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 Abstract  

Tahir; Tommaso Del Rosso (Advisor), A new paradigm on the pulsed 

laser ablation of transition metal targets in water: synthesis of carbon 

sp-sp2 hybridized nanomaterial by CO2/ 

C reduction, Rio de Janeiro, 2020. Ph.D. Tese de doutorado - Departmento 

de Física, Pontifícia Universidade Católica do Rio de Janeiro. 

  The principal result of this thesis is the discovery of the formation of 

different organic materials during the pulsed laser ablation (PLA) process of 

transition metal targets in deionized water, either in molecular or carbon 

nanostructured form. This result introduces a new paradigm in the PLA process: the 

realization of a nano synthesis by the atomization of the gaseous species dissolved 

in the liquid environment. CO2 reduction is attributed to the catalytic properties of 

transition metal-oxide interfaces. All the transition metals used (Au, Ag, Fe) show 

the formation of molecular organic materials and sp2 hybridized luminescent carbon 

quantum dots (CQDs), characterized by a quantum-yield of about 50%, the highest 

value reported today for carbon nanoparticles synthesized by PLA. The noble 

metals, uniquely, allow the simultaneous synthesis of sp-sp2 hybridized carbynoid 

material, such as gold nanoparticle decorated carbynoid nanowires (Cy@Au NWs) 

and carbynoid nanocrystals supported by silver nanoparticles (Cy@Ag NCs).  In 

the special case of gold, we obtain also the formation of spherical metal 

nanoparticles, in part encapsulated by a shell of carbynoid material (Au@Cy NPs), 

where the optical properties may be tuned by the initial CO2 concentration in the 

liquid sample. The research introduces new concepts in the synthesis of colloidal 

solution of metal and carbon nanoparticles starting from a clean system without 

added chemical reagents, and in the control of the corresponding stability, 

dimension, hybridization, and optical properties. The synthesized nanomaterials 

have demonstrated functionality in different types of health and environmental 

applications: amplification of photodynamic activity of photosensitizers, detection 

of toxic metal ions with environmental interest, and gene therapy in endothelial 

cells. 
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Resumo 

Tahir; Tommaso Del Rosso.  Um novo paradigma na ablação por laser 

pulsado de metais de transição em água: síntese de nanomateriais de 

carbono com hibridização sp-sp2 através de redução CO2/C, Rio de 

Janeiro, 2020. p. Tese de Doutorado - Departamento de Física, Pontifícia 

Universidade Católica do Rio de Janeiro 

O resultado principal desta tese é a descoberta da formação de diferentes 

materiais orgânicos durante o processo de ablação por laser pulsado (PLA) de alvos 

de metais de transição em água deionizada, seja em forma molecular que em forma 

de material nanoestruturado de carbono. Este resultado introduz um novo 

paradigma no processo de PLA: a realização de uma nanosíntese através da 

atomização das espécies gasosas dissolvida no ambiente liquido. A redução de CO2 

é atribuída as propriedades catalíticas das interfaces metal-óxidos. Todos os metais 

utilizados (Au, Ag, Fe) apresentaram a formação de material orgânico molecular e 

de pontos quânticos de carbono (CQDs) luminescentes com hibridização sp2, 

caracterizados por uma eficiência quântica de cerca 50%, o maior valor reportado 

até agora para nanoparticulas de carbono sintetizadas por PLA. Os metais nobres, 

por sua vez, permitem a síntese simultânea de nanomaterial carbinoide com 

hibridização sp-sp2, como nanofios carbinoides decorados por nanoparticulas de 

ouro (Cy@Au NWs) e nanocristais carbinoides suportados por nanoparticulas de 

prata (Cy@Ag NCs).  No caso especial do ouro, obtemos também a formação de 

nanoparticulas esféricas encapsuladas por uma casca de material carbinoide 

(Au@Cy NPs), onde as propriedades óticas podem ser controladas através da 

concentração inicial de CO2 da amostra liquida. A pesquisa introduz novos 

conceitos na síntese de soluções coloidais de nanoparticulas de metal e de carbono 

partindo de um sistema limpo sem adição de reagentes químicos, e no controle da 

correspondente estabilidade, dimensão, hibridização e propriedades óticas. Os 

nanomateriais sintetizados demonstraram funcionalidade em diferentes tipos de 

aplicações relacionadas a saúde e meio ambiente: amplificação da atividade 

fotodinâmica de fotossintetizantes, detecção de íons metálicos tóxicos com 

interesse ambiental, e terapia genica em células endoteliais.  
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1                                                                                                                                     
Introduction  

1.1.                                                                                                                                                                   
The state of art and achieved advances 

Pulse laser ablation (PLA) in liquids has been used for the production of 

nanoparticle (NPs) colloids, and PLA at the solid and liquid interface was first 

reported in 1987 by Patel et. al., where they generated a metastable form of iron 

oxide from pure iron target [1]. Later on, the synthesis of colloidal dispersions of 

gold nanoparticles (AuNPs) via PLA in water was first reported in 2001 [2]. These 

characteristics depend on different parameters associated with the laser pulse, such 

as fluence, wavelength, ablated target material, the used solvent, and dissolved 

solutes in solution [3–6]. The aforementioned parameters guide the characteristics 

of the ablation product by a wide variety of metals and oxides, and it is quite 

common to introduce surfactant in solution and or stabilizing agents that promote 

the stability of colloidal solutions over time [2, 7, 8]. Studies on the control of the 

physical and chemical properties of NPs obtained without ligands in water, or water 

containing simple salts and/or hydroxides, are rare, for example in the case of silver 

(Ag) and gold [9–11]. For most of the metals studied during the research (Au, Ag, 

Fe), the stability of the relative colloidal product in water is dictated by the level of 

oxidation of the metallic nuclei and, in the case of gold, also by an excess of free 

localized electrons adsorbed in the metal core, produced in the plasma plume along 

the PLA process [5].  

From the conceptual point of view, the PLA in the liquid is considered by 

some authors as a green synthesis technique [6, 12, 13], compatible with at least 6 

of the 12 rules of green chemistry [6, 8] (i.e Atom Economy, Less Hazardous 

Chemical Synthesis, Designing Safer Chemicals, Safer Solvents, and Auxiliaries, 

Reduced Derivatives, Inherently safer chemistry for an accident). In PLA in liquid, 

the atoms of a small number of reagents introduced into the ablation environment 

(target, solvent, solutes) combine in the form of suspended nanostructures in 
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solution [8, 12]. The technique is essentially considered hybrid: a blend of a top-

down approach, which makes available atoms, clusters, and fragments of the 

ablation target material, and bottom-up, where these units come together in the form 

of nanoparticles [12]. In the process, solvent molecules must also be considered, 

which can undergo chemical reactions at high temperature, and in some 

circumstances contribute to the synthesis of organic material in solution [6, 14–16], 

or the creation of a shell of dielectric material around the metallic nanoparticle [16]. 

Anyway, in each case, the elemental composition of the core of the NP is always 

the mirror of the elemental composition of the solid target that was ablated during 

the PLA process [16–18].   

The main result of the present thesis is related to the discovery of different 

types of organic material synthesized during the PLA process of transition metal 

targets in deionized water. These organic materials exist either in molecular form 

or in the form of carbon nanostructured materials colloids, and introducing a new 

paradigm in the process of PLA of metal in liquid: the realization of a nano 

synthesis by reduction of the gaseous species dissolved in the liquid environment. 

All the transition metals ablated during the thesis (Au, Ag, Fe) showed the 

formation of molecular organic material and luminescent CQDs [19], with sp2 

hybridization. Noble metal targets allow the formation of different structures with 

unique properties. In this case, the formation of spherical gold nanoparticles 

encapsulated by a shell of carbynoid material with mixed sp-sp2 hybridization 

(Au@Cy NPs) [20], and nanowires of carbynoid material supported by gold 

nanoparticles (Cy@Au NWs) are observed [19]. Also in the case of silver is 

possible to observe the formation of carbynoid nanocrystals with irregular shape 

supported by AgNPs (Cy@AgNCs).  

While in the case of all metal (Au, Ag, Fe, etc) target the presence of 

luminescence CQDs is detected only by increasing the CO2 content in the water 

environment by the addition of NaOH, for Fe targets, the synthesis of carbon-based 

material is detected also in the ultra-pure deionized (UPD) water. The latter 

observation put in evidence the central role of the facility to oxidize the metal target 

in the production rate of the organic material and CQDs during PLA.  
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 Nevertheless, metal-oxides and semiconductor surfaces are well known to 

act as electrochemical interface devices and are often used as functional materials 

for the production of sustainable bioenergy with carbon capture and storage 

(BECCS) [21]. Among the BECCS, the electrochemical reduction of CO2 to gases 

or fuels is mostly demonstrated by the use of electrochemical (E = eV) cells in 

low potential regimes, although also thermochemical (E = kT) [22–24] and 

photochemical cells (E = h) [25–31] have been demonstrated by the use of 

different nanostructured interfaces. The activation energy for those redox processes 

is in a few orders of eV, which can be furnished during PLA by both optical path 

(via direct incoming laser pulse) or thermal paths. In fact, the redox processes 

involving water dissociation and production of hydrogen and oxygen reactive 

species during PLA of metal targets in water, have been recently demonstrated by 

the group of Prof. Stephan Barcikowski at the Faculty of Chemistry of the 

University of Duisburg-Essen (Germany) [32, 33].  

     The reduction of CO2 to solid carbon (CO2/C ) is now considered the most 

precious route for permanent storage solution [34]. In fact, reduction of CO2 to 

volatile species, although considered value-added chemicals useful for energy-

related industrial processes, is not a definite route, since unwanted release in the 

environment still represents a negative issue from the ecological point of view. 

Room temperature reduction of CO2 to solid carbonaceous species has been 

recently demonstrated by Esrafilzadeh [35] by the use of liquid metal electrodes 

containing Ce(0) and Ce(3+) interfaces, with an activation potential as low as ~ 0.3 V 

Vs CO2/C. Although depending on the applied potential, the electro-catalytic 

process involved in the unique CO2/C conversion process is described by a 

chemical loop (CL) in which cerium is continuously oxidized and further reduced 

to metallic species, in a process involving both electrons and OH- species.  

The PLA of transition metal target performed in this research revealed to be 

a suitable framework in which a similar process might be accompanied with the 

parallel formation of MeNPs colloidal dispersion. The general behavior of the 

observed CO2/C reduction, which is not dependent on the nature of the ablated 

metal target (Au, Ag, Fe), let us suppose that common property and phenomena 

might be responsible for the chemical reduction. As detailed in the Conclusion 

section, both redox processes involving different oxides of the transition metals, or 
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their semiconductor behavior with an optically excitable energy ban-gap, may be 

considered responsible for the formation of the carbonaceous material. 

Here we have to point out that, in our case, for the first time that CO2 is not 

converted to ordinary carbonaceous material, but functional carbon nanomaterial 

with unique and outstanding photo-luminescent properties, such as low full width 

half maximum (FWHM) emission band, and the highest quantum yield (QY) (~ 

50%) reported until now for CQDs synthesized by one-step PLA process, that was 

limited to values between 1% and 12 % in the literature [36, 37]. Moreover, parallel 

catalytic processes to CO2/C conversion leads to the synthesis of unique metal-

carbon based nanocomposites being, instead of an unwanted process, an 

opportunity for the control of their physical and optical properties. 

In fact, as a valuable point, we also noticed that the control on the synthesis 

of carbon-based material is accompanied by the parallel control on the size of the 

metal NPs produced from the target, principally in the case of Au and Fe targets. 

This is particularly interesting in the case of ultra-small NPs ( RNP < 2.5 nm), which 

can act as a nano-biological machine, due to their capacity to enter in the nucleus 

of human cells and provoke inhibition or enhancement in the expression of different 

genes [38]. This was the case for the ultra-small Au@Cy NPs synthesized along 

with our research, which revealed to have the unique and outstanding property to 

enhance (both in vitro and in vivo studies) the angiogenic process (angiogenesis is 

the biological process involved in the formation of new blood vessels ) of human 

endothelial cells, with huge potential in applications such as blood vessels recovery 

or alternative therapies for visceral obesity in metabolic syndrome associated with 

type 2 diabetes [38]. 

 

1.2. Objectives 

The main objective of this dissertation is the understanding of the chemical-

physical process observed in 2016 in the NanoLaserLab of the Department of 

Physics of PUC Rio during the PLA process of a gold target in water containing 

different hydroxides [39]. After drying the as-synthesized material, a sharp peak 

near 2120 cm-1 was observed in the SERS spectra of the dried AuNPs colloid and 
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attributed to the presence of gold-carbonyl and other oxocarbons linked to the gold 

core of the NPs [39, 40]. 

The spectral coincidence between the Raman vibrations of gold-carbonyl 

(Au-CO) [39] and carbon atomic wires (CAWs) [41], both centered around 2120 

cm-1, was the trigger and the motivation of the investigations led during my Ph.D. 

research. In fact, as explained in details in Section 4, using particular experimental 

condition in both the PLA synthesis and physical characterization of the 

nanomaterials,  it was possible to detect the presence of both CO adsorbed on the 

nanoparticles (Surface Enhanced Raman spectroscopy), and of sp-sp2  hybridized 

carbynoid nanowires supported by AuNPs (High-Resolution Transmission electron 

Microscopy)  [41]. This represents clear evidence that different catalytic reactions 

involving CO2 happen during PLA of specific transition metal targets, from the 

“classical” reduction to CO to the intriguing reduction to solid carbon species.  

 Therefore, the main objective of this thesis is the deep investigation of the 

physical-chemical process responsible for the synthesis of the different organic 

materials generated during PLA of transition metal targets in UPD water. This high 

challenging objective is accompanied by peripheral objectives (or sub-objectives), 

some of which are related to the use of all the transition metals, and others relative 

to the particular transition metal used during PLA. 

A common peripheral objective is to understand the effect that experimental 

(laser pulse fluence FPLA, laser pulse wavelength PLA, irradiation time tPLA) and 

sample (transition metal target, the concentration of NaOH in the water solution 

cNaOH) parameters have on the stability and dimensions of the relative colloidal 

dispersion of nanoparticles.  

A second common objective is the use of all transition metals, is the study of 

the efficiency in the production and separation of the luminescent carbon 

nanomaterials, and their spectroscopic (composition, quantum yield (QY)) [42] and 

morphological (size, shape) characterization [43].  

The last peripheral objective is the use of the Au@CyNCs and QCDs in 

applications related to health and environment control, such as the amplification of 

photodynamic activity of photosensitizers [20], gene therapy in human cells [44, 

45],  and chemical sensing of toxic metal ions in water [46]. 
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Figure 1.1 Icons used for representation of synthesized nano materials throughout 

the dissertation. 

 

 

Figure 1.2 Schematic diagram of the main and peripheral objectives of the research as 

described in the lines above. 

 

In Figure 1.1 we sshow the icons chosen to represent along with the 

dissertation the different synthesized organic and inorganic materials, namely 

organic molecules, carbon quantum dots (CQDs), carbynoid nanowires decorated 
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by AuNPs (Cy@Au NWs), carbynoid encapsulated gold nanoparticles (Au@Cy 

NPs), iron-based NPs and AgNPs colloids. 

 

1.3.                                                                                                                                                                    
Infrastructure and contributions 

The presented research is highly interdisciplinary and made use of multiple 

experimental techniques, involving the collaboration among the scientists active in 

different research areas such as physics, chemistry, and biology. Although most of 

the experimental research has been developed in the Department of Physics and 

Chemistry of the Pontifical Catholic University of Rio de Janeiro, are different the 

collaboration established along the past 4 years with both national and international 

scientific partners, which were fundamentals for the effective completion of the 

thesis.  

     The principal activity, consisting in the synthesis of functional NPs by 

PLA process, has been developed in the NanoLaserLab of the Department of 

Physics of PUC-Rio, under the responsibility of Prof. Tommaso Del Rosso, 

although the simultaneous irradiation by multiple wavelength pulses has been 

performed in the Laboratorio de Optoelectronica Organica e Molecular (LOEM) of 

the same Department. UV-Vis, Fourier Transform Infrared (FTIR) spectroscopy, 

and photoluminescence (PL) spectroscopy have been performed in the Optical 

Spectroscopy Multiuser Laboratory of the same Department, while chemical 

analytics techniques such as inductively coupled plasma mass spectrometry (ICP-

MS), total carbon (TC), and PL based optical sensing measurements have been 

performed in collaboration with Prof. Ricardo Queiroz Aucelio, from the 

Department of Chemistry of PUC-Rio. The QY of the CQDs has been evaluated in 

the Laboratory of Fluorescence of the Department of Informatics of the University 

of Verona (Italy), by the group of Prof. Nicola Daldosso.  

Fundamental tools in the presented research, Raman and surface-enhanced 

Raman spectroscopies (SERS), have been performed both in the Analytical Central 

of the Department of Chemistry of PUC-Rio and by international collaborators, such 

as the Prof. Gino Mariotto of the Department of Informatics of the University of 
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Verona (Italy), and Prof. Carlo Spartaco Casari, responsible of the NanoLab in the 

Department of Energetic of the Polytechnic University of Milano (Italy).  

Of fundamental importance for the interpretation of the results of the PLA 

synthesis process, has been the use of Electron Transmission Microscopy (TEM). 

The latter has been performed in both low- and high-resolution modes in different 

Brazilian and international research centers. Specifically, in Brazil, we used our 

collaboration with Prof. André Rossi and Dr. Yordy Licea Fonseca of the Brazilian 

Center of Research in Physics of Rio de Janeiro (CBPF), Dr.ssa Sandra Landi, Prof. 

Geronimo Perez and Dr. Braulio S Archanjo from the National Institute of 

Metrology, Standardization and Industrial Quality of Rio de Janeiro (INMETRO), 

and Prof. Francis Leonard Deepak, from the International Iberian Nanotechnology 

Laboratory (INL, Braga, Portugal). 

The potential application of the Au@Cy NPs in the amplification of the 

angiogenesis process in human endothelial cells and mice has been performed with 

the Italian permission of the ethical committee at the Department of Biomedical, 

Experimental, and Clinical Sciences of the University of the Studies of Florence 

(Italy), under the supervision of Prof.ssa Gabriella Fibbi and Dr.ssa Anna 

Laurenzana.  

The discussion on the origin of the reduction of CO2 to solid carbon has been 

developed in collaboration with the group of Prof. Walter Azevedo, from the 

Department of Fundamental Chemistry of the Federal University of Pernambuco 

(UFPE, Recife, Brazil).  

 

1.4.                                                                                                                                                                    
Thesis organization 

In Chapter 2 we report a brief and comprehensive theoretical background 

useful for the interpretation of the different experimental results of the thesis, and 

the technological context in which they represent an added value contribution.  

Indeed, we start the second chapter (Section 2.1) introducing the concept of 

negative emission technologies (NET), and how nanomaterials represent nowadays 

a key element for the production of sustainable bioenergy with carbon capture and 
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storage (BECCS) [47].  We concentrate our attention on the description of the 

possible metal oxides of the transition metals used in the research, and a brief survey 

on their use in electro/photocatalytic reduction of CO2.  

The brief technological introduction is followed by fundamentals on the synthesis 

of NPs by PLA in liquid (Section 2.2.1), and the description of the forces driving 

their stability as colloidal suspension (Section 2.2.2). This is followed by the 

description of metal nanoparticles (AuNPs, AgNPs), concentrating on the concept 

of the Localized Surface Plasmon Resonance (LSPR) [48, 49], the theory of Mie 

[50], and the theoretical approach used to calculate both NPs and metal 

concentration (Section 2.2.3). The effect of the size and composition of noble 

MeNPs on the optical extinction spectra will be discussed in section 2.2.4. 

Since the chemical nature of the synthesized material has been determined primarily 

by spectroscopic techniques, the Sections 2.3.1, 2.3.2, and 2.3.3 are dedicated to 

the introduction to IR, Raman, and SERS spectroscopy with MeNPs respectively. 

Section 2.4 is dedicated to carbon nanomaterial. We introduce the concept of sp, 

sp2, and sp3 hybridization in carbon materials, where particular attention is given to 

the definition of carbon atomic wires (CAWs) [41], carbynoid material [51], and 

carbon quantum dots (CQDs). The section ends with a description of the Raman 

collective modes in carbon nanomaterials, with a definition of the D and G band of 

sp2 structures [52, 53], and of the BLA mode of the sp hybridized CAWs [41].  

Section 2.4.3 is dedicated to the theory of carbon quantum dots (CQDs), describing 

their particular luminescent behavior, and the significance of their characteristic 

parameters such as full width half maximum (FWHM) and QYs [37]. 

In the last theoretical sections 2.5.1and 2.5.2 we finally describe the basic concepts 

of photodynamic activity of photosensitizers and genic therapy in cells, 

respectively.  

Chapter 3 This chapter is dedicated to the description of the material, 

instrumentation, and experimental methods used in the thesis. We start by 

describing the materials we used in our experimental work and the process of 

cleaning used for the targets and vessels (Section 3.1). In Section 3.2 we describe 

the different experimental set-up and laser sources used to perform PLA in liquid, 

together with the optical model used to determine the pulse laser fluence F. We 
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continue describing in Section 3.3 all the instruments dedicated to the analytical 

characterization of the synthesized organic material, namely: UV-Vis spectroscopy, 

inductively coupled plasma mass spectrometry (ICP-MS), high-performance liquid 

chromatography (HPLC) and total carbon (TOC), dynamic light scattering (DLS) 

and -potential. Section 3.4 is described as the equipment used to study the 

chemical composition and nature of the samples, such as FTIR, Raman, SERS, and 

X-ray photoelectron spectroscopy (XPS).  Section 3.5 is dedicated to the imaging 

of the nanomaterial using Transmission Electron Microscopy (TEM) in different 

configurations, such as high resolution (HRTEM) and scanning (STEM) modes, 

together with the study of the elemental composition by energy dispersive x-ray 

analysis (EDX). We will describe in detail in Section 3.6 about the multiple 

separation techniques used for the separation of the carbon nanomaterial from the 

metal species. Section 3.7 is finally dedicated to the description of steady-state and 

time-resolved fluorimeters, and the methods used to measure the QY of the CQDs.   

It is worth noting that in each section related to the different experimental 

techniques, we will also describe the methods used for the preparation of the 

samples to be analyzed. 

Chapters 4, 5, and 6 report the experimental results obtained during the PLA 

of Ag, Au, and Fe targets, respectively.  

All the chapters start with the description of the influence that the laser pulse 

parameters FPLA and PLA, and the NaOH concentration cNaOH, have on the stability 

(UV-Vis spectroscopy) and dimensions (TEM analysis) of the relative colloidal 

dispersion of nanoparticles. We follow with the FTIR, Raman, SERS (when 

applicable), and XPS (when applicable) spectra of the as-synthesized nanomaterials 

(before separation), in order to determinate their chemical composition and the 

surface functional groups. The surface characterization has been extended to the 

species obtained after separation, of which CQDs are common products, obtained 

from PLA of all the transition metal targets. We show the TEM (including HRTEM 

and STEM) images of the CQDs obtained from the different materials with their 

corresponding EDX spectra, and evaluate their luminescence properties.  

     Chapter 4, relative to Au targets, deserves particular attention. In fact, here in 

we also show the TEM (including HRTEM and STEM) images of the Cy@Au 
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NWs, for which we report for the first time, to the best of our knowledge, a 

statistical distribution of sizes. For the case of CQDs obtained from Au, we also 

include the investigation of their QY, and the spectral dependent lifetime, obtained 

by time-resolved luminescence spectroscopy. We conclude the fifth chapter 

showing three main applications in which we tested the synthesized nanomaterial:  

 the use of CQDs as sensors for different heavy metal ions in water (Cd2+, 

Pb2+, Hg2+, CH3Hg+); 

 the use of the agglomerated Au@Cy NPs in the amplification of 

photodynamic activity, and 

 the use of the as-synthesized mix of Au@Cy NPs and CQDs in genic 

therapy for endothelial cells.  

 

     In Chapter 7 we compare the experimental results obtained in the 

production of carbon based nanomaterial by the ablation of the different transition 

metal target in water, and we propose our hypothesis on the origin of the CO2/C 

reduction process. 

  In Chapter 8 I will analyze the obtained results based on the list of 

objectives reported in the previous section. We conclude with remarks on the future 

direction of the research, necessary to complete some missing quantitative values, 

and confirm our hypothesis on the processes leading to CO2/C reduction as 

described in Chapter 7.  

Chapter 9 includes a list of the published articles, and the national and 

international conferences attended during my Ph.D. studies. 

In the final Chapter 10, a comprehensive bibliography is cited to support the 

conclusions of the research activity performed in the thesis. 
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2                                                                                                                                                                      
Theory and recent literature 

 

2.1.                                                                                                                                                            
Negative emission technologies 

2.1.1.                                                                                                                                          
Introduction 

It passed 100 years since the first scientific article correlating the increase in 

soil temperature with CO2 emission [54], and since the industrial revolution until 

now, the concentration of CO2 went from 278 ppm to values above 400 ppm [47]. 

In order to decrease the impact of CO2 emissions on global warming and 

environmental instability, it is highly accepted by scientific and political circles 

communities, the need to drastically reduce the emission of CO2 into the 

atmosphere, with the objective  of adhering to the guidelines decided during the 

agreement in the United Nations Framework Convention on Climate Change 

(UNFCCC), held in Paris in December 2015 [55]. The agreement deals with 

greenhouse-gas-emissions (GHGs) [47] mitigation, intending to reduce and 

maintain the increasing of the temperature below 2 oC above the value before the 

industrial revolution [56]. The key-point to reach such a goal is the development of 

proper negative emission technologies (NET), which should in principle consider 

all the steps involved in the production and consumption of energy, from energy 

harvesting with renewable energies, to electrical distribution and particular 

application of the energy, as schematically represented in Figure 2.1 [47].  

Nanomaterials play today a crucial role in all the applications described in 

Figure 2.1 [21, 47, 57, 58]. Particularly interesting is the production of sustainable 

bioenergy with carbon capture and storage (BECCS) [21], as reported in Figure 2.1 

(h-i). 
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Figure 2.1 (a,b)  Renewable energy sources, c) energy transport, d) energy 

harvesting,  e) low-consumption lighting, f) electric vehicles, g) hydrogen production, h) 

CO2 conversion to fuels, and i) CO2 harvesting [47]. 

 

Among the BECCS, the electrochemical reduction of CO2 to gases or fuels 

has been achieved mainly by the use of electrochemical  cells (E = eV) at low 

potential regimes, although also thermochemical (E = kT) [22–24] and 

photochemical (E = h) cells have been demonstrated using different 

nanostructures [25–31].  

The first step in CO2 electro-catalysis is generally the generation of carbon 

monoxide (CO) or formic acid (HCOOH) [58–60] which is common in the case of 

Ag or Au metals electrodes [61, 62], and amplified together with the oxidation of 

the metals and nanostructure formation [63–65]. CO2 reduction to CO was also 

observed using Fe2O3 catalysts or iron oxide nanoparticles in heterogeneous 

catalysis [66, 67]  

The use of particular nanostructured interfaces may allow the final formation 

of reduced species with C ≥ 2, with the generation of fuels or fuels precursors in 

the water environment. This is the case of carbon-iron NPs films [68], N-doped 

nanodiamond-Cu interfaces [21], or CuNPs [69]. Interestingly, in this scenario, the 

AuNPs seems to play a unique role, since the non-radiative decay of the excited 

localized surface plasmon (LSPR) is associated with electron-hole pairs caused by 

the interband transition from the d-band to the sp conduction band, or by intraband 

transitions in the conduction band [70, 71], which are responsible for the triggering 

of different chemical reactions [30, 72], In particular, the plasmonic excitation of 

AuNPs/solution interface generated by green light is favorable for CO2 activation, 
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and when an ionic liquid stabilizes the charged intermediates created at the 

interface, it is possible to obtain multi-step reduction and C–C coupling [30].  

Nevertheless, the reduction of CO2 to solid carbon is now considered the most 

precious route for permanent storage of CO2 in solution [34]. In fact, reduction of 

CO2 to volatile species, although considered value-added chemicals useful for 

energy-related industrial processes, is not a definite route, since unwanted 

chemicals release in the environment still represents a negative issue from the 

ecological point of view.  

Room temperature reduction of CO2 to solid carbonaceous species has been 

recently demonstrated for the first time by Esrafilzadeh [35] by the use of liquid 

metal electrodes of Galinstan (liquid metal eutectic alloys whose composition is 

mainly consisting of gallium, indium, and tin) containing Ce(0) and Ce(3+) interfaces, 

with an activation potential as low as ~ 0.3 V Vs CO2/C. Although depending on 

the applied potential, the electro-catalytic process involved in the unique CO2/C 

conversion process is described thereby cyclic reaction in which cerium is 

continuously oxidized and further reduced to metallic species, in a process 

involving both electrons and OH species, as depicted in equations (2.1) - (2.5), 

taken from [35].       

     Equation (2.1) - (2.5) described the redox cyclic process between metallic and 

oxidized Ce  [35], which is leading to the formation of solid carbon from CO2 in 

water.  

 2𝐶𝑒(𝐺𝑎𝑙𝑖𝑛𝑠𝑡𝑎𝑛) + 1
1

2⁄  𝑂2 (𝑎𝑖𝑟)  →  2𝐶𝑒2𝑂3 , (2.1) 

 2𝐶𝑒2𝑂3 + 3𝐻2𝑂 + 6𝑒−  →  2𝐶𝑒0 + 6𝑂𝐻−, (2.2) 

 𝐶𝑒0 + 𝐶𝑂2  →  𝐶𝑒𝑂2 + 𝐶 , (2.3) 

 𝐶𝑒𝑂2 +  2𝐻2𝑂 + 4𝑒−  →  𝐶𝑒 + 4𝑂𝐻− , (2.4) 

 4𝑂𝐻−  →  𝑂2 + 2𝐻2𝑂 + 4𝑒− ,  (2.5) 

The process starts with the oxidation of the Ce based electrode by oxygen in air to 

Ce2O3, followed by reduction to metallic Ce(0) during the application of the 

reductive potential. At this stage, metallic cerium reduces CO2 to solid carbon and 

is oxidized to CeO2. Subsequently the cerium oxide is again converted to metallic 

cerium, after which the redox loop continues, in parallel to the oxygen evolution 

reaction described by equation (2.5).  
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        As explained in the introduction section, one of the most striking results of the 

research is the discovery that carbon-based nanostructures can be obtained by 

CO2/C reduction during the PLA of targets of the transition metals Au, Ag and Fe. 

The general behavior of the observed CO2/C reduction, which is not dependent on 

the particular transition metal target, let us suppose that a common property should 

be responsible for the formation of the carbonaceous material. Transition metals 

have all relatively good catalytic properties and are characterized by different 

oxidation states, comprising semiconductor oxides, so often used in NETs.  

