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Resum de la tesi

En els ultims anys, els materials nanoestructurats han atret I'atencié en diversos camps, com
ara 'emmagatzematge d’energia, I'optoelectronica o la biomedicina, gracies a les seves
propietats fisiques i quimiques dependents de la mida/forma. Tot i que els semiconductors
binaris han estat uns dels més estudiats fins ara, els semiconductors ternaris i quaternaris
han comencat a sorgir gracies al gran ventall de composicions i, per tant, de propietats que
ofereixen. La importancia dels nanomaterials hibrids esta creixent també. L’associacié de
més d’'un material en una mateixa nanoestructura permet la preservacié o, fins i tot la
millora, de les diferents propietats que presenten els seus materials preliminars i les
combina amb les noves, originades degut a la interaccié entre els dos dominis.

Aquesta tesis esta centrada en el disseny de noves nanoestructures ternaries i hibrides i esta
dividida en cinc capitols en funcié dels diferents sistemes que s’han estat estudiant.

En els dos primers capitols (capitols 2 i 3) s’ha descrit un procediment simple a temperatura
ambient per la sintesi de nanoestructures ternaries i hibrides d’Ag-Au-Se i d’Ag-Au-S. El
meétode consisteix en la reaccié entre nanoparticules d’Ag,Se i AgS sintetitzades préviament
i un precursor d’Au(lll). El temps de reaccio, la concentracid del precursor d’or, la naturalesa
del tensioactiu i la relacié Ag:Au sén els quatre parametres clau que permeten el control del
producte final. Una caracteritzacié estructural i quimica exhaustiva de les nanoestructures
descrites en aquests capitols s’ha dut a terme per HRTEM, STEM, EELS, EDS i XPS. A partir
d’aquesta caracteritzacié s’ha pogut proposar un mecanisme de reaccid segons el qual dos
processos poden tenir lloc paral-lelament. Per un costat, quan una amina (dodecilamina,
DDA) s’utilitza com a tensioactiu, aquesta redueix I’Au(lll) a or metal-lic, el qual es diposita a
la superficie del semiconductor, formant un segon domini. Per I'altre, s’ha observat que
I’anié Se?/S? és capac de reduir I’Au(lll) a Au(l), que seguidament difon dins de I'estructura
del semiconductor binari, substituint parcialment els cations Ag(l) i formant un material
ternari.

En el sistema Ag-Au-Se, nanoparticules (NPs) hibrides d’Au-Ag,Se, NPs hibrides d’Au-
AgsAuSe; i NPs d’AgsAuSe; han estat sintetitzades amb éxit. Quan s’utilitza un tensioactiu
sense propietats reductores (bromur de tetraoctilamoni, TOAB) és possible suprimir el
procés de reduccid a or metal-lic i obtenir NPs d’AgsAuSe,. Mentre que, quan s’utilitza
I'amina i un temps de reaccio curt, la formacié del material ternari es pot suprimir i obtenir
les NPs hibrides d’Au-Ag,Se.

Les NPs hibrides d’Au-AgsAuSe; van ser estudiades com a materials termoeléctrics, obtenint
una resposta millorada en comparacido amb el material binari (Ag,Se). Les NPs d’AgsAuSe;
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van ser analitzades com a agent de contrast per tomografia computada, donant resultats
prometedors en aquest camp.

En el sistema analeg amb sofre (Ag-Au-S), la miscibilitat més alta entre I'or i el sofre ofereix
un diagrama ternari més complex, que presenta dos materials ternaris amb diferent
estequiometria: AgsAuS; i AgAuS. Mitjancant el meétode proposat, és factible Ia
transformacié gradual del Ag.S a AuzS, amb la possibilitat d’aillar NPs hibrides d’Au-Ag:S,
NPs hibrides d’Au-AgsAuS,, NPs hibrides d’Au-AgAuS, NPs hibrides d’Au-Au,S i NPs
foradades d’AusS. En aquest sistema, la supressid de la reduccié de I’Au(lll) a or metal-lic no
és possible utilitzant el tensioactiu sense propietats reductores, i tots els materials obtinguts
presenten dos dominis, exceptuant les NPs foradades d’Au;S. Quan es treballa amb una alta
guantitat de complex Au(lll)-TOAB, I'elevada concentracié d’anions bromur a la dissolucio
pot desencadenar un augment de la velocitat de difusié dels cations Ag(l) cap a I'exterior de
les NPs, provocant la formacié de forats interns en les nanoestructures, seguint el que es
coneix com a efecte Kirkendall.

La tercera secci6 (capitol 4) esta centrada en un altre sistema ternari, format per Ag-Cu-S.
Aquest sistema també presenta dues fases ternaries (AgsCuS; i AgCuS), tanmateix, el
meétode d’injeccid en calent proposat en aquesta tesi, només permet la formacié del
material amb estequiometria AgCuS. Depenent del precursor de coure utilitzat, es proposen
dos mecanismes de sintesi diferents. Per un costat, I'Gs dels clorurs de coure (I) i ()
indueixen la formacid inicial de nanoparticules de Ag,S, que gradualment pateixen
intercanvi cationic, donant lloc al material ternari. Per l'altre, quan s’utilitza el iodur de
coure (l), es formen simultaniament els dos sulfurs binaris, que seguidament es combinen
per formar el ternari. Aquest material també va ser caracteritzat termoeléctricament, tot i
gue no mostra resultats satisfactoris degut a la seva baixa conductivitat eléctrica.

En el capitol 5 es presenten quatre nanoestructures noves basades en Cu, Pt i Se. Aquestes
nanoestructures van ser sintetitzades mitjancant una reaccié a alta temperatura entre NPs
de Cuy«Se sintetitzades previament i un precursor de Pt(ll). Els nanomaterials han estat
detingudament caracteritzats estructural i morfologicament per estudiar I'impacte de la
relacié Pt:Cu utilitzada en la sintesi en el producte final. Els tres primers materials (amb
guantitats més baixes de plati) presenten fases ternaries, mentre que l'dltim (amb més
guantitat de plati) esta format només pels dos metalls (Pt i Cu). A mesura que la quantitat
de plati augmenta en l'estructura, aquest es va introduint més eficientment en la xarxa
cristal-lina del semiconductor de coure i seleni, expulsant gradual i lentament el seleni fins a
la totalitat, augmentant aixi el caracter metal-lic de les nanoestructures finals.

Finalment, en el capitol 6, es descriuen uns compostos hibrids hidrofilics, formats a partir de
NPs inorganiques (Au, Ag, AgzAuSe; i Au@Fe304) i un complex d’Au(l) de baix pes molecular
i altament fluorescent. Aquests nanocompostos es poden dispersar en dissolvents polars
com l'aigua o I'etanol, i sén estables durant un any, com a minim, a diverses temperatures
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dins el rang de 25 a 50°C i entre pHs de 4 i 9. El seu acoblament esta basat, essencialment,
en interaccions aurofiliques/metal-lofiques entre els atoms de la superficie de la
nanoparticula i els atoms d’Au(l) del complex. Aquestes interaccions formen petits agregats
de nanoparticules embolcallades pel complex. La formacié dels agregats s’ha estudiat per
espectroscopia d’absorcié, seguint la variacié de la banda de ressonancia plasmonica
localitzada, molt caracteristica de les NPs d’or en dissolucid. Addicionalment, els
nanocompostos d’Au i Ag es van caracteritzar per espectroscopia Raman. Es ben sabut que
guan una molécula esta estretament lligada amb una nanoparticula amb propietats
plasmoniques, la intensitat dels pics obtinguts per espectroscopia Raman augmenta. Aquest
fenomen és conegut com a SERS (Surface-Enhanced Raman Spectroscopy) i es va poder
observar en ambdds materials.

