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Abstract

The need for efficient and selective catalysts, capable of driving important conversions to build
a more sustainable society, encourages the development of synthetic approaches towards new
nanomaterials. Cu-based bimetallic nanoparticles (NPs) promise to fulfill this gap by
selectively producing energy-dense products via CO; electroreduction (CO2RR). However, as
small variations in its composition and configuration can enormously affect the catalyst

performance, the vast diversity of bimetallic NPs challenges systematic catalyst evaluation.

Colloidal bimetallic NPs serve as an ideal platform for the exploration of composition-
configuration-property relationships, necessary for rational catalyst design. Although an
extensive library of noble metal bimetallic NPs exists, much less has been done regarding non-
noble Cu-based bimetallic NPs despite their potential as catalysts for CO2RR. The aim of this
thesis is to advance in the synthesis of Cu-based NPs, with focus on Cu-Ga and Cu-In, which

have been predicted or demonstrated to possess interesting catalytic properties.

The thesis starts with an introduction on bimetallic NPs and the different colloidal approaches
to synthesize them. Galvanic replacement reactions (GRRs) are discussed more in details, as
they are the synthetic approach of choice for the Cu-Ga and Cu-In NPs. Ga and In belong to a

family of liquid metals; thus, information on their general properties is also provided.

The first two experimental chapters focus on the reactivity and surface chemistry of Ga NPs.
Chapter 3 demonstrates that Ga NPs react with a copper-amine complex to form anisotropic
Cu-Ga nanodimers (NDs). Mechanistic studies reveal that a GRR takes place. Yet, the ND
morphology differs from the more typical hollow core@shell structures obtained from GRRs.
This unusual morphology is attributed to the liquid nature of Ga NPs and to the presence of a
native oxide shell. This discovery fostered a follow up study, which is discussed in Chapter 4.
The effect of the chemical nature of the capping ligand on the oxide thickness and reactivity of
the Ga NPs is investigated. The thickness of the oxide skin is found to greatly depend on the
ligands. Specifically, amines and carboxylic acids promote thicker oxide shells while thiols
and phosphines hinder its growth. The reaction between Ga NPs with different oxide thickness
and the copper precursor leads to a surprising result, while thicker oxides cause the formation

of NDs, isolated Cu NPs form with thinner oxides.
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Chapter 5 turns towards Cu-In NPs. Following the same synthetic scheme, In NPs with
different sizes are exploited as sacrificial seeds for the GRR. Cu-In NPs with an unprecedented
variety of morphologies and elemental distributions are obtained: spherical Cuiilng
intermetallic and patchy phase-segregated Cu-In NPs, as well as Cu-Cujilng and Cu-In NDs.
Segregation of the two metals occurs as the GRR progresses, with time or with higher copper
precursor concentration. Comparing the obtained results with the Cu-In phase diagram reveals
that the bigger seeds stabilize the bulk-like Cu-Cuiilng configuration before their complete
segregation into Cu-In NDs. Aiding in the development of more predictive synthetic

approaches.

Finally, Chapter 6 concludes by summarizing the significance of the achievements, which
advance the knowledge on underexplored bimetallic NPs and on the GRR when applied beyond

noble metals. An outlook on future developments is also provided.

Keywords: colloidal nanoparticles, bimetallic nanoparticles, liquid metals, galvanic

replacement reactions, copper, gallium, indium.



Résumeé

Le besoin de catalyseurs efficaces et sélectives, qui soient capables de réaliser les conversions
nécessaires vers une société plus durable, encourages le développement de stratégies pour la
syntheése de nouveaux nanomatériaux. Les nanoparticules (NPs) bimétalliques basées sur le Cu
sont prometteuses car elles permettent la production sélective des produits a haute densité
énergétique via la réduction électrochimique du CO; (CO2RR). Néanmoins, de petites
variations dans la composition, la distribution élémental et la morphologie du catalyseur
peuvent énormément affecter leur performance. De plus, la vaste diversité structurale et de

compositions des NPs bimétalliques génére un défi dans leur évaluation systématique.

Les NPs bimétalliques colloidales peuvent servir des bases idéales pour I’exploration de
relations entre la composition, la configuration et les propriétés qui en résultent et qui sont
nécessaires pour la conception rationnelle des catalyseurs. Méme un grand catalogue des NPs
bimétalliques basées sur les métaux nobles a été créé, beaucoup moins a été réalisé concernant
la synthése de NPs bimétalliques pas nobles basées sur le Cu. Le but de cette thése s’inscrit
alors dans le contexte de développer des synthéses de NPs bimétalliques basées sur le Cu, en
se centrant sur les systemes Cu-Ga et Cu-In, car des propriétés catalytiques intéressantes ont

été prédites voire démontrées.

Cette these introduit dans un premier temps les NPs bimétalliques et les différentes stratégies
colloidales qui peuvent étre utilisées pour leur syntheése. Les réactions de remplacement
galvanique (RRG) sont développées plus amplement, car elles ont été choisies pour la synthese
des NPs de Cu-Ga et Cu-In. Puisque le Ga et I’In appartient a la famille de matériaux connue

comme métaux liquides, une discussion sur leurs propriétés générales et aussi fournie.

Les tous deux premiers chapitres expérimentaux se concentrent sur la réactivité et la chimie de
surface des NPs de Ga. Le troisiéme chapitre démontre que les NPs de Ga réagissent avec un
complexe Cu-amine pour former des nanodimeres (NDs) anisotropes de Cu-Ga. Une RRG est
révélée par des études mécanistiques. Par contre, la morphologie observée des NDs differe de
celle typique habituellement établie dans le cadre des métaux nobles, soit des structures creuses.
Cette morphologie, tout a fait inhabituelle, est attribuée a la nature liquide des NPs de Ga et a

la présence d’une coquille d’oxide inhérente a ce métal. Cette découverte encouragea donc une
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¢tude complémentaire, qui correspond au quatriéme chapitre. Cette étude se focalise sur
I’influence de la nature chimique du ligand sur 1’épaisseur de la coquille d’oxide et sur la
réactivité¢ des NPs de Ga. Présentement, une relation entre 1’épaisseur de la coquille d’oxide et
I’affinité vers 1’oxide du groupe d’ancrage des ligands a pu étre établie. Plus particuliérement,
les amines et les acides carboxyliques promeuvent des coquilles plus épaisses tandis que les
thiols et les phosphines entravent la croissance de I’oxide. La réaction entre les NPs de Ga avec
différentes épaisseurs d’oxide et le complexe Cu-amine mene a des résultats surprenants, ou
les oxides plutdt fins encouragent la formation de NPs de Cu isolés alors que des NDs se

forment lorsque des NPs de Ga avec des coquilles plus épaisses sont utilisées.

Le cinquiéme chapitre se tourne vers les NPs de Cu-In. Suivant la méme synthése développée
pour le premier systéme, des NPs d’In de tailles différentes sont investiguées comme substrats
sacrificielles pour la RRG. Des NPs de Cu-In avec une variété de morphologies et distributions
¢lémentals sans précédent sont obtenues, dont sphéres Cu-In avec de composition
intermétallique Cuiilng et aussi avec de phases séparées, ainsi que de NDs de Cu-In et Cu-
Cuiilng. La séparation des deux métaux se produit en paralléle avec la RRG, ou temps et/ou
concentration du précurseur de Cu ont été¢ identifiés comme facteurs discriminants. Une
comparaison entre les résultats obtenus et le diagramme de phases révele que les NPs d’In plus
larges stabilisent la configuration Cu-Cui1lng avant leur compléte séparation en NDs de Cu-In.
Une découverte tout a fait intéressant pour le développement des stratégies plus intuitives vers

la synthése de NPs bimétalliques.

Finalement, le sixiéme chapitre conclues cette thése en soulignant I’importance de ces
découvertes pour faire avancer la connaissance sur les NPs bimétalliques et sur les RRG
lorsqu’elles sont appliquées au-dela des métaux nobles. Enfin, les perspectives sur des

développements futures sont aussi discutées.

Mots clés: nanoparticules colloidales, nanoparticules bimétalliques, métaux liquides, réactions

de remplacement galvanique, cuivre, gallium, indium.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1. Motivation

In the current situation of climate emergency and its resulting risks on human societies,
scientific efforts need to be directed towards resolving the anthropological CO; emission and
accumulation problem. In this context, catalysis plays a big role. For inorganic and materials’
chemists the challenge becomes to design catalysts which are active and selective towards the
desired reactions. This goal can be achieved by developing the synthesis of well-defined
nanomaterials with high surface to volume ratio which allow the establishment of structure-

properties relationships to direct catalyst discovery.

Among different reactions, the electrochemical CO, reduction reaction (CO2RR) holds the
promise of achieving a COz-closed cycle and of solving the intermittency problem of other
renewable sources of energy such as solar and wind.!” Nevertheless, active and selective

catalysts are still needed in order to make this process possible.

In this regard, Cu is the only metal that has the capability to reduce CO; beyond CO and to
catalyze C-C coupling and, hence, form C, and C+ products, which are usually more
interesting in terms of energy densities and economic potential.> ¢ The use of nanoparticles
(NPs) instead or their bulk counterparts is certainly beneficial for catalytic reactions due to
their higher surface to volume ratios, which makes them more convenient for their
implementation as real-world catalysts. Unfortunately, polycrystalline Cu is far from being
selective and different strategies are being studied to improve Cu’s selectivity.*>’-8 Besides the
structural modification of the size and shape of Cu NPs, the incorporation of a second metal
with Cu has emerged in the past years as an encouraging strategy to push the selectivity of Cu

towards specific and desired products.’

The addition of a second metal to Cu can tune its selectivity by altering the electronic and
geometric structure of the metal center, leading to changes in the binding energies of the
reaction intermediates, or by a phenomenon referred to as tandem catalysis.®!°"1¢ The latter

consists in the supply of specific reaction intermediates, particularly CO, by the second metal
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to Cu so to promote C-C coupling.!” Choices for the second metal are many and, indeed,
promising results have been shown for combinations of Ag, Pd, or Zn with Cu.'®2° Nonetheless,
much more work is still needed and, as a young field of investigation, the exploration of other
metals remains to be done. Especially in the case of more oxophilic metals, whose properties
are usually understudied at the nanoscale; as they are typically more difficult to synthesize as
metallic NPs. For instance, Cu and Ga alloys are predicted to have optimal binding energies
towards the CO intermediate product?!-*? and Cu and In bimetallic structures have been recently
attracting attention as selective catalysts.?33* However, these NPs cannot be obtained with the
tunability of composition, morphology and elemental distribution which is required to
understand how these features eventually impact their catalytic performance. Therefore, the
aim of this thesis is the development of bimetallic NPs of Cu with Ga and In and the acquisition

of mechanistic insight behind their synthesis.

The rest of this introductory Chapter will be dedicated to the relevant background on bimetallic
NPs, the available methods for their synthesis and the challenges and opportunities of working

with Ga and In.

1.2. General overview on bimetallic NPs for CO:RR

The presence of two different metals within bimetallic NPs offers new possibilities for tuning
the physicochemical properties of these materials. For example, synergistic effects may arise
when both metals mutually alter their electronic structures and/or when geometric effects, such
as generated strains in the crystalline structure, change the total energy of the NP.310-13
Therefore, not only the choice of this second metal and the final composition of the NP are
important, but also how the two metals are arranged within each particle. Multiple
configurations (i.e. elemental distribution and morphology) are possible and the most common
ones are presented in Figure 1.1. First, the two metals can be either alloyed or phase segregated.
When alloyed, they can form diluted or concentrated alloys and, in the latter, the metals can be
randomly distributed in the crystalline structure of the major component or in an atomically
ordered new crystalline phase called intermetallic.>* Then, when phase segregated, even more

configurations are achievable, which includes non-centrosymmetric patchy particles, dimers,

Janus and centrosymmetric core@shell and core@frame particles.*
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These different configurations will potentially induce different electronic, plasmonic and
catalytic properties.!®3-3% Accordingly, learning how to control both composition and
configuration is of utmost importance for the eventual optimization of these NPs for the desired
application. Indeed, well-defined bimetallic NPs provide the ideal platform to explore
composition-configuration-property relationships to move towards a more rational catalyst

design.’

Figure 1.1. Schematic illustration showing the evolution from two types of metal atoms (center) to four types of
atomic distributions (middle ring), including both non-centrosymmetric and centrosymmetric phase segregated
and random alloys and intermetallic NPs, and then a large number of bimetallic NPs with distinct architectures
(outer ring). The two different atoms have a yellow and gray color, while an alloy or intermetallic compound has

an orange color. Adapted from reference [35].%

To remain in the context of CO2RR, one study by Kenis and coworkers reports the synthesis
of CuPd nanocatalysts as random alloys, intermetallics and phase segregated NPs. By studying
their different CO2RR catalytic performance, the authors determined that, at least for these
CuPd nanocatalysts, phase segregation favored the conversion of CO to C, chemicals while
more homogeneous alloying was beneficial for methane production.'® Another two examples
from our group include CuAg nanodimers'® and randomly alloyed CuZn NPs.?’ In the first case,
it was demonstrated that having an interface between Cu and Ag was more beneficial for the
formation of C, chemicals than just a physical mixture of monometallic particles.!® Regarding

the alloyed CuZn NPs, two different compositions were studied. It was established that the NPs
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containing more Zn were more selective towards ethanol while the ones with lower Zn content
were more selective towards methane.?’ These examples above prove not only the previous
point but also that the tuning of a sole parameter can enormously affect the CO2RR product

selectivity.

Colloidal synthesis is a powerful and versatile approach to form bimetallic NPs, both phase
segregated and alloyed, with tunable sizes, shapes, compositions and crystal structures.3#3340-
43 This approach involves the reduction or decomposition of metallic precursors in the presence
of surfactants and sometimes reducing agents, both in aqueous and in organic media. The
process can take place in atmospheric conditions or under an inert atmosphere, the latter by
connecting the reaction flask to a Schlenk line as depicted in Figure 1.2a. According to the
classical nucleation theory, the monomers, metastable pre-nucleation structures which can be
the metallic precursors themselves or other intermediate species, need to reach high enough
concentration levels in solution, the so-called supersaturation, to be able to nucleate and cluster
together so to form stable seeds that can continue the growth process (Figures 1.2b and 1.2c¢).
Once formed, colloidal NPs are stable in solution, serving as perfect inks for multiple

applications, including catalysis.

“ .
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Figure 1.2. Schematic illustration showing (a) typical set up used in colloidal chemistry under inert atmosphere
which consists of a three-necked flask with a temperature controller connected to a Schlenk line through a
condenser, (b) chemical transformations occurring during the reaction and (c) La Mer diagram illustrating these
transformations in three stages: (i) formation of monomers, (ii) burst of nucleation into nuclei and (iii) following
growth from seeds to NPs. Cy is the equilibrium concentration, Csa: the supersaturation concentration and Cy is the

solubility level of the bulk solid.
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The range of different approaches that one can follow and the possibility to controllably vary
several reaction parameters has proven useful to advance the mechanistic knowledge on the
factors determining the configuration of multicomponent NPs.*#7 Nevertheless, this control
is far from being straightforward. The intrinsic chemical properties of each individual metal
are crucial in determining what compositions and configurations are possible for a set pair in
the context of the chosen synthetic method. The synthetic methods, as it will be discussed in
the next section, include coreduction, thermal decomposition, seed-mediated growth approach
and galvanic replacement reactions. In every case, the crystal structure and the lattice
parameters of the individual metals, their electronegativities and the bonding energies between

the metallic atoms will greatly affect the outcome of the synthesis.

Firstly, the miscibility between the two metals is one of the main driving forces for the extent
of mixing and studies on bulk systems are a great reference to estimate random and/or ordered
alloy formation.*® However, this guiding principle is often invalid as we move to the nanoscale
as surface energy contributions to the total energy of the NP become much more important. 443~
52 Secondly, it is not currently predictable how metals arrange within the particle when they
phase segregate and literature has shown that multiple configurations can be obtained via
similar synthetic conditions.**>* For instance, Alivisatos and co-workers were able to
synthesize both crescents and core@shell Cu-Ag NPs by controlling the ratio between both
metals via the same synthetic scheme.*® They were able to develop a theoretical model based
on thermodynamics that could predict both configurations to be in equilibrium by considering
both interface and surface energies. This work is significant, yet it considers a very specific
scenario in which a non-reducing solvent is used and there is data available on the surface
energies of the metals capped with the ligand of choice. As many syntheses are carried out with
reducing solvents and multiple ligands, this model is not directly applicable to other systems.
Therefore, although theory could be a great tool for a fast screening of different materials, the
formation of colloidal NPs occurs in out-of-equilibrium conditions wherein multiple factors
play arole. The convolution of reaction time and temperature, metal precursors’ chemistry, the
use of either reducing or non-reducing solvents and the type of capping ligands, among other
parameters such as particle size and shape, render theoretical models extremely challenging.
Hence, systematic synthetic studies with strong insight on the reaction and particle formation

mechanism are crucial for the development of the field.
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In the case of noble metal bimetallic NPs, many compositions and configurations have already
been, and keep being continuously, reported. With a strong focus on shape control, both alloyed
and phase segregated regular-, hollow- and branched-shaped particles have been obtained.?>>
2 Although work is still ongoing, in comparison, important reports on non-noble metal
bimetallic NPs are fairly scarce. As mentioned before, the main reason being their oxophilicity
and thus their incompatibility with water synthesis, which complicates the direct translation of
the lessons learned from noble metals to this different class of nanomaterials.®® Using water as
a reaction solvent limits the use of temperature for the reduction to metallic NPs. Nevertheless,
water has permitted the systematic study of the redox properties of different metal precursors
as well as the open up of a library of reducing agents of different strength and chemistry.!

Both factors providing a tuning of the reduction process and contributing to the exploration of

noble metal bimetallic NPs of different composition and configuration.

A few reports exist on Cu NPs synthesized in water.5>%° Yet, although obtaining metallic Ga
and In, our metals of interest, in this medium might be possible, it would only be in the presence
of highly reducing agents, clearly limiting the tunability of the synthesized NPs. Therefore, the
work presented in this thesis is limited to the use of organic solvents as the reaction media. The
use of organic solvents provides the opportunity of working under inert conditions and a wider
temperature range, up to above 330 °C instead of 100 °C in water, which expands the metal

precursors and approaches which can be explored.

1.3. Synthetic approaches towards bimetallic nanoparticles

This section is dedicated to the different synthetic approaches used in colloidal chemistry for
the synthesis of bimetallic NPs, whether in water or in organic solvents, with special emphasis
on the most relevant methodology for this thesis, which is the galvanic replacement reaction

(GRR).
1.3.1. Coreduction

Coreduction is the simplest approach for the synthesis of alloyed noble metal bimetallic NPs.?

As its name indicates, this method relies on the simultaneous reduction of two different metal
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precursors into metallic atoms in order to nucleate and grow together into the bimetallic NPs.

Random alloys are typical reaction products.!63%7%7! However, intermetallic structures can also

72,73 74,75

form after a subsequent annealing steps’~’> or by forcing the synthesis into a kinetic regime.

The nucleation and growth of the bimetallic NPs strongly depends on the rate at which the
metal precursors are reduced to metal atoms by the reductants. This reduction rate can be
modified via the reduction potentials of the metal precursors, the relative concentrations
between them, the strength of the reducing agent, the type of capping agent and the reaction
temperature,16:357071,76-79
As both metal precursors must get reduced at the same time, obtaining bimetallic NPs of metal
ion pairs with relatively large differences of reducing potentials is not a straightforward task.
Strategies to change the intrinsic redox properties of metals exist and include the manipulation
of the ligands as one example.>> However, co-reduction is certainly more appropriate for metal

pairs with similar redox potentials.

Therefore, despite being a widely used technique for the synthesis of bimetallic NPs,
coreduction is, a priori, not a wise choice for Cu-Ga and Cu-In bimetallic NPs, the metal pairs
of interest in this thesis. As discussed later on in this Chapter, both the reduction potentials and
crystalline structures of Ga and In are too different from those of Cu. These differences would
most likely lead to Cu and Ga or In nucleating separately to form a physical mixture of

monometallic NPs.

