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Abstract 

The central theme of this thesis was to manipulate the element dis­
tr ibution in Pd/FeOz nanoparticles (NPs) by modifying the existing 
methodology of reactive laser ablation in liquids ( R L A L ) . The ma­
nipulation of the l iquid medium's p H conditions composed of a P d 
aqueous solution while ablating a Fe plate forced these elements to 
form phase-segregated nanoalloys. Moreover, these phases' compo­
sition, distribution, and morphology wi th in the nanoalloy depended 
on the employed p H value. Unlike traditional nanoalloy synthesis 
alternatives, often l imited to specific element combinations, forced 
employment of hazardous chemicals, and large chemical waste pro­
duction, R L A L permitted tailoring designing the P d / F e O z nanoal­
loy system to a high degree; al l this while suppressing potential 
detrimental environmental effects. In particular, the p H modifi­
cation allowed the formation of P d N P s encapsulating small F e O z 

N P s , a type of phase-segregated structure known as nested N P s . 
It was also possible to form F e O z N P s encapsulating nested P d 
N P s , core-shell N P s comprising P d as the core, and F e O z as the 
shell, and small F e O z N P s decorating the above. Such atypical 
morphologies also carried high-index facets, and as demonstrated 
by catalysis experiments, the combination of all these aspects sug­
gests the formation of strong metal-support interactions (SMSI) 
between P d and F e O z . Since SMSI are one of the few tools able to 
improve the heterogeneous catalyst's response, the current findings 
leading to the catalytic response improvement of magnetophoretic 
motile P d / F e O x N P s through the formation of SMSI , are consid­
ered of striking importance for both; the laser-mediated generation 
of nanomaterials and the catalysis field. O n the one hand, as clearly 
identified by the laser-synthesis community back in 2020, the major 
challenge in the field is the true control over nanoalloys composi­
tion; thus, the current findings push the field a step forward to gain 
complete control over the composition of nanoalloys. O n the other 
hand, the method's versatility to exert the precise modifications 
leading to the formation of SMSI in magnetic nanocatalysts wi th 
the potential to be reused multiple times brings a refreshing hope 
for the field in terms of keep pushing the boundaries of customiz­
ing materials in benefit of the ever-increasing need of chemicals our 
society demands. 

Keywords: nanoalloy, nanoparticle, iron, pal ladium, laser synthe­
sis, femtosecond laser, reactive laser ablation in liquids 
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Abstrakt 

Hlavním tématem této práce byla řízená distribuce prvků 
v nanočásticích P d / F e O z úpravou stávající metodiky reaktivní 
laserové ablace v kapalinách ( R L A L ) . Úprava p H podmínek ka­
palného média složeného z vodného roztoku P d při ablaci Fe plíšku 
přiměla tyto prvky k vytvoření fázově segregovaných nanoslitin. 
Navíc složení, distribuce a morfologie těchto fází v nanoslitině 
závisely na použité hodnotě p H . N a rozdíl od tradičních metod 
syntézy nanoslitin, které se často omezují na konkrétní kombi­
nace prvků, nucené používání nebezpečných chemikálií a pro­
dukci velkého množství chemického odpadu, R L A L dovolila do 
značné míry přizpůsobení návrhu systému nanoslitin P d / F e O z při 
omezení potenciálně škodlivých vlivů na životní prostředí. Úprava 
p H umožnila tvorbu nanočástic F e O z zapouzdřených ve větších 
nanočásticích P d typu fázově segregované struktury známé jako 
vnořené nanočástice. By lo také možné vytvořit F e O z nanočás-
tice zapouzdřující vnořené P d nanočástice, nanočástice typu jádro-
plášť obsahující P d jako jádro a F e O z jako plášť a malé F e O z 

nanočástice zdobící výše uvedené. Tyto atypické morfologie vyka­
zovaly fazety s vysokým indexem, a jak bylo prokázáno katalyt­
ickými experimenty, kombinace všech těchto aspektů naznačuje 
vznik silných interakcí kov-nosič (SMSI) mezi P d a F e O z . V z h ­
ledem k tomu, že SMSI je jedním z mála nástrojů, kterými lze 
zlepšit odezvu heterogenního katalyzátoru, jsou současné poz­
natky vedoucí ke zlepšení katalytické odezvy magnetoforetických 
pohyblivých P d / F e O z nanočástic prostřednictvím tvorby SMSI 
považovány za velmi důležité jednak pro laserem zprostředko­
vanou generaci nanomateriálů, ale také pro oblast katalýzy. N a 
jedné straně, jak již v roce 2020 jasně identifikovala komunita 
zabývající se laserovou syntézou, hlavní výzvou v této oblasti 
je přesná kontrola nad složením nanoslitin. Současné poznatky 
tedy posouvají oblast o krok vpřed k získání úplné kontroly nad 
složením nanoslitin. N a druhou stranu, všestrannost metody pro 
provádění přesných modifikací vedoucích k vytvoření SMSI v mag­
netických nanokatalyzátorech s potenciálem opakovaného použití 
přináší naději pro tuto oblast, pokud jde o posouvání hranic pro 
přesné navržení materiálů ve prospěch neustále rostoucí potřeby 
chemikálií, které naše společnost vyžaduje. 

Klíčová slova: nanoslitina, nanočástice, železo, palladium, 
laserová syntéza, femtosekundový laser, reaktivní laserová ablace 
v tekutinách 
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1 Introduction 

Since the well-known talk presented by Richard P. Feynman in 1959, the statement 
"There is plenty of room at the bot tom" has struck a chord with scientists all around 
the world, making it a goal to push science forward and discover what we can achieve 
at the atomic scale [1]. Scientists have since developed instruments enabling us to 
study and even manipulate matter on that level. Thus, the nanotechnology field 
arose, which has evolved over the past two decades, and nowadays, nanostructures 
have become omnipresent and gained immense importance in our day-to-day lives. 
In fact, nanotechnology has secured its place in a myriad of important industry 
sectors, from materials and manufacturing, electronics, energy, and environment to 
life sciences and healthcare [2]. 

Similarly, an invention that has changed the way we construct the world is the 
laser, built in 1960 by Theodore M a i m a n , which, although init ial ly criticized by 
skeptics, has gained undeniable importance in today's world. Maiman's invention 
was a stepping stone that led to the development of much more advanced lasers 
that have found applications everywhere, from the steel industry to medical clinics 
[3, 4]. Moreover, since the discovery made in 1993 by Fojtik and Henglein [5], that 
performing micromachining in the presence of liquids can allow the formation of 
extremely pure nanocolloids, it was possible even to envisage the laser-mediated 
manipulation of matter at the nanoscale. Hand in hand wi th the ability to observe 
and control matter at such dimensions, scientists are nowadays developing novel 
materials wi th tailored properties, functions, and potentially unique applications. 

Taking inspiration from these exceptional advances, the current thesis aims to 
take a step forward in the laser-mediated synthesis of nanomaterials by manipulating 
the element distribution of phase-segregated nanoalloys. This goal is pursued by 
exploring the p H modification of the l iquid environment when performing reactive 
laser ablation in liquids ( R L A L ) . A s the latest results from Tibbetts [6] and Torres-
Mendieta groups point out [7], when employing laser-mediated synthetic approaches 
in liquids, the critical point to manipulating nanoalloys' element distribution can be 
hidden in the superficial charge of the nucleating elements that would form N P s . 
Thus, the natural answer to gain control over this is to manipulate the p H in the 
medium where R L A L occurs. 

A s such, this is a powerful concept; however, this thesis also aims to take the next 
step by investigating this idea's l imits and prove if the element manipulation within 
a potent and recyclable catalyst like PdFe could lead to the formation of metal 
support interactions (MSI) or strong metal support interactions (SMSI). A s very 
recently proposed by L i u et al. [8], such material combination can lead to the 
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formation of MSI/SMSI , resulting in an outstanding catalytic performance due to 
the enhanced charge transfer between the elements or their geometrical disposition. 
Thus, through this work, the reader wi l l find an in-depth study of the performed 
endeavors to manipulate matter by laser radiation and, with this, contribute to the 
catalysis field, one of the fundamental pillars sustaining our society's accelerated 
lifestyle. 

1.1 Nanomaterials 

A nanomaterial can be classified as any material wi th at least one dimension below 
100 nm. Initially, the term "nano" derives from a Greek word that translates to 
"dwarf", and this unit prefix represents a factor of 10~ 9. Nanomaterials can take 
many different shapes and sizes, and according to the dimension of the materials, 
we distinguish 0D (e.g., spherical N P s ) , I D (e.g., nanofibres, nanowires), 2D (e.g., 
nanocoatings, nanolayers), and lastly, 3D nanomaterials (e.g., nanofibrous layers). 
These materials possess unique properties compared to their bulk counterparts, for 
example, a high surface-to-volume ratio, which results from scaling the size of the 
material down to the nanoscale. This phenomenon leads to a higher surface area 
which enhances, among others, the materials' reactivity. Moreover, some metallic 
N P s exhibit high surface plasmon resonance which has potential application as sen­
sors, e.g., gold [9, 10, 11] and silver N P s [12]. Due to their exceptional properties, 
nanomaterials have also found application in additional fields, such as medicine [13], 
tissue engineering [14], wound healing [15], electronics [16] and catalysis [17] among 
many others. 

W h e n it comes to N P s , there are many ways to synthesize them, such as us­
ing chemicals, synthetic or natural, or employing physical techniques. Generally, 
these methods fall into one of two approaches: the top-down or the bottom-up (Fig. 
1.1). A s the names suggest, N P s or nanostructures are produced by the break down 
of a bulk material in the top-down approach. Some methods that fall under this 
technique are high-energy ball mi l l ing [18], laser ablation [19], and chemical etching 
[20]. The bottom-up approach, on the other hand, utilizes reducing and stabiliz­
ing agents to bui ld N P s from molecules, for example, by reducing metal salts using 
sodium borohydride [21]. This approach has been widely util ized because N P s of 
specific shapes and sizes can be synthesized by modifying the reaction conditions 
and precursor concentration. Needless to say, the possibilities of synthesizing N P s 
are endless. However, it is necessary to consider each approach's positive and neg­
ative aspects. For instance, using chemicals in the bottom-up approach allows the 
production of N P s with controllable size, but it also implies using harsh chemicals 
that can be toxic to the environment and the creation of by-products [22]. O n the 
other hand, although most top-down strategies do not present such environmentally 
negative drawbacks, they stil l represent costly alternatives [23]. Thus, even when 
there are many nanomaterials wi th great potential applications, there is a need to 
develop cost-effective, easily reproducible, and ecologically respectful practices for 
more effective nanomaterials production that would be readily available. A s the 
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reader wi l l discover through the reading of the current work, the modification of 
R L A L proposed herein may bring such a long-awaited nanomaterials' synthetic an­
swer. 

Bottom-up Nanopart ic les Top-down 

Atoms 

• • 

Clusters Powder Bulk 

0.001 nm 0.01 nm 1 nm 100 nm 1 urn 100 urn 

Figure 1.1: The two main approaches used in the synthesis of nanoparticles. Created 
in BioRender. 

1.1.1 Nanoalloys 
Nanoalloys are N P s composed of at least two metals, known as bimetallic nanoalloys. 
The tuning of the nanoalloys' composition, size, and element distribution enables 
controlling their physicochemical properties. They have gained significant impor­
tance, for example, in catalysis. The benefit of alloying two or more metals lies in 
the acquisition of new materials wi th enhanced properties compared to those of the 
monometallic N P s [24]. Thus, choosing the correct elements can lead to a synergistic 
effect where the alloy exhibits novel or unexplored properties. Al loy ing can, in some 
cases, also eliminate unwanted features, e.g., production cost, and at the same time, 
it can offer new properties, e.g., magnetic, which opens new possibilities in material 
sciences. 

The structure of the nanoalloys can take on various forms (see F i g . 1.2). The 
most commonly discussed is the so-called core-shell structure, where one element 
constitutes the inner part (core) and the other, the nanoalloy's outer part (shell). 
This morphology type is specifically desired in catalysis; if one of the elements is a no­
ble metal wi th high catalytic activity (e.g., P d , P t , Rh) and the other element posses, 
for example, magnetic response (Fe, N i , Co) [25]. This can result in the construction 
of magnetophoretic motile catalysts, which can, among other things, save millions to 
the chemical industry by being reused multiple times when catalyzing chemical reac­
tions [26]. Other nanoalloy structures with segregated phases include, for example, 
Janus, wi th metals' atoms divided into two equal parts, and sandwich nanoalloys. 
In the case of spherical N P s , the Janus morphology is given by two hemispheres 
consisting of the two elements separately. Moreover, a new nanoalloy morphology 
was recently synthesized, the so-called nested nanoalloy, where a smaller N P made 
of one element is nested in a larger N P made of the other element [27]. However, 
nanoalloys can also have mixed phases which can be either randomly or orderly 
distributed [28]. The randomly mixed nanoalloys are mostly recognized as solid so­
lutions; thus, they exhibit no order. O n the other hand, orderly mixed nanoalloys 

16 



have atoms structured in geometrical patterns, for example, a pattern of alternating 
planes of the two atoms. 

Core-shell 

9 
Janus Sandwich 

Nested Randomly mixed Orderly mixed 

9 o 

Figure 1.2: Various structures of bimetallic nanoalloys. 

Thus, nanoalloys can find applications depending on their morphology, especially 
in heterogeneous catalysis. Namely, the choice of metals plays a crucial role i n the 
overall catalytic performance. A s previously stated, the key in alloying is to gain 
the benefits of both materials and possibly reduce their undesirable properties, e.g., 
chemical instability. In that case, the nanoalloy should contain one element that 
is catalytically active and an element that would support it and, in addition, enable 
the catalyst to be recycled. Such a combination can be found when alloying P d , 
as the catalytically active component and Fe as the support and magnetically active 
component. Combining such materials can lead to the creation of metal-support 
interactions that are known to remarkably enhance the catalyst's performance [29]. 

