, 133

chemical synthesis (colloidal synthesis),” ** nanoprecipitation into solid

. 114, 134-138
solution,

and high energy ball milling.'*’
In this thesis we have explore the opportunities of solution processed nanomaterials to

produce economically affordable bulk nanostructured material. One of the main characteristic
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of wet-chemical synthesis is the nearly endless possibilities for materials design. As explained
in the first section of this introduction, by tuning the reaction parameters or/and changing the
chemicals in the solution is possible to produce highly homogeneous nanoparticles with
controlled size, shape, composition and phase of crystal domains. No other technology has the
potential to produce nanomaterials with a comparable level of control over such parameters.
The huge capacity of colloidal synthesis to create new complex materials at the nanoscale
introduces into the thermoelectric field the possibility to design new materials that can boost
the thermoelectric performance. The importance of controlling the nanograin properties does
not end on the promising new thermoelectric performances, it is also important to carry on

some fundamental studies that can provide new knowledge to further advances in the field.
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Chapter 2

Growth Kinetics of Asymmetric Bi,S; Nanocrystals:

Size Distribution Focusing in Nanorods

2.1 Abstract

The growth kinetics of colloidal Bi,S; nanorods was investigated. After nucleation, the
length-distribution of the growing Bi,S; nanorods narrows with the reaction time until a
bimodal length distribution appears. From this critical reaction time on, the smallest nanorods
of the ensemble dissolve, feeding with monomer the growth of the largest ones. A
comprehensive characterization of the size-distribution evolution of Bi,S; nanorods is used
here to illustrate the dependences of the anisotropic growth rates of cylindrical nanoparticles
on the nanoparticle dimensions and the monomer concentration in solution. With this goal in
mind, a diffusion-reaction model is presented to explain the origin of the experimentally
obtained length distribution focusing mechanism. The model is able to reproduce the decrease
of the growth rate in the nanorod axial direction with both its thickness and length. On the
other hand, low lateral reaction rates prevent the nanorod thickness distribution to be focused.

In both crystallographic growth directions, a concentration-dependent critical thickness exists,
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which discriminates between nanorods with positive growth rates and those dissolving in the

reaction solution.

2.2 Introduction

Colloidal nanocrystals have achieved a great interest because of their intrinsic size—dependent
properties and their huge potential as building blocks for solution-processed devices."
However, to uncover and fully exploit their size- and shape-dependent optical, magnetic,
electronic, thermodynamic and catalytic properties and to assemble them into crystalline
superstructures, a precise control over their size, shape and composition is required. With this
motivation, during the last 20 years, a huge effort has been put into understanding the

- - - 2-13
nanocrystal nucleation, growth and shape-evolution mechanisms.

After nucleation, nanocrystal coarsening is thermodynamically driven by the decrease of its
surface free energy. The minimization of its surface free energy also determines the
nanocrystal morphology and its equilibrium facets. However, nanocrystals themselves are
thermodynamically metastable species compared to bulk crystals. Coarsening would continue
indefinitely if a continuous supply of monomer exists. Thus, their size- and shape-distribution
are in part kinetically determined.

The evolution of the size distribution of a nanocrystal ensemble is specially influenced by
the monomer reaction rate and the monomer concentration and diffusivity in solution. In this
framework, three main growth regimes are usually considered: 1) Size distribution defocusing,
when the nanocrystal growth rate increases with the particle size, thus broadening the size
distribution. This growth regime is usually encountered in reaction-controlled growth
scenarios, where the growth rate is limited by the monomer reaction rate. Size distribution
defocusing is also encountered in the diffusion-controlled growth of small nanoparticles in

solutions with low monomer concentrations. In this last scenario, the nanocrystal growth rate
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is controlled by the monomer diffusivity and thus, a monomer concentration gradient exists
around each nanoparticle; ii) Size-distribution focusing, when the nanocrystal growth rate
decreases with the particle size, thus narrowing the size distribution. This growth regime is
generally encountered in the diffusion-controlled growth of relative large nanocrystals in
solutions containing high concentrations of monomer; iii) Ostwald-ripening, when the larger
nanoparticles in the ensemble grow at expenses of the dissolution of the smallest ones,
broadening the size distribution. As the solution is depleted of monomer, in both reaction- and
diffusion-controlled growth scenarios, the smallest nanocrystals of the ensemble are the first
to reach their critical monomer concentration, starting to dissolve while keeping feeding with
monomer the growth of the largest ones.

While it is generally agreed that the anisotropic growth of colloidal nanocrystals is

kinetically driven,'*?

the size- and shape-distribution evolution of asymmetric nanocrystals
is not so well understood. Three growth stages were previously pointed out to describe the
size and shape evolution of an ensemble of CdSe nanorods:*' 1) 1D-growth, when the axial
growth rate is much higher than the radial one at high monomer concentration; ii) 3D-growth,
when the axial and radial growth rates equilibrate at lower monomer concentration; iii) 1D-to-
2D-ripening or intra-particle Ostwald-ripening when, at still lower monomer concentration in
solution, the nanorod dissolve in the axial direction to feed its radial growth. A recent
diffusion-controlled kinetic model calculated the temporal evolution of the average nanorod
length and thickness considering independent kinetic parameters for each, longitudinal and
radial growth directions.”* From a direct adaptation of the growth rate equation previously
obtained for spherical particles,'” but considering different reaction orders for axial and radial
growth, this model was able to reproduce the faster axial than radial growth at high monomer

concentrations and the gradual transition to a 3D-growth regime when decreasing the

monomer concentration in solution. However, the model failed to show the 1D-2D ripening
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involving the dissolution of the nanorod in the longitudinal direction and was not able to
determine the weight of the specific free energy of each crystallographic plane on the growth

and dissolution rates in each crystallographic direction.

In the present work, the growth kinetics of an ensemble of Bi,S; nanorods is characterized
by analyzing the size distribution of the nanorods formed at different reaction times and at
various reaction temperatures. The comparison of the obtained experimental results with the
predictions of an activated-complex diffusion-reaction model allows describing the different

growth regimes involved in the nanorod growth.

2.3 Experimental

All reactants were acquired from Sigma-Aldrich and were used without additional
purification. Bi,S; nanocrystals were obtained by reacting bismuth (III) acetate (99.99+%) or
bismuth (II) neodecanoate (technical) with elemental sulfur (99.98%) in a 1-octadecene

(90%) solution containing oleic acid (90%) and/or oleylamine (70%).

In a typical Bi,S; preparation, 0.26 mmol bismuth acetate and 16 mmol oleic acid were
mixed with 20 ml of 1-octadecene in a 3-neck flask. The solution was heated under vacuum to
90 °C and maintained at this temperature during 30 min to remove water and other low-
boiling point impurities. Afterwards, an argon atmosphere was introduced and the bismuth-
acid solution was heated to the reaction temperature. The sulfur solution was prepared by
dissolving 0.03g of elemental sulfur with 6 mmol of oleylamine. This solution was injected

through a septum into the heated three-neck flask containing the bismuth precursor solution.

The formation of Bi,S; nanostructures could be qualitatively followed by the color change
of the mixture from an initial light yellow to the light brown and eventually black color of the

solution containing the Bi,S; nanoparticles.
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To quantitatively monitor the reaction process, aliquots were extracted at successive
reaction times after the sulfur injection. Aliquots were rapidly cooled down to quench the
nanocrystal growth by dissolving them in toluene. The excess of sulfur and surfactants from
the prepared nanocrystal solution was immediately removed by multiple precipitation-
dispersion steps using a mixture of ethanol and ethyl acetate for precipitation and toluene for
re-dispersion. The size, shape and crystallographic structure of the prepared Bi,S; nanorods
were characterized using transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM). For TEM and HRTEM characterization, samples were prepared by placing a drop
of the colloidal solution containing the nanoparticles onto a carbon coated copper grid at room
temperature and ambient atmosphere. TEM micrographs were obtained using Jeol 1010
microscope, operating at 80 kV. Images were digitally acquired using a Megaviewlll
scanning CCD camera with a soft imaging system. The morphology and crystallographic
structure of the nanorods were further characterized with atomic resolution by means of
HRTEM in a Jeol 2010F field emission gun microscope with a 0.19 nm point to point
resolution. 3D atomic supercell modeling was performed by using the Rhodius software

25, 26

package, which allows to create complex atomic models, including nanowire-like

struc‘[ures.27'29

2.4 Calculations

Derivation of the surface area change with the longitudinal and radial growth and

parameters of the growth rate calculation

For a nanorod with a circular cross section of radius r, length z and a molar volume V,;:

A=A, + A, =2nr? + 2nrz
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Where A, is the area of what we refer as the basal planes of the nanorod and A, is the lateral
surface area. Then, for a nanorod growing in the radial direction, thus incorporating monomer

in the lateral planes:

dA, dA, dr  2Vp
dn, dr dn, z

dA, dA, dr
dn, dr dn,

Vn
r

On the other hand, for a nanorod growing in the longitudinal or axial direction, thus

incorporating monomer in the basal planes:

dA, dA, dz _
dn, dz dn,
dA, dA, dz 2V,

dn, dz dn, 7

Then, the chemical potential changes associated to the surface area variation when

incorporating a monomer in a lateral plane and a basal plane of a cylindrical particle are:

dA, dAy 2Y;  Wr
Ay =y, % ¢ —y (— + —)
nLlT ‘VZ dnr YT dnr m 7 r

dA,  dA, 2V.y,

Auz=yzdn +Vrdn =
Z Z

r

Where V,, is the molar volume and y, and y,, are the specific surface energies of the nanorod

lateral and basal planes, respectively.
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Table 1. Parameters used for the growth rate calculation

Parameter

Molar volume

Specific lateral surface energy

Specific basal surface energy

Reaction rate in infinite basal surface

Dissolution rate in infinite basal surface

Reaction rate in infinite lateral surface

Dissolution rate in infinite lateral surface

Temperature

Monomer diffusivity

Thickness of the stagnant layer

61

Symbol

Vr

v,
kgz
ka
oo

ar

[ee]
kdr

Value

7.6x1075m3

0.35]) m™2

0.42 ] m™2

6.4x10"°m st

8.4x1078mol m=2s~

3.8x107" ms~1

1.7x10 °mol m=2s~

450 K

10—13 mZS—l

1007,.5/625/12

1

1



dr

)
#)

dz _ Cb gz kdzex

— =1,
dt 6Zk°° +exp(

TR
Vi

Scheme 1. Schematic representation of the nanorod with the axial monomer diffusion layers.

2.5 Results and Discussion

Bi,S; nanocrystals were obtained by reacting bismuth (III) acetate with elemental sulfur in a
heated 1-octadecene solution containing oleic acid and/or oleylamine. In the presence of
carboxylic acids, but no amines, initial Bi,S; nanorods rapidly evolved into large asymmetric
and hierarchical structures, such as nanoribbons, nanoflakes and nanoflowers, analogous to
those previously obtained by different methods.**>> The presence of amines slowed down the
nanocrystal growth rate, but it did not efficiently prevent by itself the aggregation of the
nanocrystals. Nanorods with narrow size distributions and high solubilities were obtained by
introducing a combination of oleic acid and oleylamine in the reaction solution. In our
synthesis conditions, the nanorod size distribution and solubility were optimized with a molar
ratio 8:3 between oleic acid and oleylamine. In figures 1a and 1b, representative transmission
electron microscopy (TEM) images of the Bi,S; nanorods obtained in the presence of oleic

acid and oleylamine are shown.
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Bi,S; crystallized in the orthorhombic Pbnm phase (Bismuthinite, JCPDS file 17-0320), as
observed from high resolution TEM (HRTEM) characterization of the nanorods (Figure 1c¢).
In all the synthesis conditions tested, the preferential crystallographic growth direction was
the [001]. TEM characterization of the obtained nanorods at different tilting angles showed
them to have elliptical cross sections (Figure 1d). Extensive HRTEM characterization showed
the long and short axis of the ellipse to be most probably along the [1-10] and [110]

directions, respectively. The identified crystallographic orientations are in agreement with

34

previous HRTEM characterization of Bi,S; nanowires.

Figure 1. (a) and (b) Low-magnification TEM micrograph of Bi,S; nanorods obtained after 50 s at
180 °C and 60 s at 170 °C, respectively; (c) Representative High-Resolution TEM micrograph of a
single Bi,S; nanorod with an indexed fast Fourier transform pattern of the selected area; (d) TEM
image of an assembly of Bi,S; nanorods observed while tilting the TEM holder 30 degrees. The inset
shows a 3D atomic supercell model of the nanorod proposed morphology and crystallographic

directions.
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The evolution of the nanocrystals ensemble was followed by analyzing, by means of TEM,
the size distribution of aliquots extracted at successive reaction times. The whole relevant
range of reaction times and temperatures, from 120 °C to 180 °C, was characterized. Figure 2
shows TEM images illustrating the time evolution of the nanorod ensemble for different
reaction temperatures. The mean value of the nanorod lengths and widths and the normalized
standard deviations of their distributions are plotted in figure 3 and 4, respectively. Due to the
ellipsoidal cross section of the nanorods and their tendency to lay down on their largest
surface, only the long axis of their elliptical cross section could be systematically measured.

Thus, this long axis will be used here as the nanorod width.
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Figure 2. TEM images of the ensemble of Bi,S; nanorods obtained at different reaction

temperatures and after successive reaction times as specified in each image.
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Seconds after the oleylamine-sulfur injection into the heated solution containing the Bi
precursor, a relatively heterogeneous distribution of Bi;S; nanocrystals was obtained. With
the reaction time, Bi,S; nanocrystals evolved into elongated nanostructures of increasingly
higher aspect ratio. The length distribution of the Bi,S; nanorods sharpened with the reaction
time after nucleation, until a critical temperature-dependent time, when the nanocrystal length
distribution became bimodal (Figure 5). From this critical time on, a population of small and
highly soluble nanorods was clearly differentiated from a distribution of larger and mostly
aggregated nanorods. Figure 5b shows a scanning electron microcopy (SEM) image of the
Bi,S; nanorods obtained after long reaction times, where the bimodal nanorod distribution is
clearly observed. After the critical reaction time, the aspect ratio and the average length of the
smallest nanorods decreased, while the standard deviation of their length distribution
increased. In parallel, the larger nanorods aggregated. Their aggregation introduced an
important experimental error on their size measurement, preventing a reliable assessment of
their size distribution standard deviation. While the measurement of the nanorods width has
associated a larger relative experimental error, a nanorod width increase with the reaction
time until the critical temperature-dependent moment is clearly inferred from the
experimental results. However, no width distribution focusing was detected.

Notice that, both the growth and dissolution rates increased with the reaction temperature,
while the critical reaction time decreased. The average nanorod length obtained just before the
development of the bimodal size distribution also increased with the reaction temperature.
From a technological point of view, the reaction temperature should be selected based on the
required nanorod length, while the reaction time should be set equal to the critical time, when
the narrowest size distribution is obtained.

To interpret the size-distribution evolution of the nanorods ensemble, a diffusion-reaction

kinetic model based on the activated complex theory previously reported by D. V. Talapin et
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al.® for spherical nanocrystals was developed. Our model considers the nanocrystal growth
rates in the longitudinal and radial directions separately, and evaluates them as a function of

each surface free energy, the monomer concentration and the nanorod dimensions.
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Figure 3. Average value (a) and normalized standard deviation (b) of the length distribution of the
ensemble of Bi,S; nanorods obtained at different reaction temperatures and after successive reaction

times.
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Figure 4. Average value (a) and normalized standard deviation (b) of the long width distribution of
the ensemble of Bi,S; nanorods obtained at different reaction temperatures and after successive

reaction times.

Notice that, as defined by D. V. Talapin et al., the term “monomer” generally refers to any
molecular precursor participating in the reversible act of adding/removing a molecular unit to

a nanoparticle in the reaction vessel.’ For simplification, we consider here only one monomer
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type, but obviously multiple precursors having different activation energies may participate in
the reaction. In general, the monomer with the lowest-concentration and/or the larger
activation energies and/or the slowest diffusing will limit the nanoparticle growth rate. Thus
the present theory can be used to model the asymmetric growth not only of elemental

nanoparticles, but also of those having binary, ternary or quaternary composition.
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Figure 5. (a) Evolution of the Bi,S; nanorod length distribution obtained at 160°C; (b) SEM image

of the ensemble of Bi,S; nanorods obtained at 180°C after 120 s reaction time, where the bimodal

nanorod length distribution is evident.

In the activated complex theory, the monomer incorporation/desorption into/from the
nanocrystal surface takes place through an energy barrier, which depends on the change of

surface free energy associated to the reaction:
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dA dA
Ey = Apleo + ay = Egoo + ay -

(1)

dA dA
Eq = Dees + Aptes — (1 — a)y% = Egeo — (1 — “)VE

)
Where E, and E, are the energy barriers for nanocrystal growth and dissolution, respectively;
Apco, 1s the complex activation energy associated to the incorporation of a monomer into an
infinite crystal; Au,, is the change of chemical potential between the free monomer in solution
and the monomer incorporated in an infinite crystal surface; E;., and Egq are the activation
energies for growth and dissolution of an infinite crystal; a is the transfer coefficient, which
determines the ratio of the barrier change with the variation of the surface chemical potential; y
is the specific surface energy; and dA/dn is the surface area variation with the incorporation of
monomer. In figure 6a a schematic representation of the energy levels and chemical potential
variations is shown.
The chemical potential change associated to the surface area variation when incorporating a

monomer in a lateral plane and in what we will refer as the basal planes of a cylindrical particle

are:
dAy dAy 2Y, Yr
Aur=de—m+Yrd—m=Vm(7+7) €)
dA, dA, 2V
Auz = Vzd_nz + Vr dn, = T (4)

here V,, is the molar volume and ¥,- and y, are the specific surface energies of the nanorod lateral

and basal planes, respectively.
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Figure 7. (a) Schematic representation of the chemical potential changes associated to the
incorporation of monomer from solution into the basal and lateral nanorod planes and into an infinite
crystal surface; (b) Radial growth rate for a 50 nm nanorod vs monomer concentration and nanorod
radius; (c) Radial growth rate vs nanorod radius and length in a solution containing 0.1 mol-m” of
monomer; (d) Axial growth rate vs nanorod radius and length in a solution containing 0.06 mol-m™ of
monomer; (¢) Axial growth rate for a 50 nm long nanorod vs nanorod radius and monomer concentration;
(f) Axial growth rate for a 5 nm thick nanorod vs nanorod length and monomer concentration. Growth

rates were calculated using the parameters detailed in the calculations section.
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Notice how the change of chemical potential associated to the nanorod growth on the radial
direction decreases with both, its length and radius. However, the change of chemical potential
associated to the nanorod growth in the longitudinal direction does not depend on its length, but
only on its radius, as there is no variation on the basal surface area with the axial growth.
Therefore, the axial growth is energetically favored over the radial one only while the
nanostructure aspect ratio is smaller than twice the ratio between the basal and lateral specific
surface energies. For larger aspect ratios, the energy toll paid to incorporate a monomer in the
lateral planes is lower than the required to incorporate a monomer in the basal planes, thus the

radial growth is energetically favored over the longitudinal one:

. Z _2Y,
>1if —<—=
Allr_g_l_l_ ro oy, 5
- - z 2
A:uz YTZ 2 k<1lf_>ﬁ
r Vr

Considering the surface free energies previously calculated for the bare basal and lateral
crystallographic planes,” a critical aspect ratio of 2.4 is obtained. However, it should be taken
into account that the intrinsic differential of surface free energies can be modified by the
presence of surfactants selectively adhered to specific crystal facets.” The higher aspect ratios
obtained for Bi,S; in the present and previous works may be explained by a more efficient
surfactant surface coverage of the lateral planes than the basal ones, lowering their surface free
energy ratio. Furthermore, the probable selective passivation of the lateral planes would reduce
the lateral reaction sites density, lowering its reaction rate.

