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“Everyone knew it was impossible,  
until a fool who didn’t know  

came along and did it” 

— Albert Einstein 

 

 

 

 

“Research is what I’m doing  
when I don’t know  

what I’m doing” 

 

 

“I have learned to use the word ‘impossible’ 
with greatest caution” 

 
— Wernher von Braun 
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Abstract 

 

 

Nanostructures are defined as novel materials whose size of the elemental 

units has been engineered at the nanoscale. A nanometer is only a one-

billionth part of a meter, 1/10000 part of the diameter of human hair or twenty 

times more than the diameter of the hydrogen atom. Nanotechnology is the 

manipulation and manufacture of materials and devices on the scale of atoms 

or small groups of atoms. 

Nanomaterials have attracted widespread attention since 1990s due to their 

tunable physical, chemical and biological properties with enhanced 

performance over their bulk counterparts. The manipulation of matter at the 

nanoscale has opened enormous possibilities to meet challenges in different 

disciplines like optoelectronics, medicine, biotechnology, energy 

sustainability and engineering of new, effective and efficient devices, drugs 

or tools. 

Due to the exciting nature of nanostructures, nowadays there is an 

increasing demand towards economical, effective and high-quality 

nanofabrication. In particular, research efforts are focused on laser-based 

techniques for the growth and fabrication of nanostructures. In fact, laser-

based techniques are simple and environmentally friendly and, in addition, 

with these methods is possible to control the size, shape and composition of 

the materials being manufactured. 

In the nanoscale, the size, the morphological structure and the shape are 

the major driving factors for changing the properties of the nanomaterials. 

Indeed, depending on the overall shape, they are classified as 0-Dimensional 

(0-D, nanoparticles and nanodots), 1-D (nanowires, nanotubes), 2-D (thin 

films) or 3-D (bulk materials). This classification is highly dependent on the 

electron movement along the dimensions in the nanostructures. 

Among the various nanomaterials, metallic nanoparticles (NPs) have 

received great interest by scientific community due to the huge surface-

volume ratio and their optical, electrical and magnetic properties, which make 

them useful for many applications in several fields, such as medicine, 
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catalysis, optics, cosmetics, renewable energies, microelectronics and 

environmental remediation. In particular, mono- and bimetallic Pt and Pd NPs 

find important devices applications in catalysis, hydrogen storage, direct 

alcohol fuel cell, reduction of environmental pollutants and for sensing 

detection.  

On the other hand, in the last twenty years, the interest in Perovskite-

structures has been literally booming due to their wide range of applications 

in photovoltaic field, sensors, random access memories, fuel cells, 

piezoelectric devices and capacitors. In particular, Y-doped Barium Zirconate 

(BaZrO3) has been recognized as one of the most promising proton conductors 

due to its good chemical stability and high proton conductivity. It may become 

an excellent electrolyte for Solid Oxide Fuel Cells if the blocking effect of 

conductivity at grain boundary is solved. 

 

Aim of the work reported in the present thesis is the synthesis of different 

nanomaterials with the use of different laser-based techniques: laser 

irradiation, Pulsed Laser Ablation in Liquid and Pulsed Laser Deposition. In 

particular, I fabricated mono- and bimetallic Pt/Pd nanoparticles and 

perovskite Y-doped BaZrO3 thin films and their complete characterizations 

have been performed. 

 

This dissertation is structured as follows: 

 

Chapter 1: in the first part of the chapter, a brief introduction to the world 

of nanotechnology and nanostructures is presented, with a focus on the 

importance of Pt and Pd nanoparticles and on perovskite Y-doped BaZrO3 thin 

films. The second part describes the nano-fabrication techniques, focusing 

particularly on laser-based techniques. In particular, the three different 

techniques used in the thesis to fabricate nanomaterials are described: laser 

irradiation, Pulsed Laser Ablation in Liquid and Pulsed Laser Deposition. 

 

Chapter 2: the exploitation of the laser irradiation technique to fabricate 

monometallic and bimetallic Pd and Pt NPs supported on Fluorine-doped Tin 

Oxide is presented. In particular, the laser irradiation is used to induce the 

dewetting process in order to obtain nanoparticles starting by layers deposited 
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on structured surface. Then, the produced nanoparticles are characterized from 

a structural and morphological point of view. In addition, an elucidation of the 

effect of the substrate’s topography on the dewetting process is shown. 

 

Chapter 3: describes the synthesis of ligand-free mono- and bi-metallic 

Pd and Pt nanoparticles by nanosecond Pulsed Laser Ablation in Liquid 

environment. The chemical, structural and morphological characterization 

was performed on the produced particles. In addition, the nanoparticles have 

been used to decorate graphene layers by simple spin-coating of the colloidal 

solutions onto the substrates, obtaining NPs/graphene nanocomposites. 

Furthemore, a study on the charge transfer effect between nanoparticles and 

graphene is presented. 

 

Chapter 4: shows the fabrication and the characterization of perovskite 

thin films of 20% Y-doped BaZrO3 by using Pulsed Laser Deposition on 

single crystal substrate ((001) MgO). The crystalline structure, the thickness 

and the electrical performance of these films have been characterized. In 

addition, preliminary results on the increasing of the grain boundary 

conductivity due to the UV illumination is showed.  

 

Summary and Conclusion: the basic results of the work thesis are 

outlined. 
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Chapter 1 

Nanostructured materials and their laser-based 
fabrication methods  

 

1.1 Nanotechnologies and nanostructures  
 

1.1.1 Introduction 

 

Nanotechnology is the manipulation and manufacture of materials and 

devices on the scale of atoms or small groups of atoms. The “nanoscale” is 
typically measured in nanometers, being a nanometer a billionth of a meter 

(10-9 m). The concept of nanotechnology dates back to 1959, when Feynman, 

during his famous lecture at Caltech “There is Plenty of Room at the Bottom”, 
considered the possibility of maneuvering things atom by atom [1]. Since then 

the nanomaterials are described as materials with lenght of 1-100 nm in at 

least one dimension [2].  

The advances in nanotechnology over the years have made nanostructures 

potential targets of industries and scientific community due to their unique 

characteristics that differ from the bulk materials. A bulk material has constant 

physical properties regardless of their size and shape, but at the nanoscale, the 

size and shape are the major driving factors for changing their physical-

chemical properties. In fact, all materials, metals, semiconductors or 

insulators, at nanoscale exhibit some prominent effects, as mentioned below 

[3,4]: 

 

a. Electrical properties: the electrons can’t move freely due to the size 
in the nanometer range, this confinement resulted in the changes in 

electrical properties, such as the bulk conductor materials behaving as 
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superconductors (and viceversa) at nanoscale. Or ferroelectric 

materials become non-ferroelectric at reduced sizes. 

b. Optical properties: the color and transparency of materials change by 

changing the size of nanoparticles. The confinement of the electrons 

causes them to react to light differently. For example, gold appears 

golden at the macroscale, but the nanosized gold particles are red. 

c. Thermal properties: it is found that melting point is lowered with 

decreasing particle size. It may be reduced to half of the original. 

Again, at the macro scale, gold has a melting point of 1064°C but by 

decreasing the particle size from 100 to 10 nm diameter, its melting 

temperatures drops up to 100°C. 

d. Mechanical properties: it has been observed that nanocrystalline 

materials have reduced elastic modulus and density by 30% or less. 

In addition, with decreasing size, hardness or strength increases by 4-

5 times; diffusivity also increases up to double of the initial. 

e. Magnetic properties: Curie temperature of ferromagnetic materials 

decreases with decreasing size of nanoparticles, and hence the 

substance remains paramagnetic even below usual Curie temperature 

showing super paramagtetism. 

 

All the afore mentioned changes in the properties of nanostructures are 

mainly due to [3,4]:  

 Increase in surface area to volume ratio: atoms at surface or 

interface have different environment and bonding configuration, 

therefore these exhibit different characteristics. For example in 

the case of nanoparticles, as size is reduced, relative number of 

atoms on surface increases inversely as particle size. For small 

sizes, less than 100 nm, the fraction of surface atoms is large and 

therefore influences the properties by greater amount making the 

properties size dependent. 

 Quantum size effect: when the size of the structure is comparable 

to phase coherent length of electrons, the energy spectrum is 

quantized into discrete levels. The effect is observable for particle 

sizes of the order of few 10 nm. Quantum size effect is more 
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pronounced in semiconductor nanoparticles because of moderate 

forbidden energy gap. Quantum size effect makes the energy 

states at the edges of valence and conduction bands forbidden, 

increasing the effective band gap, which affects the electronics 

and optical properties. 

 
Nowadays, many types of nanostructures have been reported in literature 

and many other varieties are predicted to appear in the future. Therefore, the 

need for their classification has ripened. The first idea for nanomaterials 

classification was given by Gleiter et al. [5]. Here, nanomaterials were 

classified depending on their crystalline form and chemical composition. 

However, this scheme was not fully complete, because the dimensionality was 

not considered [6]. In 2007, Pokropivny and Skorokhod made a new scheme 

of classification for nanostructures which included the recently developed 

composites such as 0 Dimensional (0-D), 1 Dimensional (1-D), 2 Dimensional 

(2-D) and 3 Dimensional (3-D), as shown in figure 1.1 [7]. This classification 

is highly dependent on the electron movement along the dimensions in the 

nanostructures. In particular, for a bulk (3-D) material charge carriers are free 

to move in all directions; whereas for a planar material or thin film (2-D, fig. 

1.1.a), charge carriers are confined only in a plane. The charge carriers in a 

wire or 1-D (Nanotubes, Nanowires, Nanosheets, Quantum wires, fig. 1.1.b) 

material will be allowed to flow only in one direction; whereas charge carriers 

inside a cluster, nanoparticle or quantum dot (0-D, fig.1.1.c) are confined in a 

very small region in space. This gives rise to quantum confinement and most 

of the properties vary due to this effect.  
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1.1.2 Metallic Nanoparticles 
 

Metallic nanoparticles (NPs) have received great attention by scientific 

community due to the huge surface-volume ratio compared to the 

correspondent bulk materials and their optical, electrical and magnetic 

properties, which make them useful for many application in several fields (fig. 

1.2): medicine, catalysis, optics, cosmetics, renewable energies, inks, 

microelectronics, medical imaging, environmental remediation [8-18]. 

The physicochemical properties of metal nanoparticles are dictated by 

various attributes like size, shape, architecture, crystallinity and composition. 

 
Figure 1.2 Schematic summary of various application fields of nanoparticles. 

 

 

For examples, noble metals nanoparticles (Au, Pt, Pd, Ag, Rh, Ru, Ir and 

Os) show unique properties, such as resistance to corrosion and oxidation, 

high melting point, non-reactiveness, high reduction potential, high ionization 

energy. Compared to other non-noble metals, they show surface plasmon 

resonance, antibacterial action and, in the field of catalysis, they increase the 

yield of redox reactions [19-23]. For these unique properties, noble metals 
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Therefore, more and more research groups are focused on the manufacture 

of monometallic and bimetallic Pt and Pd nanoparticles, because they have 

bright future in broad research areas of high-tech applications. 

 
 

1.1.3 Perovskite Thin Films 
 

The mineral perovskite (CaTiO3) was discovered in the Ural mountains of 

Russia by Gustav Rose (1839). It was later named after a Russian minerologist 

L.A. Perovski, who first characterized the structure [34]. Research on 

perovskites did not catch on until the mid-40s, when there was a dramatic 

increase in solid-state research. Since the 1940s, perovskite materials have 

been a hot topic of research, and it remains, still, a promising research frontier 

for future. 

Nowadays the term perovskite is used to indicate materials that have a 

perovskite type structure, therefore, the terms "perovskite" and "perovskite 

structure" are used interchangeably.   

The perovskite structure has the general stoichiometry ABX3 and a cubic 

crystal structure, where “A” and “B” are cations and “X” is an anion. The 

perovskite structure is adopted by many oxides that have the chemical formula 

ABO3, with small B cations and larger A cations, as shown in fig. 1.4 [35]. 
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Figure 1.4 Cubic perovskite unit cell. Blue spheres represent the A cations, yellow 

spheres represent the B cations and red spheres represent oxygen anions forming an 

octahedra. 

 

 

Perovskite-structure ceramics have a wide range of applications in 

technology, especially in solid-state ionics. Table 1 lists the properties and 

applications of some commonly studied perovskites [36]. Perovskites are 

currently used in sensors, random access memories [37], piezoelectric devices 

[38], actuators, tunable microwave devices displays [39], transducers, 

photovoltaic field, wireless communications [40] and capacitors [41]. In 

several applications perovskites proved to have great interest due to their 

useful properties in surface acoustic wave signal processing devices, 

electrochromic, switching, image storage, filtering and photochromic [42].  
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Table 1 Properties and applications of perovskites [36]. 
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Perovskites have an unusually high tolerance for oxygen ion vacancies, 

which makes it an ideal electrolyte material for Solid Oxide Fuel Cells 

(SOFCs) and, in particular, for High-Temperature Proton Conductors 

(HTPCs). For many years the SOFCs’ research has been focused on oxygen-

ion conductors, but in recent years, the interest towards HTPCs is increasing. 

In the ABO3 perovskite structure shown in figure 1.4. the B cation, which 

is usually a transition metal or a rare earth (usually Ce or Zr), has +4 valence 

and forms a six-coordinated octahedron with its neighboring oxygen ions, 

being itself located in the centre, while the A cation presents a +2 valence (Ba, 

Ca and Sr), and its coordination number is 12. The partial substitution of the 

B cation with a trivalent dopant M(III) (Y, In, Eu, Sm, Nd) results in the 

creation of oxygen vacancies for balancing the valence charge, leading to the 

general formula of HTPC perovskite-type oxides that can be written 𝐴𝐵1−𝑥𝑀𝑥𝑂3−𝛿 , where δ is the oxygen deficiency per unit cell [43]. The 

oxygen vacancies play an important role in the proton conduction in a HTPC. 

Protons incorporated in this structure migrate between adjacent oxygen sites 

via a Grotthuss-type [44] mechanism shown in figure 1.5: the bond between 

the cation (red sphere) and the oxygen A bends, so that the proton can move 

from the oxygen ion A to the oxygen ion B. Then, the bond length between A 

and B is shorted and this reduces the energetic barrier for proton transfer, that 

can form a bond with the oxygen atom B (from position 1 to position 2). From 

this position, the proton can move towards another oxygen ion by means of 

rotational motion around the oxygen B (from 2 to 3) and then, the same 

processes as described are repeated [43]. 
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Figure 1.5 Schematic proton transfer mechanism in a HTPC [43]. 

 

 

The perovskite structures can be used as electrolyte in a HTPC only if they 

exhibit good chemical stability and a good conductivity. Among, the oxide 

proton conductor, Yttrium doped Barium Cerate (Y-doped BaCeO3) and 

Zirconate (Y-doped BaZrO3) show the best performance. In particular, 

Y:BaCeO3 shows the highest proton conductivity, but low chemical stability, 

because reacts with water and carbon dioxide [45,46]. On the other hand, 

Y:BaZrO3 has good chemical stability but his poor sinterability leads to the 

presence of large grain boundary regions, resulting in quite low conductivity 

[45, 47,48]. Anyway, Kreuer has assumed that the grain interior conductivity 

of Y-doped BaZrO3, particularly at low temperature, is higher than that of the 

best oxide-ion conductors. In particular, the bulk conductivity increases (but 

not linearly) with the dopant concentration. The higher proton conductivity 

has been reported so far for BaZrO3 doped with 20mol% of Yttrium [49].  

In the last twenty years the interest in fuel cell applications of these 

materials has been literally booming. In particular, Y-doped BaZrO3 has been 

recognized as one of the most promising proton conductors, and it may 

become an excellent electrolyte for SOFCs if the blocking effects at the grain 

boundary is solved. For this purpose, the fabrication methods are particularly 
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temperature and pressure), uniformity of nanostructure, high-quality 

nanomaterial with limited impurities, reproducibility, high throughput, choice 

of substrate [58,59].  

The commonly used methods can be categorized as physical and chemical 

methods. A summary of some physical and chemical methods of the bottom-

up and top-down fabrication techniques is shown in figure 1.7. 

 

 
Figure 1.7 Summary of some chemical and physical nanostructure fabrication 

techniques. 
 