En resum, en aquesta tesi s’han sintetitzat, caracteritzat i estudiat cinc sistemes hibrids i
ternaris basats en materials amb una toxicitat baixa amb la intencié de trobar materials
alternatius que, en un futur, es puguin aplicar en els camps de la la conversié d’energia i la
biomedicina.
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Abstract

The size/shape dependent and unique physical and chemical properties presented by
nanostructured materials have attracted great attention in several fields such as energy
harvesting, optoelectronics and biomedicine, among others. Even though binary
semiconductors have been some of the most studied systems until now, ternary and
guaternary semiconductors have started to stand out due to the wide variety of
compositions and, as a result, of properties they offer. The importance of hybrid
nanomaterials is growing as well: the association of more than one material in the same
nanostructure usually allows the preservation or even, the enhancement, of the different
properties of the preliminary materials and combines them with the new ones originated
from the interaction between the two domains.

This thesis is focused on the design of novel compositionally controlled hybrid and ternary
nanostructures and it is divided in five chapters regarding different systems. The studied
materials have been chosen with the idea of working with low toxic materials, which might
find, in a future, application in different fields.

In the first two sections (chapter 2 and 3) a simple procedure at room temperature is
reported for the synthesis of hybrid and ternary nanostructures of Ag-Au-Se and Ag-Au-S.
The method consists in the reaction between pre-synthesised Ag,Se/Ag,S nanoparticles
(NPs) and a Au(lll) precursor. The reaction time, the concentration of gold solution, the
surfactant nature and the Ag:Au ratio are the four key parameters that allow the control of
the final product. In-depth chemical and structural characterization of the nanostructures
reported in these chapters were done by HRTEM, STEM, EELS, EDS and XPS. From this
characterization a reaction mechanism was proposed in which two processes could have
place concurrently. On the one side, when an amine (dodecylamine, DDA) is used as a
surfactant, this reduces Au(lll) cation to metallic gold, which heterogeneously nucleates on
the surface of the semiconductor, and further grows forming a second domain. On the
other, Se?/S? anions have been found to reduce Au(lll) cations to Au(l) cations, which
subsequently diffuse through the binary semiconductor structure, partially exchanging the
Ag(l) cations of the guest material and consequently forming a ternary system.

Regarding the Ag-Au-Se system, Au-Ag.Se hybrid nanoparticles (HNPs), Au-AgzAuSe, HNPs
and AgsAuSe; NPs were successfully synthesised. When a non-reducing surfactant is used
(tetraoctylammonium bromide, TOAB), the reduction of Au(lll) to metallic gold is totally
supressed, leading to the formation of AgsAuSe; NPs. Whereas, when the amine and a short



reaction time is used during the synthesis, the formation of the ternary material is
supressed and it is possible to obtain Au-Ag,Se HNPs.

In addition, Au-AgsAuSe, HNPs were tested as thermoelectric material, obtaining an
improved response in comparison with the binary material (Ag.Se). The potential of
AgsAuSe; NPs as Computed Tomography contrast agents was also tested, obtaining
promising results in this field.

Concerning to the analogous system with sulphur, the higher miscibility of Au and S offers a
more complex ternary diagram, with two ternary materials with different stoichiometries:
AgsAuS; and AgAuS. A gradual transformation of Ag>S to Au,S was achievable by the
proposed method, with the possibility of isolating Au-Ag,S HNPs, Au-AgsAuS; HNPs, Au-
AgAuS HNPs, Au-Au;S HNPs and hollow AuzS NPs. In this system, the reduction of Au(lll) to
metallic gold cannot be avoided, even when using a non-reducing surfactant. All the
obtained materials presented two domains, with the only exception of hollow Au,S NPs.
When using high amounts of Au(lll)-TOAB complex as precursor the Kirkendall effect clearly
manifested in the samples by forming hollow nanostructures: most probably, the high
amount of bromides in the solution acts as a driving force for the accelerated outwards
diffusion of Ag* cations from the Ag,S host NPs, which provokes the formation of internal
voids in the nanostructures.

The third section (chapter 4) is focused in another ternary system: Ag-Cu-S. Even though this
system also presents two different ternary materials (AgsCuS, and AgCuS), the direct hot
injection method proposed here only allows the formation of the AgCusS stoichiometry. Two
different mechanisms are reported, depending on the precursor of copper used in the
synthesis. On the one side, the use of copper (I) or (ll) chlorides induces the early formation
of Ag,S NPs, which gradually suffer cationic exchange and convert to the ternary material.
On the other side, the use of copper (l) iodide favours the early formation of the two binary
materials and their subsequent combination. The material was thermoelectrically
characterized as well, but without showing a proper performance.

Four novel nanostructures based on Cu-Pt-Se are described in Chapter 5. They were
synthesised by a reaction at high temperature between pre-synthesised Cu,xSe NPs and a
Pt(ll) precursor. The nanomaterials were thoroughly structurally and morphologically
characterized to study the impact of the Pt:Cu ratio in the final product. The three first
materials (with a lower Pt:Cu ratio) are composed by ternary phases, whereas the fourth
material (with a high Pt:Cu ratio) is just formed by the two metals (platinum and copper).
The larger the amount of platinum in the structure, the more efficient diffusion of the
element occurs through the Cu-Se lattice, with the consequent and slow spell of selenium
until its totality.



Finally, in chapter 6, hybrophilic hybrid inorganic-organic nanocomposites formed by
inorganic NPs (Au, Ag, AgsAuSe; i Au@Fe304) and a highly fluorescent low molecular weight
Au(l) metallogelator are presented. These nanocomposites can be dispersed in polar
solvents such as water or ethanol, and they are stable for, at least, one year, at different
temperatures in the range of 25-50°C and between pH 4 and pH 9. Their coupling is mainly
based on aurophilic/metallophilic interactions between atoms in the surface of the NPs and
Au(l) atoms from the complex. These interactions induce the formation of small aggregates
of nanoparticles surrounded by an organic shell of complex. The formation of these
aggregates has been studied by absorption spectroscopy, through the evolution of the
localized surface plasmon resonance band characteristic of gold NPs. Additionally, the Ag
and Au nanocomposites were characterized by Raman Spectroscopy. It is well known that
when a molecule is strongly coupled to a plasmonic nanoparticle, the intensity of the Raman
peaks of the molecule are intensified. This phenomenon is known as Surface-Enhanced
Raman Spectroscopy (SERS) and could be observed in both materials.

In summary, in this thesis five hybrid and ternary nanostructured systems, based on low
toxic materials, have been synthesised, characterized and studied, following the aim of
investigate alternative materials, which, in a future, could be applied in energy conversion
and biomedicine fields.
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Chapter 1 General Introduction

Nanotechnology is defined as the part of science, engineering and technology that works
with materials in the nanoscale, between 1 nm and 100 nm. It comprises many different
branches including physics, chemistry, biology, medicine, materials science. Even though the
development of different techniques with the capacity of “seeing” the nanoparticles, such
as transmission and scanning electron microscopy, has impulsed the field exponentially in
the last decades, nanoparticles (NPs) have been used since centuries ago. For instance,
roman glassmakers, in the fourth-century A.D., were fabricating colourful glasses that
contained nanosized metals. The Lycurgus cup (Figure 1.1), exhibited in the British Museum,
is one of the most famous examples. This cup is made of soda lime glass containing silver
and gold nanocrystals and changes its colour from green, when it is lit from the front and
reflects the light, to red, when it is lit from behind and transmits the light. Other examples,
from the medieval age, are the colourful stained-glass windows of cathedrals, in which the
colours are also attributable to the presence of metal NPs. Photography, as well, was a
technology that depended on the formation of silver NPs and it emerged in the eighteenth
century. The development of pictures consisted in a light decomposition of silver halides,
which produced silver NPs, the pixels of the image.!