In our case, with the experimental configuration and parameters used during PLA 

in our experiments, we can estimate that about 75 g of CO2 is reduced per hour, 

corresponding to a BEECS added energetic value of ~ 10-6 kW/h. As explained in 

detail in the Conclusions section, the choice of the proper parameters in terms of 

the target material, the geometry of the optical system, and the water container 

might enhance the energetic value of PLA product of 3 orders of magnitude.  

 

2.1.2.                                                                                                                                                   

Possible transition metals oxides (Au, Ag, Fe) 

Alkali/alkaline earth metals have one/ two electrons in their valence s-orbital, 

and they can only lose these one/two electrons, therefore their oxidation states are 

almost fixed (+1/+2). In contrast, the transition metals available and used in this 

research (Au, Ag, and Fe), have five unstable d-orbitals in a d subshell and one 

unstable s-orbital, therefore the number of possible oxidation states is higher and 

variable in transition metal as compared to alkali/alkaline. To understand the 

phenomenon involved in transition metal’s oxidation states, it is important to 

understand how much are the un-pair s and d-orbitals electrons bonds [73, 74] The 

basic information about Au, Ag, and Fe oxidation states are summarized in Table 

2.1 and Figure 2.2 [74–78], where the electronic configuration of both s and d 

orbital have been shown, since are the orbitals taking part in the oxidation reaction. 
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Figure 2.2 Schematic diagram of the most common oxidation states of Fe (a), 

Ag(b), and Au(c), and the corresponding electronic configuration of the last two orbitals. 

 

Table 2.1 Atomic number, electronic configuration, and most common oxidation 

states of Au, Ag, and Fe. 

 

The presence of chemical species with their oxidation states is extremely 

important for the stability of the metal nanoparticles (MeNPs) in colloidal solution, 

as will be discussed in detail in Section 2.3. The most common oxidation states 

observed for NPs produced in water by PLA of Au, Ag, and Fe targets, are 

summarized in Table 2.2. 

 

 

 

 

 

Element Name 

and Symbol 

Atomic 

Number 

Electronic Configuration of 

Last Two Orbital 

Most Common 

Oxidation States 

Au 79 5d10, 6s1 +1, +3 

Ag 47 4d10, 5s1 +1, +3 

Fe 26 3d6, 4s2 +2, +3 
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Table 2.2 Oxidation states of NPs synthesized by PLA of Au, Ag, and Fe targets in the 

water. 

Target / 

Solvent 

( laser) 

Laser wavelength 

/ fluence or 

Energy per pulse 

Metal /metal 

oxide NPs 
Comments Ref. 

Au/water 

(ns laser) 
1064 nm / 80 mJ 

AuNPs with 

metal Au core 

and Au-Oxide 

surface 

3.3-6.6% of the surface of AuNPs are 

oxidized (Au+, Au3+) and were measured 

by XPS 

[79] 

Au/water 

(fs laser) 
800 nm / 1 mJ 

AuO-, AuOH- 

and  CO3Au- 

the oxidation states of gold were 

measured by FTIR and Raman. 
[80] 

Ag /water 

(ns laser) 
1064 nm Ag and Ag2O  [6] 

Ag /water 

(ns laser) 

532 nm / 

10-15 J cm-2 

Ag, Ag2O, 

AgO, Ag2O3 

AgNPs have both metallic and oxidation 

structure and were determine via inter 

planer distance using SAED and 

HRTEM 

[81] 

Fe /water 

(ns laser) 

1064 and 335 nm 

/ 10 and 0.22 J 

cm-2 

Fe3O4 = 94.0 % 

Fe2O3  = 3.5%, 

FeO    = 2.0 % 

Metal Fe = 0.5 

% 

94.0 wt% by weight of cubic spinel 

phase, with a fraction of 3.5 wt% of 

hematite, traces of wustite of 2.0 wt%, 

and metal a-Fe (0.5 wt%). The oxidation 

states and structure are examined by 

using FTIR, XRD, and Raman 

[82] 

Fe/ Water 

(ns laser) 

1064 nm and 532 

nm/2.5 – 8.0 mJ 

Fe3O4 and  

FeO 

The magnetization decreased and 

the average size of NPs is increased if a 

532 nm laser is used. The oxidation was 

examined by XRD analysis. 

[83] 

Fe, Fe2O3 

Fe3O4/wat

er (ns 

laser) 

 

 

Fe, Fe3O4 and 

Fe2O3 

 

The oxidation was examined by XRD 

analysis. 
[84] 
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2.1.2.1.Gold (Au) 

Gold is one of the least reactive metals present in the periodic table, and its 

oxidation states are formed only by Au+ and Au3+ species since Au2+ species are 

considered mixed-valence systems, consisting of equimolar portions of Au(I) and 

Au(III) [85]. Different techniques can be applied to oxidize the gold thin films, 

generally based on the interaction with high reactive gases, such as ozone or atomic 

oxygen [86, 87]. The experimental technique involves electrochemical oxidation 

are [88], ion-oxygen sputtering [89, 90], and PLA in the molecular oxygen 

environment [91]. The particular oxide formed, depends principally on the chemical 

environment in which oxidation occurs. In an experiment of gold surfaces oxidation 

in the O2 environment, mainly gold oxidation state +3 i.e Au (III) are found, due to 

the intrinsic instability of the Au2O [92], where Au2O3 are the most stable pure 

oxide of gold, and decompose at temperatures around 450 K, and is also thermally 

unstable in air, even at room temperatures, with a typical lifetime of 1 or 2 days [93, 

94].  

In a water environment, different situations are found. The experiment of 

electrochemical water splitting by gold electrodes [95], revealed the formation of 

different kind of gold hydroxides, in both Au+ and Au3+ form (Au(OH)3, AuOOH, 

Au2O3). Different results are obtained for the oxidation properties of AuNPs 

produced by the PLA process in water. Sylvestre et. al. [80], revealed by time of 

flight (TOF) and XPS studies that in an alkaline environment the Au-O single bonds 

of the oxidized AuNPs surface, react with and OH- ions, and creates Au-O- and Au-

OH surface oxides. In this case, also CO2 has a particular role since surface studies 

revealed also the presence of carbonaceous oxides, such as Au-OCO2H [80]. 

 

2.1.2.2.Silver 

Silver (Ag) element is a transition noble metal, with atomic number 47 and 

atomic weight 107.87 u [75] and placed in group 11 (Ib) and 5th period of the 

periodic table. A different number of the oxidation state of Ag are possible, but the 

most conmen oxidation state of silver is +1 (Ag2O and AgNO3), while +2 oxidation 

states are rare [74]. Usually, the high valance containing silver compounds 
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synthesis required tough conditions as compare to lower valance containing silver 

compounds. The earlier know and most famous higher oxidation states of silver are 

AgO and Ag3O4 [77]. 

When AgNPs colloids are synthesized by using laser ablation of the metallic 

silver target in water, the surface of the AgNPs is oxidized  [6, 81, 82], which 

produced a net negative charge over the AgNPs surface and provide stability against 

Van der Waals attractive force. As well as, these silver oxides can be useful as a 

photocatalytic [96], and can be used for the CO2 conversion to other types of carbon 

[47].  

 

2.1.2.3.Iron 

Iron oxides richly exist in nature as a compound in different minerals. They 

exist in many crystal structures and with different magnetic properties [97, 98]. The 

most common oxides are iron oxide-III / hematite (α-Fe2O3) and maghemite (γ-

Fe2O3),   iron oxide-II / wüstite (FeO), and iron oxide II and III together / magnetite 

(Fe3O4) [97, 99].  

 Hematite 

Hematite is a rhombohedral phase α-Fe2O3 structure and the most stable oxide 

of iron with a +3 oxidation state. It is weak ferromagnetic or antiferromagnetic at 

room temperature and above 956 k (Curie temperature) it becomes paramagnetic. 

Hematite  is mostly exist in nature in minerals (in rocks and soils) [82, 99, 100]. 

 Maghemite  

      Maghemite is a thermally unstable oxide and consists of a cubic spaniel 

structure similar to magnetite, and also exists in minerals [82, 100]. It has typical 

ferromagnetic behavior at room temperature. The oxidation state of Fe is +3 in 

maghemite, and in an oxidative atmosphere at a temperature above 673 K, it 

converted to hematite [101]. Maghemite has a white to bluish-gray color in 

reflection, while brown to yellow color in transmitted light. 

 

 

https://en.wikipedia.org/wiki/W%C3%BCstite
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 Wustite 

      Wüstite or iron (II) is a black color oxide of iron with a purely +2 oxidation 

state and a cubic crystal structure. It is thermodynamically unstable [102]. It has 

a gray color with a greenish tint in reflected light and exists in minerals.  

 Magnetite 

      Magnetite exists in a black magnetic mineral form. It has the strongest 

magnetism than all-natural minerals existing on the Earth. It is ferromagnetic at 

room temperature and has an inverse spinel crystal structure. It is also called ferrous 

ferrite or iron (II, III) oxide. The molecular formula Fe3O4 of magnetite can be 

written as FeO.Fe2O3, which consists both wüstite (FeO) and hematite(Fe2O3) [99, 

103]. Both magnetite and maghemite are thermally unable and converted to 

hematite at a temperature above 673 K [101].  

The properties of these iron oxide become more interesting at the nanoscale. There 

are different kind of iron oxide-based NPs, namely hematite NPs [84], Wüstite NPs 

[82, 83] and magnetite NPs (Fe3O4 NPs) [82, 83, 104]. In literature [64] iron oxide-

based NPs colloids have been synthesized by PLA of pure metal iron in water, and 

in most of the reported article major part (more than 90%) of these nanoparticles 

contain magnetite [82–84], therefore they have strong magnetization and have 

superparamagnetic properties [105], which can be useful for their applications 

[107].  

 

2.1.3.                                                                                                                                             

Transition metal oxide as semiconductors 

Among the oxidized species of all the transition metals analyzed in the thesis, 

it is possible to find a particular configuration associated to semiconductors metals. 

Au2O3 for example, is a semiconductor with a band-gap (BG) variable between 0.85 

eV / (1512.0 nm is the same BG in term of wavelength), while Au2O is 

experimentally found to behave as a metallic conductor, although ab-initio DFT 

calculus predicts a direct-BG of about 0.83 eV / (1512.0 nm) [92]. Between Ag 

oxides, Ag2O is reported to be a p-type semiconductor with a BG of 1.2 eV / (1033.2 

https://en.wikipedia.org/wiki/W%C3%BCstite
https://en.wikipedia.org/wiki/W%C3%BCstite
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nm) [108]. Similarly, the oxides of iron also have characteristics of a 

semiconductor, with the values of the energy BG reported in Table 2.3 [109]. 

 

Table 2.3 Value of the bandgap in different types of iron-based oxides, as 

measured by Giannakis, Stefanos. et. al. [109]. 

Iron oxide Formula Oxidation No. Band-gap (eV/nm) 

Wüstite FeO +2 2.4 / 516.6 

Hematite α-Fe2O3 +3 2.2 / 563.5 

Maghemite γ-Fe2O3 +3 1.9 / 652.5 

Magnetite Fe3O4 +2, +3 0.5 / 2479.7 

Nano-maghemite γ- Fe2O3 +3 1.9 / 652.5 

 

 

 

Figure 2.3 Creation of a hole-electron pair in metallic semiconductors, further used 

in redox processes. The bandgap may be excited by different routes: optically, 

electrically, or thermally. 

 

The metal semiconductors above may act as catalyzing agents in different redox 

processes [92, 110–115]. As depicted in Figure 2.3, the binding energy (BG) of the 

metal semiconductors can be excited by three main different routes: optically (h), 

electronically (eV), or thermally (KT).  
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Figure 2.4 Schemes showing the photo-induced self-stabilizing process of the 

Ag/Ag2O interfaces. a) The photogenerated electrons are taken by Ag+ ions of the oxide. 

b) The photogenerated electrons are taken from metallic silver and passed to molecular 

oxygen, formed in the first part of the process (a). The symbols h and e- represent the 

photogenerated holes and electrons, respectively. CB and VB indicate the conduction and 

valence band, respectively [111]. 

 

The excitation induces the formation of a hole-electron pair which is 

particularly useful in redox processes, having the ability to act simultaneously as 

both reducing and oxidant agents.   

When using noble-metals, heterogeneous catalysis is generally obtained using 

metal-oxides supports. In the case of Ag, hybrid Ag/Ag2O interfaces are found to 

be catalytically active and stabilize the silver oxide Ag-O-Ag preventing its 

reduction [111]. In fact, Ag2O without the presence of the metallic counterpart is 

characterized by a photo-instability, which limits its practical use in photocatalytic 

processes. Upon interaction with photons in the visible spectra, the photogenerated 

electrons (e-) in Ag2O interact with the Ag+ ions of the oxide reducing them to 

metallic silver, following the reaction Ag2O → AgO + Ag, as represented in part a) 

of Figure 2.4. At the same time, the photogenerated holes (h+) oxidize the O2
- lattice 

of the oxide and produce molecular oxygen, following the reaction AgO → Ag + 

½ O2... However, as outlined in part b) of Figure 2.4, the presence of a metallic 

heterojunction forming a metal/metal-oxide interface, favors the passage of the 

photo-generated electron to the metal species, which also acts as an electron donor 

in redox processes, preventing the transformation of the O2
- lattice.  
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   As will be presented in the Conclusion Section, in our special case the surface of 

the transition metal NPs are composed at least by both m (0), m+1, m+2 species ( m 

stays for metal),  creating a particular metal/metal-oxides interface which might be 

responsible for CO2/C reduction [95, 116].  In fact, when a metal/metal-oxide 

interface is present, similarly as reported in Figure 2.4b, the transfer of the photo-

excited electron to the metal enhances the exciton lifetime (typically sub ps) [117], 

and allow the use of the electron-hole pairs for chemical reactions.  

In the next section, we start the description of the principal topic of the present 

research, the world of nanoparticles.             

                                                                                     

2.2. Colloidal nanoparticles 

Living organisms are made the approximately 10-µm size of unit cells, while 

the parts of these cells are in the sub-micron size. Even smaller are DNA, 

oligonucleotides, or proteins, with a typical size of just a few nanometers [118].  

The control, manufacture, and exploration of new properties of structures with these 

dimensions are responsible for the development of a new branch of science called 

nanotechnology [119]. Nanostructured materials and NPs in particular [120] have 

a very large surface to volume ratio as compared to bulk material, which is an 

excellent playground for catalytic and bio-sensing applications. The high surface 

density of chemically active sites of NPs, may be used for selective chemical 

reactions [121], or the implementation of strategies for the complexation with 

biological analysts [122]. Although catalysis, alternative energy, and photonics 

represent branches of science heavily influenced by nanotechnology, it is in biology 

and medicine that nanostructured systems and nanoparticles are promising a 

revolution [122, 123].  Among a huge variety of NPs, noble MeNPs deserve special 

attention, due to their unique optical properties linked to the localized surface 

Plasmon resonance (LSPR) [124, 125]. The latter favors the application of MeNPs 

in optical diagnostic biosensors based on different enhanced spectroscopies, such 

as Surface-Enhanced Raman Scattering (SERS) or UV-Vis [124, 126], suitably 

described in the next sub-sections. It is in the field of diagnostic that the long-run 

stability of the of NPs colloid is essential, in order to avoid the risk of false 

diagnostic test results. The problem of stability is amplified when using the NPs 
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colloids directly in physiological media with high ionic force  [20, 127], where 

generally steric stability solutions such us the stabilization with polymers [20, 127, 

128] or metal-dielectric (carbon or SiO2) core-shell nanocomposites (NCs) colloids 

are the best solutions [20, 129].  This is particularly important for the interaction of 

NPs with cells in the human body, where the NPs have to be stable in an extremely 

chemical-rich environment, with high ionic force [20, 129, 130]. 

Regarding the use of NPs colloids as alternate therapies, although small, these 

molecules generally used to specific body targets, have reduced toxicity. 

Therapeutic effectiveness cannot be guaranteed unless the medicine is able to 

selectively achieve in adequate doses (medicines are quickly degraded or 

eliminated from the system circulation). On the hand, nanoparticles can  offer 

several advantages as compared to traditional therapies: i) fewer side effects of 

delivered drugs  [131]; ii) increased versatility in the formulation [122]; and iii) 

display of optical or magnetic properties that can be tuned to detect early disease 

(molecular imaging) [132] or to damage  tumoral or inflammatory cells (magnetic 

or optical hyperthermia in the near infrared) [133, 134].   

As a matter of fact, the biological activity of NPs depends on chemical and 

physical factors such as material, size and shape, surface area, agglomeration state, 

chemical composition, surface chemistry (a charge, hydrophilicity, etc.), surface 

activity, solubility, dose, and so on. In particular, AuNPs, due to the gold chemically 

inert nature and easy chemical handling of the surface for downstream applications, 

received a lot of attention in the past decade. The control on the size and shape of 

the AuNPs is a crucial point for medical applications.  For example, in the case of  

photodynamics (PDT) and thermal therapies for cancer treatments [135, 136] 

usually are needed nanostructures with particular resonant form and generally NPs 

with linear dimension > 10 nm, while NPs with dimensions less than ~ 5 nm are 

needed for the nuclear cell level, improving or hindering of the expression of 

selected genes [137, 138].  

Summarizing, it appears clear how much it is important to find a new 

synthesis route that is able to produce NPs in colloidal dispersion with controllable 

dimensions, with a metallic core and an inert shell of SiO2, polymeric, or carbon 

material, supplying the biocompatibility and the steric stability necessary for in-

vivo applications (see Section 2.2.2).  
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In the following, we introduce the principal physical phenomena leading to 

the formation of nanoparticles by the PLA of solid targets in liquid, which will give 

to the reader the background to understand the process of formation of metals NPs 

and also its application for the CO2/C reduction reported in the thesis   

    

2.2.1.                                                                                                                                              

Principles of pulsed laser ablation (PLA) in liquid 

2.2.1.1 Introduction 

Since the first example of the generation of nanomaterial by pulsed laser 

ablation in liquid in 1987 [1], an increasing number of laboratories started to 

dedicate their investigation to this fascinating field. As a matter of fact, the number 

of publications and citations per year in the field of generation of nanoparticles by 

laser in liquids, jumped from ~ 5 (publications and citations) to about 50 

(publications) and 700 (citations) from 1998 to 2011, respectively [139]. 

Although it is not possible to show a comprehensive list of the numerous 

groups all over the world having an important role in the field in the past decades, 

we attempt to make a brief list of the groups which gave a fundamental contribution 

in: i) the control of nanoparticle size in water; and ii) the study of the chemical 

reactions happening in the liquid environment during the synthesis of the 

nanoparticles. From the point of view of the control of metal nanoparticles size and 

physics of the nanoparticles fragmentation by laser irradiation in water, a particular 

role is attributed to the groups of Prof. Fumitaka Mafune (Toyota Technological 

Institute, Japan) [140] and Dr. Emilia Giorgetti (Istituto dei Sistemi Complessi 

I.S.C-C.N.R, Italy) [141]. Concerning the Physico-chemical aspects affecting the 

composition of the resulting nanomaterial, and chemical reaction during the PLA 

process, we put in evidence the work of Prof. Vincenzo Amendola (University of 

Padova, Italy) [6], Prof. Giuseppe Compagnini (University of Catania, Italy), and 

principally of Prof. Stephan Barcikowski of the University of Duisburg Essen, in 

Germany, whose research is also dedicated to the bio-conjugation of nanoparticles 

and the relative use in biological applications [142].  

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



26 

 

 

Also, several groups in Brazil focused their attention in laser-assisted 

generation of nanoparticles in the past years, such as the groups of Prof. Ernesto 

Jiménez Villar (Federal University of Paraíba (UFPB)), Prof. Ricardo Rego 

Bordalo Correia ( Technological Federal University of Rio Grande do Sul), and of 

Prof. Walter de Azevedo  (Federal University of Pernambuco (UFPE)),  whose 

results about the synthesis of semiconductor nanoparticles and complex chemical 

compounds during PLA in liquid [143] are particularly interesting for the 

experimental work shown in the thesis.  

 

2.2.1.2 Principles of PLA in water 

     Laser ablation is a process of light-matter interaction where the material is 

removed from the surface of a target utilizing focused lasers [6, 144–146]. It finds 

several applications in modern technology: precise micromachining of materials 

[147], including dentistry applications [148], surgery [149, 150],  conservation of 

cultural assets [151], and the production of different kind of nanostructures and 

deposition of thin films [6, 152, 153].  

PLA is a very versatile technique, which may be performed both in gaseous 

or liquid environment, and by the use of both pulsed or continuous wave (CW) laser 

source, if the laser intensity is sufficiently high (~ 10 kW/cm2). Laser ablation by 

CW lasers principally make use of high power infrared CO2 [154] and UV excimer 

lasers [155], while pulsed laser ablation (PLA) can be performed by different kind 

of pulsed laser sources, essentially depending on the temporal length of the pulses 

(fs,ps,ns). 

PLA process, is based on the absorption of the energy of the short laser pulse 

by the electrons of the surface of the targets, followed by phonon thermalization in 

times of the orders of ps [156].The mechanism related to the ejection of the 

material, strongly depends on the length of the laser pulses, and the nature of the 

external environment. Also, the depth over which the incoming laser pulse is 

absorbed, and thus the amount of material removed by a single laser pulse, depends 

on the environmental factors [157–159], but also on the material's optical properties 

and the experimental laser parameters, such as wavelength, energy and temporal 

length [6, 144, 145, 160]. Higher ablation efficiency (mass of material removed per 
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pulse energy) and lower threshold fluence Fth (the minimal fluence necessary to 

have ejection of the material) is obtained using shorter wavelength [159, 160], and 

shortest pulse duration [161]. 

From the physical point of view, while ultrashort pulses (fs, ps) mostly lead 

to multi-photon absorption processes and photo-ionization effect with Coulombic 

explosion and explosive boiling, PLA by the use of ns or longer pulses is instead 

dominated by thermal processes, such as melting and vaporization of the material 

[157, 162].  

The use of ns pulses, like in the present work, strongly reduces the differences 

observed in the physical origin of material ejection in different environments, such 

as air and vacuum. In fact, in the latter case (vacuum), the use of ps or fs laser pulses 

gives a fundamental role to electron long-lifetime transient nonequilibrium surface 

states, whose thermalization times with hot phonons, is bigger than the surface 

cooling time [163]. Vice versa, when air or water is present, the collision of the gas 

or liquid molecules with the surface states, strongly reduces their life-time, so that 

thermal evaporation of the surface is allowed [163]. The use of ns laser pulses, 

whose duration is bigger than the phonon-electron relaxation times, strongly 

reduces the differences cited above, since the ejection of the material by PLA in a 

different environment is principally due to thermal effects. 

The differences observed in PLA efficiency in air or water environment, are 

associated to the different behavior of the shock-waves generated by the expansion 

of the plasma [164].  While in an air environment, the shock-waves rapidly go apart 

from the target by expansion in the medium, in the case of a liquid environment 

they are responsible for the production of cavitation bubbles [164], which 

participate actively in the removal of the material from the targets, and are 

responsible for the higher rate of material removal in comparison with PLA in air 

or vacuum environment.  

From a general point of view, PLA process in liquid represents a very 

complex light-matter interaction, whose theoretical physical description includes 

aspects of plasma physics, solid-state physics, plasmonic, non-linear optics, and 

low and high-temperature chemistry processes. In the following, we report a more 
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detailed description of the different physical processes having a fundamental role 

in PLA in liquid, starting from the absorption of the laser pulse from the target. 

During laser and target interaction, the free electrons on the surface of the 

target material absorb the incoming laser energy, and two competing processes 

occur [165]. In the first stage, the excited electrons move with ballistic motion at 

the Fermi velocity (106 ms-1) towards the deeper part of the target [165]. After that, 

the collision occurs among the excited electrons and the electrons around the Fermi 

level. Electron temperature is developed at the point of equilibrium among hot 

electrons. These hot electrons move to the deeper side of electron gas inside the 

metal target with a speed of < 104 𝑚𝑠−1, lower than ballistic motion. After, the hot 

electrons are cooled by the electron-phonon coupling with the lattice, with the 

corresponding heating of the crystal structure. In this way energy from the laser 

pulse is transferred to the target provoking the ablation process. 

It is observed that electrons and phonons are not generally in thermal 

equilibrium with each other’s, and can be described by a two-temperature model 

[166, 167] which was first time introduced in 1974 by Anisimov et. al. [168]. Here 

the two temperatures Te and TL are the functions of space and time, and can be 

described by the  coupled equations [169] as below, 

 
𝐶𝑒

𝜕𝑇𝑒

𝜕𝑡
= ∇. {𝑒∇𝑇𝑒} −   { 𝑇𝑒 − 𝑇𝐿 } +  𝑄(𝑟, 𝑡)  , (2.6)  

 

 
𝐶𝐿

𝜕𝑇𝐿

𝜕𝑡
= ∇. {𝐿∇𝑇𝐿} +  { 𝑇𝑒 − 𝑇𝐿 } , (2.7)  

where𝑒and 𝐿are thermal conductivity, and 𝐶𝑒and 𝐶𝐿 are the heat capacity of 

electrons and lattice, respectively. The parameter  is associated with the coupling 

of electron and lattice systems, and  𝑄(𝑟, 𝑡) describe the laser source term, which 

can be written as 

 𝑄(𝑟, 𝑡) =  ∇. {1 − 𝑅}𝐼(𝑡)𝑒−2 𝑟2/ 𝜔2
𝑒− 𝑧 . (2.8)  

     Here 𝑅, 𝐼(𝑡), 𝜔, 𝑧 and  are the reflectivity of the surface, the time-dependent 

intensity of the laser pulses, frequency of the laser, depth from the thin film surface, 

and absorption coefficient of the surface material respectively [169, 170].  Through 

the solution at those equations is possible to obtain the time dependence of the 

behavior of the electron and lattice temperature, at a different position inside the 

target. As represented in Figure 2.5, corresponding to a gold target, the typical 
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electron-phonon relaxation times are of the order of some ps, so that ns laser pulses 

are for most of their duration continuously interacting with a system where the heat 

is transported by thermalized electron and phonons, at least until we do not consider 

nonlinear absorption effects, which is one of the principal hypothesis in the model 

used for the calculus [169].   

 

Figure 2.5 Temporal evolution of electron and lattice temperature of gold vs 

ablation depth. Thermal equilibrium between electron and lattice occurs approximately 

after 5 ps [169]. 

 

Figure 2.6 reports the theoretical ablation depth in a gold target in the function 

of the fluence F of the laser pulses, in the same range of fluence used in the present 

investigation. In the graph, two results are reported,  considering a temperature-

dependent (red line) and an independent (blue line) electron-phonon coupling 

constant. In the first case, the fluence threshold is about 0.3 J/cm2, the same value 

we observed experimentally along with the present research. 
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Figure 2.6 Theoretical ablation depth in a target of gold vs laser fluence F of the 

laser pulses. The red and blue lines are associated to the temperature-dependent and the 

temperature-independent electron-phonon coupling [169]. 

 

A schematic description of the different phases occurring during the PLA 

process of a metal target in the liquid is represented in Figure 2.7, adapted from 

Amendola et. al.[6].  

PLA can be described by the following main three stages:  

(i) laser energy absorption by the target, material ejection from the target, 

plasma plume, and cavitation bubble formation; 

(ii) plasma plume and cavitation bubble expansion in the presence of the 

confining liquid environment; 

(iii)  bursting of the cavitation bubbles, plasma plume mixing with the liquid, 

and formation of NPs by nucleation processes; 

The target absorbs the incoming laser energy and, as described before, 

electron transfers the energy to the lattice in a few ps. Until ~ 10-10 s, the energy 

absorption leads to the detachment of the ablated material. Although in non-thermal 

PLA (fs laser pulses) [171, 172], nonlinear optical absorption and direct 

photoionization of the material is the principal origin of the material detachment by 

Columbia explosion, in ps and ns based PLA in liquid, the material is ejected due 

to simultaneous thermal processes such as melting, vaporization and boiling [6]. 
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The high ionization of the expelled material is typical of plasma with temperature 

and pressure of about 103 K and 10 GPa, respectively [173–175], where liquid 

pressure is responsible for plasma confinement above the target.   

The formation of the plasma is followed by the generation of two shock waves 

in the opposite direction one moving into the solid target and the other going into 

the liquid, producing a cavitation bubble. In the second stage, the plasma plume 

expands adiabatically and follows the shockwave and the wall of the cavitation 

bubbles, heating the external liquid and forming eventual new materials by 

chemical interactions [6, 173, 174].  

 

Figure 2.7 Schematic diagram representing the different stages in the process of 

formation of NPs by PLA in liquid (adapted from [7]).   

 

The plasma plume has a typical lifetime of tens of 10-8 - 10-7 ns, during which 

it continues releasing energy to the target, provoking further ablation also after the 

effective temporal length of the pulse [7]. The plasma loses its energy also for the 

interaction with the liquid environment, which definitively leads to its cooling 

[173], and to the formation of a cavitation bubble expanding up to 10-4 s, after which 

it collapses emitting a final shock-wave [6, 176].  

 In literature, it is not clear if the nucleation stage of the NPs starts before or 

after the cooling of the plasma plume [6]. What is confirmed is that after nucleation 
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of the NPs in isolated crystals, the final NPs are formed by the coalescence of 

different nanocrystals, as suggested by the polycrystalline nature of nanomaterials 

produced by PLA [177, 178], as also observed in the TEM images reported in 

sections describing our experimental results.  

The advantage in the use of ns laser pulses instead of performing non-thermal 

ablation with ultra-fast laser sources (fs) is in the control of the average size 

distribution of the synthesized NPs. As described before, the ejected material 

ablated from the target derives from different physical phenomena, such as 

photoionization, vaporization, or melting, so that the material designated for 

recombination and final formation of NPs is in a multiphase state, which is the 

principal cause of the quite large poly dispersivity of the colloidal nanoparticle 

synthesized by PLA [179] as compared to the chemical method of synthesis. This 

problem is less evident when using laser pulses with a duration of ns, where the 

plasma and material ejected in different phases are irradiated by the upcoming part 

of the laser pulse, and the size distribution of the NPs may be opportunely fit by a 

single-mode log-normal function [8], as described in details in the next sub-

sections. A more detailed description of the parameter and techniques useful to 

control the dimension of the nanomaterial synthesized by PLA will be introduced 

in the section showing the experimental results, for both AuNPs, AgNPs, and iron-

based NPs.  