The nanocrystal growth rate is obtained from the balance between the flux of monomer
incorporating and dissociating into/from each surface. It is considered here that the monomer
incorporation rate is first-order with the monomer concentration next to the nanorod surface (Cs),

while the dissolution rate is independent of Cs. Then, expressing the rate constants of the
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growth/dissolution reactions in the Arrhenius form and taking a = 0.5, the total flux of

monomer reacting/dissociating at the lateral surface becomes:

Ir = ]gr + Jar = znrz(csrkgr —kar)

2V 2y, 7
_zmz{c"kgre’(p[ ZRT( - )] kar ex p[ZRT( Z+7r>]}

(6)
where kg and kg, are the growth and dissolution rates at an infinite radial crystal surface, which
take into account the density of reaction sites.
The total monomer flux reacting at the lateral nanorod surface is related to the radius variation

by means of:

2nrz dr (7
Jr= o
Vi, dt

Then, considering a reaction-limited radial growth, in view of the very low radial reaction rates

experimentally obtained:

ar % N _ e 2, 1. ®)
= m {Cb gr eXp[ 2RT( 7)] ~ kar ex [ZRT( + r)]}

where the monomer concentration at the particle surface is considered equal to that in solution,
Ch.

In figure 6b and 6c¢, the radial growth rate vs the monomer concentration and the nanorod
dimensions is plotted. Growth rate values were obtained considering previously calculated
surface free energies and the reaction rates obtained from the fitting of the experimental results
reported here (Calculations section). Notice how the radial growth rate monotonically increases
with both the nanorod length and radius. Therefore, no thickness-distribution focusing exists.

Nanorods grow thicker at a faster rate the thicker and longer they get. At the same time, the
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radial growth rate monotonically decreases with the monomer concentration. Thus, a thickness-

and length-dependent critical concentration exists, at which rods start to laterally dissolve:

bor =y PR\ T 7

As expected, the thinnest and shortest nanorods start to laterally dissolve at higher
concentrations than the thickest and longest ones. Thus, at low enough monomer concentrations,
the lateral growth may enter into an Oswald-ripening regime. In this regime, the thinnest and
shortest nanorods laterally dissolve, releasing monomer into the solution, which is used by the
thickest and longest nanorods to continue growing.

On the other hand, considering a = 0.5, the flux of monomer reacting/dissociating at each

basal plane is:

Iz = ]gz + Jaz = 7-[rz(cszkgz — kaz)

[e%) erm 0 )/er
= nr {Cuaki exp || — ki oo [
(10)

which is related to its length variation by:

B nr? dz (1)
J2 = V, dt

Because at high monomer concentrations the nanoparticle growth in the axial direction takes
place at relatively high rates, the possibility of a diffusion-limited axial growth rate must be
considered. It is also assumed here that no redistribution of monomers takes place between
different nanocrystal surface planes; i.e. monomer reacting at the nanorod basal planes reach
them by diffusion from the solution and not by surface diffusion from the nanorod lateral planes.

In this scenario, the longitudinal growth rate is proportional to the monomer flux in the axial
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direction at the nanorod basal planes, which is related to the monomer concentration gradient by
Fick’s first law:

ac 12
], = nr?D P (12)
where D is the diffusivity constant of the monomer in solution.

Apparently, neither the monomer concentration gradient nor the monomer flux at the nanorod
basal planes depends on the nanorod length, z. However, they are explicitly influenced by its
thickness. In order to obtain an analytical solution, two related major approximations need to be
considered: 1) The monomer concentration is homogeneous across the whole basal plane. This is
a reasonable approximation because, while it is evident that the monomer concentration profile
and hence the thickness of its diffusion layer and the monomer flux have a radial distribution
across the basal plane, monomers will redistribute along the basal surfaces to result in a
homogeneous nanorod longitudinal growth, as experimentally observed. ii) The monomer flux in
the axial direction is constant through the whole diffusion layer. This approximation neglects
part of the dependence of the diffusion layer thickness on the nanorod radius. The consequences
of this omission will be qualitatively discussed below.

Under these approximations, the integration of eq. 12 through the whole diffusion layer of

average thickness 9,(r) results in an average value of the monomer flux reaching each basal plane

given by:
mr? (13)
Iz = 5 D(Cp — Csy)
z

Then, from eqs 10 and 13:

DCy + 6,kg,exp &R? (14)
CSZ - y
D+5§6 k°‘;exp[ rrR’?]

and from eq., 13 and 14:
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The longitudinal growth rate depends on the nanorod thickness in a similar way spherical
crystals do on their radius,’ except for the presence of §, instead of » in the denominator sum.
While the longitudinal growth rate does not apparently vary with the nanorod length, it does
depend on the thickness of the diffusion layer, §,, which is tied to the particle size in two ways:
1) Since there is a lateral diffusion of monomer inside the diffusion layer, the monomer
concentration profile at the nanorod basal planes varies with the nanorod thickness,. In this way,
the thickness of the diffusion layer increases with the nanorod radius; ii) The thickness of the
diffusion layer is strongly influenced by the relative solid-liquid velocity, i.e. the degree of

agitation of the system and the nanocrystal Brownian movement, which depends on its size.”® 37

For static nanoparticles in solution, very large stagnant layers could be maintained. However,
usually nanocrystals growth takes place in vigorously agitated and heated solutions. While
forced convection has a major role on the micro and macroscopic homogenization of the
solution, which is a key factor to obtain a homogeneous nucleation, Brownian motion controls
the mass transfer in solution at the nanometer scale. In this regime, and for spherical particles,
the dependence of the diffusion layer thickness on the particle volume was approximated by the

semitheoretical equation:’’

21/6 D2\ V® 175/34 Ve 5/12 (16)
0 =311\ 4, kT v

where V is the particle volume, v is the fluid viscosity and d and dj are the particle and fluid

densities, respectively. In the nanometer size range, the thickness of the diffusion layer was

found to be of the same order of magnitude as the particle dimensions and to vary almost linearly
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with the radius: §~r>/#. *” While this equation was obtained for spherical particles, a similar
dependence on the nanoparticle volume can be considered for nanorods. Then, taking into
account the dependence of the nanorod volume on its radius and length the following
dependence of the thickness of the diffusion layer on the nanorod geometrical parameters can be
assumed:

5 =ar?bzb (17)
with b~5/12

Then, we can rewrite eq 15 as:

o o 2y,-Y, 18
dz _ Cbkgz - kdzexp( ;/I?Tm) ( )
E_ makgo% 2b b YrVim

D "7 +exp(rRT)

In figure 6d, the growth rate in the axial direction vs r and z is plotted. Notice that the
dependence of the axial growth rate on the radius follows a similar trend as that obtained for
spherical nanoparticles. The longitudinal growth rate decreases with the nanorod thickness only
for thick enough nanorods, but monotonically with the nanorod length. Thus, for high enough
monomer concentrations, the nanorods length-distribution narrows with the reaction time. The
driving force behind such length-distribution focusing is the increase of the diffusion layer
thickness with the particle volume due to a slow down of the particle Brownian motion.
Although not considered in the equation, the nanorod axial growth also has associated an
increase of the diffusion layer thickness at the nanorod basal planes through the reduction of the
monomer lateral diffusion. This is a second way in which, at high enough monomer
concentration, the longitudinal growth rate decreases with the nanorod thickness.

As the reaction proceeds and nanocrystals coarsen, the solution becomes depleted of monomer.

At a critical monomer concentration:
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oo ke (ZVer> (19)
POz ke TRT

the axial growth enters into an Ostwald-ripening regime. Interestingly, the critical monomer
concentration for axial growth does not depend on the nanorod length but only on its thickness
(Figures 6e and 6f). Thus, the first nanorods starting to dissolve from their basal planes when the
monomer concentration is reduced are not the shortest ones, but the thinnest ones.

Comparing the critical monomer concentration for radial and axial growth, the critical aspect

ratio determining if the nanorod dissolution takes place first from the basal or lateral planes is

given by:
CbOz _ kdzkOo [ (]i _ %)] (20)
CbOr kdr RT Z

Considering the experimental growth rates and the approximated critical monomer

concentrations obtained for Bi,S; nanorods:
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%~3 (21)

Then, for all physically meaningful parameters and dimensions: Cpq, > Cpor , and thus
nanorods start to dissolve always from the basal planes, as experimentally observed. The nanorod
dissolution in the axial direction may continue feeding its radial growth in a particular case of
intraparticle Oswald ripening. While no evidences of intraparticle Oswald ripening were obtained
here, it is evident from the present study that the monomer released from the dissolution of the
smallest nanorods contributed to the growth of the larger ones in a classical interparticle Oswald-
ripening scenario.

Note finally that, for identical reaction rate ratios for growth and dissolution in infinite basal
and lateral surfaces, the critical nanorod aspect ratio determining the preferential dissolution
direction is the same that determines the energetically favored growth direction (Eq. 6). Large
enough aspect ratio nanorods start to dissolve at higher critical monomer concentrations from
their basal planes than from their lateral ones, but lower aspect ratio nanorods start to dissolve
first from their lateral surfaces.

In all cases, the dissolution rate increases when decreasing the length and/or radius of the
nanorod. Then, while the length-distribution focuses with the nanorod growth, it defocus with the
nanorod dissolution, as it was experimentally observed (Figure 3b).

The presented model explains most of the experimental trends observed for the size distribution
evolution not only of Bi,S; nanorods, but also of other asymmetric nanostructures, such as CdSe
nanorods,”' previously reported. However, the present model hardly explains the striking
experimental observation of the bimodal length distribution obtained for Bi,S; at the late reaction

stage. Because the critical monomer concentration for nanorod dissolution in the axial direction
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does not depend on its length, but only on its thickness, it is possible to imagine an ensemble of
nanorods with a particularly enough length and thickness distribution such that would evolve into
a bimodal length distribution. However, it would be difficult to explain how such a particular
combination of length and thickness distributions would have been obtained in first place. Thus,
an alternative mechanism outside the presented model may be required to understand the
evolution of the length distribution into bimodal. A possible explanation is the formation of
larger nanorods from the oriented attachment of the smaller ones. Such aggregation would
introduce the tilting point needed at the critical time to split the nanorod ensemble into two size
distributions. Nevertheless, no definitive evidence of such oriented attachment was

experimentally obtained.
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2.6 Conclusions

In summary, we detailed the evolution of an ensemble of colloidal Bi,S; nanorods. After
nucleation, Bi,S; nanorods grow in a length-distribution focusing regime until the monomer
concentration in solution is reduced to a critical value. At this critical temperature-dependent
reaction time, the system enters into an Ostwald-ripening growth regime where the smallest
nanorods start to axially dissolve to feed the growth of the largest ones. At this point, a clearly
differentiated bimodal length distribution appears. A diffusion-reaction model for the growth of
nanocrystals with cylindrical shape predicts the length-distribution focusing to be directed by the
nanorod thickness and the total volume of the particle. The much slower radial growth is not
subjected to a focusing mechanism. The model further predicts that the Ostwald ripening length

growth regime is controlled not by the nanorod length but by its thickness.
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Chapter 3

Extending the nanocrystal synthesis control to quaternary

compositions
o »®)
A v
P L

3.1 Abstract

The ample chemical and structural freedom of quaternary compounds permits engineering
materials that fulfill the requirements of a wide variety of applications. In this work, the
mechanisms to achieve unprecedented size, shape and composition control in quaternary
nanocrystals are detailed. The described procedure allows obtaining tetrahedral and penta-
tetrahedral quaternary nanocrystals with tuned size distributions and controlled compositions

from a plethora of I,-1I-1V-V14 semiconductors.
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3.2 Introduction

Colloidal synthesis routes have proven successful in obtaining elemental and binary nanocrystals
with controlled size and shape distributions. One step beyond that, the production of ternary and
quaternary nanocrystals with precisely controlled characteristics remains a challenge. Owing to
their recognized interest, significant efforts are currently underway to accomplish this step-
change in the potential of solution-processing methods to produce functional nanomaterials.
These efforts pay off with the strong added value that ternary and quaternary compositions bring
in.

The numerous possibilities for chemical substitutions and structural modifications in
quaternary materials allow significant range in tuning their fundamental chemical and physical
properties." For instance, compositional control in these quaternary semiconductors offers an
accessible method to tune their valence balance, thereby adjusting their Fermi level. This intrinsic
doping strategy to control the semiconductor electronic properties is especially interesting in the
bottom-up processing of nanomaterials, where the introduction of extrinsic dopants has not
proven significantly feasible. Such ample chemical and structural freedom, permits engineering
quaternary chalcogenides, potentially made of abundant and non-toxic elements, to fulfill the
requirements of a wide variety of applications. As an example, Cu,ZnSn(S,Se)s having a direct
band gap in the visible spectrum and a high absorption coefficient, has recently attracted much
attention in the field of photovoltaics as alternative absorber materials to CdTe and
Cu(In,Ga)Se,.”” On the other hand, some quaternary diamond-like chalcogenides has been
proven excellent thermoelectric materials because of their layered structures and intrinsically low

lattice thermal conductivities.®’ Quaternary I-II-IV-VI; semiconductors are also excellent
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candidates for non-linear optic applications.'® Furthermore, some of these compounds has been
very recently demonstrated to be topological insulators with large nontrivial band gaps.'"" '?

A few reports have already detailed successful preliminary synthesis procedures to obtain
particularly interesting quaternary nanostructured chalcogenides: Cu,ZnSnSs'* and
Cu,ZnSnSes.® However, the complexity of the thermodynamics and kinetics of nucleation and
growth of such complex structures has resulted up to now in irregular shapes and broad size
distributions. The very limited control over the size, geometry and composition of the
nanocrystals previously obtained precludes a systematic investigation of their fundamental
properties and limits their range of potential applications. Moreover, the synthesis of nanocrystals
of new potentially useful quaternary chalcogenides, e.g. Cu,CdGeSes and Cu,ZnGeSey, has not
yet been attempted.

In the present work, the mechanisms to achieve unprecedented size, shape and composition
control in quaternary ,-1I-IV-VI4 nanocrystals are detailed. While the presented procedures are
illustrated using Cu,CdSnSes nanocrystals as the prototypical system, this synthetic route is
proven successful for the production of a plethora of other quaternary chalcogenide nanoparticles.
Furthermore, in the present approach particular care was taken in designing a cost-effective and
up-scalable process to assure its relevance in a future industrial implementation. The potential for
large scale synthesis is demonstrated by producing grams of quaternary nanocrystals with

preserved exceptionally narrow size distributions and controlled morphologies.

3.3 Experimental

Synthesis. Metal complexes were prepared by dissolving the metal salts or oxides in
hexadecylamine (HDA, 90% Aldrich) in the presence of small amounts of alkylphosphonic acids

at 200 °C. In a typical synthesis for Cu,CdSnSes or Cu,CdGeSes, 0.50 mmol CuCl (97%,
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Aldrich), 0.25 mmol CdO (99.999%, Aldrich), 0.25 mmol SnCly-5H20 (98%, Across) or 0.5
mmol GeCl4 (99.9999%, Strem), 1-7 mM HDA, 0.1 mmol of n-octadecyl phosphonic (ODPA,
PCI Synthesis) acid and 10 ml octadecene (90%, Aldrich) were placed in a four-neck flask and
heated up to 200 °C under argon flow until all precursors were completely dissolved. The
resultant solution was maintained at 200 °C for one additional hour to ensure removal of water
and oxygen. At this point, the solution was heated up to the reaction temperature. Separately, a
0.8 M selenium solution was prepared under argon by dissolving selenium dioxide (99.8%,
Strem) in octadecene at 180 °C. 4 mL of the precursor Se solution were injected into the heated
solution containing the metal complexes. Subsequently to the injection, the solution dropped
around 30 °C and gradually recovered to the injection temperature. The solution was kept in this
temperature range for 5 min to allow the nanoparticles growth. Finally, the flask was rapidly
cooled down to room temperature. To prevent aggregation and ensure long-term solution
stability, the weakly bonded HDA on the nanoparticles surface was replaced with a carboxylic
acid by injecting 3 ml of oleic acid (OA, >99%, Aldrich) into the mixture during the cooling step
at about 70 °C. The nanoparticles were isolated from the crude solution by centrifugation at 4000
rpm. Further purification was performed by multiple precipitation and re-dispersion cycles using
chloroform as a solvent and 2-propanol as the precipitating agent. In the case of Cu,ZnSnSey, or
CuyZnSnSes, the same protocol was used with slight variations. To promote the incorporation of
zinc into the structure, the amount of ZnO (99.9%, Aldrich) was increased to 0.5 mmol. Besides,
0.1 mmol of a shorter phosphonic acid, n-tretradecylphosphonic acid (TDPA, PCI Synthesis) was
used, and the reaction temperature was increased to 295 °C.

The synthesis procedure was scaled up by the straightforward increase of the amounts of all

precursor, surfactant and solvent. Keeping the exact same concentration of each compound, the
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potential for nanocrystal production of the presented procedure was raised to the gram-per-batch
scale.

To quantitatively monitor the reaction process, aliquots were extracted at successive reaction
times after the precursor injection. Aliquots were rapidly cooled down to quench the nanocrystal
growth by dissolving them in toluene. The excess of unreacted precursors and surfactants from
the prepared nanocrystal solution was immediately removed by multiple precipitation-dispersion
steps using 2-propanol for precipitation and chloroform for re-dispersion.

Measurements. For XRD characterization, a Bruker D8 Advance diffractometer with Cu Kal
radiation (A = 1.5406 A) was used. Field emission scanning electron microscopy images used to
characterize the morphology of the resulting materials were obtained using a FEI Nova Nanosem
230.

For TEM and HRTEM characterization, samples were prepared by placing a drop of the
colloidal solution containing the nanoparticles onto a carbon coated copper grid at room
temperature and ambient atmosphere. TEM micrographs were obtained using Jeol 1010
microscope, operating at 80 kV. Images were digitally acquired using a MegaviewllIl scanning
CCD camera with a soft imaging system. The morphology and crystallographic structure of the
nanoparticles were further characterized with atomic resolution by means of HRTEM in a Jeol
2010F field emission gun microscope with a 0.19 nm point to point resolution. 3D atomic

15, 16

supercell modeling was performed by using the Rhodius software package, which allows

creating complex atomic models, including nanowire-like structures.'”"’
The materials chemical composition was analyzed both by EDX and EELS. Energy Dispersive
X-ray (EDX) spectroscopy analyses were performed on an Oxford INCA detector coupled to a

Jeol J2100 TEM microscope. In the case of electron energy loss spectroscopy (EELS) analyses,
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they were performed on a GATAN GIF 2001 detector coupled to a Jeol 2010F field emission

TEM microscope operated on scanning TEM (STEM) mode.