The methods employed in the synthesis of such materials can play a crucial role 
in their final size, shape, and structure. T i l l now, most of the methods are based 
on wet chemistry, e.g., sol-gel [30] and coreduction [31]. Moreover, alternative phys­
ical methods have been employed as well, e.g., microwave-assisted synthesis [32], 
and thermal decomposition [33]. The generation of PdFe nanoalloys, in particular, 
has been achieved by cyanogel-derived synthesis of PdFe [34], continuous flow mi­
crowave synthesis of P d supported on Fes04 N P s [35], chemical reduction [36] and 
wet impregnation [37]. 

Unlike these methodologies, the current thesis explores reactive laser ablation 
in liquids ( R L A L ) , an actual method combining processes from wet chemistry 
and physical methods, which implementation conditions, also known as out-of-
equilibrium, promise to produce nanoalloys, even from immiscible elements without 
the need of harsh chemicals. Further details can be found in section 1.3. 
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1.2 Catalysis 

Catalysis is a necessary process involving the conversion of reactants into products 
in an energetically favorable way. This process is an integral part of our lives because 
we would not be able to function without substances like enzymes that catalyze most 
of the reactions taking place in our bodies. In the same way, the modern industry 
dramatically depends on catalysts; more than 90 % of reactions in the production 
of chemicals are catalyzed [38]. This means that the development of highly efficient 
catalysts is necessary for the catalytic field's advancement and societal advancement. 
In general, catalysts are substances that accelerate chemical reactions by lowering 
the activation energy, which results in the effective conversion of the reactants into 
the desired products, while catalysts are not consumed in the reactions [39]. The 
very first inspiration for producing such materials was found in nature by observing 
enzymes, which have a precisely tailored structure to catalyze a given reaction [40]. 
Thus, wi th this in mind, scientists begin aiming to develop novel catalysts that 
mimic the properties of enzymes. A s a result, N P s , which have a large room for 
tailor design, have proven to be suitable catalysts in many reactions [41]. 

Catalysis can be divided into two types: homogeneous and heterogeneous [42]. 
Homogeneous catalysis is the term used when the catalyst is in the same phase as the 
reactants, e.g., a soluble catalyst in a solution. Al though it is nearly impossible to 
separate the catalyst from the solution due to high solubility, this allows for higher 
performance. In contrast, heterogeneous catalysis is based primari ly on solids, like 
metals, being the catalyst in a reaction where the precursors are in a different phase. 
Metal-based N P s , in particular, have been widely used in heterogeneous catalysis 
given their unique properties, like their high surface area, which provides more active 
sites responsible for modifying the kinetics of a reaction [43]. One thing that has 
been observed about the N P s size and the catalytic performance is that wi th the 
decreasing size of the N P s , there is an increase in the number of surface sites per unit 
weight of metal which generally leads to more active catalysts [44]. However, these 
sites can be deactivated by the reactants and, thus, hinder the catalytic activity 
[45]. Nevertheless, some of the undesirable properties of a catalyst can be overcome 
by using a support. 

1.2.1 MSI, SMSI 
Metal-support catalysts have long been studied due to their high catalytic perfor­
mance and wide range of applications in heterogeneous catalysis (e.g., C O oxidation, 
CO2 hydrogenation, Fischer-Tropsch reaction) [47, 46]. The thing that is most stud­
ied is the metal-support interaction (MSI) , which mainly depends on the charge 
transfer, chemical composition, interfacial perimeter, N P s morphology, and strong 
metal-support interaction (SMSI) [48]. The metal part commonly consists of noble 
metal N P s , e.g. A u , P t , P d [49, 50], and the support is usually an oxide (Ti02 , Si02, 
A l 2 0 3 ) [ 5 1 ] . The support stabilizes the metal N P s (e.g., against leaching, thermal 
stability) and ensures uniform distribution of catalytically active sites [44, 52] or, 
as C o q describes in his work, the support acts as a supramolecular ligand [53]. 
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Metal-support interactions and their modifications can play an essential role in 
designing catalytic systems wi th improved performance. There are multiple ways to 
tune metal-support interactions. A s V a n Deelen et al . suggest, control of M S I can 
be done by either modifying the individual catalyst's components (the metal and the 
support) or by modifying the final composite material [48]. Modifications of both-
the metal and the support- can be achieved by choosing a proper chemical composi­
tion. In the metal case, tuning can also be achieved by controlling the particle's size. 
In comparison, modifications of the support include changes in morphology, doping, 
and surface modification. Thus, the extent of the M S I modifications depends on the 
type of metal as well as the support and on the different approaches of preparation 
and activation of the catalysts [53]. 

A s a part of metal-support interactions, SMSI plays a crucial role in determining 
catalytic activity, and stability [48]. The term "strong metal-support interaction" 
was first mentioned in an article by Tauster et al . [54], where this phenomenon was 
identified due to the decreased capability of H 2 and C O chemisorption by group 
VI I I metals supported on T i 0 2 [55]. SMSI is mainly identified at the metal-support 
interfaces where the support is a reducible oxide, such as T i 0 2 , Ce02, and Fe203 
[48]. Reducible oxides are able to exchange oxygen quite easily because the lowest 
empty energy states available consist of cation d-orbitals that lie not too high above 
the valance band. Their bandgap is relatively low (< 3 eV) compared to that of 
nonreducible oxides (Si02, AI2O3). The oxygen removal creates excess electrons 
(oxygen vacancies), which are distributed on the empty cation levels, therefore, 
causing a shift in their oxidation state (from M n + to M^™-1)"1"). [51] 

1.2.2 Mechanisms of SMSI 
There are multiple mechanisms involved in the formation of strong metal-support 
interaction. According to numerous studies, the major effects that result from the 
formation of the SMSI are the electronic, and the geometric effect [46, 53, 56]. 

Electronic effect 

W h e n discussing strong metal-support interaction, what is meant by the electronic 
effect is the charge redistribution at the interface between the metal and the sup­
port. These electronic interactions are driven by fundamental principles of energy 
minimization and continuity of electric potential in a solid [46]. Electron transfer 
takes place at reactive interfaces, where chemical bonds are broken and new ones 
are formed. The local charge redistribution involves a few atomic layers at the inter­
face. Depending on the type of metal-support system, SMSI can cause pronounced 
changes in the electronic properties. [46] 

A s previously mentioned, the types of oxides used in the production of SMSI alter 
the electronic effect. Nonreducible oxides (with no transition metals) have cations 
wi th no d-orbitals available for bonding; thus, the cations favor interacting with the 
anion (oxygen), and consequently, that leads to a weak bond between the metals 
and the support ( S i 0 2 , M g O , ZrO 2 )[50, 46]. Whereas in the case of reducible oxides, 
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the surface cations (transition metals) wi th d-orbital electrons can easily interact 
wi th the supported metal (e.g. P d / T i 0 2 [57], P t / F e 3 0 4 [58]). A study[59] done 
on P t / T i 0 2 system showed there is an overlap between the metal atom and the 
cation's d-orbital electrons contributing to a weak covalent bond. However, the 
main interaction was found to be ionic, which was due to the electron transfer from 
the reduced cation to the adjacent metal atom. The loss of surface anions means 
the reduction of surface cations by acquiring d-orbital electrons, thus facilitating 
the electron transfer to the metal. Moreover, surface defects of the oxide support, 
such as vacancies, accumulate electrons, leading to an increased electron density on 
the supported metal. According to studies, there is a direct correlation between the 
electron transfer and the electronic structure of the reducible oxide as well as the 
size of the metal clusters. [46] 

Geometric effect 

The geometric effect is usually thought of as the init ial meaning of SMSI [54]. 
It involves the mass transfer of suboxide species to the metal, thus covering the 
metal clusters partially (decorating) or fully (encapsulating) (Fig. 1.3). This effect 
is driven by the minimization of the high surface energy of the metal N P by the 
suboxide species which are generated from the support under reductive conditions. 
Metals wi th high surface energy that are able to activate hydrogen are susceptible 
to encapsulation; therefore, reducible oxides are required to generate the suboxide 
species [50]. The suboxide coverage of the N P consists of a few atomic layers [48, 
60]. Al though extensive coverage of the metal N P is shown to have a detrimental 
effect on the catalytic activity caused by the blockage of active sites, the suboxides 
can act as Lewis acids by changing the electronic structure on the metal's surface, 
hence promoting the activation of reactants and enhancing the catalytic activity 
[48]. 

In order to study the encapsulation mechanism, F u et al . [57] proposed a two-step 
mechanism that leads to the encapsulation of the metal. Firstly, it is necessary for 
the interstitial cation, T i n + (n=3 or 4) in this case, to transfer close to the metal-
support interface. A s for the second step, the encapsulation requires the surface 
energy 7 of the metal (Pd) to be greater than that of the support (TiO^). Therefore 
this mechanism is also driven by the principle of energy minimization. Generally, 
metals wi th surface energy above 2 J/cm 2 are more susceptible to encapsulation [46]. 
Apar t from the surface energy, it is suggested that the encapsulation also depends 
on the work function [61]. Mul t ip le studies also showed the size dependence of the 
metal N P s broadly relates to the SMSI [60]. D u et al . [62] studied the size effect on 
SMSI of A u N P s supported on TiC>2 and discovered that larger A u N P s are more 
likely to be encapsulated than smaller ones. Similarly, Zhang et al . [63] reported 
that SMSI between A u and T i 0 2 depends on the size of A u N P s , as well as on T i 0 2 

facets. SMSI is more likely to be formed by ca. 5 n m large A u N P s and by T i 0 2 

{001} and {100} facets. 
One of the most recent and exceptional works on studying the SMSI done by 

W u et al.[64] describes an alternative way of producing SMSI by a so-called reverse 
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route. This new approach intends to expand the boundaries of the conventional 
SMSI formation strategies that require high-temperature treatment and ultimately 
lead to an uncontrollable encapsulation process resulting in a l imited exposure of 
active sites. W u et al . proposed that the encapsulation should create a th in layer 
permeable to small molecules in an ideal scenario while stil l preventing the dis­
solution, disintegration, and aggregation of active sites during catalysis. In this 
work, fully encapsulated P d - F e 3 0 4 core-shell N P s were treated under a reductive 
atmosphere to achieve an intermediate state (porous structure) that allows partial 
exposure of active (metal) sites. The study revealed that P d atoms migrate into 
the Fe3C>4 lattice forming strong interactions, and that, along with the formation of 
SMSIR , a partial electron transfer from P d to Fes04 occurs. 

Figure 1.3: The two major effects resulting from the formation of a strong metal-
support interaction (SMSI): the electronic and the geometric effect. Created in 
BioRender. 

1.3 Laser synthesis of colloids 

A s scientists, we have the social responsibility to develop safer and lower waste-
producing processes for the production of nanomaterials [65]. From this perspective, 
the interactions between light and matter have brought various appropriate alterna­
tives, among which, laser synthesis of colloids (LSC) is gaining increasing attention 
due to its versatility, safeness, and applicability [66]. In this synthetic practice, 
a laser is employed to reduce the size of a bulk material immersed in a l iquid to the 
nanometer regime, which causes the synthesis of extremely pure and elementally-
controlled N P s that can reach sizes from 1-100 nm. A s such, L S C is a general term 
used to describe many different laser-mediated synthesis approaches, e.g., pulsed 
laser ablation in liquids ( P L A L ) , laser melting in liquids ( L M L ) , and laser fragmen­
tation in liquids ( L F L ) . Each of these methods yields different products, so in order 
to achieve the desired results, one has to choose the laser-irradiation parameters 
carefully [66, 67]. For instance, in the case of P L A L , the appropriate irradiation 
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conditions can allow the ablation of a solid target immersed in a l iquid environment 
leading to the generation of N P s , or can allow the ablation accompanied by the 
liquids' optical breakdown, which can cause the molecular dissociation of the l iquid. 
This , in turn, can lead to the formation of radicals that may react with the recently 
synthesized N P s modifying their chemical structure [68]. In the case of L M L and 
L F L , the irradiation conditions can lead to the heating, melting, evaporation or even 
explosion of micro or N P s dispersed in liquids, allowing the creation of N P s with 
controlled size [69, 70]. 

Al though the materials processing by laser radiation has been around directly 
after the laser invention, it was used to structure surfaces, and the material detached 
from those surfaces was regarded as waste [71]. It was unt i l 1993 that in a gold 
processing experiment in water, Fojtik and Henglein realized that such waste was 
actually staining the water wi th a red color [5]. This is how they realized that 
the "waste" was, in fact, ultrapure A u N P s , opening in that way a nobel and very 
vibrant field, which due to its versatility, is believed to become the top practice 
towards the development of increasingly complex nanostructures. 

1.3.1 Types of lasers 
The type of laser used in L S C can drastically affect the process and results. There 
are two main types of lasers used: continuous-wave (cw) and pulsed lasers. The 
cw lasers generate coherent and high-energy electromagnetic waves continuously, 
whereas the pulsed lasers release energy in packages during a specific amount of 
time (operation time), at a specific repetition rate, and pulse duration. Aside from 
delivering the radiation in confining windows of time, thanks to methodologies like 
Q-switching or mode-locking, among others, every pulse carries massive amounts of 
energy being the peak power in each pulse; the clearest example of this: 

Where, Pavg represents the average power of a laser, frep is the repetition rate at 
which the pulses are delivered, and r is the pulse width . Thus, even when there are 
very powerful cw lasers, from eq.1.1 it is evident that the shorter the pulse width, 
the higher the peak power reached i n each pulse, being enough to exceed the most 
powerful cw counterparts. Pulsed lasers can therefore achieve higher peak powers 
and are more efficient in removing matter from a solid surface than cw lasers [72]. 