What is important to underline at this moment, is that although the 

nanoparticle composition is always the mirror of the target composition, the surface 

of NPs is instead marked by the presence of atoms coming from the PLA 

environment which, in the ultimate analysis, are responsible for their stability. In 

fact, in absence of surfactants or stabilizing agents, the PLA of metal targets in 

water or organic solvents leads to chemical reactions between the NPs atoms and 

the dissociated atoms or molecules of the solvent, which may form charged 

oxidized group on the NPs surface [79, 80], or even a shell of carbon material 

supplying steric stability [15], as depicted in Figure 2.8, taken from [6]. 
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Figure 2.8 Summary of the different kind of surface composition of MeNPs in 

colloidal dispersion obtained from PLA of Au, Ag, and Fe targets in water and different 

organic solvent) [6]. 

 

The new insight on PLA coming from our experimental results, put in 

evidence not only the effect of the liquid where PLA is performed, but also shows 

the importance of the gaseous species content. Nevertheless, in 2019 three articles 

were published on PLA of the metal target in pure water by the group of Prof. 

Stephan Barcikowski of the University of Duisburg Essen , putting in evidence the 

generation of different kinds of gases inside the water solution [32, 33, 180].  

When the cavitation bubbles produced during the plasma expansion collapse, 

they give rise to the second type of bubbles, called persistent microbubbles. Both 

the cavitation and persistent bubbles can act as shadowing entities and may absorb 

a significative part of the energy of the laser pulse [181]. Persistent bubbles may 

have a big influence on the NPs productivity also when working at a low repetition 

rate (i.e 10 Hz) since their typical lifetime goes from hundreds of ms to s [32].  

Figure 2.9 a), represent the shadowgraphs of the persistent microbubbles created by 

PLA of different metal targets after 100 ms from the arrival of the laser pulse [32]. 

The composition of the persistent bubbles has been recently analyzed by Kalus et. 
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al. [32] using gas chromatography.  As represented in Figure 2.9 b, c), together with 

hydrogen and hydroxyl radicals, H2, O2, N2, and H2O2 can be found between the 

gaseous products inside the bubble. The results are explained in terms of laser-

induced water break- and ultrasound-induced by laser pulses in the liquid [182], 

which, depending on the laser pulse fluence, naturally happens in PLA, also without 

the presence of any target. 

 

Figure 2.9 a) Shadowgraphs of the persistent microbubbles created by PLA of 

different metal targets after 100 ms from the arriving of the laser pulse [32]. b) H2, O2, 

and N2 gas fraction in the permanent bubbles, depending on different metal targets [32].  

c) Concentration of H2O2 produced during PLA in the water of different metal targets 

[32]. d) Intensity of the acoustic waves produced during PLA depending on AuNPs 

concentration [33], e)  Gas production rate during PLA depending on AuNPs 

concentration [33]. 

Recent experiments by V. Sumakin et. al. [33], demonstrate that both the water 

break-down probability and the relative gas production rate reach their maximum 

when an average concentration of about ~1010 AuNP/ml is obtained. As represented 

in Figure 2.9 d,e, this particular value of NP concentration creates the maximum 
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intensity of the supersonic acoustic waves created after the cavitation bubble 

collapse. 

Hence, the unique presence of metal NPs, enhances the gas production rate and is 

responsible for the activation of the reactions using the alternative energy channel 

of the supersonic acoustic waves. 

The fundamental work of A. De Giacomo in collaboration with S. 

Barcikowski about the experimental study of the thermodynamic parameters P and 

T during the cavitation dynamics [183], put in evidence that most part of the NPs 

are near the target surface after the cavitation bubble collapse, suggesting their 

formation during this stage. The mechanism involving the formation of the NPs 

should happen on a time-scale of the order of ~ 100 s, and involving a range of 

temperatures and pressure ranging from hundreds of K and ~ 1 MPa, to about  104 

K and 103 MPa, reaching the highest value at the moment of the collapse of the 

bubble on the metal targets [184].  Anyway, the authors do not exclude the 

possibility that a first part of the NPs may be formed by the cold external part of 

the plasma plume, before the birth of the cavitation bubble, and further transported 

into the latter. The transportation of the NPs into the cavitation bubble happens at 

the interface between the coldest part of the plasma and the layer of the surrounding 

vapors of the solvent [183].  In the light of these results, it is immediately before 

and after the collapse of the cavitation bubble that the formed NPs have the 

opportunity to interact with the gases and liquid present in the PLA environment, 

and be responsible for chemical reactions.  

The dynamics of the cavitation bubble and supersonic acoustic waves created 

by the interaction of the laser pulse with the target and with the formed NPs, are 

hence probably responsible for the CO2/C reduction process observed during our 

experiments.   

In order to give a simplified vision of the PLA environment, we can identify three 

main regions during the temporal window of the plasma plume expansion and 

cooling, differentiated by the composition and state of the present elements. This 

schematic division is depicted in Figure 2.10. 
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Figure 2.10 Schematic division of the PLA environment into different regions by the 

composition and state of the atoms. The picture shows the possible carbon nanostructures 

synthesized throughout our research, as defined in Section 1. 

 

 The hottest plasma near the target is essentially constituted by the metal ions and 

metal aggregates in an excited state, while the intermediate region finds the 

superposition of both, metal (M), liquid (L), and gas (G) atoms or molecules in the 

excited states. To the best of our knowledge [8], this is the first time that gaseous 

species different from N2 and O2 are included between the phases determining the 

final composition and functional properties of NPs synthesized by PLA. 

 

2.2.2.                                                                                                                                                            

Stability of colloidal nanoparticles 

Among the functional properties of the colloidal dispersion of NPs, the most 

important for NPs applications is stability. Two kinds of stability are generally 

introduced for the colloidal dispersion of NPs.  

Stability with respect to oxidation (composition): when the colloidal NPs do 

not suffer further redox processes with time in the liquid environment where it 

is stored [185]. 

Stability with respect to aggregation (morphology): in this case, the NPs 

in the colloidal dispersion have enough repulsion to oppose the dipolar van der 

Waals (vdW) attractive force exists among them, without aggregation or 
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precipitation. In these conditions, no change occurs in the size and shape of the NPs 

with time [185]. Electrostatic stabilization and steric stabilization are the two main 

mechanisms for stabilization against aggregation. 

In the first case, the mutual repulsion among the same electrostatic charge 

introduces electrostatic stabilization in colloidal dispersion of NPs. In a stable 

colloid of NPs, the latter is associated with the net charge of the NPs/external liquid 

interface, which is in general smaller than the charge on the NPs surface. The charge 

on the surface of the NPs is due to the functionalization of the particle surface with 

charged molecules, or to the ionization of surface groups. Because of electrostatic 

induction, the charged surface of a solid particle is hence readily surrounded by a 

thin layer of counterions, called the Stern layer, further surrounded by a diffuse 

layer of charges.  

 The electrostatic repulsion among the suspended colloidal NPs can easily be 

expressed in terms of the zeta potential, a measurable quantity describing electrical 

potential at the slipping plane in an electrical double layer (EDL, Stern and diffuse) 

around the particle. as represented in Figure 2.11. b.    

When only electrostatic repulsion is considered (neglecting the steric 

repulsion), the stability with respect to aggregation is dictated by the balance 

between two opposites potentials, one deriving from the  vdW attractive force (VA) 

[5],  and the other taking into account the overall electrostatic repulsion between 

the NPs (VR). This theoretical approach follows the classical Derajuin-Landau-

Verwey-Overbeek (DLVO) theory [186], which makes use of the following 

equations:  

 
𝑉𝐴 = −

𝐻

6
[

2𝑅𝑁
2

ℎ2 − 4𝑅𝑁
2 +

2𝑅𝑁
2

ℎ2
− ln (

ℎ2

ℎ2 − 4𝑅𝑁
2)] (2.9)  

 

 
𝑉𝑅 =

 𝑜𝑅𝑁𝑜
2

ℎ
𝑅𝑁

+ 2
𝑒𝑥𝑝(−

ℎ

𝐷
) (2.10) 

     In equation (2.9) and (2.10) , 𝑅𝑁 is the radius of the NPs, and ℎ is edge-to-edge 

distance between them.  𝐻 is the Hamaker constant, ψo represents particle surface 

potential, and 𝐷 is the Debye’s length [187]. The value of the latter diminishes 
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drastically in the presence of salts or other ionic species (physiological media), 

which provokes an effective shield effect of the electrostatic repulsion, with the 

final agglomeration of the NPs [89]. In this case, the Van der Waals force among 

MeNPs can be reduced by encapsulating the MeNPs in a material with a relatively 

lower value of Hamaker constant. Therefore, polymeric surfactant [188], 

silica[189] or carbon [190] are deposited over the surface of MeNPs by opportune 

chemical protocols, enhancing the stability with respect to both agglomeration and 

oxidation[191]. In the literature, a few studies were focused and dedicated to the 

control of the physicochemical properties of noble MeNPs synthesized by PLA in 

water with the simple addition of salts or hydroxides [20, 192]. In the latter cases, 

it is assumed that the negative charge and stability of the colloidal system is 

associated with the presence of hydroxyl and/or carbonates complexes on the 

oxidized portion of the metal surface [193] and, in the case of Au, to an excess of 

free-electron inside the metal core of the NPs [5]. In the case of Ag and Fe targets, 

oxidation is still the principal cause of the electrostatic stability, but the reactivity 

of the oxides may increase stability and dissolubility [194–196]. The charge and 

dissolution of AgNPs depended on the pH of the solution [197, 198]. In literature 

[199], AgNPs synthesized in water by PLA have a negative charge, due to oxidation 

of the surface [199]. The charge of iron-based NPs colloids synthesized by PLA are 

found to be pH-dependent and are positive in pH lower than 6 or 7, while their 

charge becomes negative if the pH of the solution is higher than pH7 [200]. 

     Hence, transition metal NPs synthesized by PLA in water are definitively 

thought to be characterized by pure electrostatic stability, and there is no mention 

in the literature about the possibility of the simultaneous formation of carbon 

material supplying an electro-steric stabilization. Steric stabilization consists in 

fact, in covering the particles in polymers which prevents the particle to get close 

in the range of attractive forces, thanks to both elastic recoil effects and osmotic 

pressure  [186], as sketched in Figure 2.11. 

Figure 2.11.d, shows the dependence of the potential energy of the particles in 

function of their distance. The inclusion of the steric repulsion in the DLVO theory 

leads to the so-called extended DLVO model (X-DLVO), which considers a total 

potential energy (blue dashed curve) consisting of the attractive vdW contribution 
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(red curve, equation 2.9), and the repulsive EDL (green curve, equation 2.10) and 

steric (cyan dotted curve) contributions.   

 

Figure 2.11 Scheme of the principal interactions between colloidal nanoparticles. 

a) vdW dipolar repulsive interaction. b) Steric repulsion, induced after functionalization 

of the particles with macromolecules or polymers. c) Electro-static repulsion, due to the 

net charge considering the EDL, consisting of the Stern and diffuse layer. d) Contribution 

of the EDL potential (green curve), repulsive vdW potential (red curve) and steric 

repulsion (dotted cyan curve) to the overall X-DLVO potential (blue dashed curve) in the 

function of the interparticle distance d. Adapted from [186]. 

 

The stability concepts discussed in the present sub-section apply to all the 

nanomaterials, independently of their particular composition. We will focus now 

our attention on a special kind of NPs, the noble MeNPs, whose optical properties 

are at the basis of the enhanced spectroscopies used along with the present research. 

We will introduce the concept of LSPR resonance in noble metal nanostructures 

and will show how to use the Mie theory for the optical modeling of the 

experimental UV-Vis spectra, with the theoretical calculus of the concentration of 

both metal atoms and MeNPs. 
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2.2.3.                                                                                                                                                           

Optical properties of noble metal nanoparticles colloids 

Plasmons are a collective and discrete number of oscillations of the free 

electron gas density in metals. In the classical picture, Plasmon can be described as 

an oscillation of electron density with respect to the fixed positive ions in a metal. 

To understand plasma oscillation, let us consider a cube of metal placed in an 

external electric field directed to the right side. Electrons will move to the left side 

and will create enough positive charge on the right side until they produce an 

opposite induced electric field and cancel the field inside the metal. When the 

external electric field will be removed, they will move to the right again due to the 

mutual repulsion of electrons and the attraction of positive charge on the right side. 

Electrons will oscillate back and forth at the plasma frequency until the energy is 

lost in some kind of resistance or damping.  

 The quantized collective oscillation of quasi-free electrons on the metal-

dielectric interface is known as surface Plasmon resonance (SPR) [201]. When 

these coherent electrons oscillations are coupled to electromagnetic radiation (EM), 

they generate a bound electromagnetic mode that propagates along with the 

metal/dielectric interface, which is called Surface Plasmon Polariton (SPP) [201]. 

This excitation depends on the polarization of incident radiation and the geometry 

of the metal and dielectric interface surface, which is extensively useful for sensing 

applications [202]. 

In contrast to SPP, LSPR is a non-propagative excitation of the Plasmon. 

When the sizes of the NPs are smaller than the wavelength of irradiating EM 

radiation used for excitation, the electromagnetic field of the incident light exert a 

uniform force on the free conduction electrons inside the MeNPs, and displaces 

them to one side of the surface, creating a positive charge on the opposite side. As 

a result, internal electric polarization dipoles are created, which have a net electric 

field opposite to the incident electric field as shown in Figure 2.12,  providing an 

internal restoring force to displace back the electron. In this way, the electrons start 

oscillating inside the MeNPs, and act as a forced quantum oscillator. 
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Figure 2.12 (a) Schematic diagram of collective oscillation of free electrons in 

MeNPs, arising from interaction with the incident EM planar wave. (b) The direction of 

the induced electric field (Erest) and incident electric field (Ein). 

 

The electrons inside the NPs are characterized by a natural frequency of resonance, 

called plasmonic frequency, or LSPR. When the frequency of incident EM radiation 

matches with the plasma frequency, it generates a stationary LSPR mode, with an 

enhancement of the near-field around the NPs which, depending of the particular 

geometry and material, may reach 4 or 5 orders of magnitude [201]. The increased 

EM near field is associated with both absorbed and scattered EM fields so that the 

MeNPs have very high absorption and scattering cross-section in the resonance, 

which are fundamental to obtain the high enhancement factors and high sensitivity 

in SERS and UV-Vis spectroscopy, respectively [203, 204]. 

Fortunately, the LSPR band for noble MeNPs exists in the visible region, 

which provides a specific color to their colloidal solution, due to resonantly 

enhancement effects of both scattering and absorption. This combined effect of 

absorption and scattering in the ultraviolet-visible absorption spectra is called 

extinction. While the basic characteristics of the LSPR phenomena, such as the 

Frolich condition [201] can be obtained using the simple Quasi-Static 

Approximation (QSA), in order to simulate the UV-Vis extinction spectra of a real 

colloidal dispersion of NPs, it is necessary to make use of the Mie´s theory [205] 

and take in account the statistical polydispersity of the samples.  
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2.2.3.1.                                                                                                                                                       

Quasi-static approximation and Mie theory 

 Quasi-static approximation (QSA) 

When an EM field interacts with the MeNPs it can generate  dipolar, 

quadrupole, and octupole modes in each NPs (depending on the sizes) If the size r 

=a of the NPs is very smaller than the wavelength (λ) of the incident light ( 𝑎 ≪ 𝜆), 

the dipolar mode has a strong contribution to absorption and scattering as compared 

to other modes. In this case, the incident harmonically oscillating EM fields are 

approximately uniform inside the NPs, so that an electrostatic approximation can 

be used to solve the related problem[206].  

To derive the mathematical equation for electric the polarizability (), and 

the absorption (𝜎𝑎𝑏𝑠) and scattering (𝜎𝑠𝑐𝑎𝑡) cross-section of MeNPs , let us consider 

an isolated spherical NPs with radius r = a, as shown in Figure 2.13. Since r << a, 

the electromagnetic field phase will be considered uniform throughout the NPs, in 

a first approximation. 

 

Figure 2.13 Schematic diagram of a spherical NPs of radius a, under the excitation 

a uniform static electric field polarized along the Z axis. In QSA we are considering a 

<<.  

The dielectric constant of the metal constituting the NPs is  (𝜔), and the 

dielectric constant of the surrounding medium is 𝑚. We consider an incident 

electric field 𝐸⃗ = 𝐸 𝑍̂ ,, and solve the Laplace equation ∇2ϕ = 0 for the 

electrostatic potential φ( 𝐸⃗ = -∇ϕ ) with boundary conditions at 𝑟  ∞ and 𝑟 = 𝑎.  

We obtain the equations   

 𝜙𝑜𝑢𝑡 = −𝐸𝑜𝑟 𝑐𝑜𝑠 +
(𝜔)+2𝑚(𝜔)

(𝜔)+2𝑚(𝜔)

𝐸𝑜𝑎3 𝑐𝑜𝑠 

𝑟2
  ,   (2.11)   

and, 
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 𝜙𝑖𝑛 = −
3𝑚(𝜔)

(𝜔)+2𝑚(𝜔)
𝐸𝑜𝑟 𝑐𝑜𝑠  , (2.12)   

where ϕin and ϕout are electric potential inside and outside the sphere of radius 𝑎. 

We recognize that (2.11) may be written as 

                 𝜙𝑜𝑢𝑡 = −𝐸𝑜𝑟 𝑐𝑜𝑠 +
1

4(𝜔)𝑚(𝜔)

𝑝.𝑟

𝑟3
  ,   (2.13)   

 

                 𝒑 = 4𝜋𝑎3𝑐𝑚(𝜔)
(𝜔)−𝑚(𝜔)

 (𝜔)+2𝑚(𝜔)
𝐸𝑜𝑍̂  ,   (2.14)   

where, 𝑝 is the induced dielectric dipole, proportional to applied field E0 inside 

the sphere. 

 Considering  𝒑 = 0𝑚𝛼(𝜔)𝑬𝑜, we derive  

  = 4 𝑎3  
(𝜔)−𝑚(𝜔)

(𝜔)+2𝑚(𝜔)
 .        (2.15) 

 

As shown in equation        (2.15), the polarizability is enhanced when the real part 

of the denominator 𝜀(𝜔) + 2𝜀𝑚(𝜔) vanishes, that is  

 𝑅𝑒[𝜀(𝜔)] = −2𝜀𝑚(𝜔) . (2.16) 

The optical cross-sections 𝜎𝑎𝑏𝑠 and 𝜎𝑠𝑐𝑎𝑡 maybe written as  

 
𝜎𝑠𝑐𝑎𝑡 =

𝑘4

6𝜋
|𝛼(𝜔)|2 =

8𝜋

3
𝑘4𝑎6 |

𝜀(𝜔)−𝜀𝑚(𝜔)

𝜀(𝜔)+2𝜀𝑚(𝜔)
|
2

 ,          (2.17) 

 𝜎𝑎𝑏𝑠 = 𝑘𝐼𝑚[𝛼(𝜔)] = 4𝜋𝑘𝑎3𝐼𝑚 [
𝜀(𝜔)−𝜀𝑚(𝜔)

𝜀(𝜔)+2𝜀𝑚(𝜔)
] , (2.18) 

where 𝑘 is the wave vector. Clearly, when the resonance condition 2.11 is fulfilled, 

the NPs experiment an enhancement in both absorption and scattering efficiency, 

so that a band with a clear peak appears in this spectral region [201]. Fröhlich's 

condition can explain also the typical red-shift obtained in the LSPR spectra of 

colloidal MeNPs when interacting with external analytes, used commonly as a 

detection method in LSPR optical sensing [201]. In the equations above, 𝜎𝑎𝑏𝑠 is 

proportional to a3 , while 𝜎𝑠𝑐𝑎𝑡 scales with a6. This is the reason why the extinction 

spectra of relatively large size NPs will be dominated by scattering in comparison 

with absorption, while it is very difficult to pick out small particles in the large 

scattering background. The QSA gives accurate results only for small spherical NPs 
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(r < 4 nm), but fails in describing the LSPR red-shift scaling with the NPs diameter, 

so that correct modeling of the optical properties of a real and polydisperse colloidal 

dispersion of NPs, needs the introduction of a more general electromagnetic theory, 

called Mie theory, used to retrieve the extinction spectra of metal NPs with all 

dimension, and both spherical or elliptical geometries[207].     

 Mie Theory  

The German scientist Gustav Mie in 1908 [208] proposed an exact analytical 

solution of Maxwell’s equations for the scattering and absorption of EM radiation 

by spherical, homogenous, isotropic, and non-magnetic particles with an arbitrary 

size in a non-absorbing medium. His attention was to determine the extinction 

spectra of AuNPs of different sizes in solution and understand their color. In Mie-s 

approach, Maxwell’s equations are solved analytically by using appropriate 

boundary condition, and the calculated extinction cross-section are given by [205]: 

 
𝜎𝑒𝑥𝑡 =

2 𝜋

|𝑘|2
 ∑ (1 + 2𝐿)∞

𝐿=1 [𝑅𝑒(𝑎𝐿 + 𝑏𝐿)]   , (2.19) 

 

where L is the integer used for the representation of dipole (L =1), quadrupole 

(L=2), and higher order multipoles and k is the light wave vector.   

The 𝑎𝐿and 𝑏𝐿 terms in  equation (2.19) consist of the Riccati Bassel functions 𝜓𝐿 

and 𝜒𝐿: 

 
𝑎𝐿 =

𝑚𝜓𝐿 (𝑚𝑥).𝜓𝐿
′ (𝑥) − 𝜓𝐿

′ (𝑚𝑥).𝜓𝐿 (𝑥)

𝑚𝜓𝐿 (𝑚𝑥). 𝜒𝐿
′ (𝑥) − 𝜓𝐿

′ (𝑚𝑥). 𝜒𝐿(𝑥)
 , (2.20) 

 
𝑏𝐿 =

𝜓𝐿  (𝑚𝑥).𝜓𝐿
′ (𝑥) − 𝑚𝜓𝐿

′ (𝑚𝑥). 𝜓𝐿 (𝑥)

𝜓𝐿 (𝑚𝑥). 𝜒𝐿
′ (𝑥) − 𝑚𝜓𝐿

′ (𝑚𝑥). 𝜒𝐿(𝑥)
 . (2.21) 

 

In the latter,  𝑥 = (|𝑘| . 𝑎) (a is the radius of the NPs), and 𝑚 = 𝑛̃ 𝑛𝑚⁄  , where 𝑛̃ =

𝑛𝑅 + 𝑖𝑛𝐼,  represents the  complex refractive index of the metal, and 𝑛𝑚state for the 

refractive index of the surrounding medium and similarly complexes dielectric 

constant is 𝜀(𝜔) = 𝑅(𝜔) + 𝑖𝐼(𝜔), ( where, 𝑅(𝜔)  is real and 𝐼(𝜔) is the 

imaginary part). If we consider only the first term in equation (2.19) (𝐿 = 1),  we 

obtain again the expression  
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𝜎𝑒𝑥𝑡 = 

24𝜋2𝑎3𝑚(𝜔)
3

2⁄

𝜆

𝐼(𝜔)

(𝑅(𝜔) + 2𝑚(𝜔))2 + 𝑚(𝜔)
3

2⁄
 . (2.22) 

To retrieve the correct extinction spectra of the NPs, retardation potential effects 

have to be considered, and the other terms with L >1 have to be added in equation 

(2.19). In Appendix A.1 we report the code we developed using the software 

Matlab® R2017, consisting in the calculus of the extinction spectra of a colloidal 

dispersion of MeNPs with no limit of dimension, and characterized by an opportune 

statistical size distribution. The statistical size distribution is a log-normal function 

[207], which we will in principle consider monomodal due to the ns duration of the 

laser pulse, as explained previously in Section 2.2.1.  The parameters of the log-

normal function are fitted using the experimental statistical size obtained by TEM 

measurements, after which the theoretical extinction spectra may be calculated by 

our code, and compared with the experimental spectra.  

Once obtained a good fitting on the experimental extinction spectra we have 

three important information: 

 the statistical size distribution obtained by experimental TEM images is 

representative of the whole sample; 

 the sample was no subject to a significative agglomeration or chemical 

activity (i.e oxidation), since the fitting is obtained on the hypothesis of non-

interacting NPs and non-oxidized NPs [209]. 

 we have access to the theoretical value of both the metal and NPs 

concentration 

2.2.3.2.                                                                                                                                               

Theoretical calculation of metal and MeNPs concentration  

The extinction efficiency, or the optical density, is an optical parameter of a 

sample (liquid or solid) representing the optical power lost by scattering and 

absorption of EM radiation at different wavelengths. The correct experimental 

measure and theoretical modeling of the optical density of a colloidal dispersion of 

MeNPs, can be used to determine both the molar concentration of NPs or the metal 

mass concentration.  
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To simulate the UV-Vis spectroscopy experiment, let´s consider a general 

colloidal suspension of NPs irradiated by a plane wave EM radiation in a 

transparent cell of length d, as shown in Figure 2.14.  

 

Figure 2.14 Schematic diagram used to explain the measurement of the extinction 

spectra of the NPs illuminated by plane EM radiation. 

 

Let us neglect the multiple reflections by the cell wall. The ratio of transmitted to 

incident EM radiation is called transmittance and denoted by 𝑇(𝜆),  where 𝜆 is the 

corresponding wavelength of illuminating EM radiation [120]:  

 
𝑇(𝜆) =

𝐼𝑡𝑟𝑎𝑛(𝜆)

𝐼𝑖𝑛𝑐(𝜆)
. (2.23) 

The transmittance is related to the optical density 𝜏(𝜆) through the relation 

 

𝜏(𝜆)  =  − 𝑙𝑜𝑔10 [𝑇(𝜆)] .  (2.24) 

Equation (2.23) and (2.24) are appropriate for all particle shapes and can be used to 

determine the optical properties, concentration, and, indirectly, the topologies of 

NPs. The Lambert-Beer law is used to relate 𝑇(𝜆) to 𝜏(𝜆), considering that the 

irradiance of the EM radiation is exponentially attenuated from Iin; to Itra passing a 

geometrical distance d inside the sample. It holds the relation 

 
𝑇(𝜆)  =  

 𝐼𝑡𝑟𝑎𝑛(𝜆)

 𝐼𝑖𝑛𝑐(𝜆)
 =  𝑒  − 𝑒(𝜆)𝑑 , (2.25) 

where 𝑒(𝜆) is the extinction coefficient, which can be expressed as 
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 𝑒(𝜆)  =   𝜎𝑒𝑥(𝜆)  
𝑁

𝑉
  .           (2.26) 

In the latter,  𝑁  𝑉⁄  is the NP number concentration, and the extinction cross-section 

is expressed in the unit of m2 . Putting the equations (2.25) and           (2.26) in (2.4), 

we obtain: 

 𝜏(𝜆)  =  𝜎𝑒𝑥𝑡(𝜆) 
𝑁 

𝑉 
 𝑙𝑜𝑔(𝑒) 𝑑 . (2.27) 

 Equation (2.27) is a theoretical model applicable to compute the extinction spectra 

of monodispersed NPs,  which is not the case of a real colloidal dispersion of NP, 

characterized by a finite value of the poly dispersivity, which can significantly alter 

the shape and intensity of the spectra. In the case of the statistical size distribution 

for the NPs, the optical density will be the sum of all the different contributions, 

expressed as 

 𝜏(𝜆)  =  ∑  𝜎𝑒𝑥 (𝜆, 𝑅𝑘) 
 𝑛𝑘(𝑅𝑘)

 𝑉
 𝑙𝑜𝑔(𝑒) 𝑑𝑘  . (2.28) 

Above, 𝑅𝑘 represents the particle size, and the concentration of the particles with 

such a radius in volume V is denoted by 𝑛𝑘(𝑅𝑘) 𝑉⁄ . We define the normalized 

statistical size distribution of particles as  

 𝑛𝑛𝑜𝑟𝑚(𝑟)  =  
 𝑛(𝑟)

 ∑ 𝑛𝑘(𝑅𝑘)𝑘
 =  

 𝑛(𝑟)

 𝑁𝑡𝑜𝑡𝑎𝑙
 .         (2.29) 

Using the normalization condition ∫ 𝑛(𝑟) = 1
∞

0
, [205]  we obtain  

 
𝑛𝑛𝑜𝑟𝑚(𝑟) =   

 1

 √2𝜋𝑤𝑟
 𝑒

− 
 [𝑙𝑛𝑟−𝑙𝑛𝑟𝑐]

 2𝑤2    . (2.30) 

The parameters 𝑤 and rc (central value of the distribution) are linked to the mean 

value and standard deviation of the population, respectively.  

In Figure 2.15 (a), we report the experimental statistical size distribution of 

Au@Cy NCs colloids [20] measured by TEM, and the corresponding Mie fit using 

the normalized log-normal function. From the experimental size distributions, we 

can calculate the statistical mean value 〈𝑟〉 and standard deviation 𝛿 using the 

approach in (2.31) and (2.32), as 

 
〈𝑟〉  = 𝑒𝑙𝑛𝑟𝑐 + 

𝑤2

2  (2.31) 
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𝛿 = √𝑒𝑤2+2𝑙𝑛𝑟𝑐(𝑒𝑤2

− 1) . (2.32) 

 

 

Figure 2.15 (a), TEM image of the Au@Cy NPs synthesized by PLA with NaOH 

concentration of 2 mM. In the inset is reported the experimental statistical size 

distribution of NPs. (b) Experimental extinction spectra of the synthesized NCs (black 

line with open circles), and Mie´s theoretical fit (dashed grey line) obtained using the 

statistical distribution reported in (a) [20]. 

 

From the above example of Mie fitting, the exact concentration of gold in the water 

solution can also be calculated. The statistical extinction coefficient at 𝜆 can be 

expressed as [205]: 

 𝑒(𝜆) =  ∫ 𝜎𝑒𝑥𝑡(𝜆, 𝑟𝑘) 
𝑁𝑡𝑜𝑡𝑎𝑙

𝑉

∞

0
 𝑛𝑛𝑜𝑟𝑚(𝑟) 𝑑𝑟.          (2.33) 

In Figure 2.15 (b) are reported the experimental extinction spectra of the 

synthesized NCs (left term of equation          (2.33) and the Mie´s theoretical fit (left 

term of equation          (2.33) obtained using the statistical distribution reported in 

Figure 2.15 (a),  and the size-dependent dielectric function of small ( r < 5 nm) 

MeNPs, for which an additional scattering term of the conduction electron with the 

boundary of the NPs has to be considered  [210]. There is an almost perfect overlap 

between the experimental UV-Vis spectra and the theoretical Mie fit, which makes 

us confident about the experimental size distribution obtained by TEM 

measurements.  