3.4 Results and Discussion

Quaternary nanocrystals were prepared by reacting metal-amine and metal-phosphonic acid
complexes with an excess of selenium. In a typical synthesis, 0.50 mmol CuCl, 0.25 mmol CdO,
0.25 mmol SnCls-5H,0, 1 mM HDA, 0.1 mmol of n-octadecyl phosphonic acid and 10 ml
octadecene were heated up to 200 °C under argon flow until all precursors were completely
dissolved. The resultant solution was maintained at 200 °C for one additional hour to ensure
removal of water and oxygen. At this point, the solution was heated up to 285 °C. Separately, a
0.8 M selenium solution was prepared under argon by dissolving selenium dioxide in octadecene
at 180 °C. 4 mL of the precursor Se solution were injected into the heated solution containing the
metal complexes. Subsequently to the injection, the solution dropped around 30 °C and gradually
recovered to the injection temperature. The solution was kept in this temperature range for 5 min
to allow the nanoparticles growth. Figure 1 shows the shape and size evolution of the obtained
nanocrystals. For this study, several aliquots were extracted from the reacting solution at different
times. At the very early stage of the nanocrystals growth, spherical nanoparticles with a narrow
size distribution were formed (Fig 1A). The crystallographic and chemical analysis of these
initially nucleated spherical nanoparticles revealed Cu,.<Se with the Berzelianite cubic structure
(JCPDS 01-088-2043; S.G.: Fm3-m).” During the first reaction minute, a progressive change of
the nanoparticles morphology, from spherical to tetrahedral, was observed (Figure 1B). The
spherical-to-tetrahedral geometry transformation was accompanied by the incorporation of the
group II and IV elements in the crystal structure. EDX and ICP measurements allowed following

the evolution of the nanoparticles composition with the reaction time (Figure 2). Sn ions clearly
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incorporated to the CCTSe structure at earlier reaction times and lower temperatures than Cd. Cd-
poor CCTSe with a stannite crystal structure (JCPDS 01-070-0831, S.G.: [-42m)*' was obtained
after 1 minute reaction. The stoichiometric composition was obtained after 2 minutes of reaction
time (Figure 2). Single particle HRTEM-EDX and EELS analysis® confirmed both, that all
nanoparticles contained all four elements and that the four elements were homogeneously
distributed within each nanocrystal. The different reaction kinetics of the I, II and IV elements
with Se, allowed adjusting the nanocrystals composition in a broad range by just controlling the

reaction time and the initial concentration of precursors in solution.

Normalized Counts

0 5 10 15 20 25
Size (nm)

Figure 1. A)-D) TEM images of the nanocrystals obtained at different reaction times at 285 °C: 10 s (A);
1 min (B); 2 min (C); 5 min (D). E) Size distribution histograms from the nanoparticles obtained after 10
s, 1 min and 5 min. F) SEM image of the Cu,CdSnSe4 nanocrystals obtained after 5 minutes at 285 °C.
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The presence of alkylphosphonic acids was observed to be critical in controlling the
nanoparticle composition. Alkylphosphonic acids are known to strongly interact with Cd*" and

—+ .
Zn*" jons to form complexes.”* %

These complexes allow a high degree of control over the size
and shape of II-VI semiconductors. With no phosphonic acid in solution, the composition of the
obtained I,-II-IV-VI; nanocrystals was generally deficient in the II ion. This experimental
observation points towards a higher reactivity of a II-alkylphosphonic acid than the equivalent

amine complex. For the quaternary chalcogenides produced here, the best results were obtained

in the presence of octadecyl or tetradecylphosphonic acids.

7/ 7
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Figure 2. Ternary diagram showing the evolution of the Cu,CdSnSe, nanocrystals composition with the

reaction time.

During the next few minutes of reaction, the tetrahedral quaternary nanocrystals grew into
highly monodisperse penta-tetrahedral nanoparticles (Figure 1C-F). A more detailed illustration
of the obtained penta-tetrahedron and their multiple orientations is shown in figure 3. In the same
figure, HRTEM images and atomic 3D models obtained by using the Rhodius software package
are displayed."> The four facets of the tetrahedrons correspond to the {112} family planes in the

CCTSe tetragonal (S.G.: [-42m) structure.’’ HRTEM characterization showed the five
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tetrahedrons composing the penta-tetrahedron to have crystallographic continuity. The size of the
crystal domains estimated from the fitting of the XRD patterns confirmed this result.

We believe the epitaxial growth of four additional tetrahedrons on the facets of a fifth one to be
the most probable mechanism of formation of such penta-tetrahedral nanocrystals. Owing to the
dilated time of nanocrystal growth, we believe the penta-tetrahedron growth was most probably
accompanied by the dissolution of the smallest tetrahedral crystals, in a classical Ostwald
ripening scenario. However, the possibility of an oriented attachment mechanism having a role
on the penta-tetrahedron formation cannot be ruled out from our experimental results. In this
regard, occasionally obtained polydispersed samples showed the coexistence of both, tetrahedral
and penta-tetrahedral nanoparticles, which could be understood as an intermediate state of the
nanoparticle self-assembling process. An animated movie showing the 3D atomic modelling of
the formation of these penta-tetrahedral nanostructures can be found elsewhere.”* Proof of the
quality of the final products yielded by this approach came from observations of spontaneous
self-assembly of the nanocrystals produced (Figures 1F). Best assemblies were obtained with
penta-tetrahedral particles, although the tetrahedral geometry has potentially higher packing

densities.
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LA-IV-VI,

Stannite

Figure 3. A) Crystal structure of the stannite Cu,CdSnSe, compound. B) Stannite penta-tetrahedron
model showing the organization and orientation of the 5-composing tetrahedron with crystallographic
continuity. An animated movie showing the 3D atomic modeling of the formation of these penta-
tetrahedral nanostructures can be found elsewhere.* C) HRTEM images and models of the Cu,CdSnSe,
stannite tetrahedron and penta-tetrahedron with different orientations. Scale bars = 10 nm.

Alkylamines were proven as the shape-directing ligands. The tetrahedral shape of the
nanoparticles obtained, with {112} terminated facets suggested a preferential binding of the
amine groups to these facets. Alkylamines were used to dissolve the metal salt or oxide, yielding
metal-amine complexes. For the materials produced in this work, the best results were obtained
using hexadecylamine (HDA) as the complexation agent. The concentration of alkylamines
played a key role in the thermodynamic control of the nanoparticle growth. In figure 4, TEM
images are shown of the CCTSe nanocrystals obtained with different amine concentrations in
solution. The products obtained after two different reaction times were analyzed to illustrate the
amine influence on the size distribution of both, the initially formed tetrahedrons (figure 4A) and

the final penta-tetrahedral (figure 4B) nanoparticles. In figures 4C and 4D, the size distribution
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histograms obtained from the measurement of several hundreds of tetrahedral and penta-
tetrahedral particles are displayed. Particle size distributions with no more than 5% dispersions
were systematically obtained. The square of the average particle size obtained from the statistical
analysis of these results was plotted as a function of the inverse of the amine concentration in
figure 4E. A lineal dependence of the average tetrahedral nanoparticle surface area with the
inverse of the HDA concentration was experimentally obtained. This lineal dependence was
preserved for the pentatetrahedral particles. These experimental observations illustrate the
important role of HDA in dynamically controlling the thermodynamic equilibrium existing
between the ions at the particle surface and those in solution. An increase of the alkylamine
concentration in solution allows a more efficient surface coverage of smaller nanoparticles, thus
reducing their total surface energy. Then, higher alkylamine concentrations shift the equilibrium
of chemical potentials towards the stabilization of nanoparticle ensembles with reduced average
sizes. In this way, the amount of HDA added to the solution allowed an effective control of the
nanoparticle size in the range from 5 to 20 nm for the tetrahedral particles, and from 10 to 30 nm

for the pentatetrahedral ones.
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Figure 4. A) - B) TEM images of the tetrahedral (A) and penta- tetrahedral (B) Cu,CdSnSe, nanocrystals
obtained at 285 °C using different concentrations of hexadecylamine: from 1 mM to 7 mM. C) — D) Size
distribution of the tetrahedral (C) and penta- tetrahedral (D) nanocrystals displayed in (A) and (B). E)

Estimated average surface area per particle as a function of the hexadecylamine concentration.
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Figure 5. TEM images of the Cu,CdSnSe, nanocrystals obtained at different reaction temperatures, 265,
275 and 285 °C, from left to right. Top (bottom) images correspond to the nanocrystals obtained using 2
mM (5 mM) of hexadecylamine in solution.

While the nanoparticle shape and size was in part thermodynamically controlled by the
presence of alkylamines, the nucleation kinetics also played an important role in determining the
size of the final nanoparticles produced. Figure 5 displays TEM images of the nanocrystals
obtained at different reaction temperatures and at two different amine concentrations in solution.
These experimental results demonstrate that a reduction of the precursor injection temperature
resulted in an increase of the particle size. This expected observation can be explained by the
reduction of the number of nucleation events taking place at lower temperatures. The reduction of
the nucleus concentration directly translates into higher amounts of monomer per particle, which
results in an extension of the crystal growth regime.

To demonstrate the versatility of the presented procedure to obtain different I,-I1I-IV-VI4

nanocrystals with narrow size and shape distributions, nanoparticles with the quaternary
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compositions CupZnSnSey, CuZnGeSe, and Cu,CdGeSey were produced. Figure 6 shows TEM
micrograph and XRD patterns of the nanoparticles obtained by the presented synthetic procedure.
To probe the potential of the presented procedure for the large-scale production of highly
monodisperse nanocrystals, figure 6D displays a TEM image of the CCTSe nanoparticles
obtained in a gram-per-batch scale. The inset shows the nanopowder obtained after drying the

CCTSe nanocrystals produced in a scaled-up batch.
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Figure 6. TEM images and XRD patterns of Cu,ZnSnSey, Cu,ZnGeSe,, Cu,CdGeSe,, and Cu,CdSnSe,
nanocrystals obtained by the synthesis procedure detailed in the present work. The TEM image of
Cu,CdSnSe, nanocrystals corresponds to the nanoparticles obtained from a gram-scale synthesis. An inset

shows the Cu,CdSnSe4 nanopowder obtained from the scaled-up synthesis procedure.
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3.5 Conclusions

In summary, the preparation of quaternary nanocrystals with an unprecedented control over
their size, shape and composition was demonstrated. The detailed procedure allowed obtaining
tetrahedral and penta-tetrahedral I,-II-IV-VI; nanocrystals with narrow size distributions. The
average particle size could be tuned in the range from 5 to 30 nm by two independent parameters:
i) the concentration of amine in solution; and ii) the nucleation temperature. The different
reaction kinetics of the various elements composing the nanocrystal allowed adjusting the
nanocrystals composition by controlling the reaction time and the precursors’ concentrations. In
this regard, the formation of metal-alkylphosphonic acids was considered key to reach the
stoichiometric compositions. At the same time, alkylamines were shown to be valid capping
agents to thermodynamically control the morphology and size of such complex quaternary
structures. The potential of the detailed procedure was illustrated using Cu,CdSnSe4 as the
prototypical system. However, similar reaction conditions and synthetic parameters allowed
producing other I,-II-IV-VI; nanocrystals with tight size and shape distributions. The
unprecedented degree of control over the size and shape of the obtained quaternary nanocrystals
will facilitate systematic investigations of the relationship between their performance and the
underlying nanometric processes. It will also open a broad avenue for new applications of

quaternary materials with precisely tuned functional properties.
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Chapter 4

Composition control and Thermoelectric Properties of

Quaternary Chalcogenide Nanocrystals: The Case of
Stannite Cu,CdSnSe,

4.1 Abstract

A high-yield and upscalable colloidal synthesis route for the production of quaternary I,-II-IV-
V14 nanocrystals, and particularly stannite Cu,xCd;<SnSes, with narrow size distribution and
precisely controlled composition is presented. It is also shown here how the diversity of valences
in the constituent elements allows an effective control of their electrical conductivity through the
adjustment of the cation ratios. At the same time, while the crystallographic complexity of
quaternary chalcogenides is associated with intrinsically low thermal conductivities, the reduction

of the lattice dimensions to the nanoscale further reduces the materials thermal conductivity. In
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the specific case of the stannite crystal structure, a convenient slab distribution of the valence
band maximum states permits a partial decoupling of the p-type electrical conductivity from both
the Seebeck coefficient and the thermal conductivity. Combining these features, we demonstrate
how an initial optimization of the nanocrystals Cd:Cu ratio allowed us to obtain low-temperature

solution-processed materials with ZT values up to 0.71 at 685 K.

4.2 Introduction

Thermoelectrics, allowing the solid-state conversion between thermal and electrical energy,
have long been considered a very attractive technology for cooling and waste heat recovery.
However, the low conversion efficiencies of actual thermoelectric devices have prevented them
from entering in most of their potential application markets. Over the last 15 years, advances in
the fields of materials science and nanotechnology have restored an intense interest for such an
energy conversion technology. Today’s main strategy to produce materials with high
thermoelectric figures of merit is to trigger phonon scattering at multiple length scales without
disturbing the charge carrier transport.'” The goal is to minimize the lattice thermal conductivity
in highly electrically conductive materials; the so-called electron-crystal phonon-glass paradigm.
This strategy is implemented by two main approaches: 1) the scattering of phonons at the atomic
length scale by the synthesis of complex crystal phases that include 1D phonon scattering centers,
such as vacancies or rattling atoms,® and/or 2D layered crystallographic structures;’ ii) the
scattering of phonons at the 1-100 nm scale by reducing the crystal domain dimensions to the
nanoscale.” An additional advantage of the confinement of the lattice dimensions to the
nanometer scale is the potential decoupling of the Seebeck coefficient from electrical
conductivity.'” ' In this regard, the increase of the electronic density of states near the Fermi

level in quantum confined nanostructures have been predicted to enhance the Seebeck
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coefficient.” '* 1> At the same time, energy filtering at nanocrystal interfaces may further enhance
the thermopower of nanostructured material by selectively scattering low energy charge
carriers.'*"”

In this scenario, colloidal synthesis routes are particularly well suited for the production of
thermoelectric materials. Solution-processing methods have a high potential for the production of
low-cost, high-yield, large-scale, high-output and shape-adaptable devices. Moreover, bottom-up
approaches allow to directly obtain materials with reduced crystal domain size and controlled
geometry.'*?® In this regard, while the fabrication of solar cells from solution-processed
semiconductors generally has the downside of requiring a thermal treatment to crystallize the
absorbent layers, the huge interface densities of the solution-processed nanocrystalline materials
represent an advantage in the thermoelectrics field.*'

Some quaternary chalcogenides and in particular I,-1I-IV-VI; adamantines have the required
attributes to be potentially excellent thermoelectric materials. Not only the complex structures of
these quaternary compounds are associated with intrinsically low thermal conductivities, but also
their different cationic valences provide a means of controlling their Fermi level by adjusting
their cation ratios.”**® Besides, some L-II-IV-VI; adamantines crystallizing in the stannite phase
are characterized by a convenient structure layering, which allows decoupling the electrical
conductivity from both the thermal conductivity and the Seebeck coefficient.”* *° This is the same
motivation behind the use of Zintl compounds as thermoelectric materials.*

We present here a novel colloidal synthetic route to prepare quaternary I,-I1I-IV-VI4 adamantine
nanocrystals, with unprecedented narrow size distributions and exceptional control over their

composition. We took particular care in designing a scalable process to assure its relevance in a

future industrial implementation. The synthetic route presented here was used for the preparation
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of several grams of nanocrystals of the quaternary chalcogenide Cu,.xCd;SnSes (CCTSe),
which is a p-type semiconductor with a 0.98 ¢V band gap and crystallizes in the stannite phase.**
312431

The results from the characterization of the electrical and thermoelectric properties of these

materials are also presented here.

4.3 Experimental Section

Chemicals. Copper (I) chloride (reagent grade, 97%), Cadmium Oxide (99.999%), 1-
octadecene (ODE, 90%), oleic acid (OA, tech. 90%), hexadecylamine (HDA, tech. 90%) and
tetrachloroethylene (TCE, spectrophotometric grade, 99%) were purchased from Aldrich. Tin
(IV) chloride pentahydrate (98%) was purchased from Across. Selenium (IV) oxide (99.8%) was
purchased from Strem. n-Octadecylphosphonic acid was purchased from PCI Synthesis.
Chloroform, isopropanol and ethanol were of analytical grade and obtained from various sources.

All chemicals were used as received without further purification.

All syntheses were carried out using standard airless techniques: a vacuum/dry argon gas
Schlenk line was used for the synthesis and an argon glove-box for storing and handling air and

moisture-sensitive chemicals.

Synthesis of Cu,CdSnSey; NCs. Copper (I) chloride (50 mg, 0.5 mmol), Cadmium oxide (33
mg, 0.25mmol), Tin (IV) chloride pentahydrate (88mg, 0.25 mmol), hexadecylamine (1230 mg,
SmM), n-Octadecylphosphonic acid (33mg, 0.Immol) were dissolved in 10 ml ODE. The
solution was heated under argon flow to 200 °C and maintained at this temperature during 1h to
remove water and other low-boiling point impurities. Afterwards, the mixture was heated to the
reaction temperature (285 °C). The selenium solution was obtained by dissolving selenium (IV)

oxide in 1-octadecene under argon atmosphere at 180 °C. The selenium solution (4 mL, 3 mM)
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was rapidly injected through a septum into the reaction flask. Following the injection, the
temperature dropped to around 260 °C and then slowly recovered to 285 °C. The solution was
kept at a temperature between 260 and 285 °C for 5 min and then quickly cooled down. The
formation of CCTSe could be qualitatively followed by the color change of the mixture from an
initial light yellow to green and eventually black color of the solution containing the CCTSe
nanocrystals. 3 mL of oleic acid were added to the mixture during the cooling at ~70 °C to
replace the weakly bonded HDA. The crude solution was mixed with 10 ml of chloroform and
sonicated at 50 °C for 5 minutes. The CCTSe nanoparticles were isolated by centrifugation at
4000 rpm during 5 minutes. The black precipitate was redispersed in chloroform (~20 ml) and
sonicated again at 50 °C for 5 minutes. . Then the product was additionally precipitated by adding
isopropanol (~10 ml) and centrifuging. The nanocrystals were redispered in chloroform (~5 ml)

and stored in an Ar filled glove-box.

The same synthesis procedure was scaled up for the production of a few grams of
nanoparticles. In the scaled-up synthesis, 6 times larger amounts of all precursor, surfactant and
solvent were used. Washed nanocrystals were dried out from solution under argon atmosphere.
Afterward, the nanocrystals were heated to 500 °C for 2 hours under an Ar flow inside a tube
furnace. The material resulting from few scaled-up syntheses was pressed into pellets under a
load of 5 tons at room temperature (13 mm diameter; 2 mm thickness). The density obtained by

this methods was close to 85%.

Thermoelectric Characterization. The samples used to measure the electrical conductivity and
the Seebeck coefficient were rectangular parallelepipeds of about 10x12x1 mm®. The Seebeck
coefficient was measured by using a static DC method. Electrical resistivity data were obtained

by a standard four-probe method. Both Seebeck coefficient and electrical resistivity were
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measured simultaneously in a LSR-3 LINSEIS system in the range between room temperature up

to 700 K, under helium atmosphere.

For thermal conductivity measurements, two pellets (13 mm in diameter and 2 mm thick) were
used. Thermal conductivity was measured by means of the transient plane source method (TPS),
using a Hot Disk Thermal Constants Analyzer system, in the range between room temperature up

to 700 K, under N, atmosphere.

Computational details. For the ab initio calculations, we used the SIESTA™ code which
combines density functional theory (DFT), normconserving pseudopotentials, and local basis set
functions. We used the generalized gradient approximations (GGA) with the Perdew, Burke, and
Ernzerhof (PBE) parameterization.®® For all the atoms, double € local basis set with polarization
was used. Well converged densities of states and orbital distributions were obtained with a real
space mesh cut-off of 250 Ryd and Monkhorst—Pack sets larger than 5 x 5 x 3. Experimental
HRTEM lattice parameters were used to build all crystal models. Atomic positions were
determined by performing structural relaxations using conjugate gradient minimization of the
energy, until the forces on all the atoms were smaller than 0.04 ¢V A™. In the relaxation of the
models, lattice dimensions were kept constant (in accordance with the experimental values) and
no constraints were imposed on the atomic positions within the supercell.