 

Among the various techniques for the fabrication of nanostructures [50] the 

most used are: 

 Physical vapor deposition: the target material is released from a 

source and transferred to the substrate. Pressure, temperature and 

carrier gas control the catalyzed process of physical vapor deposition. 

This technique requires elevated temperature deposition of sublimed 

source material. Also can incorporate impurities to nanostructures 

from the reactor chamber or from the use of catalysts in the 

fabrication; 

 Sputtering deposition: is a method of thin films deposition by 

sputtering material from a target. The atoms are ejected from a surface 

of a material when that surface is stuck by sufficiency energetic ions 
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generated by low-pressure gas plasma (Ar). The sputtered atoms pass 

through the plasma and deposit on the substrate causing growth of 

nanocrystals. Film morphology may be altered by the high kinetic 

energy of sputtered particles due to the atomic mobilization process; 

 Lithographic method: uses electron beams to remove micro-scale 

structures from resists, which are precursor materials. The mask 

image is transfered to a substrate by coating while exposing the resist 

to electron beams and applying appropriate chemicals to develop the 

image on the substrate. The cost of using this technique is high (from 

hundreds of thousands of dollars to millions of dollars); 

 Molecular beam epitaxy: epitaxial techniques are techniques of 

arranging atoms in single-crystal fashion on crystalline substrates so 

that the lattice of the newly grown film duplicates that of the substrate. 

If the film is of the same material as the substrate, the process is called 

homoepitaxy. In molecular beam epitaxy the heated single-crystal 

sample is placed in an ultrahigh vacuum (l0 −10 Torr) in the path of 

streams of atoms from heated cells that contain the materials of 

interest. These atomic streams impinge on the surface, creating layers 

whose structure is controlled by the crystal structure of the surface, 

the thermodynamics of the constituents, and the sample temperature. 

Can be used to fabricate nanostructures of different geometries from 

1-D to 3-D. The deposition rate of MBE is very low.  

 Pulsed laser deposition: involves physical vapor deposition of thin 

films using high-powered beam to strike a deposition material in a 

vacuum chamber or in presence of some background gas. It can work 

at a temperature that varies from room temperature to above 1000°C. 

Temperature, laser energy density, pulse repetition rate, pressure, type 

of gas inside the chamber and substrate-to-target distance determine 

the quality of the nanostructures produced 
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1.3 Laser-based Techniques 
 

A laser (Light Amplification by Stimulated Emission of Radiation) is a 

device that emits light (i.e., electromagnetic radiation) through the process of 

stimulated emission [60]. 

Like all great discoveries, even that of the laser started as a joke: “A laser 
is a solution seeking for a problem”, this is how, in 1960, the first functional 

laser was described by sceptics who wanted to mock the invention of 

Theodore Maiman. He constructed the first laser at Hughes Research 

Laboratories in Malibu. The laser was based on an optical pumping of a ruby 

crystal using a flash lamp that generated pulsed laser radiation at 694 nm. 

Many researchers just did not realize the importance of this invention. In fact, 

the first report on the laser was rejected by reviewers of the journal Physical 

Review Letters, but Maiman turned it to Nature, where his paper was 

published on August 6th 1960 [61]. 

From then on, lasers have been widely used in several fields: from medical 

clinics to steel industry, from research laboratories to pointing devices, from 

dentistry to eye surgery, from cosmetics to building mobile phone. 

In the research field, one of the most significant applications is the laser -

assisted fabrication of functional materials. The drivers for micro/nano 

fabrication research are mainly in the renewable energy (e.g., solar panels, 

fuel cells), catalysis, semiconductor industry (photo-lithography), electronic 

industry (e.g., display panels), data storage (multi-dimensional data storage), 

biomedical (e.g., stents, implants, micro-fluidics) and photonic/telecom 

industries. 

The laser-target interaction can lead to an astonishing outcome and can be 

performed in different environments (gas, liquid or vacuum) in order to 

fabricate various materials. 

The interaction of the material upon laser irradiation can be described as 

follows: the incident laser pulse penetrates into the surface of the material 

within a certain penetration depth. This dimension is dependent on the 

refraction index of the target material and the laser wavelength, and it is usally 

in the range of 1000-10 nm. The strong electrical field generated by the laser 

light is sufficient to remove electrons from the penetrated volume, these free 
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electrons oscillate within the electromagnetic field and transfer their energy 

colliding with the atoms of the bulk material [62]. At a high laser fluence 

(density of the laser energy, tipically some J/cm2) the irradiated surface is 

heated up, ablated, vaporized and converted to plasma, which contains various 

energetic species, including atoms, electrons, ions, clusters, molecules (Fig. 

1.8), and therefore possesses some unique characteristics such as high 

pressure, temperature and density [63]. After, the large pressure difference 

between the plasma, produced by the laser, and ambient atmosphere causes a 

rapid expansion of the plasma plume and then it cools down. Under suitable 

condensation conditions (temperature and pressure), the plasma species will 

nucleate and grow into desirable nanostructures, either on a substrate or in a 

cool liquid medium [64]. 

 

 
Fig 1.8 Plasma plume ejected from a laser irradiation of SrRuO3 target. 

 

 

From a quantitative point of view, the laser photons when are absorbed by 

the irradiated solid give place to an energy source inside the material [60,65-

67]. The interaction of the photons with matter occurs mainly through 

electronic excitations. This results in a non-equilibrium electronic 

distribution. Then, the electrons thermalization occurs through electron-

electron and electron-phonon scatterings. In semiconductors and insulators, 
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the laser photons absorption results in electrons transitions from the valence 

band to the conduction band and the subsequent thermalization process occurs 

by electron-hole recombination, which tends to re-establish the equilibrium 

condition. Therefore, the thermalization process is dependent on the specific 

electronic band structure of the material [60,65-67]. However, this 

recombination process typically occurs in the nanosecond time range scale 

[65]. The situation is completely different for laser irradiated metals. In this 

case, the electrons thermalization process is faster (in the femtosecond time 

range scale) since it is due to the intraband scattering events since the laser 

photons are absorbed, mainly, by the free electrons of the metal. A first rough 

approach to describe the metal heating under laser irradiation can be drawn on 

the basis of the Drude model [65]. Within this model, the electron scattering 

mean time is connected to the free electrons gas conductivity by 𝜎 = ne2𝜏D/m, 

with 𝜎 being the conductivity, n being the electron density, m being the 

electron mass, and 𝜏D being the electron scattering mean time. This timescale 

is important for a description of the phenomenon, as it sets the boundary 

between strictly thermal and possible non-thermal routes to ablation, as well 

as between “long” and “short” pulses [68]. So, considering a laser pulse of 

duration 𝜏pulse, the lifetime of excited electrons 𝜏ee and the electron-phonon 

coupling time 𝜏ep , if 𝜏pulse  >> 𝜏ee , 𝜏ep , equilibrium between electrons and 

phonons prevails throughout the heating stage and phase changes can be 

regarded as slow therma processes involving quasi-equilibrium 

thermodynamics. In contrast, for ultrashort pulses (𝜏pulse ≤ 10-12 s), the material 

is driven into a highly non-equilibrium state and, in this case, the time with 

wich structural changes take place determines whether thermal mechanisms 

are involved or not. 

In the case of ns pulses, the processes take place in the thermal regime. The 

hot electrons gas relaxes via electrons-phonons interaction and thermal effects 

are dominant. In addition, if during heating stage the material reaches 

temperatures higher than the melting temperature, a portion of the target, of 

the order of the temperature diffusion length melts and vaporizes. The fluence 

threshold (Fth) is set by the minimum energy required the expulsion of the 

material: > 𝐹𝑡ℎ ≈  𝜌Ω√𝐷𝑇𝑝𝑢𝑙𝑠𝑒 , being 𝜌 the material density, Ω the 

evaporation enthalpy, D the thermal diffusion coefficient. 
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Here, I present, three different laser-based techniques used to fabricate 

nanostructures: laser irradiation of thin film deposited on surface, laser 

ablation in liquid environment and pulsed laser deposition. 

 

1.3.1 Laser Irradiation and dewetting process 

 

The laser radiation can be used to provide the thermal budget required to 

induce the dewetting process of a thin film, deposited on a functional 

substrate. In fact, the controlled dewetting process of thin metal films is a 

promising and powerful patterning strategy for metal nanostructures on 

surfaces. The application of dewetting is present in a wide range of industrial 

and scientific areas, where one typical application emerging in recent years is 

synthesis of nanometer-scale structures [69,70]. 

The dewetting process is driven by the total surface free energy 

minimization of the system. The total free energy, associated with the surfaces 

and interfaces of a film, is minimized if the film breaks to form droplets. The 

wettability or non-wetting nature of the film on the substrate is defined by the 

spreading coefficient S [71-74]: 𝑆 =  𝛾𝑆 − 𝛾𝐹 − 𝛾𝑆/𝐹 

being 𝛾𝑆, 𝛾𝐹, and 𝛾𝑆/𝐹  the substrate surface free energy, the film surface free 

energy and the substrate– film interface energy, respectively. If S > 0 (𝛾𝐹 +𝛾𝑆/𝐹 < 𝛾𝑆), the film on the surface is thermodynamically stable and it wets the 

substrate. When S < 0 (𝛾𝐹 + 𝛾𝑆/𝐹 > 𝛾𝑆), the film is thermodynamically 

unstable and it does not wet the substrate and it is inclined to dewet in droplets. 

Considering also, the characteristic contact angle, expressed by the Young-

Dupree equation [71-74]: cos 𝜃𝐶 =  (𝛾𝑆 − 𝛾𝐹/𝑆)𝛾𝐹  

 

when a thin film wets a substrate 𝜃𝐶 < 90°, as shown in figure 1.9.a, while, a 

thin film doesn’t wet the substrate 𝜃𝐶 > 90°(fig. 1.9.b). 
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In the specific case of thin metal films deposited on non-metal substrates 

(e.g. oxides), the films are, typically, thermodynamically unstable at elevated 

temperatures, as a consequence of the fact that, typically, metal-metal 

interaction is much stronger than metal–non-metal interaction. The energetic 

budget needed to start the dewetting process of the film can be furnished to 

the film by standard thermal annealing or, alternatively, by laser irradiations. 

The use of the laser (at enough high energy fluence) to induce the dewetting 

process, compared to a standard annealing process, allows the rapid fusion of 

the film and, consequently, the rapid solidification, obtaining an array of metal 

nanoparticles in chosen regions of the sample; in other words, it allows to 

pattern the surface only where the laser impacts and not on the whole sample.  
 

 

1.3.2 Pulsed Laser Ablation in Liquid 

 

The primary “eye-visible” effect of laser action on a solid target is removal 
of some material from the target surface within the laser spot. This process 

was called “laser ablation” from a Latin word ablatio, which means removal. 

In the past two decades, with the rise of nanoscience, laser ablation has 

been broadly applied and developed for the synthesis of nanostructures. In 

particular, nanoparticles play an important role in many fields, as 

biotechnology, catalysis, medical and energy technnology. But these 

applications require nanoparticles with specific surface activities, without 

residual chemical precursors and without any stabilizing ligands.  

Pulsed Laser Ablation in Liquid (PLAL) has been proposed as a simple, 

versatile and green nanoparticles synthesis method, due to overcome many 

limitations of other fabrication methods. The experimental setup is very 

simple: laser radiation is used to ablate a solid target in a liquid environment, 

resulting in the formation of a nanoparticle colloid. More specifically, the laser 

beam is focused onto a solid-state material, using an appropriate optics, in a 

liquid medium. The energy provided by the laser pulse can be absorbed by the 

target and leads to the formation of an expanding plasma plume, containing 

the ablated material (figure 1.11). This is accompanied by the emission of a 

shockwave that releases energy in the surrounding liquid. When the plasma 
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cools down, it releases its heat to the liquid, which is transformed into hot 

vapor. This leads to the formation of an oscillating cavitation bubble 

containing both the ablated matter and the liquid vapor, where particles 

formation takes place. After the collapse of the cavitation bubble, another 

shockwave is generated and the particles are released into the solvent [78]. 

Nevertheless, the mechanisms involved in the nucleation and phase 

transition of nanocrystals during PLAL are not yet well understood. It has to 

be considered that quenching times in PLAL are so short that the metastable 

phases which form during the intermediate stage of the conversion can be 

frozen into this metastable state and form the synthesized final products [79].  

 

 

 
Figure 1.11 Schematic illustration of the pulsed laser ablation process in liquid [78]. 

 

 

Several parameters influence the properties of the obtained particles [64, 

78,80]: 

 

a) the laser fluence: the fluence rules the productivity during laser 

ablation, determines the temperature reached of the target and is the 

main parameter to control particle size by pulsed laser melting in 

liquid; 
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b) repetition rate: nanoparticles are ejected from the solid target at each 

pulse provided that the absorbed laser energy is sufficient to melt the 

target. Therefore, the higher is the repetition rate of laser pulses, the 

higher is the rate of generation of NPs; 

c) the beam wavelength: it is mostly established to use the fundamental 

wavelength of 800-1064 nm for laser ablation in liquids, but also 

green light with 532 nm is often used. But, in the last case, laser 

radiation can be absorbed by NPs that are generated and the ablation 

of the target and the re-irradiation of the NPs take place 

simultaneously;  

d) the duration of the laser pulse (tp): it is proportionate to the heat 

diffusion length (h): h ∝(atp)1/2, where a=k/cρ, where k is the heat 

conduction coefficient of the target. The longer is the laser pulse 

duration tp, the thicker is the layer of the material that is heated by 

absorbed laser energy;  

e) the solvent: the liquid environment influences the nature of the 

resulting nanoparticles; it has to be transparent (or with small 

absorption coefficient) at laser wavelength, in order to prevent 

absorption of laser light. In addition, some solvents (such as toluene 

and acetone) lead to formation of a thin carbon layer on the particle’s 
surface, which results in the interruption of nucleation and hindering 

of the growth of nanoparticles, determining the fabrication of smaller 

nanoparticles.  

 

Laser ablation is a physical process that is fundamentally different from 

chemical nanoparticle synthesis routes. The nanoparticles produced by PLAL 

are characterized by the following potential advantages:  

1. Versatility: compared to common chemical reduction or precipitation 

routes which rely on the availability of the respective precursors, this 

physico-chemical laser ablation method allows the production of NPs 

from any base material (metal, alloy, semiconductor, ceramic) and in 

numerous liquids environments. Indeed, depending on experimental 

parameters not only pure materials such as metallic or oxide 

nanoparticles, but also alloy or core-shell nanoparticles are produced; 
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2. Availability of target: the solid material for laser-based nanoparticle 

production is easily available and often 5 to 10 times cheaper than 

commonly used metal-organic precursor compounds; 

3. Purity: highly pure colloids are produce with this method. In fact, very 

important is, with respect to the most used chemical methods, its 

indipendence from chemical precursors (such as metal-organic 

substances), from the use of toxic substances or reducing agents and 

free of chemical stabilizers. The last point appears to be determinant for 

the application of NPs in biomedical or biological applications, where 

chemical agents can be harmful and reduce cell viability after NP 

treatment; moreover, the absence of ligands on the particle surface 

enhances the possibility of their functionalization with biomolecules, 

making them very effective as biomarkers or for targeted cell therapies 

[81,82]. Furthermore, the bare surface of NPs is very attractive for all 

the applications exploiting their chemical properties, as for example 

catalysis purposes. 

 

1.3.3. Pulsed Laser Deposition 
 

In 1965, for the first time, lasers have been used in thin film deposition 

experiments when H.M Smith and A.F Turner ablated material from a target 

in a low pressure chamber, by using a ruby laser, but the thin films were not 

perfectly uniform in thickness and did not adhere to the substrate [79]. 