The metal mass concentration per unit volume of a monodispersed colloidal 

dispersion of NPs can be written as: 
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𝐶𝑀𝑒𝑡𝑎𝑙 =

𝑁𝑡𝑜𝑡𝑎𝑙

𝑉
× 𝑉𝑁𝑃𝑠 × 𝜌𝑀𝑒𝑡𝑎𝑙   =  𝜌𝑁𝑃𝑠 × 𝑉𝑁𝑃𝑠 × 𝜌𝑀𝑒𝑡𝑎𝑙   , (2.34) 

where 𝜌𝑁𝑃𝑠 is the concentration of NPs per unit volume,  𝜌𝑀𝑒𝑡𝑎𝑙 is the density 

of the metal constituting the NP,  and 𝑉𝑁𝑃𝑠 is the volume of a single NP, the same 

for each one. In the more realistic case of an experimental polydispersed colloidal 

dispersion of NPs, we have to determine 𝑁𝑡𝑜𝑡𝑎𝑙 𝑉⁄ = 𝜌𝑁𝑃𝑠 , and to weight the 

single NP volume with the statistical log-normal size distribution. 

The concentration of NPs 𝜌𝑁𝑃𝑠  can be measured from the optical density and 

Mie fitting, using the relations: 

 
𝜏𝑒𝑥𝑝(𝜆) =

                  𝑑𝑒𝑥𝑝𝑙𝑜𝑔(𝑒) 
𝑁𝑡𝑜𝑡𝑎𝑙

𝑉
[∫ 𝜎𝑒𝑥𝑡(𝜆, 𝑟𝑘)

∞

0
𝑛𝑛𝑜𝑟𝑚(𝑟)𝑑𝑟]

𝑀𝑖𝑒 𝑓𝑖𝑡
 , 

(2.35) 

and, 

 
𝜌𝑁𝑃𝑠 =

𝑁𝑡𝑜𝑡𝑎𝑙

𝑉
=

𝜏𝑒𝑥𝑝(𝜆) 𝑑𝑒𝑥𝑝𝑙𝑜𝑔(𝑒)⁄

[∫ 𝜎𝑒𝑥𝑡(𝜆,𝑟𝑘)
∞
0 𝑛𝑛𝑜𝑟𝑚(𝑟)𝑑𝑟]

𝑀𝑖𝑒 𝑓𝑖𝑡

  . (2.36) 

 Here the path length of the cuvette containing NPs colloid is  𝑑 𝑒𝑥𝑝 = 1𝑐𝑚, 𝜏𝑒𝑥𝑝(𝜆) 

can be measured experimentally, while the denominator can be calculated from Mie 

fitting.  

The mass concentration is finally given by the expression 

 𝐶𝑚𝑎𝑠𝑠 = 𝜌𝑁𝑃𝑠  𝜌𝑀𝑒𝑡𝑎𝑙 ∫ 𝑛𝑛𝑜𝑟𝑚(𝑟) 𝑉𝑁𝑃𝑠(𝑟)𝑑𝑟
𝑟𝑚𝑎𝑥

𝑟𝑚𝑖𝑛
, (2.37) 

where 𝑉𝑁𝑃𝑠 = (4𝜋𝑟3 3⁄ ) is the volume of a single  spherical NP with radius r,  and 

𝜌𝑀𝑒𝑡𝑎𝑙 =  19.32𝑔𝑚 𝑐𝑚3⁄ . Using the code developed in the Matlab® R2017a 

framework (Appendix A.1), we calculated a mass concentration relative to the 

sample of Figure 2.15 of about 82 ppm, which matches extremely well with the 

experimental concentration measured by ICP-MS in chapter 4. 

Considering the modeling of the optical cross-sections of colloidal 

dispersions of noble MeNPs we found problems relatively to two main aspects: 

1) the oxidation and permanent chemical activity of AgNPs, so that a dielectric 

function different from the one of metal silver should be used;  
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2) a blue-shift up to about 10 nm in the LSPR peak position of the Au@Cy 

NPs in comparison to the theoretical one, the origin of which will be 

explained in the next sub-section. 

 

2.2.3.3.                                                                                                                                                         

Effect of size on the extinction spectra of noble MeNPs  

As explained in the previous sub-section, the extinction spectra are powerful 

experimental information [101], which can give direct access to different properties 

of the NPs in colloidal dispersion, such as size, material, and stability. This is 

particularly true in the case of noble MeNPs, characterized by a well visible LSPR 

band. In fact, most of the time is the spectral position and intensity of the spectra at 

the LSPR peak that is used to interpret the extinction spectra based on the NPs 

properties. The case of iron oxides is quite complicated cause not only to the 

absence of an LSPR peak as a reference but also to the high level of oxidation of 

the NPs, which alters completely the shape of the extinction spectra and eludes the 

possibility to perform a theoretical realistic optical model. Most of the literature is 

hence dedicated to the relation of the UV-Vis spectra of noble MeNPs (Au, Ag) 

with their size.   

        In Figure 2.16, the extinction spectra of AuNPs on their dimensions are 

shown theoretically, separating the NPs with a radius smaller (a) and larger than 10 

nm (b) [210].   

Herein, Scaffardi et. al. ) [210] show both theoretically and experimentally 

that LSPR peak position of AuNPs with radii less than 10 nm is practically size-

independent (Figure 2.16 (a)), while a clear red-shift occurs when increasing the 

size for radius bigger than 10 nm (Figure 2.16 (b)).  When the size of AuNPs is 

comparable with the mean free path of an electron, the oscillating electron scatters 

on the boundary of the NPs, and damping occurs in its energy, with further 

broadening of the curve, resulting in a net increase of the Full-Width Half 

Maximum (FWHM) of the curve. As clearly visible in Figure 2.16 (a), we find that 

the extinction spectra of AuNPs with a radius smaller than 3 nm are size-dependent, 

where the ratio between the minimum intensity near to 450 nm and maximum 

intensity (near 520 nm) in extinction spectra, is linearly dependent on the mean size 
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of AuNPs. This effect is of particular importance for the Au derived NPs 

synthesized in the present research since, as will be shown in details in Section 4 

and 5, all of them are characterized by mean radius ranging from 2.5 nm to 4.0 nm, 

and can be considered as ultrasmall NPs [137]. 

 

Figure 2.16. Normalized theoretical extinction spectra of AuNPs with a) r <  10 

nm, b)  r >10 nm  [210]. 

 

Ultrasmall AuNPs are also characterized by another interesting effect. The 

control in the LSPR peak position is generally done by changing the solvent 

refractive index, or synthesizing NPs of progressively bigger diameters, and 

obtaining the desired red-shift, as shown in Figure 2.16 (b). Uniquely for the case 

of ultrasmall AuNPs, exist examples in the literature of a blue-shift of the LSPR 

position, obtained by the control of the excess of charge in the metal core of the 

MeNPs [39, 213]. In this case, the shift in the LSPR peak is mathematically linked 

in a first approximation to the change in the number of free electrons, and can be 

expressed by the following equation by Templeton et. al. [213]:  

 𝐿𝑆𝑃𝑅
𝑓𝑖𝑛𝑎𝑙

𝐿𝑆𝑃𝑅
𝑖𝑛𝑖𝑡  =  

𝑁𝑖𝑛𝑖𝑡

𝑁𝑓𝑖𝑛𝑎𝑙
 . (2.38) 

In the last, 𝑁𝑖𝑛𝑖𝑡 and 𝑁𝑓𝑖𝑛𝑎𝑙 represent the initial and final concentration of the 

free electrons participating in the plasma oscillation, while 𝐿𝑆𝑃𝑅
𝑖𝑛𝑖𝑡 

 and 𝐿𝑆𝑃𝑅
𝑓𝑖𝑛𝑎𝑙

 stand 

for initial and final LSPR peak position. Equation (2.38) clearly shows that a blue 

shift occurs in LSPR peak when an excess electron is induced over the AuNPs 

surface ( 𝑁𝑖𝑛𝑖𝑡 < 𝑁𝑓𝑖𝑛𝑎𝑙). As will be discussed in details in Section 5, this is what 

might happen in the case of the ultra-small Au derived NPs, where the excess of 
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free electrons may be obtained by the interaction of the gold core with the electrons 

of the sp-sp2 carbon atomic wires (CAWs) in the shell [214], and through Au-

carbonyl species formed at the metal–dielectric interface of the NCs. Both the 

participation of the CAWs electron to the plasma oscillation and the π-back bonding 

in metal–CO system [213], enhances the number of available conduction electrons 

in the d-band of Au, participating to the observed blue-shift.  

In the case of Au, as demonstrated before, it is possible to obtain very good 

matching between the theoretical and experimental extinction spectra, together with 

the correct value of both NPs and metal concentration. This positive result is 

associated to the chemical stability of AuNPs, which do not suffer further oxidation 

in the colloidal suspension, so that their dielectric constant doesn´t change with 

time, and is available by different databases and articles present in literature. 

Completely differently from  AuNPs colloids, AgNPs are subject to oxidation 

instability, which is responsible for the change of their dielectric constant during 

the time [215]. For this reason, it is difficult to extract the same analytical 

information as we obtained from of AuNPs colloids.  

When dealing with AgNPs, some recurrent behavior of the UV-Vis spectra with the 

NPs dimensions has been observed [81]. Figure 2.17 shows the dependence on the 

mean size of the particles of the experimental extinction spectra of AgNPs 

synthesized by PLA [40]. As for AuNPs, in the case of AgNPs with a dimension 

between 10 nm and 20 nm, there is a progressive red-shift of LSPR peak (from 398 

nm to 402 nm), and an increase of the FWHM, due to the enhanced scattering cross-

section, as shown in Figure 2.17 (a). Herein, A1, A2, and A3 samples have an 

average size of 20, 19, and 15 nm, respectively. Differently than the case of gold, 

with further decreasing of the size from 15 nm to less than 5 nm, the LSPR peak 

shifts toward a longer wavelength, and the FWHM of the curve increases, as shown 

in Figure 2.17 (b) [81]. 
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Figure 2.17 Experimental extinction spectra of a colloidal dispersion of AgNPs of 

different dimensions, synthesized by PLA. a) A1, A2, and A3 samples have an average 

size of 20, 19, and 15 nm, respectively [81]. b) A3, A4, A5 samples have an average size 

of 15, 12 and 10 nm, respectively [81]. 

 

The FWHM may become larger due to the scattering of the free electrons 

with the NPs boundary, as in the case of AuNPs, but the redshift may be attributed 

to a bigger effect that the oxidation of the silver surface has on the plasma 

oscillation in the case of small radius, where the ratio between the number of 

oxidized and metallic silver atoms may be higher, with an apparent loss of free 

electron density. 

Both the blue and redshift occurring in the experimental LSPR peak of the 

small Au and Ag based nanoparticles synthesized in the present work might be well 

fit by theoretical curves obtained using Mie´s theory for core-shell NPs [216]. A 

shell of carbynoid material and gaseous CO should be considered for the Au derived 

nanoparticles, while a thin oxide shell should be considered for the Ag derived 

particles. Although representing an interesting and alternative model to describe the 

optical properties of the synthesized small Au and Ag nanoparticles, this picture is 

far from reality. In fact, the oxide species in AgNPs are not necessarily uniformly 

distributed on the surface of the particle and are not necessarily confined in the 

external shell. In the case of Au derived nanoparticles, the simple Frolich condition 

[201] (equation 2.16),  cannot explain alone the observed blue-shift since, as 

explained before, a core electron excess is expected from the particular interaction 

between the gold core and both CO and CAWs. 

While UV-Vis spectroscopy gives important analytical and morphological 

information on the NPs, in most of the cases, it gives qualitative information about 
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their exact surface chemistry, which has to be collected by the use of vibrational 

spectroscopies, operating in a different range of optical frequencies and energies. 

The following sub-section will be dedicated to the vibrational spectroscopies used 

along the research, with special attention to Raman and SERS spectroscopies.   

 

2.3.                                                                                                                                                                 

Optical vibrational spectroscopy 

IR and Raman spectroscopies are used to investigate the vibrational and 

rotational states of molecules or crystals and have been applied in the present 

research in the spectral range between 200 and 3500 cm-1, corresponding to energies 

between 25 and 400 meV.  Vibrational spectroscopies can give precise information 

on the chemical composition, functional groups, and hybridization of a different 

kind of NPs [217, 218]. IR and Raman are complementary spectroscopic techniques 

since different selection rules exist between them. While IR spectroscopy is 

effective only on the excitation of vibrational states with a non-zero transition 

dipole moment [219] the Raman response is obtained only by excitation of modes 

characterized by a net variation of the polarizability of the structure [220]. This is 

the reason why the IR cross-section is about 8 orders of magnitude higher than the 

one of the Raman process ( 10-21 cm2 Vs 10-29 cm2) [221] so that a more concentrated 

sample or a bigger quantity of nanomaterial is needed to have a well definite Raman 

spectrum, in comparison to IR spectroscopy.  

 

2.3.1.                                                                                                                                                               
Raman spectroscopy 

To understand the origin of the Raman response let´s have a look at Figure 

2.18, where we suppose to excite the molecules of a certain material using laser 

radiation with a frequency 𝜔𝑙𝑎𝑠𝑒𝑟. When the molecules interact with the incident 

radiation, they are instantaneously excited to a virtual electronic state, and 

simultaneously fall back to its original energy state by emitting a photon with the 

same frequency of the laser source. 
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Figure 2.18 Energy level diagram representing the Raman response of a material. (b) 

Typical Raman spectrum showing the higher and weaker intensity peaks for Rayleigh, 

Stokes, and Anti-Stokes scattering respectively. 

 

This phenomenon is called elastic Rayleigh scattering. However, a small 

fraction of photons (1 in 107photons) may also return to a higher energy state 

(Stokes scattering) or lower (Anti-Stokes scattering) than the original state. This 

process leads to inelastic scattering, where the frequencies of the scattered photons 

are different from the frequency of the incident photons. This frequency modulation 

corresponds to the difference between the initial and final vibrational energy modes 

of the molecules and corresponds to the so-called Raman shift [220]. Part (b) of 

Figure 2.18, shows the typical difference in the intensity of the Stokes and Anti-

Stokes scattered signals, which is not due to Raman optical process itself, but to the 

thermal equilibrium of the sample [217].  

The Raman effect is based on the interaction between the external electric 

field of the monochromatic light with the electrons cloud of a sample, which can 

generate an induced dipole moment within the molecule based on its polarizability. 

When incident light interacts with a molecule, it induces a dipole moment 𝑝 , equal 

to the product of the polarizability 𝛼 of the molecule and the electric field  𝐸⃗⃗  ⃗ of the 

incident light source. This can be expressed as, 

 𝑝 = 𝛼 𝐸⃗⃗  ⃗. (2.39) 

We suppose that the nuclei of the molecules may vibrate around their 

equilibrium positions, where the variable Qm represents the normal vibration mode, 

which is a collective vibration mode [201].  
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Using the small amplitude approximation, the polarizability can be described as a 

linear function of displacement. In this case, the variation in the polarizability with 

the vibration of the molecule can be expressed by the Taylor expansion of each 

element ij of the tensor with respect to the normal coordinates: 

 
𝛼 = (𝛼𝑖𝑗)0 + ∑(

𝑑𝛼

𝑑𝑞
)
0

𝑄𝑚

𝑚

+
1

2
∑

𝜕2𝑖,𝑗

𝜕𝑄𝑚𝜕𝑄𝑛
𝑚,𝑛

 𝑄𝑚𝑄𝑛 . (2.40) 

Considering the molecular vibration along the m direction, we have 

 𝛼 = (𝛼𝑖𝑗)0 + (
𝑑𝛼

𝑑𝑞
)
0
𝑄𝑚 = (𝛼𝑖𝑗)0 + (𝛼́𝑖𝑗)𝑘 𝑄𝑚 . (2.41) 

Considering that the m vibrational mode may oscillate at the frequency 𝜔𝑚, it holds 

the expressions: 

 𝑄𝑚 = 𝑄𝑚0
cos(𝜔𝑚𝑡 + 𝛿𝑚) , (2.42) 

 

 𝛼𝑚 = 𝛼0 + 𝛼́𝑚𝑄𝑚0
cos(𝜔𝑚𝑡 + 𝛿𝑚) , (2.43) 

where we insert in the polarizability tensor 𝛼𝑚the perturbation at the first order due 

to the particular molecular vibration m. Considering that the incident laser beam 

has a frequency 𝜔𝑙𝑎𝑠𝑒𝑟r, we obtain the relations: 

 𝐸 (𝜔𝑙𝑎𝑠𝑒𝑟) = 𝐸0 cos(𝜔𝑙𝑎𝑠𝑒𝑟𝑡) , (2.44) 

  and, 

 𝑃 = 𝛼. 𝐸 (𝜔) =  𝑃(1)(𝜔𝑙𝑎𝑠𝑒𝑟) + 𝑃(1)(𝜔𝐿𝑎𝑠𝑒𝑟 − 𝜔𝑚)

+  𝑃(1)(𝜔𝑙𝑎𝑠𝑒𝑟 + 𝜔𝑚). 
(2.45) 

     From the latter equation, we understand that the excitation of the vibrational 

mode with frequency 𝜔𝑚, leads to a Raman scattering of photons at the frequencies 

𝜔𝑙𝑎𝑠𝑒𝑟, 𝜔𝑙𝑎𝑠𝑒𝑟 + 𝜔𝑚 (anti-Stokes), and 𝜔𝐿𝑎𝑠𝑒𝑟 − 𝜔𝑚 (Stokes).  Although the 

presented model cannot predict the different optical intensities in the Stokes and 

Anti-Stokes lines, it explains their origin in a simple mathematical frame and 

highlights the importance of the polarizability variation for the Raman activity of 

molecules or crystals. 
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The optical power PRaman of the signal scattered at the frequency 𝜔𝑠, can be 

written as 

 𝑃𝑅𝑎𝑚𝑎𝑛(𝜔𝑠) = 𝐾𝑁  𝑘
𝑓𝑟𝑒𝑒

𝐼(𝜔𝐿𝑎𝑠𝑒𝑟), (2.46) 

where K is the fraction of photon that is emitted from molecules and converted to 

the electron in the detector, N stands for the number of the irradiated molecule, 

𝜎𝑘
𝑓𝑟𝑒𝑒

 is the Raman cross-section of the kth mode of the free molecules, and 

𝐼(𝜔𝐿𝑎𝑠𝑒𝑟), is the laser intensity at the frequency 𝜔𝐿𝑎𝑠𝑒𝑟 [222]. Although the power 

of the Raman scattered radiation is proportional to the laser intensity (or optical 

irradiance in the case of a white lamp), it is never advised to use high optical 

irradiance, especially in the case of soft-matter carbon materials [20]. 

In Figure 2.19 we report the complete electronic energy diagram of a 

molecule, comprising of both the excited electronic and molecular states. Are also 

represented the main spectroscopic techniques used in the present research, together 

with their typical optical cross-section in cm2 [221]. 

 

Figure 2.19 Complete electronic energy diagram of a molecule, comprising of both 

the excited electronic and molecular states. In the case of Raman spectroscopy, laser is 

the frequency of the laser excitation, and s is the frequency of the non-elastically 

scattered radiation after the activation of the Raman mode at frequency . For each kind 

of spectroscopy is reported the corresponding value of the optical cross-section in cm2  

[221] 
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Although Raman spectroscopy presents the less intense optical cross-section 

Raman, we will show in the next sub-section that using noble metal nanostructures 

it is possible to enhance the scattered signals up to 1013 orders of magnitude, due to 

the amplification of the near field around a metal nanostructure in the LSPR 

condition [221]. In this case, the SERS effect may offer better sensitivity than IR 

spectroscopy, and used in the present scenario for the determination of the 

molecular groups complexed or adsorbed on the MeNPs themselves. 

 

2.3.2.                                                                                                                                                                   

SERS Spectroscopy 

The chemical interaction (complexation) or the simple physical adsorption of 

molecules over the surface of noble MeNPs or nanostructures may lead, depending 

on the excitation frequency, to variations in both the Raman cross-section 

(polarizability tensor), and the Raman scattered power. As expressed in equation 

(2.47) in the case of the SERS effect [222], the overall optical power gain GSERS is 

expressed as the product of two independent enhancement factors, an 

electromagnetic enhancement factor (𝐺𝑆𝐸𝑅𝑆
𝐸𝑀  ) and a chemical enhancement factor ( 

𝐺𝑆𝐸𝑅𝑆
𝑐ℎ𝑒𝑚 ):  

     The chemical factor is generally negligible in comparison to the EM one, and its 

origins from the modification of molecular polarizability as a consequence of its 

physicochemical interaction with the metal surface [223]. In relation to equation 

(2.48), we can write, 

where |𝐴(𝜔𝑠)|
2 and |𝐴(𝜔𝐿)|

2  represent the square of the enhancement of the EM 

near-field around the MeNP at the scattered (𝜔𝑠) and absorbed  (𝜔𝐿) wavelength. 

The product of these two factors is the electromagnetic enhancement factor 𝐺𝑆𝐸𝑅𝑆
𝐸𝑀  

of equation (2.48), while the chemical enhancement factor is hidden in the new 

Raman cross-section   𝑘
𝑀𝑒𝑁𝑃 ,  modified for the eventual chemical interaction of 

the analyte with the metal surface.  

 𝑃𝑆𝐸𝑅𝑆 = 𝐺𝑆𝐸𝑅𝑆 . 𝑃𝑅𝑎𝑚𝑎𝑛 = 𝐺𝑆𝐸𝑅𝑆
𝐸𝑀  . 𝐺𝑆𝐸𝑅𝑆

𝐶ℎ𝑒𝑚. 𝑃𝑅𝑎𝑚𝑎𝑛 . (2.47) 

 𝑃𝑆𝐸𝑅𝑆(𝜔𝑠) = 𝐾𝑁  𝑘
𝑀𝑒𝑁𝑃 . 𝐼(𝜔𝐿). |𝐴(𝜔𝑠)|

2 . |𝐴(𝜔𝐿)|
2 , (2.48) 
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As a rule of thumb, the value of 𝐺𝑆𝐸𝑅𝑆
𝐸𝑀  is about the fourth power of the electric 

field enhancement around the MeNPs, and depends on the kind of metal 

constituting the NP, the excitation wavelength, and the distance of the analytes from 

the metal surface.  The maximum value of 𝐺𝑆𝐸𝑅𝑆
𝐸𝑀  in the case of isolated non-

interacting NPs, is obtained by the use of AgNPs excited in Forster resonance 

condition (Section 2.2.3.1), and can be of the order of 106 [224]. 

A schematic resume of the basic principle of SERS spectroscopy is reported 

in Figure 2.20. Herein, the noble metal nanostructure is represented as an 

agglomerate of NPs. The agglomeration process of a colloidal dispersion of MeNPs 

is highly desired in SERS spectroscopy and may be easily obtained by the 

deposition of drops of NPs on substrates, as explained in Section 3. This process 

may lead to the formation of metal nanostructures with different tailored optical 

properties, generally with a red-shifted LSPR band [20, 192]. In this case, the 

amplification of the electric field at particular junction sites between the NPs, called 

‘hot-spots’ may be huge, and the SERS enhancement may reach values of 1012 

[225]. 

  

Figure 2.20 Principle of SERS spectroscopy. The N molecules of interest are 

placed in proximity (within a few nm) with a noble metal nanostructure. The incoming 

and scattered intensity are amplified by the factor 𝐺𝑆𝐸𝑅𝑆
𝐸𝑀 =  |𝐴(𝜔𝑠)|

2 . |𝐴(𝜔𝐿)|
2 . 

 

 The application of the SERS spectroscopy in the research is described in 

Sections 4 and 5, where it is used for the characterization of the noble MeNPs 

surface groups, the detection of sp2 carbon nanomaterial, and also the identification 

of CO2/C organic secondary product (carboxylic acids).   
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     We finish the theoretical section by introducing a classification of different 

kinds of carbon-based nanomaterials, where the differentiation and identification 

parameters are the different hybridization states of the carbon atoms. 

 

2.4.                                                                                                                                                                   

Carbon Nanomaterials  

2.4.1.                                                                                                                                                  
Hybridization states of carbon in nanomaterials 

Orbital hybridization represents one of the most direct and simplest way to 

describe the changes happening in the single atom electron distribution when it 

forms bond with other elements to form molecules. The term orbital hybridization, 

describes the overlapping of the atomic orbitals of the atoms constituting the 

molecule under examination, which better represent the final electron density 

distribution observed experimentally. The concept of hybridization is very useful 

to explain the bond length, geometry and chemical reactivity of simple molecules, 

and has been introduced for the first time by Linus Carl Pauling [226, 227], in order 

to explain the different geometry of simple hydrocarbons.  Based on the particular 

orbital mixing, the hybridization can be classified in sp, sp2, sp3, sp3d3 , sp3d2, and 

sp3d [228]. Degeneration of the energetic levels is obtained after hybridization, 

being four, three and two in sp3, sp2 and sp orbitals, respectively. 

All hybridized orbitals can make only -bond by direct linear overlapping, 

while non-hybridized orbitals can make -bond as well [227]. The sp, sp2 and sp3 

hybridizations are schematized in Figure 2.21, with examples of hydrocarbons with 

the corresponding hybridization (methan-sp3, ethylene-sp2, acetylene-sp).  
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Figure 2.21 Diagram representing the concept of orbital  hybridization in carbon 

atoms, with the formation of simple hydrocarbons (methan-sp3, ethylene-sp2, acetylene-

sp). 

 

     Carbon is one of a few elements that are able to the assembly in different 

geometries, such as linear, planar or tridimensional, and has different allotropic 

nanostructures, which can be classified on the basis of the hybridization of their 

atomic orbitals, as depicted in Figure 2.22 [41]. As shown in the latter, at the 

nanoscale it is possible to find carbon material in pure sp, pure sp2, pure sp3, and 

also in mixed hybridized states. For example, diamond, the tridimensional pure sp3 

hybridized carbon allotrope,  can be found at the nanoscopic level as nanodiamond 

[229],  while different kinds of sp2 nanostructures are possible, with different 

portion of mixed sp3 hybridization. Graphene [230] the 2-D carbon material, is the 

only pure sp2 nanomaterial since, as illustrated in the diagram, both nanotubes 

[231], carbon onions [232], and fullerenes [233] have a portion of sp3 hybridization, 

principally due to the curvature of their geometries. 
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Figure 2.22 Schematic diagram of different kind of carbon nanostructures based on 

their hybridization [41]. 

 

We complete the diagram adapted from [41], locating luminescent carbon-

based nanoparticles (CNPs) or CQDs in between sp2 and sp3 hybridization. 

Depending on their peculiarities, such as crystallinity or disorder, the CNPs take 

different names. CNPs constituted by a single flake on nm size graphene are called 

Graphene Quantum Dots (GQDs) [234], although authors do not respect this 

nomenclature in literature, and call as GQDs simple graphitic carbon dots, 

constituted by multiples 

 flakes of graphene, and named carbon quantum dots (CQDs).  Luminescent 

CNPs with amorphous carbon is called finally as carbon nanodots (CNDs), as 

represented in Figure 2.23.  

 

Figure 2.23 Different kinds of luminescent carbon nanomaterials [234]. 
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The attribution of the effective hybridization of the carbon atoms of the CQDs 

is a hot theme of debate. Most of the authors attribute sp2 hybridization only to 

GQDs and CQDs ) [234], but a recent theory attributes to the CNDs a hybrid sp2-

sp3 hybridization, where sp2 graphitic domains act as emissive units in an sp3 

amorphous carbon matrix [235].   

   We consider finally the last allotrope of carbon at the upper vertex of  Figure 

2.22, presented by sp-hybridized carbon materials. The unit elements of sp-carbon 

materials are called carbon atomic wires (CAWs). As represented in Figure 2.24, 

the CAWs can have two basic structures, namely polyynes, characterized by the 

alternating single and triple bond of carbon atoms [236], and cumulenes, 

characterized by carbon-carbon double bonds [237]. The stability of the CAWs is 

eventually assured by the choice of the proper capping group (R), such as noble 

metals, alkyl groups, or hydrogen [238]. What in literature is called carbyne, is an 

ideal single CAW, constituted by an infinite number of carbon atoms [236, 239]. 

 

Figure 2.24 Schematic diagram of possible CAWs: a) polyyne structure, b) 

cumulene structure. 

 

Cumulenic carbyne [237] is not stable for infinite chain lengths due to Peierls 

distortion [41], and are readily converted to less energetic polyyne like structures. 

When finite carbon chains are considered both of the polyyne or cumulenic 

configurations are energetically possible [41, 240], and the bond length alternation 

(BLA), electronic and vibrational properties of the CAWs are essentially 

determined by the chemical nature of the end group of the chains [41, 241].  Isolated 

finite polyynes with sp hybridization are traditionally synthesized by laser ablation 

of carbon target in water solutions [242–244], arc discharge method in liquids 

[245], or chemical routes [246, 247]. Recently, acetylenic linear chains with 

thousands of carbon atoms were synthesized inside double-walled carbon 

nanotubes, paving the way for the observation of ideal carbyne [248]. Carbynoid 

films with mixed sp, sp2, and sp3 hybridization, are commonly fabricated by laser 
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or thermal assisted vapor deposition [249, 250], where interlinking between the 

linear carbon chains give rises to graphitic carbon and diminished order, like 

happens to CAWs exposed to oxygen or in high-temperature environments [249, 

250],  Graphene is considered as one of the most compatible sp2 terminations for 

linear carbon chain, with the formations of the so-called graphynes or graph lines 

[251, 252], although these structures have been synthesized up to now only at the 

molecular level, and not like extended nanostructures. As reported in Figure 2.22, 

also hybrid sp-sp3 nanostructures are theoretically possible, called one-diamond, 

and obtained (only theoretically) by inserting two carbon atoms into the C-C bonds 

of diamonds. All those mixed sp-sp3 or sp-sp2 infinite structures, together with 

CAWs of finite length are generally called carbynoid systems [41, 244], to 

differentiate them from the infinite carbine wire.  

     We conclude now the diagram in Figure 2.22  introducing the carbynoid 

nanocrystals (CyNCs). The CyNCs are semiconductors exactly like their building 

units, constituted by finite-length CAWs in polyyne form [40] Luminescent CyNCs 

have been synthesized by B.Pan et. al. [40] for the first and unique time during  

PLA of a gold target in alcohols, assisted by the catalytic properties of the small 

gold cluster in the cleavage of the carbon-hydrogen bond [40]. In this case, the NCs 

were automatically stabilized by the AuNPs synthesized during the PLA process of 

the gold target, which was found to decorate the carbynoid structures, acting 

probably as end terminal groups of the chains.   

In Figure 2.25, we report the theoretical structure and the HRTEM images of 

the blue luminescent, hexagonal carbynoid NCs synthesized by B. Pan [40]. Along 

the c-axis of the linear crystal has an interplanar distance of about 0,99 nm 

(theoretical) against 0,91 (experimental), corresponding by DFT calculations to a 

number of carbon atoms between 8 and 12 [40]. The authors do not report any 

statistical distribution of sizes but report as represented in part c of Figure 2.25, a 

single isolated NC decorated by AuNPs, with the average lateral and longitudinal 

dimension of about 10 and 60 nm, respectively.   