1.3.2. Thermal decomposition

Thermal decomposition is based on the concomitant thermolysis of the two metal precursors

into zero-valent metal atoms that nucleate and grow into bimetallic NPs. This approach has

80-82 41,60,83

been widely used for the synthesis of semiconductors, monometallic and metal-
oxided4+ % NPs. Although thermal decomposition is also possible in water medium, this method
is usually carried out in organic solvents, which allow for reaction temperatures above 100 °C.
These higher temperatures are usually needed to decompose many metal precursors. Indeed, it

will be the technique of choice for the synthesis of Ga and Ga>O3 NPs during this thesis.
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Thermal decomposition can be divided into two types depending on the temperature profile,
which are heat-up and hot injection.’®! Both having advantages and disadvantages depending
on the system of choice. In the heat-up method, metal precursors are added to the reaction
vessel before increasing the temperature, eventually leading to their decomposition and
subsequent nucleation and growth of the NPs.”!2 This method has been more generally used
for metal oxides (e.g. iron and titanium oxide), wherein the monomers are generated and
accumulate in-situ following the reaction of the metal precursor itself with one of the
ligands.®%2-%4 On the other hand, in the hot injection method, the reaction temperature is
increased up above the thermal decomposition temperature before the metal precursor solution
is rapidly injected, followed again by a burst of nucleation and the NP growth. This method
has been more generally used for semiconductors (e.g. cadmium selenide), wherein highly
reactive precursors are normally available.!-9>-1%0

In the synthesis of bimetallic NPs by thermal decomposition, ideally both metal precursors
should have a similar decomposition temperature. This requirement is important especially
when the aim is to form alloys. Yet, similarly to coreduction, the difference in decomposition
rates can be compensated by controlling the relative concentrations of both metal precursors. !
Other parameters such as the chosen surfactants and capping ligands, the nature of the solvent
and the reaction time and temperature, can be all modified in order to tune the composition,
size and shape of the resulting particles.?>-6%-102

Moreover, one can use metal precursors with relatively different thermal decomposition
temperatures to their advantage to generate core@shell NPs in a one-pot approach.!® By
limiting the reaction temperature so to just decompose the less stable metal precursor and not
the second one, it is possible to generate monometallic NPs of the first metal while the second
precursor remains intact in solution, which corresponds to an in-situ seeded growth (see next
section). These monometallic NPs can then foster the decomposition of the second metal
precursor with or without an increase in temperature by also facilitating heterogeneous versus
homogeneous nucleation.!® Nevertheless, if the temperature required to promote the
decomposition and nucleation of the second metal is too high, the formed monometallic NPs
could degrade beforehand. Therefore, this approach is not valid for every metal pair. Another
solution, when chemically possible, is to use bimetallic precursors based on a heteronuclear

cluster complex in which stable metal;-metal, bonds are already present.!0%-106
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Bimetallic NPs can also be synthesized by combining thermal decomposition with other
methodologies, like seeded growth approach and galvanic replacement reactions, as it will be
discussed later, as well as simultaneous reduction of the metal precursor. In the latter, in a
simultaneous manner by concomitantly reducing the metal precursor with the lower reduction
potential and thermally decomposing the more thermally stable metal precursor. This approach
has allowed the synthesis of FePt and CoPts NPs, to cite two examples.!97-107

As mentioned above, thermal decomposition has been used in this thesis for the synthesis of
monometallic Ga NPs. The synthesis of bimetallic Cu-Ga bimetallic NPs by thermal
decomposition was attempted without success at the beginning of this PhD research project.
Indeed, Cu and Ga formed as individual monometallic NPs. This result is most likely due to
the differences in decomposition temperatures, as well as the disparity between the crystalline

structures of the two metals that challenges the formation of both dimeric and alloyed NPs.

1.3.3. Seed-mediated growth

Seed-mediated growth, or seeded growth, is the main route for the synthesis of well-defined
bimetallic NPs and, although a direct obtention of alloys is extremely challenging, the
annealing of the as-synthesized NPs can lead to their formation.*>!'% Pre-formed NPs of one
metal, usually synthesized by reduction or thermal decomposition, are used as seeds for the
nucleation of the second metal, which could be again driven by both reduction and thermal
decomposition.!!!12 By enabling the newly formed monomers (e.g. metallic atoms) to be
directly added onto their surface, these pre-existing NPs lower the activation energy for
nucleation and growth. Meaning that, for this process to occur, the required concentration of
monomers of the second metal is significantly lower than if no monometallic NPs were already
present in solution (Figure 1.3).!'" Therefore, this approach allows to circumvent
homogeneous nucleation, in favor of heterogeneous nucleation, and directs the formation of
bimetallic NPs as long as the concentration of metallic atoms in solution does not surpass the
supersaturation levels'!? (Figure 1.2¢). As both the reduction and decomposition rates of metal
precursors into monomers are related to the given energy, lower reaction temperatures can be

used to avoid homogeneous nucleation.
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Figure 1.3. (a) Homogeneous nucleation (top) in the reaction solution and heterogeneous nucleation (bottom) on
the surface of a seed; (b) plot of the Gibbs free energy as a function of size for homogeneous nucleation (yellow

line) and heterogeneous nucleation (blue line).!!

In the bimetallic NPs resulting from seeded-growth, the composition and structure of the
metallic NPs used as seeds is normally preserved. The correlation between the crystal structure
and the lattice parameters of the seeds and of the second metal (i.e. lattice mismatch), as well
as their physicochemical properties, will determine the final configuration of the bimetallic NP,
which includes centrosymmetric core@shell, and noncentrosymmetric heterostructured NPs,

among others.!!3

Three main criteria that should be met in order to achieve centrosymmetric
conformal growth (core@shell): (i) the lattice mismatch should be smaller than about 5% and
the shell metal should be that one with smaller radius, (ii) the electronegativity of the shell
metal should be lower than the core metal, and (iii) the bonding energy between the metal
atoms of the shell should be smaller than that between the shell atoms and substrate atoms.!!#
A similar crystal structure between the two metals is also important when aiming at non-
centrosymmetric NPs, such as dimers. Since most metals have a cubic crystalline structure, this
restriction is not usually applicable. Yet the mismatch and resulting strain between a cubic
crystalline structure and a growing tetragonal domain could difficult the formation of such
interface, favoring the homogeneous nucleation of the latter. To cite one example in non-

metallic systems, the development of heterostructures containing a copper indium sulfide (CIS)

domain, possessing a tetragonal crystal structure, is extremely challenging.!!®

While the inherent structure and properties of the metals are important, changing the reaction
conditions, especially the surface ligands, can modulate the surface energies thus inferring
some degree of freedom with regards to the nanoscale arrangement of the two metallic
domains.!”!1&17 Moreover, the finally morphology of the bimetallic NP can also be controlled

by the ratio of atom deposition and surface diffusion rates on the surface of the seed and

10
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growing crystal. Indeed, the reaction can occur under two different regimes, thermodynamic
and kinetic, and distinct products will be obtained depending on the aforementioned reaction
conditions (Figure 1.4a). A thermodynamic product will be favored when the reaction
temperature is relatively high and the deposition rate is relatively low. The diffusion of atoms
in the surface towards the formation of most thermodynamically stable interfaces will be then
be favored. Conversely, a kinetic product will deviate from the thermodynamic shape because,
for instance, the deposition of atoms is too fast and not enough energy is provided to the system

to reach the most thermodynamically stable product®>!!8-12% (Figure 1.4b).
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Figure 1.4. (a) Scheme showing the shape evolution of a cubic seed with side faces covered by a capping agent
under four distinct kinetic conditions. The 2-D atomic models correspond to the cross-section of the 3-D model

indicated by a dashed green box; (b) schematic illustration of two different reaction pathways under kinetic and

thermodynamic controls, respectively.3>!18
Generally, the seed-mediated growth is the most versatile technique to synthesize bimetallic
NPs, as it enables the formation of a wide range of particle configurations including

core@shell,'?!122 alloys,'*? nanoframes,'?* dendritic structures,!?

as well as asymmetric
NPs,!'?* such as dimers.>® Unlike one-pot approaches like the ones discussed in the previous
sections, seed-mediated growth is more reliable and provides higher reproducibility between

batch-to-batch and much more control over the bypassing of homogeneous nucleation.*

To cite some examples testifying the versatility of this technique, our group has recently
developed a seeded growth approach where Ag seeds were used for the synthesis of Ag-Cu
nanodimers. The choice of a mild reducing agent was key to achieve heterogeneous nucleation
of purely metallic Cu at 150 °C.!7 Another great example is the formation of PdAg bimetallic

NPs of different configurations, core@shell, nonconcentric nanocubes and dimers, that were

11
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all obtained by Xia and coworkers by simply modulating the injection rate of the Ag precursor
into the Pd nanocubes seed solution.>® When using slower injection rates, the deposition of Ag
slowly occurs on only one side of the Pd cube. Instead, a faster injection leads to a faster
deposition in all six sides of the cube to form core@shell NPs, with a moderate injection

promoting the formation of noncentrosymmetric Pd-Ag nanocubes.

In respect of the synthesis of Cu-Ga and Cu-In, pure seeded-growth was initially discarded
because of the different crystalline structures of the metals: Cu has a cubic crystal structure
while Ga is liquid at room temperature (rhombohedral when solid) and In has a tetragonal
crystal structure. Nevertheless, Yarema and coworkers recently designed a synthetic route in
which M-Ga intermetallics, including CuGa structures, could be synthesized by an
amalgamation seeded growth process not limited by epitaxial constraints.** Indeed, this new
colloidal approach proved very promising for the synthesis of alloyed bimetallic structures

containing low-melting point elements like Ga and In.

1.3.4. Galvanic replacement reactions

The galvanic replacement reaction (GRR) is another common technique to obtain bimetallic
and even trimetallic nanoparticles.’>#*!25-127 Generally, GRRs can generally form more
complex morphologies than those obtained by seed-mediated growth, including hollow
nanostructures with tunable composition and porosity. GRRs are spontaneous electrochemical
processes wherein one metallic domain (the sacrificial template) is oxidized by the cations of
another metal which possess a higher reduction potential. Upon mixing, the sacrificial template
is oxidized and dissolves into the solution while the cations of the second metal with the higher
reduction potential get reduced on the template, thus producing hollow or hybrid bimetallic
nanoparticles (Figure 1.5).!2712 The driving force is therefore the difference between the

reduction potentials of the two metals. The change in the Gibbs free energy (AG) is given by:

AG = —nFE (1)

where 7 is the number of electrons transferred in the redox half reaction, F'is Faraday’s constant
and E is the potential difference between the electrochemical half reactions. As a spontaneous

reaction will occur when AG is negative, a positive E is required for a GRR. The larger E, the

12
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potential difference, is, the more thermodynamically favorable the reaction will be. E can be

calculated using the Nernst equation:
o RT
E=E +—InQ (2)

Where E° is the standard potential difference at 25 °C, R is the ideal gas constant, 7 is the
temperature at which the reaction occurs and Q is the reaction quotient, i.e. the ratio between

the chemical activities of the reduced form and the oxidized form at a given time.

GRRs have been widely explored for the synthesis of bimetallic NPs comprising noble metals

125,130-134

like Au, Ag, Pd and Pt, mostly in aqueous solution with a few examples existing in

organic solvents.!?®> The most common system, and the first example of this reaction at the

132

nanoscale, was the synthesis of Au hollow structures from Ag NPs,'>“ which is used an example

to further explain the reaction mechanism (Figure 1.5).!%¢

Figure 1.5. Schematic illustration of the morphological and structural changes at different stages of the GRR

between Ag NPs and HAuCl4 in an aqueous solution.!?’

The electrochemical reaction that occurs when an aqueous HAuCls solution is added to an

aqueous suspension of Ag NPs can be summarized as:

13
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anode half reaction:

Ags — Agds +e~  (+0.80 V vs SHE)
cathode half reaction:

AuCly 4q +3e™ - Aug + 4Clg, (+0.93 V vs SHE)
combined reaction:

3Ags + AuCly 4, = 3Agsq + Aus + 4Clg,

Since £ > 0, then the reaction is thermodynamically favorable. Therefore, once the two
solutions become in contact, the GRR is immediately initiated at the Ag sites with higher
surface energies, such as defects or steps.!’” The Ag atoms oxidize and dissolve into the
solution, which generates pitches on the surface. Concomitantly, the AuCly precursor is
reduced to Au metallic atoms, which deposit on top of the Ag NP surface. As Au and Ag have
the same crystalline structure (fcc) and a very little lattice mismatch, the deposition of Au onto
Ag happens epitaxially, according to the sacrificial template’s shape. A thin and incomplete
layer of Au forms on the surface of each Ag NP, thus covering the “surface” Ag atoms and
preventing their GRR with the Au precursor. Therefore, the exchange can only continue
through the small pitches initially formed, and Ag dissolution will happen from the inside,
leading to hollow NPs. In the case of Ag and Au, alloying occurs since AgAu alloys are more
stable than phase segregated Ag and Au. The alloying of Ag with Au will then change the E
and the GRR could very well result in hollow AgAu NPs, nanoshells, that have the same shape
as the initial Ag. However, if the concentration of AuCly™ is increased, so will the O and hence
the £ (equation 2), making the AG more negative and increasing the driving force for the
reaction (equation 1). In that case, the GRR will continue with the alloyed Ag atoms and the
structure will go through a dealloying process forming first AgAu nanocages and finally small
fragments of pure Au.!?>132136 Although the crystalline structures and the bonding energies of
Ag and Au play an important role in the reaction process described above, these mechanistic
details are expected to be applicable to different metal pairs as long as the E is significant

enough.!?

14
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Figure 1.6. Schematic illustration of the morphological and structural changes during the GRR between a Ag

t2+

nanocube and Pd** or Pt** ions.!?

Whereas hollowing of the sacrificial template seems to be common amongst many
materials,!2>:13%:139 the formation of an alloyed shell is not always possible. An example of this
phenomenon is the GRR between Ag NPs and Pt cations. Xia and coworkers compared the
GRR of Ag nanocubes with a Pd and a Pt precursor. 4 While smooth nanoboxes of PdAg were
obtained, rough polycrystalline nanoboxes covered by Pt islands formed instead when the Pt
precursor was used (Figure 1.6). These differences were explained based on metal-metal

bonding energies favoring segregation of Pt and Ag and intermixing of PdAg and AuAg.!4°

The extent of the GRR mostly depend on the relative concentrations of the metal atom/metal
ion pair and/or the reaction time. Thus, modulating concentrations and reaction times enables
the formation of multiple configurations of the same bimetallic NPs, which span from solid
structures with alloyed porous surfaces to alloyed nanoshells and nanocages and monometallic
nanoframes.>>12>127 Ag NPs are the most popular sacrificial template for the GRR with Pd, Au
and Pt, due to Ag’s lower reduction potential and the well-established colloidal chemistry
syntheses that are available in the literature.!*® However, other metals have also been used. For
instance, Neretina and coworkers reported on the formation of bimetallic Pt-containing
nanoshells by a GRR between Pt precursor and Ag, Cu, Ni, Co and Pb NPs as the sacrificial
templates.!3® Other hollow structures formed via the GRR of Cu, Ni and Co with Pt and Pd
have been synthesized and demonstrated to possess intriguing magnetic or catalytic
applications.!*1~146 Tt is worth mentioning that GRRs are not restricted to the use of metal NPs
as sacrificial templates, as a few examples with semiconducting elements and oxide materials

can also be found in the literature,!3%-147:148
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The possibility of tuning the extent of the galvanic exchange, the large variety of materials that
can act as sacrificial templates, as well as all their possible shapes, render the GRR a very
powerful and versatile technique for the synthesis of bimetallic NPs. Moreover, GRRs present
the same advantages of the seed-mediated growth, which is to lower the activation barrier for
nucleation and to offer reaction control under kinetic or thermodynamic regimes. The main and
most significance difference is that the seed itself is now acting as a reducing agent of the
depositing metal and as its template while being dissolved into the solution. Since the driving
force for the bimetallic structure formation is the £ between the metal pairs, lower temperatures
can be used for the synthesis compared to thermal decomposition or seeded growth, which

makes the GRR a more versatile approach.

Actually, it is noted that the GRR and the typical seeded growth can also co-exist in the same
synthesis. When the reduction potential of the metal seed is lower than that of the metal
precursor, the GRR occurs spontaneously, whether or not it was the intended and desired
approach.!!? If the £ driving the GRR is not high enough, heterogeneous nucleation might occur
first and GRR could occur in the later growth stages. Different strategies can be implemented
to favour seed-mediated growth over GRR (or vice versa), which include modulating the
reduction potential of the metal precursor by forming molecular complexes!# or introducing
reducing agents.!>® Furthermore, approaches can be intelligently coupled to produce unique
configurations,?>-12>-127.151-134 For example, Camargo and coworkers produced a collection of
AgPd, AgPt and AgAu hollow nanoflowers and nanodendrite structures by coupling GRR with
seed-mediated growth via reduction (Figure 1.7a).!%-157 In another example, Wang and Jing
tuned the composition, inner architecture and surface morphology of AgPd bimetallic
nanoshells, with enhanced optical tunability and catalytic activity, via the use, or lack, of mild
reducing agents (Figure 1.7b).!>* Both examples break the limits of traditional GRRs where

the shape of the sacrificial template regulates the morphology of the final hollow structure.
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Figure 1.7. (a) Schematic representation and corresponding TEM images at different reaction times of the
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synthesis of bimetallic AgPt, AgPd and AgAu nanoflowers and nanodendrite synthesized by combining GRR and

127,155-157 (b

seeded growth via co-reduction with hydroquinone; ) TEM images of AgPd nanoshells synthesized

from Ag nanocubes possessing different geometries depending on the use or not of a reducing agent and the

amount of added Pd precursor.15 3

Bimetallic NPs synthesized via GRRs are very attractive for catalytic applications. Besides the
tunability of compositions and configurations, these NPs have much larger reactive surface
areas when compared with solid NPs. Indeed, they have been tested as catalysts for a variety

123,127,146,158-164

of applications including redox reactions and oxygen reduction reactions, as

well as for CORR.'%"172 This technique has the potential of creating a library of bimetallic
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compositions and configurations of theoretically promising metal pairs, which can be
extremely beneficial for the development of catalysts, including those for CO2RR. To do so,

the extension of the GRRs to non-noble metals is needed.

As for our metal pairs of interest, Cu-Ga and Cu-In, GRRs represent a promising approach for
their synthesis, especially considering the large differences in reduction potentials between Cu

(E° cy2+ )¢y = 70.34 V vs SHE) and Ga (E°;,43+ /6, = —0.53 V vs SHE) and In (E° 3+, =

—0.34 V vs SHE).!” Indeed, a GRR between a bulk galinstan droplet (an eutectic alloy of Ga,
In and Sn) and Ag, Au, Pd, Pt and Cu metal precursors was already demonstrated by O’Mullane
and coworkers prior to the work done in this thesis.!” The authors mainly focused on Ag and
Au, and described the formation of a black silver or black gold skin forming around the liquid
droplet in a progressive manner (Figure 1.8). Relevant in the context of this thesis, the reaction
with Cu took up to a week instead of the less than 24 h for Ag and Au, which the authors
attributed to the lower reduction potential of Cu compared to that of Ag and Au. Despite
occurring at the macroscopic level, this work inspired us in pursuing a similar approach at the

nanoscale.

(a) (b)

Ag*/Au® y
(© (d)
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Figure 1.8. (a) Schematic representation the GRR between a galinstan droplet and a Ag or Au precursor and (b)

Galinstan
(eGalnSn)

Ag/Au

successive snapshots of cutting through the black gold skin, exposing unreacted galinstan in the core.!”*

1.4. Challenges and opportunities when working with Ga and In
Ga and In possess unique physico-chemical properties, which are underexplored at the

nanoscale, which make them fundamentally intriguing systems to study beyond their promising

behavior as CO2RR catalyst when coupled with copper. Ga and In are oxophilic post-transition
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p-block metals, with structures that display low coordination numbers and directional bonding,
with a very rich covalent chemistry with other compounds.!”> Unlike most metals, they do not
possess a cubic crystalline structure. Instead, Ga and In have rhombohedral and tetragonal

138

structures, respectively.'*® Moreover, Ga is liquid at room temperature and In has a very low

melting point of around 156.6 °C, both belonging to the family of liquid metals.!”6:177

Liquid metals (LMs) are elemental or alloyed materials with fascinating properties deriving

176-179 Elements and alloys with melting

from their simultaneous metallic and liquid nature.
points around or below room temperature are considered explicitly liquid. Nevertheless, due to
the typically high melting points of metals (Cu’s mp is 1085 °C) and the conditions that are
accessible with lab bench equipment, the extended family includes metals whose melting points

are below 330 °C, including most notably In, Sn and Bi.