To model the Cu substitution in the Cd sites of Cu,xCd;xSnSe4, a 2 X 1 x 2 supercell based on
the unit cell of the stannite structure was constructed. Such a supercell contained 8 Cd atoms,
which allowed us to study different substitution degrees, ranging from x = 0 to x = 1 in steps of
Ax = 0.125. In order to rule out any influence of the different substitution localization, up to four
different configurations were considered at each x value, when possible. Additionally, to discard

any artifact related to the limitations of DFT concerning the energy band gap, the displacement of
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the Fermi level was measured with respect two different features of the band structure: the

valence band maximum (VBM) and the conduction band minimum (CBM).

4.4 Results and Discussion

Figure 1 shows representative TEM and SEM images of the obtained nanocrystals. The synthesis
procedure here detailed yielded CCTSe nanocrystals with very narrow size distributions, which
easily self-assembled in 2D superlattices when supported on carbon grids or silicon substrates for
TEM or SEM characterization. The average size of the nanoparticles shown in figure 1 was 15 +
2 nm (inset Fig. 1). The good control on the particle size achieved by this synthetic route allowed
us to obtain nanocrystals with similar sizes for all the compositions tested in the present work. In
this way, we can presume that the influence of the crystal domain size on the thermoelectric

characteristics will be similar for all the materials here analyzed.
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Figure 1. Representative TEM and SEM images of the CCTSe nanocrystals obtained after 5 minutes of

reaction at 285 °C. Inset shows a histogram of the nanoparticles size distribution.

Figure 2 resumes the results obtained from the HRTEM, EDX, XRD and UV-vis
characterization of the nanocrystals obtained at different growth times. These set of
characterization techniques revealed the compositional evolution of the nanoparticles with the
reaction time: upon injection, Cu, Se spherical nanocrystals with the Berzelianite cubic structure
(JCPDS 01-088-2043; S.G.: Fm3-m)* rapidly nucleated as shown by XRD, HRTEM and the
characteristic plasmon observed in the UV-vis spectra (Figure 2A-D and 2I). The high amounts
of selenium detected by the EDX analysis were attributed to the presence of complexes of this

element on the surface of the nanocrystals (Figure 2D). It should be pointed out here, that the
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purification of these first-formed Cu,4Se nanocrystals was not an easy task due to the large
amount of unreacted complexes covering the nanoparticles.

During the first few minutes of reaction, Sn and Cd ions gradually entered into the nanocrystal
structure, extending the unit cell along the c-axis into the double supercell characteristic of the
stannite structure (JCPDS 01-070-0831, S.G.: I-42m, Figure 2G).** After 5 minutes of reaction at
285 °C, the obtained nanoparticles already had the stoichiometric chemical composition:
Cu,CdSnSes (Figure 2E-H). Inductively Coupled Plasma-Atomic Emission Spectroscopy
analysis confirmed these results. Single particle EDX and EELS analysis confirmed all the
elements to be homogeneously distributed within each particle and showed no compositional

variation from particle to particle within each sample (Figure 2J).
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Figure 2. TEM and HRTEM images, XRD patterns and EDX spectra of the nanocrystals obtained after
10 s reaction time (A)-(D) and 5 minutes of reaction at 285 °C (E)-(H). I) UV-vis spectra of the
nanocrystals obtained after 10 s and after 5 minutes reaction time at 285 °C. Notice the plasmon peak in
the UV-vis spectra of the nanoparticles obtained after 10 s reaction time, which can be identified with that
of Cu,Se.*® I) Ternary diagram showing the typical distribution of single particle compositions obtained

after 5 minute reaction time at 285 °C.
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Figure 3. Ternary diagrams of the composition of the nanocrystals obtained after 5 min reaction times

at different reaction temperatures (A) and at 285 °C using different Cd precursor concentration (B)

Lower reaction temperatures extended the time spread needed for the complete incorporation of
Cd and Sn ions inside the CCTSe crystal structure. Thus, at a fixed reaction time, the evolution of
the nanoparticles composition with the reaction temperature followed a trend parallel to that
observed when varying the reaction time at a fixed temperature. Figure 3 shows a ternary
diagram with the nanocrystals composition obtained after 5 minutes of reaction at different
temperatures. Sn ions clearly incorporated to the CCTSe structure at earlier reaction times and
lower temperatures than Cd. After 5 minutes of reaction time, the Sn incorporation was
completed at 265 °C and above. Temperatures below 250 °C were not sufficient to promote either
the Sn or Cd inclusion into the lattice, thus Cu,Se nanoparticles were consistently obtained at all
reaction times. The complete incorporation of the appropriate amount of Cd required
temperatures above 280 °C. It should be pointed out that in the presence of HDA as the unique
surfactant, it was not possible to reach the Cu,CdSnSes composition, with the maximum

concentration of Cd introduced 20 % below the stoichiometric values were obtained:
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Cu,,CdpgSnSey. Conveniently, we found out that the presence of alkylphosphonic acids
significantly promoted the Cd incorporation into the lattice. The best results were obtained when
introducing 0.1 mmol of ODPA into the initial reaction solution.

The different reaction kinetics of Cu, Sn and Cd with Se allowed us to adjust the nanoparticle
composition inside a relatively wide range by tuning the precursors concentration, the amount of
ODPA and the reaction time and temperature. The synthetic procedure reported here was easily
up-scalable, while conserving the compositional control and excellent size and shape
distributions. At the same time, the high yield of the procedure allowed an efficient production of

the relatively large amounts of nanoparticles required for their proper characterization.
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Figure 4. XRD patterns of a Cu,CdSnSe, sample before (bottom pattern) and after (top pattern) the
thermal treatment at 500 °C during 2 h in an Ar flow. The fitting of the pattern allowed calculating an
increase of the crystal domain size by a factor 1.8, from 16 nm to 29 nm. Inset shows the black powder

obtained after cleaning and drying the nanocrystals and one of the pellets measured.
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For thermoelectric characterization, roughly 5 grams of nanoparticles of each composition
tested were prepared. The nanocrystals were thoroughly washed by multiple precipitation and re-
dispersion steps, until they were not soluble anymore. The cleaned and dried nanoparticles were
pressed into 13 mm pellets by applying 5 tons of force with a hydraulic press (Inset Figure 4).
Then the materials were heated to 500 °C in an N, flow atmosphere and maintained at this
temperature for 2 hours to remove all the remaining organics. The concentration of residual
carbon in the final materials was less than 1 %, as determined by elemental analysis. During this
thermal treatment, the crystal domain size typically increased a factor 1.8, from 16 to 29 nm, but
no change of crystallographic structure or composition was caused as observed by XRD and
EDX (Figure 4). Figure 5A and 5B shows the XRD and Raman spectra of the pellets obtained
from pressing and sintering at 500 °C materials with different composition. No new crystal phase
was noticed after sintering. When replacing Cd by Cu, the XRD peaks clearly shifted in
accordance with the change of the lattice parameters (Figure 5C). This shift was maintained after
the sintering treatment and no phase segregation was observed. Notice also how the multiple
peaks at around 44 and 52 degrees, characteristic of the stannite structure, fused into the single
peak of the spharelite Cu,SnSe; when reducing the Cd concentration within the nanoparticles. At
the same time, the Raman spectrum characteristic of the CCTS structure gradually evolved into
that of Cu,SnSe;. No secondary phases could be detected either by Raman spectroscopy.
However, at temperatures above 550 °C, some of the materials with higher degrees of Cd by Cu
substitution were not stable and segregated into CCTSe and Cu,Se phases. Therefore the
thermoelectric characterization of the materials was limited to the temperature range extending
from room temperature to 450 °C. The shape and size distribution of the nanocrystals having

different compositions did not significantly change as appreciated in figure 5D.
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Figure 5. XRD patterns (A) and Raman spectra (B) of the annealed (500 °C, 2h, Ar flow) Cu,+Cd,.
SnSey nanocrystals with 0<x<1. C) Lattice parameters calculated from the fitting of the XRD patterns

considering a tetragonal structure for all the compositions [Cd]>0. D) Representative TEM images of the

characterized materials.

Figure 6 shows the electrical conductivity, Seebeck coefficient, thermal conductivity, and
thermoelectric figure of merit (ZT=S?6T/«) of a series of 4 CCTSe samples having similar
particle size but different compositions. The relatively high electrical conductivities obtained
from the thermally treated samples pointed toward the complete removal of surfactants. The

electrical conductivity increased with the Cu concentration from Cu,CdSnSes to
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Cu,,15Cdo35SnSe; 9 (Figure 6A). Our experimental evidence suggests that higher levels of Cd by
Cu substitution did not further improve the electrical conductivity, as shown for the

Cu,3Cdy7SnSes g sample.

As expected, the Seebeck coefficient followed an opposite trend to that obtained for the
electrical conductivity, as it decreased with the Cu content for the whole measured range (Figure
6B). In figure 6C, the thermal conductivity is plotted as a function of the temperature for the
same series of 4 samples. Remarkably, the thermal conductivity of all the materials tested was
exceptionally low. Both the intrinsic complexity of the crystallographic structure and the large
density of crystallographic interfaces contributed to an efficient phonon scattering. The thermal
conductivity further decreased with the levels of Cd by Cu substitution from Cu,CdSnSe, to

Cu,05Cdo95sSnSe4 and to Cuy,15Cdy gsSnSes o, but it increased with higher substitution levels.
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Figure 6. Electrical conductivity (A), Seebeck coefficient (B), thermal conductivity (C) and figure of
merit (D) of nanocrystals with the following compositions: Cu,CdSnSe, (squares), Cu,sCdgosSnSey

(circles), Cuy 15Cdy gsSnSe, (triangles), Cu, 3Cdy ;SnSes 7 (inverted triangles).
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Figure 6D shows the calculated dependence of the figure of merit with the temperature. In the
range tested, ZT values were observed to continuously increase with the temperature. The
maximum ZT value was obtained with Cu,,15Cdj 35sSnSes 9 nanoparticles. This material reached a
ZT up to 0.71 at 685 K. In a previous characterization of this material in bulk form electrical
conductivities a factor 2 higher were obtained.”* At the same time, slightly higher Seebeck
coefficients were measured for these materials. However the thermal conductivities obtained with
the nanocrystalline materials here characterized are a factor 2.5 lower, what finally equilibrates
the ZT values obtained for this material in bulk and nanocrystalline forms. Notice that a
systematic optimization was not carried out here in attempt to maximize the ZT value. We
strongly believe the nanocrystal parameters can be further optimized to obtain even larger figures
of merit. It should be also pointed out here, that the pellets obtained had relatively low densities
of the order or an 85 %. A further densification of the material by means of hot pressing or other
sintering techniques could yield improved electrical conductivities and possibly higher Seebeck
coefficients, while thermal conductivities could remain low due to the high density of interfaces.

Ab initio density of states calculations were performed for our materials to clarify the
mechanisms behind the wvariation of the thermoelectric properties with the nanocrystal
composition. In order to rule out any influence of the different substitution localization, up to four
different configurations were considered at each x value. Additionally, to discard any artifact
related to the limitations of density functional theory (DFT) concerning the energy band gap, the
displacement of the Fermi level was measured with respect two different features of the band
structure: the valence band maximum (VBM) and the conduction band minimum (CBM). Our
density of states calculations consistently revealed a gradual downshift of the Fermi level towards

the valence band when replacing Cd by Cu ions (figure 7). The Fermi level shift reached up to
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0.3 eV, clearly entering inside the CCTSe valence band at high substitution levels. In contrast, the
variation of the band gap with the ion replacement obtained from our calculations was very small
(Figure 7D). Different substitution configurations or measurement references did not vary
significantly any of these conclusions
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Figure 7. A) Total density of states for Cu,CdSnSey, Cu,sCdysSnSe, and Cu;SnSey. The scissors
operator was applied in all graphics to match with the experimental band gap of 0.96 eV. B) Original
configuration (Cu,CdSnSes) and two different possible configurations for x=0.25 (Cu,,5Cdg75SnSe,).
Arrows point at the substituted ions. C) Fermi level shift with the level of Cd by Cu substitution. Crosses
and circles show the Fermi level shift calculated from the valence band maximum and the conduction
band minimum, respectively. Different localizations of the substituted ions were considered. D) Variation

of the band gap energy with the level of Cd by Cu substitution.

The compositional control in ternary and quaternary semiconductors thus offers an accessible
method to tune their valence balance and adjust their Fermi level. This intrinsic doping strategy
to control the semiconductor electronic properties is especially interesting in the bottom-up

processing of nanocrystals, where the introduction of extrinsic dopants is hardly feasible.
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However, a limit exist on the amount of Cd(II) ions that can be substituted by Cu(I) without
modifying the Sn and Se content in CCTS nanoparticles. When significantly increasing the
Cu/Cd ratio, a decrease of the selenium concentration within the nanoparticles was consistently
obtained. These selenium vacancies balanced the valences of the nanocrystal’s constituent
elements. It is also possible that some of the Cd ions were replaced not by Cu but by Sn ions, thus
capturing two of the holes.

Therefore, the initial correlation between the increase of the electrical conductivity and the
copper concentration obtained in CZTSe nanocrystals was associated to an intrinsic doping effect
caused by the substitution of Cd(II) by Cu(I). On the other hand, the saturation of the electrical
conductivities obtained at high substitution levels needs to be attributed to the charge

compensation by the creation of Se vacancies and/or Cd by Sn substitution.
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Figure 8. A) Total density of states and projected densities corresponding to the different elements
within the Cu,CdSnSe; compound. B) Localization of the orbitals contributing to the valence band

maximum. C) Localization of the orbitals contributing to the conduction band minimum.

118



In figure 8A, the contribution of each element to the total CCTSe density of states is shown.
The main contribution to the VBM comes from Cu. Figures 8B and 8C show the localization of
the states contributing to the VBM and those contributing to the CBM, respectively. Notice how,
in such a quaternary crystal structure, the states contributing to the electrical conductivity are
strongly localized in Cu-Se slabs (hybridization of Cu3d Se4p orbitals). On the other hand, Cd
and Sn introduce deep levels inside the valence band, thus not contributing to the electrical
conductivity. Therefore, CCTSe may be regarded as composed of tetrahedral [Cu,-Seq]
electrically conductive slabs separated by tetrahedral [Cd-Sn-Se4] electrically insulating slabs.**
The localization of the conductive bands in slabs preserves the hole mobilities from being
influenced by the crystal structure complexity, thus permitting the concurrence of relatively low
thermal conductivities and high electrical conductivities. At the same time, the states contributing
to the CBM, mostly associated to Se, are distributed across the whole unit cell. Hence, electron
mobilities are potentially perturbed by the whole cell complexity. Such differential influence of
the crystal structure on each charge carrier type should result in relatively high hole-to-electron
mobility ratios, which partially explains the material’s high Seebeck coefficient.

Conveniently, the disorder introduced when substituting Cd by Cu ions localizes in the non-
conducting Cd-Sn slabs. Thus a partial substitution of Cd by Cu should not significantly perturb
the hole mobility. However, large substitution levels may have the contrary effect. Excess
amounts of Cu could extent the conducting slabs through the whole unit cell and reduce the
average hole mobilities.

On the other hand, the disorder introduced by a small level of Cd by Cu substitution increases
the phonon scattering and consequently decreases the material’s thermal conductivity. The

decrease of thermal conductivity correlated with the increase of the Cu concentration
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experimentally obtained in the series of samples here studied needs to be attributed to this effect.
However, large degrees of substitution result in a homogenization of the slab composition,
removing structural complexity and phonon scattering centers, thus increasing the materials

thermal conductivity, as observed for the sample with a higher degree of substitution.
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Figure 9. HRTEM images and power spectrum analysis of Cu,CdSnSe, (left) and Cu,,Cd,,SnSes;
(right) nanocrystals. Note the alternation of lines of spots with different brightness obtained from the

Cu,CdSnSe, superstructure, which are not perceptible with the Cu,,Cdy,SnSes; 3 compound.

This change of the structural disorder with the Cd-to-Cu ratio is clearly seen by HRTEM
characterization of nanocrystals with extreme levels of Cd by Cu substitution. Figure 9 shows the
HRTEM images of a Cu,CdSnSes nanocrystal and that of a nanocrystal with a composition:
Cu,,Cdy,SnSes 3. Brighter and dimmer lines of spots were clearly seen from HRTEM images of
Cu,CdSnSe4 nanocrystals. Their power spectrum showed the presence of a bright spot on the

(002) corresponding frequency, unequivocally revealing the formation of the superstructure with
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two distinguished tetrahedral units in the c-axis: [Cu,Ses] and [SnCdSe4]. On the other hand, in
the Cu,,Cd,SnSe; 3 nanocrystals, the superstructure and the revealing (002) plane frequency
were vanished and no difference of spot contrast in the c-axis were observed, demonstrating the

intermixing of the different elements in the tetrahedral units.

4.5 Conclusions

In summary, CCTSe nanocrystals with narrow size and shape distributions and controlled
compositions were prepared by means of a high-yield and easily up-scalable colloidal synthesis
route. Because of their structural complexity and many degrees of freedom, these quaternary
chalcogenides have an extraordinary potential for thermoelectric energy conversion. By adjusting
the Cu-to-Cd ratio, the electrical conductivity of the prepared materials could be increased, while
its thermal conductivity was simultaneously reduced. Even with a coarse initial parameter
screening for the best thermoelectric properties, we already obtained materials with ZT values up
to 0.71. We believe a more systematic optimization of the material parameters may increase their

ZT significantly further.
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Chapter 5

Cup,ZnGeSe4 Nanocrystals: Synthesis and

Thermoelectric Properties
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5.1 Abstract

A synthetic route to produce Cu,ZnGeSes nanocrystals with narrow size distributions and
controlled composition is presented. These nanocrystals were used to produce densely packed
nanomaterials by hot-pressing. From the characterization of the thermoelectric properties of these
nanomaterials, Cu,ZnGeSe, is demonstrated to show excellent thermoelectric properties. A very
preliminary adjustment of the nanocrystals composition has already reached a figure of merit up

to 0.55 at 450 C.
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5.2 Introduction

The ample chemical and structural freedom of quaternary diamond-like chalcogenides allows
their use in multiple applications, such as photovoltaics,"* ? non-linear optics,” thermoelectrics*®
and even as topological insulators, as recently demonstrated.”” ® In particular, in the field of
photovoltaics, copper-based quaternary diamond-like semiconductors of the family L-1I-IV-VIy
have recently gained a great deal of attention as alternative absorber materials to CdTe and
Cu(In,Ga)Se,. The possibility to engineer quaternary semiconductors made of relatively low cost,
abundant and non-toxic elements having an optimum direct band gap has drawn a high interest in
the preparation and characterization of these class of materials, and particularly

CuZnSn(S,Se)s. %10

On the other hand, the complexity of the crystallographic structures of quaternary compounds
is associated with intrinsically low thermal conductivities. In addition, the control of their
composition allows for the tuning of their charge carrier concentration. Moreover, in the
particular case of compositionally layered structures, such as stannite, high -electrical
conductivities can coexist with large Seebeck coefficients and intrinsically low thermal
conductivities. Thus, these quaternary compounds are also potentially excellent thermoelectric
materials.* >

While in photovoltaics the reduction of the lattice dimensions to the nanoscale allows for the
low-cost solution processing of devices, in the thermoelectrics field, nanostructuring further
allows improvement of their efficiency.'® > Mainly, the reduction of the crystal domains to the

nanoscale introduces a high density of phonon scattering centers, which reduce the materials

thermal conductivity and enhance its thermoelectric figure of merit.
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Cu,ZnGeSes (CZGY) is a p-type semiconductor with a direct band gap between 1.21 and 1.63
eV, as determined experimentally and theoretically.'*"” Its ideal band gap makes it an alternative
indium- and cadmium-free absorber material for photovoltaics.'”"® CZGS crystallizes in a non-

centered tetragonal structure with space group /-42m.2**

Its quaternary nature, variety of ionic
valences, and particular crystallographic structure suggest CZGS will be characterized by
intrinsically low thermal conductivities and potentially high electrical conductivities and Seebeck
coefficients. This combination of properties qualifies CZGS as a potentially outstanding
thermoelectric material.