Moreover, in the case of cw lasers, the energy is continuously delivered to the 
target, where it is accumulated unt i l it overcomes the threshold energy of the mate­
rial , and at last, material melting followed by evaporation is achieved. This process 
is not effective in L S C because on the one hand, the interaction between cw radi­
ation and matter leads to energy propagation throughout the atomic lattice i n the 
form of heat, and on the other hand, prolonged light exposure can lead to evapora­
tion of the l iquid medium and thus affect the ablation rate. Ideally, a pulsed laser 
is preferred for L S C , as in the case of P L A L , where it is possible to deliver a great 
number of photons in fractions of seconds wi th no significant energy accumulation 

peak 
repT 
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enhancing in this way, the material detachment from the area confined to the laser 
beam's irradiation spot [66]. 

Three types of lasers are used in L S C , namely, nanosecond (ns), picosecond (ps), 
and femtosecond (fs) lasers, which, as the name suggests, vary in pulse duration. 
The most inexpensive out of the three is the nanosecond laser, but it is also the 
least efficient and can cause unwanted heat transfer in the material. The picosecond 
laser allows a high repetition rate without causing significant heat transfer, but at 
the same time, this quality can lead to bubble shielding. Lastly, the femtosecond 
laser is the most efficient as well as the most expensive, but the high-energy laser 
beam can also cause bubble shielding and optical breakdown [66]. 

Last but not least, it is important to highlight that, although the current produc­
tion rate record set by Streubel et al . [73] at few g/h is stil l far from the scalability 
to industrial processes, the latest advances in laser designing promise to turn L S C 
into the future of high-quality N P s design. 

1.3.2 Principles of PLAL 
U p o n irradiation of a bulk target by a focused pulsed laser beam i n a l iquid medium, 
the photons confined i n the pulse are absorbed by the electrons at the superficial 
target's atoms. Since the pulses can confine a massive amount of photons in windows 
of time shorter than the electronic recombination time (ps), the electrons can absorb 
a large number of photons in a non-linear optical process known as multi-photon 
absorption. Since the electrons keep absorbing photons without going back to their 
basal state, they finally get released from their atomic system in a process known 
as multi-photon ionization. A s a single pulse can exert such processes in a multitude 
of electrons, all released electrons end up forming an electronic cloud above the 
init ial ly irradiated area. Since this electronic cloud leaves behind a large number of 
ions, the interaction between both contrasting charged areas results in the formation 
of a quasi electrostatic field, which, when its energy surpasses the target's cohesive 
energy, leads to the target's explosion, known as the Coulomb explosion (see F i g . 
1.4). 

Multi-photon absorption P lasma plume Cavitation bubble Released nanopartic les 

Figure 1.4: Pulsed laser ablation in liquids ( P L A L ) principle from the first step of 
multi-photon absorption to the release of N P s from the cavitation bubble. 

This explosion liberates colossal energy and leads to the ejection of various species 
like ions, atomic systems, and electrons. A l l these species form a hot plasma en­
capsulated by the l iquid medium, which keeps detaching material from the init ial ly 
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irradiated zone by transferring kinetic energy in the form of electronic collisions to 
the remaining atomic systems and to the surrounding l iquid interface dissociating 
the most proximal l iquid molecules. The whole process lasts only a few ns, and 
when the plasma extinguishes, it transfers its remaining energy to the surrounding 
l iquid that didn't dissociate. However, as the transferred energy is not enough to 
keep dissociating the surrounding l iquid molecules, it only transforms them from 
the l iquid to gas state. Since such gas is created in the surroundings of a relatively 
cold l iquid, it gives rise to a cavitation bubble where all the former plasma species 
find the perfect conditions to nucleate, forming N P s . 

The cavitation bubble lasts for a few ms and afterward collapses, creating a fluid 
micro-jet ejecting all the recently formed N P s into the l iquid medium. Once the 
stil l hot N P s get in contact wi th the l iquid medium, which is in a lower energy 
state, the energetic contrast at the interface between the l iquid and the N P s surface 
detonates a surface tension phenomenon resulting in the re-shaping of the N P s into 
spheres, thus, resulting in the formation of a nanocolloid [74]. A s the reader can 
infer from the described process, the principal aspects controlling the final N P s 
composition are hidden in the irradiation conditions, the employed solid target, and 
the l iquid medium. The current thesis is especially devoted to exploring the l iquid 
medium, which, as described back in 2015 by Matsumoto at al . [75], opens an almost 
limitless exploration gap because the species that form the l iquid can even control 
the physicochemical characteristics of the produced N P s ; thus, giving rise to laser 
ablation in liquids while chemical reactions occur, i.e., R L A L . 

1.3.3 Reactive laser ablation in liquids 
R L A L is a novel method employed to generate a wide range of nanoalloys by com­
bining the P L A L approach and photochemical reduction. This method is based on 
irradiating a solid target immersed in a metal salt solution (Fig. 1.5). The irra­
diation process is similar to that of P L A L ; the plasma formed at the laser focus 
produces the dissociation of the l iquid molecules surrounding it, and depending on 
the l iquid nature, different types of radicals can be created. However, the pres­
ence of the salt dramatically changes the conditions and alters the basic process of 
P L A L ; the reactive species generated enable the reduction of the metal salt. Subse­
quently, the reduced species can interact wi th the species obtained from the ablation 
of the target and lead to the formation of nanoalloys [76]. The alloying can occur 
in the plasma; however, it is primari ly promoted in the cavitation bubble and the 
bubble-liquid interface. Usually, ps-/fs-lasers are employed in this method because 
by modifying the laser's peak intensity; we are able to gain control over the plasma's 
density and, ultimately, the N P s ' size distributions [68]. Moreover, as lately sug­
gested by Tibbetts group [6], by modifying the p H of an aqueous solution, it could 
be possible to gain control over the element distribution in the final nanoalloy. 

The precise timescales of reactions occurring during R L A L depend predomi­
nantly on the laser source used [6]. For example, by employing a ns-laser to produce 
R L A L i n an aqueous solution, the plasma cools for about 1 /J,S after irradiation, the 
cavitation bubble forms in the range of 0.1-1 /xs and collapses over the range of 
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Ablated target in salt solution Plasma and cavitation Released bimetallic nanoalloys 

Figure 1.5: Reactive laser ablation in liquids ( R L A L ) process generating bimetallic 
nanoalloys. 

several hundred microseconds. However, when employing a fs-laser, the timescales 
of reactions succeeding the laser pulse are as follows: cavitation bubble is formed 
in about 100 ns, within the range of several hundred fs to a few ns, free electrons 
are generated and hydrated at the target-water interface where they react wi th dis­
solved species from the solution to form the metal atom nuclei. Moreover, hydrogen 
peroxide is generated wi th in about 10 ns which reacts wi th the newly formed metal 
species leading mainly to the production of large isolated metal N P s . A r o u n d 100 
ps the target's surface is also subjected to reactions in which the ejected atoms and 
liquid droplets oxidize and merge to react wi th the residual metal salt and the nuclei. 
Finally, it is suggested that the low salt concentration at the target-water interface 
is responsible for the generation of ultra-small N P s stabilized by the ablated target 
material. Note that the reactive species in the example mentioned above (solvated 
electrons, O H radicals, or H 2 0 2 ) belong to an aqueous solution, i.e., the involved 
reactive species wi l l depend on the employed l iquid, and with this, the different 
reactions leading to the formation of nanoalloys. Yet, since the driving idea of the 
current thesis is that the simple p H modification of a solution is enough to control 
the element distribution within the nanoalloys, it was necessary to employ water 
as the selected solvent. Thus, the example mentioned above is significant for this 
thesis work. 
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2 Proposition 

Here we propose the possible mechanism involved in producing FePd nanoalloys by 
R L A L when modifying the p H of the salt solution. 

Since the employed material consists of Fe foil and P d salt dissolved in water, 
the predominant P d species thought to interfere in forming FePd nanoalloys are 
reduced P d ions and dissolved P d salt anions. These species can react wi th those 
ejected from the Fe foil in the cavitation bubble and at the bubble-liquid interface 
as follows: 

Pd2++ Fe = Pd + Fe2+ (2.1) 

Fe + 2H20 = Fe2+ + 20H~ + H2 (2.2) 

Fe + Pd = FePd (2.3) 

Based on the miscibil ity and surface energies of P d and Fe, their alloying should 
enable the production of phase-segregated nanoalloys according to the Hume- Roth-
ery rules [77]. In addition, considering that the solvent can play a crucial role in 
the final morphology, it is expected that the phase-segregated type of morphology 
our nanoalloys can adopt w i l l be a core-shell, where the shell should be composed of 
the element most prone to oxidation. Even though eq. 2.1 suggests that P d would 
comprise the shell given that the Fe ions would serve as a means for its reduction; in 
this case, Fe would preferentially compose the shell due to the surface segregation of 
the Fe atoms. Furthermore, the reason behind influencing the N P s ' morphology by 
modifying the p H of the solution in R L A L was only recently proposed by Mukherjee 
and co-workers [78]. Thus, an additional equation must be added to the previously 
mentioned when considering the p H modification: 

Fe + 2H+ = Fe2+ + H2 (2.4) 

This reaction indicates that by lowering the p H , and thus, increasing the con­
centration of hydrogen protons [H+], the oxidation of Fe is enhanced, which results 
in the reduced amount of Fe in the N P s , permitt ing P d to be the dominant ele­
ment and, wi th this possibly occupying the nanoalloys' shell. O n the other hand, 
when the [H+] is decreased, the oxidation of Fe is prevented, which enables it to 
be integrated into the final nanoalloy, making it the dominant element within the 
nanoalloys, enhancing its chances of forming the shell (Fig. 2.1). Moreover, as 0.1 
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m M metal salt solution is reported to be the opt imum concentration allowing for the 
production of core-shell N P s with a partially filled shell [7], then it is expected that 
when Fe forms the shell, the N P s released into the water after the collapse of the 
cavitation bubble consists of a catalytically active P d core and a partially filled Fe 
shell which undergoes oxidization. Being this morphology ideal for the generation of 
the SMSI effect, thus, resulting in highly efficient recyclable catalysts. In summary, 
making the p H modification of the P d aqueous solution an ideal practice leading 
to the element distribution control within phase-segregated nanoalloys, which can 
result in the formation of SMSI . 

ACID PH spectrum 

pHI RLAL pH13 

Figure 2.1: The proposed influence p H modification has on the element distribution 
in the final F e P d nanoalloy synthesized using R L A L . Sketch created in BioRender. 
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3 Methodology 

3.1 Materials 

The reagents employed in the current thesis are potassium tetrachloropalladate(II) 
(>98% K 2 P d C l 4 , S igma-Aldrich, U S A ) , hydrochloric acid (35%+ HC1, Penta Chem­
icals Unl imited, Czech Republic), potassium hydroxide (>99.95% K O H , Sigma-
Aldr i ch , U S A ) , iron foil (>99.99% Fe, Sigma-Aldrich, U S A ) , 4-nitrophenol (>99% 
4-NP, Sigma-Aldrich, U S A ) , sodium borohydride (>98.0% N a B H 4 , Sigma-Aldrich, 
U S A ) , and d e m i H 2 0 (18.2 M f i - c m ) . 

3.2 Sample preparation 

In a glass via l , 0.1 m M aqueous solution of K 2 P d C l 4 was prepared and placed in 
an ultrasonic bath ( S O N O R E X D I G I T E C D T 510 H , B A N D E L I N , Germany) to 
dissolve completely. Later, the p H of the P d salt solution was measured using a p H 
meter (InLab Routine P r o - I S M , Mettler Toledo, U S A ) and a corresponding amount 
of HC1 or K O H aqueous solution was added to modify the p H (see Tab. 3.1). The 
p H of the unmodified P d salt solution was, on average, 3.64 ± 0.06. 

Sample unmodified p H Acid/base amount modified p H 
p H 1 3.555 8.43 mL( f l) 1.177 
p H 3 3.706 300 fiL® 2.990 

p H 3.6 3.656 - -
p H 5 3.525 115 /xL^ 5.300 
p H 7 3.592 150 /xL^ 7.346 
p H 9 3.650 186 /jLM 8.865 

p H 11 3.615 1010 /xL^ 10.755 
p H 13 3.695 0.3 gW 12.689 

Table 3.1: Summary of the amount of acid/base added to the P d salt solution 
(unmodified pH) and the resulting modified p H which is in accordance wi th the 
name of the samples. ( a^0.8M HC1 aqueous solution, ^ 0 . 0 9 M HC1 aqueous solution, 
^5.6 g/L K O H aqueous solution, («*) >99.95% K O H . 

The amount of acid or base needed to modify the p H of the P d salt solution 
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accordingly was calculated using the following formula: 

MiVi + M2V2 = M 3 ( V i + V2) (3.1) 

Where M i is the molarity of the acid/base, V\ is the volume of the acid/base solution 
needed to change the p H , M2 is the molarity of the prepared P d salt solution, V2 

is the corresponding volume and M3 is the sought-after molarity, also known as the 
concentration of [H+] protons, which can be calculated from the formula below (eq. 
3.2). It is important to note that the actual amount of acid/base added to the P d 
salt solution was higher than the theoretical amount calculated. 

M = 10~pH (3.2) 

[H+] [OH~] = l l T 1 4 (3.3) 

Laser ablation of the Fe foil immersed in the as-prepared P d salt solution with 
modified p H was carried out by an industrial femtosecond pulsed laser (Onefive 
Origami X P - S , N K T Photonics, Denmark) operated at an average output power of 
5.1 W , a repetition rate of 1 M H z , pulse duration 400 fs, a central wavelength of 
1030 n m wi th a spectral bandwidth < 5 nm, and an output beam of 5 m m at the 
width of 1/e2. Therefore, the foil was irradiated at its ablation threshold (5 //J).[79] 

The laser beam was focused and moved throughout the surface of the Fe foil by 
a scanning system composed of a two-axis galvanometer scanner head ( i n t e l l i S C A N 
14, S C A N L A B , Germany), and an F-theta lens (f = 160 mm). The irradiation took 
place while the foil was immersed in 40 m L of the P d salt solution in a 60 m L 
glass dish. The foil was set to be 3 m m below the liquid-air interface so that the 
high absorption of the infrared laser light by the water molecules was prevented. 
Moreover, a magnetic stirrer was placed inside the dish to disperse the forming N P s 
and avoid reirradiation (see F i g . 3.1). Finally, the velocity of the laser scanning head 
was set to the maximum speed of 2 m/s to avoid the cavitation bubble's shielding, 
frequently resulting in N P s productivity reduction. 