LMs consist of a sea of electrons which are coupled with mobile ionized cores, adding more
complexity to their electronic properties compared to solid metals.!’5!"7 As liquids with water-
like viscosities, their metallic bonds purvey them with high density and the highest thermal and
electrical conductivities, as well as the highest surface and interfacial tensions among all
liquids.!7®!77 In particular, Ga has supercooling properties which allows Ga-based materials to
remain liquid even below their melting point.!”” As such, these materials are being studied for
multiple applications including microfluidics, self-healing contacts in stretchable electronics,
biomedical applications, chemical sensors, imaging, materials synthesis, catalysis and
batteries.”!*7-14¢ Besides the previously cited work with Cu-Ga/In bimetallic materials,'!* Ga-
and In-based LMs are emerging as promising electrocatalysts wherein their continuously
dynamically changing surface offers opportunities not possible with solid catalysts, such as
resistance to coking or different selectivities accompanying solid-liquid transitions.!8>-190-191

Shrinking the size of the LM particles down to the nanoscale and having inks of well-defined
and dispersed LM NPs can benefit many of the above mentioned as well as opening up new
venues.!'”” Generally, the properties of both Ga and In NPs are unexplored, as well as how their
chemistry and properties change at the nanoscale, which represented a challenge and
opportunity for the development of this thesis. For instance, under ambient conditions, Ga
forms a passivating amorphous oxide shell (Figure 1.9). This native shell around the metal
core can be easily removed in the bulk via acidic treatment!®? or under an applied voltage.'*3

However, as NPs show larger surface to volume ratios and higher surface energies, their
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oxidation process is faster!** and thicker shells can form,!*> thus with surface properties that
possibly differ from the bulk, which is not well understood yet anyway. We cannot therefore
separate the properties of liquid Ga from those of its native oxide shell when considering their

synthesis and properties as monometallic or bimetallic NPs.

—+ Solvent

|
Self-passivating
| oxide layer

_: Layered metallic area

Liquid metallic core

Figure 1.9. Schematics depicting the structure of a liquid Ga droplet or NP and description of its interface.

Drawing inspired by reference [176].!7°

Altogether, these intriguing phenomena make Ga and In worthy of being further studied at the
nanoscale. By combining them with Cu and investigating their reactivity with this metal to
form bimetallic NPs, the aim of this thesis was to advance the understanding of their chemistry
while developing materials with new catalytic properties and behaviors. For example, one
recent work from our group has demonstrated that the native shell of Ga NPs persist even
during CO2RR conditions and prevents coalescence of these metallic NPs at potential where

bulk liquid Ga films should form instead.!*
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Chapter 2

Experimental section

2.1. General

All glassware was oven-dried prior to use. All syntheses were carried out under an inert
atmosphere using anhydrous solvents and standard glovebox and Schlenk-line techniques. A
J-KEM Scientific Model 310 temperature controller together with a heating mantle and a
standard lab-bench hot plate were used for reaction temperature control. Post-synthetic
purification (“washing”), ligand exchange, handling, and storage of the as-synthesized

materials were also carried out under an inert atmosphere.

2.2. Chemicals

Chemicals listed in Table 1 were used as received without further purification.

Chemical Symbol Purity Manufacturer

Di-n-octylamine DOA 98% ABCR

Ethanol (anhydrous) - 95% Sigma Aldrich

Indium(III) chloride InCl; 99.999% Sigma Aldrich

n-butyllithium n-BuLi 2.7 M in hexane Sigma Aldrich

Oleic acid OLAC 90% Sigma Aldrich

Toluene (anhydrous) - 99.8% Sigma Aldrich

Tri-n-octylphosphine oxide TOPO 99% Sigma Aldrich

Table 1. Chemicals used during the syntheses described in this thesis.
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When specified as degassed in the synthesis description, ODE, OLAC, OLAM, DOA and
DDT were degassed and dried under vacuum at 110 °C for 4 h, cooled down to room

temperature, and then transferred airless to the glove box.

2.3. Colloidal synthetic procedures

Chapter 3

Ga NPs (30 nm):

Ga nanoparticles were synthesized by adapting a procedure from Kovalenko and coworkers. 88
In a typical synthesis of 30 nm Ga nanoparticles, 7 mL of ODE were loaded into a 25 mL three-
necked flask, equipped with a reflux condenser, and dried under vacuum at 110°C for 1 h. Then
the reaction flask was filled with N; and heated to 290 °C, followed by an injection of solution
containing 50 mg of Gax(NMez)s in 3.75 mL of dried ODE and 2.26 mL of dried DOA. This
solution was previously prepared by stirring the Ga precursor and the ODE for at least 40 min
and then adding the DOA just a few minutes before the injection. Right after the injection, the
temperature dropped to 235 - 240 °C, and in ca. 30 sec the reaction flask was cooled to room
temperature. Ga nanoparticles were separated from by-products and from unreacted precursors
by adding 15 mL of ethanol, followed by centrifugation at 5000 rpm for 20 min. Ga
nanoparticles were redispersed in toluene, and the purification/precipitation step was repeated

2 — 3 times. Ga nanoparticles were finally stored in dried ODE or in anhydrous toluene.
Ga203 NPs (6 nm):

Ga»0O3 nanoparticles were synthesized by adapting a procedure by Radovanovic and
coworkers. % In a typical synthesis of 6 nm Ga>Os nanoparticles, 0.5 g of Ga(acac)s; were mixed
with 7.0 g of OLAM into a 100 mL three-necked flask, equipped with a reflux condenser, and
the temperature was raised to 80 °C. After the Ga precursor was fully dissolved, the reaction
flask was degassed and filled with N to then be heated to 310 °C. The reaction mixture was

refluxed under these conditions for 7 h. The obtained white powder was washed 3 times by

22



Chapter 2 Experimental section

adding 15 mL of ethanol, followed by centrifugation at 5000 rpm for 20 min while being
redispersed in toluene. The obtained NPs were capped with TOPO and dispersed in dried ODE.

Cu-Ga NDs:

I mL of a solution of Ga NPs in ODE (4 mM), 1 mL of a solution of Cu(OAc). in ODE (4
mM), 0.5 mL of OLAC and 0.5 mL of OLAM were added to a 5 mL vial and then stirred at
600 rpm on a hot plate which was set at 150 °C inside a glovebox for 15 h. Cu-Ga NPs were
separated from by-products and from unreacted precursors by adding ethanol (3 mL), followed
by centrifugation at 5000 rpm for 20 min. The final product was then redispersed in toluene,
and the purification/precipitation step was repeated 2 — 3 times before finally being stored in

anhydrous toluene.

In NPs (22 nm):

In NPs were synthesized following a procedure by Kovalenko and coworkers.*! In a typical
synthesis of 22 nm In NPs, 13 mL of dried OLAM were mixed with the 0.028g In precursor,
InCl3, in a 50 mL three necked flask equipped with a reflux condenser, and dried under vacuum
at 110°C for 1 h. Then the reaction flask was filled with N> and heated to 160 °C, followed by
an injection of 2.25 mL of n-BuLi. After another 10 s, 0.3 mL of superhydride were injected
and in ~10 s, the reaction was quenched by the injection of 12 mL of anhydrous toluene and
immediate cooling with an ice bath. 0.4 mL of dried OLAC were injected at 50 °C. In NPs
were separated from by-products and from unreacted precursors by adding 15 mL of ethanol,
followed by centrifugation at 5000 rpm for 20 min. In NPs were redispersed in toluene, and the
purification/precipitation step was repeated 2 — 3 times. In NPs were finally stored in dried

ODE or in anhydrous toluene.

Cu-In NPs.

1 mL of In NPs in ODE (4 mM), 1 mL of a solution of Cu(OAc), in ODE (4 mM), 0.5 mL of
OLAC and 0.5 mL of OLAM were added to a 5 mL vial. The vial is then stirred on a hot plate
which was set at 160 °C inside a glovebox for 15 min. The reaction product was separated from
by-products and from unreacted precursors by adding ethanol (3 mL), followed by

centrifugation at 5000 rpm for 20 min. Cu-In NPs were redispersed in toluene, and the
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purification/precipitation step was repeated 2 — 3 times before finally being stored in anhydrous

toluene.

Ag-Ga NDs:

In a typical synthesis, 1 mL of Ga NP solution in toluene (4 mM) and 1 mL of a solution of
AgNO:;s in toluene (4 mM) were added to a 5 mL vial and then stirred at room temperature for
4 h. The reaction product was separated from by-products and from unreacted precursors by
adding ethanol (2 mL), followed by centrifugation at 5000 rpm for 20 min. Ag-Ga NDs were
redispersed in toluene, and the purification/precipitation step was repeated once before finally

being stored in toluene.

Ag-Cu-Ga NPs:

In a typical synthesis, 1 mL of the Cu-Ga NDs solution in toluene (2 mM) and 1 mL of a
solution of AgNOs3 in toluene (2 mM) were added to a 5 mL vial and then stirred at room
temperature for 8 h. The reaction product was separated from unreacted precursors by adding
ethanol (2 mL), followed by centrifugation at 5000 rpm for 20 min. Ag-Cu-Ga NPs were
redispersed in toluene, and the purification/precipitation step was repeated once before finally

being stored in toluene.

Preparation of Cu(II)-OLAM complex:

272.4 mg of Cu(OAc)> (1.5 mmol) and with 0.5 mL of OLAM (1.5 mmol) were loaded in a 5
mL vial and then stirred on a hot plate at 150 °C inside the glovebox for 3 h. The reaction
mixture is dark blue at the beginning but it becomes brown after 1 h heating. The complex was
separated from unreacted precursors after 4 washings with hexane, centrifuging at 5000 rpm
for 5 minutes until the supernatant was completely transparent for the second time. The

remaining hexane was let to evaporate overnight inside the glovebox.

Preparation of Cu(II)-TOP complex:

272.4 mg of Cu(OAc): (1.5 mmol) and with 0.65 mL of TOP (1.5 mmol) were loaded in a 5
mL vial and then stirred on a hot plate at 150 °C inside the glovebox for 3 h. The reaction

mixture is dark blue at the beginning but it becomes yellowish after 1 h heating. The complex
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was separated from unreacted precursors after 4 washings with hexane, centrifuging at 5000
rpm for 5 minutes until the supernatant was completely transparent for the second time. The

remaining hexane was let to evaporate overnight inside the glovebox.

Chapter 4

Ga NPs with different capping ligands:

Ga NPs were synthesized by modifying previously reported procedures.*>!%® In a typical
synthesis, 7 mL of ODE were loaded into a 25 mL three-necked flask, equipped with a reflux
condenser, and dried under vacuum at 110 °C for 1 h. Then the reaction flask was filled with
N2 and heated to 290 °C, followed by a rapid injection of a solution containing 50 mg of
Gax(NMe;)s in 3.75 mL of dried ODE with a 20 mL syringe, which had been previously
prepared in a glovebox. Right after the injection, the temperature dropped to 235 — 240 °C and
after 30 seconds the solution color changed from yellow to dark grey, indicating the formation
of NPs. The capping ligand of choice (OLAC, OLAM, TOP or DDT) was then injected into
the reaction flask with a 50:1 molar ratio to the precursor. The reaction flask was then rapidly
cooled down to room temperature using an ice bath. The Ga NPs were separated from any by-
products and from unreacted precursors by adding 15 mL of ethanol, followed by
centrifugation at 5000 rpm for 20 min. The Ga NPs were redispersed in toluene, and the
purification/precipitation step was repeated one more time with one more addition of 0.1 mL

of the chosen ligand. The Ga NPs were finally stored in anhydrous toluene.

Cu-Ga NDs:

Similarly to the synthesis of the previous chapter, Ga NPs with different capping ligands in
toluene were transferred to ODE to form a 4 mM solution (based on atomic concentration from
elemental analysis). Soon after, 1 mL of this new solution, 1 mL of a solution of Cu(OAc); in
ODE (4 mM), 0.5 mL of OLAC and 0.5 mL of OLAM were added to a 5 mL vial and then
stirred at 600 rpm on a hot plate at 150 °C inside a glovebox for 4 h. Cu-Ga NPs were separated
from any by-products and from unreacted precursors by adding 3 mL of ethanol, followed by
centrifugation at 5000 rpm for 20 min. The final product was then redispersed in toluene, and
the purification/precipitation step was repeated once before finally being stored in anhydrous

toluene.
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Ligand Exchange Procedure:

1.5 mL of the OLAC-capped Ga NPs in toluene (5 mM), 0.75 mL of the ligand of choice
(OLAM, TOP or DDT) and 1 mL of toluene were added to a 5 mL vial. The mixture was stirred
at 500 rpm inside a glovebox overnight. After this time, the excess of ligands was washed away
by adding 3 mL of ethanol, followed by centrifugation at 5000 rpm for 20 min. The NPs were
then redispersed in toluene, and the purification/precipitation step was repeated one more time

before storing them in anhydrous toluene.

Chapter 5

In NPs of 15, 19 and 22 nm:

In NPs were synthesized by modifying previously reported procedures.*'*> In a typical
synthesis of In NPs, 13 mL of previously in situ dried OLAM were mixed with 0.12 g of In
precursor, InCls, in a 50 mL three necked flask equipped with the reflux condenser, and dried
under vacuum at 110°C for 1 h. Then the reaction flask was filled with N> and heated to 160 °C,
followed by a fast injection of 1.13 mL of n-BuLi with a 5 mL syringe. After another 10 s, 0.3
mL of superhydride mixed with 0.7 mL of ODE were rapidly injected with a 5 mL syringe.
After some time, the reaction was quenched by the injection of 12 mL of anhydrous toluene
and immediate cooling with an ice bath. Depending on the time passed between the second
injection (superhydride addition) and the quenching by toluene, different sizes were obtained:
~10 s for 15 nm In NPs, ~20 s for 19 nm In NPs and ~30 s for 22 nm In NPs. Afterwards, 0.4
mL of dried OLAC were injected at 50 °C. In NPs were separated from by-products and from
unreacted precursors by adding 15 mL of ethanol, followed by centrifugation at 6000 rpm for
15 minutes. In NPs were redispersed in toluene, and the purification/precipitation step was
repeated 2 — 3 times. In NPs were finally stored in dried ODE or in anhydrous toluene, the

former as 4 mM solutions.

Cu-In NPs:

Modifying the procedure described for Chapter 3, in a typical synthesis of Cu-In NPs, 1 mL of
4 mM solution of In NPs in ODE, 1.5 mL of a 4 mM solution of Cu(OAc). in ODE (0.006
mmol), 0.5 mL of OLAC and 0.5 mL of OLAM were added to a 5 mL vial and then stirred on
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a hot plate which was set at 160 °C inside a glovebox for 30 min. A thermocouple positioned
inside the reaction medium indicates a temperature of around 128°C. The reaction product was
separated from by-products and from unreacted precursors by adding anhydrous ethanol (3
mL), followed by centrifugation at 6000 rpm for 10 minutes. Cu-In NPs were redispersed in
anhydrous toluene, and the purification/precipitation step was repeated 2 — 3 times before
finally being stored in anhydrous toluene. As it will be further described in Chapter 5 and
Appendix 3, the size, morphology and elemental composition and distribution of Cu-In NPs
were tuned by adjusting the size of the In NPs templates, the reaction time and the volume of

added Cu(OAc): solution.

2.4. Characterization

Electron Microscopy:

Transmission electron microscopy (TEM) images were recorded on a Thermo Fisher Scientific
Tecnai-Spirit at 120 kV, equipped with a Gatan camera. High-angle annular dark-field
scanning TEM (HAADF-STEM) imaging and energy dispersive X-ray spectroscopy (EDXS)
were performed on a Thermo Fisher Scientific Tecnai-Osiris TEM in scanning mode at an
accelerating voltage of 200 kV. Atomic HAADF-STEM images were acquired on a double Cs-
corrected Thermo Fisher Scientific Titan Themis 60-300 operated at 200 kV. Both Tecnai-
Osiris and Titan-Themis microscopes are equipped with a high brightness Schottky X-FEG
gun, four silicon drift Super-X EDXS detectors, and Bruker and Velox acquisition software.
EDXS data was collected in the form of spectrum images, in which a focused electron probe
was scanned in raster across a region of interest in the scanning TEM (STEM) mode. Samples

were drop-cast on either a copper or gold TEM grid (Ted Pella, Inc.) prior to imaging.

Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES):
Previously dried samples were digested with concentrated HNO3 and then diluted for analysis.
The concentrations of the NP solutions were determined on an Agilent 5110 inductively

coupled plasma optical emission spectrometry system with a VistaChip II CCD detector.
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Cyclic voltammetry (CV):

The electrochemical measurements were performed in a custom-made electrochemical cell
using a Biologic SP-300 potentiostat. A glassy-carbon disk was used as the working electrode,
a platinum wire as the counter electrode and a Ag wire previously soaked in a concentrated
HCI solution was used as a quasi-reference electrode. The samples were dissolved in an
acetonitrile (MeCN) solution of 0.1 M tetrabutylammonium hexafluorophosphate
([INBu4][PFs]) as the electrolyte. Cyclic voltammograms were recorded for quiescent solution

containing the samples at variable scan rates and were optimal at 10 mV s!

. All potentials
were then referenced against the ferrocenium/ferrocene couple (Fc¢*/Fc = 0 V). In order to
compare with the E? of Ga, the potentials were then converted to the Standard Hydrogen

Electrode (SHE) scale assuming that £ gcirc = 0.4 V vs SHE.!?7

Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR):
FTIR was performed using a PerkinElmer Spectrum 100 instrument by drop-casting 40 uL. of
the solutions on the ATR window. Air was used as a background measurement and all spectra

were recorded with a resolution of 4 cm™!.

Nuclear Magnetic Resonance (NMR):

All NMR spectra were recorded on a Bruker AVANCE III HD 400 spectrometer fitted with a
5 mm BBFOz probe, operating at 400.13 MHz for 'H NMR spectra. '"H NMR chemical shifts
were referenced internally to residual solvent resonances (ds-toluene, du = 7.09 ppm),

calibrated against an external standard (SiMes, where du = 0 ppm).

X-ray Photoelectron Spectroscopy (XPS):

Samples were recorded using an Axis Supra (Kratos Analyical) instrument, using the
monochromated K, X-ray line of an Al anode. The pass energy was set to 40 eV with a step
size of 0.15 eV. The samples were electrically insulated from the sample holder and charges
were compensated. Ga NP samples were prepared by drop-casting films onto clean Si
substrates inside a N2-filled glovebox. XPS fitting was carried out in Kratos ESCApe software.
All data were referenced to the principal Cls peak at 284.8 eV after fitting and any
deconvolution of the Cls peak. In the Ga2p region, only the Ga2ps/2 peaks were used for fitting
and quantification. In the Ga3d region, both Ga and GaOx peaks were fitted with contributions
from spin-orbit coupling; the Ga3ds» and Ga3ds. peak separations were fixed at 0.46 eV and

the relative intensities were fixed at 0.633. In both regions, the peaks for elemental gallium
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were fitted using asymmetric functions. In general, all peaks from a particular region were first

fitted with equal linewidths, and then this constraint was relaxed to refine the fit.

X Ray Diffraction (XRD):

The XRD patterns were acquired on a Bruker D8 Advance diffractometer with a Cu Ka source
equipped with a Lynxeye one-dimensional detector. The diffractometer operated at 40 kV and
40 mA with a Cu Ka source with wavelength of A = 1.54 A. Samples were prepared by drop-
casting nanoparticles on silicon substrates, previously washed with isopropanol and acetone.
In Chapter 3 samples were preserved under inert conditions by covering them with a Kapton
tape. The tape allowed an air-free measurement but weakened and covered part of the signal

from the nanoparticles.