Figure 1.1: Lycurgus cup. Images extracted from the website of the British Museum.
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The first publication about nanostructured materials was done by the English physicist and
chemist Michael Faraday, in 1857, with his study entitled “Experimental Relations of Gold
(and other Metals) to light”.? However, it was not until 100 years later, in 1959, when
nanotechnology started gaining importance. The lecture “There is a plenty of room at the
bottom - an invitation to enter to a new field of physics”, disseminated by the physicist
Richard Feynman, was instrumental in raising its visibility.

Nanostructured materials are special in comparison with its homologous bulk materials
because of their ability of changing their properties depending on the size and shape of the
NPs. Usually, in the study of the properties of bulk materials, microscopic peculiarities
become insignificant and, consequently, the properties measured are average properties.
Nevertheless, when the material is nanostructured these peculiarities become important
and can affect the final properties, leading to their size/shape-dependent tunability.'® This
dependence gives nanomaterials a wide variety of applications in several fields, for instance,
medicine,* energy harvesting,® electronics,®’ among others.?

1.1 Nanostructured semiconductors

Semiconductor nanomaterials, also known as quantum dots (QDs), are one of the most
studied nanostructured materials. As it is well known, a semiconductor is a material with a
gap between the valence and the conduction band which has an energy (the band gap
energy, Eg) closer to the thermal energy ksT (Kg is Boltzmann’s constant). Although at room
temperature just a few electrons are excited to the conduction band and the electrical
conductivity is low, with the proper stimuli it is possible to excite more electrons to the
conduction band and the material can present significant values of electrical conductivity.

In these materials, when a photon is absorbed and one electron is promoted to the
conduction band, a hole is created in the valence band, which is conductive like an electron,
but with an effective positive charge. The negative electron, from the conduction band, and
the positive hole, from the valence band, have an attractive force and form a weakly
bonded pair, known as exciton, which usually moves through the lattice of the
semiconductor material. However, when the size of the nanoparticle is reduced and gets
closer to the distance between the electron and the hole, known as the characteristic Bohr
radius (as) of each material, the optical properties of the nanomaterial become confined
and size/shape dependent.®1? This is to say that, when NPs are smaller, the distance
between the exciton components are shorter and, as a consequence, the energy gap (or
bandgap) is more energetic and the probability of radiative recombination increases (Figure
1.2a). One of the most famous and beautiful examples of quantum confinement is the size-
dependent absorption and photoluminescence of CdSe QDs covering the whole range of the
visible spectrum?! (Figure 1.2b and c).
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Silicon is known to be the most used bulk semiconductor. However, concerning
nanostructured semiconductors, 1I-VI, IV-VI and llI-V binary materials have been the most
studied in the last decades.>'?'3 [I-VI semiconductor family includes Zn, Cd and Hg
chalcogenides, whereas Sn and Pb chalcogenides are part of the IV-VI family. IlI-V
semiconductors consist, basically, in In and Ga phosphides and arsenides.

The easy tunability of their optical properties make these materials perfect candidates to be
applied in several fields!* including energy conversion,’* 8 light-emitting, %!
optoelectronics,???3 sensing?*?> and biomedicine.?6-28

da

Conduction | |
band

E

i ]

Fluorescence (AU)

15 20 25 30 35
Photon Energy (eV)

Figure 1.2: a) lllustration of the quantum confinement effect. b) Image and c) Fluorescence of CdSe
QDs of different sizes. b) and c) extracted from Ref. 10 and 11.

Ternary and quaternary semiconductors

Even though the importance of cadmium chalcogenides and lead chalcogenides, which
cover the visible and the near-infrared range respectively, is still growing, the increasing
demand of more sophisticated devices and the concern of using toxic and environmentally
non-friendly materials, forced scientists to start looking for alternative materials. Ternary
and quaternary materials, also named multinary materials, have raised as suitable options.
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These systems are composed of more than two elements and offer high flexibility for tuning
the band gap with their composition, size and shape. Besides, many of these
ternary/quaternary nanostructures have narrow band gaps, with energies of 1.55 eV (800
nm) or lower (near-infrared range), which are especially interesting for energy harvesting,
optoelectronic and biomedical applications.??-3* Their syntheses are not trivial due to the
different possible stoichiometries that each material can present. Many groups have been
working on them for the last decade.

Copper Indium sulphide (CulnS;, CIS)*>3® and selenide (CulnSez)?” and Copper Indium
Gallium selenide (Cu(ln,Ga)Sez, CIGS)3®3° were some of the first studied materials. For
instance, CIGS has been commercialized in thin film solar cells, with efficiencies up to 20%,
proving the viability of these kind of materials in the actual market. Nowadays, the
challenge consists on the use of non-toxic and earth-abundant elements and materials for
current demanding technologies. For example, copper zinc tin sulphide (Cu2ZnSnSa, CZTS)*%-
42 is now being studied as alternative.

1.2 Nanostructured noble-metals

Another family of materials which has been hugely studied is that of nanostructured noble-
metals. As it was mentioned before, they were the first nanostructured materials that were
studied and published by Michael Faraday.? Since then, the field has been remarkably
developed. For instance, Johann Wolfgang Dobereiner, thought to be one of the founders of
catalysis, discovered the catalytic capability of finely divided platinum, and from that
moment, nanostructured platinum has been one of the most investigated catalysts.43%°

Silver and gold nanostructures*®*’” apart from being known as good catalysts, they also
present interesting optical properties. These noble-metals, when going to the nanoscale,
present a curious interaction with light, a phenomenon known as the Localised Surface
Plasmon Resonance (LSPR). When the free-electron cloud of the metal, which is located on
the surface of the material, interacts with an electromagnetic field of a particular frequency,
it starts to oscillate, creating a plasma. They are known as surface plasmons. If the material
is nanostructured, the amplitude of the oscillation is larger than the size of the objects and
the oscillation affects all the electrons of the particle (Figure 1.3). As the induced plasma is
confined to the nanoscale region, it can be said that the surface plasmon is localised. This
phenomenon is highly affected by the size and shape of the NPs and the dielectric constant
of the surrounding medium and it has two significant effects: 1) the optical absorption of
the material presents a maximum at the plasmon resonance frequency and 2) there is an
enhancement of the electrical fields close to the NPs.%4°

The nanostructured metals presenting LSPR are gold, silver and copper, which have a strong
photoabsorption at 530 nm, 400 nm and 580 nm, respectively. This strong absorption is
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responsible for their characteristic colour in solution: red for gold, yellow in the case of

silver, and brown for copper. This phenomenon is exploited in several fields including

catalysis,”®>! sensing,”?~>* biomedicine,>>~>’ among others.>4-%0
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Figure 1.3: lllustration of the LSPR phenomenon.

1.3 Hybrid nanostructured materials

The flourishing interest in multifunctional materials leads to the development of hybrid
materials. This kind of materials consists in two or more different materials joined in the
same structure and thus, sharing an interface. They usually have the ability of preserving the
different properties of the preliminary materials, which are combined in one structure.
Besides, they can also exhibit some new properties and enhance some already existing
ones, as a consequence of the formation of an interface and the interaction or coupling
established between the two domains.®¥® The fact that the size of this interface and the
size of the nanodomains, in contrast to what happens in bulk interfaces, are in the same
order of magnitude, enhances the synergetic effects between the two domains, increasing
their relevance in the macroscopic properties of these hybrid materials.

Many different combinations have been studied: semiconductor-semiconductor,®’-! metal-
magnetic,’>’3 metal-semiconductor,’*’® metal-metal,”® magnetic-semiconductor’® and so
forth. As can be expected, each combination has its own special properties and is suitable
for different applications. To give an example, the combination of two different
semiconductors, depending on the bang gap, can lead to two different types of materials.