The CyNCs are inserted in the diagram of Figure 2.22 in between sp, sp2, and 

sp3 hybridization. While the presence of metal or benzene terminal group does not 

alter the degree of sp hybridization in theoretical infinite carbyne, it is expected that 

they have a bigger influence in the case of finite length sp NCs.  
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Figure 2.25 Theoretical structure of the finite length CyNCs [253].  a) Lateral 

view.  b) Top view. c) HRTEM, and d) SEM image of an isolated CyNC decorated by 

AuNPs, synthesized by PLA of a gold target in alcohol. 

 

 

2.4.2.                                                                                                                                               
Raman of Carbon Nanomaterials  

The carbon structures we aimed to detect by Raman spectroscopy in the 

present research, are the CQDs and the Cy@Au NWs, both of them characterized 

by only single phonon processes. In the first case the single phonon processes are 

related to the broad Raman bands near to 1590 cm-1 and 1340 cm-1, as visible in 

Figure 2.26 (a), called as G and D band, respectively. The G-mode is due to E2g 

mode at the Γ-point [254] and arises from the stretching of the C-C bond in graphitic 

sp2 materials. The D-mode is the disordered induced phonon [129], absent in 

graphene (see Figure 2.26 (b)),  and seems principally due to the breathing modes 

of sp2 atoms in rings [254]. For the reader interested in understanding the influence 

of chemical content or sp2/sp3 hybridization of the carbon material on the shape of 

the D and G band, we recommend the excellent work of A. C. Ferrari and J. 

Robertson [254]. 
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Considering infinite polyyne type carbyne, its phonon dispersion is a classic 

example of phonons in a monoatomic infinite chain or a 1-D crystal. It is possible 

to demonstrate that the energy of the mode for q = 0 depends essentially on the so-

called bond length alternation (BLA), which is the difference in bond lengths for 

adjacent bonds [41]. The latter parameter is 0 for cumulene and 0,039 for polyyne 

type carbyne, and varies with the number of carbon atoms constituting a finite 

CAWs, together with the particular kind of terminal group [41]. As a consequence 

of the different BLA, the Raman modes assume different frequencies, as 

represented in Figure 2.26 (c) for hydrogen capped polyynes of with a different 

number of carbon atoms [255].  

 

Figure 2.26 a) Experimental Raman spectra of GQD synthesized by 

electrochemical method. D band and G band are observed at 1350 and 1590 cm-1, 

respectively [259];  b) Theoretical Raman spectra of different types of carbon 

nanomaterials[41], c) DFT computed theoretical Raman peaks for hydrogen capped 

polyynes (continuous lines) of different lengths, and comparison with the experimental 

spectrum (red points) [255]. The polyynes have been synthesized by the arc discharge 

method. 

 

Independently on the length of the CAWs and their particular terminal group,  

the Raman spectra of the sp hybridized polyynes is always characterized by this 
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strong longitudinal phonon peak in the region 1800-2300 cm-1, often called α-line, 

associated with triple bond carbon stretching vibration  [214].  

     The carbon nanostructures synthesized in the presented research, are 

characterized by a quite low concentration, so that enhanced Raman spectroscopies 

were necessary. Considering the experimental facilities disposable for the 

spectroscopic characterization of the nanomaterials, UV Resonant Raman [256]  or 

tip-enhanced Raman scattering [257] were excluded from the possible experimental 

approaches, and plasmonic nanoisland films [258] was chosen as analytical 

platform to perform SERS spectroscopy in the visible and near IR region.  

In the next subsection, we introduce another peculiar characteristic of carbon-

based nanomaterials investigated during my research, the photoluminescence (PL), 

which presents both similarities and differences with the one associated with 

traditional semiconductor quantum dots (SQDs) [234]. 

 

2.4.3.                                                                                                                                     

Luminescence of Carbon Nanomaterials   

For the first time the term “quantum dots” was introduced by M. A. Reed et. 

al. [260] in 1988 for the semiconductor NPs of size in the quantum confinement 

range. The semiconductor quantum dots (SQDs) are semiconductor NPs with the 

size of the same of the order of the exciton Bohr radius, which is the distance 

between the excited electron-hole pair. Due to the quantum confinement effects, the 

electron-hole in SQDs behave like a particle in an infinite potential well, and the 

energy spectrum turns to discrete energy level,  like in atoms or molecules [260, 

261], as shown in Figure 2.27 (a), adapted from [262]. When the size of the bulk 

semiconductors turns to SQDs size range, the energy bandgap Eg between valence 

(VB) and conduction bands (CB) increases, so that for smaller SQDs, Eg will be 

relatively higher than larger SQDs [263, 264] as shown in Figure 2.27 (b). 

Most recently in 2004, X. Xu et. al.[265] for the first time discovered carbon 

quantum dots (CQDs) or carbon dot (CDs) accidentally, during the purification of 

the arc-synthesized single-wall carbon nanotube. This discovery is one of the most 

recent breakthroughs in the fields of nanotechnology.  
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Figure 2.27 a) Discrete energies states of a particle in a one-dimensional infinite 

potential well or box, where En stands for the total energy of a particle and V(x) 

represents the potential energy; b) Transformation of Eg as we pass from bulk 

semiconductor to SQDs of different dimension; b) and c) scheme of excitation and 

emission of luminescence in SQDs, adapted from [262, 263]. 

 

A. Cayuela. et. al.[234] in a review article, divides these fluorescent nanodots 

in SQDs and carbon fluorescent nanodots (CFNDs). The CFNDs are further divided 

in three different categories named graphene quantum dots (GQDs), carbon 

quantum dots (CQDs), and carbon nanodots (CNDs), as represented in Figure 2.28. 

The GQDs are small sp2 hybridized carbon graphene sheet of 2-10 nm, and CQDs 

are quasi-spherical NPs, containing both sp2-sp3 hybridized carbon. The quantum 

confinement effect exists in SQD, CQDs and GQD, while CNDs are amorphous 

quasi-spherical CFNDs with a lack of quantum confinement [234],  where PL is 

due to the superposition of the responses of assembled individual emitters on the 

surface of the particle. 

 

Figure 2.28 Schematic diagram of different PL mechanisms in NPs [234]. 
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Despite the great amount of research on the CFNDs, the physic-chemical 

mechanism standing behind their PL is still the theme of debate. Hence, there are 

several proposals about the source of PL in semiconductor or carbon nanoparticles 

which, according to A. Cayuela. et. al.[234], can be summarized by the three main 

mechanisms reported in Figure 2.28. 

(I) The origin of PL in pure quantum dots is the electron-hole pair 

recombination. This type of emission is called intrinsic fluorescence (or 

luminescence) and it purely exists in impurity-free and defects free quantum 

dots, without intermediate states between energy gap. This type of PL 

property is governed by the quantum confinement effect. The PL emission 

band in a pure quantum dot is narrow, with a full width half maximum 

(FWHM) of the order of 40 nm,  and is size-dependent and excitation 

independent [234]. Furthermore, the SQDs have a bigger PL lifetime  than 

CQD, GQDS, and CNDs.  is found to depend on the size of the particles, 

and big SQDs have longer lifetime [266]. For example, Cheng Cheng. et. 

al. [267] determined lifetimes from 2.57 to 0.71 μs for octadecylamine 

capped PbS/SQDs depressed in toluene, with the corresponding size from 

2.35 to 5.61 nm, respectively. 

The second and third kind of PLs are characterized by the trapping or 

scattering of the electron-hole pair in states with the lower value of the energy band-

gap Eg. The final emission is size-independent so that there are no quantization size 

effects. The trapping states have different origins, depending on the structure of the 

carbon core of the NPs (relative content of sp2 and sp3 carbon atoms) and the 

particular functionalization of the surface with certain chemical groups [235, 268]. 

This electron-hole pair (e-h) recombination mediated by defect or surface states, is 

characterized by a typical life-time bigger than the fast direct e-h recombination 

described in the processes of type I [268].   

(II)      The second kind of PL arises, together with the type I, in sp2-hybridized 

carbon NPs with oxidized surface groups [268].  In this case, the PL 

response is the combined effect of two sources: (1) the intrinsic quantization 

effect of the core, and (2) the surface states on the particle. Surface states 
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produce a trapped state in between the intrinsic core CB and VB, as shown 

in Figure 2.28 (b). The energy difference between the trapped states will be 

smaller than the Eg between CB and VB [234]. Most of the reported research 

about CQDs and GQDs are presenting in this type of PL. The PL, in this 

case, maybe both excitation and size-dependent, and the presence of both 

direct and mediated e-h recombination can be revealed by time-resolved PL 

with the appearance of two independent lifetimes [234]. 

(III) The third type of PL may occur in carbon NPs without quantum 

confinement effects and electron-hole recombination. They also have 

excitation dependent and size-independent PL, and their PL is associated to 

surface properties. In this case, the PL comes from the overall response of 

an ensemble of individual emitters, which are considered small domains of 

partially sp2-hybridized carbon atoms or functional group on the surface of 

the NPs, or inside an amorphous sp3 carbon core, as represented in Figure 

2.29.  In this case, the emission is a pure type III process, characterized by 

very high life-times (of the order of s) and a very broad PL band.  

 

 

Figure 2.29 Representation of the mixed sp2-sp3 carbon NPs, responsible for the PL 

of type III. Adapted from [235]. 

 

An alternative and powerful technique, used to understand the contribution of the 

particular PL mechanism, is to measure the dependence of the life-time τ on 

different emission wavelengths, in the PL emission spectra of the sample [268].  In 

fact, in type-I emission, CNPs with bigger dimensions emit at longer wavelengths 

(quantum-size effect) with shorter lifetime, while in process of type II and III, the 

higher emission wavelength is associated with progressive lower-energy radiative 
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recombination, with a prolonged charge carrier relaxation. It is worth noting that 

this technique has been used to investigate the origin of the emission of the QCDs 

synthesized by PLA of the gold target during my investigation, as reported in 

Section. 4. 

CQDs composed of only carbon, oxygen, and hydrogen atoms, likes the ones 

synthesized in the present investigation, generally are functionalized with surface 

carbonyl, carboxylic, and/or hydroxyl groups.  These NPs are hence hydrophilic 

and water-soluble which, together with their excellent biocompatibility[269], is 

responsible for the large use of the NPs as a diagnostic system for bio-interactions 

and cell imaging [270]. This trend is contrary to the use of SQDs, generally 

hydrophobic, and extremely toxic to the environment and health system of the 

human body, due to the release of toxic heavy metal ion from the core [271].  

Beyond the water solubility and biocompatibility, the other two important 

parameters of the CFNDs are related to their emission properties and are the spectral 

purity (FWHM) and photo luminance quantum yield (QY), the latter defined as “the 

number of emitted photons as a fraction of a total number of absorbed photons in 

the material” [272].  

Spectral purity and QY are particularly important for applications in optical 

biosensors and optoelectronics [273–276]. Luminescent CNPs have lower QY as 

compare to SQDs, and the scientists are still struggling to developed chemical 

synthesis methods to obtain better performances [277–279]. Although many 

chemical synthesis routes might lead to typical values of QY between 5% and 30% 

[280–284] and FWHM of about 70-100 nm [285, 286]. there are a few rare 

examples of CNPs with giants QY near to the 90% [270, 287, 288] and FWHM as 

small as 30 nm [289, 290]. 

Y.P. Sun et.al. [291] successfully synthesized for the first time in 2006, CQDs 

by PLA of carbon target in the presence of water vapor and argon. In the following 

different authors attempted the synthesis of efficient CNPs by PLA of various 

carbon-based targets in water or organic solvents, both in bulk or powder form [37, 

292]. For all the examples reported in the literature, the reported QYs until now for 

CNPs synthesized by one or even two-step PLA process, are limited to values 

between 1% and of about 10 %  [37, 293].  
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Interestingly, the unique synthesis of luminescent CNPs by PLA without solid 

carbon target is very recent, [294],  and was obtained by non-focusing pulsed laser 

irradiation on the toluene solution. There is no report until now, about the synthesis 

of carbon nanomaterial by PLA starting from the gaseous species diluted in the 

liquid environment. 

 

2.5.                                                                                                                                                     

Applications of nanomaterials   

2.5.1.                                                                                                                                                         

Photodynamic therapy  

The phenomenon of “photodynamic action” was first time discovered by PhD 

student Oscar Raab under the supervision of Professor Hermann von Tappeiner in 

the Munich Pharmacological institute in 1900 [295]. Raab used a Figure 2.30 

microscope illuminated by sun light and observed that, if the light intensity was 

high enough, paramecium cells were killed by fluorescing dyes (quinine, eosin, 

methyl phosphine, acridine, and others).  

Photodynamic therapy (PDT), is a phototherapy based on the interaction 

between photons, a photosensitizing chemical agent and molecular oxygen. As 

represented schematically in , in PDT the photosensitizer (PS) is optically excited 

in its short-time living singlet state, and decay by intersystem crossing (ISC) to the 

long life-time triplet state [296]. Since the spin of the electron is reversed during 

the ISC process, due to the Pauli exclusion principle it cannot decay rapidly, but 

only through the slow process of phosphorescence, during which its spin state can 

be reverted again to the initial one in times of the order of s. During this large 

temporal window, the excited electron has the opportunity to interact with the 

molecules in the surrounding environment. This interaction is particularly 

interesting in biological tissues and cells, where molecular oxygen is one of the few 

molecules in the triplet ground state (3O2) [136]. 
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Figure 2.30 Scheme representing the principle of work of the photo-dynamic 

activity. Adapted from [136]. 

 

The interaction between 3O2 and the PS can follow two principal pathways, 

denominated type-1 and type-2, with the final production of different reactive 

oxygen species (ROS). In the ype-1 mechanism, the excited PS in the triplet state 

transfer an electron to the oxygen, with the formation of hydroxyl radicals (·OH), 

hydrogen peroxide (H2O2) and superoxide anions (O2
·-) [296]. The type-2 

mechanism, involves a collisional energy transfer between the outermost unpaired 

orbitals of the oxygen and the excited triplet state of the PS, with the final 

production of unstable and highly reactive singlet oxygen (1O2) [136].  

      PTD has proven in the last decade to be a valid alternative to  both 

chemotherapy and radiotherapy for treatment of cancer in specific regions of the 

body, such as skin, head, neck, lung, mouth or esophagi [297]. Its use is actually 

not limited to cancer treatment, but also applied in some particular skin diseases, 

such as fungi infection and acne  [136, 298, 299]. 

As explained before, when the PS absorbs electromagnetic waves at the proper 

wavelength, it is able to produce ROS,  which can kill specific cells by apoptosis 

and necrosis caused by irreversible oxidization  [300]. Methylene Blue (MB) [301] 

and chlorin e6 (Ce6) [300], the latter used in the present research, are between the 

most used  PS in literature [300, 301].  
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For a better description, Rekha R. Avirah et. al.[302] divided PDT into four 

stages,  as shown in the schematic diagram in Figure 2.31. In the first stage, the PS 

is injected into the human body and then it is conducted to tumors cells. After that, 

the affected body region part is irradiated by suitable light for the destruction of 

cancer cells. 

An innovative strategy for PDT is combining the PS with MeNPs colloids 

with LSPR resonances in a spectral region overlapped with the absorption band 

associated to the excitation of the PS singlet state  [300, 301, 303]. The use of 

MeNPs amplifies the rate of excitation of the PS, and accelerates the production of 

ROS, allowing a diminishing in both the medicinal dose and the light source 

irradiance.  

 

Figure 2.31 Schematic diagram of the different stages of PDT [302]. 

 

     A proof of principle of this approach is demonstrated experimentally in Section 

4, where it is shown the plasmonic enhancement of the photodynamic activity of 

Ce6-PS combined with colloidal dispersion of AuNPs synthesized by PLA, and 

further agglomerated and stabilized by the proper combination of NaCl and the co-

polymer Pluronic PF-127 [20].  
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2.5.2.                                                                                                                                                                     

Gene therapy with nanoparticles  

The particular dimension of nanomaterials gives them the appealing property 

to be able to enter in a different part of the cells and, depending on their nature, 

dimension, and gene functionalization, to activate determinate gene expression 

patterns [137, 304]. The primary challenge for gene therapy is to develop a method 

to deliver a therapeutic gene (both directly or indirectly) to selected cells, in order 

to produce a therapeutic gene expression [305].   

The most used route for non-viral gene delivery is the incorporation of DNA 

in NPs containing cationic lipids or polymers [306]. The draw-back of this approach 

is the inability of these vectors and DNA fragments to maintain their stability in the 

extracellular space, and also in the biological membranes, before reaching the 

nucleus [307].  

      To facilitate the possibility for the non-viral vectors to reach the nucleus 

cells, recently ultrasmall AuNPs have been tested in genic therapy on breast human 

cancer cells with excellent results [137]. The interesting results, in this case, are 

obtained only for the colloid of AuNPs smaller than 6 nm, with best results when 

the average dimension reaches down to 2 nm. In this case, the tiopronin-covered 

gold nanoparticles (Au-TIOP NPs) were used to deliver the POY-2T triplex-

forming oligonucleotide (TFO) by conjugation, which binds to specific proto-

oncologic genes, quenching the transcription process. The scheme of this process 

is shown in Figure 2.32 adapted from [137].   

But AuNPs based gene therapy does not need necessarily to use ultrasmall 

AuNPs. Recently, Jun-sang Yoo et. al. [138] obtained astonishing results in the 

therapeutic use of electromagnetic stimulated AuNPs with an average dimension of 

about 20 nm. The electromagnetic stimulation of the AuNPs with magnetic fields 

at frequencies of hundreds of Hz provoked the extra nucleus acetylation of the 

histone H3K27, and following robust activation of neuron-specific genes, with 

possible therapeutic applications in Parkinson´s disease. 
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Figure 2.32 Schematic and specific example of gene therapy by the use of ultra-

small AuNPs, adapted from [137]. The AuNPs functionalized with the TFO are able to 

block the DNA transcription of selected pro-oncologic genes. 

 

The description of the application of our particular Au@Cy NPs in gene 

therapy is reported in the final part of Section 4. Before starting to show our 

experimental results, we describe in the next Section 3 the principal experimental 

techniques and methodologies used for the development of the research, with the 

exclusion of the medical part, which do not enter in the know-how of the NanoLaser 

Laboratory in the Department of Physics of PUC-Rio, and is not an activity where 

we supervised the experimental measurements.  
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3                                                                                                                              
Instrumentations and experimental methods  

  This chapter discusses the description of materials, instrumentations, and 

the experimental methods used in this thesis. It begins with the list of the different 

materials used for the synthesis of nanoparticles and the main method of cleaning 

both metallic targets and glassware used for PLA. After that, I introduce the 

NanoLaserLab and the different experimental set-up and laser sources used to 

perform the PLA in liquid. We will continue with the description of all the 

instruments dedicated to the analytical, chemical, and morphological 

characterization of the synthesized nanomaterial. Furthermore, we will describe the 

multiple separation techniques used for the separation of the carbon nanomaterial 

from the metal species, and conclude with the description of steady-state and time-

resolved luminescence measurements. 

  It is worth noting that in each section related to the different experimental 

techniques, we will also describe the corresponding preparation of the samples.  

 

3.1.                                                                                                                                                                
Materials and cleaning processes 

3.1.1.                                                                                                                                                             
Materials                                                                                                                                                                                   

Analytical grade NaOH, H2SO4, HCl, NaCl, NaOH, acetone, ethanol, 

trichloroethylene, Acetic acid, Pluronic F127 (PF127), and HNO3 were purchased 

from Sigma-Aldrich. Clorin e6 (Ce6) with purity higher than 95 %, 1,3-

Diphenylisobenzofuran (DBPF), and Phosphate was obtained from Frontier 

Scientific. The gold (Au), silver (Ag), and iron (Fe) disk with purity better than 

99% used as a target for PLA in water and gold used for thin film deposition was 

bought from Kurt J. Lesker Company. Dried dialysis cellulose membranes of 3.5 

KD molecular weight cut-off, containing 10% glycerol, 0.1%, sulfur, and heavy 

metal traces were purchased from Fisher Scientific Company. Ultrapure deionized 
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(UPD) water (with 18.2 MΩ cm of conductivity) was obtained from the Milli-Q 

gradient A10 ultra-purifier (Milipore, USA) “Laboratory of Applied 

Spectroscoanalysis, Electroanalysis and Elemental Analysis Department of 

Chemistry PUC Rio”. 

 

3.1.2.                                                                                                                                                              
Cleaning of targets 

The Cleaning of the ablated metallic targets and glassware, where PLA in a 

liquid is occurring is extremely important for the stability of the colloidal system. 

Hence, particular attention was kept in this sense, and a rigorous discipline was 

maintained in the daily cleaning of all the accessories which were used to 

manipulate the NPs.  

The following are the main steps used for the cleaning of metallic targets 

before PLA:  

 the disk of the pure metal target was first rubbed by sandpaper to remove surface 

oxides and rinsed with distilled or ultra-pure deionized (UPD) water. 

  Au or Ag targets were placed in a clean vessel containing 40% H2SO4 solution 

in water and put in ultrasound for 10 minutes. Then we replaced the H2SO4 with 

ultra-pure deionized (UPD) water and left again in ultrasound for 10 minutes. 

The targets were finally rinsed in UPD water at least five times to remove the 

acids. 

The iron target was cleaned in ultrasound with ethanol and UPD water before each 

use. H2SO4 was not used for the Fe target to avoid the oxidation of the Fe target 

before the PLA process. 

After the above cleaning process, the target is ready for PLA in liquid. While 

Fe and Ag targets were cleaned before each ablation due to the high rate of 

oxidation in water (also without ablation) as compared to gold, the target of Au 

could be used for several days, since it oxidized only in the area corresponding to 

the small spot of the pulsed laser beam. 
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3.1.3.                                                                                                                                                                   
Cleaning of glassware  

The beakers, small glass bottles, and other glassware that we are used in the 

PLA process and storing of synthesized NPs colloids have been first cleaned with 

detergent solution or with soap, and then rinsed thoroughly at least three times in 

common water to remove all the traces of detergent or soap. Next, the vessels were 

rinsed three times with distilled water, followed by immersing in 10 % nitric acid 

solution in water for 24 hours. The glassware was after rinsed three times with 

distilled water and milli-Q water, and put for 10 minutes in an ultrasonic bath in 

milli-Q water. At this point, the glassware was dried in the oven at 50 0C, after 

which we applied multiple 10 minutes-long ultrasound bath in the following 

solvents: trichloroethylene, acetone, and ethanol. The as-treated vessels were ready 

to be used for the synthesis or storing of the colloidal system of NPs.  

3.1.4.                                                                                                                                         
Preparation of the aqueous solution of NaOH 

To prepare the NaOH water solutions with different concentrations, a 100 

mM aqueous NaOH stock solution in UPD water was stirred in a closed falcon tube 

for twenty minutes. The hydroxide water solution should not store in glassware, 

because it reacts with the silica that exists in the glass and will produce silicon 

hydroxide, which will make contamination in the synthesizing colloidal dispersion 

of NPs. After, the same stock solution was diluted to the desired concentration cNaOH 

by adding aliquots to 50 ml of UPD water, further stirred in the open air for a fixed 

time of 10 minutes. After that, the aqueous NaOH solution is left for 1 hour in the 

open air before starting the PLA. At this stage, the pH was measured using the pH 

meter, and also calculated theoretically by using the formulas pOH = - log10 [OH-] 

and pH = 14 – pOH, for the corresponding concentration of NaOH. The temperature 

was maintained at a value of 23 °C with a humidity of about 45%. The average 

(along 1 year) CO2 concentration in the environment inside the laboratory for 

aqueous solution preparation, was (800 ± 400) ppm, and was measured using an 

ambient CO2 monitor (Testo 535).  The as-prepared NaOH water solution was used 

for the ablation of the noble metals targets. Table 3.1 report the NaOH concentration 

(CNaOH) and corresponding pH of the solution during the preparation, and the 
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volume of aqueous solution NaOH (VNaOH) used in the present investigation to 

prepare the final PLA environment.  

 

Table 3.1  Concentration of NaOH in the aqueous NaOH mother solution used in 

the present investigation to prepare the final PLA environment; Volume (VNaOH) of stock 

solution added to 50 ml of UPD water; Experimental and theoretical pH. 

CNaOH ( m mol/L ) VNaOH ( l )  Experimental pH  Theoretical pH 

2.0  10-2  10.0  7.4 8.3 

6.0  10-2 30.0  9.2 8.8 

2.0  1.0  103  11.1 11.3 

4.0  2.0  103 11.3 11.6 

8.0  4.0  103 11.8 11.9 

12.0 6.0  103 12.0 12.1 

20.0  1.0  104   12.2 12.3 

 

 The pH decreased continuously over time, because of the convention of 

absorbed CO2 and NaOH in water to carbonic acid, sodium carbonate, and sodium 

bicarbonate, therefore we measured it just after preparation. After solving of NaOH 

and absorption CO2 from the environment, the following well-known reaction is 

shown in (3.1) - (3.4) [308] may occur. 

 CO2(aq) + H2O (l) ⇌  H+(aq) +  HCO3– (aq), (3.1) 

 H2CO3 (aq) +  NaOH (aq)  NaCO3 (aq)  + H2O, (3.2) 

 2NaOH(aq)  + CO2(g) Na2CO3(aq) + H2O, (3.3) 

  NaOH + CO2   NaHCO3, (3.4) 

Also because of this CO2 absorption, the theoretical pH was always bigger 

than the experimentally measured pH. 
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3.2.                                                                                                                                                         
Synthesis of the colloidal solution of nanomaterial by PLA 

3.2.1.                                                                                                                                                    
Experimental setup for PLA in liquid 

The synthesis of the nanomaterial has been accomplished in the Laboratory 

of Optical Synthesis and Characterization of Nanomaterials (NanoLaserLab) of the 

Department of Physics of PUC-Rio. The laboratory is equipped with a Pulsed Laser 

Deposition (PLD) system of Intercovamex, with a Q-Smart 850 laser source from 

Quantel (U.S.A), represented in Figure 3.1. 

The NG:YAG pulsed-laser has a duration of 6 ns duration, a constant 

repetition rate of 10 Hz, and can be operated at both the fundamental  (1064 nm) 

and second-harmonic 2 frequency (532 nm), with a maximum energy of about 

500 mJ/pulse.   

Figure 3.1 shows the optical path of the system, equipped with mirrors (M) 

and beam splitters (BS) which allow performing simultaneously PLA in both 

vacuum and liquid. PLA in vacuum was not used in the presented research so that 

we will describe in more detail only the first part of the equipment, dedicated to the 

optical synthesis in liquid.  The part of the system dedicated to PLA in the liquid 

was optimized and upgraded along the time dedicated to my research, and the actual 

version of the instrument is represented in Figure 3.2. All the optics of the set-up 

have been designed for high power applications and have anti-reflection coatings 

for ω or 2ω frequencies, and have been purchased from ThorLab and Lambda 

research companies (U.S.A). We thought about an original and versatile 

configuration, represented in Figure 3.2 (a). The laser pulse is directed on a beam 

splitter (BS) and deviated in two perpendicular directions, where two mirrors M1 

and M2 deflects them towards the lenses L1 and L2, with focal lens f1 and f2. The two 

laser pulses are finally focused on the corresponding targets t1 and t2, immersed in 

the liquids1 and 2. This configuration may allow us to synthesize a bigger quantity 

of material if necessary, and it is perfect to make an accurate comparison of the 

PLA process conducted on different targets, or with different optical parameters.  
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Figure 3.1 PLD system installed in the NanoLaserLab of the Department of Physics of 

PUC-Rio, where it is possible to perform simultaneously PLA in both vacuum and liquid 

environment. 

 

The Q-Smart 850 laser source described above was used to perform the 

synthesis at the fundamental  (1064 nm) or second-harmonic 2 (532 nm) 

frequencies separately, while experiments of synthesis by simultaneous irradiation 

of and 2 pulses were performed using a Nd: YAG laser from Quantel (U.S.A) 

model Big Sky Laser, emitting simultaneously pulses at both the frequencies, with 

a repetition rate of 10 Hz, located in the LOEM Laboratory of PUC-Rio. The 

scheme of this second optical set-up is represented in Figure 3.2 (b).  

Figure 3.2 (a) shows the  configuration used for PLA at one single frequency,  or 

2. For bigger production of colloids per unit time,  and for accurate comparisons 

of the PLA products using different water environments, the laser pulse is directed 

in two orthogonal directions by the use of a beam splitter (BS). Two mirrors M1 and 

M2 deflect them towards the lenses L1 and L2, with focal lens f1 and f2 . The laser 

pulses are then focused on the corresponding targets t1 and t2,  immersed in the 

liquids1 and 2. Figure 3.2b) represents the scheme of  PLA by simultaneous 

irradiation of pulses at both and 2frequencies, and Figure 3.2 c) shows a photo 

of the PLA set-up corresponding to the configuration represented in a). Figure 3.2 
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d) highlights the the last upgrade of the PLA system, where a mechanical base of 

Zaber (Canada) with micrometer accuracy is controlled remotely to scan the beam 

over the moving target, and the target and the liquid environment are put inside a 

sealed glass container, previously filled with a controlled partial pressure of CO2. 

 

Figure 3.2 a) Configuration used for PLA at one single frequency  or 2;  b) 

Scheme showing the PLA by simultaneous irradiation of pulses at both and 

2frequencies; c) Photo of the PLA set-up corresponding to the configuration 

represented in a); d) Photo highlighting the last upgrade of the PLA system, with the 

mechanical moving base of Zaber and a sealed glass container, used to perform PLA in 

controlled CO2 partial pressure.  

 

In both setups as shown in Figure 3.2 (a), and (b), the NPs colloids were 

synthesized at different fluence F by changing both the distance between the convex 

lenses L and the targets T and the energy per pulse of the laser sources. The latter 

was measured by a ThorLab detector model ES220c, with a range from 2 mJ to 2 

J/pulse energy).   
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Preliminary experiments were also performed by doing PLA on a moving 

target, in which the target holder was located on the mechanical base of Zaber 

(Canada) with micrometric precision-controlled remotely by LabView software. 

The micrometer base is visible in Figure 3.2 d), where it also shown an alternative 

target holder used to perform initial tests of irradiation of nanomaterial in a 

controlled gas environment. 

 

3.2.2.                                                                                                                                                            
Calculation of laser spot size and fluence  

To the best of our knowledge, for the first time, we are showing an optical 

model used to calculate the correct value of the laser fluence F on the surface of the 

target, by considering the height of the liquid environment over the metal. This 

model is particularly important since the laser pulse fluence has a significant effect 

on the properties of synthesized NPs [309].  