Grazing-Incidence X-ray Diffraction (GIXRD):

Grazing incidence diffraction was performed at 0.5 ° incidence angle on a Bruker D8 Discover
Plus equipped with a Cu rotating anode and a Dectris Eiger2 detector. GID data were refined
with Topas using the Rietveld method, heavily constraining displacement parameters and peak
shapes due to the limited data quality. Preferred orientation corrections had to be included for
certain phases. Samples were prepared by drop-casting the NPs solution on silicon substrates,

that had previously been washed with isopropanol and acetone.

X-ray Absorption Spectroscopy (XAS):

XAS measurements were performed at the SuperXAS beamline at the Swiss Light Source
synchrotron facility (Paul Scherrer Institute, Switzerland). A Si(111) channel-cut
monochromator was used to condition the beam from the corresponding bending magnet. The
beam spot was first focused using a vertically collimating mirror and toroidal focusing mirror
to approximately 300 x 200 um? size. The samples were drop-cast from solution on thin Si
wafer substrates inside the glovebox and kept in aluminum bags to avoid exposure to air and
light even during the measurements. XAS scans at Ga K-edge (10.3671 keV) and Cu K-edge
(8.9789 keV) were conducted in fluorescence geometry using the PIPS detector (up to 2 spectra
per second time-resolution). Both edges were scanned during one event and every scan took
around 30 min to get a decent signal for the X-ray absorption near edge structure (XANES)
spectra. Acquisition of full extended X-ray absorption fine structure (EXAFS) spectra was not
possible in this configuration due to the undesired interference from the substrate which led to

very intense diffraction peaks. Cu references (Cu foil, Cu0, Cu(OAc), CuO — all diluted in
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boron nitride or cellulose) were acquired in transmission mode. For comparison, we used a
Cu(OAc), standard from the Farrel Lytle Database.!”® The reference spectra for Ga,Os (in
pellet form; diluted in boron nitride) and Ga-metal (thin-film deposited on weighing paper)
were collected in transmission and fluorescence geometry, respectively. Data extraction,
normalization, and averaging (for increased S/N) were performed using the beamline dedicated
software for QEXAFS data analysis, ProXAS.!” Samples were prepared by drop-casting
nanoparticles on low background silicon holders, previously washed with isopropanol and
acetone and then preserved under inert conditions by keeping them in sealed aluminum bags

(vide supra).

Calculation of the Ga;Os shell thickness from XPS measurements (Chapter 4):

The signal intensity of photoelectrons follows an exponential decay from the surface with
increasing depth (3), such that the surface atoms make the greatest contribution to the measured
signal. Our aim is to find a value for the depth (d) of the Ga;O; layer that can satisfy the
measured Ga / Ga;Os3 ratios in both the Ga2p and Ga3d regions. We must bear in mind that the
Ga / Ga;03 quantification results are the result of an exponential decay and that the two Ga
environments are separated in different phases, i.e. are not homogeneously mixed and do not

follow the same signal attenuation with depth.

—d
I = [pexcose 3)

d=depth / A, A = inelastic mean free path / A, 0 = detection angle from the normal / deg.

In our method, we have ignored the fact that the sample is made of spherical NPs, as modelling
their geometric effect on the photoelectrons is non-trivial. In relation to this, we have also
assumed that all photoelectrons are ejected normal to the surface (i.e. 6 = 0° and cos 6 = 1).
Considering that we are also making use of the relative contributions from Ga and Ga;0s to
the 2p and 3d photoelectron regions, rather than their absolute intensities, we are also able to
ignore the intensity values / and /o. Equation 3 therefore simplifies to equation 4, were [ is an

arbitrary intensity.

—=d
I =ex (4)
d=depth / A, \ = inelastic mean free path / A, I = arbitrary intensity
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In order to evaluate the integral of the exponential decay function, one must have a reasonable
approximation for the inelastic mean free path term (A / A), which includes a number of
important parameters such as material density, atomic mass, atom valency and the
photoelectron kinetic energy. In order to do this, we made use of the approximate form of the
Bethe equation, developed by Tanuma and coworker, described by Equations 5a—5h.! The
equations are given here, followed by some discussion of the chosen values for the material-

specific variables.

N o(E).E
E2[B.Ln(y.a(E).E) — ($) + (&)] (5a)

)\ = inelastic mean free path / A; a(E) = a relativistic term and is close to 1 for Ga; E = electron energy,

taken as the 2p or 3d kinetic energy / eV; Ey, B, v, C and D are calculated parameters below.

. 2Mmec?
1+ (G=)]? (14 5590809)° (5b)

a(E) = a relativistic term and is close to 1 for Ga; E = electron energy, taken as the 2p or 3d kinetic energy

E
1+ (5:2=) N 1+ 1557 909 8

a(FE)

/ eV; me = mass of the electron; ¢ = speed of light. We have used the approximate form for simplicity.

NV- 0.5
E, = 28.816 { P }
M (5¢)

N, = number of valence electrons per atom; p = density of the material / g cm>; M = atomic weight.

9.44

B=-10+ s +0.69p"!
(B + ) (5d)
E; =band gap energy for the material / eV

v =10.191p %" (5¢)
C=19.7-9.1U0 (59)
D =534 — 208U (5g)

g Nep _ < E, )2
M \ 28816 (5h)

Considering that the Ga2p photoelectrons possess the lowest kinetic energy, we can consider

this region to be the most surface sensitive. Indeed, most of the Ga nanoparticle samples

31



Chapter 2 Experimental section

presented very little amounts of core Ga metal in the Ga2p spectra. For this reason, we decided
to focus on the calculation of A associated with the Ga2p kinetic energy, assuming that A in this
region is primarily determined by Ga;Os. We therefore used the following values for the

material-specific variables in equations 5a—5h:

e p=6.44 g cm? (density of pure Gay03);

e M=237.49 g mol! (average atomic weight in Ga>03);

e N, = 12 (average valency for Ga;Os, assuming valency of 18 for Ga** and 8 for O*".
n.b. This value is very close to that proposed by Powell et al.? — valency of 13 for Ga%)

o FE,=438¢V (band gap energy of pure Ga,03);

e FE=1370.6 eV (measured directly from Ga 2p XPS).

The material-specific variables used for the calculation of A associated with the Ga3d kinetic

energy are as follows:

e p=5.90gcm? (density of pure Ga);

e M=69.72 g mol! (atomic weight of Ga);

e N, =13 (using one of the values proposed by Powell et al.?)
o E,=0¢eV;

o FE=1467.6 eV (measured directly from Ga 3d XPS).

However, it is impossible to describe the changing material density, average atomic weight,
valency and band gap energy of the core-shell structure without knowing the thickness of the
Gay0Os3 shell. We therefore expect much greater error in the calculation of A and d using the
Ga3d data on their own. Consequently, we relied on the Ga2p XPS data to calculate the
associated A and the thickness of the shell (d), and then made use of this d value to back-
calculate the expected Ga / Ga2Os3 ratio in the corresponding Ga3d XPS data. Comparing these
theoretical ratios with the measured values allowed us to evaluate the validity of the model and
give us some idea of the error, which we approximate to be between 3% and 15%. Essentially
the calculated d value should satisfy both 2p and 3d exponential decay functions, such that the

integrals are divided to match the observed Ga / Ga;Os ratios (shown in Figure 2.1).

Using the above approach, we calculated the mean inelastic free path for the Ga2p

photoelectrons to be 11.3 A, and the mean inelastic free path for the Ga3d photoelectrons to be
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25.0 A. These values are reasonably close to those predicted from literature data®, which would

predict values of 10.7 A and 29.8 A, respectively.

1004 T T
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——2, 3d

Experimental %Ga,0,, 2p = 86.6

0.75

d=228A

0.50 + E
Theoretical %Ga,0,, 3d = 59.9
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Figure 2.1. Graph showing the exponential decay of the signal intensity arising from atoms at a depth d from the
Ga NP surface. The two exponential functions are for the Ga2p and Ga3d regions. An example set of data for
aged TOP-capped Ga NPs are shown for illustration, to show how the experimental Ga>Os3 / Ga ratio from the
Ga2p region is used to calculate d, and how the validity of this d value is checked by back-calculating the Ga20s

/ Ga ratio for the Ga3d region, and comparing this theoretical value with the experimental one.

The indefinite integral for the exponential decay function (4) is given by equation 6. The
percentage of the Ga2p signal that comes from the Ga>Oj3 layer is given after evaluating this
integral between d = 0 and the unknown d (7). As the %Ga>03 is known from integration of
the experimental Ga2p XPS data, the equation can be rearranged for d (8). Note that in order
to make use of the %Ga>0; values, the full area under the Ga2p exponential decay function
must first be calculated (from equation 7, using a large d value as the upper limit) and then

multiplied by the %Ga,0s to give an area that is compatible with the model.

/e_Tddd — _deX +C
(6)

d
%GagO3 :/ exdd =™ + A
0 (7)
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d=—ALn <7%G3203 ~ )\)

-2

(8)
(n.b. The %Ga;03 and A values should be associated with the same XPS region.)

Once d had been calculated from the Ga2p data it was verified by back-calculating the %Ga,0s
for the Ga3d data. Using equation 7, a %Ga>O3 value was obtained, which was compared with
the experimental value to approximate the error. We found that this approach provided
approximations to the Ga>O; shell thickness that satisfied both Ga2p and Ga3d datasets to

within ca. 10%, which is reasonable considering our assumptions of the system.
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Chapter 3

Exploring the chemical reactivity of gallium liquid metal

nanoparticles in galvanic replacement

The content of this chapter is based on the published work: J. Am. Chem. Soc. 2020, 142, 45,
19283-19290. https://doi.org/10.1021/jacs.0c09458

Abstract: “Liquid metals possess intriguing properties and micron/nano-sized particles of
these materials are gaining popularity for applications in various research fields. Nevertheless,
the knowledge of their chemistry is still very limited compared to other classes of materials. In
this work, we explore the reactivity of Ga NPs towards a copper molecular precursor to
synthesize bimetallic Cu-Ga NPs. Anisotropic Cu-Ga NDs, where the two segregated domains
of the constituent metals share an interface, form as the reaction product. Through a series of
careful experiments, we demonstrate that a GRR between the Ga seeds and a copper-amine
complex takes place. We attribute the final morphology of the bimetallic NPs, which is unusual
for a GRR, to the presence of the native oxide shell around the Ga NPs and their liquid nature,
via a mechanism that resembles the adhesion of bulk Ga drops to solid conductors. Based on
this new knowledge, we also demonstrate that sequential GRRs to include more metal domains
are possible. This study illustrates a new approach to the synthesis of Ga-based metal NPs and

provides the basis for its extension to many more systems with increased level of complexity.”

Authors: Laia Castilla-Amorés, Dragos Stoian, James R. Pankhurst, Seyedeh Behnaz

Varandili, Raffaella Buonsanti

Contribution: Experiments design, synthesized the NPs, performed all the electron microscopy,
XRD, CV and ICP characterization and analyzed the resulting data, wrote the manuscript with

contributions from all authors.
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3.1. Introduction

As discussed in Chapter 1, liquid metals are an interesting class of materials with fascinating
properties deriving from their simultaneous metallic and liquid nature.!’®"!” Besides their use
as self-healing contacts in stretchable electronics, liquid metal micron- and nano-sized particles
are being explored for biomedical applications, chemical sensors, imaging, and batteries. !8%:182-
1% Shrinking the size of the particles down to the nanoscale adds an extra dimension of
complexity which generates new physicochemical properties and opens up new applications.!”
Ga-based NPs are the most studied systems so far. Interestingly, Ga NPs have been
demonstrated to possess plasmonic properties that are influenced by their size-dependent solid-
liquid transition.!832%  Size-dependent plasmonic properties have also been observed for In-
Ga NPs in the UV part of the spectrum.?! Recently, Ga bimetallic NPs, such as Ga-Pd, Ga-Pt,
Ga-Ni, have shown promising catalytic and electrocatalytic performances,!64185.186.202-205
Theoretical calculations have also predicted that multimetallics including Ga and Cu, among
others, are desirable to improve selectivity in the electrochemical CO> reduction.?!-22203

In order to develop a fundamental understanding of properties at the nanoscale so as to optimize
NP performance for targeted applications, synthetic methods that enable size and shape control
of NPs are needed. Among these, colloidal chemistry has been demonstrated to achieve

superior tunability of metallic NPs with an increasing degree of complexity,!0%111.118.125.131,206-

213 However, most of the synthetic development has been carried out on noble
metals,!!1-118:125.131.206-213 WWhile some of the acquired knowledge within the community can
certainly be translated to different systems, new mechanisms might be involved in the
formation of non-noble metal NPs. For example, because of their higher oxophilicity, the
presence of oxide shells should be taken into account as an important factor during the synthesis.
In this work, we explore the reactivity of Ga NPs as seeds to synthesize Cu-Ga bimetallic NPs.
We find that Cu-Ga NDs form as the reaction products. We combine TEM, ICP elemental
analysis, CV and XAS to investigate the formation mechanism of these anisotropic bimetallic
nanostructures. We determine that a galvanic replacement reaction takes place and that the
peculiar characteristics of the Ga NPs (i.e. their native oxide shell and liquid nature) determine

the final ND morphology. Based on this understanding, trimers including Ag-Cu-Ga were also
obtained. By demonstrating the applicability of GRR to the construction of multimetallic NPs
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based on liquid metals, this study paves the way towards future developments of this

underexplored class of materials.

3.2. Results and discussion

In a typical synthesis of the Cu-Ga NPs (Figure 3.1a), the Ga seeds are mixed in the reaction
vessel with the Cu precursor (copper(Il) acetate, Cu(OAc)), oleylamine (OLAM) and oleic
acid (OLAC) in octadecene (ODE), and then the mixture is stirred for 15 hours under inert

atmosphere on a hot plate which was set at 150 °C.

—_—
OLAM, OLAC

Figure 3.1. (a) Sketch of the reaction scheme; (b,c) low-resolution TEM image of the as-synthesized Ga NPs and
Cu-Ga NDs, respectively; (d,e) HAADF-STEM image and corresponding EDXS elemental maps of the NDs,

respectively.

Figure 3.1 gives an overview of the electron microscopy characterization of the Ga NPs and
of the obtained Cu-Ga bimetallic NPs. Figure 3.1b illustrates the spherical shape and size
monodispersity of the starting Ga seeds (30 + 3 nm, Figure A1.1). The product of their reaction
with Cu(OAc); is reported in Figure 3.1c. Mushroom-like NDs, where a spherical domain is

interfaced to a drop-shaped domain, are observed. The high angle annular dark field-scanning
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TEM (HAADF-STEM) imaging with the corresponding energy dispersive X-Ray spectroscopy
(EDXS) mapping (Figures 3.1d,e) evidences that the spherical domain is Cu while the drop-
shaped domain is Ga. Consistently with this picture, a strong diffraction contrast indicating
crystallinity is present only in the Cu spheres. X-ray Diffraction (XRD) analysis (Figure A1.2)
under an air-free atmosphere confirmed the presence of crystalline metallic copper while no
Ga was detected, which is consistent with its amorphous nature in the TEM image. Notably,
compared with the initial Ga seeds in Figure 3.1b, the Ga domain has a decreased size and a

deformed shape, and is most narrow near the interface.

To gain further insight into the ND formation mechanism, aliquots were extracted from the
reaction mixtures at different times. Figure 3.2 reports the TEM characterization of these
samples. The images show a progressive reduction of the spherical Ga domain over time,
accompanied by growth of the Cu domain (Figures 3.2a-e). Longer reaction times result in
complete dissolution of the metallic Ga such that only the Cu domains are clearly detected
along with some lower contrast debris (Figure 3.2f). Consistently with these data, elemental
analysis of the supernatant confirmed the increasing concentration of Ga and decreasing
concentration of Cu as the reaction progressed. A control experiment verified that the reaction

conditions alone, in the absence of Cu, do not cause any change in the Ga NPs (Figure A1.3).
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Figure 3.2. TEM images of samples collected at different times during the synthesis of the Cu-Ga NDs: (a) 0 min,
(b)2h,(c) 7h,(d) 11 h, (e) 15 h and (f) 20 h.
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The results above and the standard reduction potentials of Ga and Cu (E°; 43+ /6a =053V
vs SHE and E° 2+ ¢, = +0.34 V vs SHE)'” suggest that a GRR might be taking place. GRRs

are spontaneous electrochemical processes wherein one metallic domain (the sacrificial
template) is oxidized by the cations of another metal that possesses a more positive reduction
potential. GRRs have been exploited extensively to synthesize a variety of nanostructured
materials; these are mostly based on noble metals but have also been extended to metal oxides
more recently.!25:132:134.139.152 Baged on these studies and considering that Cu and Ga can form
solid solutions,?!* NPs with a hollow interior and an alloyed shell are expected as the GRR

product.

In order to explain the formation of the atypical ND configuration, first of all we need to assess
the contribution of the organic ligands, as examples in the literature show that they can impact
the final morphology of the GRR-derived NPs by acting as surface passivating species or co-
reducing agents.!2>127-15L153.154 Apother unique feature of the Ga NPs is their liquid nature and
the presence of a native self-passivating oxide shell.!76-179:188.192215 The fate and role of such

an oxide skin during the ND formation also deserves investigation.

Starting with the organic ligands, the simultaneous presence of OLAM and OLAC is needed
for the ND to form (Figure A1.4). OLAM is a well-known reducing agent in the synthesis of
NPs in organic solvents,?!¢ therefore it might contribute to the reduction of Cu(OAc), during
GRR. It is worth noting that, in the absence of the Ga seeds or in the presence of gallium oxide
NPs (Figure A1.5), no Cu NPs form under the same reaction conditions, thus OLAM alone is
not sufficient for their nucleation. At the same time, if substituted with a stronger reducing
agent, such as trioctylphosphine (TOP), Cu homogeneously self nucleates without any change

in the Ga NPs.

One additional consideration is that both OLAM and TOP can coordinate copper ions.!02-216

While the feasibility of GRRs is normally established based on the standard redox potential of
the metals, a different coordination environment can dramatically impact the redox potentials
of the Cu ions in solution. To gain further insight, we studied the redox properties of the
complexes that form when Cu(OAc): is reacted with only OLAM or TOP by performing cyclic
voltammetry (CV) experiments (Figure 3.3). We will refer to these complexes as Cu(Il)-
OLAM and Cu(II)-TOP. The CVs of the Cu(OAc); and Cu(Il)-OLAM complexes both show

two reduction waves; the first is attributed to the Cu?**/Cu* reduction and the second, which
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appears at more negative potential, is attributed to the Cu*/Cu® reduction, in agreement with
other literature reports.?!’2! Both peaks are anodically shifted in the OLAM complex
compared with Cu(OAc),. In the Cu(II)-TOP complex, only one peak is observed at -0.61 V
vs SHE that corresponds to the Cu?*/Cu® reduction. Taking the standard redox potential of Ga
(E®; g3+ /6a = —0.53 'V vs SHE) as being representative of the Ga NPs, OLAM contributes
towards driving the GRR by complexing Cu and anodically shifting the Cu*”’Cu* redox
potential. We speculate that the first reduction causes changes in the Cu-amine complex that
enable the complete reduction to metallic Cu. Instead, TOP inhibits the GRR as it renders the

Cu reduction potential more negative than that of Ga.

Ga**+3e =2Ga’ — Cu(OAc),
— Cu(ll)-OLAM
Cu(ll)-TOP

b
Cu*/Cu®
{
Cu?/Cu°
T I T I T I T | ! |
-1,5 -1,0 05 0,0 05 1,0
E/V vs SHE

Figure 3.3. CVs of Cu(OAc);, Cu(Il)-OLAM and Cu(Il)-TOP, measured in a MeCN solution of 0.1 M
[NBu4][PFs] as electrolyte. All potentials were referenced against the ferrocenium/ferrocene (Fc*/Fc =0 V) couple

and then converted to the SHE scale. The vertical grey-dotted line corresponds to the E® 3+ /Ga VS SHE.

As for OLAC, while it is not essential for the reaction to occur, the TEM images suggest that
it plays an important role in the control of the morphology (Figure A1.4). FT-IR and NMR

measurements confirm its role as a surface ligand (Figure A1.6).