In type | materials the energy levels of one semiconductor is in between of the energy levels
of the other. The holes and electrons are confined to the smaller band gap material, leading
to higher photoluminescence quantum vyields (Figure 1.4). In type Il materials the energy
levels of one semiconductor are higher than the energy levels of the other and, therefore,
charge separation can occur on the interface: the hole is trapped in one semiconductor
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while the electron is transferred to the other, avoiding this way their recombination and
improving the efficiency of photovoltaic devices or photocatalysis (Figure 1.5).
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Figure 1.4: lllustration of type | semiconductor-semiconductor hybrid nanomaterials.
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Figure 1.5: Illustration of type Il semiconductor-semiconductor hybrid nanostructure.
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The charge separation can also be induced in a metal-semiconductor hybrid nanoparticle
(HNP), in which, additionally, the intimate interaction between the metal and the
semiconductor can cause significant alterations in the optical and electrical behaviour of the

sample. Besides, the metallic domain can operate as electrical contact in nanoelectrical
devices.

Apart from the nature of the domains, the shape of the heteronanostructures or the relative
spatial distribution of the two domains in the structure can also be designed. Core@shell,”®
hetero-dimers,®® nanoflowers,?! pine-apple,®? nanoworms,®® dumbbell® are some of the
hybrid shapes that have been reported (Figure 1.6), thus leading to a wide variety of
symmetric and non-symmetric heterocompounds with various properties.
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Figure 1.6: TEM images of a) core-shell Au-FesO, HNPs, b) pine-apple-like Au-PbSe HNPs, c)
dumbbell-like Au-CdSe HNPs, d) dimer-like Pt-Fes0, HNPs, e) flower-like Au-PbS HNPs and f)
nanoworm-like Au-CdSe HNPs. Images extracted from Ref. 79-84.

1.4 Methods of synthesis

In order to achieve a high control on the properties of the materials to have an optimized
performance in different applications, it is essential to control the size, shape and
composition of the nanostructures, thus favouring the availability of highly homogeneous
samples. Hence, the synthesis of the nanomaterials has become one of the biggest
challenges of nanoscience.

Two general approaches for nanofabrication can be defined depending on their general
procedure: top down or bottom up (Figure 1.7).°>% Top-down approaches lie in the
formation of nanostructures from a bulk material, chipping away the macroscopic block to
produce the nanomaterial. As an example, photolithography is the classic top-down method
used for the fabrication of semiconductor computer chips. It consists on the printing of a
pattern to a light sensitive polymeric substrate. The substrate is covered with a photomask
(with the specific design) and is exposed to light. This exposition to radiation degrades the
“uncovered” part of the substrate, leading to the designed structure. Other lithographic
methods which use X-ray, mechanical processes or electron beam as degrading sources for
the creation of the pattern have also been developed. Indeed, only the latter allows for
obtaining nanostructured patterns. Micromachining is another important top-down
approach. It consists in the removal of part of the bulk structure using an etching source
such as a focused-ion beam, an electron beam or a femto-second laser. Traditional
miniaturization methods, milling and drilling, are also considered as top down methods.
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Bottom up approaches lie in the assembly or controlled aggregation of atoms or molecules
to build the desired nanostructures. Inert gas condensation process, vacuum arc deposition,
molecular beam epitaxy, metal-organic chemical vapor deposition, sol-gel deposition and
wet-chemical colloidal synthesis are some examples of bottom up approaches.
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Figure 1.7: Schematic illustration of top-down and bottom-up manufacturing techniques.

Hot injection method

Wet-chemical colloidal methods are known to achieve a high control of the size and shape
of the nanomaterials and to minimize the polydispersity of the samples. One of the
approaches is the Hot Injection Method and it was first reported by Bawendi and co-
workers in 1993.%8 Three basic chemical components are essential in this method: a high
boiling point solvent, capable of holding on the high temperatures of the reaction; a
surfactant, to control the size and shape of NPs and to avoid their aggregation, and
precursor coordination or organometallic complexes, which at certain temperature are
chemically transformed to an active atomic or molecular species, named monomers. In
some cases, the surfactant can also be used as solvent.

These syntheses are usually done under inert atmosphere, using a Schlenck line and a
round-bottom flask equipped with a thermocouple (Figure 1.8a). Basically, they consist on
the injection of the organometallic precursor complexes at high temperature and their
subsequent decomposition to form the NPs. The adsorption of the surfactant on the surface
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of NPs allows the control of their shape and size and to stabilise the nanostructures in
different liquid media for further processing.

The key point for the high control of the distribution of sizes and shapes is the reaction
mechanism, which can be divided in three fundamental steps: burst nucleation, diffusion-
controlled growth and Ostwald ripening. The nucleation and growth mechanism was first
reported by LaMer in 1950.8” The theory states that nucleation becomes a
thermodynamically allowed process when the solution is supersaturated, this is to say that
the concentration of the free monomer, [M], is higher than the critical nucleation
concentration, [Mc]. At this point, monomers start to react between them to give place to
very small particles (of a few atoms), named nucleus. The formation of these nuclei
consumes part of the monomer, and, as a consequence, [M] drops below [Mc] and the
nucleation process stops. However, as the [M] is still above the equilibrium monomer
concentration, monomers keep reacting, in this case, with nuclei, enlarging their size (Figure
1.8b). This step is known as the diffusion-controlled growth. Finally, when [M] becomes
lower than the equilibrium monomer concentration, the growth process ceases and Ostwald
ripening takes control of the mechanism.

(M]
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Figure 1.8: a) Draw of the hot injection method equipment (extracted from Ref. 90). b) Schematic
representation of the formation mechanism of NPs by Hot Injection Method.

Ostwald ripening is a thermodynamically spontaneous process that was first described by
the Latvian chemist Wilhelm Ostwald in 1896. Essentially, larger particles grow at the
expenses of small particles. It is well known that atoms and molecules on the surface of a
particle are energetically less stable than atoms/molecules of the interior. As a result, small
particles, which have a large surface to volume ratio, are more unstable than big particles
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and, trying to decrease their overall energy, atoms on their surface tend to detach, diffuse
through the solution and deposit onto the surface of larger particles (Figure 1.9).

or . A

Figure 1.9: Schematic representation of Ostwald Ripening process.

The time-separation between the nucleation and growth processes, due to an initial burst
nucleation event followed by a sudden decrease of [M], allows a high control of the size
distribution of the sample.80 Nevertheless, this synthetic method has some important
requirements, such as good mixing of the sample and a controlled cooling time, that could
complicate its scale up and possible industrialization. In addition, the injection step could
also be difficult to manage when the volume of the injected solution became larger. A new
method has been developed in the last years: the heat up method, also known as the “non-
injection” method.

The basis of this procedure is similar to the hot injection method, but, instead of injecting
part of the reactants, the initial solution has already all the reagents from the beginning. A
controlled heating of these reactants induce the nucleation and the growth of NPs.
However, the chemistry between ligands and precursors needs to be carefully controlled to
ensure the rapidity of the nucleation step and the separation of the nucleation and growth
steps in order to achieve a great control of the dispersity of samples.®® Even though this
method has been used in the synthesis of several materials, including semiconductor, metal
and metal oxide nanocrystals, the hot injection method is, until now, one of the methods
that allows a better control of the size and shape of the NPs.