Pulsed laser deposition (PLD) is a growth technique in which the photon 

energy of a laser, characterized by pulse duration and laser frequency, 

interacts with a bulk material [84,85]. As a result, material is removed from 

the bulk depending on the absorption properties of the target materials. The 

working principle of PLD is sketched in figure 1.12.a: in ultrahigh vacuum or 

in the presence of a background gas, the focused laser pulses are absorbed at 

the target surface. The absorbed energy density is sufficient to break any 

chemical bonds of the molecules within that volume, producing an expansion 

of hot plasma (plume) through the deposition chamber (fig. 1.12.b). The 

ablated species condense on the substrate placed opposite to the target forming 

a thin film after some hundreds or thousands of laser pulses [86]. The growth 
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5. The use of a carousel, housing a number of target materials, enables 

multilayer films to be deposited without the need to break vacuum 

when changing between materials; 

6. Relatively high deposition rates can be achieved at moderate laser 

fluences, with film thickness controlled in real time by simply turning 

the laser on and off; 

7. Compared with other methods, PLD demonstrates relatively lower 

costs than, e.g., MBE and MOCVD, but generally allows the 

preparation of films with higher crystalline quality than most of the 

other methods. 

Epitaxial growth of a material require an appropriate substrate material, 

indeed, basic requirements are a good crystallographic lattice match between 

film and substrate, the substrate material should be chemically compatible to 

the film, it should have comparable thermal expansion coefficients, and a 

thermodynamically and chemically stable surface. When species of the plume 

arrive at a substrate surface, the first arriving pulse causes the nucleation of a 

high density of smaller clusters. These subcritical clusters tend to dissociate 

into mobile species that will nucleate new clusters of a different size during 

the time of no vapor arrival. The next pulse will initiate the same process 

again, with the difference that some of the mobile atoms will reach the 

previous formed clusters [60]. 

The substrate temperature is important to ensure a sufficient surface 

mobility of the arriving species to support epitaxial growth.  

To obtain the correct film composition, the background pressure and gas is 

another parameter which needs to be controlled. For most oxides, an oxygen 

atmosphere is necessary for the correct oxygen content in a film. While, some 

materials require a reducing atmosphere [68,88]. 
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Chapter 2 
 

Mono- and bimetallic nanoparticles produced by Laser 
Irradiations of thin films deposited on Transparent 
Conductive Oxides 
 

 

In the previous chapter, the excellent properties of monometallic (Pt and 

Pd) and bimetallic PtPd NPs have been widely illustrated. Howewer, a critical 

issue is the formation of NPs with a desired size that should take place directly 

on a support. Hence, for the exploitation of these nanostructures in real 

devices, the design of simple, cost-effective, versatile, high-throughput 

fabrication methods on suitable supporting surfaces, allowing desired NPs 

size and shape control, is of paramount importance [1]. Obviously, the detailed 

understanding of the basic microscopic mechanisms governing the involved 

process is crucial in assuring the desired NPs control. 

 

 

 

 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Some of the work described in this chapter has been previously published as: 
1 M. Censabella, F. Ruffino, M. Zimbone, E. Bruno, M. G. Grimaldi, Self-

Organization Based Fabrication of Bimetallic PtPd Nanoparticles on Transparent 

Conductive Oxide Substrates, Phys. Status Solidi A, 215 (2017) 1700524-1700524. 

https://doi.org/10.1002/pssa.201700524 
2  V. Torrisi , M. Censabella, G. Piccitto, G. Compagnini, M. G. Grimaldi, F. Ruffino, 

Characteristics of Pd and Pt Nanoparticles Produced by Nanosecond Laser 

Irradiations of Thin Films Deposited on Topographically-Structured Transparent 

Conductive Oxides, Coatings, 8 (2018) 68. https://doi.org/10.3390/coatings9020068 
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Taking into account this analysis, in the present chapter I describe on the 

exploitation of a laser-based approach to fabricate monometallic and 

bimetallic Pd and Pt NPs supported on a functional surface. The approach is 

based on the sputtering deposition of nanoscale-thick Pd or Pt films onto the 

surface of a Fluorine-doped Tin Oxide (SnO2:F) layer on glass (soda-lime), 

i.e. FTO/glass substrate. Then, nanosecond laser irradiations (λ = 532 nm) 
were carried on the metallic films surface so to exploit the potentialities of the 

laser-matter interaction for surface nanostructuration [2-12]. 

 

 

2.1 Fluorine doped Tin Oxide (FTO) 
 

Transparent conducting oxides (TCOs) have attracted considerable 

attention because of their high electronic conduction and optical transparency. 

These thin films are an important component in a number of electronic 

devices, such as OLEDs (Organic Light-Emitting Diodes), liquid-crystal 

displays, touchscreens and photovoltaics. Between TCOs most common are 

Indium Tin Oxide (ITO) and Fluorine doped Tin Oxide (FTO). In particular 

FTO, is a TCO which use is largely diffused as coating in solar cell heat mirror 

for its high electrical conductivity and high transparency at visible and near-

IR region of the electromagnetic spectrum or for photoelectrochemical 

reactions on surface [13-18]. 

In our case, FTO/glass (soda-lime) slides, purchased from KINTEC factory 

[18], were the starting substrates. The electrical and optical characterizations 

of these substrates have been done by Gentile et al. [16]. Moreover, they also 

measured the effect produced, on the FTO substrate, by a thermal process at 

500 °C_3h and by laser irradiation (λ=532 nm) at high fluence (1 J/cm2). The 

transmittance spectra (T%) in the range from 330 to 1100 nm are shown in 

figure 2.1.a. The transmittance does not vary significantly after the thermal 

treatments (laser and furnace). Indeed, it varies within 20 % (likely 

modification in the FTO refractive index) and the transmittance values after 

the thermal processes range in the same interval. The spectrum oscillations are 

due to the interference phenomena at glass/FTO interface. In addition, the 

values of the glass/FTO sheet resistances before (Rs=8.6Ω/sq) and after 
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thermal treatments are reported in figure 2.1.b. In particular, the electrical 

characterization highlights an alteration of the FTO/glass electrical properties 

as a consequence of furnace thermal treatment at 500°C_3h (Rs_500 °C = 22.9 

Ω/sq). While, the laser irradiation of the FTO substrates does not produce 

significant differences to electrical properties (Rs_laser=8.4 Ω/sq) [16]. 

  

 
Figure 2.1 Transmittance spectra (T%) in the visible range related to FTO/glass 

substrate (black line), the substrate after thermal process at 500 °C_3h (blue line) and 

the substrate after laser annealing at 1 J/cm2 (red line) a). In Table are reported the 

values of the sheet resistance related to substrate before and after thermal treatments 

b) [16]. 

 

 
Therefore, the FTO lends itself well to being used as a substrate for our 

work being transparent to the used wavelength (λ = 532 nm) and not modified 
(regarding the electrical and optical properties) by the laser processing [15-

16]. 

Figure 2.2 reports a Scanning Electron Microscopy (SEM) image of the 

bare FTO surface used as substrate. It appears that the FTO layer on the glass 

substrate has a complex non-flat topography. Indeed, by the inspection of this 

plan-view image, the FTO layer results to be formed by micrometric structures 

having, about, a truncated-pyramidal shape and which, randomly arranged, 

cover the entire surface of the glass slide. We point out that this is the standard 

morphology for deposited FTO layers [20,21] and that it is desired in several 

applications (solar cells, etc.) due to its ability in efficiently scatter light [15-
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17, 21]. A mean value for FTO roughness, calculated with Atomic Force 

Microscopy (AFM), is 𝜎𝐹𝑇𝑂 = 32.7 ± 8.7 𝑛𝑚 [16]. 
                    

 
Figure 2.2 FTO bare surface as imaged by SEM. The surface structuration in 

pyramidal-like structures is recognizable. 

 

 

2.2 Bimetallic PtPd NPs produced by nanosecond laser 
irradiation on topographically-structured FTO 

 

It is known in literature that bimetallic nanoparticles improved the 

properties of monometallic ones due to synergistic effects between the two 

elements [22]. In particular, in the field of catalysis, bimetallic NPs show 

superior catalytic properties than their monometallic counterparts [23,24] and 

for hydrogen storage applications, the amount of hydrogen absorption of PdPt 

NPs was found to be greater than that of the single components [25]. 

Nevertheless, there is no scientific papers, at present, in which bimetallic PtPd 

nanoparticles are produced through simple laser based technique on surface. 

In the same way, there is not literature for Pd NPs, while Pt nanoparticles are 

produced by laser irradiation, on a flat surface, by Zhou et al. [26]. 
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For this reason, I have chosen to focus our attention on PtPd bimetallic 

particles and in this section I present a method for the controlled production 

of bimetallic PtPd NPs directly on FTO by nanosecond laser irradiation. 

 

In detail, I deposited, by sequential sputter depositions, thin Pd/Pt bilayers 

on FTO substrate with thickness hPd and hPt of the Pd and Pt layers. Then, I 

induced the melting, alloying and dewetting processes of the films by the 

nanosecond laser irradiations. 

 

2.2.1 Experimental section 
  

The samples were prepared starting from the glass/FTO slides. For each 

metal deposition, some glass/FTO slides were inserted within the vacuum 

chamber of a RF Emitech K550X sputter coater. In addition, Si slides were 

introduced with the glass/FTO slide; they served as reference samples for 

successive check of the effective thickness of the deposited metal films. Pd or 

Pt films were sputter-deposited onto the FTO surface clamping the substrates 

against the cathode located straight in front of the source (99.999% purity 

target). The electrodes were laid at a distance of 40mm under Ar flow, keeping 

a pressure of 0.02 mbar in the chamber. The resulting thickness h of the films 

was tuned by the control of the emission current and deposition time and it 

was checked, after the depositions, by Rutherford Backscattering 

Spectrometry (RBS) analysis indicating a 5% error in h. These analyses (RBS 

2.0 MeV He+ beam) were performed by using a 3.5 MV HVEEE Singletron 

accelerator system, with normal incidence and detection modes (165° 

backscattering angle). The beam spot is circular, 1 mm in diameter. RBS 

spectra were analyzed using XRump software.  
Two sets of samples were prepared, labeled set A and B, which differ for 

the different Pd and Pt layers’ sequences. Each set consists of three samples 

with different film thickness, see Tables 2.1 and 2.2 and the schematic 

representation in figure 2.3. 
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Table 2.1 Thickness and sequence of the Pt and Pd layers deposited on FTO substrate 

for the samples A. 

 

Sample A Layer 1: Pt (nm) Layer 2: Pd (nm) 

A1 3 4 

A2 9 4 

A3 8 8 

 

 
Table 2.2 Thickness and sequence of the Pd and Pt layers deposited on FTO substrate 

for the samples B. 

 

Sample B Layer 1: Pd (nm) Layer 2: Pt (nm) 

B1 4 3 

B2 4 9 

B3 8 8 

 

 
Figura 2.3 Schematic representation of the samples A (a) and samples B (b), which 

present opposite sequence of the bilayers compared to samples A [22]. 



Chapter 2 

 

 

57 
 

Laser irradiations were performed by pulsed (10 ns) Nd:YAG laser 

(neodymium-doped yttrium aluminum garnet, Quanta-ray PRO-Series pulsed 

Nd:YAG laser), operating at 532 nm and laser fluence of 0.25 J cm-2. The spot 

laser has a circular shape of 3 mm in diameter. The laser intensity profile is 

Gaussian and it is characterized by full width at half maximum of 1 mm. 97% 

of the highest laser intensity is maintained within a circular area of 600 μm in 

diameter centered at the maximum of laser intensity. The error in the fluence 

measurement is 25 mJ cm-2. One pulse per sample was performed.  

The NPs’ structure was analyzed by X-Ray Diffraction (XRD) in grazing 

incidence mode (θinc=0.1°) using a Smartlab Rigaku diffractometer, equipped 

with a rotating anode of Cu Kα radiation operating at 45 kV and 200 mA. 

In order to study the evolution of the samples morphology, SEM analyses 

were performed by a FEI Versa 3D Dual Beam Focused Ion Beam. Due to the 

Gaussian profile of the laser intensity all the SEM images were performed 

within a circular area of about 600 μm in diameter having as center the center 
of the laser spot. The images were analyzed by Gatan Digital Micrograph 

software. In particular, to extract from the SEM images the average diameter, 

several SEM images per sample were considered, each containing several 

particles. The mean value of the NPs diameter, <D>, for each sample has been 

calculated on a statistical population of 150 particles, with the associated error 

the standard deviation on the mean value. 

 

2.2.2 Results and discussion 
 

Figure 2.4 shows SEM images of the as-deposited Pt and Pd thin films on 

the FTO surface in the samples A2 and B2, respectively (so, in (a) the exposed 

metal surface is the Pd, in (b) the Pt one). From the images, I can recognize 

the typical nano-granular morphology of thin metal films (high surface 

energy) deposited on non-metal surface (lower surface energy) [27]. 
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Figure 2.4 SEM images of the as-deposited Pt-Pd films on the FTO in the samples A 

(Pd as surface layer) (a) and with opposite sequence of the bilayers in the samples B 

(Pt as surface layer) (b). The pyramidal structuration of the FTO substrate is evident 

[22]. 

 

 

A RBS spectrum taken as example is shown in figure 2.5. In particular, the 

RBS spectrum of the reference sample A3 deposited on Si is the black line 

while the red line is the simulation. The XRump simulation indicates that the 

top layer is a Pd film with 8 nm as thickness and that the other layer is a Pt 

film with thickness of 8 nm.  

Figure 2.6 shows the comparison between SEM images corresponding to 

samples irradiated by a single laser pulse at 0.25 J cm-2. I can see in both sets 

of the samples that this fluence is enough to induce the complete breakup of 

the bilayers in NPs as a consequence of the films melting and solidification 

processes (i.e., the dewetting process [6, 28, 29]). This process is driven by 

the minimization of the free energy of the system and it begins with the 

formation of holes in the film that grow up and move to substrate surface. This 

mechanism leads to formation of isolated islands: the NPs. A schematic 

representation of NPs formation is shown in figure 2.7. 
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Figure 2.5 RBS spectrum of the as-deposited A3 sample with the relative simulation; 

the peaks of Pd, Pt and Si elements are clearly visible. 

 

 

 
Figure 2.6 Examples of SEM images of the PtPd NPs formed on the FTO substrate 

after laser irradiations at 0.25 J cm-2 of the bilayers deposited. In particular sample A1 

(a), A2 (b), A3 (c), B1 (d), B2 (e) and B3 (f) [22]. 
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Figure 2.8 Diameter distribution of the sample A1 (a), A2 (b), A3 (c), B1 (d), B2 (e) 

and B3 (f) [22]. 

 

 

 
Figure 2.9 Mean Diameters of bimetallic PtPd NPs as a function of the Pt and Pd film 

thickness and bilayers sequence [22]. 

 

 

Regarding the result for which <D> is independent on the Pt and Pd layers 

sequence, I can comment that the total thickness of the Pt-Pd bilayer melts 

uniformly interacting with the laser radiation independently on the first 

surface layer with wich the laser beam firstly interacts. In fact, at λ= 532 nm 
(the laser wavelength), the optical absorption lengths of Pt and Pd are 
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𝛼𝑃𝑡−1 =9nm and 𝛼𝑃𝑑−1=11nm, respectively [30]. So, considering samples A1 and 

B1, in which the total thickness of the bilayers is 7 nm, these absorption 

lenghts values are greater than the thickness of the deposited films (ℎ𝑃𝑡 +ℎ𝑃𝑑 < 𝛼𝑃𝑡−1, 𝛼𝑃𝑑−1) and, so, the laser energy is uniformly absorbed by Pt and Pd. 

Consequently, the total thickness of the bilayers melts uniformly interacting 

with the laser radiation. Instead, in the case of samples A2, A3, B2 and B3 the 

total thickness of Pt-Pd bilayer is greater than the optical absorption lengths 

(ℎ𝑃𝑡 + ℎ𝑃𝑑 > 𝛼𝑃𝑡−1, 𝛼𝑃𝑑−1).  

However, considering the high thermal conductivity values of Pt and Pd 

(𝐾𝑃𝑡=71.6 W/mK, 𝐾𝑃𝑑=71.8 W/mK, respectively [31-32]), after absorption of 

the laser radiation in the first outmost surface layer and in part of the second 

underlaying layer, the laser-generated heat does not remain confined in the 

first surface layer, but it spreads in the second underlying layer, causing the 

melting of the overall bilayer. So, at least for the investigated range of the total 

bilayer thickness (7-16 nm), considering that the thermal conductivity and the 

optical absorption lengths values of Pt and Pd are very similar 

(𝐾𝑃𝑡≅𝐾𝑃𝑑  , 𝛼𝑃𝑡−1 ≅  𝛼𝑃𝑑−1), I can assert that, from an optical and thermal point 

of view, the two materials are equivalent and interchangeable. Then, the 

presence of the Pd or Pt film as first surface layer on which the laser radiation 

impacts does not influence the melting of the second underlaying layer (Pt or 

Pd). Once in the molten state, the Pd and Pt layers, independently on the layers 

sequence, mix to form the PdPt alloy and then the alloy NPs by the dewetting 

process. 