Moving towards the investigation of the native oxide shell, Figure 3.4 provides a summary of
its characterization. EDXS analysis evidences the presence of an oxide shell around both the
Ga seeds and the dimers (Figure 3.4a). Nevertheless, as the samples are exposed to air, albeit
only for a few seconds before the holder is inserted into the TEM, the measurement cannot be

conclusive alone. Therefore, XAS under inert conditions (details in Chapter 2) was utilized to
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elucidate the role of the oxide shell during the galvanic replacement. Figure 3.4b displays the
Ga K-edge XANES spectra on the aliquots taken at different times during the synthesis of the
Cu-Ga NDs. As the reaction proceeds, a clear shift in the absorption edge position towards
higher energy together with an increase in the white-line intensity of the acquired spectra is
observed. This trend indicates that the initial Ga NPs are mostly in their metallic form, while
by the end of the reaction the signal is dominated by the oxide. Figure 3.4¢ reports the results
of a linear combination fitting (LCF) analysis (by using Demeter for XAS data processing???),
that are qualitatively in good agreement with a gradual transition from a metallic to an oxide
state. The increasing weight fraction of oxide with time is consistent with the metallic gallium
dissolving in solution. As expected, the Cu K-edge XANES spectra show purely metallic Cu
in all of the aliquots (Figure A1.7). Altogether the XAS data indicate that the gallium oxide
shell is always present throughout the formation of the Cu-Ga NDs. A similar conclusion was
reached by O’Mullane and collaborators who performed galvanic replacement on bulk
Galinstan (GalnSn alloy).!®%!74

Having assessed the role of OLAM as a co-reactant and the presence of the oxide skin
throughout the reaction, a mechanistic picture starts to shape up and is sketched in Figure 3.5.
Migration of gallium atoms occurs through the native oxide shell. By analogy with studies on
liquid metal droplets, such migration can happen because of the shell’s mechanical fracturing
or because of the establishment of a chemical potential gradient.!64174.177.179.215.221.222 The
former is unlikely to be involved in the dimer formation, at least in the initial stages of the
reaction, as no external forces are applied, apart from a gentle stirring of the solution. Instead,
it is reasonable to assume that the driving force for the gallium migration through the shell is
the difference in the reduction potentials of metallic Ga and the copper-amine complex. The
fact that gallium atoms must first migrate through the solid oxide shell justifies the very long
reaction times needed for the GRR in Cu-Ga compared to those reported for noble metals,
which are normally in the range of seconds or minutes,!2%131134.152.154 A g the Ga reaches the
surface, its oxidation coupled with the Cu reduction takes place. Because of the oxide shell
acting as a separator, alloying does not occur. The formation of a core@shell configuration is
unfavorable because of the largely different interatomic distances of copper and amorphous
gallium oxide.'®822* Thus, the Cu nucleates on the seeds because of the lower activation barrier
for heterogeneous nucleation, however continued nucleation of copper on the copper nucleus
is then energetically more favorable than nucleation on the gallium oxide surface. This

behavior is similar to that observed in systems where the metal-metal bonding energy between
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atoms of the newly forming domain is higher than the metal-metal bonding energy between the
atoms of the new domain and those of the sacrificial template (i.e. Pt on Ag; Cuon Ag, Au, Pt

and Pd).19’140’224
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Figure 3.4. (a) Oxygen EDXS mapping of the initial Ga NP seeds (left) and of the Cu-Ga NDs (right); (b) Ga K-
edge XANES spectra on the aliquots extracted at different reaction times. The references for Ga metal (in red)
and Ga20; (in blue) are reported; (c) Linear combination fitting (LCF) analysis of the same spectra showing the

gradual increasing of the oxidized fraction during the course of the reaction.

As the gallium atoms are consumed in the GRR, one would expect the Ga core to become

hollow, as reported for other NPs undergoing GRR.!25:132:134.152 Tnstead a volume reduction is
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observed and a shape deformation follows as the copper domain sizes increases. In the context
of reconfigurable and self-healing electronics, significant efforts are ongoing to study the
connection between Ga-based liquid-metal contacts and solid metals, with a prototypical
interface being Galn/Cu.!77:192.215.222.225-229 Here, the non-Newtonian rheological properties of
the gallium oxide skin have been demonstrated to play a significant role as they can
mechanically stabilize the liquid core into non-spherical, metastable shapes.!77-192:215.222:225-229
Furthermore, the oxide interfacial adhesion mechanics when in contact with rigid flat substrates
have been shown to cause deformation of the initially spherical liquid metal
droplets,!77:192:215.222.225-230 Qimilar phenomena might be involved in the formation of the
mushroom-like Cu-Ga NDs. The increasing deformation of the gallium domain as the copper
domain increases in size can be attributed to interfacial adhesion mechanics as well as strain
due to the difference in the interatomic distances between the copper and the gallium oxide.
The absence of voids in the core and observed reduction in volume of the Ga domain can be
explained by the following: the liquid nature of Ga allows the atoms within the oxide skin to

redistribute, whilst the oxide skin can adapt to the shrinking volume thanks to its viscoelastic

properties.

Cu(ll)-OLAM Cu(ll)-OLAM
Cu / ne Ga* /

3+ 3+
Ga Ga

=

Ga*
Figure 3.5. Schematic representation of the proposed formation mechanism of the Cu-Ga NDs.

To prove the importance of the oxide skin and liquid nature of gallium in regulating its chemical
reactivity at the nanoscale, we extended the same reaction scheme to other systems (Figure
3.6). First of all, we substituted Cu with Ag, a metal with a more positive reduction potential
than Cu (E®4+/4,= 70.80 V vs SHE'” and E° 2+, = +0.34 V vs SHE). Here, the larger
potential difference versus Ga makes the modulation of redox properties via the coordination
environment of the cation unnecessary, so OLAM was not needed. Figure 3.6a evidences that
upon reaction with AgNOs, the Ga seeds are decorated by multiple Ag domains. The more
similar interatomic distances between Ag and gallium oxide might be one reason for the

formation of these multimeric NPs instead of dimers.?*! Importantly, this result confirms that
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the final morphology of the bimetallic NPs is related to the native oxide and the liquid nature

of the Ga seeds and not to the presence of OLAM as a co-reactant.

Secondly, we substituted the Ga NPs with In NPs (Figure A1.8) as the sacrificial templates
during the reaction with Cu. In is another main-group metal with a low melting point (156.6°C
for bulk), however, it is less oxophilic compared to Ga, meaning that the native oxide shell is
not present in the as-synthesized NPs.*!'19232 The standard redox potentials of In and Cu

(E° 13+ /= —0.34 V vs SHE'” and E° )2+ ¢, = +0.34 V vs SHE) are suitable for galvanic

replacement. Figure 3.6b shows that bimetallic Cu-In NPs do indeed form. However, here the
two metals are mixed, as expected based on the Cu-In phased diagram?3?, rather than segregated
as in the Cu-Ga NDs. Furthermore, the reaction takes only 15 minutes, which is more
reminiscent of a traditional GRR with a metal NP lacking an oxide shell. Overall, these results
with In NPs are consistent with the hypothesized role played by the native gallium oxide shell
in preventing alloying and in determining the final ND morphology. As a side note, our
attempts to remove the amphoteric oxide shell in the Ga NPs or to tune its thickness by acid or

base treatments were unsuccessful so far.

Finally, we wanted to explore the possibility of performing sequential GRR reactions on the
Ga NPs in order to eventually increase the complexity of Ga-based multimetallic NPs. Figures
3.6¢,d show that Ag-Cu-Ga trimers could be synthesized using Cu-Ga NDs as templates. Here
future in-depth characterization and additional experiments will be pursued to understand the
delicate interplay between the redox potentials of the three metals, their surface energies and
interface energies in determining this final configuration as at the moment it is unclear on which

domain nucleation occurs.
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Figure 3.6. (a) TEM images of the Ag-Ga NPs obtained by reacting Ga NPs with AgNOs; (b) TEM image (left)
and EDXS elemental analysis with corresponding line scan (right) of the Cu-In NPs obtained by reacting In NPs
with Cu(OAc): for only 15 minutes, otherwise the same conditions for the Cu-Ga NDs were utilized; (c,d) HAADF
STEM image and EDXS elemental map of the Ag-Cu-Ga nanotrimers obtained by sequentially reacting Ga NPs
with Cu(OAc)z2 and AgNO:s.

3.3. Conclusions

In conclusion, in this Chapter we have explored the reactivity of liquid-metal Ga NPs to
synthesize bimetallic Cu-Ga NPs via a colloidal chemistry approach. Investigation of the
formation pathway has revealed that a GRR takes place, which is consistent with the redox
properties of metallic Ga and the Cu-amine complex forming in solution. The combination of
different characterization techniques and control experiments has highlighted the key role
played by the native oxide shell and liquid nature of the Ga NPs in determining the final
nanodimer morphology of the bimetallics. Having learned this, the same approach has been

applied to access bimetallic Ag-Ga and ternary Ag-Cu-Ga NPs.

Overall, this first study on colloidal liquid metal NPs as sacrificial templates in GRRs
showcases the very intriguing and peculiar reactivity of this class of materials at the nanoscale
that is certainly underexplored to date. Furthermore, it opens the way towards achieving much
more sophisticated and complex structures of Ga-based nanomaterials, which possess
promising properties for top-scientific challenges including CO; electroreduction, sensing,

plasmonics, and self-healing electronics.?!-2%203
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Chapter 4

Modulating the reactivity of liquid Ga nanoparticles by

modifying their surface chemistry

The content of this chapter is based on the published work: J. Am. Chem. Soc. 2022, 144, 4,
1993-2001. https://doi.org/10.1021/jacs.1¢c12880

Abstract: “Micron- and nano-sized particles of liquid metals, particularly Ga-based alloys,
are attracting increasing attention for applications in several fields. Their native oxide skin
regulates many of their properties, yet, very little is known about its chemistry. Here, we
investigate the impact of selected capping ligands on the native oxide thickness of Ga NPs and
on their chemical reactivity, choosing the GRR as one example. We demonstrate that amines
and carboxylic acids promote thicker oxide shells while thiols and phosphines hinder the oxide
growth. Upon pondering thermodynamics and kinetics factors, we conclude the affinity of the
anchoring group towards the metal core being the major driver. We go on to prove that thicker
shells foster the formation of Cu-Ga NDs following the reaction of the Ga NPs with a copper
amine complex. In contrast, thinner oxides lead to the homogeneous nucleation of individual
Cu NPs. This study reveals the importance of the choice of ligand when studying Ga-based
metal NPs for different applications since both their surface chemistry and reactivity are

largely affected by this decision.”

Authors: Laia Castilla-Amorés, Tzu-Chin Chang Chien, James R. Pankhurst, Raffaella

Buonsanti

Contribution: Experiments design, partly synthesized the NPs, performed all the electron
microscopy and ICP characterization and analyzed the resulting data, participated in the XPS

experiments and discussion, wrote the manuscript with contributions from all authors.
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4.1. Introduction

LMs are a class of materials that is attracting a renewed interest thanks to their fascinating
properties arising from their simultaneous metallic and liquid nature.!””"!”” Among all possible
compositions, most research focuses on metallic Ga and its alloys because of their low melting
temperatures and their unique electrical and rheological characteristics.!”® The latter open up
new possibilities in various fields, including electronics, microfluidics, biomedicine, batteries,

as well as for synthetic and catalytic applications,!80-182-186.188,191,234.235

So far, most of the work has centered on bulk and micron-sized particles. Nevertheless, new
physicochemical properties emerge when the size of Ga-based particles shrinks down to the
nanoscale.!” For example, plasmonic and catalytic properties can be modulated with the size

of the particles and are influenced by their size-dependent solid-liquid transition.!3%191.200

In addition to the chemical composition of the bulk, the native oxide skin of Ga-based particles

176,236,237

plays a crucial role in determining their chemical and mechanical behavior. For

instance, the thickness of the surface oxide can modify surface adhesion and wetting

192,193.238 a5 well as tuning the on/off state in soft electronics?!4?222%, As an additional

properties
example, it has been recently discovered that a smooth oxide skin can stabilize LM particles in
their undercooled state.?* As NPs show larger surface to volume ratios and higher surface

194 or even have thicker shells

energies, they tend to oxidize faster than their bulk counterparts
when going down in size.!®> Therefore it is of outmost interest to study the properties of Ga

native oxide skin at the nanoscale for the use of NPs in all the aforementioned applications.

In order to accurately and systematically study the nanoscale and surface properties of NPs,

homogeneous samples are needed. Nevertheless, synthetic routes to fabricate Ga NPs with high

241,242 41,188

enough monodispersity are limited to physical deposition and thermal decomposition
techniques. Among those, the latter enables the synthesis of colloidally stable NPs with the
highest monodispersity (7-8 %) by decomposing molecular precursors in the presence of
surfactants, whose role is to both control the synthesis and stabilize the formed NPs in solution.
Interestingly, molecular coatings, of the same nature as the aforementioned surfactants, have
been shown to significantly impact the surface properties of Ga-based particles, particularly
the thickness and roughness of their oxide skin.?*%243-24> However, these studies still remain

isolated examples carried out with polydisperse samples and the relationship between the
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chemical nature of the molecules and their role as surface modifiers has not been thoroughly

investigated so far.

Herein, we investigate whether capping ligands with different anchoring groups not only
stabilize Ga NPs in solution but also have an impact on their surface properties. The oxide skin
for most of the Ga-based LM alloys, including galinstan (Gass sInz1 5Snyo), eutectic Galn and
GaPd droplets, is essentially gallium oxide, which is due to its higher absolute Gibbs free

energy of formation compared to the oxides of other elements,!7%-227-236.246,247

Hence, pure Ga
is an ideal choice to study the generality of the surface properties of these materials.
Furthermore, ligand effects observed at the bulk and the micron scales are expected to be even
greater at the nanoscale, where the surface-to-volume ratio increases, which justifies the choice
of using NPs as our model system. We combine TEM, elemental analysis and XPS to study the
Ga oxide skin in the presence of carboxylic acid, amine, thiol and phosphine ligands. We then
correlate the chemical nature of the capping ligands to the skin thickness, taking into account
both thermodynamic and kinetic factors. Going one step further, we also investigate how the

oxide thickness of the LM NPs modulates their chemical reactivity, taking the GRR with a

molecular copper precursor developed in Chapter 3 as one example.

4.2. Results and discussion

Colloidal Ga NPs were synthesized by adapting a previously reported procedure (Figure
A2.1).'88 Four different ligands were utilized during the synthesis, specifically oleic acid
(OLAC), oleylamine (OLAM), tri-n-octylphosphine (TOP) and dodecanethiol (DDT). These
ligands were selected because of the different affinities of their anchoring groups towards metal
surfaces. In particular, OLAC and OLAM are known to bind to oxide surfaces more strongly
than metallic surfaces, therefore they should stabilize the oxide skin of LM NPg,243:244:248-251
Conversely, DDT and TOP have a higher affinity to metals, thus they are expected to stabilize

the metal core and inhibit the oxide formation.?43-244248-251 Fyrthermore, these ligands are all

readily available and commonly used in NP synthesis.

Figure 4.1 gives an overview of the characterization of the as-synthesized samples. In the TEM
images (Figure 4.1a), the lack of diffraction contrast, which would denote crystallinity,

indicates that all the NPs are amorphous, i.e., liquid, which is consistent with previous

48



Modulating the reactivity of liquid gallium
Chapter 4 nanoparticles by modifying their surface chemistry

reports.*>!88 The size distribution analysis evidences that the different ligands have no major
effect on the morphology and final size of the Ga NPs, which are all spherical with a mean size
of around 30 nm (Figure A2.2). Indeed, the ligands were intentionally added to the reaction
flask after the NP formation (Figure A2.1) to minimize their impact on the nucleation and
growth steps, and thus on size and shape. XPS (Figure 4.1b) evidences that -COOH, -N, -P
and -S are on the NP surface, consistent with OLAC, OLAM, TOP and DDT being the capping

agents, respectively.
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Figure 4.1. (a) TEM images of the as-synthesized Ga NPs with different ligands; (b) XPS spectra for -C, -N, -P
and -S indicating the presence of the ligands on the surface. The peak at 288.72 eV in the Cls spectrum for the
OLAC-capped sample is assigned to carboxylic carbon (COOH).
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To gain insight into the effect of the different capping agents on the oxide skin, we used XPS
complemented with electron microscopy techniques. The samples were characterized just after
their synthesis and particular care was taken to minimize the time the samples were exposed to
air during the transfer from the glove box to the instrument. Figure 4.2 reports a summary of
the obtained results. The complete data set is reported in the Appendix 2 (Figure A2.3) and a
detailed explanation on the oxide thickness interpretation is reported in Chapter 2 (Figure 2.1).
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Figure 4.2. (a) XPS spectra of the Ga 3d region for the as-synthesized ligand-capped NPs, evidencing the
simultaneous presence of Ga metal and Ga oxide with different ratios in each case; (b) oxide thickness, with
corresponding error bars, calculated from the XPS data for the different ligands (note that the error bar for DDT
is too small to be seen); (c) STEM-HAADF image (left) and corresponding EDXS elemental map (right) of
OLAM-capped Ga NPs showing the presence of an oxide shell as a lighter contrast (left) and in blue (right). The
measured oxide thickness on the STEM-HAADF image corresponds to 2.6 nm, matching well with the XPS

calculation reported in (b).

Similarly to other reports,?#3-244252 the XPS spectra were fitted with two peaks in the Ga 3d
region for each sample (Figure 4.2a). The peak at around 20 eV corresponds to gallium oxide
whereas the peak at around 18 eV can be assigned to metallic Ga. The relative ratio of these
two peaks changes across the samples indicating differences in the oxide-to-metal contribution.
The thickness of the oxide, which can be approximated from this ratio, decreases from around
3.5 nm to 1.5 nm following the trend OLAC>OLAM>DDT~TOP (Figure 4.2b). High-angle
annular dark-field scanning TEM (HAADF-STEM) imaging and energy dispersive X-ray
spectroscopy (EDXS) corroborate the thickness of around 2.6 nm for the OLAM-capped NPs
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(Figure 4.2¢). This correlation between XPS and HAADF-STEM EDXS was also observed
for OLAC-, DDT- and TOP- capped Ga NPs (Figure A2.4). Therefore, we can confidently
compare the extent of the oxidation between the four samples: OLAC-capped particles have
the thickest oxide shell followed by OLAM-, DDT- and TOP-capped Ga NPs, with the latter

two being approximately equal.

To understand the observed trend, we investigated the oxide evolution over time. Our aim was
to elucidate the interplay between kinetics (i.e., delayed oxidation) and thermodynamics (i.e.,
thinner final oxide thicknesses under equilibrium conditions). To reach the equilibrium
conditions, we left samples deposited as thin films exposed to air for five days. No further
changes were observed in samples left for over one month under the same conditions. Figure
4.3 summarizes the obtained data. The XPS spectra of the samples can still be deconvoluted
into the gallium oxide and metallic Ga peaks, although the contribution of the former increases
compared to the as-synthesized samples (Figure 4.3a). This trend becomes more evident when
plotting the oxide thicknesses for the ligand-functionalized Ga NPs (Figure 4.3b). When
compared to the measurement on day zero, OLAC ended up with the thickest shell, which
decreased with OLAM>DDT>TOP, with the latter clearly presenting the thinnest shell
(Figures 4.3b,c¢).

In parallel, we synthesized Ga NPs in the total absence of ligands. Interestingly, their oxide
shell was even thinner than for TOP-capped Ga NPs at both day 0 and day 5 (Figure A2.5a
and Figure A2.6). These results are in opposition of what had been previously reported in the
literature in where adding capping ligands resulted in thinner oxide shells than with bare
surfaces.?** This difference could be arising from various factors: the smaller size of our NPs
compared to the cited example, the higher polydispersity of the Ga NPs without ligands (Figure
A2.5b) and/or the presence of numerous large Ga blobs (with one example in Figure A2.5¢).
Unfortunately, while possibly being an interesting comparison point, the polydispersity of the
sample makes it not suitable for a study that aims for an accurate and systematic description of
nanoscale surface properties such as this one. Besides, the NPs became colloidally unstable

just after few minutes of their synthesis (Figure A2.5d), preventing any further manipulation.