Cation exchange

Cation exchange is a method that consists on the exchange of the cations of the host
structure with different guest cations (Figure 1.10). It has stood out as a proper procedure
to explore compositionally complex nanostructures or to synthesise metastable
crystallographic phases.?=%°

Solid-state cation exchange in bulk materials has been known for decades and it usually
requires long times and high temperatures. However, in the nanoscale, the more accessible

10
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surface and lower activation barriers of diffusion often enable the process to take place at
soft chemistry

III

room temperature and in a few seconds, confirming this as a “rea
approach. The method entails first the synthesis of the host material acting as the template,
which will preserve the size and the shape during the reaction, regardless of changes in
chemical composition. Besides, the crystallographic structure is often also maintained,
which allow the possibility of, for example, synthesising metastable phases. In some cases,
the cation exchange is intentionally not completed and, as a result, the final product is a
ternary/quaternary®®=° or a doped material.10%19 |n other cases, new phases nucleate and
grow at the interior or at a specific site of the nanocrystal due to selective cation exchange,
allowing for the formation of multicomponent nanocrystals.!0271% Anion exchange has also
been studied and some interesting examples have been reported.'%”1%8 However, in general,
low mobilities of anions require larger reaction times and high reaction temperatures and
the obtention of high-quality materials is an issue.

N

Figure 1.10: Schematic representation of cation exchange process.

1.5 Characterization methods

Controlling the size, the shape, the composition and the crystal structure is essential to
control the properties of the nanocrystals; and this makes characterization of materials
indispensable. Different techniques that have been used in this thesis are compiled in this
section.!® The characterization methods have been divided in three categories:
morphological, structural and chemical.

Morphological characterization

Electron Microscopy is a group of techniques to study the morphology par excellence. It
consists in the use of an accelerated electron beam as a source of illumination. Since the
wavelength of an electron is shorter than the wavelength of visible light photons, its
resolving power is higher and, as a result, it is possible to observe small objects such as

11
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nanostructures. It is known that the wavelength of electrons depends on their velocity of
travelling: the higher velocity, the shorter wavelength. So, when the accelerating voltage of
the electron beam is increased, the resolution of the microscope is also increased. To
control the electron beam, these microscopes use electromagnetic or electrostatic lenses.

When the electron beam interacts with the sample, different phenomena take place (Figure
1.11). Depending on the phenomenon studied, different information can be obtained.
Mainly, there are two types of electron microscopes: Transmission Electron microscopes
(TEM) and Scanning Electron microscopes (SEM).

Electron
Beam | Auger electrons

Secondary electrons

Backscattered electrons
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Continuum X-Ray
(Bremsstrahlung)

Cathodoluminiscence
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Inelastic scattering Elastic scattering

Incoherent elastic scattering A 4

Transmitted electrons

Figure 1.11: Schematic diagram of the phenomena resulting of the interaction of the electron beam
with matter.

Transmission Electron Microscopy (TEM)

Transmission Electron microscopes have the detectors under the sample and analyse the
electrons that have gone through it: the transmitted electrons. This technique provides two
dimensional images in black and white, where the size and shape of the nanostructures can
be studied. Similar to optical microscopes, TEM offers two different imaging modes: bright
field and dark field.

Bright field mode uses the direct transmitted beam to create an image, in which contrast
depends on the absorption and scattering of the sample: areas that absorb or scatter light

12
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are darker than areas that transmit light, which appear brighter. The absorption and
scattering of light can be due to three different factors: the atomic number (Z), the thickness
and the crystallinity. Higher Z atoms and thicker samples have larger absorption and
scattering, which lead to darker images. Additionally, crystalline areas efficiently scatter the
electron beam, and thus they also appear darker than amorphous areas.

In the dark field mode, the elastically scattered electrons are used to produce the image. In
order to collect only the scattered electrons and to avoid the main beam (used in the bright
field mode), an objective aperture, placed in the diffraction plane, is used. Therefore, the
black regions of images are those with no scattering, which is to say that the electron beam
passes straight through the sample. This mode is Z-sensitive: the heavier the compound is,
the brighter it appears. Besides, it is useful to observe crystal defects.

Scanning Electron Microscopy (SEM)

Scanning Electron microscopes has the detectors on top of the sample and scans the surface
of the material, recollecting secondary and backscattered electrons. On the one side,
secondary electrons (SE) come from the excitation of some atoms at the surface when
interacting with the primary electron (PE) beam (Figure 1.12) and they are used to display
an image of the topography of the sample. On the other side, backscattered electrons (BSE)
are a result of the reflection of some high-energy electrons from the electron beam. They
are used to study areas with different chemical compositions since elements with a high
atomic number (heavy elements) backscatter electrons more intensely than low atomic
number elements (light elements) and they appear brighter in the micrograph.

Backscattered

Primary Secondary . Primary Secondary
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o X-Ray

Figure 1.12: Schematic representations of the emission mechanisms of SE, BSE and characteristic X-
Rays.
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Scanning Transmission Electron Microscopy

Scanning Transmission Electron Microscope (STEM) is a type of TEM. It uses the transmitted
electrons to create an image, but as the electron beam is focused in a fine spot a scanning of
the sample is necessary to obtain the image. This concentrated beam allows a higher
resolution of images in both modes (bright field and dark field). In addition, high angle
incoherently scattered electrons are also detected by a high-angle annular dark field
(HAADF) detector, which is highly sensitive to the atomic number of atoms and forms Z-
contrast images.

Structural characterization

Crystalline structures consist in the repetition of a unit cell, which leads to a regular
arrangement of atoms in 3D. Depending on the parameters of this unit cell (angles and
lengths), structures can be divided in seven crystal systems: cubic, tetragonal,
orthorhombic, hexagonal, trigonal, monoclinic and triclinic. This order of atoms can be
represented as an array of points, known as lattice. From this pattern, different sets of rows
can be established (Figure 1.13a). Each pair of adjacent rows has a characteristic distance
(d). When the 3D structure is considered, these rows are converted in lattice planes, and
two adjacent planes are separated by the interplanar d-spacing. In order to identify these
lattice planes, three numbers (hk/), known as the Miller indices, are assigned to each set of
planes.

Two different techniques have been used to study the crystallography of samples: powder
X-Ray diffraction and Electron diffraction.

X-Ray Diffraction (XRD)

When X-Rays interact with matter two different phenomena take place: scattering and
absorption. Absorption of X-Rays is used in two families of techniques: in X-Ray Absorption
Spectroscopy (XAS), which will be briefly introduced in Chapter 2, and X-Ray fluorescence.
The scattering phenomenon is used in XRD techniques.

Lawrence and William Henry Bragg, in 1913, proposed an approach to explain the fact that
crystals reflected intensely the X-Ray radiation at certain specific incident angles and
wavelengths. Bragg’s law (Eq. 1.1) expresses the relation between the d-spacing (d), the
angle of incidence (8) and the X-Ray wavelength (A).

niA = 2dsin6 (1.2)
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Chapter 1: General Introduction

Where n is a positive integer number. When the scattered beams satisfy Bragg’s law, they
are in-phase and interfere constructively, creating an intensive reflection (Figure 1.13b).
Whereas, they are out-of-phase and destructive interference occurs when they do not
follow the equation.

Figure 1.13: a) Lattice planes in projection. b) Schematic representation of a constructive
interference.

By Bragg’s equation it is possible to calculate the distance between the two equivalent
planes and to identify the type of structure exhibited by the material. Generally, the angular
positions and the intensity of the reflections are specific for each material, therefore, XRD
patterns can be used as a fingerprint of a material. The majority of the known material’s
patterns are compiled by the Joint Committee of Powder Diffraction Standards (JCPDS). In
this thesis, all the reference patterns have been taken from this database.

The size of the crystal is also an important factor that impacts on the width of the peaks. In
1918 Paul Scherrer reported an equation (Eg. 1.2) which related these two parameters, the
smaller the particle is, the broader the peak becomes.