Figure 3.1: Preparation of P d / F e O z N P s using R L A L . M i x i n g of reactants, laser 
irradiation of the Fe foil in the presence of the P d salt solution, and cleaning samples 
by centrifuging. Created in BioRender. 
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After the irradiation process was complete, the samples' p H was recorded to 
verify that its value d id not vary. Later, the samples were centrifuged (Centrifuge 
M i n i S p i n plus, Eppendorf, Germany) in 2 m L Eppendorfs for 10 min at 14,500 
rpm. This enabled the separation of the N P s from the supernatant composed of 
the P d salt residue. After the supernatant was taken out from the Eppendorf, the 
missing volume was replaced by the uncleaned sample. These steps were repeated 
unti l all N P s in the solvent were totally separated from the l iquid residues. Lastly, 
to obtain clean N P s , the Eppendorfs were filled with demiH^O and homogenized 
in an ultrasonic bath. For the catalysis experiments, the samples were later dried 
overnight in an oven at 65 °C. 

3.3 Pollutant degradation screening 

The catalytic transformation from 4 - N P to 4-aminophenol (4-AP) was used to test 
the catalytic activity of the P d / F e O z N P s . This model reaction involves the 4-
N P catalytic hydrogenation, where N a B r L , is the hydrogen donor and the N P s the 
catalyst. The N P s role as a catalyst consists of serving as a support for the trans­
formation reaction by adsorbing the N a B H 4 and 4 - N P over their surface, facilitating 
a 6-electron powered reaction. In brief, the first pair of electrons in junction with an 
H + serves to reduce 4 - N P to a nitroso compound, which reduces to its correspond­
ing hydroxylamine by the second electrons pair and 2 H + ; finally, this is reduced to 
4 - A P by the last electrons pair together wi th an H + . The transformation reaction 
was monitored by inspecting the absorbance decrease of the 4-nitrophenolate at 401 
nm using a U V - V i s spectrophotometer ( D R 3900, Hach Lange, U S A ) [7]. 

For the catalytic tests, 48 /xL of 5 m M 4-NP, 240 fiL of 0 .1M N a B H 4 , along wi th 
one of the four different concentrations of the N P s (1.48, 3.01, 6.20, 13.23 mg/L) 
and demiH^O were placed in a 2ml Eppendorf. The reactants were briefly mixed 
using a vortex before the mixture was transferred to a quartz cuvette and placed 
into the U V - V i s spectrometer (Fig. 3.2). The absorbance was measured for 5 mins 
at 401 nm. 

Due to the excess of N a B H 4 added to the reaction, the hydrogen source could be 
considered constant, and therefore, the catalytic transformation from 4 - N P to 4 - A P 
followed a pseudo-first-order reaction kinetics. Hence, the reaction rate constant 
{kapp) can be easily determined through the following equation: 

Where Ct/Co represents the ratio of phenolate ions at any time of the reaction, 
At/A0 is the ratio of their absorbance at 401 nm, and by plott ing these values 
as a function of time, we obtain the kapp as the slope value. Moreover, the total 
efficiency of the P d / F e O z catalyst, determined by the activity parameter (k c ) , can 
be calculated from the slope value of the linear regression of k 

app 
function of 

the catalyst concentration [80]. 

(3.4) 
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Figure 3.2: Catalyt ic test procedure for 4 - N P degradation. The preparation of 
N a B H 4 , 4 - N P and P d / F e O x N P s aqueous solutions (1), addition of al l reactants 
into a single Eppendorf (2a), homogenization (2b) and transfer of the mixture into 
a quartz cuvette (2c) for the monitoring of 4 - N P degradation (3). Created in Bio Ren­
der. 
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4 Characterization techniques 

Various characterization techniques were used to fully understand the synthesized 
nanomaterial's physicochemical properties. M a n y crucial aspects need to be ad­
dressed when characterizing the prepared N P s to attribute functions to the struc­
tures. For example, it is necessary to gain information about the stability of the 
N P s , the size distribution, morphology, element distribution, and concentration, 
among many others (Fig. 4 .1) . 

What have I synthesized? 

V HR-TEM, SAED, EDX 

What are some other 

properties? 

^ UV-Vis, VSM , LDE 

How big is it? 

S T E M , DLS 

How much have I synthesized? 

V ICP-OES 

Figure 4.1: Illustration of N P s , multiple questions that arise while t rying to under­
stand them and the methods employed in this work to characterize them. 

In this work, ultraviolet- visible ( U V - V i s ) spectroscopy was used to inspect the 
samples' optical properties and observe the absorbance of the material based on 
its concentration (for example, in the pollutant degradation screening). Dynamic 
light scattering (DLS) , as well as transmission electron microscopy ( T E M ) , were 
used to determine the N P s size, hydrodynamic size in case of D L S , and real size in 
case of T E M . The stability of the nanocolloids was determined using laser doppler 
electrophoresis ( L D E ) , employing the same instrument used for D L S . Moreover, 
high-resolution T E M ( H R - T E M ) also allowed us to obtain information about the 
N P s morphology and the element distribution when combined wi th a detailed anal­
ysis of the d-spacings. Both , selected area electron diffraction ( S A E D ) and energy-
dispersive X-ray spectroscopy ( E D X ) , enabled the determination of element distri­
bution in the samples. Furthermore, inductively coupled plasma-optical emission 
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spectroscopy ( ICP-OES) was employed to identify the concentration of the samples. 
Lastly, to gain information about the magnetic properties of the N P s , the samples 
were characterized using vibrating sample magnetometry ( V S M ) . 

4.1 UV-Vis spectroscopy 

The analysis was carried out by a U V - V i s spectrophotometer (DR3900, Hach, U S A ) 
wi th wavelengths ranging from 320 - 1100 n m and a resolution of 1 nm. This spec­
trophotometer uses light in the visible and adjacent regions produced by a halogen 
lamp to interact wi th a sample in transmission mode. Before the light reaches the 
sample, it goes through a monochromator, employing a set of diffraction grids and 
filters to separate and select the light according to the different wavelengths (Fig. 
4.2). Depending on the range of wavelengths, the light passes through and interacts 
wi th the sample placed in a cuvette one wavelength at a time. A photodetector 
then detects the transmitted light, the signal is processed, and the instrument gives 
us the absorbance as a function of wavelength at last. 

Monochromator 

1 

Light source Entrance slit Dispersive Exit slit Sample Detector 
element 

Figure 4.2: Basic principle of a U V - V i s spectrophotometer enabling the analysis of 
a colloidial sample. Created in BioRender. 

The instrument measures the intensity of the transmitted light (J), and compares 
it to the init ial intensity of the light generated from the halogen lamp (J 0). This value 
represents the transmitance (7a), which is usually given in percentages. Therefrom 
the absorbance is calculated as follows: 

, /rj-i \ , , 1 , ln{ea^d) a(\)d A = -lo9w(Tx) = - l o 9 l 0 ( - ) = = (4.1) 

Where A is the wavelength, a is the absorption coefficient, and d is the optical path 
length (the internal width of the cuvette containing the sample). 

According to the Beer-Lambert law, the absorbance of a solution is directly 
proportional to the concentration of the absorbing species and the path length (eq. 
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4.2). Hence, for a given path length (d), we can determine the concentration of the 
species (c) , e.g. nanolloys, in our solution. 

A = eacd (4.2) 

Moreover, by combining U V - V i s spectroscopy analysis wi th the Mie theory cal­
culator, a physicomathematical theory describing the scattering of electromagnetic 
waves by spherical particles, we can estimate the size and structure of the nanoalloys. 
However, some conditions must be satisfied, e.g. the sphericity and homogeneity of 
the particles and the planarity of the light waves. The N P s interaction wi th light 
can then be described using the following formulas [76]: 

A (e>m + 2edy + {elY ^ 

u 2  

e" = ^ (4.5) 

7 = (4-6) 
J-'bulk 

Where Cext represents the N P s extinction coefficient, R their radius and the 
dielectric function of the N P s , em the dielectric function of the solvent, e°° the dielec­
tric function at high frequencies (for most materials it is equal to 1), u represents 
the frequency of the incoming light, up the frequency at which the electrons i n the 
N P s resonate with theque incoming light, vp the Fermi velocity (from the Fermi 
energy) and L&ujfc the pathway of electrons in the bulk material. 

The necessary homogeneity assumption for this equation is much more chal­
lenging to meet for multi-metallic N P s such as nanoalloys. Nevertheless, the Mie 
theory can be used to consider particular types of multi-metallic N P s , e.g., core-shell 
structure [81]. In such the eq. 4.3 transforms to 

R, . TJ2 T f (eshell - £m)(eCore - Ztshell) + {1 - g)(£core - £shell)(£m + Ztshell) \ 
^ext = 47rit m x Im < — — — > 

I {tshell + 2em)(eCOre + ^shell) + (1 ~ 9){^shell ~ ̂ m){eCore ~ ̂ shell) J 
(4.7) 

Where esheu represents the dielectric function of the material located at the shell 
side, g the shell's volume fraction, ecore the dielectric function of the material located 
at the core, and as in the previous set of equations, R represents the particles' radius 
and em the solvent's dielectric constant. Note that if g — 0, the eq. 4.7 reduces to 
the eq. 4.3 representing a N P without a shell. Therefore, the final spectrum hides 
information not only about the particle size and composition, but also about the 
element distribution in the particles together wi th the shell and core diameters. 

Al though this is a very appealing technique providing very useful information, 
it is st i l l essential to keep in mind that due to its statistical nature, it is essential 
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to combine the information extracted from it wi th complementary characterization 
methods discussed in this chapter. 

4.2 DLS 

The D L S measurements were carried out by a D L S measurement system (Zetasizer 
Nano ZS90, Malvern Instruments L t d . , U K ) wi th the laser's wavelength centered at 
632.8 nm, and were employed to assess the N P s hydrodynamic size and stability. 

The measurement is based on detecting scattered electromagnetic waves upon 
interaction wi th spherical particles (ranging from about 0.3 to 5000 nm) dispersed 
in a solvent (Fig. 4.3). W h e n the light is scattered from all particles present in 
the colloid, the electromagnetic waves interfere wi th each other randomly and cre­
ate a speckle pattern, which is detected by a photodetector and transformed into 
a signal. Due to the Brownian motion, however, the particles are not st i l l , and 
thus, the speckle pattern changes through time, resulting in the fluctuation of the 
measured light intensity. The intensity of the scattered light depends on the size 
of the particle; the larger the particle is, the more light it scatters, and the less 
the intensity fluctuates. A correlation curve is constructed by comparing intensity 
fluctuation at different time intervals. Proportional to the exponential rate decline 
of the correlation curve is the diffusion coefficient (D), which is directly related to 
the particle's size through the Stokes-Einstein equation (eq. 4.8). 

D 
67ir]r (4-

Where kj, represents the Boltzmann's constant, T the temperature of the medium, 
rj the viscosity of the medium and r the particles' size. 

Laser 

Log(i) 

Figure 4.3: Principle of a D L S measurement. Created in BioRender. 
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4.2.1 LDE 
Another method that uses D L S is L D E , which measures the electrophoretic mobility 
of N P s present in a sample. The L D E system employs the same instrument used for 
D L S . However, a special cuvette is used in this case, which contains two electrodes 
attached to it that send an electrical current through the sample. The charged 
species move to the electrodes at different rates depending on the voltage applied. 
From the measured velocity, known as the electrophoretic mobility, we can obtain 
the Zeta potential (z) of the sample from Henry's equation (eq. 4.9). 

- 3 W E (4.9) 
2ef(na>) 

Where r\ is the viscosity of the medium, \iE the electrophoretic mobility, e the 
dielectric constant of the analyzed material, and f(na) Henry's function, which value 
is either 1.5 or 1.0. The value 1.5 is employed to measure medium-sized particles 
dispersed in an aqueous medium (this is known as the Smoluchowski approximation). 
The 1.0 value is used for small particles dispersed in a low dielectric constant medium 
(this is the Huckel approximation). 

The knowledge of Zeta potential (ZP) allows us to understand the stability of 
the particles. The magnitude of Z P is attributed to the degree of electrostatic 
repulsion between akin particles in close proximity. A high Z P (negative or positive) 
indicates that the particles wi l l resist aggregation and thus be electrically stabilized, 
while a low Z P means the particles wi l l tend to aggregate and eventually sediment. 
A s agreed by convention, |0my| > z > \5mV\ leads to a poor stability, |10my| > 
z > \30mV\ incipient stability, |30my| > z > \40mV\ moderate stability, |40my| > 
z > \60mV\ good stability, and z > \61mV\ excellent stability [82]. 

4.3 HR-TEM 

The T E M images were acquired by a scanning transmission electron microscope 
(FEI , T I T A N 80-300, ThermoFisher Scientific, U S A ) working at 300 k V , and were 
employed to extract the N P s size, which was assessed by fitting a log-normal curve 
to the values of 700 N P s counted manually. 