The observation that the NPs do not become fully oxidized and preserve a metallic core even
when exposed to air for several days is consistent with the self-passivating nature of the gallium

oxide skin. This behavior can be interpreted via the well-established Cabrera-Mott
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theory.!?+221:253 According to this theory, oxygen chemisorption quickly initiates the formation
of a monolayer of gallium oxide. However, electrons can still pass from the core through the

oxide and ionize adsorbed 0,.2**

The formation of negatively charged oxygen ions on the
surface and positively charged metal ions in the core generates an electric field (the Mott
potential, Vi) , which drives the oxide formation. If the diffusion coefficient of the metal ions
through the oxide layer is larger than that of the oxygen ions, then voids in the metal core form
(Kirkendall effect).?34%3° In the case of Ga, the oxide growth rate follows a logarithmic trend
and ends when a critical thickness is reached, generally up to a few weeks.!8195:243.256 Thig
passivating effect of the oxide layer prevents the metal from further oxidation. In the case of
NPs, the higher surface-to-volume ratio is expected to accelerate the oxide growth compared
to bulk materials.”>® Indeed, we found that samples stored in solution and under inert
atmosphere for five days possessed a very similar oxide thickness to the samples exposed to

air (Figure A2.7). This observation demonstrates that the oxidation rate is relatively fast even

with extremely low concentrations of adventitious oxygen.
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Figure 4.3. (a) XPS spectra of the Ga 3d region for the ligand-capped NPs that were aged for 5 days in air; the
as-synthesized Ga NP spectra are also shown as a reference (dashed); (b) oxide thicknesses with corresponding
error bars for the “aged” ligand-capped Ga NPs. Note that no error could be calculated for the aged OLAC-capped
sample because no signal for Ga metal could be found in the Ga 2p spectra (Figure A2.7a) and that the errors for

TOP and DDT are too small to be seen; (c) sketch representing the oxide thickness for each ligand.

To understand the changing influence of the ligands on the oxide thickness with time, different

factors must be considered. We assume that a combination of thermodynamics and kinetics
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dominate at day 0 while thermodynamics will be more important at day 5 and after that. From
a thermodynamic point of view, the aforementioned ligand’s binding preference towards the

248-251,257

metal or the metal oxide is certainly an important parameter. However, the ligand’s

d 243,258-261

dipole moment and subsequent effect on the Vi should also be considere From a

purely kinetic perspective, the packing density on the surface should be taken into account as
it can alter the oxygen accessibility to surface sites,?43-245-262.263

To comprehend the observed trends, let us discuss each group separately starting with OLAC
and OLAM. Hens et al. have previously empirically demonstrated that both amines and
carboxylic acids (in the form of carboxylates), bind to Cu NPs through surface oxide sites.?*3
Both ligands have the same alkyl chain and only differ in their functional group. Hence, it is
reasonable to think that they would pack similarly on the surface of Ga NPs without imparting
big differences on the availability of surface sites, i.e., kinetics, for the oxide growth. On the
other hand, according to the HSAB theory, carboxylates are harder bases than amines and thus
have a higher affinity toward hard acids, like Ga**.2°2°7 Therefore, OLAC simultaneously

favors the outgoing diffusion of Ga** ions during the oxide formation and passivates the oxide

better, eventually promoting the formation of a thicker shell than OLAM.

The comparison between TOP and DDT is less straightforward since both their alkyl chains
and functional groups are different (we note that these ligands are not commercially available
or even stable with the same chain length and their synthesis is not trivial). Thiols and
phosphines are soft bases with greater affinity towards soft acids, which explains why they are
suitable ligands if one wants to hinder the oxidation of Ga NPs. Phosphines are softer bases

than thiols and, as a result, have an even stronger affinity for metal sites.

In addition to the HSAB theory, TOP has a larger electric dipole moment (>>1.2 D) than DDT
(~0.8 D) and so it is expected to oppose the Vmto a greater extent, ultimately reducing the final
oxide thickness. Overall, thermodynamics point towards a thicker oxide shell for DDT than for

TOP, which is indeed what we observe after 5 days (Figure 4.4).
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Figure 4.4. Schematic representation illustrating how different ligands affect the native gallium oxide shell

thickness and the main parameter governing thermodynamic oxide tunability using ligands.

On the other hand, DDT’s saturated single carbon chain is prone to create dense self-assembled
monolayers (SAMs) on metallic NP surfaces.?43-243:251.264.265 Iy contrast, the bulkier TOP ligand
will form a less compact SAM, which results in less impediment of the oxygen diffusion
towards the Ga surface. Nevertheless, DDT-capped and TOP-capped Ga NPs display similar
oxide thickness at day 0. Only the combination of the opposing thermodynamics and kinetics
effect can justify this result. A similar argument was used by Tabor et al. when comparing the
effect of thiols with different substitution and dipole moments on the oxide growth of a mixture

of nano- and micron-sized eutectic Galn particles.?*

Having assessed the impact that these different ligands have on the oxidation of colloidal Ga
NPs, we decided to investigate its effect on their chemical reactivity. The self-passivating oxide
shell is known to impact the chemical and mechanical behavior of liquid metals,>416.18.31.43-48
Indeed, the oxide shell was recently discovered to strongly influence the behavior of Ga NPs
in the galvanic replacement reaction (GRR).*? In particular, OLAC-capped Ga NPs were found
to react with a copper amine complex to form Cu-Ga nanodimers.*> The reaction mechanism
was studied by several techniques, including TEM characterization of the reaction process at
different times. The unexpected morphology was explained by the presence of the oxide shell
preventing the Cu-Ga alloying. Therefore, we explored the same reaction with OLAM-, DDT-
and TOP-capped Ga NPs, possessing decreasing oxide thicknesses, and using the OLAC-

capped NPs as a reference control.

Figure 4.5 summarizes the obtained results. Interestingly, we can separate the products into

two categories according to their morphologies (Figure 4.5a and Figure 4.5b). The OLAC-
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and OLAM-capped Ga NPs form Cu-Ga nanodimers, similarly to previous results.** Indeed,
the bright-field TEM images (Figures 4.5¢,d) indicate that the lower contrast Ga domain
possesses a smaller size than the starting NPs, as well as a deformed shape (Table A2.1),
which narrows towards the interface with the crystalline Cu domain. Conversely, homogeneous
nucleation of crystalline Cu NPs, separated from the amorphous Ga domains, is observed with

the TOP- and DDT-capped Ga NPs (Figures 4.5e,f).

These differences are even more evident in the STEM-HAADF and EDX images (Figures
4.5g,h and 4.5i,j). The white arrow in Figure 4.5g points to the presence of a lower contrast
interface between the Cu and the Ga domains, which corresponds to the gallium oxide shell.
As described in the previously cited work,* this interface causes the deformation of the Ga
domain. On the other hand, Figures 4.5i,j shows that Ga and Cu NPs are physically mixed and

do not share an interface.

These results suggest that the oxide thickness determines in what fashion the GRR proceeds.
GRRs are electrochemical processes in which a sacrificial metal (in our case Ga® in the NP
core) is oxidized by a metal cation in solution possessing a more positive redox potential (in
our case Cu?") that, in turn, gets reduced and deposits onto the pre-existing
template.*2125:127.132.134.139.152.174 Examples in the literature indicate that capping ligands can
influence the progress of GRRs by modifying the surface properties or acting as co-reducing
agents.!2715L153 Therefore, to be conclusive regarding the role of the oxide, we performed a
series of control experiments which will be developed in the following lines. First, we carried
out a ligand exchange between OLAC-capped Ga NPs and OLAM, DDT and TOP after the
oxide shell had already formed. By doing so, we expected to maintain a thick gallium oxide
shell that was independent of the capping ligand, hence keeping one of the parameters of study
constant (see Chapter 2 and Figures A2.8-A2.10). After each GRR, Cu-Ga nanodimers formed
independently of the capping ligand (Figure A2.9). Secondly, when adding to the copper amine
complex solution an excess of DDT and TOP in the absence of Ga NPs, no Cu NPs formed
under the same conditions. Lastly, DDT-capped Ga NPs grow an oxide shell after 5 days that
s equivalent in thickness to that of fresh OLAM-capped NPs (Figure 4.3¢). We then repeated
the GRR with the copper amine precursor and, as expected, Cu-Ga nanodimers were obtained
after both the same and longer reaction times (Figure A2.11). Thus, we can establish that the
heterogenous versus homogeneous nucleation of Cu solely depends on the gallium oxide

thickness of the Ga NPs which, in turn, depends on the initial ligands capping their surface.
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Figure 4.5. Sketch of the proposed reaction mechanism for (a) OLAC- and OLAM- and (b) for DDT- and TOP-
capped Ga NPs with the Cu precursor; TEM images of the resulting NPs after GRR with (c) OLAC- and (d)
OLAM-capped Ga NPs show the formation of Cu-Ga nanodimers, as confirmed by (g) STEM-HAADF and (h)
EDX of the OLAM-capped samples; on the other hand, when (¢) DDT and (f) TOP are used, the GRR results in
separate Cu and Ga NPs as evidenced by their corresponding TEM images and (i) STEM-HAADF and (j) EDX
of the DDT-capped samples.

Having confidently concluded that the oxide shell thickness determines the outcome of the
GRR, qualitative information on the reaction rate can be derived from the analysis of the size
evolution of the Ga and Cu domains along with the relative concentration between the two
metals in the final reaction product (Table A2.1). These data indicate that OLAM-capped Ga
NPs undergo a faster GRR than OLAC-capped ones, which is consistent with a thinner oxide
shell facilitating the migration of Ga atoms from the NP core into the solution. In the case of
the TOP- and DDT-capped Ga NPs, the size and elemental analyses indicate that a GRR still
takes place, though at a lower extent than expected based on a thinner oxide shell. This puzzling
result prompts a final question: why does the thinner oxide shell in DDT- and TOP-capped Ga
NPs not facilitate the outward diffusion of Ga and promote a separate nucleation of Cu? First
of all, we note that the amorphous Ga oxide skin possesses a very complex layered structure

that makes it unique compared to other oxides, like alumina.?*¢2%7 We hypothesize that this
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feature prevents the transport of copper atoms and, thus, their alloying with gallium. Moreover,
thicker oxide shells are expected to have a higher degree of short range structural order.236-28-
271 The latter can reduce the nucleation energy barrier of a new crystalline phase, in this case
copper. Conversely, a thinner oxide would show a more liquid-like behavior'>??% that
eventually prevents heterogeneous nucleation of an ordered phase. Since homogeneous
nucleation is energetically more expensive, Cu nucleation, and hence Ga outwards diffusion,
would occur at a slower rate than if heterogeneous nucleation took place under the same
conditions. Here, future in-depth characterization, including high resolution microscopy and

pair distribution function analysis, will be pursued to verify these hypotheses and to further

comprehend the complex structure and properties of gallium oxide on Ga NPs.

4.3. Conclusions

In conclusion, we have demonstrated the modulating effect of capping ligands on the surface
oxidation of liquid Ga NPs and the importance of the oxide shell thickness on the reactivity of
Ga NPs in the framework of the GRR. A thorough analysis of the surface of these Ga NPs has
revealed that DDT and TOP are the most suitable ligands if the aim is to hinder the gallium
oxide growth. On the other hand, OLAM and, in particular, OLAC are less efficient in
moderating the oxidation of the Ga surface. Nevertheless, none of the ligands were able to

completely suppress the oxidation of Ga even when working under inert conditions.

Through a number of systematic experiments, we have evidenced how the oxide thickness
governs the nucleation fashion of a Cu precursor during a GRR with Ga. Thicker oxide shells
promote the heterogenous nucleation of Cu to form Cu-Ga nanodimers; contrariwise, thinner

shells lead to a separated nucleation of Cu particles.

Overall, we showcase the importance of ligands when studying Ga NPs as well as the unique
behavior of these nanomaterials and the need for further exploration of their chemistry. We
also highlight that in all Ga-based LM alloys, the oxide skin still consists of gallium oxide,

therefore these findings are expected to be of interest to a wider community.
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176,177,179,189,214,227,236,272 on the

Given the increasing number of original publications and reviews
applications and fundamentals of Ga-based micro- and nano-particles, this work aims to serve

as a reference for future studies in several disciplines.

58



Tailoring morphology and elemental distribution of
Chapter 5 Culn nanoparticles via galvanic replacement

Chapter 5

Tailoring morphology and elemental distribution of Culn

nanoparticles via galvanic replacement

The content of this chapter is based on submitted work.

Abstract: “The compositional and structural diversity of bimetallic NPs provides a superior
tunability of their physico-chemical properties, making them attractive for a variety of
applications, including sensing and catalysis. Nevertheless, the manipulation of the properties-
determining features of bimetallic NPs still remains a challenge, especially when moving away
from noble metals. In this work, we explore the GRR of In NPs and a copper molecular
precursor to obtain Cu-In bimetallic NPs with an unprecedented variety of morphologies and
elemental distributions. We obtain spherical Cuiilng intermetallic and patchy phase-
segregated Cu-In NPs, as well as dimer-like Cu-Cu;j1Ing and Cu-In NPs. In particular, we find
that segregation of the two metals occurs as the GRR progresses with time or with higher
copper precursor concentration. We discover size-dependent reaction kinetics, with the smaller
In NPs undergoing a slower transition across the different Cu-In configurations. We compare
the obtained results with the bulk Cu-In phase diagram and, interestingly, find that the bigger
In NPs stabilize the bulk-like Cu-Cu;ilng configuration before their complete segregation into
Cu-In NPs. We demonstrate that GRRs are a powerful synthetic approach beyond noble metal-
containing bimetallic structures, yet that the current knowledge on this reaction is challenged

when oxophilic and poorly miscible metal pairs are used.”

Authors: Laia Castilla-Amoros, Pascal Schouwink®, Emad Oveisi*, Raffaella Buonsanti

+ indicates equal contribution

Contribution: Experiments design, synthesized the NPs, performed the TEM, STEM (not
atomic resolution) and ICP characterization and analyzed the resulting data, participated in the
atomic resolution STEM and GIXRD experiments and discussion, wrote the manuscript with

contributions from all authors.
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5.1. Introduction

Bimetallic NPs possess a wide tunability of their physico-chemical properties which arise from
synergistic effects between the two metals altering their electronic structures.!%-33-49-273-284 Sy ch
tunability makes them more appealing than monometallic NPs for several applications,
including sensing and catalysis.!®-3>40-273-284 The properties of bimetallic NPs are governed by
their composition as well as by the spatial distribution of the metals within each NP (i.e.
configuration); thus, learning how to control both features is of the uttermost importance to

34.285-287 First of all, the two metals

eventually optimize these NPs for the desired application.
can be either alloyed or phase segregated. Alloys can have both disordered and atomically
ordered structures, called intermetallics.>* When phase segregated, many configurations are

possible, including core@shell NPs and dimer-like NPs.>

The miscibility between the two metals is one of the main forces regulating the extent of

288 Generally, this principle applies to both bulk and nanomaterials. Yet, how

mixing.
immiscible metals distribute within nanoscale objects and how to eventually control their
distribution remain poorly understood.*** Furthermore, alloys of immiscible metals can be
obtained at the nanoscale, especially when kinetically controlled synthetic approaches are
employed.”® Miscibility can also change at the nanoscale and exhibit size-dependence.?>**
Overall, to advance the current state of the art in the synthesis of this important class of
nanomaterials, increasing efforts should be directed towards understanding how to controllably

target bimetallic NPs with tunable composition and configuration.

Colloidal synthesis is a powerful and versatile approach to form bimetallic NPs with tunable
sizes, shapes, compositions and crystal structures.’*3340-43 The control over several reaction
parameters has proven useful to advance the mechanistic knowledge on the factors determining

4447 As for metals, most studies

the composition and configuration of multicomponent NPs.
have been performed on noble-metal containing NPs, for which a vast library of bimetallic
structures exists.>> The oxophilicity of other metals complicates their synthesis and makes
working with them more unpredictable.®® For example, the presence of a native oxide surface
around Ga or Mn results in phase segregated dimeric structures following galvanic
replacement, instead of the hollow alloys which were expected based on existing knowledge
from noble metal NPs.*>?% Yet, non-noble metals are certainly not less intriguing or appealing

for applications, which include plasmonics and catalysis, compared to noble metals.!?%-?%
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In this work, we describe the synthesis of Cu-In NPs with different configurations via a sole
synthetic approach. Cu-In bimetallic NPs have recently been attracting attention particularly in
the field of catalysis.??3* While these examples in the literature suggest the importance of

3141 3 suitable

composition and element distribution as properties-determining features,
synthesis allowing for monodispersed and tunable NPs that could serve as a study platform to
exploit the potential of these bimetallic particles remains to be found. We use In NPs as
sacrificial seeds for a GRR with a copper molecular precursor and obtain intermetallic and
phase segregated Cu-In NPs by simply tuning the reaction time and/or the precursors’ ratio.
Careful structural and compositional characterization of different samples reveals size-
dependent kinetics in a reaction process involving first alloying, to form Cui1lng intermetallic
NPs, followed by dealloying into Cu-In NDs, for which arguments are provided. We also
isolate bulk-like Cu-Cui1Ing NDs when using bigger In NPs templates, which are not accessible
in smaller NPs due to size-dependent effects. We demonstrate that non-typical GRRs

outcomes, “typical” meaning the formation of hollow particles obtained from noble metals, can

be expected for oxophilic and non-conventional metal pairs.

5.2. Results and discussion

Monodisperse colloidal In NPs of 15 nm were synthesized by adapting a previously reported
procedure (Figure A3.1).*! Modifying an earlier synthesis protocol developed for Cu-Ga
NDs,*? In NPs were reacted with a copper molecular precursor at 160 °C for 30, 60 and 120
minutes. The copper molecular precursor is a copper(Il)-oleylamine complex forming in the

reaction mixture.*> GRRs are electrochemical processes in which a sacrificial metal (herein

[

metallic In, E, 3+ /0=

-0.34 V) is oxidized by a metal cation in solution possessing a more

positive redox potential (herein Cu?", E2u2+ seuo = 0.34 V) that, in turn, gets reduced and
deposits onto the pre-existing template.4212-127,132,134,139,152,174

First, the GRR outcome was characterized as a function of time, while keeping the Cu:In ratio
constant; Cu-In bimetallic NPs with different morphologies and elemental distribution were
isolated (Figure 5.1a). TEM characterization provides an overview of the bimetallic NP
morphology (Figures 5.1b-d). At 30 and 60 minutes, spherical NPs are observed, with no
visible changes in morphology and similar size distribution compared to the parental In NPs

(Figures 5.1b,c, Figure A3.1 and Table A3.2). Instead, at 120 minutes, the NPs turn into
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elongated dimer-like structures (Figure 5.1d). STEM-EDXS elemental maps show that the
element distribution changes over time within the NPs while remaining uniform within each
sample (Figures S.1e-g). The spherical NPs obtained at 30 minutes possess a homogeneous
distribution of Cu and In (Figure 5.1e). At longer reaction times, the two elements segregate.
Segregation is already noticeable in the sample obtained at 60 minutes (Figure 5.1f); after 120
minutes, Cu and In exist as completely separated domains sharing an interface within the
dimer-like NPs (Figure 5.1g). Quantitative elemental analysis of these samples by EDXS and
ICP-OES evidenced that more Cu is incorporated in the NPs as the reaction time increases,
which is consistent with the GRR mechanism. Specifically, the average atomic Cu content
measured with both EDXS over a larger region of particles and elemental ICP analysis was
60%, 70% and 90% (at.%) for the NP samples obtained at 30, 60 and 120 minutes of reaction
time, respectively. Notably, a striking jump from 1 at.% to 60 at.% Cu content, with no
intermediate compositions, was observed with shorter reaction times and lower amounts of Cu

precursor (Figure A3.2 and Table A3.3).
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Figure 5.1. (a) Schematic representation of the reaction scheme and of the resulting products depending on the
reaction time; (c-h) Bright-field TEM images and STEM-EDXS elemental maps of Cu and In (superposed) of the
as-synthesized Cu-In NPs obtained at 30 min (c,f), 60 min (d,g) and 120 min (e,h). The Cu and In content measured
by EDXS quantification are reported on the top right of EDXS maps (f-g); they indicate an increase in Cu content
with reaction time. For all samples, 15 nm In NPs were used as sacrificial GRR seeds and the precursor ratio was

set at 0.004 mmol of In and 0.006 mmol of Cu (see Appendix 3 and Tables A3.1-2 for additional details).