BcosO (1.2)

Where t is the mean size of crystalline domains, K is the Scherrer constant, which is a shape
factor, and B is the line broadening at a half the maximum intensity (FWHM) in radians.

Electron diffraction

Electrons strongly interact with matter, giving intense diffraction patterns, which make
them suitable to be used for diffraction experiments. Electron diffraction is done in TEM
and, in contrast to XRD, it performs local measurements in the sample, instead of bulk
average measurements. The electron diffraction pattern consists in an array of dots
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organized in concentric circles which capture the direction of the diffracted beam. Similar to
XRD, each reflection (dot) can be assigned to a family of lattice planes and the distance
between the equivalent planes can be estimated. Information of the lattice type and space
symmetry can also be obtained.

Fast Fourier Transform analyses

The structural information of a specific crystal can also be studied from a high resolution
TEM (HRTEM) image. If a Fast Fourier Transform (FFT) function is applied to a region of an
HRTEM image, a pattern similar to the one of electron diffraction is obtained. However, in
this case the measure is even more localized than in electron diffraction, the array only
shows the spots of the family of planes that are exposed in the image, fulfilling the Bragg
law. An example, extracted from the literature, of an FTT analysis is shown in Figure 1.14.

' £

i

[100]CU3sez

Figure 1.14: HRTEM image of an Au-CusSe; HNP and indexed FFT of the highlighted area. Images
extracted from Ref. 83.

E

Chemical Characterization

Chemical characterization was done basically by four different spectroscopic techniques:
Electron Energy Loss Spectroscopy (EELS), Energy Dispersive X-Ray Spectroscopy (EDX or
EDS), Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and X-Ray
Photoelectron Spectroscopy (XPS).

Electron Energy Loss Spectroscopy

EELS uses the inelastically scattered electrons to obtain information about the chemical
composition of the sample and it is done in the TEM. Some electrons of the beam interact
with matter provoking inner shell ionizations. As a consequence, these electrons lose energy
and their paths are slightly deflected. Since inner shell ionization energies are characteristic
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Chapter 1: General Introduction

of each element, the losses of energy can be associated to specific elements, obtaining a
nanometer-level mapping of elemental distribution of the sample. The technique is
specifically useful for low atomic number elements.

Energy Dispersive X-Ray Spectroscopy

The complementary technique of EELS, since it is more sensitive to heavier elements, is EDX.
This technique can be operated in a SEM, a TEM or a STEM and detects the characteristic X-
Ray emitted by matter when interacting with the electron beam. The ejection of inner-shell
electrons and the subsequent relaxation of outer-shell electrons goes together with the
emission of a characteristic X-Ray (Figure 1.12). This technique takes advantage of the fact
that energy differences between inner and outer shells are characteristic of each element
and associate the detected X-Ray with a specific element. Besides, the technique also allows
to study the relative abundance of elements in the sample.

Inductively Coupled Plasma Atomic Emission Spectroscopy

ICP-AES has been used to determine the concentration of elements and composition of the
nanomaterials in solution. In this analytical technique, excited atoms and ions which emit
electromagnetic radiation are produced by inductively coupled plasma. The characteristic
wavelength of each element and the possibility of making the method quantitative when
the instrument has an appropriate calibration allow the determination of these two
features. Compared to the two previous techniques, ICP-AES offers bulk average
compositions instead of local and spatially-resolved measurements.

X-Ray Photoelectron Spectroscopy

Regarding to a more specific chemical information such as the oxidation of the elements on
the structure, XPS can be a useful technique. Essentially, it consists in the irradiation of the
sample with an X-Ray beam and the simultaneous measure of the kinetic energy of
photoelectrons emitted by the sample. The identity of an element, its chemical environment
and its quantification can be determined by the binding energy and the intensity of
photoelectron peak. However, it is important to highlight that it is a surface-sensitive
technique with an average depth of analysis of 5 nm approximately, which can significantly
vary depending on several factors.
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Optical characterization

Since the majority of the materials synthesised in this thesis are semiconductors or have
plasmonic properties, the optical characterization by absorption spectroscopy was also
important. This spectroscopic technique studies the response of the material in front of the
electromagnetic radiation within the UV-Vis-NIR range. It measures the absorption of light
as a function of the wavelength or the frequency.

Additional characterization

A few more techniques have been also used in this project, but as they are more specific for
some application or material, they have been reported in following chapters. Specifically,
thermoelectric characterization (Chapter 2 and 4), X-Ray attenuation (Chapter 2), X-Ray
Absorption Spectroscopy (Chapter 2), Dynamic Light Scattering (Chapter 2 and 6), Fourier
Transform Infrared Spectroscopy (Chapter 2 and 6), 'H-Nuclear Magnetic Resonance
(Chapter 2) and Raman Spectroscopy (Chapter 6).

1.6 Objectives

This thesis is focused in the design of novel compositionally controlled hybrid and ternary
nanostructures based on low toxic elements and it is divided in two different blocks.

Chapters 2 to 5 constitute the first block, which is focused in semiconductor nanostructures.

The main objectives of this part of the project were:

e to develop a method to synthesise, with a high control, hybrid and ternary
nanostructures based on four different combinations of elements: silver-gold-
selenium (Chapter 2) and their analogous with sulphur (Chapter 3), the combination
of silver-copper-selenium (Chapter 4) and, finally, the ternary system platinum-
copper-selenium (Chapter 5)

e to characterise morphologically, structurally, compositionally and optically these
systems

e to identify the reaction mechanisms responsible for the transformations

e and, to test them, in collaboration with other research groups, for possible future
applications in the energy harvesting and biomedicine fields
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Chapter 1: General Introduction

Chapter 6 composes the second block, focalised in hybrid organic-inorganic nanostructured
materials. The purposes of this section of the thesis were:

e to combine or assemble two materials of different nature (organometallic and
inorganic) in one hybrid nanostructure by the design of a simple methodology

e to study the mechanism of assembly of the two domains through the deeply
characterization of the nanostructures

e and, to study the optical properties derived from the coupling of the two building
blocks
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Chapter 2 Ag-Au-Se system

2.1 Introduction

Silver chalcogenides (Ag:X) are known to be narrow bandgap semiconductors with
bandgap energies of 0.9eV, 0.15eV and 0.67eV for Ag.S, Ag,Se and Ag;Te, respectively.
In recent years, they have been synthesised as nanomaterials and they have attracted
much interest due to their promising optoelectronic properties that make them
suitable in energy-related applications such as dye/quantum-dot-sensitized solar
cells,*10-113 thermoelectric devices!'* 'Y and photocatalysis.’®122 Their efficient
charge transport, superionic character at high temperatures and high
magnetoresistance'?*>1?4 have motivated the study of their use as solid electrolytes for
memory applications?>~128 as well as magnetic sensors.'?°

Apart from these excellent physical properties, their ultralow solubility product
constant enables a minimal release of silver cations in biosystems compared with
other materials, opening the possibility to apply them in the biomedicine field. Their
low cytotoxicity and their emission in the NIR range make Ag>X nanomaterials perfect
candidates to be exploited in cancer imaging, photothermal therapy and controlled

130-132 Since the first publication of biocompatible Ag,S quantum dots in

drug release.
2012 by Zhang and co-workers,’33 multiple groups have been working on these
applications, achieving promising results.'34141 Besides, silver compounds have
recognized antimicrobial and antibacterial properties,?2142143 which enlarge, even

more, their suitability in the biomedicine field.

This chapter is focused in Ag,Se nanomaterials and its ternary and hybrid compounds
with gold.