Regarding the observed independence of <D> on the bilayer thickness, 

further future experimental analyses are needed to understand such a 

behaviour. In fact, generally, the dewetting process of thin metal films should 

determine the formation of NPs with increasing size by increasing the film 

thickness [28]. However, this result is expected for the dewetting process of 

thin metal films on flat surfaces. For example, Kunwar, Pandey et al. obtained 

monometallic Pd and Pt NPs on a flat sapphire substrate by solid-state 

dewetting of deposited Pd or Pt thin films by means of thermal process in 

oven, maintaining the temperature below the melting temperature of Pt and Pd 

[33, 34]. This process leads to the formation of NPs from the deposited film 

through surface diffusion, nucleation, Volmer-Weber growth and surface 
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energy minimization mechanism [33-36]. So, Kunwar et al. obtained NPs with 

size that increases when the thickness of the deposited films increases from 1 

to 40 nm [34].  
I recall that in a general dewetting phenomenon, a deposited thin film 

breaks up into particles via one of three mechanisms [6]: (1) heterogeneous 

nucleation (a surface defect catalyses the process), (2) homogeneous 

nucleation (the holes’ formation in the film is due to thermal density 

fluctuations) and (3) spinodal dewetting (caused by the enhancement of 

periodical film thickness fluctuation). 

In our case, because the temperature reached by the film, by interacting 

with the laser, is higher than the metals melting temperature, the dewetting 

process takes place in the molten phase, which involves, mainly, spinodal 

dewetting [6, 37-41]. Indeed, when a nanosecond laser irradiation is used to 

melt film with thickness from 1 to 100 nm, the decomposition of the film and 

the formation of holes occurs spontaneously and the formation of the NPs 

ensues. In this case, characteristic length scales emerge which vary with film 

thickness [37,42,43]. In particular, the NPs obtained by this process should be 

characterized by mean diameter <D> which can be expressed, as a function of 

the initial film thickness h, by a power-law relation < 𝐷 > ∝  ℎ5/3 [28, 9]. 

However, even if the spinodal dewetting process should be the dominant nano-

structuration mechanism, in our case, it occurs for the Pt-Pd bilayers on a 

structured surface (the pyramidal structured FTO surface). In this case, the 

situation is more complex than the dewetting process of deposited films on 

flat surfaces. In fact, in this case, also the local surface curvature drives the 

dewetting process in addition to the total surface energy minimization, leading 

to a preferential formation of the NPs in-between, or over, the FTO pyramids. 

This point will be deeper analyzed in the next section by performing the 

laser-induced dewetting process of the Pt and Pd films on patterned surfaces 

and studying the resulting properties of the formed NPs.  
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Figure 2.10 a) XRD patterns of Pt, PtPd and Pd NPs on fluorine-doped tin oxide 

coated glass substrates. Peaks marked with * originated from the FTO substrate. b) 

An expanded view of the (111) peaks [22]. 
 

 

XRD measurements on the samples were carried out to determine whether 

the NPs consisted of PtPd alloy. In order to make a comparison, Pt and Pd NPs 

were prepared following the same procedure: 13 nm-thick Pd film or 13 nm-

thick Pt film was deposited on the FTO substrate and laser irradiations (a 

single laser pulse at the 0.25 J/cm2) were performed to obtain the Pd or Pt NPs. 

XRD patterns of Pt, Pd, PtPd NPs on FTO substrate are shown in fig. 2.10. In 

the case of Pt and Pd NPs, the XRD peaks match that of fcc Pt (JCPDF 04-

0802) and Pd (JCPDF 46-1043), respectivelly. The PtPd NPs show peaks 

similar to those of the elemental NPs. An expanded view of the (111) peak of 

three samples is shown in fig. 2.10 b). It can be clearly seen that the position 

of the (111) peak of PtPd (40.00°) is between that of pure Pt (39.89°) and pure 

Pd (40.15°) NPs. This is a clear indication of the formation of PtPd alloy [23-

24, 44-45]. This is consistent to the fact that the Pt-Pd system shows no (or 

negligible) miscibility gap for the whole range of concentrations, forming 

continuous and homogeneous solid solutions across the entire range of 

composition by alloying [46]. 
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2.3 Characteristics of monometallic Pt and Pd NPs produced 
on FTO and study of dewetting process on structured 
substrates 
 

In the previous section, bimetallic nanoparticles were produced by laser 

irradiation of multilayers through the dewetting process. But, I found that the 

mean diameter of the NPs was independent on the total thickness of the 

deposited bilayer. In a general dewetting process, the size of the particles 

should be increase when the film thickness increases. However, this result is 

expected for the dewetting process of thin metal films on flat surfaces, and in 

our case, the substrate was structured, with pyramidal morphology. Moreover, 

observing the size distributions in figure 2.8, in particular for thicker films, 

there seems to be the presence of two different NPs sub-populations, consist 

by small nanoparticles (subpopulation 1) and large nanoparticles (sub-

population 2) and not only one, as in standard dewetting on a flat surface. 

So, in order to deep the previous results, I deposited monometallic Pt and 

Pd films, with various thickness h, on FTO substrate and I processed, by the 

laser pulse, the films melting and solidification processes. The results 

concerning the Pd and Pt NPs sizes versus starting films thickness and 

substrate topography are discussed. In particular, the presented discussion is 

based on the elucidation of the effect of the substrate topography on the 

dewetting process through the excess of chemical potential [47].  

 

2.3.1 Experimental section 
 

The same experimental setup as in the previous section has been used. Pt 

and Pd have been sputtered on FTO substrates. The thicknesses of the samples 

are: hPd=3.0, 7.5, 17.6, 27.9 nm for the Pd films, and hPt=7.5, 12.2, 19.5 nm 

for the Pt films, with a measurement error of 5%. 

The metal films supported on the FTO surface of the glass/FTO slides were 

processed by nanosecond laser irradiation (1 pulse per film). For the 

experiments presented in this section, a laser fluence of 0.50 J/cm2 is used 

(measurement error of 0.025 J/cm2). Compared to the previous experiment for 
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Pt-Pd bilayers, I used higher fluence because thicker films have been 

irradiated. In fact, the thermal budget necessary to cause the dewetting process 

induced by laser irradiation depends on how the laser-generated heat is 

dissipated: if the metal film deposited on a low thermal conductive substrate 

(i.e. SiO2 , thermal conductivity 1.4 W/mK [48]), the laser-generated heat will 

remain confined in the metal film, resulting in a high increase of the 

temperature; instead, if a metal film is deposited on higher thermal conductive 

substrate (i.e. SnO2, thermal conductivity 40 W/mk [49]), the laser-generated 

heat it will dissipate quickly through the substrate [50]. In this last case, the 

thermal budget needed for the same temperature increase (as in the case of 

SiO2 substrate) will be higher. So, to induce dewetting of a thicker film on 

FTO the laser fluence is higher. 

Microscopic morphological analyses were carried out by using a scanning 

electron microscope. The Gatan Digital Micrograph software was used to 

extract quantitative information by the SEM images. The mean value of the 

NPs’diameter <D> (and the corresponding error arising as the standard 

deviation) for each sample has been quantified on a statistical population of 

400 NPs. In addition, the mean surface density <N> (number of particles per 

unit area) was evaluated by direct counting and averaging on several SEM 

images. 
 

2.3.2 Results and discussion 

 

 Morphology of the as-deposited monometallic films on FTO 

 
In figure 2.11 and figure 2.12 some exemplificative microscopies of the 

FTO surface naked and covered by the Pd and Pt films are reported. In 

particular, in fig. 2.11.a and 2.12.a the pyramidal structuration of the pristine 

FTO used as substrate is evident. Figure 2.11 refers to the Pd covered FTO 

surface with increasing effective thickness of the covering metal film: hPd=3.0 

nm (b) and hPd=27.9 nm (c); the figures d), e) and f) are an enlargement of fig. 

a), b) and c), respectively. Figure 2.12 refers to the Pt covered FTO surface 

with increasing effective thickness of the covering metal film: hPt=7.5 nm (b) 
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Pd films deposited on the FTO surface; (c) and (d) are the diameters 

distributions for the NPs obtained by the laser irradiation of the 7.5 nm-thick 

(c) and 19.5 nm-thick (d) Pt films deposited on the FTO surface. As easily 

recognizable, (a) and (c) show a monomodal size distribution (sub-

population1), while (b) and (d) bimodal sizes distributions (sub-population 1 

of smaller nanoparticles and sub-population 2 of bigger nanoparticles).  

Each diameters distribution was, hence, statistically analyzed to extract the 

mean diameter <D> (and the corresponding standard deviation ΔD) of the 

NPs. In addition, I evaluated the mean NPs surface density <N> and the 

corresponding errors. The results are summarized in the plots in fig. 2.16. In 

particular, performing these analyses, in some samples I observed a 

monomodal size distribution (one Gaussian distribution) indicative of an 

unique NPs population to which was associated an unique mean diameter, 

<D1> sub-population 1, and mean NPs surface density, <N1> sub-population 

2. In other samples, I observed a bimodal size ditribution (two different 

Gaussian distributions) indicative of two NPs sub-populations (in fig. 2.16 

fully spheres represent sub-population 1 while empty spheres represent sub-

population 2), to which were associated two mean diameters <D1> sub-

population 1 and <D2> sub-population 2 and two mean NPs surface densities 

<N1>sub-population 1 and <N2> sub-population 2.  
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Table 2.3. Summary of the values of <D1>, <D2>, <N1>, <N2> for the NPs in the 
samples.  
 

Thickness of the 
film-material  

<D1> 
[nm] 

<N1> 
[x109 cm-2] 

<D2> 
[nm] 

<N2> 
[x109 cm-2]  

3 nm-Pd  ~50  ~4.5  0  0  

7.5 nm-Pd  ~75  ~2  ~100  ~0.5  

17.6 nm-Pd  ~70  ~1.5  ~150  ~1.5  

27.9 nm-Pd  ~100  ~2  ~220  ~2  

7.5 nm-Pt  ~70  ~3.2  0  0  

12.2 nm-Pt  ~75  ~0.6  ~220  ~0.6  

19.5 nm-Pt  ~70  ~1.6  ~180  ~2.7  

  
 

 Dewetting on structured substrates 

 
Regarding the standard dewetting process of metal films on flat surfaces 

[4-12, 28], a unique NPs population is expected with a mean size, which 

increases by increasing the starting thickness of the deposited film. The 

observation of the formation of two different NPs population in some samples 

is, so, indicative of the effect of the substrate non-flat surface topography on 

the film dewetting process, influencing, then, the size of the NPs. To describe 

this effect I, briefly, discuss some results obtained by Gierman and Thompson 

[56]. They intentionally patterned, by using electron beam litography, a SiO2 

surface in spatially ordered arrays of inverted pyramid shaped pits. However, 

different patterns were designed by changing the spatial period of the pits (175 

or 377 nm) and the pit-to-mesa width ratio (1.5, 1.9, 5.3). Onto the so-

patterned SiO2 surface, Au films of different thickness (16, 21, 32 nm) were 

evaporated. The Au films solid-state dewetting process was activated by 

800°C annealing process. The microscopic analysis revealed for the resulting 

Au NPs originated by the dewetting process, a spatial arrangement on the 

substrate surface and size distribution dependent on the geometric 

characteristics of the surface pattern (spatial period of the pits and pit-to-mesa 

width ratio) in combination with the Au film thickness. On the basis of the 
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combination of these parameters: in some cases, the preferential formation of 

a single NP per pits with no NPs on the mesa was observed; in other cases, the 

formation of one NP per pit with some other NPs on the mesa was achieved; 

in further cases, the generation of multiple NPs per pit with some other NPs 

on the mesa resulted; finally, some other combinations lead to the formation 

of large NPs on the mesa (often covering the pits) with no NPs in the pits. 

These results clearly demonstrated the crucial effect of the surface topography 

on the deposited metal film dewetting giving, also, the possibility to study, 

quantitatively, this effect taking into in account the excess of local chemical 

potential as modulated by the finite local curvatures on the substrate surface 

[56]. In fact, considering the dewetting process of a thin metal film on a flat 

surface, it is clear that the driving force for the process is, solely, the 

minimization of the total surface and interface energy of the system. For a flat 

surface, the local radius of curvature is, in each surface point, R→ ∞. The 

corresponding local curvature is 𝜅=1/R to which is related, by the Gibbs–
Thomson relation, the local excess of chemical potential Δ𝜇 =  𝜅𝛾Ω → 0 

(being 𝛾 the film surface energy and Ω the atomic volume). Consequently, the 

dewetting process of a thin film on a flat surface is not affected by the surface 

topography. The situation changes if the surface is not flat, i. e. if it presents 

finite local curvatures (as in the case of the patterned surfaces used by 

Giermann and Thompson). In this case, due to the finite values of R, the non-

zero values of Δ𝜇 = 𝜅𝛾Ω introduce an additional driving force for the film 

dewetting process determining, in particular, a preferential material diffusion 

from the positions with 𝜅>0 (peaks or ridges, with curvature radius RA) to the 

positions with 𝜅<0 (valleys, with curvature radius RB), see the representative 

scheme in fig. 2.17. It is clear, then, the modulation of Δ𝜇 through the surface 

geometry impacts on the dewetting process and on the resulting characteristics 

(spatial arrangement and size) of the NPs originanting from this process. 

Refererring to the specific case reported by Giermann and Thompson [56], 

which is particularly useful for the interpretation of our data, the edge of a pit 

is characterized by a Δ𝜇 ∝1/RA > 0 while the apex of an inverted pyramid is 

characterized by Δ𝜇 ∝ −1|𝑅𝐵| < 0, see fig. 2.17. It follows that, to minimize 

the total surface and interface energy of the system and to establish a global 

condition for which Δ𝜇=0, the film material will diffuse away from the pit 
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edge toward the pit apex and here, preferentially, will form the NPs. However, 

since the local curvature at the pit edge and the apex decreases with increasing 

film thickness, the driving force for flow from the edge to the apex also 

decreases with increasing film thickness. So, overall, the effect becomes 

dependent on the film thickness.  
 

 
Figure 2.17 Representation of a thin film conformally covering a patterned surface. 
The curvature at the pit edge, RA, and at the inverted apex, RB are shown [56]. 

 
 

In our case, I observed that increasing the thickness of the Pd film from 3.5 

nm to 27.9 nm and of the Pt film from 7.5 nm to 19.5 nm, the NPs population 

evolves from monomodal to bimodal. This indicates the existence of a critical 

film thickness hc identifying a variation in the dewetting characteristics of the 

film, as pictured by the combination of fig. 2.18 and fig. 2.19. For h < hc 

(generally named “low-thickness” condition) the substrate topography does 
not affect the film dewetting process (fig. 2.18). In this condition, the film 

does not interact with the topographic features of the substrate and, then, the 

substrate behaves as a flat substrate with respect to the film dewetting. Hence, 

the film dewets as on a planar substrate originating NPs uniformly arranged 

over the surface of the substrate. In addition, the size of the dewetted NPs, 

being the starting thickness of the deposited film very low with respect to local 

surface curvatures (defined by the characteristic sizes of the FTO pyramids, 

i.e. height, width, spacing), is not influenced by the substrate topography. For 

h > hc (generally named “high-thickness” condition) the geometrical features 
of the substrate affect the film dewetting process and, hence, the resulting 
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mean size of the formed NPs (fig. 2.19). In this case, the thickness of the 

deposited film is, at least, comparable to the local surface curvatures. Then, 

the film dewetting is driven, in addition to the surface energy minimization, 

by the surface topography through the local excess of chemical potential. This 

results in the preferential formation of the NPs in-between or over the 

pyramids. In particular, at the apex of a pyramid, i.e. where the surface is flat, 

Δ𝜇=0 and the film dewetting is driven by the surface energy minimization; 

but, in and between the pyramids Δ𝜇≠0, hence, it is clear that the characteristic 

sizes of the FTO pyramids affects the final NPs mean size. The overall effect 

is determined by an interplay between the FTO pyramids sizes (establishing 

the local surface curvatures) and the thickness h of the film, or, in other words 

determined by an interplay between Δ𝜇≠0 and Δ𝜇=0, leading to the formation 

of nanoparticles with 2 different subpopulations: subpopulation 1, formed by 

smaller nanoparticles, and subpopulation 2, formed by larger nanoparticles. 