Atomic resolution HAADF-STEM and corresponding STEM-EDXS elemental maps of
individual particles (Figures 5.2a-f and Figure A3.4) combined with GI-XRD (Figures 5.2g

and A3.3) provide additional compositional and structural details. After 30 minutes of reaction,
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Cu-In NPs possess a homogeneous crystalline core, with interatomic distances corresponding
to Cui1lng intermetallic phase, which are identified by analyzing the resulting FFT of the atomic
resolution HAADF-STEM image, surrounded by an amorphous indium oxide shell (Figures
5.2a,b). The corresponding GI-XRD pattern is consistent with Cuiilng being the major
crystalline component in the sample (Figures 5.2g and A3.3). The elemental quantification of
60 at.% Cu and 40 at.% In is also close to the Cui1lng elemental ratio (55 at.% Cu, 45 at.% In).
After 60 minutes, the patchy spatial segregation of In and Cu elements is accompanied by the
progressive transformation of Cui1lng into other nanocrystalline phases, which generates more
heterogeneity within the particle (Figure 5.2¢). The corresponding GI-XRD pattern of these
NPs could be refined for In, Cu (both as Cu and Cuz0) and Cui1Ing intermetallic (Figures 5.2g
and A3.3). Finally, in the dimer-like Cu-In NPs obtained after 120 minutes of reaction, only
the Cu domains could be aligned along a major zone axis and confirmed to be metallic Cu from
the FFT analysis of the corresponding HAADF-STEM image (Figure 5.2e). Concomitantly,
the GI-XRD pattern indicates Cu and CuzO as the major crystalline components, which is in
agreement with the elemental analysis indicating 90 at.% of Cu. Metallic In and the Cuiilno
intermetallic are also identified as two minor phases in the GI-XRD pattern. As the FFT
indicates purely metallic Cu and TEM measurements are performed in vacuum, the Cu2O
detected in the XRD patterns most likely derives from oxidation during sample manipulation
and data acquisition. The coupling of the XRD result with the EDXS mapping suggest that the
dimer-like NPs obtained after 120 minutes of reaction consist of one domain of Cu/Cu;O, one

domain of In and probably a Cui1lno shared interface.
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Figure 5.2. Atomic resolution HAADF-STEM images, including FFT of the selected areas in green, with their
corresponding STEM-EDX elemental mapping of individual as-synthesized Cu-In NPs after (a,b) 30, (c,d) 60 and
(e,f) 120 minutes reaction time. Oxygen STEM-EDX elemental mapping of these images can be found in Figure
A3.4; (g) GIXRD patterns of the Cu-In NPs obtained at different reaction times as indicated by the labels. At the
bottom, standard patterns of In (PDF 00-005-0642), Cuiilns (PDF 00-041-0883), Cu (PDF 00-004-0836) and
Cu20 (PDF 01-078-2076).

Altogether, a first mechanistic picture of the GRR between In NPs and the Cu precursor starts
to shape up. In the initial stages of the reaction, Cu incorporates into the In NPs and forms the
intermetallic Cuiilng structure without any intermediate alloy structures. This behavior is
consistent with the bulk phase diagram (Figure A3.5).2°° As the GRR proceeds, more In is
replaced by Cu. When the Cu content increases over 60 at. %, dealloying and phase segregation
into Cu, In and Cui1lne takes place towards the final dimer-like Cu-In NPs. Interestingly, the
Cu-In bulk phase diagram indicates that, at temperatures below 160°C, which is the reaction
temperature, Cu and Cuiilng intermetallic should coexist, without segregation of In, for
compositions containing more than 60 % Cu (Figure A3.5).2°° Differences between the bulk
phase diagram and the behavior observed at the nanoscale are not uncommon. For example,
alloying and dealloying phenomena leading to the coexistence of Cu, Culn and In have been

observed in thin films.??!2% Stabilization of phases different than those reported for bulk
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materials can occur in thin films and in NPs as a result of thermodynamics (i.e. increased
significance of the surface free energy term as the thickness or size decreases) or kinetics (i.e.
reaction proceeding under out-of-equilibrium conditions).?**2%> Dealloying of bimetallic NPs,
those including metals of different oxophilicities, have indeed been reported under non-
equilibrium conditions and during GRRs.!?>131:296-301 To ynderstand the role of size in the
phase segregation and deviation from the bulk phase diagram in the Cu-In NPs, we performed
GRRs between larger In NPs of 19 and 22 nm and the Cu precursor, under the same reaction

conditions.

19 and 22 nm In NPs were synthesized by modifying the reaction time of the same procedure
followed for the 15 nm In NPs (Figure A3.6). Hereafter, Cu-In NPs will be labelled as Cu-
In15, Cu-In19 and Cu-In22 depending on the size of the In NP seeds, being 15 nm, 19 nm and
22 nm, respectively. Cu-In19/22 NPs with different composition, elemental distribution and
morphology were synthesized by tuning the amount of copper precursor added and/or the
reaction time, as done for the Cu-In15 NPs discussed so far. The complete set of experiments
is reported in Figure A3.7 with details in Table A3.4. Figure 5.3 reports data on the most

relevant and representative samples.
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Figure 5.3. (a-c) Bright-field TEM images and (d-f) STEM-EDXS elemental maps of Cu-In19 NPs with
increasing Cu content; these samples were synthesized by fixing the reaction time at 30 minutes and increasing
the added Cu molecular precursor (0.0015, 0.003 and 0.006 mmol, respectively) for the same amount of In (0.004
mmol) (Table A3.4). 19 nm In NPs were used as sacrificial GRR seeds. (g-i) Bright-field TEM images and (j-1)
STEM-EDXS elemental maps of Cu-In22 NPs with increasing Cu content; these samples were synthesized by
fixing the reaction time at 30 minutes and increasing the added Cu molecular precursor (0.0015mmol for g,j and
0.006mmol for h,k) or increasing the reaction time (0.006 mmol of Cu and 60 min for i,1) for the same amount of
In (0.004 mmol) (Table A3.4). 22 nm In NPs were used as sacrificial GRR seeds. For all samples, the Cu and In
content measured by EDXS quantification over the regions shown in images are shown on the top right of the

EDXS maps.
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In the case of the Cu-In19 NPs, the three previously discussed GRR stages, which are
homogeneously mixed (Figures 5.3a,d), patchy phase segregated (Figures 5.3b,e) and dimer-
like (Figures 5.3¢c,f) NPs were obtained by tuning the added amount of Cu precursor for a
reaction time of 30 minutes. Notably, the formation of dimer-like Cu-In15 NPs required 120
min with the highest amount of Cu precursor, indicating faster reaction kinetics with these

bigger In NPs.

A different picture arises for the Cu-In22 NPs (Figures 5.3g-1). Firstly, the Cu-In22 NPs
become slightly elongated already after 30 min with the lowest amount of Cu precursor (Figure
5.3g). STEM-EDXS elemental maps indicate the presence of a pure Cu domain around an area
with uniformly mixed Cu and In (Figure 5.3j). The addition of more Cu generates well-defined
dimer-like NPs (Figure 5.3h). These dimers consist of one domain of Cu interfaced with a
larger domain where Cu and In are homogeneously mixed (Figure 5.3k). Only increasing the
reaction time eventually forms the dimer-like NPs where Cu and In are separated into two

distinct domains, equivalent to those observed for Cu-In15/19 NPs (Figures 5.3i,1).

The newly obtained Cu-In22 dimer-like intermediates were characterized in more details
(Figure 5.4 and Figure A3.8). The XRD pattern perfectly matched the Cuiilng intermetallic
phase (Figure 5.4a), with the Cu domain being probably too small and overlapped with the
intermetallic signal to be deconvoluted. The corresponding atomic resolution HAADF-STEM
image, including the FFT of the selected area in green, (Figure 5.4b) and STEM-EDX
elemental mapping (Figure 5.4c) performed at a single particle level are consistent with the

bigger domain being the intermetallic phase and the smaller domain being copper.
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Figure 5.4. (a) GI-XRD pattern of the Cu-In22 dimer-like NPs, at the bottom standard pattern of Cuiilny (PDF
00-041-0883); (b) atomic resolution HAADF-STEM of an individual ND, including the FFT of the selected area

in green corresponding to the Cuiilne intermetallic; (c) STEM-EDX elemental mapping of the same particle.
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Altogether, the expansion of the GRR to bigger In NP seeds enables the construction of a full
mechanistic picture of the Cu-In NP formation, which is summarized in Figure 5.5. Starting
with metallic In NPs, Cu incorporates into the particle to form Cuiilny intermetallic NPs. In
agreement with the bulk thermodynamics of the system, no intermediate alloys are isolated
within detection limits. Additional incorporation of Cu results into their transition to phase
segregated Cu-In dimer-like NPs. The intermediate structures are patchy phase segregated
spherical NPs including Cu, In and Cui1Ilng domains for smaller sized In NPs, while Cu-Cu;1Ing
dimer-like NPs are identified for bigger In NPs. This Cu-Cui1Ing biphasic configuration is more

coherent with the Cu-In bulk thermodynamics as discussed in previous paragraphs.

u2‘

@ In metal
@ Cuiilnsintermetallic

@ Cu metal
—3 Cu-In15/19 NPs
—>» Cu-In22 NPs

Figure 5.5. Schematic illustration of the reaction between In NPs and the copper precursor to form different Cu-
In NPs as the reaction time is extended or the amount of copper precursor is increased. Independently of the In
size, intermetallic spheres and Cu-(Cuiilng)-In NDs are obtained. Different pathways are shown for the Cu-

In15/19 NPs (red arrow) and the Cu-In22 NPs with their intermediate step (blue arrow).

The results indicate that size effects impact the GRR outcome and, more generally, the behavior
of the Cu-In system at the nanoscale. Firstly, the GRR proceeds faster for bigger NPs than for
smaller NPs. Secondly, the larger NPs do enable to capture structures which more closely

resemble the composition expected by the bulk phase diagram.

To the best of our knowledge, no previous studies have investigated the sole size-dependence

of the GRR, as size effects have often been convoluted with surface facet effects.??

The driving force for GRR is the difference in the redox potentials of In and Cu. Considering
the size range of the In NPs, it is reasonable to assume that their initial redox properties are
equivalent.’®® The shorter diffusion length of smaller particles should promote faster

alloying/dealloying, which is not the case for the system discussed in this work.
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A very few studies in the literature have specifically tackled the size-dependence of alloying
and dealloying in NPs.3903% Gezelter and co-workers found that Au-Ag alloying is faster in

304

smaller particles.””* However, as Au and Ag are miscible metals over a wide compositional

range, the same principles are not applicable to Cu-In.

Keeping in mind the immiscibility over a wide compositional range and the different crystalline
structures of the two metals and the intermetallic phase (In is tetragonal with a = b = 3.252 A,
c=4.946 A, f=90°; Cuis fcc witha = b =c =3.615 A, f=90° and CuyIny is monoclinic
witha=12.821 A, b=4.355 A, ¢ =7.357 A, B=125.523°), the initial replacement of In by Cu
atoms will most likely induce strain into the In NPs. The smaller the NPs are, the more strained
their structure will be due to the increased number of surface and interface atoms,**> which will
also hinder the transition towards the intermetallic stable phase. This phenomenon can
reasonably explain the slower reaction kinetics of the smaller In NPs in the GRR with Cu to

form the Cuiilng intermetallic.

As the GRR proceeds, the larger particles also undergo a faster dealloying process. This
observation is consistent with the results from Strasser and co-workers on Pt-Co and Pt-Cu,
although the authors do not provide a fundamental reason for their result.’®® As mentioned
earlier, the bigger NPs do enable to capture a different intermediate, which is the Cu-Cuiilng
biphasic configuration. One possible explanation to the observation of this structure only for
the bigger In NPs can be found in the strain exerted on the chemical bonds in the vicinity of
the Cu/Cuiilng interface. The atomic structures of the very simple fcc-Cu and the rather
complex Cuiilng intermetallic do not allow for an obvious epitaxial relationship in the
conventional picture of lattice mismatch.3% Indeed, only fragments of the fcc-Cu structure
match the monoclinic Cuiilng intermetallic, with average Cu-Cu distances approx. 6% larger
in the latter (Figure A3.9). Smaller particle sizes might increase further this bond distance
mismatch, thus making it prohibitive for a Cu/Cuiilny interface to exist. This effect might
explain why the Cu-Cuiilny dimeric structures are observed only for the bigger In NPs. It is
worth to note that the situation may be much more complex, with an interface including locally
intertwined domains or amorphous volume fractions. These questions cannot be answered
based on the current imaging as the interface is not stable and reconstruct under the electron
beam while tilting the sample. Nevertheless, the existence of the Cu-Cuiilng dimeric structure
represents an additional local minimum in the free energy diagram of the bigger NPs and might

be responsible for reducing the kinetic barrier needed for dealloying, thus facilitating the
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formation of the final dimer-like Cu-In NPs sharing a Cuiilng interphase. The phase
segregation of indium is not contemplated by the bulk phase diagram. However, these NPs
form under out-of-equilibrium conditions, where an electrochemical potential drives the
substitution of In in the Cuiilng with Cu, which might explain such deviation from the ideal

behavior expected under purely thermodynamic conditions.

Following the idea of representing colloidal synthesis as trajectories on the potential energy
surface leading to various reaction products,*®’ the energy landscape of the Cu-In NP synthesis
can be drawn as a function of the Cu concentration (Figure 5.6). While the full energy
landscape can be complicated, e.g. by additional minima and activation barriers associated with
ligand desorption and reorganization, and keeping in mind that the relative potential energy of
the different configuration are qualitative, the simplified schematics still serves its purpose. It
is noted that higher reaction temperatures do increase the reaction kinetics (Figure A3.10),
however the In NPs convert from solid to liquid at temperature above 160 °C,* thus the results
are not comparable with those described above. The reaction does not proceed at lower
temperatures (Figure A3.11), with one possible reason being that the energy provided to the
system is insufficient for the formation of the intermetallic phase which requires a significant

structural rearrangement from tetragonal In to monoclinic Cuiilng while Cu is incorporated.

N
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- Cu-In15/19 NPs
P — Cu-In22 NPs
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Figure 5.6. Potential energy landscape for the formation of Cu-In NPs starting from In NPs via GRR for different
Cu concentrations. The slower alloying and dealloying kinetics of the 15 nm and 19 nm In NPs compared to the
22 In NPs are attributed to the higher energy barriers imposed by the structural strain induced by the Cu

incorporation into the In structure. Because of their capacity to easy strain release, the bigger In NP seeds stabilize
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the more bulk-like Cu-Cuiilne ND structure, which facilitates their conversion into the most thermodynamically

stable dimer-like Cu-In NPs.

5.3. Conclusions

In conclusion, we have explored the reactivity of colloidal In NPs in a GRR with a copper
molecular precursor to synthesize Cu-In NPs with unprecedented monodispersity and
tunability. Intermetallic, phase segregated and dimer-like NPs were obtained. All three
bimetallic configurations were synthesized by tuning the reaction time and/or the amount of
added copper precursor, which both effect the extent of the galvanic exchange between copper
ions and indium metal. We note that Cuiilng NPs have been reported before but with poor

homogeneity.??-31? The other In-Cu configurations are instead obtained for the first time.

While proving that the GRR is a powerful approach to access diverse bimetallic structures, we
demonstrate that the common knowledge on GRR obtained via studies on noble metals,
according to which alloyed nanoshells are expected to form, does not directly apply to
oxophilic and poorly miscible metals. Importantly, we show how size-dependent kinetics and
thermodynamics are crucial in understanding the outcome of GRR. We expect to inspire the
bimetallic community into the extending the GRRs to less explored and more oxophilic metal

pairs.
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In the current quest for selective and efficient catalysts to drive those chemical transformations
which are important to move towards a more sustainable society, well-defined colloidal
bimetallic NPs serve as an ideal platform for the exploration of composition-configuration-
property relationships that are necessary for catalyst design.” The ratio between the two metals
and their distribution within each NP along with the NP morphology can largely affect their
behavior as catalysts. Thus, synthetic approaches that enable a fine tuning of the final NP must

be established.’

A vast library of noble metal bimetallic structures already exist.>>!!%12> However, these metals
are not always those of interest for many catalytic conversions. For example, the most
promising catalysts for the electrochemical CO; reduction reaction (CO2RR) are those based
on Cu. Compared to noble metal bimetallic NPs, bimetallic systems including Cu are fairly
underexplored, especially when the second metal is an even more oxophilic metal. Reports are
much more scarce or even inexistent when considering coupling Cu with elements of the liquid
metal family, specifically Ga and In, despite their intriguing properties and a few theoretical

and experimental works suggesting promising results in COoRR.2!"33

The main aim of this thesis was to advance the fundamental knowledge in the synthesis of Cu-
Ga and Cu-In bimetallic NPs. The synthetic methodology of choice was the galvanic
replacement reaction (GRR) since the differences in reduction potentials of the chosen pairs
are large enough for the reaction to occur. Moreover, the possibility of controlling the extent
of this reaction by reactant concentration or time proved to be very useful in the understanding
of the mechanism of each replacement which allowed us to achieve an unprecedented variety

of structures for these two bimetallic NPs.

Chapter 1 has provided information on the most commonly used synthesis approaches for
colloidal bimetallic NPs, and motivated the choice of the GRR compared to those, along with
discussing some of the unique properties of Ga and In. Following the description of the
experimental methods in Chapter 2, Chapter 3 and Chapter 4 focused on the GRR of liquid Ga

NPs with a copper molecular precursor to synthesize Cu-Ga NPs.
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Chapter 3 showed that Cu-Ga NDs are the resulting product of a GRR reaction between Ga
NPs and a Cu molecular precursors. This result was surprising when compared to the most
typical hollow alloyed NPs obtained for noble metals. Extensive characterization showed that
a gallium oxide shell was present around the Ga NPs throughout the reaction. This oxide shell
is permeable to the Ga atoms migrating outwards into the solution but prevents the Cu atoms
to mix with the liquid core, thus forcing them to nucleate on top in a noncentrosymmetric
fashion. Combined with the oxide’s viscoelasticity and the liquid nature of Ga, the oxide shell
explained the peculiar mushroom-like NDs. The GRR was demonstrated applicable beyond Cu
to obtain Ag-Ga NDs and trimetallic Ag-Cu-Ga NPs. Overall, Chapter 3 showcased the very
intriguing and peculiar reactivity of Ga NPs in an exciting initial approach to this field of

research, while reporting on the formation of bimetallic NPs which did not exist before.

The results discussed in Chapter 3 raised a follow up question: if the oxide shell acts as a barrier
against Cu and Ga mixing, is it possible to overcome this limitation by eliminating or reducing
its thickness to a minimum? Therefore, Chapter 4 focused on studying the modulating effect
that capping ligands have on the oxidation process of Ga NPs and its consequences on the GRR
mechanism. Surface ligands containing different anchoring groups were investigated,
specifically oleic acid (OLAC), oleylamine (OLAM), trioctylphosphine (TOP) and
dodecanethiol. The affinity of the functional group towards the oxide surface was discovered
to tune the thickness of the native gallium oxide. TOP and DDT were found to be more efficient
at hindering its growth. Nevertheless, unlike the initial assumption, reducing the oxide
thickness did not lead to the formation of CuGa alloys but, instead, to Cu NPs nucleating
separately. Chapter 4 evidenced the importance of the surface chemistry of colloidal Ga NPs,
which is completely unexplored, not only when using them as seeds for bimetallic synthesis

but also in every other potential application.

Finally, the applicability of the developed synthetic mechanism to other, yet similar in principle,
metal seed was investigated. Chapter 5 focused on the GRR of In NPs of different sizes with
the same Cu molecular precursor used for the reaction with the Ga NPs. Bimetallic Cu-In NPs
with different compositions and configurations were obtained with unprecedented tunability.
Control on the extent of the GRR enabled the synthesis of monodisperse samples, which
included intermetallic Cuiilne NPs, phase segregated Cu-In NPs consisting of Cu, In and
intermetallic domains, and Cu-In NDs. Careful structural characterization revealed that the

initial alloying into ordered crystalline structures is followed by a progressive dealloying.
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Moreover, the use of bigger In NPs as sacrificial templates evidenced size-dependent reaction
kinetics and, most importantly, the trapping of the bulk-like Cu-Cui1lng structures. Finally, a
free energy diagram reporting the different configurations of the obtained bimetallic NPs
versus the Cu concentration was proposed to facilitate the comparison with the In-Cu bulk
phase diagram. The variety of Cu-In NPs reported in this Chapter was unprecedented in the

literature.