The fluence of the laser pulse ablating the samples follow the well-known 

definition F = 4E/2, where E is the energy of the pulse and  is the diameter of 

its spot on the target. Hence, it appears fundamental the measurement or, 

alternatively, the theoretical calculation of the laser pulse spot-size on the ablated 

target.  

igure 3.3 (a), illustrates the laser pulse focused through a convex lens (L)  onto 

the target surface plane  and  are the incident and refraction angles normal to the 

air/liquid interface, respectively. The pulse with a diameter Laser before focusing,   

has a focusing point at Y (near to lens) in air, while in water it is focused at point Z 

(large distance from the lens). According to the manual of the Q-smart 850 laser 

source, the laser pulse diameter at the output of the head is 
𝑙𝑎𝑠𝑒𝑟

= 0.7 cm (radius 

of pulse rp = 0.35 cm).  Consider the Snell’s law and a focal length of the lens in 

the air f = 14.9 cm, we have 

 𝛼 = 𝑡𝑎𝑛−1 (
𝑟𝑝

𝑓
) ≃ 0.0235 𝑟𝑎𝑑 , (3.5) 

and 
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  = 𝑠𝑖𝑛−1 (
𝑛𝑎𝑖𝑟

𝑛𝑤𝑎𝑡𝑒𝑟
sin 𝛼) ≃  0.0177 𝑟𝑎𝑑 . (3.6) 

 

To calculate the laser spot size and fluence in air, let us suppose that T is the 

diameter of the laser pulse on the target in water, located at a distance d = 𝑙 + 𝑙 

from the L as shown in igure 3.3 (b). 𝑙 is the lens/water distance, and 𝑙 the distance 

between the water/air interface and the surface of the target. The distance from the 

lens L at which a laser pulse focused in the air has the same dimension as the spot 

of the real laser pulse on the target in liquid,  is called equivalent optical path  

𝐸𝑂𝑃 = 𝑙 + 𝑙
∗  ,   it holds the geometrical relation 

 𝑙
∗ = (

𝑡𝑎𝑛

𝑡𝑎𝑛
) 𝑙 = 0.76 𝑙 , (3.7) 

so that we have  

 𝐸𝑂𝑃 =  𝑑𝑟𝑒𝑎𝑙 − 0.24𝑙. (3.8) 

 

 

 

 

 

igure 3.3 a) Schematic diagram representing the effect of water on the laser focusing 

position. b) Scheme used for the calculus of the laser spot size and fluence F on the 

target. 

 

The Q-Smart 850 laser source (Quantel U.S.A), which can be operated separately 

with laser pulses at  or 2 frequency, is characterized by a nearly TEM00 (M
2 ≈1) 
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beam [310], and a very small angular divergence of about 0.2 mrad at 1064 nm. In 

this case, defining of T  the diameter of the laser pulse on the target, and 

considering the laws of optical geometry, we can write 

 
𝑇
 =  

𝑙𝑎𝑠𝑒𝑟
(EOP −  𝑓)/𝑓. (3.9) 

 

3.2.3.                                                                                                           
Effect of the water column over the target 

In Table 3.2 reported the theoretical data of target and F for different values of the 

water column height l , depending on the lens/target distance d used along with the 

experiments. The values of F are relative to a pulse energy of 2 mJ per pulse, which 

was mostly used experimentally. We consider three hypothetical heights of the 

water column over the target, 0 cm (no water), 0.5 cm, and 1.1 cm.  

In Figure 3.4, are plotted the theoretical data of target and F for different 

values of the water column height l , depending on d. It is evident that a significant 

variation of F is obtained when considering correctly the presence of the water 

column. These results do not take into account the possible presence of non-linear 

effects such as autofocusing of the beam, which is negligible in the ns regime at the 

present values of fluence. The effects of the water column height l over the target 

on the size of AuNPs has been investigated by [311], but the effects were not 

interpreted based on the optical properties of the beam on the target but on the 

changes in the local water pressure.  

The parameter used for the synthesis of our nanomaterial varied in terms of 

volume based on the particular application. To produce NPs for biological 

applications or a massive quantity of CQDs for sensing applications, generally, we 

used the simultaneous ablation of two targets Figure 3.2 (a) for a total volume of 2 

x 12 ml = 24 ml of nanomaterial using F = 3.9 J.cm-2 and shown in the last row in 

Table 3.3.  

For analytical characterization such as TC, UV-Vis or ICP-MS aliquots of 2 

ml were prepared most of the time. Independently on the volume of the liquid (2 ml 

or 5 ml), the value of l was kept fixed at 0.5 cm by the use of beakers of different 

diameters. Most of the time the energy of the pulse was kept fixed at 2 mJ per pulse 
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but was raised to 8 mJ for the massive production of the CQDs from the ablation of 

the Au target.  

For the case of noble metal targets, the ablation was stopped when the 

extinction of the samples reached the value of 1, so that the ablation time tabl varied 

in function of F. When dealing with the iron target, the PLA process was stopped 

after a time of 2 hours, independently on the value of F. 

 

Table 3.2 Size T and fluence F of the laser pulse for l  of, 0.0 cm,  0.5 cm, and  

1.1 cm, considering different values of the lens/target distance d. The values of F are 

relative to a pulse energy of 2mJ. 

distance between 

lens and target 

d (cm) 

laser spot size on target 

T (cm)  

fluence of the laser  

 F (J/cm2)  

l= 0.0 

(cm) 

l= 0.5 

(cm) 

l= 1.0 

(cm)  

l= 0.0 

(cm) 

l= 0.5 

(cm) 

l= 1.0 

(cm) 

14.6 0.14 0.30 0.32 12.79 2.90 2.45 

14.1 0.38 0.44 0.51 6.76 1.33 0.98 

13.6 0.61 0.67 0.74 4.16 0.56 0.46 

13.2 0.80 0.86 0.93 3.18 0.34 0.29 

 

 

Figure 3.4.  Dependence of F (a), and 
𝑻
 (b) on the lens/target distance d, for 

different heights of the water column over the target: l = 0 cm ( black square), l = 0.5 

cm (grey circle)  and  ), l = 1.0 cm (grey circle)).  The values of F are relative to a pulse 

energy of 2mJ. 
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Table 3.3 Energy per pulse and fluence, and ablation time used for the PLA of the 

different transition metal target in water. 

Metals 

Target 
Laser Frequency E (mJ) 

F 

(J/cm2) 
tabl (min) Laser 

Au / Ag 2 2 1.3 60 / 25 Q-Smart  

Au / Ag 2 2 0.6 180 / 60 Q-Smart  

Au / Ag 2 2 0.3 420 / 200 Q-Smart  

Au / Ag  3.5 1.3 60 / 25 Q-Smart  

Fe  3.5 2.3 120 
Q-Smart  

BIG SKY 

Fe 2 3.5 2.3 120 Q-Smart  

Fe 
2

(simultaneous irradiation)
4.8 

0.9 

3.2 
120 BIG SKY 

Au / Ag/ Fe  8 3.9 300 
     Q-

Smart  

 

In Table 3.3 are listed the values of the energy E per pule, fluence F for all 

the optical conditions used in the synthesis of the different nanomaterials, and the 

corresponding time of ablation.  The fluence F and 
𝑇

 are calculated using eq. (3.5) 

- (3.9).  

 

3.2.4.                                                                                                             

Procedure for the measurement of F and Fduring simultaneous 
ablation by fundamental and second harmonic frequencies 

As previously explained, the Nd:YAG laser source Big Sky (Quantel U.S.A, 

model)  was used to perform PLA using pulses containing simultaneously both the 

wavelength of 1064 nm (frequency ) and 532 nm (frequency 2). This 

experimental set-up, the same one reported in Figure 3.2 b, is represented also in 

Figure 3.5a, where it is indicated as first PLA system (PLA-S1).   

In this case the equation of the fluence per pulse can be written as  

 

2

2

2

22

44 










EE
FFFpulse   .                            (3.10) 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



89 

 

 

 

The pyroelectric detector cited before was used to measure the energy of the 

laser pulses. To measure E and E we firstly measured the total energy of the 

pulses, Epulse = (E + E). After, we inserted a high power dichroic mirror (DM) 

between the focusing lens and the target, as depicted in Figure 3.5a. The dichroic 

mirror had the function to properly separate the pulses at  and 2 frequency. The 

 and 2 pulses were reflected and transmitted, respectively, (or vice versa, 

depending of the choice of the particular DM) with an efficiency better than 90% 

(EKSMA Optics, Lithuania). In this way, it was possible to measure separately the 

energies E and E, and to compare their sum with the total energy measured 

without the DM. Since the laser pulses come out from the head of the BIG SKY 

laser with a high divergence (full angle ~ 8 mrad at 1064 nm), and since the beam 

quality factor M2 [310] of the beam may change during years of operation of the 

lasers, it is hard in this circumstances to calculate with good accuracy the spot size 

of the laser pulses by the application of the laws of propagation of Gaussian beams 

[312].   

Not provided of a proper camera to measure the dimension of the laser spot 

[159], we used an alternative comparative method. To do that, we synthesized gold 

nanoparticles (AuNPs) by PLA in NaOH enriched water using two different laser 

sources: the BIG SKY laser (with high angular divergence and years of operation), 

and the recently acquired Q-Smart 850 (Quantel U.S.A, 5.8 ns pulse duration). The 

latter experimental set-up is called second PLA system, and it is indicated in Figure 

3.5 as PLA-S2. When using the PLA-S2, we can easily calculate the dimension of 

the spot of the laser pulses by considering the approach described in the previous 

section.  

The AuNPs were synthesized by the use of both  and 2 pulses, 

independently. The shape of the extinction spectra of the resulting NPs, whose 

intensity is proportional to their concentration in the water, is well known from our 

research [20, 192].  Since the PLA environment condition of the two experimental 

set-up shown in Figure 3.5, were the same (3 mm height of water with 2 m mol/L 

NaOH), the production rate of the NPs in the two cases will be the same only when 

the fluence F or F of the laser pulses coming from the different laser sources are 

the same [6].    
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Hence, the following simple protocol was applied: 

1) a proper lens-to-target distance (LT1) was chosen for the PLA-S1, the DM 

was inserted (Figure 3.5 a), and E and E were measured; 

2) the  and  pulses with the energy values of point 1) were used 

(separately) to synthesize AuNPs with the PLA-S1; 

3) laser pulses of the same energy of point 1) were used in the PLA-S2 to 

synthesize AuNPs, at both  and  frequency. 

4) The lens-to-target distance (LT2) of the second experimental set-up was 

varied, and point 3) was repeated until we reached the geometrical condition 

for which the same concentration of NPs (same extinction spectra) were 

synthesized in the same time (~ 1 hour) using the different laser sources. 

This procedure was repeated for both  and 2 frequencies.  

The nominal focal distances f1 and f2 of the lens L1 and L2 were 13.8 cm 

and 14.8 cm, respectively.   

Once reached the condition of point 4, the diameter of the spot of the laser pulses 

at the two different frequencies () was calculated, together with their fluence 

F and F. The condition for which F ≈ F, was found by simply varying LT1 in 

the first experimental set-up, and repeating the procedure described above (point 1-

4). This condition was found for a lens to target distance minor than the focal length 

of the lens L1, where the dimension of the spot of the  laser pulse is bigger than 

the dimension of the one associated to the 2 frequency, coherently with the well-

known dependence of the diffraction-limited beams on the wavelength of 

electromagnetic waves [313].  
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Figure 3.5 PLA experimental set-up (PLA-S1 and PLA-S2) used for the 

determination of the energies (E, E) and fluence (F, F) associated to the  and 2 

frequency laser pulses during the experiments. a) PLA system emitting simultaneously  

and  pulses indicated as PLA-S1. DM(,2) represents a high power dichroic mirror, 

transmitting only laser pulses at one of the two frequencies ( in this case), and reflecting 

the other one (2 in this case). b) PLA system with a low divergence angle of the laser 

pulses, indicated as PLA-S1. M is a high power mirror. LT1 and LT2 represent the lens-to-

target distances in the two experimental set-ups. In both cases, the PLA systems are used 

for the synthesis of gold nanoparticles in water enriched with NaOH 2 m mol/L, indicated 

as AuNPs.  

 

 

3.3.                                                                                                                                         
Analytical characterization of the nanomaterials  

3.3.1.                                                                                                                                                     
UV-visible spectroscopy  

UV-Visible spectroscopy was used to measure the extinction optical 

coefficient of the samples, which are related to the nature of the metal, 

concentration, shape, and agglomeration state of the colloidal system of NPs.  

Along with the research, we used a Lambda 950 spectrophotometer from Perkin 

Elmer (U.S.A). Most of the measurements were performed in a cuvette of quartz 

with an optical path of 1.0 cm, and the samples were generally analyzed in the 

spectral range between 200 nm and 800 nm.  
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3.3.2.                                                                                                                                    
Inductively Coupled Mass spectroscopy (ICP-MS) analysis 

Inductively coupled plasma mass-spectroscopy (ICP-MS) was used for the 

direct measurements of the metal concentration Cmetal of the NPs. It is an extremely 

sensitive analytical technique used to measure the low concentration of elements, 

with a resolution of less than 1 part per billion (ppb). The quantification process 

was conducted by using ICP-MS with reaction cells (NexIon 300X and DRC II) 

from PerkinElmer (USA).   

Prior to ICP-MS measurement, the sample of synthesized MeNCs colloidal 

solution and CQDs was placed in ultrasound bath for 10 minutes and then diluted 

20000-time. The minimum volume required for the measurement is about 10 ml, 

and the concentration of salt and organic compound must be lower than 0.2 %. 

 

3.3.3.                                                                                                                                                  
Total Carbon Analysis (TC) 

The total concentration of carbon element TC in our samples was measured 

by a Carbon Analyzer model TOC-VCPN (Shimadzu, Japan). The total carbon 

analyzers can detect and measure both the total organic carbon (TOC) present, and 

the complementing total inorganic carbon with a concentration in the ppb (part per 

billion) range.  

 Inorganic compounds are those compounds that do not have a carbon-

hydrogen (C-H) bond. As compared to organic compounds, the inorganic 

compounds are quite simpler and shorter [314, 315]. Inorganic compounds exist in 

minerals and the atmosphere primarily in the form of carbon dioxide (CO2), where 

the average concentration at the sea level in the atmosphere is approximately 

380 ppm and is increasing about 2 ppm per year [316].  

In contrast, the organic compounds are those compounds containing C-H 

bonds, although there are some exceptional cases. As compared to inorganic 

compounds, they have a more complex structure and contain many carbon atoms 

connected in chain or ring form [315]. Table 3.4. lists the common examples of 

organic and inorganic carbons. 
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Table 3.4 Examples of organic and inorganic compounds [314, 315]. 

 

 

The Carbon Analyzer (model TOC-VCPN) has a CO2 detector, which is used 

to measure organic and inorganic carbon in the water-based solutions. The 

following three steps are used by the instrument to measure these carbons in the 

water.  

 Total Carbon (TC): In order to measure the TC in a solution, a 50 l of solution 

is automatically injected in the instrument, where it is burned in the presence of 

oxygen gas. The total carbon present in the solution (sample) is converted to 

CO2 , which is finally detected. The instrument repeats the measurements three 

times, and as result gives the average value [317].   

 Inorganic Carbon (IC): highly concentrated (2 M) HCl is used to remove the 

inorganic carbon present in the sample. In this step, the equipment dissolves 12 

l of HCl solution in 800 l solution of the sample. Hence, inorganic carbon in 

solution are converted to CO2, and again measured by the detector [317]. 

Total Organic Carbon (TOC): TOC of the solutions is measured by 

indirect method. The measured IC is subtracted from the TC of the same solution, 

and as a result, the TOC is obtained [317]. 

Organic Carbon 

compounds 
Inorganic Carbon compounds 

Alkane, Alkene, Alkyne diamond, graphite, amorphous carbons 

Carbyne, polyyne,cumulene etc carbon dioxide, carbon monoxide 

Ketones, alcohol, phenol, Carbides (silicon carbide) 

Protein, lipid, nucleic acid 
Carbonate & bicarbonate (sodium carbonate & 

bicarbonate) 

Graphene, Graphene oxides, Cyanides (sodium cyanide [NaCN]) 

Aldehydes Sodium cyanate (NaCNO) 

carboxylic acid,  formic acid Carbon tetrachloride (CCl4) 

Ester Trimethylphosphine (P(CH3)3) 
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We have different type of organic and inorganic carbon in our metal NP 

(MeNPs) colloidal solution, for example, sodium carbonate, bicarbonate, 

carboxylic acids, Cy@Au CNWs, and CQDs. Few of them are clear to be classified 

in organic or inorganic carbon, but it is difficult at that moment to categorize the 

presented CQDs or Cy@Au CNWs in organic or inorganic carbon. However, the 

equipment counts them in the organic carbon because they are relatively slow 

reactive with HCl as compared to inorganic, and are not easily convertible to CO2.  

In order to show the limitations of the equipment, we introduce here the TC 

measurements of a water solution containing different concentrations of NaOH. 

The results are shown in Figure 3.6. 

 

Figure 3.6 Dependence of a) TC, b) IC and TOC on the concentration of NaOH in 

the water solution. 

 

          Figure 3.6 show that all TC, TOC and IC are increasing with the rising of 

NaOH concentration in solution, but above than 20 m mol/L NaOH the behavior of 

IC changes trend. We observed that the molar concentration of the NaOH in the 

measured solution must be lower than the net concentration of HCl in the solution 

inside the equipment, otherwise when acid concentration is comparable or less than 

NaOH, the present HCl will react with NaOH, and there will be not enough 

concentration to convert inorganic carbon to CO2. In the equipment the net 

concentration of the HCL solution during measurement was 20 m mol/L, therefore 

this was the maximum allowed NaOH concentration.  
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3.3.4.                                                                                                                                            

Dynamic light scattering (DLS) and -potential  

 A nanoparticle analyzer model SZ-100 (Horiba, Japan) was used for the 

measurement of hydrodynamic size and surface potential potentialof NPs in 

the colloidal dispersion. More details about the principle of working of the 

instrument are explained in appendix A.2. 

The fresh synthesized Au, Fe, and Ag derived nanomaterials in liquid form 

were used for the measurement of both DLS size and potential. For both Au and 

Ag derived nanomaterials in colloidal dispersion, the extinction at the 

corresponding LSPR wavelength was fixed at a value of 1. In the case of Fe derived 

nanomaterial, without a LSPR peak, the ablation was fixed for 2 hours. The 

potential of the CQDs was measured after their separation from MeNPs by 

induction or magnetization methods, as explained in Section 2.6.  

 

3.4.                                                                                                                                         
Chemical characterization of the nanomaterial  

3.4.1.                                                                                                                                              
Raman spectroscopy  

Raman and SERS spectroscopy were performed both by the candidate in the 

Analytical Center of the Department of Chemistry of PUC-Rio, and by Prof. Gino 

Mariotto from the University of Verona, as explained in Section 1.  

In the Analytical center we used a confocal micro Raman apparatus model 

XploRA, from HORIBA, equipped with a CCD detector with a thermoelectric 

cooling system (working temperature of -50 ºC), and three solid-state laser sources 

at the wavelengths of 532 nm, 638 nm, and 783 nm. 

 The iron-based NPs were instead characterized by our colleague from the 

University of Verona using a Horiba Jobin-Yvon (model LabRAM HR800) Micro 

Raman spectrometer, equipped with a He-Ne laser (λexc = 632.8 nm).  

The experimental conditions used to measure the samples by the different 

Raman spectrometer were similar. In both cases, mostly the excitation wavelength 

in the red region was used (638 nm and 632.8 nm), and the laser beam was focused 
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onto the sample surface through a 100× objective lens to produce a spot size of 

approximately 1 µm. Unless specified, the optical irradiance was kept in the range 

of  10-2 kW/mm2, in order to not modify the characteristics of the carbon soft 

materials [20].  

      In Verona, the scattered radiation was dispersed by a diffraction grating of 600, 

lines/mm, the average spectral resolution was approximately 1 cm−1 /pixel over the 

spectral range of interest, and the notch filter produce a low wavenumber limit of 

approximately 200 cm−1. Under these excitation conditions, very long integration 

times (typically 1800s) were required to collect spectra with an optimal signal-to-

noise ratio.  

     During Raman and SERS spectroscopy in the Analytical Center, also different 

gratings were used, specifically of 1200 and 1800 lines/mm. The entrance and 

output slits were put at 100 m,  and the final spectral resolution were 2.5 cm-1 and 

1.8 cm-1  for 532 nm and 785 laser excitations, respectively. Also in those cases the 

typical time to collect the spectra were of the order of a few hours.  

MicroRaman measurements were carried out on different aggregates of both types 

of MeNPs under the experimental conditions described above, and the recorded 

spectra exhibited very good reproducibility. Moreover, repeated measurements 

over the same sample grain produced overlapping spectra, indicating that there was 

no structural damage to the sample surface from the laser beam. 

 Preparation of the samples 

The solid state samples for SERS and Raman spectroscopy were prepared by 

the following two different methods. 

a) Colloids drops on gold thin film (SERS): we put several 3 l volume drops of 

nanomaterial obtained from ablation of Au or Ag targets on a thin film of gold, 

and let evaporate one after the other, to create a nanoisland film (NIF) of 

agglomerated MeNPs characterized by potential hot-spots for SERS effect. 

Powder (Raman): in order to measure the Raman spectra of the iron based NPs, a 

considerable quantity of material was needed. In this case, 40 ml of colloidal 

solution was prepared, after which the iron oxide-based NPs were separated by the 

application of a 0.5 tesla magnet for 4 days. After the separation of precipitant and 
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supernatant, the latter was attracted for further 6 days with the magnet, and ultra-

small iron-based NPs were obtained as new precipitant. In both cases, the 

precipitants were dried through evaporation in the oven at 55 K temperature, to 

obtain the powder of MeNPs. Because of their small concentration, at that moment 

we are not able to prepare the quantity of CQDs in powder form necessary for the 

Raman characterization.  

 

 

Figure 3.7 Appearance of the samples for SERS and Raman  spectroscopy. Drops of 

MeNPs are deposited and dried on a gold thin film. 

 

3.4.2.                                                                                                                                             
Infrared spectroscopy  

The infrared spectra of the samples were measured by FTIR spectroscopy 

using a spectrophotometer model Spectra-Two (Perkin Elmer, U.S.A) with a 

resolution of 0.5 cm−1, in the spectral range between 400 to 4000 cm-1.  The 

apparatus is equipped by module which allow to enhance the signal by an attenuated 

total reflection (ATR) configuration. All the samples were analyzed in powder 

form, produced following the method described in the previous sub-section. 

     To obtain a well reproducible signal from the samples of CQDs derived 

from Au and Fe, we concentrated in a volume of 400 l the CQDs obtained from 

about 40 ml of as synthesized nanomaterial before the separation process, and 

deposited in several drops on the active diamond surface (2 mm x 2 mm) of the 

ATR configuration. The deposition process took about 8 hours.  
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In the case of Au derived CQDs, before the concentration, the colloidal 

dispersion of nanomaterial was subjected to a dialysis process of about 3 weeks, to 

eliminate NaOH and its derivatives in water. After evaporating all the water, we 

successfully measure FTIR spectra in the range from 400 to 4000 cm-1. 

 

3.4.3.                                                                                                                                                          
X-ray photo-electron Spectroscopy (XPS) 

A Magnesium K-ray and VG Thermo Alpha 110 cm hemisphere analyzer 

were used in the XPS measurements, conducted under the supervision by Prof. 

Marcelo Maia da Costa of the Van der Graaf Laboratory of the Department of 

Physics of PUC-Rio. The spectra range was kept from 0 eV to 1100 eV with 0.5 eV 

energy steps, while local energy spectra at the position of carbon, iron, oxygenand 

gold, were done with 0.1eV energy step. 

 Preparation of the samples 

 

For the Au derived CQDs, we applied the same deposition technique as in the 

FTIR analysis. The NPs were deposited on copper disks, and before the 

concentration process, were subjected to a dialysis process of about 2 weeks, to 

eliminate NaOH and its derivatives in water. 

 The iron based NPs were analyzed after deposition of a few drops of 100 l 

on pure silicon substrates. As for IR characterization, dialysis was not necessary in 

this case, since the ablation was conducted without the addiction of NaOH in the 

water environment. 

 

3.5.                                                                                                                                     
Morphological and structural characterization of the nanomaterial: 
transmission electronic microscopy   

The working principle and structure of transmitting electronic microscope in 

high resolution TEM (HRTEM) mode, scanning transmitting electronic microscope 

(STEM), and energy dispersed spectroscopy (EDX or EDS) mode have been 

discussed in detail in appendix A.3.  
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In this research work, for the analysis of the structure and composition of 

carbynoid materials, CQDs, and MeNPs, TEM was used in diffraction electron 

pattern mode, HRTEM, STEM and EDS configurations.  

 

3.5.1.                                                                                                                                                                        
Used TEM apparatus 

Different types of equipment were used to perform the TEM characterization 

of the samples: 

a) (LABNANO/CBPF)  

1) JEOL JEM-2100F operated at 200 kV  in both STEM, HRTEM and 

 selective area electron diffraction (SAED) modes.  

2) Field emission scanning electron microscope (FE-SEM) (JEOL, JSM- 

6701F) operated in transmission (TSEM) mode at 30 kV.  

b) (INMETRO)  

    1) FEI Tecnai –Spirit G2 operating at 120 kV. 

    2)  FEI Titan 80-300TM microscope operating at 80 kV, equipped with FEG,  

and Cs probe corrector. 

c) (I.N.L) -  FEI Titan 80-300TM microscope operating at 80 kV, equipped  

with FEG, and Cs probe corrector. 

d) (USP) - Tecnai G2 Spirit TWIN FEI microscope, USA, operating at 120  

kV with a LaB6 (lanthanum hexaboride) filament. 

3.5.2.                                                                                                                                                            
Preparation of samples  

To prepare the TEM grid for the analysis, different methods were used, depending 

on both the kind of grid and sample. We mostly used two kinds of TEM grids, the 

so called flat carbon (FC) and and holey-carbon (HC). In both cases we used a 300 

mesh of copper or gold. Before the deposition of the carbon based nanomaterials, 
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the carbon flat TEM grids were treated for 75 s by a plasma cleaner (with shield), 

in order to enhance the contrast.  

When the analysis of the same sample was performed on both FC and HC 

films, the concentration of the drop deposited on the HC type was always 

approximately two times (optical extinction = 0.4) the one used for the flat ones 

(optical extinction = 0.20). This is because part of the liquid sample passes through 

the holes and is missed during the deposition procedure.  

Depending on the concentration of the sample, two deposition techniques 

were used: grid-on-drop (GOD), and drop-on-grid (DOG). The first case has to be 

applied for samples without problems of low concentration and law contrast on the 

grid, and minimize the quantity of water on the grid, diminishing the agglomeration 

of the NPs during the deposition process. The TEM grid is placed over a drop of 

colloidal solution for about three minutes, after which is placed over a drop of ultra-

pure water for 10 second, and let dry in a clean environment at ambient temperature. 

The water on the sample generally disappears in a few hours, although it is always 

better to wait at least one night in order to allow the optimal evaporation of the 

water.  

 In the DOG method, a drop is placed on the TEM grid, and let evaporate 

slowly for 48 hours. This method has to be privileged to the GOD when the sample 

has a very low concentration of NP, or the NPs are weakly interacting between them 

so that there in no danger of enhancing their agglomeration during the drying 

process. 

     Although different combination of grid, method of deposition and concentration 

of the NPs has been investigated for the different kind of NPs, we resume in the 

following Table 3.5, the details for the optimal preparation of the different samples 

analyzed in the present research. 
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Table 3.5 Preparation technique and TEM grids used for the different samples 

analyzed in the present research. 

z extinction 

at LSPR 

/or tabl 

dilution or concentration 

factor 

TEM 

grid 

technique 

Au@Cy NPs 1 3 time diluted HC GOD 

Au@Cy NPs 1 4 time diluted FC GOD 

Ag@Cy NPs 1 3 time diluted HC GOD 

Iron NPs 2 hours 10 time diluted HC DOG 

Carbon (CNM) 5 hours 15 time Concentrated HC DOG 

 

3.6.                                                                                                          
Carbon/metal separation methods                                                                                                                                                 

The process of synthesis of carbon nanomaterial during PLA of transition 

metal targets in water is a process which naturally happens in normal 

thermodynamic conditions of pressure and temperature of the liquid, as will be clear 

after the presentation of the experimental results. The great number of scientist 

which dedicated their scientific activity in the past 40 years on the investigation of 

the synthesis of nanomaterial by PLA in liquid, never had realized this simultaneous 

synthesis due to the spectral overlap between the emission bands of the emissive 

carbon nanostructures and the extinction spectra of the MeNPs, as visible in Figure 

3.8, where are represented the LSPR bands of Au and Ag based nanomaterials, 

together with the emission spectra of the QCDs. It is clear that the emission of the 

CQDs is strongly attenuated by the optical density of the colloidal dispersions.  Also 

in the case of iron targets, the quenching of the luminescence by the presence of 

metallic species [11], impedes the detection of any luminescence by the carbon 

material. 

Generally, carbon-based (nano) materials are separated from metals and 

selected on the basis of their typical retention time inexpensive analytical 

techniques such as high-performance liquid chromatography (HPLC) [253, 318], 

but the MeNPs may precipitate in the filtering column and cause the relative 

damage. 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



102 

 

 

Therefore, we tested different new and non-expensive methods aimed to the 

separation of the CQDs and carbynoid NWs from the metal NPs, namely: 

amalgamation, precipitation by salt, centrifugation, filtration, heating, grounding 

and magnetization. Some of the previous techniques were mixed together in 

multistep processes, to enhance the performances of the separation process. The 

results were compared in terms of the residual percentage concentration of metals 

(residual) inside the final colloidal dispersion.  

 

Figure 3.8 Emission spectra of the CQDs (red line) overlapped with the extinction 

spectra of the Au (black line), Ag (grey line), and Fe (green line) derived nanomaterials. 

 

As an example, in Figure 3.9 we report a TEM image of the Au-derived 

nanomaterial before and after the separation by the multi-step process consisting of 

heating, filtration and centrifugation. Consistently with the TEM images, the 

residual concentration of Au was below 0.1 ppm (0.1 %), and the process was 

considered successful. 

In the following, we describe in more detail the methodology and the results 

relative to the different separation processes. 
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Figure 3.9. TEM image of the fresh Au derived nanomaterial (a,b), and the material 

after separation (c,d).  

 

3.6.1.                                                                                                                              
Magnetization 

This method was applied only for the Fe derived nanomaterial. A 0.3 T 

magnet is placed aside a glass containing the colloidal solution of magnetic NPs.  