In this communication, a synthetic route to produce CZGS nanoparticles with narrow size
distributions and controlled composition is presented. This is the first presented synthetic route to
produce CZGS nanocrystals. Furthermore, the potential of CZGS as thermoelectric material is

demonstrated by characterizing the thermoelectric properties of CZGS nanocrystals with two

different compositions.

5.3 Experimental

Chemicals: Copper (I) chloride (reagent grade, 97%), Zinc Oxide (99.9%), 1-octadecene (ODE,
90%), oleic acid (OA, > 99%), hexadecylamine (HDA, tech. 90%) were purchased from Aldrich.
Germanium (IV) chloride (99.9999 %) and Selenium (IV) oxide (99.8%) was purshed from
Strem. n-Tetradecylphosphonic acid was purchased from PCI Synthesis. Chloroform, isopropanol
and ethanol were of analytical grade and obtained from various sources. All chemicals were used

as received without further purification.
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All synthesis were carried out using standard airless techniques: a vacuum/dry argon gas
Schlenk line was used for the synthesis and a argon glove-box for storing and handling air and

moisture-sensitive chemicals.

Selenium solution: Selentum (IV) oxide (6.67g, 60mmol) was dissolved under argon
atmosphere at 190° in 75ml of 1-octadecene. The mixture was stirred additionally at 190 °C for 5

hours to obtain a perfectly clear brownish orange solution.

Synthesis of CuZnGeSes NCs: Copper (I) chloride (50 mg, 0.50 mmol), Zinc oxide (41 mg,
0.50 mmol), hexadecylamine (242-1694 mg, 1-7mM), n-Tetradecylphosphonic acid (33mg,
0.Immol) were dissolved in 10 ml ODE. The solution was heated under argon flow to 200 °C and
maintained at this temperature during 1h to remove water and other low-boiling point impurities.
Afterwards, the mixture was cooled down to 150 °C and Germanium (IV) chloride (54 mg, 0.50
mmol) dissolved in dried ODE was injected. Following the Ge injection we observe a clear
blueish solution. The solution is kept at this temperature for an additional 30minuts and finally
heated to the reaction temperature. The selenium solution (4mL, 3mM) was rapidly injected
through a septum into the reaction flask. In order to reduce the dropping in the temperature,
selenium solution was previously heated up at 180 °C. Following the injection, the temperature
dropped to around 260 °C and then slowly recovered to 295 °C. The solution was kept at a
temperature between 260 and 295 °C for 5 min and then quickly cooled down. The formation of
CuyZnGeSe4 could be qualitatively followed by the color change of the mixture from an initial
light yellow to green and eventually black color of the solution containing the Cu,ZnGeSes NCs.
3 mL of oleic acid were added to the mixture during the cooling at ~70 °C to replace the weakly
bound HDA. The crude solution was mixed with 10 ml of chloroform and sonicate for 5 minutes.

The Cu,ZnGeSe4 nanoparticles were isolated by centrifugation at 4000 rpm during 5 minutes.
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The black precipitate was redispersed in chloroform (~20 ml) and sonicate for 5 minutes. Then
the product was additionally precipitated by adding isopropanol (~10 ml) and centrifuging. The

NCs were redispersed in chloroform (~5 ml) and stored for further use.

Preparation of Pellets: The same synthesis procedure was scaled up for the production of a
few grams of nanoparticles. In the scaled-up synthesis procedure, 6 times larger amounts of all
precursor, surfactant and solvent were used. The nanocrystals were thoroughly washed by
multiple precipitation and re-dispersion steps. The final nanoparticles could not be redispersed in
organic solvents, proving the high degree of surfactant removal. Washed nanocrystals were dried
out from solution under argon atmosphere. Afterward, the nanocrystals were heated to 500 °C for
1 hour under an Ar flow inside a tube furnace. The annealed nanoparticles were ground into fine
powder and then hot pressed under a pressure of 40 MPa at 500 °C for 5 min into 12 mm pellets.
The hot pressing was carried out in a Rapid Hot Press (RHP) system. In this system, the heat is
provided by an induction coil operated in the RF range applied directly to a graphite die acting as
a susceptor. This set up configuration allows increasing temperature at a similar rate than Spark
Plasma Sintering (SPS). However, during RHP only the die body is heated inside the induction
coil enabling faster cooling of the die and chamber. In our conditions, we increase temperature
from room temperature to 500 °C in around 3 minutes under a load of 40 MPa. The density of

the pressed pellets was in the range 92-96 % of theoretical value, measured by weight/volume.

Electrical conductivity and Thermopower Measurements: The Seebeck coefficient was
measured by using a static DC method. Electrical resistivity data were obtained by standard four-

probe method. Both Seebeck coefficient and electrical resistivity were measured simultaneously
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by using LSR-3 equipment (LINSEIS) in the range between room temperature up to 450 °C,

under helium atmosphere.

Thermal diffusivity measurement: Thermal conductivity measurements were obtained from
flash diffusivity measurements, using the mass density and the Dulong-Petit approximation for
the specific heat capacity (C, = 0.34 J.g 'K™ ). The thermal conductivity was calculated as k =

DC,d , where D is the thermal diffusivity, C,, is the heat capacity, and d is the density.

5.4 Results and Discussion

CZGS nanoparticles were prepared by reacting metal complexes with an excess of selenium in
octadecene. In a typical synthesis, 0.50 mmol CuCl, 0.50 mmol of ZnO, 0.25 mmol of GeCly, 5
mM hexadecylamine, 0.1 mmol of n-tetradecylphosphonic acid and 10 ml octadecene were
placed in a four-neck flask and heated up to 200 °C under argon flow. Separately, a 0.8 M
selenium solution was prepared under argon by dissolving selenium dioxide in octadecene at 180
°C. 4 mL of the precursor Se solution were injected into the heated solution containing the metal
complexes at 295 °C. The solution was kept at this temperature for 5 min to allow the

nanoparticles growth. Finally, the flask was rapidly cooled down to room temperature.
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Figure 1. Representative TEM micrograph of the CZGS nanoparticles produced. Insets show an atomic
model of the tetrahedral particle, a higher magnification TEM micrograph and the histogram with the

measured particle size distribution.

Figure 1 shows a representative TEM micrograph of the CZGSe nanoparticles produced by the
procedure detailed here. Narrow size distributions, with dispersions below a 10%, were
systematically obtained. The prepared nanocrystals typically showed tetragonal geometries
(Figure 1, insets). The average nanoparticle size could be controlled by the reaction time and
temperature in the range from 10 to 25 nm. Because of the particular kinetics of reaction of the
different elements with selenium, we were unable to produce smaller nanocrystals with the
stoichiometric composition.

As determined by energy dispersive x-ray spectroscopy (EDX) and confirmed by inductively
coupled plasma spectrometry (ICP) analysis, the overall composition of the initially formed
nanocrystals was very rich in Cu and Se and very poor in Zn and Ge. A few minutes of reaction
time were necessary to obtain nanocrystals with the stoichiometric composition. Single particle

chemical analysis, performed by electron energy loss spectroscopy (EELS), confirmed the
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nanoparticles obtained after 10 s of reaction to be mostly composed of Cu and Se (Figure 2A). It
should be pointed out that the purification of these initial nanocrystals was not an easy task due to
the large amount of unreacted complexes in the solution. This explains the relatively large
concentration of Zn and Ge detected by EELS outside the particles. After longer reaction time,
single particle analyses proved the presence of all four elements within each nanocrystal in the
correct composition. It was further confirmed that the 4 elements were homogeneously
distributed throughout the nanocrystal (Figure 2B). HRTEM analysis of the nanocrystals verified
their tetragonal structure with lateral facets corresponding to {112} planes (Figure 2C).

The different reaction kinetics of Cu, Zn and Ge with Se allow for the adjustment of the
nanoparticle composition inside a relatively wide range by controlling the reaction time and
temperature and by adjusting the concentration of the different elements in the precursor solution.
Figure 2E shows a ternary diagram with the composition distribution of two samples with
different global composition: Cu,ZnGeSes and Cuy5ZnggsGeSesq. In the same graph, the
average value of the single particle analysis is also indicated. This is in good agreement with

SEM-EDX, EELS and ICP analysis performed.
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Figure 2. A), B) HAADF image of a few and single nanoparticles and Cu, Zn, Ge and Se compositional
maps of the same single particle obtained after 10 s (A) and 5 minutes reaction times (B). C) HRTEM
image and power spectrum analysis of a Cu,ZnGeSe, nanoparticle. D) Scheme of the tetragonal structure
of CZGS. E) Ternary diagrams with the composition of single nanoparticles obtained by HRTEM-EDX.
The red circle shows the average value of the single particle analysis, which is in good agreement with

SEM-EDX, EELS and ICP analysis.

Figure 3 shows the XRD patterns of the obtained nanocrystals. Patterns resemble those of a
tetragonal-symmetry structure with I42m space group (JCPDS 01-070-7623).' No secondary

phases were detected either in the stoichiometric or the copper-rich sample Cu, 15Zng gsGeSes o.
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Figure 3. A) X-ray diffraction pattern of the Cu,ZnGeSe, and Cu,5Zn,gsGeSes ¢ nanoparticles before
and after hot-pressing. As a reference, the JCPDS 01-070-7623 pattern corresponding to the tetragonal
CZGS phase (S.G. [-42m) is also plotted. B) SEM image of the nanomaterial obtained after hot-pressing.

The high yield of the previously detailed synthetic route allowed scaling up the procedure to
the production of grams of nanocrystals with similarly narrow size distributions and controlled
compositions. For thermoelectric characterization, roughly 2 grams of nanoparticles of each of
the two compositions tested were prepared. The nanocrystals were thoroughly washed by
multiple precipitation and re-dispersion steps. The final nanoparticles could not be re-dispersed in
organic solvents, proving the high degree of surfactant removal. Washed nanocrystals were dried
out from solution under argon atmosphere. To completely remove remaining residual organic
ligands, the nanocrystals were heated to 500 °C for 1 hour under an Ar flow inside a tube furnace.
The annealed nanoparticles were ground into a fine powder. This nanopowder was hot pressed
under Ar atmosphere at 40 MPa and 500 °C for 5 min. The density of the 12 mm pellets obtained

was in the range 92-96 %, as calculated from their weight and volume.
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Figure 3B shows an SEM image of the material obtained after hot pressing. The crystal domain
size increased roughly a factor 1.7 with the annealing and the hot-pressing treatment, as
calculated from the fitting of the XRD patterns. In the particular case of the materials used for
thermoelectric characterization, the average crystal domain size increased from 15 to 26 nm. No
change of composition was obtained with the annealing treatment. The final residual carbon
content within the annealed materials was estimated to be in the range from 0.5 and 1% from
elemental analysis.

Figure 4 shows the electrical conductivity, Seebeck coefficient, thermal conductivity and
calculated figure of merit of CuyZnGeSes and Cuy s5ZnggsGeSeso. Thermal conductivity
measurements were obtained from flash diffusivity measurements, using the material’s mass
density and the Dulong-Petit approximation for its specific heat capacity (C, = 0.34 J-g K.
The thermal conductivity was calculated as k = DCyd , where D is the thermal diffusivity, C,, is
the heat capacity, and d is the density.

The relatively high electrical conductivities obtained suggest complete removal of surfactants.
The electrical conductivity increased with the partial replacement of Zn by Cu ions as expected
by their different valences. In this regard, it should be highlighted how the compositional control
in these quaternary semiconductors offers an accessible method to tune their carrier
concentration. This intrinsic doping strategy is especially appealing in the bottom-up processing

of nanomaterials, where the introduction of extrinsic dopants is not an easy task.
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Figure 4. Electrical conductivity (A), Seebeck coefficient (B), thermal conductivity (C) and figure of
merit (D) of CZGS nanomaterials with the following compositions: Cu,ZnGeSe; (black squares),

Cu, 15Zn 35GeSes o (blue circles).

As expected for a heavily doped semiconductor, the Seebeck coefficient followed an opposite
trend than the electrical conductivity. Lower Seebeck coefficients were obtained for the materials
with a partial substitution of Zn by Cu ions as this should increase the concentration of holes in
the valence band. Finally, the sample with a partial substitution of Zn by Cu showed lower
thermal conductivity. This lower thermal conductivity is in part associated to the higher degree of
disorder introduced in the structure with the Zn by Cu replacement. However, fine
microstructural differences between the two nanomaterials having different compositions may

also play a significant role.
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The final ZT values obtained were higher for the Cu; 5ZnggsGeSe;q than the CuyZnGeSey
owing to the improved electrical conductivities and the reduced thermal conductivities of the

former. The best ZT value obtained from this very preliminary composition screening was 0.55 at

450 °C.

5.5 Conclusions

In summary, we have detailed a synthetic procedure to produce CZGS nanocrystals with
narrow size distribution and controlled compositions. Furthermore, the thermoelectric properties
of the nanomaterials obtained after carefully washing the nanocrystals and hot-pressing them into
pellets was characterized. By partial replacement of Zn by Cu ions, the materials electrical
conductivity could be substantially increased and ZT values up to 0.55 were demonstrated. A
further optimization of the materials parameters and processing methods could result in materials
with higher ZT values. While the CZGS nanocrystals presented here show promising
thermoelectric properties, we also envisage their potential use as absorber materials in solution-

processed solar cells and in other applications, such as topological insulators.
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Chapter 6

Crystallographic Control at the Nanoscale to Enhance
Functionality: Polytypic Cu,GeSe; Nanoparticles as

Thermoelectric Materials
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6.1 Abstract

The potential to control the composition and crystal phase at the nanometer scale enable the
production of nanocrystalline materials with enhanced functionalities and new applications. In
the present work, we detail a novel colloidal synthesis route to prepare nanoparticles of the
ternary semiconductor Cu,GeSe; (CGSe) with nanometer scale control over their crystal phases.
We also demonstrate the structural effect on the thermoelectric properties of bottom-up prepared
CGSe nanomaterials. By carefully adjusting the nucleation and growth temperatures, pure
orthorhombic CGSe nanoparticles with cationic order or polytypic CGSe nanoparticles with
disordered cation positions can be produced. In this second type of nanoparticles, a high density
of twins can be created to periodically change the atomic planes stacking, forming a hexagonal

wurtzite CGSe phase. The high yield of the synthetic routes here reported allows the production
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of single-phase and multi-phase CGSe nanoparticles in the gram scale, which permits the
characterization of the thermoelectric properties of these materials. Reduced thermal
conductivities and a related 2.5 fold increase of the thermoelectric figure of merit for multi-phase
nanomaterials when compared with pure-phase CGSe are systematically obtained. These results
are discussed in terms of the density and efficiency of phonon scattering centers in both types of

materials.

6.2 Introduction

The numerous possibilities for chemical substitutions and structural modifications of ternary
and quaternary chalcogenides allow a significant degree of engineering their fundamental
chemical and physical properties, including band-gap and carrier concentration.'” Besides, the
possibility of tailoring the material properties by the preparation of metastable crystallographic
phases has recently generated a great deal of attention. Special mention deserves the metastable
wurzite phases recently identified in many compounds and particularly in some copper-based
ternary and quaternary semiconductors.*”

A particularly attractive ternary chalcogenide is Cu,GeSe; (CGSe). CGSe is a p-type
semiconductor with a direct band- gap in the IR (E; = 0.78 eV).> ? It has a low melting
temperature (770 °C), a relatively low density (p=5.6 g/cm’)'® and a high diffraction index,
n~3.2.% % ! Different crystal structures have been described for this compound: cubic (zinc-

115 and orthorhombic with space group Imm?2.'® " CGSe

blende-like),'? tetragonal chalcopyrite
has a thermal expansion coefficient of 8.4 10° K™, a heat capacity of about 0.34 Jg'K™', and a
relatively low thermal conductivity of 2.4 Wm™K™ at 300 K.'" '® These properties makes it a

promising thermoelectric material.'”™'
140



One main strategy to increase the figure of merit of thermoelectric materials is to decrease their
thermal conductivity by promoting phonon scattering. This goal can be achieved by reducing the
size of the crystal domains to the nanoscale.”**’ In this direction, the ball-milling of crystalline
ingots into a nanopowder and its posterior reconsolidation into bulk nanomaterials by hot-
pressing or spark-plasma-sintering is the most usual approach in single phase materials.
Nevertheless, higher thermoelectric figures of merit have been obtained with multiphase
nanomaterials or nanocomposites, where acoustic impedance mismatches at the interfaces
between dissimilar structures boost phonon scattering.”>** ** Nanocomposites can be obtained by
the spontaneous formation of nanoscale inclusions when cooling down solid solutions in a
controlled manner. This is an excellent approach, but it lacks of high composition versatility and
of an extensive control over the size, composition and phase of the nanocrystalline domains.

In this scenario, bottom-up approaches based on solution-processed nanoparticles are especially
well suited to produce nanocomposites with high level of control over the size, phase and
composition of the crystallographic nanodomains. The availability of colloidal nanocrystals with
tuned properties allows producing nanocomposites by simply mixing controlled ratios of
nanoparticles with different phases and/or compositions. To ensure more homogeneous
distributions of the two phases at the nanometer scale, colloidal nanoheterostructures become
even a more suitable candidate for bottom-up nanocomposite processing.”” ** Nevertheless, while
a-priori nanocomposites have associated low thermal conductivities, the charge carriers sign and
concentration of the constituent materials need to be carefully matched in order not to
significantly reduce the electrical conductivity and Seebeck coefficient of the final compound. In
this scenario, nanocomposites with homogenous compositions but multiple crystal structure may

have associated important advantages.
141



In this work, the first synthetic route to prepare highly monodisperse CGSe nanoparticles is
presented. By controlling the synthesis parameters, single-phase CGSe nanoparticles or multi-
phase polytypic CGSe nanoparticles were prepared. The high yield of the synthetic route detailed
here allowed the production of dense nanocrystalline materials from the bottom-up assembly and
posterior sintering of the prepared nanoparticle building blocks. These nanocrystalline materials
were further used to characterize the thermoelectric properties of nanocrystalline CGSe and to
demonstrate the strong improvement over the thermoelectric properties that the control of the

crystallographic phase at the nanometer scale can provide.

6.3 Experimental Section

Chemicals,; Copper (I) chloride (reagent grade, 97 %), 1-octadecene (ODE, 90 %), oleic acid
(OA, > 99 %), hexadecylamine (HDA, tech. 90 %) were purchased from Aldrich. Germanium
(IV) chloride (99.9999 %) and Selenium (IV) oxide (99.8 %) were purchased from Strem.
Chloroform, isopropanol and ethanol were of analytical grade and obtained from various sources.
All chemicals were used as received without further purification. All syntheses were carried out
using standard airless techniques: a vacuum/dry argon gas Schlenk line was used for the
syntheses and an argon glove-box for storing and handling air and moisture-sensitive chemicals.