In conclusion, besides achieving a deeper understanding on the chemistry and properties of
liquid Ga NPs and In NPs, this thesis demonstrated that the GRR is a powerful and versatile
tool for the synthesis of diverse and complex bimetallic structures. This approach enables the
necessary tunability, especially in the case of Cu-In bimetallic NPs, to generate ideal platforms
for the exploration of CO2RR catalysts. Yet, the obtained results also proved that the common
knowledge on GRR mechanism, as described in Chapter 1, does not directly apply to more

oxophilic and less miscible metal pairs.

Ongoing and near future projects include the testing of the synthesized bimetallic NPs as

catalysts for CO2RR and the extension of the GRR to other bimetallic systems.

Regarding the CO2RR testing, initial electrocatalytic measurements on the Cu-Ga NDs have
identified an anomalous behavior of the Ga domain which directed us to firstly understand the
electrocatalytic performance and demeanor of individual liquid Ga NPs. Now that this
knowledge is acquired,'*? the testing of their catalytic behavior can proceed by studying NDs
with different domain relative size (i.e. composition) and CuGa alloyed compounds, which
have been meanwhile synthesized in the group. As for the Cu-In NP system, pairing their
testing with parallel studies on the electrocatalytic behavior of these materials via synchrotron
techniques, such as operando XAS, could prove of great interest for the understanding and
optimization of their catalytic performance, similarly to what already done by our group for
different materials,20-311-312

Finally, efforts should be directed towards the extension of the library of Ga- and In- based
bimetallic NPs. As clear disparities between Ga- and In- seeds were observed, questions arise
regarding the effect that the oxidative metal ion has on the final morphology of the bimetallic
NP, as different configurations are currently being observed for metals other than Cu and Ag.

In particular, the fundamental chemistry questions to address are whether trends are observed
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between metals and in what parameters are they based: (i) their reduction potential, (ii) their
crystalline structure, (iii) the relationship between the metal-metal and metal-Ga/In bonding
energies, (iv) the size of the metal atoms, (v) their miscibility with the seed and (vi) the affinity
towards the oxide shell. As the final configuration might be dependent on more than one of the
previous factors, these studies are challenging, yet intriguing and important to move the field
forward. In addition, these future studies will consider the possible temperature-dependent
reactivity of In. Unveiling the main reasons driving these different configurations could open
new possibilities of rationally tuning the resulting bimetallic NPs in a versatile fashion, as done

for noble metal bimetallic NPs.

Moreover, future in-situ studies at the synchrotron might provide more information on the
mechanisms proposed, including a more quantitative investigation on the hypothesized strains
caused between the different domains, if this is found to be general across different

combinations of metals.
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Exploring the chemical reactivity of gallium liquid metal nanoparticles in galvanic

replacement

Characterization of the Cu(I)-OLAM and Cu(II)-TOP complexes:

The formulation of these complexes could not be deduced from mass spectrometry, which is
unsurprising given the non-volatile nature of the supporting ligands. Only random aggregates
of Cu ions were detected that we suspect arise from decomposition of the complexes. No
signals from the complexes were detected by Nuclear Magnetic Resonance (NMR)
spectroscopy due to the paramagnetic Cu(Il) ions that are present. Whilst we could not
determine the exact formulae or coordination geometries of the complexes, we assume that the

ligands simply coordinate to Cu(OAc),, yielding Cu(OAc)2(OLAM), and Cu(OAc)2(TOP)y.
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Figure Al.1. Statistical analysis of the starting Ga NPs (30 £ 3 nm).
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Figure A1.3. Low-resolution TEM image of the Ga NPs after undergoing the same synthetic conditions as for the
79

Cu-Ga nanodimers but without the addition of the Cu precursor.
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Figure Al.4. TEM images of the resulting NPs after reacting the Ga seeds with the Cu(OAc): in the standard
reaction conditions (15 hours and 150°C) in the presence of : (a) 1 mL of OLAM, (b) 0.75 mL of OLAM and 0.25
mL of OLAC, (c) 0.25 mL of OLAC and 0.75 mL of OLAM and (d) 1 mL of OLAC.

; oo
SRR e
Figure A1.5. TEM of the (a) as-synthesised Ga2O3 NPs and (b) the same particles after being subjected to the Cu-

Ga nanodimers synthetic conditions.
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Figure A1.6. (a) FTIR spectra of OLAM (in blue), OLAC (in orange) and Cu-Ga NPs (in red). (b) 'H NMR
spectra of the Cu-Ga NPs, OLAC and OLAM (same colours as in A) in ds-toluene, showing only the alkene CH

region for clarity.

The presence of the C=0 stretching around 1700 cm™! and of the typical carboxylate peaks
between 1400 and 1500 cm! in the FTIR spectrum in Figure Al.6a together with the clear
NMR alkene region in Figure A1.6b are consistent with OLAC being present as surface ligand.
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Figure A1.7. Cu K-edge XANES spectra of the aliquots taken at 3h, 8h, 11h, and 15h during the synthesis of the

CuGa NDs together with the reference spectra of metallic Cu.

Subtle difference in the XANES spectra can be assigned to variations in the
geometry/coordination around the absorbing atom and generated by the continuous growth of
the Cu domain. It is well-known that the features of XANES spectra (i.e. their position, their
relative intensity) of particles smaller than a few nanometers are highly sensitive to their size

and also to the species adsorbed on their surface.’!3

Figure A1.8. TEM image of the as-synthesised In NPs.
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Modulating the reactivity of liquid Ga nanoparticles by modifying their surface

chemistry

Hot injection
Gaz(NMez)s

Ligand
addition

Quenching
', with ice bath

ODE

Figure A2.1. Reaction scheme of the synthesis of Ga NPs capped with different ligands.
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Figure A2.2. Size distribution of as-synthesized Ga NPs with different capping ligands (a) OLAC, (b) OLAM,
(c) TOP, and (d) DDT. Size statistics were performed using ImageJ software and counting at least 150 NPs per

sample.
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Figure A2.3. XPS spectra for Ga 2p of each ligand-capped NP on day 0 showing both the presence of native

gallium oxide and Ga metal with different ratios in each case.

Figure A2.4. HAADF-STEM (left) and EDXS (right) of Ga NPs capped with (a) OLAC, (b) DDT and (c) TOP
showing the oxide shell as a lighter contrast (left) and in light blue (right). The number on the top right of each
HAADF-STEM corresponds to an approximative measure of the oxide thickness of each sample with matches

well with the XPS calculation reported in Figure 4.2c.
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Figure A2.5. (a) Same graph as in Figure 3b with the addition of the Ga NPs without ligands; TEM images of the

Ga NPs synthesized without ligands (b) showing their average size and their standard deviation on the top left of

the image and (c) one of the numerous Ga blobs that could be found all over the TEM grid; (d) picture of the

precipitated Ga NPs (taken after 15 minutes of their synthesis).
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Figure A2.6. XPS spectra in the (a) Ga 2p region for the non-capped Ga NP at day 0 (up) and at day 5 (down)

and (b) Ga 3d region for the non-capped Ga NP at day 0 (up) and at day 5 (down).

85



Appendix 2

Supporting information to Chapter 4

a b
OLAC-capped Ga2p OLAC-capped Ga 2p
Gazp,, day 5N, cazp.. day 5 air
native oxige native oxide
/ ////f\\\
/ a meta \
\ } Ga2p. tal /
Qs - Qs —
O|DDT-capped O|DDT-capped
Ga2p,,, metal
TOP-capped TOP-capped
1122HH“1120A“Ii118““%116‘“.‘.1114;“A11‘12 112.2l“%120‘“.“1118u“:111é‘lli1141‘“‘i112

Binding Energy (eV)

Binding Energy (eV)

Figure A2.7. XPS spectra in the Ga 2p region of each ligand-capped Ga NP 5 days after the synthesis of samples

(a) left inside the glovebox under N2 atmosphere and (b) left in air to simulate a complete passivation showing

both the presence of native Ga oxide and Ga metal with different ratios in each case.

GRR with OLAM-, TOP- and DDT-capped Ga NPs obtained via ligand exchange from

OLAC-capped Ga NPs:

OLAC-capped particles that had been stored in the glove box for several days were confirmed

to possess a thick oxide shell by XPS (Figure A2.8) before undergoing the ligand exchange

procedure described below. This same technique was then used to verify the effectiveness of

the ligand exchange.
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Figure A2.8. XPS spectra in the (a) Ga 2p and (b) Ga 3d regions for Ga NPs capped with OLAC 30 days after

their synthesis, kept under inert atmosphere, showing an extended passivation of the Ga NP surface.
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Figure A2.9a shows the XPS spectra of the signature peaks for OLAM, TOP and DDT after
the ligand exchange, hence confirming the success of this procedure in each of our control
experiments (see additional discussion below and Figure A2.10). We then repeated the same
GRR experiments as before, now using samples with different ligands but all possessing a thick
oxide shell. Figure A2.9b shows the resulting particles after the GRR. We can clearly observe
how Cu-Ga nanodimers now form in every case independently of the capping ligand. Moreover,
a control experiment in which an excess of TOP and DDT was added to a mixture of copper
precursor, OLAM, OLAC and ODE in the absence of Ga NPs proved that the ligands

themselves do not cause the reduction of Cu.
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Figure A2.9. (a) XPS spectra showing the signature ligand peaks for the OLAC-capped NPs after ligand exchange
with OLAM (yellow, N 1s), DDT (turquoise, S 2p) and TOP (red, P 2p),); (b) TEM images of the resulting NPs

after GRR showing the formation of Cu-Ga nanodimers for each case.
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Besides the signature ligand peaks mentioned above, we analyzed the Cls spectra of the Ga
NPs before and after ligand exchange. The broad peak located at 288.72 eV is assigned to the
carboxylic carbon (COOH) and only appeared for the OLAC-capped Ga NPs (Figure A2.10a).
We therefore used this peak as further verification of the success of the ligand exchange. After
ligand exchange, samples with TOP, OLAM, and DDT did not exhibit the aforementioned peak,
indicating that OLAC was successfully stripped from the NPs surface (Figure A2.10b).
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Figure A2.10. XPS Cls spectra of (a) as-synthesized Ga NPs capped with various ligands, and (b) Ga NPs after

ligand exchange with various ligands.

a b

Figure A2.11. TEM images of the CuGa nanodimers formed from old DDT-capped Ga NPs after (a) 4 and (b) 6
hours. These DDT-capped Ga NPs had an oxide shell at least as thick as for the fresh OLAM-capped Ga NPs.
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Table A2.1. Average size for the Cu and Ga domains after GRR and relative ratio between the
atomic concentration of Cu and Ga of the GRR product (data from ICP analysis).

Ligand OLAC OLAM DDT TOP
Cu size (nm) 14.8 17.5 13.5 13.5
Ga size (nm) 22 12 223 21.6
[Cul/[Ga] 0.2 0.8 0.5 0.5
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Tailoring morphology and elemental distribution of Culn nanoparticles via galvanic

replacement

In:Cu ratio in the Cu-In NPs synthesis:

In the simplest case scenario, the oxidation from In metal to In*" is the most
thermodynamically favorable and that the copper in the precursor was proven to be Cu?" in a
previous work.*? Therefore, calculations were done assuming In** and Cu?* ions. The added
amount of In NPs was kept constant across all sample, which is 1 mL of a 4 mM In solution.
The added volume of the 4 mM Cu(OAc), solution was varied. The reported Cu:In ratio
indicates the targeted ratio in the final NPs if all the added copper ions were to galvanically

exchange all the In atoms according to the redox reaction:
3 Cu?t + 2Ing - 3Cu, + 2In3* (A.1)

To give one example, the Cu millimoles added for Cu:In =100:0 were expected to fully convert

the In NPs into Cu NPs, which was not the case.

Table S1 reports the actual In and Cu millimoles reacted based on the targeted Cu:In ratio.

Table S1. Added millimoles of In and Cu along with the targeted Cu:In ratio in the final NPs calculated based on
eqg. (A.1)

# 20 Cu: 80 In 50 Cu : 50 In 80 Cu:201In 100 Cu:01In
In mmol 0.004 0.004 0.004 0.004
Cu?" mmol 0.0015 0.003 0.0045 0.006
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a_

Figure A3.1. (a,b) Bright-field TEM images of the as-synthesized In NPs with a mean size of 15 + 1 nm.

Table A3.2. Experimental conditions and mean size for the synthesis of Cu-In NPs using 15 nm In NP templates.

Corresponding TEM images are shown in Figure 5.1.

" In NCs/ Cu(OAc), / OLAM/ OLAC/ reaction mean size /

mmol mmol mL mL time / min nm
c 0.004 0.006 0.5 0.5 30 13+1
d 0.004 0.006 0.5 0.5 60 1341
e 0.004 0.006 0.5 0.5 120 16 +2
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Figure A3.2. Bright-field TEM images of the as-synthesized Cu-In NPs after (a-d) 15 and (e-g) 30 minutes using
different Cu:In ratios. Atomic percentage (%) content of the two metals in the final NPs as obtained from ICP

quantification is reported for each sample.

Table A3.3. Experimental conditions and mean size for the synthesis of Cu-In NPs using 15 nm In NP templates

with corresponding TEM images in Figure A3.2.

" In NCs/ Cu(OAc),/ OLAM / OLAC/ .reacti01.1 mean size /
mmol mmol mL mL time / min nm
a 0.004 0.0015 0.5 0.5 15 15+1
b 0.004 0.003 0.5 0.5 15 15+1
© 0.004 0.0045 0.5 0.5 15 15+1
d 0.004 0.006 0.5 0.5 15 13+ 1
e 0.004 0.0015 0.5 0.5 30 15+1
f 0.004 0.003 0.5 0.5 30 14+ 1
g 0.004 0.0045 0.5 0.5 30 14+1
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Figure A3.3. Rietveld analysis of the XRD patterns presented in Figure 5.2 of the Cu-In NPs after 0 (initial In

NPs), 30, 60 and 120 minutes of reaction. Standards patterns of In (PDF 00-005-0642), In.O3 (PDF 00-006-0416),
Cuiilne (PDF 00-041-0883), Cu (PDF 00-004-0836) and Cu2O (PDF 01-078-2076) were used.

Figure A3.4. Oxygen STEM-EDX elemental mapping of (a) Figure 5.2b, (b) Figure 5.2d and (c) Figure 5.2f.
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These data evidence higher oxygen content in correspondence of the In domain, which is
consistent with the higher oxophilicity of this metal compared to Cu. As the synthesis is
performed under inert atmosphere, it is reasonable to assume that such surface oxidation occurs

during sample washing and following manipulation.
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Figure A3.5. Phase diagram of the Cu-In system according to Dugué and coworkers.?°

We note that the bulk phase diagram indicates the existence of other Culn intermetallic phases
for Cu content above 50 at. %, which were never isolated in the GRR between In NPs and the
Cu molecular precursor, independently form the In NP size. It can be speculated that the
formation energy of these phases is higher compared to that required to form Cuiilng because
of additional structural changes associated with them.’!*3!> Probably, higher reaction
temperatures might facilitate their formation. However, higher reaction temperatures are not

accessible in the present GRR approach (see Figure A3.10).
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Figure A3.6. Bright-field TEM images of the as-synthesized In NPs of (a) 19 and (b) 22 nm, with mean sizes of

19 £ 2 nm and 22 + 3 nm respectively.
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Table A3.4. Experimental conditions and mean size for the synthesis of Cu-In NPs using (a-h) 19 nm and (h-p)
22 nm In NP seeds. Corresponding TEM images are shown in Figure A3.7 below. Rows in bold correspond to

the experiments shown in Figure 5.3 in the same order of apparition.

In NCs/ Cu(OAc),/ OLAM / OLAC/ reaction mean size /

# mmol mmol mL mL time / min nm

a 0.004 0.0015 0.5 0.5 30 17 +2
b 0.004 0.003 0.5 0.5 30 19 +4
c 0.004 0.0045 0.5 0.5 30 19+3
d 0.004 0.006 0.5 0.5 30 19 +2
e 0.004 0.0015 0.5 0.5 60 14+2
f 0.004 0.003 0.5 0.5 60 17£3
g 0.004 0.0045 0.5 0.5 60 19+2
h 0.004 0.006 0.5 0.5 60 20+ 3
i 0.004 0.0015 0.5 0.5 30 20+3
] 0.004 0.003 0.5 0.5 30 19 +3
k 0.004 0.0045 0.5 0.5 30 22+ 4
1 0.004 0.006 0.5 0.5 30 24+3
m 0.004 0.0015 0.5 0.5 60 18 +3
n 0.004 0.003 0.5 0.5 60 20+ 4
0 0.004 0.0045 0.5 0.5 60 21 +4
p 0.004 0.006 0.5 0.5 60 24+ 6
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Figure A3.7. Bright-field TEM images of the as-synthesized Cu-In19 NPs after (a-d) 30 and (e-h) 60 minutes

using different amounts of Cu precursor (i-p) and the equivalent pictures for the Cu-In22 NPs. The corresponding
aimed final ratios are on top of the figure, more details in Table A3.4 above. Images include the elemental
quantification for each sample as measured by elemental ICP-OES. Images in bold correspond to the experiments

shown in Figure 5.3 in the same order of apparition.
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Figure A3.8. (a) Oxygen STEM-EDX elemental mapping of the same dimer reported in Figures 5.4b,c; (b-d)
atomic resolution HAADF-STEM and their corresponding STEM-EDX elemental mapping of two additional

dimers.

Similarly to Figure A3.4, the oxygen signal is more intense in correspondence of the In domain.

Cullln9 Cu

- ¥

| o i

v ¥

Figure A3.9. Images illustrating the Cu substructure of the monoclinic Cuiilny intermetallic phase (left) and the

fee-Cu structure (right). No real structural relationship can be identified, except the highlighted fragments where

the Cu-Cu distance in the fcc-Cu is still 6% larger than the Cu-Cu distance in the intermetallic phase.
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Figure A3.10. Bright-field TEM images of the as-synthesized Cu-In15 NPs after 30 min of reaction at 180 °C
with precursor ratio set at 0.004 mmol of In and 0.006 mmol of Cu. The composition ratio from ICP elemental
analysis was determined to be 70 at.% Cu and 30 at.% In. This composition includes oxide debris (green arrow in
(a)) and agglomerates of crystalline In.Os NPs (green arrow in (b)). A standard pattern of In2Os (PDF 00-006-
0416) was used to verify their composition by Selected area electron diffraction (SAED) experiments of the area

inside the red circle.

The melting temperature of bulk In is 156.6°C. Melting point depression at increasing surface-
to-volume ratios might cause the particles to be liquid at temperatures below the bulk melting
point. 398316318 However, capping ligands can counteract this trend as they stabilize the
surface.?*%3% One study on In NPs synthesized following the same procedure of this work has
shown that, upon ligand stripping, In NPs with diameters between 15 nm and 20 nm, which is
the same size regime of those used in this work, possess a melting temperature between 140 °C
and 150 °C, thus lower than the 156.6 °C for bulk.’!° The authors also show that the presence

of the native ligands raise these values up of at least 10 °C.3%

As described in the Chapter 2, the GRR reaction temperature is set up at 160 °C on the hot-
plate, with the temperature in solution being 128°C on average. This temperature is below the
melting point measured for the un-capped In NPs in a similar size regime.’®® Thus, it is
reasonable to assume that the In NPs are in their solid state during the GRR. This assumption
might not be valid anymore at 180 °C, which can explain the completely different outcome of
the reaction in Figure A3.10. Future studies will focus on this intriguing temperature-

dependent reactivity of metals with low melting points.
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100 % In
0 % Cu

100 % In
0 % Cu

Figure A3.11. HAADF-STEM images and corresponding STEM-EDXS mapping of the as-synthesized Cu-In15
NPs after 60 min of reaction at (a,b) 80 °C and (c,d) 140 °C, with precursor ratio set at 0.004 mmol of In and
0.006 mmol of Cu. The STEM EDXS maps include the elemental quantification for each sample as measured by
elemental ICP-OES and EDX and was determined to be 0 at. % Cu and 100 at. % In in both cases.
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