Unlike optical microscopy ( O M ) , which is based on the interaction of electromag­
netic waves with a sample, electron microscopy uses the interaction of an electron 
beam wi th a sample to produce an image. According to the de Broglie relationship 
evidencing the wave-particle duality of electrons, the electrons' wavelength can be 
described by the following formula: 

A = — (4.10) 
mv 

Where h is the Planck's constant (6.626 • 10~ 3 4 J-s), m is the mass of an electron 
(9.1 • 10~ 3 1 kg), and v its velocity. Since the electrons shall be accelerated in an 
electron microscope to interact wi th the sample, their velocity can be described in 
terms of the microscope's accelerating voltage in the following form: 
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eV=^mv2 (4.11) 

Where e is the charge of an electron (1.6 • 10~ 1 9 C ) , and V is the accelerating 
voltage (300 k V in our situation). Thus, by replacing this electron velocity in the 
eq. 4.10, it is possible to get the final form of the electrons wavelength: 

A = k = 2.24 pm (4.12) 
y2meV 

Moreover, since the velocities of electrons i n a microscope get close to the speed 
of light, the electrons suffer relativistic effects, namely, length contraction, time 
dilation, and increase i n mass, thus, eq. 4.12 transforms to: 

A = - = • — 1 = 1.96 p m (4.13) 
V2meV h i _§v_ 

V 1 ~T 2mc2 

Since the resolution of a microscope comes from the wavelength of the employed 
radiation, it is evident that the electron microscope able to reach 1.96 p m must have 
a better resolution than conventional optical microscopes l imited by the wavelength 
of light (400-700 nm). Given this outstanding resolution, we are able to view objects 
as small as a few nanometers and, in the case of H R - T E M , down to the atomic scale. 

There are two main types of electron microscopes, namely, scanning (SEM) and 
transmission ( T E M ) electron microscopes. The samples in this work were charac­
terized using T E M ( H R - T E M ) because it enables high-resolution imaging and the 
possibility of determining crystallographic families based on d-spacing analysis. 

Generally, the electron microscopes operate on similar principles, where primary 
electrons are generated from an electron gun in the head of the microscope. The 
source can be a hot cathode (usually a tungsten filament or a single L a B 6 crystal) 
or an auto-emission source. Due to the high voltage applied (~ 100-300 k V ) , the 
electrons are emitted from the source. The highly accelerated primary electron beam 
then enters a system of condensing lenses where it is focused on a desired spot size 
and location on the sample. 

Pr imary electrons interact wi th matter to generate various signals. Some of 
the electrons are transmitted, some are absorbed, and others are scattered (Fig. 
4.4). Each of these interactions provides different type of information. We then 
choose the corresponding signal based on what we want to study. For example, in 
S E M , the main signals studied are the secondary (SE) and the back-scattered (BSE) 
electrons, which give information about the topography and atomic number based 
on the topographical and chemical contrast. In T E M , on the other hand, the signals 
studied come from the transmitted electrons that are detected by a charge-coupled 
device ( C C D ) camera at the bottom of the chamber. 

T E M requires a very th in sample (~ 100 nm) for the electrons to be transmitted 
through it. To obtain high-quality images, it is thus necessary to prepare the sample 
wi th high precision. Even though the C C D camera has high resolution (< 0.1 nm), 
the final image quality greatly depends on the sample preparation. W h e n analyzing 
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Primary electrons 

Absorbed 
electrons 

Auger electrons 

Characterist ic 
X-rays (EDX) 

Secondary 
electrons (SEM) 

Visible light (OM) 

Back-scattered 
electrons (SEM) 

Sample 

Elastically scattered 
electrons (SAED) 

Inelastically scattered 
electrons 

Transmitted electrons 
(TEM) 

Figure 4.4: Types of electron-matter interactions and the corresponding technique 
used to analyze the sample based on the detected electrons. 

a colloid, the sample is prepared by depositing a droplet of the sample on a copper 
grid covered by a carbon f i lm to avoid overcharging, and letting it dry before placing 
the holder into the instrument. 

S A E D measurement can be carried out in the same T E M instrument from which 
T E M images are obtained. Moreover, S A E D enables the analysis of especially small 
areas, e.g., an area wi th one or more N P s . Considering that S A E D is employed to 
analyze the crystallinity of materials, the precision and the ability to select areas 
makes S A E D more accurate i n analyzing samples wi th a lower concentration of N P s 
than, for example, X-ray diffraction ( X R D ) , where the area analyzed is much larger. 

The sample is the same as for the T E M analysis. Hence, the highly focused 
primary beam of electrons interacts with the matter, as previously mentioned (Fig. 
4.4). The interaction can be understood as an interaction of an electromagnetic wave 
of the primary electron wi th an electron of a fixed atom in the sample. This interpre­
tation occurs because the accelerated electrons have an extremely short wavelength 
( 1 0 - 3 nm) and the average d-spacing in the lattice is much larger ( 1 0 _ 1 nm). There­
fore, the diffraction of an electron on an atom from an atomic plane of a crystal 
lattice is possible if Bragg's law (eq. 4.14) is satisfied. 

Where n represents the refractive index of the material, A the wavelength of 
electrons, d the distance between the atoms, and 9 the angle between the primary 

4.3.1 SAED 

n • \ = 2d • sin{6) (4.14) 
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electron beam and the atomic plane. 
The diffracted electrons are detected by a high-angular annular dark field detec­

tor (Model 3000, Fischione Instruments Inc., U S A ) . Therefrom we obtain a selected 
area diffraction pattern ( S A D P ) in which the bright spots are a result of a con­
structive interference of electrons satisfying Bragg's law, and the black background 
corresponds to destructive interference. Depending on the crystallinity of the ma­
terial the S A D P varies. For example, in the case of a monocrystalline sample, the 
S A D P consists of points of a square grid and concentric rings in the case of a poly-
crystalline sample. We can determine which crystallographic families are present in 
the sample from these patterns. 

4.3.2 EDX 
Electron probe microanalysis ( E P M A ) is a non-destructive spectroscopic method 
used to identify the chemical composition of a sample. This method is based on 
the detection of X-rays that the sample emits. E P M A enables qualitative, semi­
quantitative, and quantitative element analysis at very small "spot" sizes using 
an energy-dispersive ( E D X ) or wavelength-dispersive ( W D X ) X-ray spectrometer. 
These spectrometers are usually a part of either S E M or T E M . 

In E P M A , the sample is irradiated by an accelerated and highly focused beam 
of electrons. If the energy of the primary electrons is high enough, they can eject 
electrons from the sub-valence electron shell of the sample's atoms. A s the excited 
atom returns to the ground state, an electron from a higher energy level fills the 
vacancy of the ejected electron by releasing a quantum of energy in the form of 
X-rays. These X-rays are characteristic of each element, and thus, by knowing the 
energy or wavelength of these rays, we can identify the elements present in a sample 
[83]. ' 

The electrons from higher energy levels can fill vacancies in multiple ways. The 
energy levels are named alphabetically K, L, M, N,... and the corresponding elec­
tron transitions between them a, (3,7,... where a is the transition from the closest 
neighboring level, /3 is the transition from the second closest level, 7 the th i rd and 
so on (Fig. 4.5). For example, if a vacancy in the energy level K is filled by an 
electron from the adjacent level (L) , then the transition is called Ka. 

In the case of E D X , the X-rays are detected by a semiconductor (e.g. Si(Li) 
or Ge) and generate an electron-hole pair (in our case, the employed detector was 
an energy-dispersive X - M a x 80 from Oxford Instruments, U K ) . The current that 
is produced i n the detector is proportional to the energy of the incoming rays. 
The generated signal is then directed to a multichannel analyzer that analyzes the 
electrical impulses and creates a whole energy spectrum of the X-rays in the form 
of a histogram. 
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Characteristic 
X-rays 

Transitions 

Figure 4.5: Illustration of the electron shell and the transitions taking place upon 
excitation by primary electron beam in E D X analysis. 

In an I C P - O E S instrument, the sample, transformed into a homogeneous solution 
by a chemical digestion process, is continuously injected into a nebulizer, where it 
forms an aerosol. The species present are then excited due to the collisions with the 
A r plasma, which is maintained by an alternating high-frequency magnetic field at 
extremely high temperatures (6000 - 10000 K ) . To return to the ground state, the 
excited species release energy in the form of photons wi th a characteristic wavelength 
corresponding to the specific element according to the following equation: 

Where AE represents the energy difference between the excited electronic level 
and the ground level, h the Planck's constant that has a value of 6.626 • 10~ 3 4 Js, v 
represents the frequency of the emitted electromagnetic wave, A its wavelength, and 
c the velocity of light in the vacuum wi th an average value of 3-108 m/s. 

Subsequently, an optical spectrometer detects the intensity of the emitted pho­
tons, which is proportional to the number of atoms present in the analyzed volume. 
Our samples were analyzed by an I C P - O E S spectroscope (Optima 2100Dv, Perkin 
Elmer, U S A ) wi th a detection l imit of 0.2 ppb, enabling us to understand how many 
elements composed our nanoalloys. Thus, helping us to determine the nanoalloys 
element composition. Furthermore, the data obtained were converted to atomic per­
centages (at.%) to understand better the sample's composition based on the amount 
of the present elements. 

4.4 ICP-OES 

AE = hv 
he 
T (4.15) 
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4.5 VSM 

To measure the magnetization using a V S M instrument, the sample is mounted to 
a vibrating holder that oscillates in a system of coils. Due to the sample's mag­
netization, the oscillation induces a voltage on the coils, which can be measured 
and transformed into a hysteresis loop, permeability, or magnetic moment. The 
hysteresis loop (Fig. 4.6), in particular, gives information on the saturation magne­
tization (Ms) representing the maximum magnetic moment per unit volume with in 
the sample, remanence magnetization (Mr) defining the magnetization remaining in 
the sample after turning off the applied external magnetic field, and coercivity (He) 
denoting the magnetic field's intensity required to reduce material's magnetization 
to zero. Moreover, using this information, it is possible to assess the remanent ratio 
(R)= Mr/Ms, which tells how easy it is to reorient the direction of magnetization 
after removing the magnetic field. This is of particular interest for selecting the 
appropriate application for the studied material; for instance, a high remanent ratio 
can be handy for magnetic recording, and a low one for motor cores or transformers 
minimizing the energy dissipation wi th alternating fields [84]. In addition, these 
values also enable calculating the anisotropy constant (K) wi thin the samples, re­
ferring to how the magnetic properties can be modified depending on the samples' 
orientation. This is calculated according to the Stoner-Wohlfarth theory [85]. 

K = 1.02 • He • Ms (4.16) 

In the current thesis work, the N P s were analyzed using a V S M (Model 7404, 
Lake Shore, U S A ) in a magnetic field of ± 15 kOe at ambient conditions. The sam­
ples were inserted into a V S M sample holder (730931 K e l - F , powder upper/bottom 
cup) mounted on a fiberglass tai l wi th a vibration frequency of 82 H z , employing 
a vibration amplitude of 1.5 m m , and time constant of 100 ms. 

c 
o 
<3 
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^ M s ^ M s 

H C J 
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Figure 4.6: Illustration of a hysteresis loop obtained from V S M with defined points 
corresponding to the saturation (Ms), remanence ( M r ) , and coercivity (Hc) of a fer­
romagnetic material. 
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5 Results and discussion 

5.1 Morphology 

A s observed in F i g . 5.1 A , the most significant difference between the samples' 
absorbance lies in their decline. Whi le samples created using larger p H values exhibit 
a more straight absorbance decrement, those created employing a lower p H tend to 
show a more pronounced one. According to the Mie theory [81], such behavior 
corresponds to the one of nanoalloys wi th phase segregation, in particular, to core-
shell N P s . Such an observation largely agrees with the Hume-Rothery rules stating 
that two elements cannot form substitutional alloys if; (i) their atomic radius differs 
by more than 15%, (ii) their crystal structures are not similar, and (iii) they have 
different valency, and electronegativity [77]. In the current case, although P d and 
Fe have a coincident crystalline structure (face-centered cubic) and at least one 
coincident valency value (2) [86], the rest of the rules are violated, i.e., the difference 
between P d radius (163 pm) and Fe radius (126 pm) is 29.36% , according to the 
following equation: 

Where r' represents the atomic radius of the first element and r" of the sec­
ond one. Moreover, the electronegativity of both elements largely differs (1.8 for 
Fe and 2.2 for Pd) [86]. Thus, it is expected to obtain a phase-segregated type of 
structure such as a core-shell. In addition, the samples' absorbance spectra provide 
further information about the element distribution wi th in the N P s ; as observed in 
F i g . 5. IB , the most significant decline corresponds to a larger amount of P d within 
core-shell N P s where the P d composes the core and Fe the shell, i.e., Pd@Fe N P s . 
Oppositely, a less pronounced decrease corresponds to Pd@Fe N P s where the P d 
composing the core is less abundant. Note that the experimental data is not entirely 
coincident wi th the theoretical calculation obtained employing the open access Mie 
calculator from Prof. Lucien Saviot ([87]), which considers the nanoalloys are spher­
ical, have a mono-modal size distribution, and the element distribution is the same 
for all particles. In an actual synthetic procedure, such ideal conditions are rarely 
satisfied, and thus, the calculated graphs can provide minimal information about 
the morphological properties found in the produced nanomaterials. This is why it 
is mandatory to employ complementary methodologies to unveil our nanoproducts' 
real aspect and properties. 

(5.1) 
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Figure 5.1: Absorbance spectra of A ) prepared samples employing various p H con­
ditions, and B) set of simulated graphs considering Pd@Fe N P s are dispersed in 
water. The considered total N P s size is 70 nm, also representing the shell diameter, 
and the core's size varies from 0 to 70 nm. Thus, the notation 0:70 corresponds to 
N P s purely composed of Fe, 40:70 to N P s wi th a core diameter of 40 n m and a shell 
of 70 nm, and 70:70 to N P s entirely composed of P d . Note that the sample where 
p H 1 was employed could not be measured. W h e n keeping the sample in a colloidal 
form, the highly acidic conditions digested the solid N P s , making their measurement 
in a colloidal form impossible. 