Selenium solution (ODE:Se): Selenium (IV) oxide (8.87 g, 80 mmol) was dissolved under
argon atmosphere at 180 °C in 100 mL of ODE. The mixture was additionally stirred at 180 °C
for 5 h to obtain a perfectly clear brownish orange solution.

Cu,GeSe; nanoparticles: Copper (I) chloride (50 mg, 0.50 mmol) and HDA (726 mg, 3 mM)
were dissolved in 10 ml ODE. The solution was heated under argon flow to 200 °C and

maintained at this temperature during 1 h to remove water and other low-boiling point impurities.
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Afterwards, the mixture was cooled down to 120 °C and Germanium (IV) chloride (54 mg, 0.25
mmol) dissolved in dried 0.50 mL of ODE was injected. Then, the solution was heated to the
reaction temperature. The ODE:Se (4 mL, 3 mM) was rapidly injected through a septum into the
reaction flask. In order to reduce the temperature drop with the injection, the selenium solution
was previously heated up at 180 °C. Following the injection, the temperature dropped by around
30 °C and then slowly recovered to the set value. The solution was allowed to react for 7 min and
afterwards was quickly cooled down. The formation of CGSe could be qualitatively followed by
the color change of the mixture from an initial light yellow to green and eventually to the black
color of the solution containing CGSe nanoparticles. 3 ml of OA were added to the mixture
during the cooling step, at ~70 °C, to replace the weakly bound HDA. The crude solution was
mixed with 10 ml of chloroform and sonicated for 5 minutes. The CGSe nanoparticles were
isolated by centrifugation at 4000 rpm during 3 minutes. The black precipitate was redispersed in
chloroform (~ 20 ml) and sonicated for 5 minutes. Then the product was additionally precipitated
by adding isopropanol (~ 10 ml) and centrifuging. The nanoparticles were re-dispersed in
chloroform (~ 5 ml) and stored until their posterior use.

Cu,GeSe; nanocrystalline pellets: The same synthesis procedure was scaled up for the
production of nanoparticles at the gram scale. In the up-scaled synthesis procedure, 6 times larger
amounts of all precursor, surfactant and solvent were used. The obtained CGSe nanoparticles
were thoroughly washed by multiple precipitation and re-dispersion steps, until they could not be
re-dispersed in organic solvents. At this point, most of the surfactants initially used to control the
nanoparticle size, shape and solubility had been already removed. The washed nanoparticles were

dried under argon atmosphere. Afterward, the nanoparticles were heated to 500 °C for 2 hour
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under an Ar flow inside a tube furnace. The annealed nanoparticles were ground into a fine
nanopowder and then pressed into 10 mm pellets under a pressure of 2 tones for 5 min at room
temperature. The relative density of the pressed disks was in the range 82-87 % of their
theoretical value, measured by weight/volume.

Electrical conductivity and thermopower measurements: The Seebeck coefficient was
measured using a static DC method. Electrical conductivity data were obtained by standard four-
probe method.  Both Seebeck coefficient and electrical conductivity were measured
simultaneously using a LINSEIS LSR-3 system. Measurements were carried out under helium
atmosphere in the temperature range from 50 to 450 °C.

Thermal diffusivity measurement: Thermal conductivities were calculated from flash diffusivity
measurements, using the mass density and the Dulong-Petit approximation for the specific heat
capacity (C,=0.34 J-g 'K~ ). The thermal conductivity was calculated as k = DC,d , where D is
the thermal diffusivity, C, is the heat capacity, and d is the density.

Transmission electron microscopy and x-ray diffraction: The chemical and structural
characterization of the nanoparticles was carried out by transmission electron microscopy (TEM),
high resolution TEM (HRTEM), electron energy loss spectroscopy (EELS), and 3D atomic
supercell modeling. HRTEM images were obtained using a Jeol 2010F field emission gun
microscope with a 0.19 nm point-to-point resolution at 200 keV with an embedded Gatan Image
Filter (GIF) for EELS analyses. Images were analyzed by means of Gatan Digital Micrograph
software. In addition, 3D atomic supercell modeling was performed by using the Rhodius

software package®', which allows to create complex atomic models of nanostructures.’” **> The
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powder x-ray diffraction (XRD) patterns were obtained with Cu K,, (A = 1.5406 A) radiation in a

reflexion geometry on a Bruker D8 operating at 40 kV and 40 mA.

6.4 Results and Discussion

CGSe nanoparticles were prepared by reacting metal-amine complexes with an excess of
selenium in ODE. In a typical procedure, 0.50 mmol CuCl, 3 mM HDA, and 10 ml ODE were
placed in a four-neck flask and heated up to 200 °C under argon flow until all precursors were
dissolved. Afterwards, the solution was cooled to 120 °C and 0.25 mmol of GeCly in 0.5 ml of
ODE were injected. Then the solution was heated up to 300 °C. At this temperature, 4 mL of a
0.8 M Se solution were injected. Nanoparticles were allowed to grow for 7 min before rapidly

cooling down.
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Figure 1. A) Representative TEM micrograph of Cu,GeSe; nanoparticles obtained at 300 °C. B) X-ray
diffraction pattern of the nanoparticles and an annealed pellet. Cubic (JCPDS 04-005-4184) and
orthorhombic (JCPDS 04-008-8914) patterns are also plotted for reference.
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Figure 1A shows a representative TEM micrograph of the CGSe nanoparticles prepared by the
described synthetic route. Narrow size distributions systematically characterized the CGSe
nanoparticles obtained. The irregular shapes and the different contrasts within each particle
observed by TEM clearly pointed out their polycrystalline nature. HRTEM characterization
showed the nanoparticles to contain multiple twin defects (Figure 2A), which were at the origin
of the nanoparticles polycrystallinity. XRD analysis suggested the CGSe nanoparticles to have
either an orthorhombic (OTR, space group Imm?2) or a cubic zinc-blende (ZB, s.g.: F-43m)
crystal structure (Figure 1B). The broadening associated to the small size of the crystallographic
domains made the differentiation between these two phases not straightforward. However, the
double peak at around 68 ° suggested the CGSe to have an OTR crystallographic structure.

Average crystal domain sizes calculated from the fitting of the XRD patterns using Scherrer’s
equation were systematically lower than the average nanoparticle sizes measured by TEM. This
is consistent with the polycrystalline nature of the nanoparticles.

Single nanoparticle chemical analyses performed by EELS and EDX confirmed the presence
and homogeneous distribution of all three elements within each nanoparticle in the Cu,GeSes
stoichiometric composition (Figure 2B). At the same time, the same composition was obtained

from all the nanoparticles analyzed.
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Figure 2. A) HRTEM micrograph, detail of a twinned segment and power spectrum analysis of a
polycrystalline Cu,GeSe; nanoparticle. B) HAADF image of a few and a single particle, and Cu, Ge and

Se compositional EELS maps of the same Cu,GeSe; nanoparticle.

It has been previously reported by several researchers that Cu,GeSes; undergoes a phase
transformation caused by site-exchange order/disorder near its melting temperature. The high
temperature phase is the disordered face-centered cubic (fcc) ZB structure while the low
temperature structure is the ordered OTR phase. At the same time, as the Ge content is increased
in Cu2Ge,+«Ses, a structural phase transition takes place, resulting in the conversion of the OTR
cell to the fcc structure with a unit cell parameter of ~0.555 nm (a=b=c). The relationship
between both phases corresponds to multiplying the a-axis of the orthorhombic cell by (2)72/3
and the b axis by (2)%. The c-axis remains the same in both structures aside from a small

expansion. However, the OTR phase should present crystallographically ordered cations and
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anions on their respective sites,'’ showing the following cell parameters: a = 1.186 nm, b = 0.396

nm, and ¢ = 0.5485 nm (OTR, s.g.: Imm2).>7
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Figure 3. A) Representative TEM micrograph of the nanoparticles obtained at 285 °C. B) X-ray
diffraction pattern of the nanoparticles and an annealed pellet. As a reference, the cubic (JCPDS 04-005-
4184), orthorhombic (JCPDS 04-008-8914) and the simulated wurtzite patterns are also plotted.

When reducing the nucleation temperatures below 300 °C, nanoparticles with a higher degree
of cation disorder were obtained. In figure 3A a representative TEM micrograph of the
nanoparticles obtained at 285 °C is shown. These nanoparticles conserved both the narrow size
distribution and the polycristallinity characterizing the products obtained at 300 °C. However,

when reducing the temperature for nanoparticle growth below 300 °C the more disordered ZB
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structure was obtained instead of the ordered OTR one (Figure 3B). At the same time, a higher
density of defects was created and a new crystallographic phase appeared intermixed with ZB
(Figure 3B, 4A). HRTEM characterization allowed us to determine the spatial distribution of the
crystal phases within the nanoparticles. The obtained nanoparticles were formed by a central core
and a few ZB crystal domains distributed around it in an anisotropic manner. Figure 4A shows a
crystal phase color map of a single CGSe nanoparticle. At its core, many twin-like defects were
identified. The high density of twins periodically changed the atomic planes stacking. Similar
twinning has been observed in other semiconductor nanoparticles and nanowires.***” As none of
the CGSe structures in literature matched the phases resulting from the periodic twinning, we
assumed the existence of a new polytype (Figure 4B). In order to create the new structure we
took as a model a similar twin-induced phase transformation reported in other semiconductors.**
37 Following the same crystal ratio as in previous calculations, we created a new crystal cell
polytype with the hexagonal wurtzite (WZ) structure (S.G.: P63/mc).”® The new cell perfectly
matched the polytype structure found in the CGSe nanoparticles. Notice that in our model, Ge
atoms were considered substitutional on the Cu sites, and they were randomly distributed without
cation ordering.

The three phases, ZB, OTR and WZ are intimately related and create a kind of dumbbell
system similar to that found in III-V and group IV semiconductors in their cubic and hexagonal
polytypes, ZB and WZ, respectively. In figure 4B, a scheme of the crystal relationship between
the related phases is shown. To understand these crystal structures, it is useful to consider the
dumbbell unit composed of a cation (Cu or Ge) and an anion (Se) as the minimum repeatable
unit.”” These dumbbell units are oriented in parallel on the (600) planes in the OTR structure and

on the (2-20) planes in the ZB one. In the cubic ZB structure, Cu and Ge are randomly distributed
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in the cationic positions, with occupation factors 2/3 and 1/3 for Cu and Ge, respectively.
However, in the OTR phase cations are ordered along the (200) planes, meaning that all the
cation positions in every plane are occupied by the same element, following an ordered sequence
of two (200)otr planes with Cu cations plus one (200)orr plane with Ge cations. Red arrows on
the OTR phase scheme are pointing the dumbbell orientation on the Cu cation (200)orr planes,
while the blue arrows point the dumbbell orientation on the Ge cations. In the case of the ZB
structure, as the cations are randomly distributed, arrows have been painted in purple (blue and
red mixture). These structures have a strong polarity, with Cu-Ge pointing up and Se down (or
vice-versa). The OTR and ZB structures have an abcabc stacking along the (30-1)otr or (1-11)zz
planes, while the WZ presents an ababab stacking on the (0001) planes. The presence of a twin
defect in the OTR or ZB structure (corresponding to a 180° rotation of the structure along the (30-
Dorr or (1-11)z axes) may form one monolayer of WZ. Then several consecutive twins create

the pure hexagonal phase (WZ polytype).*'>*

The epitaxial relationship between the 3 phases is
as follows: (30-1)[010]orr // (1-11)[110]zp // (0001)[11-20]wz. Figure 5 shows the change in the

atomic stacking when moving from the ZB structure to the WZ phase.
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Figure 4. A) HRTEM micrograph of a Cu,GeSe; nanoparticle, with details of the WZ (red squared)
and ZB (green squared) areas and respective power spectra analyses. On the right a crystal phase color
map is shown. B) Scheme of the crystal relationship between OTR, ZB and WZ phases. C) Unit cell of the
different phases.

S 5 P W
Yy
T Mg g
(Doollwzr 9” ‘)Y")Y’ ‘)Y' ‘)‘ [11 -20]w;
b g o e
v R
1O Ororors o
ks 6y i % e
3 P 9

G- B - - -9

151



Figure 5. A) HRTEM micrograph of a polycrystalline nanoparticle, detail of the atomic stacking change
when moving from the ZB to the WZ phase and phase color map of the WZ-ZB interfaces. B) Two-

dimensional representation of a WZ and ZB interface.
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Figure 6. Scheme of the crystallographic phase and composition of the Cu-Ge-Se nanoparticles

obtained at different temperatures.

Figure 6 schematically summarizes the phase and composition of the nanoparticles that can be
obtained at different reaction temperatures. Temperatures below 260 °C result in Cu,Sey
nanoparticles with traces of Ge. As the temperature is increased, the incorporation of Ge atoms
into the crystal structure also increases, producing twin like defects and creating regions where
the high density and periodicity of the twins change the atomic planes stacking. Consequently,

most of the resulting nanoparticles intermix the new WZ phase with the ZB. Only at 285 °C and
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above stoichiometric compositions could be obtained. In the 285-300 °C range the stoichiometric
CGSe nanoparticles presented a polycrystalline multiphase WZ-ZB structure. At temperatures
above 300 °C, stoichiometric and polycrystalline CGSe nanoparticles were produced. At these
higher temperatures, cations are organized within the structure and single-phase OTR
nanoparticles could be obtained.

For thermoelectric characterization, roughly 4 grams of OTR and WZ-ZB CGSe nanoparticles
were prepared. The nanoparticles were thoroughly washed by multiple precipitation and re-
dispersion steps. The purified nanoparticles were heated to 500 °C in an Ar flow atmosphere and
maintained at this temperature for 2 hours. The annealed materials were pressed into 10 mm
pellets by applying 2 tons of force with a hydraulic press. The annealed nanoparticles conserved
their crystallographic phases as observed from the XRD patterns (Figures 1B and 3B). From the
SEM analysis of the OTR and WZ-ZB nanocrystalline materials the growth of the crystal
domains during thermal treatment was imperceptible (Figure 7). The fitting of the XRD patterns
did not allow detecting an improvement of the crystalline structure, and therefore a crystal
domain growth. Such a negligible crystal growth rate was in part associated with the residual
surfactants covering the nanoparticles before annealing. These organics were slowly decomposed
and removed by the argon flow during thermal treatment. The small quantities of carbon that
remain after organics decomposition could also inhibit crystal growth. This residual carbon
content of the final material was measured to be approximately 1% by elemental analysis. At the
same time, the polycrystallinity of the CGSe nanoparticles produced could play an important role
on the crystal growth control, as the same thermal process resulted in a 1.5 fold crystal domain

increase in similar compounds obtained from single crystal nanoparticles.1
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Figure 7. SEM images of the annealed pellets: orthorhombic Cu,GeSe; (top) and wurtzite-zinc-blende
Cu,GeSe; (bottom).
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Figure 8. Electrical conductivity (A), Seebeck coefficient (B), thermal conductivity (C) and figure of

merit (D) of WZ-ZB CGSe (W) and OTR CGSe (O) bulk nanostructured materials.
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To accurately compare the thermoelectric properties of the two CGSe nanomaterials, single-
phase OTR and multi-phase WZ-ZB CGSe, special attention was paid to produce OTR and WZ-
7B nanoparticles with identical composition (Cu,GeSe;) and size distribution (30 = 3 nm) and
pellets with similar densities (82 %).

The electrical conductivity, Seebeck coefficient, thermal conductivity and the resulting
thermoelectric figure of merit of the CGSe nanocrystalline samples are displayed in Figure 8. The
electrical conductivity of the WZ-ZB nanocomposites was slightly lower than that of pure OTR
nanomaterials. These slightly lower electrical conductivities may be associated with small band
offsets between the WZ and ZB phases, which may promote charge carrier scattering. In this
direction, band offsets below 0.1 eV have been previously estimated between WZ and ZB phases
in direct band gap semiconductors.***!

The lower electrical conductivities of the WZ-ZB nanocrystalline sample when compared with
those of pure OTR were compensated by larger Seebeck coefficients in the former (Figure 8B).
Interestingly, the thermal conductivities of WZ-ZB nanocrystalline pellets were significantly
lower than those of pure OTR materials. We attributed such thermal conductivity differences to
the distinct crystal structure of the nanomaterials. In addition to the coherent and incoherent
interfaces present at the grain boundaries in both nanocrystalline materials, which efficiently
scatter long and middle wavelength phonons, we believe that the high density of heterojunctions
in the WZ-ZB material can further extend phonon scattering to shorter wavelength (Figure 9). At
the same time, phonon scattering at heterojunctions may be more efficient than in homojunctions
due to mismatches in the acoustic impedances.”>* ** Additionally, it must be also taken into
account, that the CGSe WZ and ZB crystallographic structures here produced had a random

cation distribution. Such disorder certainly produced alloying scattering which also strongly
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contributed to hamper the propagation of short wavelength phonons. These hypotheses and their
repercussions in the thermal conductivity of the nanocomposites need further investigation since

there is a lack of understanding in the heat transfer in such crystallographically complex systems.
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Figure 9. Schematic diagram illustrating the different phonon scattering mechanisms in the single-phase

nanomaterial and in the multi-phase nanocomposite.

As a result of the higher phonon scattering and lower thermal conductivities in CGSe
nanocomposites, a 2.5 fold increase on the thermoelectric figures of merit was obtained for the
multi-phase WZ-ZB nanocrystalline material when compared with the single-phase OTR sample.

At the same time, the thermoelectric figure of merit measured for the WZ-ZB nanocomposite
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represented a 50 % increase over the values obtained for undoped bulk CGSe.*'*" It should be
finally pointed out that the nanoparticles composition has yet to be adjusted to optimize the
material carrier concentration. Combining the multi-phase WZ-ZB structure with the proper

doping significantly higher thermoelectric figures of merit are expected.

6.5 Conclusions

In summary, the first solution phase synthesis of CGSe nanoparticles was described. This
synthetic procedure allowed obtaining ordered single-phase OTR or disordered polytypic WZ-ZB
CGSe nanoparticles. These materials were used to show how bulk nanocrystalline materials
obtained from multi-phase nanoparticles result in lower thermal conductivities and higher ZT
values than those obtained from single-phase nanoparticles. This case exemplifies the potential of

the crystallographic phase control at the nanoscale to enhance nanomaterials functionalities.
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Chapter 7

Core-shell nanoparticles as building blocks for the

bottom-up production of functional nanocomposites:

PbTe-PbS thermoelectric properties

7.1 Abstract

The bottom-up assembly of nanocrystals provides access to a three-dimensional composition
control at the nanoscale not attainable by any other technology. In particular, colloidal
nanoheterostructures, with intrinsic multi-phase organization, are especially appealing building
blocks for the bottom-up production of nanocomposites. In the present work, we use PbTe-PbS as
the model material system and thermoelectricity as the paradigmatic application to investigate the
potential of the bottom-up assembly of core-shell nanoparticles to produce functional

nanocomposites. With this goal in mind, a rapid, high-yield and scalable colloidal synthetic route
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to prepare grams of PbTe@PbS core-shell nanoparticles with unprecedented narrow size
distributions and exceptional composition control is detailed. PbTe@PbS nanoparticles were used
as building blocks for the bottom-up production of PbTe-PbS nanocomposites with tuned
composition. In such PbTe-PbS nanocomposites, synergistic nanocrystal doping effects result in
up to 10-fold higher electrical conductivities than in pure PbTe and PbS nanomaterials. At the
same time, the acoustic impedance mismatch between PbTe and PbS phases and a partial phase
alloying provide PbTe-PbS nanocomposites with strongly reduced thermal conductivities. As a
result, record thermoelectric figures of merit ZT~1.1 were obtained from undoped PbTe and PbS
phases. These high ZT values probe the potential of the proposed processes to produce efficient

functional nanomaterials with programmable properties.