Ag,Se has two stable crystalline polymorphs, which present different physical and
chemical properties, such as electrical conductivity or resistance, thermal conductivity
and ionic conductivity. On the one hand, B-Ag:Se is a narrow bandgap semiconductor
which crystallizes in an orthorhombic phase and it is stable at low temperature. On the
other, a-Ag,Se, a cubic phase, is stable above 135°C and it is a superionic conductor.
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The material has a first-order phase transition around 133-140°C. However, in
nanosized Ag,Se or in thin films there is another crystallographic polymorph, stable
also at low temperatures: the tetragonal phase (t-Ag.Se),'4**%” which is metastable
and its stability depends on size, shape or method used to synthesise the
material 148149

Regarding Ag-Au-Se ternary materials, the phase diagram shows the existence of a
room-temperature stable compound called Fischesserite, with chemical formula
AgsAuSe;. It was discovered and isolated from nature the first time in 1971 by Johan

and coworkers!>0

and it was synthesised and studied several times by different groups.
It could be obtained by a reaction between Ag;Se precipitates and thio-gold(l)
complexes or by a direct solid-state reaction of the elements.'! Electronic, ionic,*®?
thermodynamic®3 and optoelectronic'>* properties of the material have been studied.
It is a semiconductor with a band gap energy of 0.2eV*>> and with a phase transition
from the cubic phase to a bcc at 270°C.*°® Nevertheless, in the nanoscale, there is just
one publication, in which Liu and Zeng synthesised Au-AgsAuSe; hybrid nanoparticles

by the reaction of an AgAu alloy with a selenium complex.®’

2.2 Ag:Se NPs: synthesis and morphological and structural
characterization

Having a high control of the size and shape of the nanoparticles is one of the most
important issues in the synthesis of nanomaterials. The hot injection method allows
this control, so this was the method chosen for the synthesis of nanostructured Ag,Se.
The first attempt was done following the synthesis published by Norris and co-workers
in 2011,%*¢ where octadecene was used as solvent and oleylamine and hexadecylamine
as surfactants. AgNOs and Se, dissolved in trioctylphosphine, were used as precursors.
The final sample was formed mostly by aggregated NPs with a large distribution of
sizes.

Thus, another method, also published by Norris group, was tested.!*’ In this case,
octadecene was substituted by trioctylphosphine oxide and hexadecylamine was
removed of the synthesis. The synthesised nanoparticles were spherical and of 7 nm of
average diameter with a standard deviation of 4.3%.

The first idea of this part of the project was to synthesise hybrid Au-Ag.Se
nanostructures to test them as a thermoelectric material. The parameters that affect
thermoelectric response and why this material could be an interesting option will be
explained in section 2.5. For now, it is just necessary to consider that bigger particles of
silver selenide were required.
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Chapter 2: Ag-Au-Se system

In the former publication Norris and co-workers also studied the effect of the silver
precursor nature in the synthesis and they proved that when AgCl is used instead of
the nitrate, the nanoparticles grow larger. So, this change was introduced in the next
synthesis. The obtained nanostructures were hexagonal and of 8.54 nm of average
diameter with a standard deviation of 8.3%, as can be seen in TEM image of Figure 2.1.
Although the shape and size were satisfactory, XRD, also displayed in Figure 2.1,
showed the sample was not only formed of Ag.Se, but metallic silver impurities were
also identified. Apart from that, it is worth noting that Ag,Se crystallised mainly in the
metastable phase (tetragonal) which can only be obtained when working with

nanoscale domains.
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Figure 2.1: TEM image, size histogram and XRD pattern of Ag,Se NPs. Orthorhombic Ag,Se
(JCPDS 024-1041, black), tetragonal Ag,Se (calculated, red)'* and cubic Ag (076-0135, orange)
reference patterns.

23



Design of novel compositionally controlled hybrid and ternary nanostructures

In order to avoid the formation of metallic silver, the amount of selenium precursor
was increased to have a larger excess. In this experiment, instead of using an Ag:Se
ratio of 1:1, a 1:2 ratio was employed. The morphology of the NPs was similar, as can
be observed in TEM image in Figure 2.2. The NPs were hexagonal in shape and around
11 nm of average diameter with a standard deviation of 4.3%. The objective of
avoiding the formation of metallic silver was also accomplished, and in this case the
crystallization of the orthorhombic phase (3-Ag,Se) was favoured, as evidenced by XRD
(Figure 2.2), where the peaks of the metastable tetragonal phase are hardly observed.
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Figure 2.2: TEM image, size histogram and XRD pattern of Ag>Se NPs (increasing the amount of
Se precursor). Orthorhombic Ag,Se (JCPDS 024-1041, black) and tetragonal Ag,Se (calculated,
red)'® reference patterns.
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Chapter 2: Ag-Au-Se system

This method was highly reproducible and easily scalable. In Figures 2.3 and 2.4 TEM
images and XRD patterns of different synthesized batches are shown, following always
the same method. The resemblance between all the samples is clear.
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Figure 2.3: TEM images of different batches of Ag,Se NPs.
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Figure 2.4: XRD patterns of different batches of Ag,Se NPs.
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The growth mechanism of the NPs was studied by analysing aliquots at different
reaction times. In Figure 2.5, the morphological results are shown. The material
nucleated immediately after the injection, as it was indicated for the immediate
change of colour of the solution when the silver precursor was injected. This fact was
confirmed by TEM, where nanoparticles could already be observed. After 5 minutes
the NPs had grown uniformly and they were of 5 nm approximately. At 10 minutes of
reaction, it seemed that NPs had reached the size of the final NPs. Even though at this
time there were a few NPs which were larger, these NPs disappeared after 20 minutes
of reaction.

1’

In some samples, the NPs of Ag,Se contained two domains showing a clearly different
contrast in TEM micrographs. So as to study this second domain, HRTEM with a FFT
analysis was performed. These measurements and analyses were performed by Dr.
Victor Fernandez-Altable, who was working in the Laboratory of Electron Nanoscopies
in the Electronics Department of the University of Barcelona, under the supervision of
Dr. Sonia Estradé and Dr. Francesca Peird. Three hypotheses were considered for the
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small domain: 1) domains of the expected B-Ag.Se with different orientations with
respect to the main one, 2) domains of the metastable tetragonal Ag,Se phase and 3)
metallic Ag. The latter was the less probable hypothesis, considering that metallic
silver was not observed in the XRD, but it was necessary to consider it regarding the
fact that, before increasing the amount of selenium precursor in the synthesis, it was
an important sub-product of the synthesis.

Figure 2.6 shows two different NPs examined and analysed by HRTEM. It can be
observed that in both cases, the main domain and the small domain corresponded to
B-Ag,Se. Although, in some cases, the FFT patterns were also compatible with fcc-Ag, it
was always with a larger error than for the Ag.Se, which led to the rejection of the
formation of the metallic domain in the synthesis. There were also other NPs (not
shown in the figure) where FFT patterns did not match with B-Ag;Se, either for the
main or the small domain, or did it with errors larger than those admissible for this
material. It was assumed that they were Ag;Se NPs with the metastable tetragonal
phase detected by XRD, even though it was not possible to directly verify it by this
technique. The lack of crystallographic data of this metastable phase in databases and
in the literature prevented the simulation of the structure and the further confirmation
of the phase by FFT analyses.

(111) (11-1)

D [100] B-Ag,Se

z B ; . ot u
Figure 2.6: HRTEM images and corresponding indexed FFT from highlighted regions of Ag,Se
NPs.

The metastable tetragonal phase observed by XRD is only stable for a few months
since it suffers a slow and gradual transition to the orthorhombic phase. This fact was
proved by XRD: a Ag,Se sample showing only the tetragonal structure was analysed 4
months later and, although the tetragonal phase could still be observed in the pattern,

27



Design of novel compositionally controlled hybrid and ternary nanostructures

its peaks suffered a significant decrease of the intensity in benefit of those of the
orthorhombic B-Ag.Se.