5.1.1 Shape and size 

T E M 

A s observed in F i g . 5.2, the p H conditions primari ly affect the N P s composition, 
shape, and size. The different contrast degrees within the samples suggest that all 
N P s present phase segregation as predicted by their absorbance spectra, although 
not entirely the core-shell type of segregation. Since transmitted electrons generate 
bright-field T E M images, either superposition of N P s or heavier element composi­
t ion can result in the observed darker color. Thus, very loaded images such as the 
ones belonging to p H 3.6, 5, or 11 could be misleading due to the large number 
of superposing N P s . However, the rest undeniably show that within single N P s , 
it is possible to observe different darkness degrees; thus, phase segregated compo­
sition. O n the other hand, their shape is similar in all cases, i.e., quasi-spherical. 
A s explained in Chapter 1.4, in a classical L A L experiment, N P s ejected from the 
cavitation bubble's collapse are sti l l hot when released into the l iquid medium; thus, 
their interaction wi th the solvent's cold molecules increases the N P s surface tension 
resulting in their reshaping into spheres. Differently, in R L A L , the solvent is full 
of metal salts causing the additional effect of salt reduction over the N P s surface, 
thus, leading to the formation of quasi-spherical particles. In addition, the N P s 
size is unique; although wide, most samples show a monomodal distribution, which 
is not typical for classical L A L , but has been observed multiple times in R L A L [78]. 
A s described by Gokce and Zhigilei groups back in 2018 [88], the N P s bimodal size 
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distribution is a consequence of two effects, the nucleation and growth of small par­
ticles in the cavitation bubble and the rapid ejection of bigger pieces beyond the 
cavitation bubble. Thus, if the particles coming from the cavitation bubble keep 
growing due to the reduction of metal salts over their surface, it is expected that 
they wi l l reach a monomodal size distribution. 

0 10 20 30 40 50 60 70 90 0 20 40 60 30 100 1 20 140 0 4 0 SO 120 100 0 20 40 GO 90 100 120 140 100 

Size (mm) Size (nm) Size (nm) Si2e (nm) 

Figure 5.2: T E M images of synthesized P d / F e O z N P s and the corresponding size 
histograms wi th log-normal fitting. 

A deeper inspection indicates that N P s synthesized at p H 1 have a peculiar mor­
phology, where large and dark N P s seem to encapsulate small and light N P s , thus 
creating phase-segregated N P s that have been recently identified as nested N P s [89]. 
Considering P d is a heavier element than Fe, it is plausible that we are forming P d 
N P s wi th nested Fe in them. Moreover, the irregular but similar to the rest of the 
samples, quasi-spherical shape seems to indicate the formation of high-miller index 
facets; however, such analysis wi l l be presented in the subsection corresponding to 
element distribution. The samples corresponding to p H 3-13 present a different 
type of element segregation, which agrees wi th our prediction from the U V - V i s re­
sults, i.e., the contrast difference wi th in individual particles seems to indicate that 
either we are creating isolated P d and Fe N P s , or small Fe N P s start to cover the 
surface of big P d N P s partially. Moreover, when the p H value increases, it is easier 

44 



to find Pd@Fe N P s , yet always accompanied by small Fe N P s decorating the sur­
face, especially in the case of samples produced using p H 5 and 9 that show the 
most significant number of small N P s . This morphology is highly desired for het­
erogeneous catalysis, given the presence of M S I sites, as mentioned in Chapter 1.2. 
The presented results are in accordance wi th the hypothesis presented in Chapter 
2. Thus, we prove here that by varying the p H of the P d salt solution, we can favor 
the formation of geometrical structures that can potentially present M S I sites. 

D L S 

The measurements obtained using the D L S instrument help assess the particles' 
hydrodynamic size, yet, such information can be expressed in various forms: based 
on intensity, volume, and number. A s discussed in Chapter 4, the D L S instrument 
measures the fluctuation of light intensity through time, and thus, if there are larger 
particles present in the sample, the measured intensity is much higher than that 
of smaller N P s . Due to the fact that the light intensity dramatically depends on 
the particle's size, the presence of even one dust particle can overshadow the N P s 
in the sample. Thus, the graphical output displaying intensity as a function of the 
N P s ' size can provide misleading information. Displaying either volume or relative 
frequency number as a function of size is more accurate. In this work, the results 
from D L S present the relative frequency number as a function of the N P s ' size to 
have a better overview of the hydrodynamic sizes of all particles within our samples 
(Fig. 5.3). 
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Figure 5.3: D L S size distributions of prepared P d / F e O z N P s . 

Size distributions obtained from D L S demonstrate much bigger sizes of N P s 
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compared to those from the T E M analysis. Put t ing aside the fact that D L S size 
determination is based on measuring spherical particles, and as observed from T E M 
our N P s are not purely spherical, such results imply that the measured N P s form 
larger structures through time, possibly due to their general aggregation or due to 
the fact that the smaller N P s tend to get attached to the bigger particles' surface; 
a phenomenon, although long-time ago described as heteroaggregation process, not 
well understood. A s lately described by Alsharif et al . [90], D L V O theory acts 
as a first approximation to understanding such phenomenon; however, when the 
system under study is composed of multiple elements, as it is our case, this theory 
does not provide reliable data. Despite this uncertainty, D L V O theory, accompanied 
by empirical observations, sti l l allow understanding that the most important factors 
in heteroaggregation are the colloids' p H conditions, the system's ionic strength, and 
the components' concentration. Considering our fundamental hypothesis is that p H 
can modify the element distribution within the produced nanoalloys, p H should 
be the most crucial factor leading to different heteroaggregation expressions; thus, 
hydrodynamic size distributions. Aside from modifying ionic strength and elemental 
composition within the particles, the p H also seems to play a key role i n the particles' 
general aggregation. A s observed in Fig.5.3, the samples produced at p H 3 and 13 
show the smallest hydrodynamic sizes (~ 40 nm) out of all samples; in contrast, p H 
5 has the largest hydrodynamic size (~ 134 nm). Considering the classical D L V O 
theory, a most significant amount of protons within lower p H values {H+), as well 
as a larger amount of hydroxide anion (OH~) wi th in higher p H values, most lead to 
an increased electrical double layer around the produced N P s [91], thus, an enhanced 
electrostatic repulsion among particles, resulting in a lower aggregation. 

5.1.2 Stability 
The trend displayed in F i g . 5.4 shows the decreasing tendency of the Z P from pos­
itive to negative values based on the p H of the samples (note that the p H of the 
solution was approximately the same before and after ablation). This trend is in 
accordance wi th the assumption that at a lower p H the positively charged hydro­
gen ions/protons H+ are in abundance and, thus, surround the N P s present in the 
solution leading to a positive Z P value. O n the other hand, with higher p H values, 
the amount of OH~ around the particles increases, leading to negative Z P values. 
The lower the p H is, the higher the H+ is, and therefore, the higher the positive Z P 
values are and vice versa. Note that, since D L S and Z P data heavily depend on the 
optical values of the particles' surface, we measured considering that the particles 
were purely composed of Fe or P d . Such an assumption was made to cope wi th 
the U V - V i s results suggesting the formation of phase-segregated nanoalloys. More­
over, even when both considerations lead to similar results, T E M images displayed 
a preferential element distribution of Fe in the nanoalloys shell. Thus, this is the 
reason why the results displayed herein correspond to nanocolloids considering only 
Fe optical properties. 

The p H at which the Z P is equal to zero, also understood as the p H at which the 
N P has a net surface charge equal to zero, is the so-called point of zero charge ( P Z C ) ; 
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Figure 5.4: Zeta potential of the prepared nanocolloids based on the p H of the P d 
salt solution and the point of zero charge ( P Z C ) . 

in this case, the P Z C is around 10.29. Samples exhibiting positive ZP , and accord­
ingly having a p H above the P Z C , have a positive surface charge, while samples with 
negative Z P values have a negative surface charge. The measured Z P values reveal 
that all samples apart from p H 11 and 13 have a positive surface charge. However, 
p H 11 also has the most significant standard deviation out of all the samples, and 
hence, surface charge, in this case, is considered unknown. Samples synthesized at 
p H 3 and 13 have the highest ZP , 24.8 m V and -18.4 m V , respectively, and thus, 
are the most stable out of all the samples and are less aggregated. These results 
follow the hydrodynamic sizes obtained from the D L S measurements, where p H 3 
and 13 displayed the smallest size. Al though none of the samples exhibited long-
term stability, when monitoring them over 3 months, the sample produced at p H 3 
was the most stable. The rest of the samples had visible sedimented agglomerates. 
For further stabilization, it is possible to measure the p H of the clean samples and 
adjust that accordingly to achieve higher Z P values. 

5.1.3 Element distribution 

E D X 

Firstly, by employing E D X area analysis, we got a general overview of the N P s ' 
composition. The analysis was carried out in the dark field mode, which enables the 
differentiation of N P s made up of various elements based on the N P s ' brightness. 
In the dark field, N P s composed of heavier atoms are displayed brighter than those 
composed of lighter atoms. Hence, two areas were selected for the E D X analysis to 
analyze the different compositions: a brighter and a darker area. From the E D X 
spectra (Fig. 5.5), it is visible that most of the samples contain both elements (Fe 
and Pd) . However, Fe is the main constituent present in most of the samples and 
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comprises mainly the outer part of the N P s , while P d seems to be in a smaller amount 
covered by Fe. The E D X instrument is a part of T E M , and the signal's intensity 
is proportional to the concentration of the elements in the sample. Even though 
T E M has a very high resolution, by employing E D X area analysis, the analyzed 
area is not actually confined to only the selected area; thus, the resulting spectra 
of two close then very similar and do not provide the highest detailed 
information about the sample's composition. Therefore, the E D X analysis gives 
us only approximate information about the samples' element distribution. 
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Figure 5.5: E D X area analysis of synthesized P d / F e O z N P s . 

A deeper inspection indicates that the sample synthesized at p H 1 has the most 
intense P d signal out of all the samples and a much lower intensity of Fe signal in 
both selected areas. O n the other hand, E D X spectra of p H 3 reveal two different 
area compositions. The E D X spectrum of the first (brighter) area shows almost 
the same P d and Fe signals intensity, whereas the second (darker) area does not 
show any peaks belonging to P d . A l l E D X spectra contain C u signals that come 
from the C u grid on which the samples are placed. Spectra of p H 3.6 suggest that 
much lower peak intensities belong to P d compared to the previous samples' spectra; 
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however, the Fe signal is stronger in both areas. Samples belonging to p H 3, 3.6, 
and p H 9 also have visible peaks attributed to oxygen (O). It is thought that most 
of the samples contain Fe in the form of oxides in the N P s ' shell due to oxidation 
during the synthesis, or it is also likely that O atoms can be adsorbed to the N P s 
surface during the analysis. However, the O peaks in the E D X spectrum can be 
overshadowed by Fe peaks, as is the case of p H 9. In p H 5, the two spectra look 
almost identical; nonetheless, a closer look reveals that the intensity of P d in the first 
(brighter) area is slightly higher than that in the second (darker) area. Moreover, 
in the T E M image of p H 5, a larger Fe-based N P seems to encapsulate the brighter 
one, which has a much smaller nested Fe-based N P ; in addition, the whole structure 
is covered by many smaller Fe-based N P s , which is why we observe more intense Fe 
signal than the one attributed to P d . Even though the N P is similar to the one in 
p H 1, it is twice as small, and thus, the signals differ. For p H 7, there were three 

selected: two brighter and one darker The spectra of the brighter 
areas have a more intense P d signal, whereas the spectrum of the darker area has 
barely any P d signal. However, the Fe peaks have a consistent intensity in all three 
spectra. The spectra of p H 9 stand out from the rest of the samples because none 
of the spectra contain peaks belonging to P d . After a thorough analysis of the 
T E M image, it is possible to conclude that the brighter area is not only indicative 
of a heavier element. Rather, it can indicate the result of the N P s (most likely 
Fe/FeOz) stacking or Fe encapsulation of extremely small nested P d N P s . Al though 
E D X analysis did not provide information on P d content in the sample synthesized 
at p H 9, possibly due to the overshadowing of Fe signal, alternative and more precise 
methodologies must be considered to complement the current findings. The spectra 
of p H 11 are contrasting; the brighter area has more P d content than the darker 
area from which the spectrum obtained contains a very small P d peak, though the 
intensity of the Fe signals stays stable. Lastly, p H 13 seems to have intense P d and 
Fe signals coming from the first area; however, in the spectrum of the second area, 
the P d peak almost disappears, leaving only peaks attributed to Fe, similarly to the 
first spectrum. Overall , E D X spectra correlate well wi th the element distribution 
assumptions made in the previous subchapters, i.e., mostly phase-segregated alloys 
are created where, except for p H 1, P d is encapsulated by Fe, either in the form of 
a shell or in the form of small N P s . 

H R - T E M 

To gain more detailed information about the N P s ' element distribution, H R - T E M 
analysis was employed. In H R - T E M images, the individual atoms (electron shells) 
are visible, allowing the space measurements between the atomic planes in a crystal 
lattice (d-spacing). The measurements were carried out using Image J , and the 
crystallographic families were assigned to the measured d-spacings according to the 
databases of the international centre for diffraction data ( I C D D ) . The results from 
the H R - T E M analysis are seen in F i g . 5.6. In addition, all data corresponding to 
the analysis can be found in T a b . A . l in the Appendix . Due to the very precise 
analysis of different parts of a single N P , this method gave a much more detailed 
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analysis of the prepared N P s than E D X . For instance, the samples' darker sides 
always lead to the identification of the tetragonal F e P d crystal ( I C D D file: 2-1440), 
whereas the brighter sides lead to the identification of the rhombohedral FeO crystal 
( I C D D file: 6-711), or as displayed in p H 3.6 and p H 5, also to the face-centered 
cubic Fe3C>4 crystal ( I C D D file: 26-1136). The only sample that does not follow 
such tendency is p H 5, in which, although dark parts were selected for analysis, no 
crystalline families belonging to P d were found. Considering H R - T E M is performed 
in bright field mode, the brighter areas within the particles also imply a larger 
number of electrons being transmitted through and, thus, a clearer overview of 
atomic arrangement wi th in the studied crystalline particles. Since the selected dark 
area in p H 5 consisted of a small particle nested in a bigger and brighter one, we 
believe the crystalline structure belonging to P d could be overshadowed by those of 
the brighter element belonging to the two identified forms of Fe oxide. The same 
effect led to a completely different observation phenomenon when analyzing the 
brighter small particles nested in big dark particles in p H 1, resulting in the clear 
identification of nested Fe oxide small particles within FePd big N P s . 