Therefore, observing fig. 2.16, in that samples where a unique population 

of NPs is obtained, the situation h < hc is realized (dewetting as on a flat 

surface), whereas in that samples where two NPs sub-populations are 

obtained, the situation h>hc is realized (substrate topography-driven 

dewetting).  

Then, I can conclude, also, that 3 nm < hc < 7.5 nm for the Pd film and that 

7.5 nm < hc < 12.2 nm for the Pt film.  

In addition, the film thicknesses are smaller than the roughness of the FTO, 

h< 𝜎𝐹𝑇𝑂 = 32.7 nm, so the effect is driven only by the local curvature pyramids 

of the substrate. 
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Figure 2.18 Picture of the result of the “low-thickness”-film dewetting process on the 
FTO topographically structured surface. Small NPs are uniformly distributed over the 
entire FTO surface (as on a flat surface) [47].  
 
 
 

 
Figure 2.19 Picture of the result of the “high-thickness”-film dewetting process on 
the FTO topographically structured surface. Large NPs are preferentially formed in-
between or over the FTO pyramids [47].  
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2.4 Conclusions 
 

In this chapter has been shown a method for the controlled production of 

mono and bimetallic NPs on substrate, based on nanosecond laser irradiation 

of Pt-Pd deposited films that induces melting, alloying and dewetting of the 

films. The NPs have been characterized from a point of view morphological 

and chemical. 

In the first istance, despite what is expected in a spinodal dewetting 

process on flat surface, the microscopic analyses revealed that the average 

diameter of NPs was independent on the thickness of the deposited film. 

Furthermore, the size distributions of the nanoparticles seemed to show the 

presence of two different NPs’ sub-populations and not only one. 

For these reasons, particular attention has been devoted to the study of 

the effect of substrate’s topography on the average size of the produced NPs. 

In particular, I observed that increasing the thickness of the film the NPs 

population evolves from monomodal to bimodal. This indicates the existence 

of a critical film thickness hc identifying a change in the dewetting 

characteristics of the film: for h < hc the substrate topography does not 

influence the film dewetting process, while for h > hc the topography of the 

substrate is crucial in determining the dewetting process and, so, the final 

mean size of the produced NPs. In those samples where a unique population 

of NPs is obtained the situation h < hc is realized (dewetting as on a flat 

surface), whereas in that samples where two NPs sub-populations are obtained 

the situation h > hc is realized (substrate topography-driven dewetting). 
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Chapter 3 
 

Laser ablation synthesis of Pd and Pt 
nanoparticles and study of the charge transfer 
effect in NPs/Graphene hybrid composites 
 
 

In the first chapter has been explained how physico-chemical response of 

metallic nanoparticles can be tuned by controlling their size and composition. 

In particular, it is known in the literature that catalytic activity of metallic 

nanoparticles increases when their size decreases, because the surface area of 

nanoparticles is inversely proportional to the particle size [1-3]. Therefore, it 

is important that the fabrication methods allow such a fine control. 

In the previous chapter, a method based on laser irradiation was shown, 

which it allowed us to fabricate mono and bimetallic nanoparticles with size 

> 50 nm (depending on the thickness of the irradiated film). 

Here I present a laser-assisted synthesis method for the production of 

ligand-free mono- and bi-metallic Pd and Pt nanoparticles, with nanoparticles’ 
average diameter around 10-15 nm. It is based on the nanosecond Pulsed Laser 

Ablation in Liquid environment (PLAL) of pure Pd or Pt targets and of PtPd 

composite target at different ablation times, in which the composition of the 

target determines the composition of the resulting NPs [4, 5]. 

 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Some of the work described in this chapter has been previously published as: 
1 M. Censabella, V. Torrisi, S. Boninelli, C. Bongiorno, M. G. Grimaldi, F. Ruffino, 

Laser ablation synthesis of mono- and bimetallic Pt and Pd nanoparticles and 

fabrication of Pt-Pd/Graphene nanocomposites, 475 (2019) 494-503. 

https://doi.org/10.1016/j.apsusc.2019.01.029 
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In addition, I used the produced nanoparticles to decorate graphene layers 

by simple spin-coating of the colloidal solutions onto the substrates, obtaining 

NPs/graphene nanocomposites. Indeed, such hybrid composites are 

considered promising candidates for the design and production of innovative 

and functional devices, thanks to the properties arising from the synergistic 

combination of the characteristics of both components. 

Furthemore, a study on the charge transfer effect between nanoparticles 

and graphene is here presented. 

 

3.1 Experimental section 
 

 Synthesis of colloidal NPs 
 

Laser ablation was performed by pulsed (10 ns) Nd:YAG Laser operating 

at λ = 1064 nm, at fluence 5 J/cm2 and at repetition rate of 10 Hz, with 6 W of 

power (Quanta-ray PRO-Series pulsed Nd:YAG laser). As shown in figure 

3.1, the beam laser was focused perpendicularly aligned to the target by means 

of a lens of 20 cm focal length. The target was placed at the bottom of a teflon 

vessel that was filled with 8 mL of deionized Milli-Q water (resistivity 18MΩ 
cm). The spot laser has a circular shape of 2 mm in diameter.  

In order to synthesize Pt NPs a pure platinum metal plate was used as 

target, with purity of 99,9 % and for the production of Pd NPs a pure palladium 

metal plate was used as target, with purity of 99,9 %. Instead, bimetallic PtPd 

NPs were produced by laser ablation of a composite target Pt80Pd20 (at. %). 

Three sets of samples were prepared for each target, by changing the 

ablation times: 2, 8 and 12 minutes. 

The targets have been weighed before and after the ablation using a micro 

analytical balance (Sartorius M5) with a sensitivity of 100 µg, in order to 

estimate the total amount of material released in the solution. During the 

irradiation of the target, the solution’s color becomes brown. 
All the solutions have been kept in the fridge at 3°C to prevent the NPs 

agglomeration [4]. 
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Figure 3.1 Schematic of experimental setup employed for the synthesis of colloidal 
NPs [6]. 

 

 

 Characterizations of metallic NPs 
 

The as-produced colloids were analized by Ultraviolet-Visible 

spectroscopy (UV-Vis) using a Perkin-Elmer Lambda40 spectrometer in the 

wavelength range 200–1100 nm with an integrating sphere (Labsphere 20), 

using quartz cells with 1 cm light path. 

In order to study the NPs morphology by using Transmission Electron 

Microscopy (TEM), a drop of synthesized colloidal solutions, for each sample, 

has been casted on TEM grid and left drying in air. The TEM images were 

taken by employing a 2010 JEOL instrument operating at 200 KeV 

accelerating voltage and the images were analyzed by Gatan Digital 

Micrograph software to determine the NPs size distribution. The mean value 

of the NPs diameter, <D>, for each sample has been calculated on a statistical 
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population of 900 particles, with associated error the standard deviation on the 

mean value. 

Also, High-Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) images were obtained by STEM. The HAADF 

images were registered using a camera length of 120 mm and a collection 

angle of 50 - 180 mrad. 

Energy Dispersive X-ray (EDX) analyses were performed using a Gemini 
Field Emission SEM (FE-SEM) Carl Zeiss SUPRA 25, equipped with an 
EDAX EDX detector. 

Moreover, the crystalline structure of the NPs was checked by using the 

Selected Area Electron Diffraction (SAED) technique in TEM. 

Also, a drop of colloidal solutions for each sample has been casted on 

silicon substrate in order to perform XRD characterization. The NPs’ structure 
was analyzed in grazing incidence mode (𝜃𝑖𝑛𝑐 = 0.1°) using a Smartlab 

Rigaku diffractometer, equipped with a rotating anode of Cu 𝐾𝛼 radiation 

(λ=1.54056 Å) operating at 45 kV and 200 mA. 
 

 Synthesis of NPs/Graphene nanocomposites 

 
Graphene substrates, produced via Chemical Vapor Depositionv (CVD) 

method, were purchased from Graphene Laboratories (NY, USA, graphene-

supermarket.com). Graphene was grown directly on nickel film deposited on 

an oxidized silicon wafer. 

In order to fabricate NPs/Graphene nanocomposite a drop of colloidal 

solutions for each sample has been casted and spin-coated onto graphene 

substrate. 

 

 Characterization of NPs/Graphene nanocomposites 

 
The morphology of NPs/Graphene nanocomposite was characterized by 

SEM, using a Zeiss FEG-SEM Supra 25 Microscope operating at 5 kV and 

the resulting SEM images were analyzed using the Gatan Digital Micrograph 

software in order to estimate the surface density of the nanoparticles on the 

graphene. 
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Raman spectra on the samples were acquired by using a micro-Raman 

spectrometer (Confocal Raman–AFM SNOM, WITec ALPHA300RS, ULM, 

Germany) equipped with a charge-coupled device (CCD) system. A 532 nm 

laser line (output power ~32 mW, power on the sample ranging from 0.5 to 

10 mW), a grating with 600 grooves mm−1 and a 100× differential interference 

contrast (DIC) objective (NA 0.9) were used. Several Raman spectra (10÷15 

for each sample) of bare graphene and nanocomposites were collected to 

ensure the repeatability of the results and in order to calculate the error in the 

peak values. In addition, the spectra for different sample are acquired in areas 

with the same contrast at optical microscope, in order to guarantee similar 

number of layers, between 2 and 3 [7]. 

The AFM image and the current–voltage (I-V) characteristics of the 

samples were acquired, at room-temperature, by C-AFM (Conductive-Atomic 

Force Microscopy) using a Bruker-Innova microscope, in contact mode, 

equipped with a current amplifier and ultra-sharpened Pt tips (SCM-PIT by 

Bruker probes, radius of curvature = 20 nm). For each sample, at least 100 C-

AFM I–V characteristics were acquired in 100 different points on the sample 

surface. The AFM image have been taken in scanning areas of 5x5 µm2, in 

order to ensure punctual measurements on NP and Out of NP on the same 

number of graphene layers. 

 

 

3.2 Synthesis by pulsed laser ablation in liquid of mono and 
bimetallic Pt/Pd nanoparticles  
 

Here I report a facile synthesis of monometallic and bimetallic PtPd NPs 

by PLAL. A complete characterization of the produced nanoparticles is also 

presented. In particular, it has been characterized their stability, morphology 

and crystalline structure. 

 

 

 



Chapter 3 

 

92 
 

3.2.1 Results and discussion 

 

 Monometallic NPs 

 

In figure 3.2 a)-c) are shown the Pt colloidal solutions obtained by 

changing the ablation times: 2 a), 8 b) and 12 c) minutes. 

Instead, Pd solutions ablated for 2 (2’), 8 (8’) and 12 minutes (12’) are 
shown in figure 3.2.d), e) and f), respectively. But after few minutes, in the 8’ 
(fig. 3.2.h) and 12’ (fig. 3.2.i) Pd solutions the NPs aggregates formation and 
the sedimentation take place. On the contrary, 2’-Pd (fig. 3.2.g) and all Pt 

colloidal solutions seem to remain stable.  

Figure 3.2.j) shows the solution density [g/L] as a function of ablation time 

of the colloidal stable solutions, calculated weighing the targets before and 

after ablation and assuming that ablated material has been totally converted in 

nanoparticles. The dashed line is only a guide for the eye. 

In order to evaluate the colloids’ stability over time, in addition to the 
visual evidence shown in figure 3.2, UV–Vis extinction spectra were carried 

out immediately after the ablation process and 5 days after the production 

stage. 

The extinction spectra (absorbance + scattering) indicate that the surface 

plasmon resonance band of these samples appeared in the UV region at 216 

nm (fig.3.3.a for PtNPs) and 218 nm (fig 3.3.b for Pd NPs) wavelength. These 

values are in good agreement with other work in literature [8, 9].  

As shown in figure 3.3.a) and 3.3.b), the spectra acquired immediately after 

the nanoparticles production and after 5 days seem to be identical, within an 

error of 5%. This is true both for colloids with PtNPs than Pd 2’ NPs. For Pt 
NPs is reported only Pt 2’ solution’s spectrum as example, because the others 
spectra are identical to the latter. 
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Figure 3.2 Pictures of colloidal solutions obtained by Pt target ablation for 2 (3.2.a), 
8 (3.2.b) and 12 (3.2.c) minutes and Pd target ablation for 2 (3.2.d), 8 (3.2.e) and 12 
(3.2.f) minutes. After few hours Pt solutions and Pd 2’ (3.2.g) solution are still stable, 
instead Pd solutions 8’ (3.2.h) and 12’ (3.2.i) aggregated. Solution densities of ablated 
masses as a function of ablation time (3.2.j) [6]. 
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Figure 3.3 UV-Vis Extinction spectra of laser synthesized colloidal NPs immediately 
after the ablation process and after 5 days the production stage. In particular, Pt 2’ 
NPs 3.3.a), Pd 2’ NPs 3.3.b) and Pd 8’ NPs [6].  

 

 
Instead, I report in figure 3.3.c) the extinction spectra of Pd 8’ solution 

acquired immediately after the nanoparticles production and after 5 days. As 

recognizable by the picture, the spectra are completely different compared to 

Pd 2’solution, because, just after a few minutes from their production, 
sedimentation takes place. So, I can affirm that the solutions obtained for 8 

and 12 minutes of ablation time are not stable. This, probably, because the 

solution density of ablated material is high, determining the formation of very 

concentrated solutions and, in the same volume, the particle-particle distance 

decreases. The decrease of this distance causes, for the palladium particles, an 

increase of the attractive interaction that lead to the aggregation of the NPs 

and the subsequent sedimentation. This effect is not realized for Pt NPs, 

although by increasing the concentration and thus decreasing the distance, 

evidently the attractive forces between Pt NPs does not become so large as to 

cause particles’ aggregation. 
Thus, through laser ablation of a target of Pt at three different ablation 

times, I obtained stable Pt NPs and after laser ablation for 2 minutes of 

ablation time of a Pd target, I obtained stable Pd NPs. I have verified the 

stability after 5 days from their production, but as evidenced by Mafunè [8] 

and Cristoforetti [9], Pt and Pd NPs are stable for many days (>30 days). 
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Figure 3.4 EDX spectrum a) and XRD pattern b) of Pt NPs and EDX spectrum c) and 

XRD pattern d) of Pd NPs [6]. 

 

 
EDX analyses on single NPs are shown in Figure 3.4.a) and 3.4.c). In 

particular, Figure 3.4.a) shows EDX analysis on a single Pt NP obtained by 

12 minutes of ablation time, where is evident the presence of the Pt peak at 

2.048 keV (Pt shell M). Instead, Figure 3.4.c) displays EDX analysis on a 

single Pd NP resulting by 2 minutes of ablation time, in which the two main 

Pd peaks were present at 2.838 keV (Lα) and 2.990 keV (Lβ1).  
XRD measurements on the colloidal solutions were performed in order to 

study the crystalline structure of the NPs. So, a drop of Pt and Pd colloidal 

solution obtained by 8’ of ablation time have been casted on silicon substrate 
and the drop complete evaporation was observed in 24 hours in standard 

conditions (in air and room-temperature). XRD patterns of Pt NPs is shown in 

Figure 3.4.b), where there are four diffraction peaks at 39,8° (111), 46,4° 

(200), 67,6° (220) and 81,5° (311). Instead, Figure 3.4.d) shows Pd NPs 

diffraction peaks at 40,2° (111), 46,8° (200), 68,3° (220) and 82,3° (311). The 

XRD peaks match those of fcc Pt (JCPDF 04-0802) and Pd (JCPDF 46-1043), 

respectively. 
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The average size of the crystalline domain that induced the diffraction has 

been estimated from the XRD spectra by using the Debye–Scherrer 

approximation: D = K λ/ β cosθ, where K is a dimensionless shape factor close 

to unity, λ is the X-ray wavelength (Cu Kα radiation λ=1540,56 Å), β is the 
line broadening at half the maximum intensity and θ is the Bragg angle. This 

value is 7 nm for Pt NPs and 12 nm for Pd NPs [10]. 