7.2 Introduction

To control material properties and to understand mechanism and phenomena at the atomic
scale are two main ambitious goals of current research and development of advanced functional
materials. One step above that, industrial innovation requires the development of cost-effective
processes able to transform this control and understanding into optimized or novel products. In
this context, the bottom-up assembly of nanoparticles (NP) offers a unique potential not only to
perform fundamental studies with precisely controlled material parameters, but also to produce
artificial materials with functional properties by design in a cost-effective manner. In this
scenario, the outstanding degree of control over size, shape, phase and composition that colloidal
synthesis methods have achieved makes colloidal NPs particularly suitable building blocks to

prepare functional nanomaterials.'®At the same time, the advantageous processability, low
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synthesis temperatures, large production rates and high production yields of solution-processing
methods offer unpaired opportunities to fabricate low-cost devices.

An especially attractive application for nanomaterials and nanotechnology researchers and
developers is thermoelectricity. Thermoelectric energy conversion comprises two very appealing
attributes: an enormous potential for economical and social impact, and the need for material
control at the nanoscale to exploit this potential. Thermoelectric energy conversion devices have
an ample range of current and potential applications; from precise temperature control in
countless areas to energy harvesting for autonomous sensing devices and waste heat recovery
from industrial and domestic processes. However, in spite of their broad range of applications
and their unique advantages, thermoelectric devices are banned from multiple potential markets
because of their relatively low efficiencies. Nanomaterials may have the key to open these
markets to thermoelectricity. To date, nearly all high figure of merit thermoelectrics are
nanostructured.”” The confinement of the lattice dimensions to the nanometer scale allows
improving thermoelectrics efficiency by promoting phonon scattering at crystal interfaces. At the
same time, the selective scattering of the low energy charge carriers at crystal interfaces provides
a path towards higher Seebeck coefficients.'*"?

Record thermoelectric figures of merit, up to ZT=2.4, have been reported for superlattices
produced by thin film technologies such as molecular beam epitaxy.'*'> However, because of
their very low growth rates and material yields, such vacuum-based bottom-up processing
technologies are neither particularly low-cost nor versatile for large scale production. These
processes do not allow the production of nanocomposites in bulk form either. Recently, cost-
effective and scalable methods suitable to produce high efficiency thermoelectric nanocomposites

have been developed. They are based on the spontaneous formation of nanoscale inclusions by
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controlling the thermal history of solid solutions.'®"®

PbTe-PbS nanocomposites are one of the
best performing thermoelectric materials obtained by this method.'®* However, while such an
approach is excellent in particular systems, it is not versatile in composition and it lacks control
over the size, composition and phase of the nanocrystalline domains.

The bottom-up assembly of nanocrystal building blocks is becoming a serious alternative to

- C 1o 2433
produce thermoelectric nanomaterials.

No other technology has the potential to produce
nanomaterial with a comparable level of control over the size, shape, composition and phase of
the crystal domains at the nanoscale.’**° In this scenario, nanoheterostructures are particularly
interesting building blocks, as they allow producing highly homogeneous bulk nanocomposites in
an easier manner. The availability of such multiphase building blocks provides unprecedented
degrees of experimental freedom to create nanocomposites with programmed properties. The
rational design and engineering of such bottom-up assembled nanocomposites will allow
developing the next generation of energy conversion and storage devices having enhanced
performances and lower costs.

We aim to demonstrate the potential of the bottom-up assembly of nanoheterostructures to
produce bulk nanocomposites with enhanced functional properties. In particular, we target the
use PbTe@PbS core-shell NPs to produce PbTe-PbS nanocomposites with high thermoelectric
figures of merit. With this goal in mind, we present here a rapid, high-yield and scalable colloidal
synthetic route to prepare PbTe@PbS NPs with unprecedented narrow size distributions and
exceptional control over their composition. PbTe@PbS core-shell NPs obtained by this method
were used to produce (PbTe); x(PbS)x nanocomposites with tuned composition (Scheme 1). The
structural, chemical and thermoelectric properties of the obtained nanocomposites are presented

and discussed.
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Scheme 1. Steps for the production of nanocomposites from the bottom-up assembly of core-shell
nanoparticles with different shell thicknesses: i) core-shell nanoparticle preparation; ii) nanoparticle

assembly; and iii) annealing to produce a dense nanocomposite.

7.3 Experimental

Chemicals. Lead (II) Oxide (99.9%), oleic acid (OA, tech. 90%), 1-octadecene (ODE, 90%),
tellurium shots (99.999%), Thioacetamide (ACS reagent >99.0%), Hexamethyldisilathiane
(TMS,S, synthesis grade) and N,N-Dimethylformamide (DMF, >99%) were purchased from
Aldrich. Tri-n-octylphosphine (TOP, 97%) was purchased from Strem. Methanol, acetone,
hexane, chloroform, and ethanol were of analytical grade and obtained from various sources. All
chemicals were used as received without further purification. All syntheses were carried out using
standard airless techniques: a vacuum/dry argon gas Schlenk line was used for the synthesis and
an argon glove-box for storing and handling air and moisture-sensitive chemicals.

Preparation of PbS NPs. A modified approach of that used by Hines et al.*' was used for the

preparation of PbS nanocrystals. Lead (II) oxide (2.94 g, 12 mM) and oleic acid (90 ml, 48 mM)
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were dissolved in 90 ml ODE. This mixture was degassed at RT and 100 °C for 0.5 h each to
form lead oleate complex. Afterwards, the clear transparent solution was flashed with argon and
heated up to the reaction temperature (135°C). At this temperature, 1,26 mL of TMS,S dissolved
in 40m L of ODE was rapidly injected under argon gas flow. For the crystal growth the reaction
mixture was kept for 3 more min and then quickly cooled down to room temperature using a
water bath.

Preparation of PbTe NPs. A modified approach of that used by Murphy et al.** was used for
the preparation of PbTe nanocrystals. In a typical procedure, PbO (2.94 g, 12 mM) and OA
(13.32 g, 4.75 mM) were dissolved in 90 ml ODE. This mixture was degassed at RT and 100 °C
for 0.5 h each to form a lead oleate complex. The solution was flushed with Ar and temperature
was raised up to 190 °C. Afterwards 2 ml of 1 M TOP:Te were rapidly injected. The reaction
mixture was maintained between 160 °C — 180 °C for 3 minutes and then quickly cooled down to
room temperature using a water bath. At this point an aliquot was extracted to analyze the PbTe
morphology.

Preparation of PbTe@PbS NPs with a crystalline PbS shell. Once the crude solution was at
room temperature, 114 mg of thioacetamide dissolved in 6 mL of DMF were added into the flask.
The NPs solution containing the sulfur precursor was heated up 80 °C at 1.7 °C/min and
maintained at this temperature for 30 min. After cooling to room temperature, the NPs were
precipitated by centrifugation.

Preparation of PbTe@PbS NPs with an amorphous PbS shell. In this case, the cooling
procedure of the PbTe NPs crude solution was stop at 80 °C, then the sulfur precursor (114 mg of

Thioacetamide dissolved in 6 mL of DMF) was injected. The NPs solution containing the sulfur
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precursor was maintain at 80 °C for an additional 5 minutes. After cooling to room temperature,

the NPs were precipitated by centrifugation.

Crystalline Shell

Heatingup to 80 °C

Spherical NP

|

Cubic NP

Amorphous Shell

Injectionat 80 °C

Scheme 2. Scheme summarizing the synthetic results in terms of crystallinity and shape.

Preparation of PbTe-PbS nanocomposites. Washed NPs were dried out under Ar atmosphere.
Afterward, the nanocrystals were heated to 500 °C for 2 hours under an Ar flow inside a tube
furnace. The resulting material was pressed into pellets (10 mm diameter; 1 mm thickness) under
a load of 2 tons at room temperature.

Structural Characterization. The samples were analyzed by means of HRTEM in a Jeol 2010F
field emission gun microscope operated at 200 kV. Nanoparticle core-shell atomic models were
created by using the Rhodius software,*’ widely used to model NW complex nanostructures.***®
Thermoelectric Characterization. The samples used to measure the electrical conductivity and

the Seebeck coefficient were rectangular parallelepipeds of about 10x13x1 mm®. The Seebeck

coefficient was measured using a static DC method. Electrical resistivity data were obtained by
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standard four-probe method. Both Seebeck coefficient and electrical resistivity were measured
simultaneously in a LSR-3 LINSEIS system in the range between room temperature up to 700 K,
under helium atmosphere. The temperature dependence of the heat capacity was measured by a
relaxation method using a Quantum Design physical properties measurement system (PPMS).
Thermal conductivity measurements were obtained from flash diffusivity measurements in a
Netzsch LFA-457 Microflash.

Porosity correction An estimation of the electrical and thermal conductivity that would be

measured from a 100 % dense sample can be obtained using a Maxwell-Eucken expression: ***7 %

1+ 8P

X100 = Xp 1—p

Where Xjg is the electrical or thermal conductivity in the 100 % dense medium, P is the
porosity degree in the range between 0 and 1, and 3 is an empirical parameter related to the pore
geometry, which we fixed to 2.** Notice that the thermoelectric figure of merit ZT is not modified
by this correction because the porosity effect on the electrical and thermal conductivities

compensate each other.

7.4 Results and Discussion

PbTe@PbS nanoparticles

Colloidal synthetic strategies to produce nanoheterostructures are generally highly
elaborated.”* *® **> To date, most colloidal synthetic routes to produce core-shell nanoparticles
are based on two-pot processes not well suited for production scale up. Moreover, most previous
efforts to prepare core-shell NPs were focused on the production of shells just thick enough to

passivate the core surface and improve photoluminescence or provide biocompatibility.

168



We aimed at the development of scalable synthetic routes suitable for the production of
nanoheterostructures and bulk nanocomposites in an industrially relevant manner. For this
purpose, we designed a one-pot two-step procedure to prepare core-shell NPs at multi-gram scale.
The one-pot procedure facilitates up-scaling, maximizes production yield, and minimizes the
processing time and the number of purification steps. An additional advantage of one-pot
processes is that they allow minimizing the core oxidation.

Our one-pot two-step procedure to prepare PbTe@PbS NPs is as follows. In a first step, PbTe
NPs were prepared by reacting Pb oleate with TOP:Te in octadecene. Figure 1 shows
representative transmission electron microscopy (TEM) micrographs of the cubic PbTe NPs
produced in two different 1 g batches. In spite of the relatively high production scale, particle size
distributions with exceptional low dispersions, < 10 %, were systematically obtained (Figure 1
insets). In a second step, without purifying or exposing the PbTe NPs to air, the sulfur precursor
was added to the crude solution containing the PbTe NPs at room temperature. Then, the
temperature was gradually increased to 80 °C at 1.7 °C/min. We found that heating rates, reaction
temperatures and sulfur source reactivity determined the mechanism of formation of the PbS
shell. Large precursor reactivities or high reaction temperatures promoted the Te replacement by
S within the PbTe core or the nucleation of independent PbS crystals. Reaction conditions had to
be carefully adjusted to promote the PbS shell growth on the PbTe core surface. A solution of
thioacetamide in dimethylformamide was proven to be the most effective S source for PbS shell
growth. Figure 2A shows a representative TEM micrograph of the PbTe@PbS core-shell NPs
produced. The detailed procedure systematically yielded core-shell NPs with narrow size
distributions, < 10 % (Figure 2A inset). It must be pointed out that all the NPs characterized and

shown in the present work were obtained from relatively large scale synthesis, producing up to 1-
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1.5 g of material in a single pot. More details on the materials synthesis can be found in the

experimental section.

(02-2) (0‘2_:9! (022)

00-2
ook

Figure 2. A) TEM micrograph of (PbTe),,3@(PbS)o 7, core-shell nanoparticles with crystalline PbS
shells. Inset displays the histogram of the particle size distribution. B) HRTEM micrograph of a
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(PbTe)23@(PbS)y.7, core-shell nanoparticle. C) Power spectrum analysis of the same (PbTe)q 23@(PbS)g.72
nanoparticle and PbTe and PbS crystallographic color maps.

High-resolution TEM (HRTEM) micrographs revealed cores and shells produced by this
method to be single crystalline (Figure 2B). Double points marked by red and green circles in the
power spectrum analysis (FFT) resulted from the shell and core lattices, respectively (Figure 2C).
Core and shell had the same crystal structure (S.G.: Fm3m) with identical positions of the atoms
in the unit cell but different cell parameters. The lattices spacing shown in Figure 2C correspond
to the (200) planes in altaite PbTe (0.323 nm, JCDP: 00-038-1435) and galena PbS (0.297 nm,
JCDP: 00-005-0592). The coexistence of both crystal structures was confirmed by x-ray
diffraction (XRD). Figure 3 displays the XRD patterns of the (PbTe);x@(PbS)x (x=0, 0.32, 0.40,
0.49, 0.72, 1) NPs with crystalline PbS shells produced. No evidences of alloying, oxidation or

the presence of a PbTe,S,., interface layer could be obtained by either HRTEM or XRD.

PbS

,"n r' X =0.49

M X = 0.40
. .

A l x =032

” ﬂ PbTe

T T T T T

30 40 50 60 70 80
2theta (deq)
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Figure 3. XRD patterns of (PbTe), «@(PbS), core-shell nanoparticles with x=0, 0.32, 0.40, 0.49, 0.72
and 1.
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TEM micrographs of the core-shell NPs showed variable contrasts within each NP. A range of
different contrast patterns was observed. We attributed these contrast variations to different
Moirée patterns produced depending on the NP orientation with respect to the electron beam.
Moirée patterns allowed us to characterize in more detail the crystal interface between the core
and shell lattices in PbTe@PbS NPs. Moirée patterns depend on the mismatch between cell
parameters, the relative orientation between the two superimposed lattices and between the
lattices and the electron beam. Figure 4 displays experimental and simulated HRTEM images of
NPs with different Moirée patterns. Circular-like patterns (Figure 4A) are characteristic of
Moirée fringes occurring along both x and y axes when the NPs are perfectly oriented along the
[100] zone axis. This is quite improbable due to the random distribution of the NPs when lying
on the carbon grid and thus few NPs showed such circular patterns. Most NPs were characterized
by stripe-like Moirée fringes (Figure 4 B, C, D). Stripe-like patterns are generally associated to
the superposition of two lattices with the same cell parameter in one direction and a slight
difference in another. However, stripe-like patterns were explained here by the slight rotation of
the NP from the exact zone axis. Figure 4B shows the experimental and simulated core-shell NP
rotated 2° along the [010] axis from [100] view direction, and Figure 4C the same but with 5°
rotations. Figure 4D shows the result of rotating 2° along [010] and 2° along [001]. From a
thoroughly analysis of the Moirée fringes of a large number of PbTe@PbS NPs, we concluded
that all the cores and shell lattices had the same epitaxial relationship:

(010)[100]po1e//(010)[100]pos.
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Figure 4. Experimental images, simulated HRTEM micrographs, and atomic models of various
PbTe@PbS core-shell nanoparticles showing varied Moirée fringes associated to different orientations

with respect to the [100] zone axis.

The shell crystallinity could be controlled by varying the reaction kinetics during shell
formation. PbTe@PbS core-shell NPs with amorphous PbS shells were produced by boosting
PbS nucleation at multiple PbTe surface sites when injecting the S precursor at relatively high
temperatures: 80 °C (Figure 5, Supporting information, SI, Figure S1). Additionally, the shape of
the PbTe@PbS NPs was controlled by adjusting the degree of faceting of the PbTe core and the
thickness of the shell. Small PbTe cores were quasi cubic with slightly rounded corners. The
growth of thick PbS shells on the surface of such rounded PbTe nanocrystals resulted in spherical
core-shell NPs (Figures 3, 5). In contrast, the growth of relatively thin PbS shells on the surface
of larger and highly faceted PbTe cores resulted in quasi-cubic PbTe@PbS NPs (Figure 6).
Figure S2 displays a scheme summarizing the synthetic results in terms of crystallinity and shape.

Most important, the developed method allowed us to produce core-shell NPs with large shell

thickness (> 5 nm) and an independent control over the NP size and composition. Having in mind
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their posterior thermoelectric characterization, we produced a set of (PbTe),x@(PbS)x NPs with
identical size but different PbTe/PbS ratios. To accomplish this goal, we synthesized PbTe cores
with different diameters by varying the PbTe growth temperature between 160 °C and 190 °C but
maintaining the same amounts of Pb oleate and surfactants from batch to batch. Thus, large/small
PbTe cores obtained at high/low temperatures involved small/large amounts of Pb oleate left in
solution to react with S in the second step. In this way, we limited the shell growth by the
concentration of Pb monomer, obtaining core-shell NPs with the same diameter for all
compositions. Figure 7 displays representative TEM micrograph of the set of (PbTe);<@(PbS)y

NPs produced.

[100] PbTe Altaite

Figure 5. A) TEM micrograph of (PbTe),,s@(PbS)y 75 core-shell nanoparticles having amorphous PbS
shells. Inset displays the histogram of the particle size distribution. B) HRTEM micrograph of few
(PbTe)o5@(PbS)o75 core-shell nanoparticles. C) Power spectrum analysis of a (PbTe)y,s@(PbS)g.7s
nanoparticle and PbTe and PbS crystallographic color maps.
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[100] PbTe Altaite

Figure 6. A) TEM micrograph of (PbTe), «@(PbS)4 core-shell nanoparticles with quasi-cubic shapes.
Inset displays the histogram of the particle size distribution. B) HRTEM micrograph of few
(PbTe)os@(PbS)4 core-shell nanoparticles. C) Power spectrum analysis of a (PbTe)ys@(PbS)o.40
nanoparticle and PbTe and PbS crystallographic color maps.
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Figure 7. TEM micrographs of the (PbTe),@(PbS), nanoparticles used for thermoelectric

characterization. Scale bar corresponds to 100 nm.
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PbTe-PbS nanocomposite formation

The set of PbTe@PbS core-shell NPs with similar overall size but different PbTe/PbS ratios
displayed in Figure 7 was used to produce a set of (PbTe);(PbS)x nanocomposites with x = 0.32,
0.40, 0.49 and 0.72. As references, we also produced pure PbTe and PbS nanomaterials from the
processing of PbTe (11.2 = 1.0 nm) and PbS (6.1 = 0.4 nm) NPs (Figures S3 and S4). Once
prepared, (PbTe);x@(PbS)x (x = 0, 0.32, 0.40, 0.49,0.72, 1) NPs were purified by multiple
precipitation and redispersion steps until no re-dispersion was possible. At this point, most of the
organic ligands used to control the size and shape of the NPs during synthesis had been removed.
Purified (PbTe); x@(PbS)x NPs were dried under vacuum to obtain a dark-gray nanopowder. This
nanopowder was annealed at 500 °C for 1 h under a dry argon flow to completely remove
residual organics. Elemental analysis showed the presence of approximated 1 % of carbon in the
annealed materials. The annealed nanopowders were pressed under 2 tons of force at room
temperature to produce dense (PbTe); «(PbS)x pellets. The obtained nanocrystalline pellets were
silver-metallic in appearance and had relative densities of 80 %. Table 1 summarizes the basic
characteristics of the (PbTe),«(PbS)x nanocomposites produced.

The characterization of the annealing effect on the nanocomposite structure was both
challenging but also necessary to understand the thermoelectric performance of the obtained
materials. As proven by SEM-EDX and HRTEM (Figure 8), the composition of the final
nanomaterials was highly homogeneous at the micrometer scale but contained a uniform
distribution of compositional inhomogeneities at the nanometer scale. HRTEM analysis of the
nanocomposites showed them to contain PbS and PbTe crystal nanodomains with sizes in the

range 10-20 nm (Figure 8).