Figure 5.6: H R - T E M analysis of synthesized P d / F e O x N P s . 

A n additional piece of information worth highlighting is that i n most cases, it 
was possible to identify high-index facets, denoted by a set of Mi l ler indices {hkl} 
where at least one of them is greater than the unity. This is typical when employing 
out-of-equilibrium conditions for the synthesis of nanomaterials, which is the case 
of R L A L [92]. Such anomalous crystallographic structures permit, among others, 
to form materials that partially contradict the Hume-Rothery theory; for instance, 
although phase-segregated, F e P d facets within the particles. Moreover, aside from 
creating geometries favoring the formation of M S I sites, these so-called high-index 
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facets have a high density of low-coordinated atoms, such as kinks, steps, or edges 
that serve as additional active catalytic sites [93]. 

S A E D 

S A E D , which is an even more precise analysis, was employed to expand the infor­
mation about our N P s element distribution. The H A A D F images obtained were 
analyzed using Image J , and the d-spacing was calculated from the measured l/2r 
values (r is the wanted d-spacing). Finally, the obtained d-spacing was matched 
wi th the I C D D databases to identify the crystal systems correctly. A l l data corre­
sponding to the analysis can be found in Tab.A.2 in the Appendix . 

In F i g . 5.7 the S A D P s are made up of concentric rings meaning the samples 
mainly consist of poly-crystalline N P s . Moreover, S A E D revealed some new crystal 
systems not previously identified using H R - T E M . Apar t from the Fe oxides and 
F e P d crystals that were already detected, most samples seem to have pure cubic Fe 
crystals ( I C D D files: 52-513, 85-1410). In addition, pure cubic P d crystals ( I C D D 
file: 65-2867) were identified in samples p H 1 and 13. These results coincide with 
E D X analysis, where the highest P d signals were found in spectra of p H 1 and 13. 
Moreover, in p H 5, F e P d and P d 0 2 crystals were readily found, which were not 
identified in H R - T E M analysis. However, P d peaks were visible in the E D X spectra 
of p H 5; thus, S A E D analysis confirmed that P d is present in the form of an alloy 
and an oxide. 
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Figure 5.7: S A E D analysis of synthesized P d / F e O z N P s . S A E D patterns of all the 
samples wi th assigned Mil ler indices differentiated by colours based on the associated 
crystals. 

Al though E D X analysis did not provide information on O peaks in all the sam­
ples, the S A E D analysis confirmed that all samples contain Fe in the form of oxides. 
The most commonly found Fe oxide crystals are rhombohedral FeO ( I C D D file: 
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6-711), cubic F e 3 0 4 ( I C D D file: 79-416, 74-748), orthorhombic F e 3 0 4 ( I C D D file: 
76-955), hexagonal F e 2 0 3 ( I C D D file: 40-1139), orthorhombic F e 2 0 3 ( I C D D file: 
47-1409) and rhombohedral F e 2 0 3 ( I C D D file: 79-7). Even though P d oxides are 
rarely assigned, the few times they are, they have different P d : 0 content ratios, 
crystal systems, and Mil ler indices. For example, in p H 5, tetragonal P d 0 2 crystal 
wi th Mi l ler index (211) ( I C D D file: 34-1101) can be found; however, in p H 7, cubic 
P d 2 0 crystal wi th Mi l ler index (111) ( I C D D file: 65-5065) is found. Moreover, in 
the S A D P of p H 9, two tetragonal P d O crystals wi th different Mi l ler indices are 
identified ( I C D D files: 85-624, 75-200), and lastly, in p H 11 d-spacing attributed 
to tetragonal P d O crystal wi th Mi l ler index (002) ( I C D D files: 75-200) is assigned. 
The only sample that does not have any P d or Pd-based crystals identified is p H 3.6, 
despite having P d signals in E D X analysis and assigned FePd crystals in H R - T E M 
analysis. The reason for such inaccuracy is related to the impossibility of observing 
diffraction points following larger-sized ring patterns, a phenomenon often related 
to the selection of regions with a large number of agglomerated N P s , which can be 
a side effect of N P s aggregation before the samples' preparation for T E M - r e l a t e d 
analyses. A n additional side effect of this is that two crystals are assigned in some 
cases because the d-spacings belonging to the ring patterns are not differentiated 
enough to select the proper crystal precisely. For instance, in the S A D P of p H 5 
a hexagonal FeO crystal (102) with 1.686 A d-spacing and tetragonal P d 0 2 (211) 
crystal wi th 1.681 A d-spacing are assigned. A s in the case of H R - T E M analysis, 
this analysis also allowed the identification of high-index facets, which, as stated 
before, is typical for R L A L . Overall , by employing S A E D analysis, we were able to 
confirm the results of the H R - T E M analysis and assign new crystal systems that 
gave us a deeper insight into the element distribution of all the samples. 

I C P - O E S 

Lastly, I C P - O E S allowed a more general quantitative overview of the samples' com­
position. A s displayed in Tab.5.1, all samples display a > 87 % Fe and < 13 % 
P d composition. This result greatly correlates wi th the init ial ly employed P d salt 
concentration of 0.1 m M , which can lead to a maximum P d concentration of 56.94 
mg/L within the samples. Note that the current calculation was done consider­
ing that after samples' cleaning, their solid content was collected in single 1.5 m L 
Eppendorfs, which were further employed for the I C P - O E S measurements. 

The I C P - O E S data also shows that the p H variation influences the total amount 
of P d composing the N P s . Al though the composition varies slightly, we can infer 
that the origin of such modification lies in the interplay between the ionic spices 
employed to control the p H of the samples and the K 2 P d C l 4 . A s discussed in 
Chapter 1, during the R L A L process, a portion of the total metal salt amount 
can be transferred into the ablation plasma, forming, in this way, part of the new 
N P s . However, the amount that was not transferred into the plasma can be further 
reduced over the recently created N P s surface. Since P d C l 2 - are the P d spices 
interfering i n the alloy formation, they would need to compete for a space at the 
N P s surface wi th the ions used to modify the p H , i.e., H + and C l ~ in case of H C L , 
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and K + and 0 H ~ for K O H . Such chaotic interplay between various amounts of 
different charges can result in variation within the final N P s composition. Thus, we 
can conclude from this observation that, although the hypothesis of p H modification 
leading to the control of N P s element distribution is very appealing, it necessary to 
keep in mind that it can also affect their element composition. Moreover, given the 
out-of-equilibrium conditions leading to a chaotic interplay between species at the 
N P s surface, the final N P s atomic composition can be only estimated in terms of 
the amount of used metal salt but not precisely predicted. 

Sample Fe (mg/L) P d (mg/L) Fe (at.%) P d (at.%) 
p H 1 0.011030 0.003131 87.03 12.97 
p H 3 357 47.3 93.49 6.51 
p H 3.6 169 43.7 88.05 11.95 
p H 5 154 33.3 89.81 10.19 
p H 7 500 45.2 95.46 4.54 
p H 9 179 48.8 87.47 12.53 
p H 11 206 50.7 88.57 11.43 
p H 13 211 42.4 90.46 9.54 

Table 5.1: Atomic percentages of Fe and P d in all the samples from I C P - O E S . 

5.2 Magnetic properties 

The magnetic properties of the synthesized P d / F e O x N P s are essential because the 
material we are aiming for would find application in catalysis. Thus, having a cata­
lyst wi th significant magnetic properties would allow it to be efficiently recycled. In 
this work, Fe foil was used for the synthesis, and from the previous analysis we know 
that the N P s contain Fe in the form of oxides (FeO, Fe203, FesC^) as well as alloy 
(FePd). Hence, we predict that the N P s should be easily manipulated when exposed 
to an external magnetic field. In order to know the magnitude of magnetization, 
the N P s underwent V S M analysis. 

The results obtained from V S M measurements are displayed in F i g . 5.8. The 
magnetization curves visible are the so-called hysteresis loops which are typical 
for ferromagnetic materials. The exact values of saturation (Ms), remanence ( M r ) , 
coercivity {He), as well as the remanent ratio (R)= Mr/Ms and anisotropy constant 
(K) of the samples are summarized in Tab. 5.2. There is a noticeable trend where 
there is an increase in magnetization values wi th an increasing p H of the sample, 
more precisely, an increase in Ms values. The only sample not adhering to this trend 
is p H 3, which has a higher Ms value than p H 3.6 and 5. Otherwise, the trend applies 
to all the samples. The highest Ms value is reached at p H 13 (183.333 emu-g" 1 ) . 
on the other hand, the lowest Ms values belongs to p H 3.6 (64.041 e m u - g - 1 ) . The 
highest Ms value measured is close to that of pure iron (221.71 ± 0.08 emu/g) 
[94].The magnetization depends in this case on many different factors: the Fe :Pd 
content ratio, or the oxidation states of iron, for instance, Fes04 is ferrimagnetic [95], 
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Fe20"3 exhibits weak ferromagnetism at room temperature and antiferromagnetism 
below 260 K [96], and FeO is paramagnetic at room temperature [97]. Moreover, it 
also depends on the N P s size [98] and their structure, i.e., the magnetic behavior 
would vary if the particles are phase-segregated [99]. Thus, to correctly interpret 
the results of the V S M measurements, it is necessary to consider all of these factors. 

J i I i I i I i I i I i L 

-15 -10 -5 0 5 10 15 

Magnetic field (kOe) 

Figure 5.8: Hysteresis loop of all samples subjected to magnetization by an external 
magnetic field in V S M measurement. 

A s observed in Tab. 5.2, the principal factor influencing the samples' magnetic 
behavior seems to be the p H variation when creating the N P s . This correlates well 
wi th the U V - V i s and T E M data, where the encapsulation of Fe reduces wi th increas­
ing p H , leading to a preferential formation of Pd@Fe. A s suggested by Aguilera-del-
Toro et al . [99], this implies that the quenched spin polarization of the Fe species 
by the non-magnetic element P d would decrease when increasing p H , resulting in 
larger magnetization values as the p H increases. Moreover, p H 13 has the highest 
Ms value which can be due to the bigger size of the N P s [100], as observed in T E M 
size measurements. The amount of P d , in addition, can explain the decrease in 
magnetization; the more the P d there is, the worse the magnetization of the sample 
is. From I C P - O E S , it is known that p H 3 has a lower at.% of P d than p H 3.6 and 
5, thus explaining the anomaly in the trend of increased M s wi th higher p H . 

Finally, a negative Mr value was measured for p H 11 accompanied by an ex­
tremely low H e , which applications prospects are stil l under study [101]. Al though 
this is a very unusual and stil l controversial phenomenon, there are some examples 
in the literature reporting this effect in core-shell nanoalloys or nanostructures with 
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Sample Ms Mr Hc Mr/Ms K 
(emu-g - 1 ) (emu-g - 1 ) (Oe) (a.u.) (emu-Oe-g - 1 ) 

p H 3 83.681 11.370 58 0.136 4951 
p H 3.6 64.041 10.200 80 0.159 5226 

p H 5 75.977 6.926 231 0.091 17902 
p H 7 90.988 5.311 37 0.058 3434 
p H 9 100.630 8.036 181 0.080 18578 

p H 11 123.271 -1.970 2 -0.016 189 
p H 13 183.333 10.729 85 0.059 15895 

Table 5.2: Measured saturation (Ms), remanence (Mr), coercivity (He) and calcu­
lated remanent ratio (R)= Mr/Ms and anisotropy constant (K) of the samples from 
V S M analysis. 

segregated phases in the core-shell form [102, 103, 104]. A s described by G u et 
al. [101], this phenomenon is a consequence of the interplay between the core and 
shell spins within core-shell N P s . W h e n the applied field is sufficiently large, core 
and shell spins can align to the applied field. However, when the field is reduced, 
as it occurs in V S M , the superficial or shell spins can fluctuate. In contrast, the 
core spins remind frozen, leading to an antiparallel spin alignment between core and 
shell spins resulting in negative remanent magnetization. Even though this is an 
improbable phenomenon to happen at room temperature, and possibly the reason 
why we do not observe it in most cases, some phase-segregated nanomaterials can 
display it, as is the case of N P s synthesized at p H 11. 

5.3 MSI determination 

The SMSI/MSI effect was assessed through the measurement of the synthesized N P s 
catalytic activity. For this, we employed the model reduction of the 4 - N P pollutant, 
as described in Chapter 3. B y measuring the absorbance at 401 nm, we created 
the graphs seen in F i g . 5.9 A . These graphs show that the absorbance is both 
time- and concentration-dependent. Thus, the longer the reaction time is, the lower 
the absorbance is. A s a result, the reduction of 4 - N P is visible in all the graphs, 
apart from the lowest concentration (top left graph F i g . 5.9A), which displays only 
a slightly decreasing tendency. However, as can be seen i n the graph corresponding 
to the highest concentration employed (bottom right F i g . 5.9A), the absorbance 
rapidly decreases at first, but at some point, it starts to slowly increase again, which 
is attributed to the excess amount of catalyst present after the reaction took place. 
In general, a higher catalyst concentration (catalyst dose) leads to a higher reaction 
rate which can be seen in the more rapid decrease of the absorbance. This occurs 
due to the increased amount of N P s in the reactor, hence, the increased number of 
active sites that enable electron transfer. 