 

 
Figure 3.5 SAED pattern of Pt 2’ NPs 3.5.a) and Pd 2’ NPs 3.5.b). The diffraction 

rings correspond to d-spacing, that refer to the (111), (200), (220) and (311) planes of 

face-centered cubic structure of Pt and Pd metal, respectively [6]. 

 

 
In addition to the XRD measurements, the crystalline structure of the 

nanoparticles is confirmed by SAED measurements, showed in figure 3.5. In 

particular, in figure 3.5.a the diffraction rings correspond to d-spacing of 2.27, 

1.96, 1.39, 1.19 Å. In figure 3.5.b the diffraction rings correspond to d-spacing 

of 2.24, 1.94, 1.37, 1.17 Å. These values refer to the (111), (200), (220) and 

(311) planes of face-centered cubic structure of Pt (fig. 3.5.a) and Pd (fig 

3.5.b) metal, respectively  

Figure 3.6.a) is a TEM image of Pt NPs obtained by ablation for 2 minutes, 

which shows that the NPs present a circular plan-view shape indicating a 

three-dimensional spherical shape. The particles’ diameter has been measured 
by TEM image and size distribution for Pt 2’ NPs is shown in fig. 3.6.b). Most 
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of particles are in the order of 5-10 nm, but there are also smaller and bigger 

NPs. 

 

 
Figure 3.6 TEM image 3.6.a) of Pt 2’ NPs and their diameters distribution 3.6.b). 

TEM image 3.6.c) of Pd 2’ NPs and their diameters distribution 3.6.d) [6].   
 

 

Also Pd NPs have spherical shape, as shown in TEM image of Pd 2’ NPs, 
in figure 3.6.c). The diameter distribution (fig. 3.6.d) shows that the mean 

value is around 12 nm. 

The mean diameter histogram is displayed in figure 3.7. The mean value is 

evaluated by Gaussian distribution (black line in fig. 3.6.b and 3.6.d) and the 

associated error is the standard deviation on the mean value. In particular, the 

evaluated mean values and corresponding errors for the analyzed samples are 

reported in the plot in Fig. 3.7.  

These values are close to the crystalline size valuated by Scherrer equation 

and this is a clear evidence that the NPs are, basically, single crystals [5]. 
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Figure3.7 Mean diameters of monometallic NPs [6]. 

 

 

The effect of the ablation time it is not very strong, indeed the average 

particles size changes of few nanometers. The particles become larger with 

increasing ablation time until the high repetition of the pulsed laser cause 

downsizing by laser fragmentation during laser ablation [4].  

However, as demonstrated in previous literature, there are other multiple 

strategies suitable for varying the particle sizes produced by laser ablation. 

These strategies are: to change the laser energy and the lens-to-sample 

distance, in order to change the laser spot' size onto the target and, 

consequently, the laser fluence [9]. Also, the solvent used can greatly 

influence the ablation process, for example by reducing the size of the 

nanoparticles due to an adsorption by solvent's molecules on the particle 

surface [4]. 

 

 

 Bimetallic NPs 

 
In order to produce bimetallic NPs, a composite target made by eighty 

atomic percent of Pt and twenty atomic percent of Pd was ablated. Again, the 

ablation times were 2, 8 and 12 minutes. 
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An optical image (photo) of the resulting colloidal solutions is displayed 

in figure 3.8 a-c). After several days the solutions appear still stable (fig. 3.8 

d-f), as in the case of the Pt NPs solutions. 

The solution density [g/L] of the stable solutions (monometallic and 

bimetallic NPs) is shown in figure 3.8.g). Also in this case of bimetallic NPs 

(blue line), assuming that ablated material has been totally converted in 

nanoparticles. 

For evaluate the colloids’ stability over time, UV–Vis extinction spectra 

were carried out immediately after the ablation process and 5 days after the 

production stage. 

The extinction spectra indicate that the surface plasmon resonance band of 

these samples appeared in the UV region at 222 nm wavelength. As shown in 

figure 3.9, the spectrum acquired immediately after the nanoparticles 

production and after 5 days seem to be identical, within an error of 6%. The 

stability of bimetallic PtPd nanoparticles is explained by the fact that the 

ablated target is made by 80% of Pt and 20% of Pd. Only PtPd 2’ solution’s 
extinction spectrum is reported as example.  
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Figure 3.8 Photographs of colloidal solutions obtained by ablating a composite target 

Pt80Pd20 (at. %), for 2 (3.8.a), 8 (3.8.b) and 12 (3.8.c) minutes. Optical images (3.8.d-

f) of solutions after several days. Solution densities of ablated masses as a function of 

ablation time [6]. 
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Figure 3.9 UV-Vis Extinction spectra of laser synthesized colloidal bimetallic PtPd 

NPs immediately after the ablation process and after 5 days the production stage [6]. 

 

 
Figure 3.10 shows EDX analysis performed on a single NP resulting by 8 

minutes of ablation. In particular, the simultaneous presence of the Pt peak at 

2.048 keV (Pt shell M) and of the two main Pd peaks at 2.838 keV (Pd shell 

Lα) and 2.990 keV (Pd shell Lβ1) (see fig. 3.10.b)) were found, indicating that 

the NP truly a bimetallic PtPd structure. 

 

 
Figure 3.10 SEM image (a) and EDX spectrum (b) of a single NP obtained by laser 

ablation of a composite target PtPd for 8 minutes. The presence of the characteristic 

peaks of Pt (2.048 keV) and Pd (2.838 keV and 2.990 keV) is evident [6]. 
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HAADF-STEM measurements on the bimetallic PtPd NPs were perfomed 

after deposition on the TEM grid from the starting solutions. These analyses 

were carried out to determine whether the NPs consisted of a homogeneous 

PtPd alloy or if Pd and Pt in the same NP, even if simultaneously present, are 

spatially separated as, for example, in a core-shell structure. Indeed, in the 

HAADF-STEM images the contrast is related with the atomic number Z of 

the elements in the samples (Z-contrast), so, the lighter elements appear 

lackluster while the heavier elements appear brighter [11-13]. In this case, the 

difference between the atomic number of the elements Pd (Z=46) and Pt 

(Z=78) should be clearly distinguishable in the contrast of the image. 

However, as you can see in the figure 3.11, no difference can be observed 

between the Pt and Pd elements in a single nanoparticle obtained by laser 

ablation for 8 minutes. Furthermore, whereas the STEM images are due to the 

mass contrast, I compared 2 nanoparticles with different image contrast to 2 

other nanoparticles with equal size (in which, therefore, the mass volumes 

crossed by the beam are comparable): in particular, in figure 3.11, NP called 

“a” (very bright) with diameter size about D=41 nm and the one called “c” 
(less bright) with diameter D=21 nm can be compared, respectively, with the 

NP called “b” (D=40 nm) and “d” (D=21 nm). Also in this case, there are no 
significant contrast differences between “a” and “c” and between “b” and “d”. 
In fact, the two particles in comparison are brilliant in the same way and, 

therefore, have the same elemental composition. 

So I can affirm that the NPs are bimetallic PtPd, as observed in the EDX 

measurements, and, thanks to HAADF STEM measurements, that Pt and Pd 

are homogeneously distributed on the whole volume of the particles and that, 

therefore, there is no phase separation between the two elements. 
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Figure 3.11 HAADF STEM image of bimetallic PtPd NPs obtained by laser ablation 

for 8 minutes. The nanoparticle called “a” has the same diameter and the same contrast 
of the nanoparticle “b”, as well as the nanoparticle “c” has the same contrast and size 

of nanoparticle “d”. Therefore, Pt and Pd are homogeneously distributed on the whole 
volume of the particles [6]. 

 
 

Moreover, the NPs’ crystalline structure is confirmed by SAED 
measurements, showed in figure 3.12. The diffraction rings correspond to d-

spacing of 2.25, 1.95, 1.39, 1.19 Å. These values are within the monometallic 

Pt and Pd values, thus indicating the formation of PtPd alloy [14]. 

As shown in the previous figures the bimetallic NPs are spherical. The PtPd 

particles’ size has been measured by TEM images. Figure 3.13 shows a TEM 

image (fig. 3.13.a) and size distribution (fig. 3.13.b) of PtPd bimetallic NPs 

obtained by ablation for 2’. Most of particles are in the order of 1-10 nm, but 

there are, also, many bigger NPs.  
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Figure 3.12 SAED pattern of PtPd 2’ NPs. The diffraction rings correspond to d-

spacing, that refer to the (111), (200), (220) and (311) planes of structure of PtPd alloy 

[6]. 

 
 

The mean diameters, <D>, of the NPs are shown in figure 3.14. In this 

case, the mean value is evaluated by LogNormal distribution (black line in fig. 

3.13.b) and the associated error is the standard deviation on the mean value.  

 

 
Figure 3.13 TEM image a) and diameter distribution b) of bimetallic PtPd NPs 

obtained by laser ablation of composite target for 2 minutes [6]. 
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Again, the average particles size changes of few nanometers by changing 

the ablation times. Increasing ablation time, the particles become larger until 

the nanoparticles fragmentation occurs [4].  

 

 
Figure 3.14 Mean diameter histogram of bimetallic PtPd NPs [6]. 

 
 

3.3 Study of the charge transfer effect in NPs/Graphene 
hybrid composites 
 

Here we report a study on the charge transfer effect between metal NPs 

and graphene substrate. In particular, I wanted to investigate how chemical 

composition of NPs influences this effect. Therefore, the stable NPs of Pt, Pd 

and PtPd, produced by laser ablation for 2 minutes of ablation time, have been 

loaded on graphene by simple spin-coating of colloidal solution. Raman 

Spectroscopy and C-AFM measurements were performed on these 

NPs/graphene nanocomposites and a combined analysis of these results 

allowed us to demonstrate that the chemical composition of the metal 

nanoparticles is a key parameter in determining the charge transfer 

phenomenon. 
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3.3.1 Results and discussion 

 
Graphene is a two-dimensional crystal, consisting of one-atom thick 

monolayer of sp2 hybridized carbon atoms organized in a honeycomb lattice 

(fig. 3.15) [6]. For the first time, it was produced by oxidation and by carbon 

precipitation on metal catalysts in 1974 [15], but since its isolation by simple 

mechanical exfoliation of graphite in 2004 [16] it has attracted tremendous 

attention in the scientific community due to its exceptional proprieties [17]: it 

exhibits charge-carrier mobility up to 106 cm2 V-1 at room temperature [18], 

electrical conductivity of up to 6000 Scm-1 [19], thermal conductivity of 5000 

Wm-1K-1 [20], optical transparence [21], large specific surface area [22] and 

mechanical strength (with a Young's modulus of 1 TPa single layer graphene 

is the strongest material ever measured [23]. These properties make it 

promising for a variety of exciting application. 

 

 
Figure 3.15 A single layer of carbon atoms arranged in such a honeycomb structure. 

 

 

In particular, the novel optoelectronic, catalytic and magnetic properties of 

graphene/metal NPs nanocomposites have attracted great attention. In fact, 

due to sp2 hybridization of carbon bonds present in graphene, which facilitates 

the delocalization of electrons, graphene possesses excellent electronic 

conduction, that could be enhanced loading metal NPs on graphene, 

combining the properties of both components. This can lead to a 

nanocomposite with larger active surface areas and improved electron 

transport useful for various applications including catalytic reactions, 
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electronic and optical devices, energy storage and energy conversion 

[6,17,22]. 

In this work, graphene grown by CVD on Ni has been used as substrate to 

load the NPs. Figure 3.16 is a SEM image of the used graphene. Graphene 

was purchased from graphene-supermarket and has the following technical 

characteristics [24]: it is a polycrystalline film of few layers graphene of 

different thickness, usually between 1-7 layers with an average of 4 monolayer 

thickness; as show in figure 3.16.a, graphene looks like a patchwork, whereas 

each “patch” has a different thickness, about 3-10 microns; the graphene 

layers within the same patch are aligned relative to each other (there is a 

graphitic AB-stacking order) [24]. Figure 3.16.b is an enlargement of fig. 

3.16.a. 

 

 
Figure 3.16 SEM image of multilayer graphene film grown on nickel (3.16.a). Figure 

3.16.b is an enlargement of fig. 3.16.a [6]. 

 

 

In literature, many efforts have been devoted to study the interaction 

between graphene and metal surfaces. The adsorption between nanoparticles 

and graphene could be classified into two different categories: either a 

chemisorption, with strong interaction between graphene and metals and 

orbital hybridization, or a physisorption, with weak interaction and charge 

transfer. In the first case the adsorption energies are around 0.09-0.4 eV per 

atom and with equilibrium interfacial distances <2.5 Å. For physisorption the 

adsorption energies are smaller at around 0.03-0.05 eV per atom carbon with 

equilibrium interfacial distances > 3 Å [25].  
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Figure 3.18 SEM images of metal NPs/graphene nanocomposites. In particular, Pt 

NPs on graphene in fig.3.18.a, Pd NPs/graphene in (b) and PtPd bimetallic 

NPs/Graphene in (c). Surface density of the NPs on graphene substrate (d) [17]. 
 

 

 Charge Transfer in Graphene 

 

It is known in the literature that metallic films deposited on graphene 

modify the electronic structure of graphene, through charge transfer. So the 

Fermi Energy can move away from the conical points, resulting in doping with 

either electrons or holes [31-32]. A very useful technique to characterize the 

charge transfer effects of graphene-based systems is Raman spectroscopy 

Indeed, the Raman spectrum of graphene contains information about both 

electronic properties and atomic structure [33]. It has three main peaks: the D-

band, located at ~1350 cm-1, G-band at ~1582 cm-1and 2D band at ~2700      

cm-1. The D-band appears in the case of microscopic defects in the graphene 

structure, but can also originates from chemical doping, grain boundaries or 
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other factors. The spectrum of defect-free graphene does not have a D band 

[34]. 

As reported by Das et al. [32], through the intensity ratio and the value shift 

of the G and 2D peaks of the graphene’s Raman spectrum is possible to 

identify the graphene doping. Figure 3.19 shows how the Raman parameters 

(positions of the G (a) and 2D peak (b) and the 2D/G intensity ratio (c)) vary 

as a function of doping. In particular, the Raman shift of the G peak increases 

up to 30 cm-1 for hole doping and up to 25 cm-1 for electron doping; therefore, 

the presence of doping (hole or electron) determines an upshift of G peak [32]. 

Instead, the position of the 2D peak decreases (red shift) with increasing 

electron concentration in the system and increases (blue shift) with the 

increasing holes concentration. This allows the use of the 2D peak to 

discrimate between electron and hole doping. Moreover, in figure 3.19.c is 

shown the variation of the intensity ratio of the 2D and G peaks, I(2D)/I(G): 

both in the presence of doping with holes or with electrons, this intensity ratio 

decreases.   
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Figure 3.19 Position of the G a) and 2D peak b) as a function of the hole and electron 

doping. Ratio of the intensity of the 2D peak to the intensity of the G peak exhibits a 

dependence of the electron concentration [32].   
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The effect of the deposition of Pt films on pristine graphene was reported 

by Iqbal et al. [35]. In particular, thin layer of Pt with different thickness (1, 3 

and 5 nm) were thermally evaporated on graphene single layer. The Raman 

spectra are shown in fig. 3.20: a change in the intensities of the G and 2D 

peaks are observed after the Pt coating. The I(2D)/I(G) ratio becomes smaller 

with the increase in the thickness of the deposited film. Also, the 2D band is 

red-shifted and the G band is up-shifted: as the thickness of the Pt film 

increases, the shift increases. The blue shift of the G band position and the red 

shift of the 2D band position indicate the n-doping of graphene caused by the 

deposition of the Pt film. 

 

 
Figure 3.20 Raman spectra of pristine monolayer graphene before and after 1, 3 and 

5 nm Pt deposition [35]. 
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 Charge Transfer in Nps/Graphene nanocomposites 

 

I employed Raman spectroscopy on NPs/graphene nanocomposites in 

order to investigate the effect of the NPs elemental composition on the charge 

transfer phenomena.  