176



Table 1. Reaction temperature (Tgr), PbTe average core size (d), PbTe@PbS average nanoparticle size

(D), chalcogen molar content (Te, S), sulfur content in the Te-rich phase (y) and Te content in the S-rich

phase (z).
Chalcogen PbTe,S,. | PbS,Te,.
(PbTe) (PDS), PhTe B | POTeS: ) P Te
Tr PbTe@PbS content (%)
y z
x ccy | d(m D (nm)
Te S
y z
0 190 11.2+1.0 11.2+1.0 100 0 1 0
0.32 190 11.1+1.0 14.4+2.1 68.2 31.8 0.96 0.98
0.40 180 10.2 £0.8 142+1.9 60.2 39.8 0.93 0.99
0.49 170 9.4+09 143+2.0 514 48.6 0.92 0.99
0.72 160 8.5+0.7 14.1+2.0 27.8 72.2 0.90 1
1 135 0 6.1+04 0 100 0 1

Figure 8. HRTEM micrograph and color crystallographic maps of (PbTe)q,3(PbS) 7> nanocomposite:
PbTe = green; PbS = red.
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Figure 9 displays the XRD patterns of the set of (PbTe);«(PbS)x nanomaterials studied. After
the annealing treatment, reflections from PbTe and PbS phases still dominated the XRD patterns.
However, two new weak crystallographic reflections were observed. The new XRD peaks were
identified as the (101) and (110) plane reflections of PbO. Surprisingly, the presence of PbO was
observed in all samples except pure PbTe. A significant amount of oxygen is usually observed at
the surface of PbTe NPs when exposed to air even during very short periods of time.*” ¢ ¢
Therefore, we tentatively associated the absence of the PbO phase reflections from the pure PbTe
nanomaterial to the amorphous nature of the thin oxide layer potentially formed. The reason for
the distinct crystallinity of the formed oxide over PbS and PbTe surfaces can be found in the
different surface termination of the NPs prepared. On the one hand, the surface of cubic or quasi-
cubic PbTe nanocrystals was saturated with Te.®® Oxidation of such Te-rich surfaces results in the
formation of PbTe03.% 7 Since no evidence for such a crystal structure was obtained by XRD or
HRTEM, we speculate that such oxide layer was amorphous or very thin. On the other hand, the
surface of spherical PbS NPs as those obtained here is Pb-rich due to the preferential bonding of

oleic acid to Pb sites.”" 7

The oxidation of the Pb-rich surface of PbS NPs most probably
proceeded via the direct formation of PbO, which crystallized during the thermal treatment.
While nanocomposites produced here conserved both PbTe and PbS diffraction patterns after
the thermal treatment, we observed a slight shift of the PbTe and PbS reflections towards higher
and lower angles, respectively. These shifts were associated to a partial alloying during
annealing. The refined lattice parameters calculated from the XRD data are plotted as a function
of the PbS content in Figure 10. Smaller lattice parameters were obtained when increasing the

PbS concentration in (PbTe);.x«(PbS)x nanocomposites. Figure 10 displays the lattice parameter

trend considering the Vergard’s law for a complete solid solution. Following the Vergard’s Law,
178



the alloying ratio for both, PbTe-rich and PbS-rich phases was calculated (Table 1). This alloying

was limited to a 10 % in the Te-rich phase and to a 2 % in the S rich phase. This is consistent

with the very limited miscibility of the PbTe-PbS system.” ">
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Figure 9. XRD patterns of the (PbTe),_(PbS), (x=0, 0.32, 0.40, 0.49, 0.72, 1) nanomaterials.
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Thermoelectric properties

We characterized the electrical conductivity (o), Seebeck coefficient (S) and thermal
conductivity (k) of the (PbTe),x(PbS)x (x=0, 0.32, 0.40, 0.49, 0.72, 1) nanomaterials in the
temperature range from 320 to 710 K. Table 2 summarizes the thermoelectric properties of

(PbTe);x(PbS)x nanomaterials at 320 K and 710 K.

Table 2. Activation energy for electrical transport in the low temperature range (E,), electrical
conductivity (o), thermopower (S), porosity-corrected thermal conductivity (ic*) and thermoelectric figure

of merit (ZT=ToS%x) of (PbTe),..(PbS), nanomaterials.

(PbTe),(PbS), 6 (Sm™) S (nvV K% EK(Wm' K" ZT
X E,(meV) | 320K | 710K | 320K | 710K | 320K | 710K | 320K | 710K
0 83 55 2370 | 362 | -270 22 120 | 10° | 0.18
0.32 78 51 5510 | 184 | -247 1.8 1.15 10 | 037
0.40 81 9.0 | 4380 1 -259 1.5 0.91 10 | 0.34
0.49 75 76 7730 | -89 232 | 085 | 0.61 10" | 0.86
0.72 71 12 | 12530 | -89 185 | 0.69 | 0.53 10 1.03
1 66 260 | 1180 | 279 | -306 12 0.77 107 | 0.18

Electrical conductivity and Seebeck coefficient. Figure 11 displays the electrical conductivity
and Seebeck coefficient of (PbTe);«(PbS)y nanomaterials. The evolution of the electrical
conductivity with temperature clearly indicated that charge carrier scattering at grain boundaries

13, 27

and crystal interfaces played a dominant role. Electrical conductivities activated through a
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surface energy barrier (E,) can be expressed as follows:"® o o T~ 2exp (— i—“T) The results

from the fitting of this equation to our experimental data in the low temperature range (T < 400
K) are displayed in Table 2. The highest activation energy Fa = 83 meV was obtained for pure
PbTe. This value is in the range of activation energies previously measured for this material (60
meV < Ea < 140 meV).””"* The energy barrier decreased with the PbS content within the
(PbTe);x(PbS)x nanocomposites (Figure 12). Pure PbS nanomaterials displayed the lowest

energy barriers Ea = 66 meV.
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Figure 11. Electrical conductivity (o) and Seebeck coefficient (S) for (PbTe),..(PbS), nanomaterials.

In the low temperature regime, majority carriers in PbTe and PbS had opposite signs. While
PbTe displayed p-type conductivity, PbS had an n-type character. When both phases were
intermixed within (PbTe);x(PbS)x nanocomposites, holes from PbTe and electrons from PbS
compensated each other resulting in lower electrical conductivities and lower absolute Seebeck

coefficients than those of pure PbTe and PbS nanomaterials. In this low temperature range,
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charge transport was dominated by holes in (PbTe);4(PbS)x nanocomposites with x<0.4 and by
electrons in (PbTe); x(PbS)x nanocomposites with higher PbS contents (x>0.4).

In nanomaterials with energy activated charge carrier mobilities, the increase of the average
carrier kinetic energy with temperature eventually enables charge carriers to overcome the
potential barrier. At this temperature, electrical conductivity is largely enhanced. In pure PbTe
the boost of electrical conductivity was accompanied by an inversion of the majority carriers
charge sign (Figure 11). At around 520 K a strong decrease of the Seebeck coefficient, from
positive to negative values, starts to take place in PbTe. This is associated to an increasingly
higher density of electrons participating in the charge transport within this material. At around
650 K the electron contribution to the Seebeck coefficient compensated the hole contribution.
Negative Seebeck coefficients were obtained at higher temperatures. In (PbTe);x(PbS)
nanocomposites, charge carrier compensation occurred at lower temperatures. For
(PbTe)o.63(PbS)o 32, the sign inversion in the Seebeck coefficient took place at around 550 K and
for (PbTe)o.c(PbS)o4 at just 450 K. In (PbTe); «(PbS)x with x>0.4 a step change of the Seebeck
coefficient towards more negative values was also obtained at this temperature range. This sign
inversion or step change in the Seebeck coefficient was accompanied by an increase in electrical
conductivity in the temperature range from 450 K to 650 K for all nanocomposites.

At relatively high temperature (T > 650 K), both PbTe and PbS displayed n-type conductivity.
In this regime a synergistic contribution of the majority charge carriers of both phases was
observed and much higher electrical conductivities were obtained for nanocomposites than for
pure PbTe and PbS nanomaterials. In the high temperature regime measured, the electrical
conductivity of (PbTe);«(PbS)x nanocomposites increased with the PbS content. The highest

electrical conductivities were obtained for (PbTe)o,s(PbS)o72. For this material electrical
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conductivities up to 10-fold larger than PbS were measured. Without intentional doping of any of
the two phases, (PbTe)os(PbS)o.7 reached electrical conductivities up to 1.2-10* Sm™. This value
is just slightly lower than that reported by S. Johnsen et al. for 0.033 % PbCl,-doped PbSy s4Tey 16
nanomaterials obtained through thermodynamic phase segregation: ~2-10* Sm™ at 700 K.”’

While in the present work PbTe and PbS phases were not intentionally doped, a doping-like
effect occurred when mixing both semiconductors at the nanometer scale.”®*® This nanocrystal-
based doping translated into larger electrical conductivities but slightly lower absolute values of

the Seebeck coefficient (Figures 11, 12).
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Figure 12. Electrical conductivity (o), Seebeck coefficient (S), porosity-corrected thermal conductivity
(") and thermoelectric figure of merit (ZT) at 710 K and activation energy for electrical transport in the

low temperature range (E,), as a function of the PbS concentration in (PbTe),_(PbS), nanomaterials.

Thermal conductivity. Thermal conductivity values were calculated from thermal diffusivities

obtained using flash diffusivity measurements. In nanomaterials, when calculating thermal
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conductivity from thermal diffusivity data, the surface contribution to the molar heat capacity
needs to be taken into account.”® Heat capacities were measured by a relaxation method. As
expected, the experimental heat capacity values obtained from (PbTe);«(PbS)x nanomaterials
significantly exceeded the Dulong-Petit approximation (Figure 13A). However, surprisingly
lower heat capacity values were obtained for nanocomposites when compared to pure
nanomaterials. The thermal conductivities calculated from experimental heat capacities are
displayed in figure 13. Very low thermal conductivities were obtained for all the nanomaterials
characterized. These low thermal conductivity values were in part associated to the material
porosity. The porosity contribution could be roughly estimated and removed from the calculated
thermal conductivities using Maxwell-Eucken’s equation (experimental section).*”> ** Figure 13
(B and C) displays the porosity corrected thermal conductivities (k). Taking into account the
intrinsic character of the two material components, the electronic contribution to the thermal
conductivity (ke®) was calculated using the Wiedemann-Franz (WF) law assuming the

nondegenerated limit for the Lorenz number (1.5 x 10®* W Q K%).'%21. 7980
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Figure 13. Heat Capacity (A), Thermal conductivity (B) and porosity-corrected thermal conductivity
(C); and lattice and electronic contribution to the corrected thermal conductivity (D) of (PbTe); «(PbS)

nanomaterials.

After porosity correction, thermal conductivities were still exceptionally low.'™”” The thermal
conductivity of the pure PbTe nanomaterial was 1.2 W/mK at 700 K. Thermal conductivity
monotonically decreased with the concentration of PbS in (PbTe);«(PbS)y nanocomposites
(Figure 12). The lowest thermal conductivity, 0.53 Wm']k'], was obtained for (PbTe)23(PbS)o.72

at 710 K. Slightly higher thermal conductivities were obtained for PbS: 0.77 Wm™'k'at 709 K.
185



This value still represents a strong reduction with respect to the 1.5 Wm™'k™ at 730 K reported for
bulk PbS.

The very low thermal conductivities obtained were associated to the efficient scattering of
phonons at the high density of grain boundaries and crystal interfaces within the (PbTe);«(PbS)y
nanomaterials. In nanocomposites, phonon scattering was further enhanced by the acoustic
impedance mismatch between PbTe and PbS phases. The incoherent-nature of interfaces in
bottom-up assembled nanocomposites additionally enhanced phonon scattering efficiency.
Another parameter that may contribute to phonon scattering within the produced (PbTe);x(PbS)x
nanocomposites is the partial phase alloying detected. Alloying or replacement of Te by S ions in
PbTe and of S by Te ions in PbS introduced high densities of point defects. Taking into account
the large difference in size between Te and S ions, such replacement may effectively scatter short
wavelength phonons and thus contribute to further reduce the nanocomposite thermal
conductivity. Phase alloying was stronger the larger the concentration of sulfur in the
nanocomposite. This experimental observation partially explains the decrease of thermal

conductivity with the increase of the PbS content.

Thermoelectric figure of merit. Figure 14 displays the thermoelectric figure of merit calculated
for the different (PbTe); «(PbS)x nanomaterials. The maximum ZT value for pure PbTe and PbS
nanostructured material obtained were 0.18 at 700 K. A similar thermoelectric figure of merit
was reported for undoped bulk PbS.*' Nanocomposites obtained from core-shell NPs were
characterized by figures of merit substantially higher than those of pure PbTe and PbS
nanomaterials. From the compositions studied here, the nanocomposite with the largest figure of

merit was (PbTe)g23(PbS)7,. For this nanocomposite a figure of merit ZT up to 1.07 at 700 K
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was calculated. The larger figures of merit obtained for nanocomposites when compared to pure
nanomaterials were attributed to two main effects: 1) a synergic effect between the charge carriers
of each phase resulted in nanocomposites with electrical conductivities up to one order of
magnitude higher than pure materials; ii) enhanced phonon scattering at multiple length scales

provided nanocomposites with significantly lower thermal conductivities.
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Figure 14. Thermoelectric figure of merit (ZT) of (PbTe);_(PbS), nanomaterials.

Nanomaterials stability and measurement reproducibility are major concerns, particularly in
bottom-up assembled nanocomposites. We tested the thermoelectric performance stability of the
nanocomposites by measuring the materials thermoelectric properties multiple times in different
days. Figure 15 displays data obtained from measuring the thermoelectric properties of
(PbTe)23(PbS)o.72 four times. We observed that after the first measurement higher electrical
conductivities and Seebeck coefficients and lower thermal conductivities were obtained in the

low temperature range. After the second measurement, thermoelectric properties remained
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unchanged. We hypothesize that changes between the first and next cycles may have its origin in
a slight loss of sulfur.®' At above 500 K small amounts of S may leave the PbS surface during the
measurement. The result of such migration is a slight increase of the free electrons concentration
and thus of the electrical conductivity. The concentration of sulfur in the surface may be
stabilized after the first measurement as further measurements did not show appreciable changes

neither at high or low temperatures. It must be pointed out that such potential sulfur loss was not

detected by ICP or EDX.
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Figure 15. Multiple measurements of the electrical conductivity (o), thermopower (S), porosity-

corrected thermal conductivity (k*) and thermoelectric figure of merit (ZT) from the same

(PbTe).23(PbS)o.72 pellet.
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7.5 Conclusions

A rapid, high-yield and scalable colloidal synthetic route to prepare PbTe@PbS core-shell NPs
with unprecedented narrow size distributions and exceptional control over their composition was
presented. (PbTe);x(PbS)x nanocomposites obtained from the bottom-up assembly of (PbTe);.
x@(PbS)x NPs were highly homogeneous at the micron scale but contained a high distribution of
nanoscale inhomogeneities. These (PbTe),.x(PbS)x nanocomposites were characterized by higher
electrical conductivities and lower thermal conductivities than pure PbTe and PbS nanomaterials.
We associated the higher electrical conductivities to a nanocrystal-based doping effect. The lower
thermal conductivities were explained by the acoustic impedance mismatch between PbTe and
PbS phases, the incoherent-nature of interfaces and the partial phase alloying. As a result, we
obtained nanocomposites with thermoelectric figures of merit much higher than pure PbTe and
PbS nanomaterials.

The design and engineering of nanocomposites by the bottom-up assembly of colloidal
building blocks is a very recent research field. A lot of effort is still needed to optimize and
completely understand the performance and properties of the nanomaterials produced by this
method. However, the high thermoelectric figures of merit obtained here serve as an example of
the potential of the proposed processes to produce high-performing nanomaterials. It also allows
establishing the bottom-up assembly of colloidal NPs as a serious approach to produce functional
nanocomposites with unprecedented and unparallel control over materials phase and composition

at the nanometer scale.
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Conclusions

This dissertation has focused on three main topics: 1) synthesis of colloidal nanoparticles with
controlled size, morphology, composition, and crystal phase; ii) production of bulk nanomaterials
from the bottom-up assembly of colloidal nanoparticles; iii) Characterization of the

thermoelectric performance of the nanomaterials produced.
The work developed has allowed determining the following conclusions:

1. The conditions to establish the focusing or defocusing regime with a diffusion-reaction
model has been extended for nanorods. The model has been tested experimentally for
B1,S; nanorods.

2. The nanoparticles synthesis control has been extended to quaternary compositions in
Copper-based chalcogenides. A large excess of SeO, is required to obtain stable
quaternary NP. Their composition control has been achieved by controlling the precursor
concentration or the reaction temperature. The average nanoparticles size could be tuned
by the concentration of the amine in solution or the nucleation temperature.

3. The synthesized nanoparticles were successfully used as building blocks for the
production of bulk nanomaterials or nanocomposites. Highly homogeneous
nanocomposites could be produced by the bottom-up assembly of nanoheterostructures.

4. Copper-based chalcogenides has been proven as promising candidates for thermoelectrics
applications.

5. Nanocomposites produced by the bottom bottom-up assembly of nanoheterostructures

have been proven as excellent candidates to boost the thermoelectric performance.
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Future work

The design and engineering of nanocomposites by the bottom-up assembly of colloidal
building blocks is a very recent research field. A lot of effort is still needed to optimize and
completely understand the performance and properties of the nanomaterials produced by this
method.

The huge versatility of colloidal synthetic routes has the potential to create new complex
materials at the nanoscale with completely unpredicted results that can boost the thermoelectric
performance. The endless possibilities of materials combinations are waiting for fearless
researchers to undertake them. While hitting upon the proper combination of materials can be an
exasperating task, there are several more concrete and practical problems to defeat.

1- Removal of organic ligands to improve electrical conductivity. In the present work, the
strategy to remove the organic ligands has been the thermal treatment. Despite its partial
effectiveness, the carbon species present in the final nanomaterial could detriment their final
performance. During the last years several alternative post-synthetic treatments has been
developed to remove or replace the highly insulating organic molecules used during the NPs
synthesis. However, the practical application of such methods is still far to be truly useful at large
scale. Problems such oxidation of the NPs surface, toxicity or/and highly reactivity of the
compounds involved in the removal/replacement of the long-chain organic ligands need to be
completely avoided.

2- Nanoparticles assembly and compaction to obtain high density pellets. In the work
presented, bulk nanomaterials were obtained by pressing the annealed nanoparticles at room

temperature. Most sophisticated techniques such hot pressing and spark plasma sintering can be
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used to produce high density pellets. However, special care must be taken to avoid a large
increase of the crystal size or in the case of nanoheterostructures to produce undesired alloys.
Additionally, the nature of the species present in the NPs surface can play a crucial role during
their compaction.

3- Doping of nanoparticle to obtain the optimum charge carrier concentration. One of the
main problems of colloidal synthesis is also one of their main advantages: self-purification. In
bulk materials or thin films, tuning the carrier density can be easily achieved by introducing
specific impurities. Although doping has been achieved for several kind of particles, there is not a
straightforward and general strategy valid in all the synthesized NPs. The reduced size of the NPs
strongly hinders to maintain impurities within their crystal structure. While not-very pure
precursors can help to reduce production costs, the use of nanoparticles for electronics and

optoelectronics devices requires a precise control of the charge carrier density.
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