The case of iron-based synthesized at the fundamental frequency (is shown in 

Figure 3.10. After 10 days, a transparent supernatant is separated from the 

precipitated magnetic material. The successful separation can be confirmed by eye 

in this case. Anyway, when the Fe based nanomaterial is synthesized by the second-

harmonic radiation 2 ( = 532 nm) or both the  and 2 frequencies, the NPs are 

not all agglomerated by the unique magnetization. After different experiments, we 

realized that heating the colloidal dispersion of NPs at a temperature above ~ 55 0C 

leads to precipitation of the residuals iron-based nanostructures. The obtained 

precipitant is easily agglomerated by magnetization, and a transparent supernatant 

is obtained.   
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Figure 3.10 Photo of a colloidal dispersion of Fe derived nanomaterial before and 

after the separation by magnetization. The NPs were synthesized by fundamental 

frequency (laser pulses. 

 

Table 3.6 ICP-MS measurement before and after separation with magnet 

Sample Au (ppm) 

Fe derived nanomaterial ()  (before) 32.0 

After separation  0.0 

 

3.6.2.                                                                                                                             
Amalgamation 

This method was applied only to Au derived nanomaterial. Metallic mercury 

is placed in the sample, after which the sample is put in agitation by a shaker for 30 

minutes. During the shaking the existing Au@Cy NPs and mercury form the 

amalgam [319] and the colloidal dispersion loses its ruby red color and precipitate. 

The quantity of gold and mercury in the supernatant before and after the separation 

was measure by ICP-MS, and the results are reported in Table 3.7. 

Table 3.7 Concentration of gold and mercury before and after the separation by 

amalgamation, as measured by IC-PMS. 

Sample Au (ppm) Hg (ppm) 

Fresh Au derived nanomaterial 71.3 0.0 

After amalgamation 310-12 16.0 

After amalgamation and 

centrifugation 
110-2 6.0 

 

This method was not proved to be successful, since the residual presence of 

mercury contaminates significantly the obtained nanomaterial. 
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3.6.3.                                                                                                                                
Precipitation by dialysis and centrifugation  

In a good extent, is the double layer charge on the surface of the noble MeNPs 

which drives their stability, as discussed in Section 2 [5]. We induced an 

electrostatic instability on the double layer of the Au derived nanomaterial by the 

application of a dialysis process. The dialysis has been initially carried on for about 

2 days, changing the deionized water every 12 hours.  After dialysis, the obtained 

liquid was centrifuged for 1 hour at 14000 rpm rotation speed, and the supernatant 

was separated carefully. The metal concentration before and after the separation is 

reported in Table 3.8. 

Table 3.8 Gold concentration before and after the separation by dialysis and 

centrifugation.  

Sample Au(ppm) 

Fresh Au derived nanomaterial 80.3 

After dialysis and centrifugation 5.1 

 

The ICP-MS measurement shows that still there is a significant quantity of 

gold in the supernatant. Hence, also this method has not been proven successful. 

 

3.6.4.                                                                                                                              
Precipitation by salt  

The electrostatic instability of the double layer of the Au derived 

nanomaterial was induced by the addition of 0.33 M NaCl in water. The colloidal 

dispersion changes rapidly the color from ruby red to purple because of this 

agglomeration [320], and start to precipitate. After 24 hours the supernatant and the 

precipitant are separated. Because of the high concentration of salt (0.33 M NaCl) 

which quenches the PL of the CQDs, the supernatant was subjected to four dialysis 

process of 24 hours. 
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Table 3.9 ICP-MS measurement of the Au derived nanomaterial before and after 

precipitation by salt. 

Sample Au (ppm) 

Fresh Au derived 

nanomaterial 
80.3 

After precipitation by salt 

and  dialysis 
110-1 

 

The ICP-MS measurement before and after separation, are shown in the above 

Table 3.9. The results indicate a successful separation. After dialysis, the 

concentration of salt ions decreases, and we can see a good PL emission of the 

CQDs colloidal solution. Although this method is efficient in order to see a good 

PL, the measurements of the TC on the colloidal dispersion of nanomaterials after 

multiple dialysis steps, indicated a progressive enhancement of the carbon content, 

as indicated in Table 3.10. In the dialysis process we used two types of membranes, 

both with 3500 dalton molecular weight cut-off.  One type contains glycerin as a 

humectant (Spectra/Por™ 3 Dialysis Tubing with 3500 d Molecular weight cut-

off), and the second contains cellulose. We understood only in the last weeks 

dedicated to the experimental research, that the enhanced TC resulted is because of 

a non-efficient initial cleaning of the dialysis membranes described above. In order 

to obtain a dialyzed colloidal dispersion without carbon contaminants, a cleaning 

process of 1 week of the membranes is needed prior to dialysis. The latter has to be 

performed for the other 2 weeks, changing the deionized water every 8 hours.  

 

Table 3.10 TC of Au derived CQDs after different number of dialysis processes. 

Au derived CQDs TC (ppm) 

Before dialysis 10.1 

After 1 dialysis of 20 hours 15.8 

After 5 dialysis  of  20 hours 53.1 

   

Nevertheless, this method was used to synthesize QCDs derived from Au 

target, and used for chemical sensing applications. 
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3.6.5.                                                                                                                                              
Heating  

The colloidal dispersion of Au derived nanomaterial was heated at 

temperatures varying from 400 to 650 C, in order to let slowly evaporate the liquid 

of the colloidal dispersion, which was concentrated as a rule of thumb of about 10 

times.  

 

Figure 3.11 Au derived nanomaterial synthesized in 0.06 and 2.0 m mol/L NaOH 

solution a) before heating, b) after evaporation induced by heating, and c) after filtering 

and centrifugation. 

 

At very high concentration, the MeNPs become close to each other and hence the 

Van der Waals forces become increased, which results in an induced agglomeration 

among MeNPs in colloid and become unstable, as shown in Figure 3.11. The 

concentrated colloidal dispersion is filtered with a PES ( Polyethersulphone) Sterile 

syringe filters of 0.2 m pore size,  and centrifuged for 1 hour at 13000 rpm at -5 

0C . The obtained transparent supernatant has a low metal concentration, a good PL, 

and does not present any contaminant. 

Table 3.11 Metal Au concentration before and after separation. 

Sample Au (ppm) 

Fresh Au derived nanomaterial 81.3 

After evaporation by heating and filtering 210-2 

 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



108 

 

 

3.6.6.                                                                                                                                            
Electromagnetic induction 

MeNPs dispersion synthesized by PLA in water has an excess of charge in 

their metallic core contribution in their stability [5]. This excess charge is decreased 

by the grounding of the NPs colloidal dispersion through the conductor (due to 

electromagnetic induction), which arise the agglomeration and eventual 

precipitation. In this method, the colloidal dispersion was grounded with the help 

of a clean copper wire, as shown in Figure 3.12. The NPs partially or completely 

lose their charge, and start to agglomerate with final agglomeration, as shown in 

Figure 3.12. (b) and (d). To enhance the agglomeration and precipitation process, 

the colloids were stirred continuously.  

After agglomeration, the transparent solutions were separated carefully and 

characterized by UV vis and ICP-MS spectroscopies. The results are shown in 

Table 3.12. The UV-vis absorption shows no presence of AuNPs.  

 

Table 3.12 ICP-MS measurements on Au derived nanomaterial before and after 

separation by grounding. 

Sample Au (ppm) 

fresh Au derived nanomaterial 81.3 

after grounding 510-2 

 

 

The principal problem of this method is that it is successful only in the case 

of Au derived material since the stability of Ag and Fe derived nanomaterial is 

mostly because of oxidation and not due to excess of core charge [5]. Hence, we 

cannot agglomerate efficiently the AgNPs and iron oxide NPs by electromagnetic 

induction. 
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Figure 3.12 Photos representing the grounding technique for the Au derived 

nanomaterial.  a) Experimental set-up; b) Temporal evolution of the color of the 

Au derived nanomaterial during the grounding. 

 

3.6.7.                                                                                                                       
Conclusions on the separation methods 

All the methods described above are clean, easy and cheap, and any of them 

can be applied if the aim is the simple observation of the PL.  

Anyway, considering the small concentration of carbon nanomaterial, the most 

important aspect remains the absence of possible contamination, so that that the 

evaporation process induced by heating followed by filtering seems the best option, 

if a long cleaning process (1 week) of the dialysis membranes wants to be avoided.   

The separation method by heating and filtering is very useful to control the 

maximum possible dimension of the separated nanomaterials and has been applied 
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for the morphological study by TEM investigation. Resolved the contamination 

problem during dialysis, in the future we will have the possibility to analyze 

dialyzed samples with confidence, investigating the possible presence of bigger 

nanostructures.  

 

3.7.                                                                                                                       
Photoluminescence spectroscopy  

The properties of photoluminescence (PL) of the synthesized CQDs were 

investigated by both steady-state and time-resolved PL spectroscopy (STPL, 

TRPL).  

 

Figure 3.13 Photo of the spectrofluorometer model QM1 of PTI (Canada) used for 

STPL in the Department of Physics of PUC-Rio. The opening of each slits was set at 4 

nm, as indicated. The slits S1 and S2 are used to modulate the intensity of incoming 

excitation light, while S3 and S4 are the slits to control the intensity of emitting light. 

 

STPL spectroscopy was the most powerful tool used to confirm the presence 

of CQDs in the supernatant of MeNPs colloidal solution synthesized by PLA of 

metal target in water. In fact, due to the high optical cross-section of the PL process 

in comparison to both IR and Raman spectroscopy, we could detect the production 

of luminescent material also at concentration for which Raman, IR or even SERS 

response was not obtained.  
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STPL spectroscopy was performed using different spectrofluorimeters in the 

Department of Physics and Chemistry of PUC-Rio. Most of the characterization 

measurements were performed using the spectrofluorometer model QM1 of PTI 

(Canada). A few measurements for samples at lower concentration were executed 

using a fluorimeter (PTI) QuantaMasterTM 8000 in the LOEM of the Department of 

Physics of PUC-Rio. For the chemical sensing application of CQDs, we also used 

a spectrofluorometer model LS 55 of Perkin Elmer (U.S.A), located in Laboratory 

of Applied Spectroscoanalysis, Electroanalysis and Elemental Analysis Department 

of Chemistry PUC Rio, under the supervision of Prof. Ricardo Aucelio.  

The optical chemical sensing measurements were performed using a 1000 nm 

min-1 scan rate, 10.0 nm spectral bandpass (slit opening size), 4 nm spectral 

resolution and a 1 cm optical path length quartz cuvettes. In this case, a thermostatic 

system with stirring (PTP-1 Fluorescence Peltier System with a PCB1500Water 

Peltier System, Perkin-Elmer) was used to keep the dispersions in the cuvette at 

specific constant temperatures during the measurements. 

TRPL spectra were measured with pulse width < 1.2 ns at the excitation 

wavelength of 335 nm, varying the emission on the whole PL band of the CQDs, 

with steps of 25 nm. The decay curves were fitted to obtain the lifetime using a 

double exponential function.  

The quantum yield (QY) of the CQDs was evaluated by the comparative 

method, similarly as reported in [287]. The unknown QYs is determined from the 

known QYr of a reference material through the following formula (“s” and “r” stand 

for “sample” and “reference”, respectively) 

                      𝑄𝑌𝑠 = 𝑄𝑌𝑟 
𝐼𝑠

𝐼𝑟
 
𝐴𝑟

𝐴𝑠
 (

𝑛𝑠

𝑛𝑟
)
2

,                                            (3.11) 

The integrated emission intensity is recorded as a function of the absorbance 

A of the sample, and n is the refractive index of the buffer solution. For the 

measurements to be reliable and to minimize the non-uniform radiation, the 

absorbance of the sample was kept below 0.1. For the quantification, Rhodamine 

101 (QYr = 100%) was used as a reference. As for the emission intensity I, the PL 

area at the FWHM was considered. 
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3.8.                                                                                                                   
Magnetic characterization 

The scanning magnetic microscope (SMM) [321–323] used to perform the 

magnetization curves of the iron-based nanomaterials, is shown in Figure 3.14. The 

principal part is constituted by a powerful electromagnet (Model 3470 of the GMW 

brand) which, in the current configuration, is capable of applying in the sample a 

magnetic field of up to 0.5 T. The field is applied between its 40 mm diameter poles 

and a movement system composed of a pair of linear actuators (Model T-LLS260C 

brand Zaber). The reading system consists of a pair of Hall effect sensors (Model 

HQ-0811 brand AKM), installed in an axial gradiometric configuration in order to 

cancel the magnetic field applied by the electromagnet, and reduce ambient 

magnetic noise [321, 322]. Each sensor is soldered to a printed circuit board that is 

connected to a thin acrylic structure attached to one of the surfaces of the 

electromagnetic pole [321–323]. 

 

 

Figure 3.14. Reading system of the scanning magnetic microscope [322]. 

 

For the measurements of magnetic nanoparticles synthesized by PLA, the 

used na acrylic sample holder. After this stage, small cylindrical cavities (400 μm 

diameter and 400 μm depth) were made in the center of each sample holder. Within 

this cavity, 50 μg of magnetic nanoparticles were added [322]. To obtain the 
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magnetic moment of the nanoparticles, several magnetic maps were mapped for 

each magnetic field applied by the electromagnet in the sample. Through these 

maps, it was possible to obtain the magnetization curve of the samples [322].  In 

addition to the magnetic characterization, the microscope was used to estimate the 

average diameter of the magnetic core of the nanoparticles [322].   
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4.                                                                                                                                         
Results of Au derived nanomaterial  

 

4.1.                                                                                                                                                                    
UV-Vis stability Investigation of Au derived nanomaterial 

In Figure 4.1, we report the temporal evolution of the UV-Vis extinction 

spectra of the Au derived nanomaterial colloids synthesized at F = 1.3 J/cm2 and 

different values of  NaOH concentration (CNaOH), ranging from 0,02 mmol/L to 20,0 

mmol/L (initial pH 7.2 to 12.4). The PLA process was stopped when a maximum 

extinction coefficient of 1 was reached. The ablation times were slightly different 

for the different concentrations, ranging from 55 to 65 min.                                          

We observe three distinct phenomena with the passage of time: the Ostwald 

ripening [324], agglomeration, and precipitation. Ostwald ripening is particularly 

observable in the first days after PLA. The Au ions and clusters dispersed in the 

colloidal dispersion, slowly enrich the core of pre-existing small metal NPs, 

contributing with a spectral red-shift, and an enhancement of the Plasmon peak. 

This phenomena is not observable in the samples synthesized at low (< 0.5 mM) or 

high ( > 12.0 mmol/L) values of cNaOH. As explained in the theory section, in both 

cases the electrostatic repulsion between the NPs is lower than the attractive long-

range forces, with final precipitation of the nanomaterial.  

The long-term use of the Au derived nanomaterial is hence opportune for 

samples synthesized in a range of cNaOH between 0.06 mmol/L and 12.0 mmol/L.  

In this case, we do not observe any precipitation of the samples along 3 months, 

although some small aggregation phenomena is visible by the enhancement of the 

FWHM of the LSPR curves for the samples at the extremes of the stability window 

( 0.06 mmol/L, 12.0 mmol/L). In CNaOH = 50 mmol/L solution the production rate 

of AuNPs is very low as compared to lower CNaOH samples, and the synthesized 

colloidal dispersion is highly unstable. Due to this agglomeration and a relatively 

small concentration of AuNPs, the 50 mmol/L NaOH sample has light gray purple 
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color. Similarly,  the 0.02nmol/L samples are also unstable, but with higher metal 

concentration, showing a dark gray purple color, as shown in Figure 4.2.  

 

 

Figure 4.1 Temporal evolution of the UV-Vis extinction spectra of the Au derived 

nanomaterial synthesized at F = 1.3 J/cm2 and different values of cNaOH, ranging from 

0,02 mmol/L to 20,0 mmol/L.  The figure highlighted, is relative to the condition of best 

stability, with almost no aggregation after more than 90 days. 

 

In Figure 4.2 we document, by the use of photographs, the stability of the 

different colloidal solutions with the passage of time. 
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Figure 4.2 Photos showing the color aspect of the colloids of Au derived 

nanomaterials with passage of time, synthesized at different values of  cNaOH. 

 

In Figure 4.3 we finally report the temporal evolution of UV-Vis extinction 

spectra of the Au derived nanomaterial synthesized at cNaOH = 2,0 mmol/L and 

different values of  F. The total time of ablation necessary to reach an extinction 

value of ~ 1,  was 45 min, 180 min, and 520 min, for fluences of 0.3 J/cm2, 0.6 

J/cm2, and 1.3 J/cm2, respectively. Interestingly, the low fluence samples show 

impressive stability, and also Ostwald ripening was almost not observable.   

In Figure 4.4, we also report the comparison in the ablation efficiency 

depending on the value of F, expressed in terms of the value of optical extinction 

reached in the different experimental conditions by a PLA process of about 45 

minutes.   
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Figure 4.3 Temporal evolution of the UV-Vis extinction spectra of the Au derived 

nanomaterial synthesized at cNaOH = 2,0 mmol/L and different values of  F.  The smaller 

fluence of  F = 0.3 J/cm2 correspond to the threshold PLA value for Au target [169]. 

 

 

Figure 4.4 Optical extinction value of the Au derived nanomaterial at LSPR,  

synthesized in a time tPLA = 45 min using different values of F.  
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Hence, we can conclude that in the case of Au derived nanomaterial, the best 

method to obtain high stable colloidal dispersion, is the use of a low value of 

fluence, with 0.06 mmol/L < cNaOH < 12,0 mmol/L. 

 

4.2.                                                                                                                

Characterization of the Au derived nanomaterial (dimension, lspr, 
charge, total carbon) 

Figure 4.5 show TEM images, statistical size distribution, and the 

corresponding UV-Vis spectra of the Au derived nanomaterial, synthesized at cNaOH 

= 0,02 mmol/L (a,b) and 2.00 mmol/L (c,d). Due to the low stability of the samples 

synthesized at a lower value of cNaOH, in this case, the deposition on the TEM grid 

was performed immediately after the end of the PLA process, and with the grid-on-

drop (GOD) method described in Section. 3.  

As is visible from Figure 4.5, the Mie theoretical fit perfectly overlaps with 

the experimental data, with the exclusion of a progressive blue-shift of the localized 

surface Plasmon resonance (LSPR) peak for higher values of cNaOH. Hence, for the 

best overlap between the experimental and theoretical spectra, the latter have been 

opportunely blue-shifted.  

In Figure 4.6, we show the evolution of the UV-Vis spectra and the dimension 

of the nanomaterial depending on both the NaOH concentration and fluence . The 

linear dimensions, as explained in the theoretical Section 2.2.3.3, are linked to the 

value of the ratio of [325, 326] the extinction at 440 nm and 520 nm, which is 

smaller for the higher concentration of NaOH and lower values of F. In the latter 

case, the values of the statistical mean radius have been accomplished only 

theoretically, without experimental comparison with the TEM statistical 

distribution.  
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Figure 4.5) TEM images of the Au derived nanomaterial synthesized at F = 1.3 

J/cm2 and in a) cNaOH = 0.02 mmol/L, c) cNaOH = 2.00 mmol/L and e) cNaOH = 8.00 mmol/L 

. The electron acceleration voltage was 80 keV. The inset represents the experimental 

statistical size (radius) distribution. The UV-Vis extinction spectra of the corresponding 

colloidal dispersion are represented in (b), (d) and (f). The grey dotted lines represent the 

Mie fit obtained in the multipolar approximation using the experimental size distribution 

shown in (a), (c) and (e). 
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Figure 4.6 the UV-Vis extinction spectra of the colloidal dispersion of Au derived 

nanomaterial synthesized at different values of  CNaOH  (a) and F (b). In the figure are 

highlighted the optical extinction around 440 nm and the spectral blue-shift. 

 

The spectral appearance of the Au nanomaterial depending on the 

experimental conditions (CNaOH, F) is represented in Figure 4.7. 

We also did a comparison between the UV-Vis experimental spectra of the 

Au based nanomaterial derived by PLA using the different laser pulse frequencies 

(first harmonic laser pulse) and 2(second harmonic laser pulse). The 

normalized extinction spectra for both wavelengths is reported in Figure 4.8. The 

samples were ablated using a fluence of 1.3 J/cm2, at CNaOH = 2.00 mmol/L.  

 

Figure 4.7 Color aspect of the Au derived nanomaterial depending on the 

experimental conditions (CNaOH, F), where the direction of the arrow corresponds to 

increasing values in CNaOH or F. 

 

As reported in the literature, the size of AuNPs synthesized by  frequency 

pulses is of the order of tens of nm [327], and the 2 frequency pulses are mostly 

used to perform fragmentation of the NPs pre-synthesized at the fundamental 

frequency. Most of the research was and is in fact dedicated to the control of the 

dimensions of the AuNPs by post-irradiation processes at different wavelength 
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[141, 328], obtained by the introduction of opportune surfactants [325, 326, 329], 

to guarantee the stability of the nanomaterial, and the control on the recombination 

of the metal clusters produced during the fragmentation of the gold core [326]. 

Hence, a few studies were focused and dedicated to the control of the 

physicochemical properties of AuNPs synthesized in water with the simple addition 

of salts or hydroxides [20, 80, 128], principally by the use of pulses at the second 

harmonic frequency. 

When a colloidal dispersion of AuNPs is irradiated by laser pulses at the 

wavelength of 532 nm, neutral or charged gold clusters are produced, and a 

continuous simultaneous fragmentation and recombination into new reshaped 

AuNPs occurs, caused by the resonance between the laser pulse and the LSPR band 

of the nanomaterial [141, 330].  

 

Figure 4.8 UV-Vis extinction spectra of the Au derived nanomaterial synthesized 

at the laser pulse frequencies ω and 2ω, in the same experimental condition ( F = 1.3 

J/cm2, CNaOH = 2.00 mmol/L). 

 

An interesting work of Mafune et. al. [331], shows how the dimension and 

aggregation of AuNPs pre-synthesized at the fundamental frequency, depend on 

both the sodium dodecyl sulfate (SDS) concentration (used as a surfactant and 

stabilizing agent), and the fluence of the pulses at the 2 frequency, used to make 

a post-irradiation with 12,000 laser shots. The results of cited work are resumed in 

Figure 4.9, which shows (as 2D color map) the intensity of the agglomeration band 

at the wavelength of 800 nm observed in the experimental UV-Vis spectra, due to 

the formation of bigger nanoparticle and complex nanonetworks.  
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Figure 4.9.  2D color map representing the intensity of the agglomeration band at 

the wavelength of 800 nm observed in the experimental UV-Vis spectra of AuNPs pre-

synthesized at the fundamental frequency . Both the sodium dodecyl sulfate (SDS) 

concentration (used as a surfactant and stabilizing agent), and the fluence of the pulses at 

the 2 frequency, used to make a post-irradiation with 12,000 laser shots, have a clear 

effect on the optical and morphological properties of the final NPs. Adapted from [331]. 

 

When SDS is absent, as in our case, the irradiation by 2 frequency pulses 

with a fluence lower than ~ 1 J/cm2 leads to not agglomerated NPs, as we observed 

in our experimental study. Increasing of the fluence is accompanied by the 

formation of bigger NPs, and also aggregates in the form of nanonetworks.  

The day after the synthesis by PLA, we performed a post-irradiation 

experiment on the samples in the range of fluence between 0.1 J/cm2 and 0.4 J/cm2, 

and verified that differently from what reported in the literature [141], it was not 

possible to modify the extinction spectra of the Au derived nanomaterial, with a 

further decrease of the size of the nanomaterial and photobleaching effect [332], 

with a perfect balance between fragmentation and recombination effects [325]. 

This unicity may be associated to the experimental parameters used to 

perform PLA in our research, which is different from all other works reported in 

the literature. The particularity of our study stands in both the introduction of 

NaOH, the irradiation with unique 2 laser pulses, the fixed position of the laser 
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pulse over the target, and the long ablation time, where only 2 ml of liquid were 

irradiated for about 45 to 50 minutes.  

In Table 4.1 we report the complete analytical characterization of the samples 

synthesized at F = 1.3 J/cm2, for different values of CNaOH. In the table, cAu is the 

metal concentration, -represents the surface potential, LSPR is the wavelength of 

the LSPR resonance, TC0 is the total carbon of the water solution used to perform 

the ablation, and TC represents the increment (when different from 0) of the TC 

during the PLA process of the metal target. Here, we highlight that PLA was 

performed in the open air, so that CO2, continuously diffuses into the liquid 

environment, and in order to correctly measure TC we used the experimental set-

up shown in Figure 3.2 a. In this case, one ablation line is occupied by the NaOH 

water solution with the Au target, while in the second one is simply put the aqueous 

NaOH solution, without any target. In both cases, the focusing condition was the 

same as reported in  

 

Table 3.2. At the end of the PLA processes, the TC of the two samples are 

measured, and TC is calculated. 

Information from different characterization techniques is contained in Table 

4.1. The matching between the experimental and theoretical values of the metal 

concentration tells us that the degree of the oxidation of the NPs is low and that the 

TEM images shown along the text are really representative of the whole samples. 

The theoretical value of AuNPs concentration were calculated using the Mie theory, 

as explained in detail in Section 2.2.3.2.  The MatLab based code used for the 

simulations and fit is reported in Appendix A.1. The mean values and 

corresponding standard deviations have been calculated considering tens of 

samples measured along the past 4 years. 

 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



124 

 

 

Table 4.1 Complete analytical characterization of the samples synthesized at 

F = 1.3 J/cm2, for different values of CNaOH. 

 

What it is surprising in Table 4.1, is the detection of a positive variation of 

the total carbon TC for higher values of cNaOH. The latter observation, indicates 

that the CO2water / CO2air equilibrium is broken during the PLA process, suggesting 

that chemical transformations to the gas are occurring in the liquid environment.   

A higher concentration of NaOH, acting as the CO2 carrier in the liquid 

environment, lead to noble MeNPs with a smaller radius, allowing the control of 

both the dimension and LSPR position of the NPs.  

The Au derived nanomaterial, is characterized by a progressive blue-shift of 

the resonance down the wavelength of 512 nm, in contrast with the Mie´s theory, 

on which basis we expect a minimum value of LSPR  near about 521 nm [210]. 

Hence, the observed values smaller than this wavelength, cannot be simply 

explained by a variation in the size. The keys to the interpretation of the observed 

blue shift are equations (2.16) and  (2.38).  The first one represents the Fröhlich's 

condition, which may predict a blue-shift down 520 nm of the LSPR peak of the 

AuNPs in case they are surrounded by a media with a refractive index smaller than 

water, such as gases. The second equation represents instead the effect on the LSPR 
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wavelength of the electron transfer from an external ligand to the metalcore. As it 

will be clearer from the SERS spectroscopy and HRTEM results shown in Section 

4.3, both carbon monoxide (CO) and traces of sp-hybridized carbon material are 

detected over the surface of the Au derived nanomaterial. In both cases, the 

participation of the CAWs electrons to the plasma oscillation and the π-back 

bonding in metal–CO system [213], enhances the number of available conduction 

electrons in the d-band of Au, participating to the observed blue-shift, as already 

explained in Section 2.2.3.3. 

In Figure 4.10, we report the blue shift in  LSPR with increasing TC0 and 

decreasing F. The TC0
 gets higher with the content of NaOH, due to the increasing 

CO2 absorption capability of NaOH aqueous solutions [333]. 

 

Figure 4.10. Dependence of the central position of the LSPR band (LSPR) on (a) 

TC0 (i.e CNaOH), and the fluence F (b). 

 

4.3.                                                                                                               

Characterization of carbon nanomaterial derived from Au target 

4.3.1.                                                                                                                                       

SERS measurements on Au derived nanomaterial 

The presence of solid carbon is firstly detected in the SERS spectra of the Au 

derived nanomaterials (before separation) in dried powder form, represented in 

Figure 4.11. Herein, sp2 carbon collective Raman modes (D and G bands) are 

observable, overlapped with several molecular vibrations.  Also a sharp line is 
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dominant around 2124 cm-1, in the typical spectral region of Au-carbonyl [39], 

which grows more intense with the addition of NaOH, which is our CO2 carrier in 

the water solution. 

 

Figure 4.11 SERS spectra of Au derived nanomaterial in powder synthesized at 2 

with different values of  CNaOH  . As a comparison, we also report the SERS spectra of the 

samples obtained by the use of laser pulses at the frequency blue curve), for CNaOH = 

2.00 mmol/L. The excitation wavelength in the SERS measurements was 638 nm. 

 

Due to the presence of high-intensity molecular features, the detailed 

structure of the D and G band of sp2 carbon, which is important in order to identify 

graphitic or amorphous carbon structures, could not be identified, and high-

resolution transmission electron microscopy was used for such identification.   

A possible interpretation of the molecular features of the SERS spectra shown 

above, together with the one obtained from the powder of the Ag derived 

nanomaterial, is reported in Section 7, taking in account the CO2/C reduction 

occurring during the PLA process.  
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4.3.2.                                                                                                                                          

TEM Measurements 

We report in the following the detailed analysis of the Au derived 

nanomaterial by HRTEM, where the most significant images were selected.    

As explained in the introduction section, we found three different populations of 

carbon-based nanomaterial with different compositions and structures. The most 

concentrated species, visible only before the separation process, were the Au@Cy 

NPs. After the separation processes described in Section 3, we detected both CQDs, 

and Cy@AuNWs. The latter, differently from the CQDs, were not easy to be 

detected on the TEM grid, demonstrating that the synthesis of the carbynoid NWs 

is secondary to the production of CQDs.  

The images of the Cy@AuNWs and CQDs were taken from samples after the 

separation process based on concentration by heating, followed by a filtering 

process of 0.2 m, as described in Section 3.  

 

4.3.2.1                                                                                                                                           

Au@CyNPs 

 

In Figure 4.12, we report the HRTEM images of the Au@CyNPs. The interline 

spacing in the core of the NPs are typical of metallic gold, with the distances of near 

to 0.23 nm and 0.283 or 0273 nm corresponding to the (111) and (110) planes, 

respectively [20, 39, 334]. 

Some of the NPs appears surrounded by a thin layer of carbon nanomaterial, 

with the interplanar distances of 0.44 nm, 49 nm, and 0.91 nm, corresponding to 

the planes (110), (100), and (001) of carbynoid material [20, 40], respectively. The 

thickness of the carbynoid shell seems to be proportional to the dimension of the 

metallic nuclei so that it was not possible to observe the formation of the crystal 

carbon structure on the typical smallest Au cores.  
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Figure 4.12 (a,b) HRTEM of Au@Cy NPs synthesized  at CNaOH = 0.06 mmol/L. 

(c) A few agglomerated NPs, synthesized at CNaOH = 2.00 mmol/L. The electron 

acceleration voltage was 80 keV.  

 

4.3.3. CQDs 

Figure 4.13 a and b represent the ensemble of the CQDs derived CO2/C from 

Au target, at TC0 of 3.5 ppm and 18 ppm, respectively. A variation of <R> from 

1.7 nm to 2.4 nm is observed depending on TC0, indicating that the last parameter 

has a small influence on the structure of the CQDs, at least in the investigated range 

of concentration.  