In addition, the spectra for different sample are acquired in areas with the 

same contrast at optical microscope, in order to guarantee similar number of 

layers, between 2 and 3 [7]. In figure 3.21 are shown the Raman spectra in 

comparison. In particular, the G and 2D peak of the bare graphene (black line) 

are observed at 1579,9 and at 2699,4 cm-1. The absence of D band suggests 

that graphene used is defect free. After decoration of NPs on graphene the D 

peak appears in all samples, because the presence of NPs alters the perfect 

structure of graphene pristine.  

In addition, the G bands of Raman spectra of NPs/graphene samples are 

blue-shifted towards higher frequencies, while the 2D bands are red-shifted 

towards lower frequencies.  

In particular, for Pt NPs/graphene (pink line) G band is upshifted by 4,95 

cm-1 and 2D peak is shifted by 15,32 cm-1 from graphene, with peak values at 

1587,34 cm-1 and 2684,08 cm-1, respectively; in Pd NPs/graphene (green line) 

the G peak is at 1582,39 (upshifted by 2,49 cm-1) and the 2D peak value is at 

2688,37 cm-1 and shifted of 11,03 cm-1; graphene decorated with bimetallic 

PtPd NPs (blue line) has G peak at 1580,1 and 2D peak at 2691,14 cm-1, with 

smallest peak shift: blue-shift by 0,2 cm-1 and  red-shift by 8,26 cm-1, 

respectively.  
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Figure 3.21 Raman spectra of graphene, Pt NPs/graphene, Pd NPs/graphene and PtPd 

NPs/graphene. A blue-shift of G peak and a red-shift of 2D peak of Raman spectra of 

metal NPs/graphene are evident. These shifts indicate an n-doping effect of the NPs 

on graphene [17]. 

 

 

More in detail, the figure 3.22 shows the histograms that highlight the 

differences between the different samples. In particular, fig. 3.22.a shows the 

ratio of I(2D)/I(G), that is higher for Pt NPs/graphene sample and lower for 

PtPd NPs decoration. The G peak shift values (cm-1) are displayed in fig. 

3.22.b: the higher upshift value is obtained for Pt NPs/graphene sample 

instead the lower upshift is obtained for bimetallic PtPd NPs decoration. The 

same behavior has been obtained for 2D peak shift (cm-1) displayed in fig. 

3.22.c, in fact, the graphene’s decoration with Pt NPs causes a bigger 2D peak 

shift, instead the bimetallic PtPd NPs decoration determines the smaller peak 

shift. 

As shown in literature [31,32,35], the decrease of the I(2D)/I(G) ratio and 

the blue-shift of G bands indicate that the NPs decoration cause a doping effect 

of the graphene layer and, in addition, the red-shift of the 2D bands indicate 
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an n-type doping, in which the electrons are transferred from metal NPs to the 

graphene layer. In particular, the more pronounced value peak shifts (G and 

2D) in the Pt NPs/graphene samples correspond to a larger increase in electron 

density in the graphene layers. Instead, lower peak shift in the Pd 

NPs/graphene samples indicates, with respect to the Pt case, a lower increase 

in electron density in the graphene layers. Finally, the shift is much lower in 

the PdPt NPs/graphene samples, with respect to the Pt and Pd cases, 

indicanting the lowest increase in electron density in the graphene layers [31]. 
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different samples cannot be directly compared one with other, due to the likely 

different number of graphene layers which affects the absolute measured 

values for the current for a fixed voltage (for a fixed voltage, higher the 

number of graphene layers, lower the current). What is important, as result of 

the experiment, is the relative comparison of the I-V curves On the NPs and 

Out of the NPs, in this last case, however, in a random point within the same 

graphene patch where NPs were identified for the I-V measurements: in this 

way, I’m confident that, in each sample, the difference between the I-V curves 

obtained On NPs and Out of NPs is due, solely, to the presence/absence of the 

NPs since the number of the underalying graphene layers is the same. With 

this consideration, in particular, the relative change in the slope of I-V 

characteristic is more pronounced in the case of Pt NPs decoration. This is in 

agreement with the bigger G peak blue-shift and the 2D peak red-shift found 

in the Raman measurements displayed in fig. 3.22.b and 3.22.c. In order to 

evaluate the amount of the change in the slopes of I-V characteristics, in the 

three samples, the differences between measured current Out of NPs and On 

NPs (∆I=Current Out NP- Current On NP), fixing, for example, 10V, where 

the current values difference is larger, have been extracted and plotted in the 

histogram in fig. 3.25. In particular, this difference is more pronounced in the 

Pt NPs/graphene samples, where I found larger value shift in the Raman 

measurement. Finally, it is much lower in the PdPt NPs/graphene samples, 

where I found the lowest value shift in the Raman spectrum, with respect to 

the Pt and Pd cases. 
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Figure 3.24 AFM image (a) and I-V characteristics (b) of Pt NPs/graphene 

nanocomposite; (c) is an enlargement of fig. (b). AFM image (d) and I-V 

characteristics (e) of Pd NPs/graphene nanocomposite; (f) is an enlargement of fig. 

(e). AFM image (g) and I-V characteristics (h) of PtPd NPs/graphene nanocomposite; 

(i) is an enlargement of fig. (h). 
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Figure 3.25 Histogram of differences between current Out of NPs and On NPs 

(∆I=Current Out NP - Current On NP (μA)), measured at voltage of 10 V, for the 

various type of NPs (Pt, Pd, PdPt) on graphene. 

 

 

 

3.4 Conclusions 
 

In this chapter, it was shown that by laser ablation of pure target of Pt/Pd I 

produced monometallic NPs and by laser ablation of composite Pt80Pd20 

target, I obtained PtPd bimetallic NPs. The colloids’ stability over time is 

evaluated by UV-Vis spectroscopy. The chemical analysis of the 

nanoparticles was done by XRD, SAED and EDX techniques, which 

confirmed the monometallic and bimetallic nature of nanoparticles. Also, 

through HAADF-STEM measurements, it was found in bimetallic NPs that Pt 

and Pd are homogeneously distributed on the whole volume of the particles. 

The average size of the NPs was estimated by TEM images and it is around 

10-15 nm.  
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After the fabrication and the characterization, the NPs have been used to 

decorate graphene substrates. By using SEM images the surface density of the 

NPs on graphene was evaluated to be of the order of 1010 part/cm2. 

From the characterization of these NPs/graphene samples, I found that the 

metal NPs deposited on graphene modify the electronic structure of graphene 

through charge transfer. In particular, I found a G Raman peak upshift and 2D 

Raman peak downshift, which indicate a n-doping effect, where the electrons 

are transferred from the NPs to the graphene layer. I, also, confirmed this 

effect employing C-AFM measurements: I found that the slopes of the I-V 

characteristics change due to the effect of the NPs on the graphene. In 

particular, these changes follow the Raman peak shifts, highlighting that the 

chemical composition of the NPs drives the charge transfer phenomena. 

Such prepared NPs/graphene nanocomposites may find important devices 

applications in a wide variety of fields which fuel cells, sensors, catalytic 

reactions and electronic and optical devices, so to exploiting the fascinating 

synergic properties of Pt/Pd NPs and graphene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

 

122 
 

Chapter 3 References 
 
 

1. M. Yamauchi, H. Kobayashi, H. Kitagawa, Hydrogen Storage 

Mediated by Pd and Pt Nanoparticles, Chem. Phys. Chem., 10 

(2009) 2566 – 2576. https://doi.org/10.1002/cphc.200900289 

2. P. Suchomel, L. Kvitek, R. Prucek, A. Panacek, A. Halder, S. 

Vajda, R. Zboril, Simple size-controlled synthesis of Au 

nanoparticles and their size-dependent catalytic activity, Scientific 

Reports, 8 (2018) 4589. DOI:10.1038/s41598-018-22976-5 

3. L. Liu, A. Corma, Metal Catalysts for Heterogeneous Catalysis: 

From Single Atoms to Nanoclusters and Nanoparticles, Chem. 

Rev., 118 (2018) 4981−5079. DOI: 10.1021/acs.chemrev.7b00776 

4. S. Barcikowski, V. Amendola, G. Marzun, C. Rehbock, S. 

Reichenberger, D. Zhang, B. Gokce, Handbook of laser synthesis 

of colloids, DuEPublico, 2016. 

5. J. Zhang, D. N. Oko, S. Garbarino, R. Imbeault, M. Chaker, A. C. 

Tavares, D. Guay, D. Ma, Preparation of PtAu Alloy Colloids by 

Laser Ablation in Solution and Their Characterization, J. Phys. 

Chem. C., 116 (2012) 13413-13420. 

https://pubs.acs.org/doi/abs/10.1021/jp302485g 

6. M. Censabella, V. Torrisi, S. Boninelli, C. Bongiorno, M. G. 

Grimaldi, F. Ruffino, Laser ablation synthesis of mono- and 

bimetallic Pt and Pd nanoparticles and fabrication of Pt-

Pd/Graphene nanocomposites, 475 (2019) 494-503. 

https://doi.org/10.1016/j.apsusc.2019.01.029 

7. M. Bayle, N. Reckinger, A. Felten, P. Landois, O. Lancry, B. 

Dutertre, J. F. Colomer, A. A. Zahab, L. Henrard, J. L. Sauvajol, 

M. Paillet, Determining the number of layers in few‐layer graphene 

by combining Raman spectroscopy and optical contrast, J. Raman 

Spectrosc., 49 (2018) 36-45. DOI: https://doi.org/10.1002/jrs.5279 

8. F. Mafunè, J. Kohno, Y. Takeda, T. Kondow, Formation of Stable 

Platinum Nanoparticles by Laser Ablation in Water, J. Phys. Chem. 



Chapter 3 

 

 

123 

 

B 107 (2003) 4218-4223. 

https://pubs.acs.org/doi/abs/10.1021/jp021580k 

9. G. Cristoforetti, E. Pitzalis, R. Spiniello, R. Ishak, M. M. Miranda, 

Production of Palladium Nanoparticles by Pulsed Laser Ablation 

in Water and Their characterization, J. Phys. Chem. C. 115 (2011) 

5073-5083. https://pubs.acs.org/doi/abs/10.1021/jp109281q 

10. B. D. Cullity, Elements of X-ray Diffraction, Addison-Wesley, 

Reading, MA, 1978. 

11. R. Esparza, A. Santovena, A. Ruiz-Baltazar, A. Angeles-Pascual, 

J. Maya-Cornejo, J. Ledesma-Garcia, R. Perez, Study of PtPd 

Bimetallic Nanoparticles for Fuell Cell Applications, Mater. Res. 

20 (2017) 1193-1200. http://dx.doi.org/10.1590/1980-5373-mr-

2016-0934 

12. R. Esparza, A. F. Garzia-Ruiz, J. J. Velàzquez Salazar, R. Pérez, 

M. J. Yacamàn, Structural characterization of Pt-Pd core-shell 

nanoparticles by Cs-corrected STEM, J. Nanopart. Res., 15 (2012) 

1342, https://doi.org/10.1007/s11051-012-1342-2 

13. J. S. Pennycook, P. D. Nellist, Scanning Transmission Electron 

Microscopy: Imaging and Analysis, Springer Science & Business 

Media (2011) 

14. G. Zhang, C. Huang, R. Qin, Z. Shao, D. An, W. Zhang, Y. Wang, 

Uniform Pd-Pt alloy nanoparticles supported on graphite 

nanoplatelets with high electrocatalytic activity towards methanol 

oxidation, J. Mater. Chem. A., 3 (2015) 5204–5211. 

doi:10.1039/c4ta06076h 
15. J. C. Shelton, H. R. Patil, J. M. Blakely, Equilibrium segregation 

of carbon to a nickel (111) surface: A surface phase transition, 

Surface Science, 43 (1974) 493-520. https://doi.org/10.1016/0039-

6028(74)90272-6 

16. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, 

S. V. Dubonos, I. V. Grigorieva, A. A. Firsov, Electric Field Effect 

in Atomically Thin Carbon Films, Science, 306 (2004) 666–669.  

doi:10.1126/science.1102896. DOI: 10.1126/science.1102896  

17. M. Censabella, V. Torrisi, G. Compagnini, M. G. Grimaldi, F. 

Ruffino, Fabrication of Metal Nanoparticles-Graphene 



Chapter 3 

 

124 
 

Nanocomposites and Study of the Charge Transfer Effect, Physica 

E: Low-dimensional Systems and Nanostructures, submitted 

18. Y. Seekaew, O. Arayawut, K. Timsorn, C. Wongchoosuk, Chapter 

Nine - Synthesis, Characterization, and Applications of Graphene 

and Derivatives, Carbon-Based Nanofillers and Their Rubber 

Nanocomposites Carbon Nano-Objects 2019, Pages 259-283. 

https://doi.org/10.1016/B978-0-12-813248-7.00009-2 

19. X. Du, I. Skachko, A. Barker, E. Y. Andrei, Approaching ballistic 

transport in suspended graphene Nat. Nanotechnol., 3 (2008) 491–
495  https://doi.org/10.1038/nnano.2008.199 

20. A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. 

Miao and C. N. Lau, Superior Thermal Conductivity of Single-

Layer Graphene, Nano Lett., 8 (2008) 902–907. 

https://doi.org/10.1021/nl0731872 

21. S. Pang, Y. Hernandez, X. Feng and K. Mullen, Graphene as 

Transparent Electrode Material for Organic Electronics, Adv. 

Mater.,23 (2011) 2779–2795. DOI: 10.1002/adma.201100304 

22. M. Khan, M. N. Tahir, S. F. Adil, H. U. Khan, M. R. H. Siddiqui, 

A. Al-warthan, W. Tremel, Graphene based metal and metal oxide 

nanocomposites: synthesis, properties and their applications , J. 

Mater. Chem. A, 3 (2015) 18753. DOI: 10.1039/c5ta02240a 

23. C. Lee, X. Wei, J. W. Kysar and J. Hone, Measurement of the 

elastic properties and intrinsic strength of monolayer graphene. 

Science, 321 (2008) 385–388. DOI: 10.1126/science.1157996 

24. https://graphene-supermarket.com/One-wafer-100mm-Graphene-

Film-on-Nickel.html 

25. C. Gong, G. Lee, B. Shan, E. M. Vogel, R. M. Wallace, K. Cho, 

First-principles study of metal-graphene interfaces, J. Appl. Phys. 

108 (2010) 123711. https://doi.org/10.1063/1.3524232 

26. F. Xu, Y. Sun, Y. Zhang, Y. Shi, Z. Wen, Z. Li, Graphene-Pt 

nanocomposite fornonenzymatic detection of hydrogen peroxide 

with enhanced sensitivity, Electrochem. Commun. 13 (2011) 

1131–1134. https://doi.org/10.1016/j.elecom.2011.07.017 

27. S. Guo, S. Dong, E. Wang, Three-dimensional Pt-on-Pd bimetallic 

nanodendrites supported on graphene nanosheet: facile synthesis 



Chapter 3 

 

 

125 

 

and used as an advanced nanoelectrocatalyst for methanol 

oxidation, ACS Nano, 4 (2010) 547–555. doi: 10.1021/nn9014483 

28. R. Nie, J. Wang, L. Wang, Y. Qin, P. Chen, Z. Hou, Platinum 

supported on reduced graphene oxide as a catalyst for 

hydrogenation of nitroarenes, Carbon N. Y., 50 (2012) 586–596. 

doi: 10.1016/j.carbon.2011.09.017. 