Ag,Se is known to have a phase transition at 135°C from the orthorhombic B-Ag;Se to
cubic a-Ag;Se. XRD patterns at different temperatures in vacuum conditions were
acquired to see this phase transition (Figure 2.7). The initial sample was impurified
with metallic silver (peaks marked with an asterisk to avoid confusion) but that did not
affect to the study of the Ag,Se phases. Basically, the phase transition was observed
between 125°C, when peaks of the cubic phase appeared, and 150°C, when the
transformation was complete. The phase transition is a reversible process, so when the
temperature was decreased to room temperature (Figure 2.8), the orthorhombic
phase was recovered between 125°C and 100°C. Having a lower phase transition
temperature when going from a-Ag,Se to B-Ag;Se was expected according to the
literature®® and it is due to a hysteresis phenomenon. This well-known phenomenon
consists in the lagging of a response when a system is exposed to a change of
conditions and can affect different responses such as magnetization, electric
polarization and phase transitions.
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Figure 2.7: Temperature-dependent XRD patterns of heating Ag,Se NPs. Peaks originated from
metallic silver are marked with an asterisk.
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Figure 2.8: Temperature-dependent XRD patterns of cooling Ag,Se NPs. Peaks originated from
metallic silver are marked with an asterisk.

2.3 Ag-Au-Se systems: synthesis and morphological, structural and
chemical characterization

As it was commented before, one of the aims of this project was to synthesise hybrid
nanostructures based on silver selenide and gold. The first idea was to grow a metallic
tip of gold on the surface of pre-synthesised Ag,Se NPs. There are some examples of
this kind of nanostructures with other semiconductors,’%:8283.158-161 g ch as CdSe, PbSe,
Cuz-xSe, among others, in the literature.
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First attempts

As a first attempt a method published by Mokari and co-workers'>® was used. Briefly, a
solution of pre-synthesised NPs was mixed with a gold (lIIl) chloride solution in toluene
in the presence of an amphiphilic surfactant. The reduction potential of Au(lll) is
known to be high, which means that it is easy to reduce Au(lll) cations to metallic Au.
In this method, the surfactant, dodecylamine (DDA), apart from stabilizing the cations
in the apolar solution, acts as the reducing agent. Amines have been largely used as
reducing agents in gold NPs synthesis.'62716> The amine transfers electrons to the metal
ion and it is oxidized to a radical cation, which usually is the first step of a
polymerization process, forming oligomeric and polymeric species.’®®> Au(0) atoms
subsequently nucleated heterogeneously on the surface of the semiconductor.

Even though dimer-like nanoparticles were obtained from this synthesis, the presence
of chlorides in the solution caused the precipitation of Ag* cations, impurifying the final
product.

In order to avoid the precipitation of silver cations, the strategy entailed the removal
of the chlorides from the Au(lll) solution. Ying and co-workers published a protocol to
transfer metal cations from water to toluene.'®® In this protocol, the metal salt is
dissolved in deionised water and immediately an ethanolic solution of DDA (the
surfactant) is added. A cation-surfactant complex is formed and with the addition of
toluene, this complex is transferred to the organic phase while most of the chlorides
remain in the aqueous phase. In Figure 2.9 the procedure for this phase transfer is
illustrated.

Toluene solution of

Aqueous solution of Au3*
— Au*-DDA

¢

+ DDA in EtOH
+toluene

stirring

Figure 2.9: Photos of the phase transfer process of Au(lll) ions from water to toluene.

After the preparation of the toluene Au(lll) solution, the subsequent reaction is simple:
a mixture at room temperature of the gold solution (prepared following the protocol)
and a solution of pre-synthesise Ag,Se NPs, also in toluene. In the first try on this
synthesis (Ag-Au-Se_DDA1), dimer-like NPs were obtained, as can be seen in TEM
micrograph of Figure 2.10. Curiously, when looking at the XRD pattern, instead of
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seeing the Ag,Se phase, a new phase was observed: the ternary phase AgsAuSe;. The
formation of this ternary phase is usually easy to detect thanks to its characteristic XRD
reflection at 12 degree, that belongs to an interplanar distance of 7.31A, being this
value exceptionally long and hard to find in inorganic materials.

It seems that apart from growing on the surface of the NPs as a metallic domain, gold
could also be reduced to Au(l), diffuse into the semiconductor crystal lattice to induce
a partial cation exchange and form a different compound.

The metallic gold domain, which was clearly visible by TEM, was not observed by XRD.
This fact was expected because of the small size of the domain. It is well known that in
XRD the bigger the crystal size is, the narrower the peak becomes;®”%® so, as a
consequence, when the domain is too small it is hard to see it in the XRD pattern due
to large widths and consequent low intensities.

With the objective of controlling the phase and chemical composition of the
semiconductor domain, further studies were carried out.
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Figure 2.10: TEM micrograph and XRD pattern of Ag-Au-Se_DDA1. Cubic AgsAuSe; (JCPDS 025-
0367, blue), orthorhombic Ag,Se (JCPDS 024-1041, black) and tetragonal Ag,Se (calculated,#®
red) reference patterns.
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Study of the influence of reaction time. Synthesis of Au-Ag.Se hybrid
nanostructures

The first parameter studied was the reaction time. The conditions used in the
experiments were the same as in the first attempt Ag-Au-Se_DDA1 ([Au(lll)=1mM,
room temperature, 1h of reaction) but reducing the reaction times to 1s (Ag-Au-
Se_DDA2) and 30min (Ag-Au-Se_DDA3). In Figure 2.11 there is a comparison of the
morphology and crystallography of the three samples. It can be clearly seen that
although in the three cases a metallic domain was grown (there were some particles
that did not have metallic domain, but almost all of them had), the shorter the
reaction time was, the smaller the metallic domain grew. These results were quite
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expected, with more reaction time, there was more time to reduce gold (lIIl) ions and
to grow the domain.

Regarding the crystallography, it is possible to see a clear change between the 1s
sample and the 30min sample. The former was just a mixture of the two low
temperature stable phases of the binary semiconductor (B-Ag.Se and t-Ag;Se),
whereas the latter was almost a pure phase of the ternary semiconductor (cubic
AgsAuSe;). In comparison with the 1h reaction time sample, which was the sample Ag-
Au-Se_DDA1, the pattern of the 30min sample was similar but with a decrease of the
remaining peaks of the binary phase, which can be still seen in both samples. From this
experiments it could be concluded that the reduction of Au(lll) to Au(l) and its diffusion
inside the structure of the semiconductor seemed to be a slower process, which
requires longer times to occur.
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Figure 2.11: TEM micrograph and XRD patterns of Ag-Au-Se_DDA2 (1"), Ag-Au-Se_DDA3 (30')
and Ag-Au-Se_DDA1 (1h). Cubic AgszAuSe, (JCPDS 025-0367, blue), orthorhombic Ag,Se (JCPDS
024-1041, black) and tetragonal Ag,Se (calculated,* red) reference patterns.
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In addition, it is important to underline that hybrid Au-Ag>Se nanostructured material
was synthesised (Ag-Au-Se_DDA2) by using low reaction time (1s) and 1mM of Au(lll)
concentration. Nevertheless, the sample did not preserve this structure for a long
time. After one year, it was measured by XRD and the results of the aged sample,
shown in Figure 2.12, pointed out two important facts. Firstly, the decrease of the
peak from the metastable tetragonal phase of Ag,Se (broad peak around 37°), as
expected regarding to the previous results with Ag,Se NPs. Secondly, the appearance
of the characteristic peak of the ternary material (peak at 12.5°), which indicate the
gold was diffusing slowly from the metallic doma