The reaction rate constant as a function of the catalyst dose is presented in F i g . 
5.9 B for al l the samples. From these results, we observe that the highest catalytic 
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activity, and thus, the highest kinetic rate constant (kapp) belongs to p H 9 with an 
activity parameter (KC) of (2.03 ± 0.08) L/g-s. This sample has a high kapp (0.001 
s~r) even for the lowest catalyst dose (1.48 mg/L). O n the contrary, p H 13 displays 
the worst catalytic activity, having a nc of (0.64 ± 0.08 L/g-s). The rest of the 
samples seem to have quite a similar tendency. Samples synthesized at p H 3 and 
3.6, in particular, have almost identical nc values (1.27 ± 0.13 L/g-s) and (1.22 ± 
0.23) L/g-s, respectively. Moreover, p H 5 also posses high nc (1.64 ± 0.16) L/g-s. 
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Figure 5.9: Results of U V - V i s monitoring of 4 - N P degradation at 401 n m for 4 
different concentrations of N P s (A) and the change of the obtained kinetic rate 
constant based on the catalyst dose (B). Note that the sample synthesized at p H 1 
could not be tested due to the small amount produced. 

The reaction diagram (Fig. 5.10) i l lustrating the NP-mediated hydrogenation 
of 4 -NP, shows that such six electron-powered transformations from 4 - N P to 4 - A P 
heavily depend on the electron transfer from the N P s . For the electron transfer 
to occur, both the [BH 4 ]~ and 4-nitrophenolate anions must be adsorbed to the 
N P s surface. Thus, a crucial factor influencing the catalysis is the surface charge 
of the N P s , which affects the ability of the reactants to adsorb to the N P s ' surface. 
Namely, in the case of 4 - N P reduction, positively charged N P s should have enhanced 
catalytic activity because 4 - N P dissociates to the 4-nitrophenolate anion. Thus, the 
negatively charged ions can easily attach to the positively charged N P s . In our case, 
the Z P measurements reveal that most of the N P s , except those belonging to p H 
13 and possibly p H 11, have a positively charged surface. Hence, it is expected 
that the negatively charged species would be attracted to the N P s possessing the 
highest positive Z P value; this indicates that p H 3 should exhibit the best catalytic 
activity. However, the screening tests revealed that p H 9 serves as the best catalyst 
for 4 - N P reduction, so it is necessary to consider other factors contributing to the 
overall catalytic activity. 

A s it is well known, the catalytic activity increases wi th decreasing size of the 
particles due to the higher surface area, ultimately leading to an increased number 
of active sites [105]. From the T E M size measurements and D L S hydrodynamic 
size assessment, we know that samples synthesized at p H 3, 5, 7, 9, and 13 contain 
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Fe 0 Pd v 

Figure 5.10: Reaction mechanism of 4 - N P degradation catalysed by P d / F e O z N P s . 

the highest amount of small N P s . In addition, I C P - O E S revealed that the samples 
containing the highest at.% of the catalytically active element, i.e., P d , are those 
synthesized at p H 1, 3.6, 9, and 11. Thus, although the differences are minimal , the 
sample combining all these aspects is p H 9; therefore, it is expected that such sample 
displays the best catalytic activity. However, considering the most significant effect 
leading to an efficient catalytic activity during the performed model reaction is the 
materials surface charge, the above reasoning stil l does not fully explain why the 
sample synthesized at p H 9 displays an almost 2-fold KC increment when compared 
to the sample synthesized at p H 3.6 ((2.03 ± 0.08) L/g-s and (1.21 ± 0.23) L/g-s, 
respectively). Al though the sample p H 3.6 shows a slight size difference compared 
wi th p H 9, it st i l l presents the largest positive superficial charge associated with 
a Z P value of (8.87 ± 0.73) m V . Thus, the fact that their catalytic activity is not 
comparable points out an additional phenomenon. 

To the best of our knowledge, two additional phenomena result in catalytic 
response increment, high-index facet formation, and SMSI/MSI effect. Since all 
samples present high-index facet formation, the remaining option for such catalytic 
activity difference lies in the SMSI/MSI effect. A s discussed in Chapter 1, SMSI 
occurs when a noble metal is encapsulated by an oxide support (usually a reducible 
oxide), yet there are sti l l spaces where the interface between both elements interacts 
wi th the molecules involved in the catalytic reaction [62]. In our case, P d can act 
as the encapsulated noble metal and the Fe oxide species as the oxide support. Since 
our morphology and element distribution results display the required conditions for 
SMSI site formation, it is plausible to consider that such an effect is leading to the 
outstanding catalytic behavior of the sample synthesized at p H 9. Thus, we conclude 
that the p H modification when synthesizing Pd-Fe nanoalloys by R L A L can result 
in such a manipulation over the N P s element distribution that the formation of 
SMSI sites is promoted. Moreover, considering these structures displaying the SMSI 
effect also exhibit a relatively high saturation magnetization value, they can serve 
as optimal reusable catalysts. 
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6 Conclusion 

The current thesis explores the implication of modifying the p H conditions when 
synthesizing N P s composed of P d and Fe by R L A L . Our proposition is that p H 
modification can influence the nucleation mechanism in the formed N P s to the point 
that by controlling the p H , we can manipulate the element distribution within the 
synthesized N P s . This is a powerful concept that can result in the formation of ei­
ther metal support interactions (MSI) or strong metal support interactions (SMSI) 
between the noble metal " P d " and the metal oxide "FeOa," depending on the ele­
ments' disposition within the produced materials. Since these effects are considered 
some of the few tools able to enhance the catalytic performance of heterogeneous 
catalysts, it is envisaged that the element distribution manipulation resulting in 
SMSI or M S I would bring outstanding benefits to the catalysis field. 

Our results indicate that although the system Pd-Fe can hardly form substi­
tutional alloys, the R L A L synthesis approach can force the formation of phase-
segregated nanoalloys encompassing structures like nested and core-shell N P s , and 
big N P s decorated by smaller ones. Moreover, the l iquid medium p H modification 
influences the final nanoalloys element distribution, where p H < 3 leads to Fe small 
particles encapsulation by bigger P d N P s (37.6 ± 4.0 nm), also referred to as nested 
N P s . Whereas, for p H > 3, Fe tends to form the shell of Pd@Fe N P s , encapsulate 
P d in the form of nested small N P s , or decorate the surface of bigger particles in 
the form of small N P s (sizes of found particles from (6.1 ± 0.5) n m to (51.4 ± 1.0) 
nm). Together wi th the observed element distribution, these types of structures can 
result in SMSI or M S I effects. The crystalline analysis of these segregated phases, 
in addition, indicates that Fe is present i n most of the samples as pure Fe or i n the 
form of different types of oxides like FeO, Fe203, and Fes04. O n the other hand, P d 
can be found as PdFe in all the particles and as pure P d when using p H 1 and 13. 
Moreover, all the samples show high-index facets (Miller indices where at list one 
is greater than the unity) , implying that the kinks, steps, or edges immanent to them 
can contribute to the particles' overall catalytic activity by offering low-coordinated 
atom sites. 

The N P s element distribution also strongly influences their magnetic properties, 
leading to an enhanced magnetic response wi th an increased amount of Fe on their 
surface, thus, resulting in better structures for catalyst recyclability. Moreover, 
as exhibited by the sample synthesized at p H 11, this type of element distribution 
found in segregated phases can result in negative remanent magnetization that, even 
though it is a very unusual and stil l controversial phenomenon, can find interesting 
applications in the future. Finally, the catalytic activity screening assessed through 
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the efficiency in the model 4 - N P reduction shows that the overall N P s structure 
also leads to the expression of the SMSI effect. In particular, the sample synthe­
sized at p H 9 displays the most significant catalytic activity, which is attributed 
to the formation of SMSI sites, explaining why, even when its element composi­
tion/distribution or superficial charge (corresponding to a Z P = 4.22 ± 1.78 mV) 
are not optimal, it sti l l yields the best catalytic performance (KC = 2.03 ± 0.08 
L/g-s). 

Overall , the current results prove that the p H modification when employing 
R L A L can result in the element distribution manipulation within phase-segregated 
nanoalloys. This results in nanoalloy physicochemical properties tuning, like their 
magnetic response manipulation or their catalytic activity enhancement through 
the appearance of high-index facets and the SMSI effect. A s amply discussed by 
the scientific community interested in the design of efficient catalysts, this striking 
finding able to exert an improvement in the catalytic response in nanoalloys formed 
by immiscible elements can be of fundamental importance for the future development 
of t ruly tailored designed catalysts. Moreover, the element distribution control over 
magnetic nanoalloys not only carries benefits to the field explored in the current 
thesis, but it is also expected that the reaction rates, and equilibria, among other 
results obtained experimentally herein, can be further used in theoretical science. In 
particular, for predicting chemical reaction pathways/rates powered by multielement 
nanomaterials. 
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Appendix 

Sample d-spacing Crysta l and Mil ler indices I C D D file 
(A) (hkl) 

1.19 ± 0.03 F e P d (311) 2-1440 
p H 1 1.09 ± 0.04 F e P d (113) 2-1440 

0.98 ± 0.01 FeO (122) 6-711 
1.12 ± 0.01 F e P d (113) 2-1440 

p H 3 1.21 ± 0.01 FeO (202) 6-711 
1.23 ± 0.01 FeO (202) 6-711 
1.11 ± 0.01 F e P d (222) 2-1440 

p H 3.6 1.26 ± 0.01 FeO (101) 6-711 
1.42 ± 0.01 F e 3 0 4 (440) 26-1136 
1.51 ± 0.01 FeO (110) 6-711 

p H 5 1.24 ± 0.02 FeO (202) 6-711 
1.44 ± 0.02 F e 3 0 4 (440) 26-1136 
1.12 ± 0.01 F e P d (222) 2-1440 

p H 7 1.12 ± 0.01 F e P d (222) 2-1440 
2.41 ± 0.01 FeO (111) 77-2355 
1.02 ± 0.01 F e P d (312) 2-1440 

p H 9 1.53 ± 0.01 FeO (104) 6-711 
0.98 ± 0.01 FeO (024) 6-711 
1.16 ± 0.01 F e P d (311) 2-1440 

p H 11 1.29 ± 0.01 FeO (104) 6-711 
1.06 ± 0.01 FeO (024) 6-711 
1.13 ± 0.01 F e P d (113) 2-1440 

p H 13 1.50 ± 0.01 FeO (104) 6-711 
1.29 ± 0.01 FeO (113) 6-711 

Table A . l : List of crystallographic data belonging to H R - T E M analysis. 



Sample 1/r d-spacing Crysta l and Mil ler indices I C D D file 
(nm- 1 ) (A) (hkl) 

5.15 1.93 P d (200) 65-2867 
9.51 1.05 F e P d (312) 2-1440 

p H 1 8.50 1.17 F e P d (311) 2-1440 
10.25 0.97 FeO (211) 6-711 
7.13 1.40 F e 3 0 4 (440) 26-1136 
9.13 1.09 F e P d (222) 2-1440 
4.73 2.11 Fe (111) 52-513 
7.87 1.27 FeO (021) 6-711 

10.27 0.97 FeO (122) 6-711 
p H 3 6.07 1.65 F e 2 0 3 (004) 47-1409 

6.80 1.47 F e 2 0 3 (220) 40-1139 
2.09 4.78 F e 3 0 4 (111) 79-416 
3.96 2.52 F e 3 0 4 (311) 74-748 
3.39 2.94 F e 3 0 4 (400) 76-955 
4.84 2.06 Fe (110) 89-4186 
6.07 1.65 F e 2 0 3 (004) 47-1409 

p H 3.6 6.80 1.47 F e 2 0 3 (220) 40-1139 
2.09 4.78 F e 2 0 3 (110) 40-1139 
3.96 2.52 F e 3 0 4 (111) 74-748 
3.39 2.94 F e 3 0 4 (400) 76-955 
5.88 1.69 P d 0 2 (211)/FeO (102) 34-1101/49-1447 
8.56 1.16 F e P d (311) 2-1440 
9.85 1.01 F e P d (312) 2-1440 

p H 5 4.80 2.08 Fe (110) 89-4186 
3.87 2.58 FeO (002) 49-1447 
6.62 1.50 FeO (110) 6-711 
7.75 1.29 FeO (021) 6-711 

10.53 0.95 FeO (122) 6-711 
4.02 2.48 P d 0 2 ( l l l ) / F e 2 0 3 (020) 65-5065/47-1409 
8.66 1.15 F e P d (311) 2-1440 
4.85 2.00 Fe (110) 89-4186 

10.56 0.95 FeO (122) 6-711 
p H 7 9.33 1.07 FeO (024) 6-711 

8.00 1.24 FeO (202) 6-711 
3.49 2.87 F e 2 0 3 (113) 40-1139 
6.95 1.43 F e 3 0 4 (440) 26-1136 
2.13 4.70 F e 3 0 4 (111) 79-416 
6.11 1.64 P d O ( 1 1 2 ) / F e 2 0 3 (004) 85-624/47-1409 
3.89 2.57 P d O (002) 75-200 
8.00 1.16 F e P d (311) 2-1440 

p H 9 9.69 1.03 F e P d (312) 2-1440 
4.84 2.07 Fe (110) 89-4186 

10.09 0.99 FeO (122) 6-711 
6.79 1.47 F e 3 0 4 (440) 79-416 
1.92 5.20 P d O (001) 75-200 
8.56 1.16 F e P d (311) 2-1440 
9.83 1.02 F e P d (312) 2-1440 

p H 11 4.91 2.03 Fe (110) 65-4899 
3.97 2.51 F e 2 0 3 (110) 79-7 
3.96 2.52 F e 2 0 3 (110) 79-7 
3.33 3.00 F e 3 0 4 (400) 76-955 
4.49 2.23 P d (111) 65-2867 
8.56 1.16 F e P d (311) 2-1440 
9.78 1.02 F e P d (312) 2-1440 

p H 13 4.92 2.02 Fe (110) 65-4899 
6.76 1.47 F e 2 0 3 ( 2 2 0 ) / F e 3 O 4 (440) 40-1139/79-416 
7.31 1.36 F e 2 0 3 (312) 47-1409 
3.99 2.50 F e 2 0 3 (110) 79-7 
3.38 2.95 F e 3 0 4 (400) 76-955 

Table A . 2 : List of crystallographic data belonging to S A E D analysis. 