29. Y. Li, Y. Li, E. Zhu, T. McLouth, C. Y. Chiu, X. Huang, Y. Huang, 

Stabilization of high-performance oxygen reduction reaction Pt 

electrocatalyst supported on reduced graphene oxide/carbon black 

composite, J. Am. Chem. Soc., 134 (2012) 12326–12329. doi: 

10.1021/ja3031449 

30. B. Seger, P. V. Kamat, Electrocatalytically Active Graphene-

Platinum Nanocomposites . Role of 2-D Carbon Support in PEM 

Fuel Cells Electrocatalytically Active Graphene-Platinum 

Nanocomposites . Role of 2-D Carbon Support in PEM Fuel Cells, 

(2009) 7990–7995. doi:10.1021/jp900360k 

31. H. Zhou, F. Yu, H. Yang, C. Qiu, M. Chen, L. Hu, Y. Guo, H. 

Yang, C. Gub, L. Sun, Layerd ependent morphologies and charge 

transfer of Pd on n-layer graphenes, ChemComm, 47 (2011) 9408–
9410. DOI: 10.1039/C1CC13338A 

32. A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. Saha, U. 

Waghmare, K. Novoselov, H. Krishnamurthy, A. Geim, A. Ferrari, 

Monitoring dopants by Raman scattering in an electrochemically 

top-gated graphene transistor, Nat. Nanotechnol., 3 (2008) 210. 

DOI:10.1038/nnano.2008.67 

33. A. C. Ferrari, D. M. Basko, Raman Spectroscopy as a versatile tool 

for studying the properties of graphene, Nature Nanotechnology, 8 

(2013) 235-246. https://doi.org/10.1038/nnano.2013.46 

34. L. M. Malard, M. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus, 

Raman spectroscopy in graphene, Physics Reports, 473 (2009) 51-

87. https://doi.org/10.1016/j.physrep.2009.02.003 

35. M. W. Iqbal, M. Z. Iqbal, M. F: Khan, X. Jin, C. Hwang, J. Eom, 

Modification of the structural and electrical properties of graphene 

layers by Pt adsorbates, Sci. Technol. Adv. Mater., 15 (2014) 
055002. doi: 10.1088/1468-6996/15/5/055002 



 

126 
 



Chapter 4 

 

127 

 

 
Chapter 4 
 

Light-assisted Impedance Studies of Grain 
Boundaries in the Thin Film Proton Conductors 
grown by Pulsed Laser Deposition 
 

 

In the first chapter, we have seen how perovskite thin films are attracting 

great attention from the scientific community, especially in the field of fuel 

cells and, in particular, in Solid Oxide Fuel Cells (SOFCs). For many years, 

the SOFCs’ research has been based on oxygen-ion conductors. Anyway, in 

recent years, the interest towards High-Temperatures Proton Conductors 

(HTPCs) is increasing. The great advantage, with respect to oxygen-ion 

conductors, is that they can achieve high proton conductivity at low 

temperatures (350°), taking advantage of the relatively low activation energy. 

Furthermore, in a proton conductor the water is produced at cathode and not 

at the anode, as instead occurs in an oxygen-ion conductor [1]. 

In a HTPC the electrolyte is an oxide with perovskite type structure, where 

the A site is occupied by an alkaline earth element, in particular Barium, while 

the B site is occupied by a tetravalent element, usually Ce or Zr. To promote 

protonic conductivity, it is paramount to dope the B-site with trivalent 

elements, such as Y. This doping leads to the formation of oxygen-ion 

vacancies, which play a crucial role in the formation of mobile protons [1-4]. 

They can migrate, by a hopping mechanism, from one oxigen ion to the next 

(for details see the section 1.1.3). 

 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

The work presented in this chapter was carried out at the Paul Scherrer 

Institut (Villigen, Switzerland), in the “Thin Films and Interfaces Group”, 
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Among the oxide proton conductors, yttrium doped barium zirconate 

(BZY) shows the best performance. It has good chemical stability and high 

grain interior conductivity, but the presence of large grain boundary regions 

results in quite low total conductivity (bulk + grain) [5-11]. 

The total conductivity could be improved or by decreasing the density of 

grain boundaries (GBs) or by increasing the specific GB's conductivity. 

In literature, the blocking effect is explained by the presence of a space 

charge layer at the grain boundary. In particular, a positively charged grain 

boundary core exists at the grain boundary. To compensate the positive 

charge, a depletion layer of positively charged oxygen vacancies and an 

accumulation layer of negatively charged dopants are formed at both sides of 

the grain boundary core (fig. 4.1). Considering that the conductivity is 

proportional to the oxygen vacancy concentration, the depletion layer of 

oxygen vacancies at the grain boundary causes high resistance [12-13]. 

 

 
Figure 4.1 Schematic illustration of the space charge layer at the grain boundary [13]. 

 

 

Here, I present preliminary results on the increase of the grain boundary 

conductivity due to the UV illumination. In particular, epitaxial 20% Y-doped 

BaZrO3 films have been grown by PLD on MgO substrate. Impedance 

Spectroscopy measurements were performed on these films, without and with 

illumination of the films with an excimer lamp, with wavelength of 222 nm. 

This photon energy is greater compared to the energy band gap of the BZY. 





Chapter 4 

130 
 

 

Two sets of samples were prepared, labeled sets A and B, which differ for 

the different film thickness (the samples A are thicker while samples B are 

thinner). Each set consists of three samples with different growth parameters, 

see Tables 4.1 and 4.2. In particular, A3 sample has been grown with the aim 

to reproduce the sample A1. 

 
Tab. 4.1 Thick samples with different growth parameters 
  

Sample A Thickness  

[nm] 

Grown temperature 

  [°C] 

A1 500 770 

A2 250 780 

A3 500 773 

 
 
Tab. 4.2 Thin samples with different growth parameters 
 

Sample B Thickness  

[nm] 

Grown temperature 

  [°C] 

B1 36 755 

B2 36 780 

B3 39 767 

 

 

Crystalline structure was analyzed in 𝜔 − 2𝜃  scan mode with a Seifert 

diffractometer with monochromatic CuKα1 radiation (λ=1.5418 Å, 40kV, 30 
mA). The film thickness of the B samples was checked with XRR.  

For the thick samples (A serie), the film thickness was checked with 

Scanning Electron Microscope (FE-SEM, Hitachi, S-4800). 

A magneton sputtering equipped in the loadlock of the TSST chamber, is 

used to deposite Pt electrodes ̴ 150 nm (40 mW, 12 minutes, 7.5 x 10-2 mbar). 

Pt electrodes were deposited on the thin films using a shadow mask wich 

patterns two strips (8 mm width) separated by a distance of 1 mm (the 

conduction channel). A schematic representation is shown in fig. 4.3.a. 
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4.2 Results and discussion 
 

The crystalline structure of BaZrO3 is cubic, with lattice parameter of 

4.1973 Å. The substitution of Y in Zr sites determines an increase of the unit 

cell volume, a = 4.223Å [11, 14, 15]. PLD is a growth technique that allows a 

fine control of crystallinity and composition.  

The chemical composition of the films was analyzed with RBS and Particle 

Induced X-ray Emission (PIXE) (Fig. 4.4). In particular, with RBS has been 

obtained the ratio of Ba:(Zr+Y):O. The masses of Zr and Y are too similar to 

be distinct with RBS, for this reason, the ratio Zr:Y has been obtained with 

PIXE. The film composition found to be Ba0.98Zr0.82Y0.21O2.85, with error for 

Ba, Y, Zr are +/- 0.02 and for O +/-0.11, in good agreement with the target 

composition (20% Y-doped BaZrO3) [16]. 

 

 
Figure 4.4 Compositional analysis of BZY film. The composition is obtained with a 

combination of RBS and PIXE measurements. The composition of 20% Y-doped 

BaZrO3 is shown for comparison [16]. 

 

 

However, to ensure a highly crystalline growth, a good crystallographic 

matching between the substrate and the film is required (afilm ≈ asubstrate). I have 

chosen (001) oriented MgO as substrate for two reasons: first because has the 

same cubic symmetry (a = 4.212 Å), allowing good epitaxial growth, and, in 

addition, it is insulating, allowing electrical characterizations of the thin films.  
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where 𝜆 is the wavelength, n the order of diffraction, 𝜃 the value of the 

minimum and 
Δ𝜃2Δ𝑛2 is the slope obtained from linear fit of 𝜃2 versus 𝑛2. 

 

 
Figure 4.6 X-Ray Reflectivity spectra of B1 sample. 

 

Impedence spectroscopy in humidified Ar atmosphere is used to evaluate 

the conductivity of the sample. Impedance spectra recorded in this work, 

because we are considering thin films, exhibit only one semicircle in the 

Niquyst plot (Z’ vs iZ’’) where the intercept with the x-axis determines the 

resistance value. This resistance value is a total resistance, that takes into 

account the contributions of the grain boundary and bulk resistances, which, 

in bulk samples, would be distinguishable in two different semicircles.  

The figure 4.7 shows Niquyst plots obtained at two different temperatures, 

for B1 sample, taken as general example: higher temperatures determine a 

lower resistance, and therefore a smaller semicircle. By using the formula 4.1, 

from resistance value is possible to calculate the conductivity, and since from 

the Nernst-Eistein equation the conductivity can be written as  

 𝜎 = 𝐴𝑇 exp(− 𝐸𝑎𝑘𝑇)     [4.3] 

 

where A is a temperature independent factor. In figure 4.8 are plotted the 

conductivities as a function of 1/T (Arrhenius plot) and the resulting slope 

corresponds to activation energy for proton conduction, Ea [16].  
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Figure 4.7 Nyquist plots of B1 sample at 280°C (red line) and 250°C (blue line). 

 

 

The black dots in figure 4.8 represent the conductivity, at different 

temperature, of thicker sample (A1). In this case the activation energy was 

Ea=0.59 eV. Instead, the thinner samples (B serie) have a higher conductivity 

and lower activation energy compared to the higly-textured sample (A1). The 

best conductivity and lowest activation energy (Ea = 0.44 eV) are obtained for 

the sample B2, with thickness 36 nm and growth at 780°C. 

From these results is highlighted that the growth temperature during the 

PLD process (shown at right of the fig. 4.8) influences the conductivity of the 

film. In addition, the sample’s dehydration starts at about 300 °C, in fact is 

possible to see in the fig. 4.8, marked with the red circle, that the slope of the 

conductivity varies drastically above 300°C. 
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Figure 4.8 The Arrhenius plots of the conductivity for different samples, measured in 

wet Ar. 
 
 

In order to calculate the Energy band gap value of  BZY, one film has been 

grown on double side polished MgO substrate. By using UV-Vis 

spectrophotometer, the absorbance was checked and it is shown in figure 

4.9.a. The type of electronic transition in BZY is assumed to be indirect by 

Hou [17] and Cavalcante [18]. The optical band gap energy (Eg) was 

calculated by the method proposed by Wood and Tauc [19] determined from 

the intercept of the fitted straight line in a plot of (αhυ)1/2 versus photon energy 

(hv) (fig. 4.9.b). The used equation is the following: 

 𝛼ℎ𝜈 ∝  (ℎ𝜈 − 𝐸𝑔)𝑛 

 

where α is absorption coefficient, ν is the frequency, h is Planck’s constant 
and n=2 for indirectly allowed transition. The optical band gap of the 20% Y-
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illumination, after leaving the lamp on for some minutes in order to stabilize 
the power. In figure 4.10.b is shown the Arrhenius plot for B2 sample (the 
sample that showed the better conductivity): how is possible to see, the 
illumination with the lamp didn’t change the conductivity of the sample, 
which remained the same with and without illumination. The same measurent 
were performed for the other two thin sample, but again there was no change 
in the conductivity due to the lamp.  

Figure 4.11.a shows the electrical characterization of thick sample A1, with 
and without illumination. On the contrary, in this case, the conductivity of the 
sample under illumination is higher compared to the one without lighting. The 
same measurements have been performed on the sample A2, film thickness ≈ 
250 nm (fig. 4.11.b), but the effect of the illumination on the conductivity is 
not so evident.  

Based on these results, I can assert that the film’s thickness is a critical 
parameter on the modulation of grain boundary conductivity due to the 
illumination with the lamp. This because the film thickness determines how 
many photons are absorbed by the film and, consequently, how many electron-
hole pairs are created. Probably the A2 and B serie samples are too thin to 
ensure a photons’ absorption such as to be able to reduce the space charge 
layers at the grain boundary and, therefore, to change the conductivity. 
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In order to confirm the reproducibility of the obtained results, the electrical 
characterization have been performed on the sample A3, growth with the same 
characteristics of the sample A1 (thickness ≈ 500 nm, growth temperature 
≈770°C). Also in this case, the conductivity is higher under illumination (fig. 
4.12.a).  

Furthermore, in order to confirm that the effect hasn’t been caused by the 
increasing in temperature on the electrodes’ surface due to illumination, the 
electrodes of the sample A3 have been covered with kapton tape, as shown in 
the insert in figure 4.12.b. In fact, as reported in the literature [21-23], the 
kapton tape absorbs the UV light in the same energy range of the excimer 
lamp. In this way, the only component of the sample able to absorb the 
radiation is represented by the exposed part of the film between the two 
electrodes. As shown in figure 4.12.b, also in this case, an increase in the 
conductivity under illumination was measured; the temperature range in this 
case has been kept below 250 ° C to avoid kapton’s damage. 
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4.3 Conclusions 
 

In this chapter have been shown the fabrication and the characterization of 

perovskite thin films of 20% Y-doped BaZrO3 by using Pulsed Laser 

Deposition on single crystal substrate ((001) MgO). The crystalline structure 

and the thickness of these films have been characterized by using XRD and 

XRR. Pt electrodes have been deposited on the films by sputtering deposition 

and the electrical measurements were performed by impedence spectroscopy. 

The highest conductivity and lowest activation energy (Ea = 0.44 eV) are 

obtained for the thinner sample, with thickness 36 nm, and higher growth 

temperature 780°C. So, I can affirm that the growth temperature, during the 

PLD process, influences the conductivity of the film.  

In addition, impedance spectroscopy measurements were performed 

illuminating the films with an excimer lamp, with wavelength of 222 nm. 

Under illumination the photons can be absorbed by the film and electron-hole 

pairs created; these electrons and holes can recombine at grain boundary 

regions, reducing the width of the space charge layer and, therefore, increasing 

the grain boundary conductivity. In particular, the film’s thickness is a critical 

parameter on the modulation of conductivity due to the illumination with the 

lamp. This because the film thickness determines how many photons are 

absorbed by the film. In fact, I found in thicker sample (≈500 nm) that the 
proton conductivity is higher under illumination and decreases without 

illumination, instead in thin film the conductivity doesn’t change under 
illumination. This, probably, because the samples are too thin to ensure a 

photons’ absorption such as to be able to reduce the space charge layers at the 

grain boundary. 
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Summary and Conclusions 
 

 

In this thesis, the growth and fabrication of nanostructures by using laser-

based techniques is presented. In fact, laser technique is versatile, simple, low-

cost, high-throughput and environmentally friendly. In addition, with this 

method is possible to control the size, shape and composition of the 

manufactured materials, simply by changing some experimental parameters. 

In particular, in this work, I presented three different laser-based 

techniques to fabricate nanostructures: laser irradiation of thin film deposited 

on surface, laser ablation in liquid environment and pulsed laser deposition. 

 

By laser irradiation of deposited films, I produced mono- and bimetallic 

Pt/Pd NPs on FTO substrate. The NPs have been characterized from a point 

of view morphological and chemical. In particular, the NPs presented an 

average size > 50 nm, depending on the thickness of the irradiated film and of 

the substrate’s topography. 

 

By laser ablation of pure Pt/Pd target I produced monometallic NPs and by 

laser ablation of composite PtPd target I obtained PtPd bimetallic NPs. The 

average size of the NPs has been estimated to be around 10-15 nm. After the 

fabrication and the complete characterization, the NPs have been used to 

decorate graphene substrates. From the characterization of these 

NPs/graphene hybrid nanocomposite, I found that the metal NPs deposited on 

graphene modify the electronic structure of graphene through charge transfer 

and that the chemical composition of the NPs drives such charge transfer 

phenomena. 

 

By using pulsed laser deposition, perovskite thin films of 20% Y-doped 

BaZrO3 have been fabricated. The crystalline structure and the thickness of 

these films have been characterized. The electrical performance of these films 

showed that the growth temperature, during the PLD process, influences the 
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conductivity of the film. In addition, illuminating the BZY films with an 

excimer lamp, the increasing of the protonic conductivity at grain boundary 

has been showed. 

 

To conclude, laser based techniques has been employed to fabricate 0-D 

and 2-D nanostructures, with different elemental and structural composition. 

Such fabricated nanostructures may find important devices applications in a 

wide variety of fields which fuel cells, sensors, catalysis and electronic and 

optical devices. 
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