The EDX spectra in the inset of TEM images shows the presence of C and O 

atoms, and residues of Na coming from NaOH. Interplanar distances of 0.33 nm, 

0.21 nm, and 0.18 nm, relative to the planes (002) [335, 336], (100) [270, 337] and 

(102) [338] of graphitic carbon, were observed in the samples by HRTEM.  

Together with the small CQDs, we also observed sparse bigger carbon 
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nanoparticles, both in circular and carbon-onion (CO) structure [338], as 

represented in c and Figure 4.13 d, respectively   

 

 

Figure 4.13 TEM images of the CQDs derived by CO2/C with Au target, 

synthesized at TC0 = 3.5 ppm (a), and 18.0 ppm (b). In the inset are shown the statistical 

size distribution of the nanomaterial and the corresponding EDX spectra. c,d) Sparse 

bigger carbon nanoparticles, both in circular and carbon-onion structure. The electron 

acceleration voltage was kept at 80 keV. 
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4.3.4.                                                                                                                                  

Cy@Au NWs 

Various regions of the Au derived samples were recognizable by ensembles 

of carbon nanowires decorated by AuNPs (Cy@AuNWs), as represented in Figure 

4.14 a,b,c. The inset in the latter represents the EDX spectra of the Au-carbon 

nanocomposites, where Au, C, and O appear as the most abundant elements, 

together with Na residuals. Figure 4.14 (d) reports the statistical distribution of the 

longitudinal (L) and transversal (W) dimension of the Cy@AuNWs, centered 

around 101 nm and 16 nm, respectively. These dimensions are similar to the results 

reported in [40], although the presence of structures bigger than 200 nm cannot be 

excluded, taking into consideration the filtering step in our separation process. In 

fact, the existence of bigger Cy@AuNWs is demonstrated in  Figure 4.14, 

representing a low-resolution TEM image of isolated NWs detected before the 

separation processes. 

     HRTEM images of typical isolated Cy@AuNW are presented in Figure 4.15 (a-

d), where are highlighted the interplanar distances of 0.91 nm, 0.91 nm, 1.00 nm,  

corresponding to the c-axis of the nanocrystal [40]. The Cy@AuNWs are grown 

around small AuNPs, which seems to play the role of nucleation sites of the 

carbynoid crystals, and are known to preserve their stability against oxidation 

process and sp to sp2 conversion [41, 339].  Figure 4.15 f). represent the selected 

area electron diffraction (SAED) pattern and HRTEM of another Cy@AuNW, 

showing the interplanar distances of 0.91 nm, 0.51 nm, and 0.26 nm along the (001), 

(100) and (203) planes of the nanocrystal, respectively [11, 20, 40, 340]. 
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Figure 4.14 a) TEM and STEM (b,c) images of the Cy@AuNWs derived by 

CO2/C with Au target, synthesized at TC0 = 18.0 ppm and F = 1.3 J/cm2. The inset 

in (c) shows the corresponding EDX spectra. (d) Statistical log-normal 

distribution of the longitudinal (L) and lateral (W) linear dimensions of the 

Cy@AuNWs. e) TEM image of  Cy@AuNWs before the separation process, 

demonstrating the existence of carbynoid structures bigger than the filter pores. 
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Figure 4.15 (a)-(d) HRTEM images of the Cy@AuNWs derived by CO2/C with Au 

target, synthesized at TC0 = 18.0 ppm and F = 1.3 J/cm2.  The images were taken at an 

acceleration voltage of 80 kV. e) Bright-field (BF) TEM image of an isolated 

Cy@AuNWs and f) the corresponding SAED pattern.  

 

     It is worth noting that the application of a low accelerating electron voltage 

of 80 kV it was not an option, but was verified to be essential to avoid sp-sp2 

conversion of the soft carbynoid nanomaterial, Figure 4.16 (a) show the HRTEM 

image of an Au@CyNCs taken at 300 kV. When using this acceleration voltage, 
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we were not able to observe the typical interplanar distance of the carbynoid 

nanomaterial around the gold core. In this case, the shell appeared or as amorphous 

carbon, or as sp2 carbon material, with the typical interplanar distance of 0.33 nm. 

In order to confirm our hypothesis, in Figure 4.16 (b,c) we show the variation of the 

interplanar distance along the c-axis during the electron irradiation at 200 kV. 

During the time, the interplanar distance passes from the typical values around ~ 

1nm, to smaller values, with final amorphization.   

 

 

Figure 4.16 a) HRTEM image of an Au@Cy NP taken at an acceleration voltage of 

300 KV. There is no trace of sp hybridization in the carbon shell of the NCs. (b,c) Change 

of the interplanar distance along the c-axis of the Cy@AuNWs during the irradiation at 

the electron acceleration voltage of 200 kV. 

 

In order to enhance the content of the Cy@AuNWs in the samples, we also 

prepared samples by the use of a PTFE (polytetrafluoroethylene) membrane filter 

with relatively bigger pores of (0.45 m). Unfortunately, the observed sample was 
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too much concentrated, and was not possible to distinguish the different carbon-

based nanostructures. Anyway, we observed the consistent presence of big 

amorphous carbon wires, as represented in Figure 4.17. In this case, the 

measurements were taken at 200 kV, and constant degradation was observed on the 

nanostructure.  

 

 

Figure 4.17 Amorphous carbon NWs observed after performing the separation 

process with a filter of 0.4 m. The acceleration voltage of 200 kV provoked the real time 

degradation of the carbon nanostructures.   

 

So we found Au@cy NPs, Cy@AuNWs, CQDs and some amorphous carbon 

in the TEM images. The CQDs and Cy@AuNWs can be observed very well after 

separation. 

4.4.                                                                                                                                         
Surface Composition of the CQDs Obtained by CO2/C with Au Target   

The surface composition of the CQDs obtained by CO2/C with Au target and 

separated by heating and filtering, was investigated by SERS, FTIR and XPS 

spectroscopies. We do not show the results of SERS spectroscopy, performed at the 

Department of Energetic of the Politecnico of Milano, since the concentration of 

CQDs was too low in order to observe the signal of the collective Raman modes.  
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In Figure 4.18 a,b we show the FTIR and the C1s XPS spectra of the CQDs 

after the dialysis process, respectively.  The FTIR spectra is characterized by typical 

bands of oxygen-rich CQDs.  At 464 cm-1, 1409 cm-1, 1590 cm-1, and 1650 cm-1, 

we observe the bands associated to the bending, symmetric and anti-symmetric 

stretching COO), together with carbonyl (C=O) stretching in carboxylic groups 

[341–344]. The most intense band at 1035 cm-1 is associated to (C-O-C) 

antisymmetric stretching of epoxide groups on the CQDs [345], covering a shoulder 

around 1220 cm-1 associated to the (C-OH) stretching of hydroxyls group, just as 

the broad (OH) band centered at 3380 cm-1 [345–347]. Other minor characteristic 

bands are (C=O) of carbonyl at 1720 cm-1 [346] and (CH) around 2920 cm-1.  

The XPS spectra confirms the results of FTIR spectroscopy. The most intense band 

at 284.4 eV is associated to the C-C/C-H content, while the bands at 286.0 eV, 

287.8 eV, 289.4 eV are associated to C-O-C(epoxide)/C-OH(hydroxyl), C=O 

(carbonyl) and O-C=O (carboxyl), respectively [292, 348, 349]. Interestingly, we 

notice also the contribute of the -Plasmon peak (shake-up) of -* transitions at 

290.8 eV, which indicates the presence of -electrons rich materials, and enhanced 

order of the graphitic structures [350]. 

 
Figure 4.18 FTIR (a) and C1s XPS (b) spectra of the dialyzed CQDs derived from 

Au target by CO2/C. 

 

To facilitate the reader in the visualization of the surface chemistry of the Au 

derived CQDs, in Figure 4.19, we report the schematic representation of all the 

chemical groups detected by FTIR and XPS spectroscopy on the surface of the 

carbon nanoparticle, together with a scheme (f) representing the external surface of 

the CQDs.  
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Figure 4.19 Schematic representation of all the chemical groups detected on the 

surface of the carbon nanoparticle: (a) epoxide, (b) hydroxyl, (c) carbonyl, (d) carboxylic 

acid, (f) all the groups. 

 

4.5.                                                                                                                                                         

PL of The CQDs obtained by CO2/C with Au target   

4.5.1. Steady-state PL 

In Figure 4.20 (a) we report the extinction, excitation, and photoluminescence 

spectra of the emissive carbon nanomaterial derived from Au for different total 

carbon concentrations. Two peaks in the excitation spectra near to 315 nm and 265 

nm have been observed, while in the UV-visible extinction spectra two clear 

extinction bands at about 225 nm and 265 nm are present. For UV extinction 

spectra, pure water is used as a blank to correct the background.  The extinction 

band near 225 nm represents π–π* transition of aromatic sp2 domains in the 

graphitic core of the CQDs [351, 352], while the absorption near 265 nm might be 

associated with the n-π* transition of C=O on carboxylate CQDs [353]. The relative 

surface density of the CQDs and Cy@AuNWs during TEM investigation suggests 

that the population of the NWs is substantially negligible if compared with CQDs 

so that the contribution of the carbynoid NWs to both the extinction and emission 

spectra is negligible. 

It was observed that neither the total carbon TC, nor the wavelength or fluence 

of the laser pulse during the synthesis Figure 4.20 influence the position of the 
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excitation and emission band, centered around 415 nm, but only on the intensity of 

the corresponding PL.  Moreover, for all the analyzed samples we find that the 

spectral position of the PL band has a weak dependence on the wavelength of the 

excitation radiation (5 nm shift), as reported in Figure 4.20 (c). This characteristic 

is quite rare in CQDs [354], and suggests a carbon core contribution to the overall 

PL, with the possible presence of single energy level surface states [268, 270]. 

 

Figure 4.20  a) Extinction (orange continuous line), excitation (cyan dotted line), 

and photoluminescence emission spectra (black lines) of the CQDs derived from Au 

target, synthesized at different values of TC0: 3.5 ppm (dotted), 18.0 ppm, and 25.3 ppm.  

b) PL spectra (normalized to the ablation time) of the Au derived CQDs synthesized by 

the laser pulse  and 2 laser pulses. c) Dependence of the PL spectra on the excitation 

wavelength. The PL spectra were excited at the wavelengths of 300 nm (black line), 315 

nm (grey line), and 330 nm (light gray line). d) Dependence of the PL spectra on the 

value of F used during the PLA of the Au target by F = 60 J/cm2 (gray line) and F = 2.6 

J/cm2 (black line), where the laser pulse sport size on target was constant. The dotted grey 

line represents the PL curve normalized to the ablation time. 
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As explained in Section 3, different methods were used for the separation of 

the CQDs. In Table 4.2 we resume the performance of each method in terms of its 

feasibility and the residual metal concentration CAu. 

 

Table 4.2 Concentration of gold (CAu ) in the solution after separation of CQDS 

from Au-derived nanomaterial 

Method of Separation CAu (ppm) Comments 

None 80.3 We cannot observe PL in presence of AuNPs 

 

Amalgamation and 

subsequent 

centrifugation. 

110
-2

 16 ppm and 0.3 ppm of mercury and gold are 

found after separation. The concentration of 

both mercury and gold decreased to 6 ppm and 

0.01 ppm after centrifugation. It is a method 

with a high risk of toxic metal contamination.  

Good PL. 

 

precipitation by 

dialysis and 

centrifugation 

 

5.1 The PL intensity was visible but very low.  

precipitation by salt 

and subsequent 

Dialysis 

 

110
-1
 good PL, but we lose CQDs during the dialysis 

process and relatively time more consuming at 

least 1 week. 

 

electromagnetic 

induction 
510

-2
 good PL, clean, cheap method, only need few 

hours 

 

Heating and filtering 210
-2
 good PL, clean and cheap method, can 

finished in one day but very easy. 

 

      

The concentration by heating, followed by filtering, was selected as the default 

separation method for its simplicity, because it is cheap, clean, and give a relatively 

good PL.  

As represented in Figure 4.21, the residual gold concentration might also be 

detected by LSPR resonance monitoring. We found that a final metal concentration 

of 3.61 ppm, provokes approximatively the same quenching on the PL found for 

the samples with a lower metal concentration (0.55 ppm), as shown in Figure 4.21. 
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Figure 4.21 a) Monitoring of the residual Au concentration by UV-Vis extinction 

spectroscopy. b) Effect on the PL of the residual gold concentration. 

 

4.5.2.                                                                                                                                             

Time-Resolved PL (TRPL) 

As explained in the introduction section, the TRPL measurements on the 

CQDs derived from Au target by CO2/C were performed by the group of Prof. 

Nicola Daldosso, Department of Computer Science from the University of Verona 

(Italy).  

The PL decay was investigated by excitation with 304 nm and 335 nm. The 

decay curves are reported in Figure 4.22 in panel a) and b), respectively. The 

emission wavelength is varied over the whole PL emission band. 

 

Figure 4.22 PL decay curves of CQDs derived from Au target by CO2/C in water. 

a) Excitation at 304 nm. b) Excitation at 335 nm. 

 

 

The lifetime was determined by fitting each PL decay curve with single (𝐼 =

𝐼𝑜 𝑒
−(𝑡/𝜏)), double (𝐼 = 𝐼1𝑒

−(𝑡/𝜏1) + 𝐼2 𝑒
−(𝑡/𝜏2)) and stretched (𝐼 =

𝐼𝑜 𝑒
−(𝑡/𝜏)𝛽,with the stretched parameter) exponential.    
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Figure 4.23 shows two representative decay curves, for 304 nm and 335 nm 

excitation, with emission at max. The fitting exponentials and the obtained 

parameters are reported. As it can be observed, the curve that better fits the data 

of PL decay is the double exponential, which has been used for the definitive 

results on the life-time.  

 The possible presence of surface states mediating the electron-hole 

recombination was investigated by TRPL measurements over selected spectral 

regions inside the CQDs emission band. The multi-emission TRPL spectra were 

excited at both the wavelength of 304 nm and 335 nm. The corresponding results 

of the life-time , are reported in Table 4.3.  where I1 and I2 are constant for any 

investigated emission wavelength, and we obtained I1=1.0±0.2 e I2=0.4±0.1  

 

 

Figure 4.23 PL decay curves of CQDs derived from Au target by CO2/C in water. 

(a) Excitation at 304 nm at max. (b) Excitation at 335 nm at max. The fitting 

exponentials and the obtained parameters are reported. 

 

a) 

b) 
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We obtained similar results for different excitation wavelengths, concerning 

both the lifetime values and their dependence on the emission wavelength. The 

average lifetime value increases as the emission wavelength increases. As an 

example, the value of the constants 1 and 2 at the emission wavelength of 415 nm 

with excitation of 304 nm was 4.1 ns and 8.9 ns, respectively. 2 has a very small 

increase, while 1 has a clear increase depending on the emission wavelength. The 

opposite behavior is expected by direct electron-hole recombination processes [268, 

355], and the results suggest that the emission of our CQDs is mostly associated 

with surface states (surface trap states) with two different lifetimes.   

 

Table 4.3 Decay parameters as a function of the emission wavelength for the best fit (i.e. 

the double exponential). 

 

 

The quantum yield (QY) of the CQDs was evaluated by the comparative 

method [287], as described in Section 3.7. The results are obtained by calculating 

the slopes of the lines represented in Figure 4.24,  where the integrated PL area is 

reported as a function of the sample absorbance, for CQDs and Rhodamine, used 

as a standard reference. By considering the maximum and minimum slopes that 

better fit the QCDs data, we obtained a QY of about 45%. 

The full width half maximum (FWHM) of the emission is of the order of ~ 

45 nm, quite smaller than the typical FWHM reported for other kinds of CQDs 
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soluble in water emitting in the visible region, which is in the range between 80 nm 

and 110 nm [286, 356, 357]. 

The measured value of the QY is, at the best of our knowledge, one order of 

magnitude higher than the typical values reported for luminescent carbon 

nanomaterials synthesized by both one or even two-step PLA processes [37, 292, 

293]. 

 

Figure 4.24 QY determination. Integrated PL area (at the FWHM) in 

function of the sample absorbance, for CQDs obtained from CO2/C 

reduction by Au and Rhodamine. 

 

     Such a low FWHM and high QY may be associated to the different source 

of carbon atoms in CO2/C assisted synthesis [292, 358]. In traditional PLA, the 

atoms constituting the nuclei of the upcoming NPs are ejected from the solid carbon 

target in multiphase form, such as vapors, liquid, solids pieces, which after 

condense together giving rise to a quite broad size distribution [292, 358]. In CO2/C 

assisted synthesis, the building elements of the carbynoid NWs and CQDs might be 

‘C2’ molecular units [40] or small polycyclic aromatic hydrocarbons [359], and is 

reasonable to suggest that part of the units of nucleation recombine in highly 

ordered structures.  

Another key of interpretation of the results, is constituted by the functional 

groups attached on the surface of CQDs (those are mostly responsible for PL).  In 

fact, the surface states decrease the energy gap of CQDs, and in result the 

probability of electron transition from ground state to lowest exited singlet state 
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may increase. Additionally, the electrons trapped by the CQDs surface states are 

able to quench the non-radiative recombination, and enhance the radiative path 

[341]. 

     The discussion on the carbon nanostructure nucleation process will be described 

in the Conclusions Section. 

 

4.6.                                                                                                          
Application of the Au derived nanomaterial 

4.6.1.                                                                                                                              

Interaction of The Au derived nanomaterial with the copolymer 

pluronic-F127: stability in media with high Ionic force 

The applicability of the Au derived nanomaterial in biomedical applications 

was evaluated by examining their cytotoxicity with different epithelial and 

endothelial human cells, and studying its interaction with the amphiphilic block 

(chemical compound possessing both hydrophilic and lipophilic properties) 

copolymer Pluronic-F127 (PF127). PF127 is commonly used for drug or gene 

delivery [360], and recently has been associated to metal nanoparticles to create 

bifunctional NCs for theranostic  (combined diagnostic  and  therapeutical 

functions), due to its thermodynamic stability, low immunogenicity, and enhanced 

cellular internalization at tumor site [361, 362]. It has been recently approved by 

the Food and Drug Administration for clinical use. In this part of the thesis, the Au 

derived nanomaterial will be named temporarily as Au@Cy NCs (NCs stands for 

nanocomposite). The study with the copolymer PF-127 has two main goals: to 

assure the stability of the colloidal dispersion in a high ionic force environment and 

to check the possibility to use the nanomaterials as a drug carrier in photodynamic 

therapy.  

The interaction of PF127 with the NCs has been studied by -potential, 

dynamic light scattering (DLS), UV–Vis, and SERS spectroscopy. The potential 

use of the NCs as Ce6 carrier and sensitization-aid in photodynamic activity driven 

by the LSPR resonance [300, 363] was evaluated.  
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The Au@Carbynoid/PF127 NCs were obtained by incubation of the laser-

ablated material using the copolymer at different concentrations (0.03–0.6 mg/mL 

or 2.4–48 lmol/L).  

In Figure 4.25, it is shown the dependence of the surface charge, 

hydrodynamic radius, and spectral stability of the Au derived nanomaterial on the 

concentration of PF-127. No variations are observed for concentrations higher than 

0.3 mg/ml, indicating that the interaction between the two species is saturated. As 

visible in the (c) panel, for this value of concentration, no distortion of the LSPR 

band is observed in a 0.15 M NaCl water solution, indicating that the colloidal 

solution of NCs can be used in biological applications without the risk of 

agglomeration and precipitation. 

 

Figure 4.25 (a) -potential and LSPR wavelength, (b) hydrodynamic diameter and 

polydispersity index (PI) of the Au@Cy/PF127 NCs in the function of the concentration 

of the copolymer. (c)UV-extinction spectra of Au@Cy/PF127 NCs in a 0.15 M NaCl 

water solution with different concentrations of PF127. (d) Extinction spectra of pellets 

and supernatant after centrifugation of the colloidal dispersion of NCs with copolymer at 

the reference concentration of 0.3 mg/ml. 
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4.6.2.                                                                                                                                     

Effect of the agglomerated Au@Cy/PF127 NCs On the 

photodynamic activity of Ce6 photosensitizer 

 

For photodynamic activity measurements, Ce6 was added to the 

Au@Cy/PF127 colloidal suspension of non-agglomerated and agglomerated NCs 

(agg-NCs). To obtain a colloidal dispersion of agg-NCs with an SPR band 

overlapped with the 650 nm band of Ce6, agglomeration was induced by adding 

100 L drops of a NaCl 5 mol/L solution to the fresh synthesized colloidal 

dispersion of NCs. The agglomeration was blocked by rapid introduction of PF127 

at a concentration of 0.8 mg/mL, using a global procedure similar as reported in 

[362]. Finally, the sample was centrifuged at 13000 rpm, and the pellets were 

extracted from the solution in the agglomerated form. on Figure 4.26, we represent 

the TEM images of the agglomerated Au@Cy/PF127 NCs before and after the 

centrifugation process. 

 

 

Figure 4.26 TEM image of the Au@Cy/PF127 NCs at the reference concentration 

of PF127. a) Before centrifugation. b) After centrifugation. 

 

Photodynamic activity of Ce6 loaded Au@Carbynoid/PF127 NCs was 

demonstrated using both isolated and agglomerated NCs. Figure 4.27 a and b show 

respectively the extinction spectra and HRTEM image of the aggregated 

nanocomposites (agg-NCs). The SPR band is widely broadened, with a good 

overlap with S1 singlet state of the photosensitizer. In fact, as evident from the 
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HRTEM image, the NCs are in a well-defined agglomerated state, with dimensions 

ranging between 20 nm and 50 nm, and consequent redshift and broadening of the 

SPR band due to near field interaction. The comparison of the photodynamic 

activity of Ce6 in PF127 solution and isolated or agglomerated Au@Cy/PF127 NCs 

is reported in Figure 4.27. The concentration of Ce6 in each case was about l mol/L 

and was determined spectrophotometrically. Singlet oxygen production by 

illuminated Ce6 is proportional to the decrease in the 1,3-diphenylisobenzofuran 

probe (DBPF) absorption at the wavelength of 418 nm, indicated with parameter 

A = (A0 - A). Figure 4.28 shows the decrease of DPBF absorbance normalized to 

the concentration of photosensitizer [Ce6] in each sample. It can be noted that 1O2 

production by Ce6 in presence of Au@Carbynoid/PF127 NCs is similar to that in 

PF127. The presence of aggregated NCs, however, increases the 1O2 production, 

similarly as reported in [362]. 

 

 

Figure 4.27 a) Extinction spectra of the agg-NCs. The dashed line represents the 

central wavelength of the optical source used in photodynamic activity measurements. 

The inset is the HRTEM image of a single agg-NC. b) HRTEM image of the ag-NCs.    
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Figure 4.28 Absorbance decay of DPBF (A0-A) at 418 nm normalized to [Ce6] as a 

function of time. The concentration of the NCs both in the normal (NC) and 

agglomerated state (agg-NC) was about 25 ppm. The concentration of Ce6 was about 1 

mol/L. 

 

4.6.3.Citotoxicity of the Au derived nanomaterial 

   As explained in the Introduction Section, organic material is produced 

during the synthesis of the Au derived nanomaterial, together with the solid carbon 

nanostructures. Here, we put in evidence that the possibility of secondary reactions 

being produced during the PLA of the metal target in water has never been taken in 

account until now in literature [6, 82]. Vice versa, the conviction of its absence is 

commonly the main argument reported by different authors to catalog PLA as 

green-technique and defend the minor cytotoxicity of the nanomaterials when 

compared to the chemically synthesized homologs [8]. Our experimental results 

reveal a completely different scenario and shine a light on the importance to check 

the biocompatibility of nanomaterial obtained by PLA in water. Due to the central 

role of AuNPs in biological and medical applications, the cytotoxicity of the Au 

derived nanomaterial was evaluated in different kind of human cells: skin 

fibroblasts, cheratinocytes (NCTC), human metastatic melanoma (A375-M6), 

dermal microvascular endothelial (HMVEC), and Endothelial progenitor cells 

(ECFCs).  

The cells were exposed to colloidal dispersion of nanomaterial containing 

10µg/ml of Au for 24 hours, and cell viability was monitored with Trypan blue 

assay. Morphologic examination by optical microscopy, showed the internalized 
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metal loads as black areas inside the cells, as represented in Figure 4.29 b) for the 

uptake of the melanoma cells. As shown in Figure 4.29 a), the nanomaterial did not 

exert any obvious cytoxicity on all examined cell lines at the tested concentration. 

 

 

Figure 4.29-  a) Viability histograms relative to the cellular uptake of the Au 

derived nanomaterial by cheratinocytes (NCTC), human metastatic melanoma (A375-

M6), dermal microvascular endothelial (HMVEC), Endothelial progenitor cells (ECFCs). 

b) Optical images representing the uptake of the Au derived nanomaterial by A375-M6 

melanoma cells after 24 hours (bottom panel). The concentration of gold was 10 g/ml. 

 

4.6.4.Gene therapy with Au derived nanomaterial 

The physiological process of forming new blood vessels form preexisting 

vessels is known as angiogenesis and requires a finely balanced equilibrium 

between pro-angiogenic (growth factors, chemokines, angiogenic enzymes, 

endothelial specific receptors, and adhesion molecules) and antiangiogenic factors. 

Historically, abnormal angiogenesis was only implicated in a few diseases, such as 

cancer, arthritis, and psoriasis. However, in the last decades, the contribution of 

insufficient, excessive, and abnormal angiogenesis has been correlated to the 

pathogenesis of many more disorders [38]. Therapeutic angiogenesis can be 

induced mainly by two methods. Either angiogenic proteins or endothelial 

progenitor cells synthesizing angiogenic growth factors can be injected directly into 

a site to stimulate blood vessel growth, or the right genes can be activated to induce 

a signaling cascade that would lead to angiogenesis [364]. However, genetic studies 

have shown that the angiogenic program can be initiated but not completed. Thus, 

there are still many challenges before gene therapy can be applied to clinical 
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settings. The alternative approach to overcome these drawbacks might be engaged 

by nanomedicine, relying on the of use of NPs.  

The present study has surprisingly identified pro-angiogenic properties of the 

Au derived nanomaterial, which is heavily taken by endothelial cells, as visible in 

the optical images reported in Figure 4.30. 

 

 
Figure 4.30 Images acquired with optical microscope for Endothelial cell (ECs) loaded 

with the Au derived material at different metal concentrations (5 ppm, 10 ppm). The 

internalized metal loads into the ECs are identifiable as the dark areas inside the cells. 

 

 

 
 
Figure 4.31 TEM images of the ECs loaded with the Au derived nanomaterial at different 

metal concentrations (5 ppm, 10 ppm). 
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TEM images of the loaded ECs, shown in Figure 4.31, demonstrate that the 

Au derived nanomaterial is well internalized by the cells, and packed in 

phagosomes, without introducing cellular damage for the used concentrations. 

The endothelial cells, loaded with the Au-derived nanomaterials show an 

improved angiogenic phenotype in vitro, such as the enhanced capability to form 

vessel-like structures in the presence and absence of extracellular matrix coating 

(matrigel), as shown in  Figure 4.32. The capillary morphogenesis is enhanced by 

the presence of the Au derived nanomaterial, after only 24 hours. In fact, the number 

of meshes, nodes, and master junctions, is higher after treatment with NPs, 

suggesting a pro-angiogenic activity. Since the encouraging results in vitro, in vivo 

tests have been conducted by the insertion of a matrigel plug assay in mice. Mice 

were subcutaneously injected in the flanks with matrigel containing a mixture of 

pro-angiogenic factors and heparin, and in the presence or absence of the Au 

derived nanomaterial. Indeed, at body temperature matrigel polymerizes to a solid 

gel, which becomes vascularized within 5 days in response to proangiogenic 

substances. In Figure 4.33 are represented the results of the in vivo experiments. 

 

 

Figure 4.32 Optical images of the ECs after 24 hours of treatment by the Au 

derived nanomaterial. The first image on the left, represents the vehicle (control). In the 

down-series, the histograms with the number of nodes, meshes and master junction for all 

the cases. 
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Figure 4.33 Images of matrigel plug removed from nude mice after 5 days. Without the 

nanomaterial (center image), with the Au derived nanomaterial (right image). 

 

As evident from the photos of the matrigel, the quantity of blood vessels 

created by along 5 days, is hugely higher in the case of the injection of the Au 

derived nanomaterial. In literature, there is no mention of the use of metal 

nanoparticles for the enhancement of angiogenesis, so that is not possible to make 

any comparison with pre-existing data. 

Anyway, the SERS measurements reported in Figure 4.10, together with the 

observed blue-shift of the LSPR peak of the Au derived nanomaterial, are coherent 

with the presence of carbon monoxide (CO) absorbed on the surface of the NPs.  

Nitric oxide (NO), hydrogen sulfide (H2S), and CO are at today considered 

as the ‘gas triumvirate’, being an ensemble of gases with huge biological effects in 

both the cardiovascular system and inflammation [365]. 

CO for example, which at high concentration definitively provokes apoptosis 

and death of human cells, is able at low therapeutically doses to provoke a vascular 

remodeling and enhanced angiogenesis [365]. This property has been verified in 

the last decade by the experimentation of different carbon monoxide releasing 

molecules (CORMs), which have the general form of metal-carbonyl species, 

where CO is generally released in the biological environment by light irradiation of 

the CORMs [118].  

 Further investigation is hence needed in order to detect the possible release 

of CO by the Au derived nanomaterial in physiological conditions. The research is 
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actually in progress in the Laboratory of Cell Therapy and Nanomedicine of the 

University of Florence, in order to understand if pro-angiogenic gases such as NO 

and CO are produced during the NPs loading in different kinds of human cells.  

 

4.6.5.                                                                                                                                   

Optical Sensing of methylmercury in Water by CQDs 

Methyl mercury is an organic metallic compound and is generated from 

inorganic mercury through the living microbes existing in different aqueous 

systems. It is highly toxic, even more than other heavy metal ions (Hg2+, Fe2+, Pb2+, 

Cd2+ ) for the human body [366–368]. In literature, carbon quantum dots (CQDs) 

or graphene quantum dots (GQDs) are often used as photoluminescence 

nanosensors for the detection of toxic metal ions or methyl mercury in water  [286], 

where PL quenching generally occurs. The limit of resolution is very low in the 

range of a few ppm [286, 369].   

For the reasons cited above, the CQDs derived from the Au target were tested 

as luminescent nanosensors for the detection of methyl mercury (MeHg). Since the 

NaOH content in the colloidal dispersion of CQDs may shield the negative charge 

of the carbon nanomaterial by positively sodium (Na+) ions, a dialysis process has 

been performed three times prior to the sensing measurements.  

Differently from most of the CQDs presented in the literature, a spectral blue 

shift occurred additionally with PL quenching after interaction with MeHg. The 

limit of detection and sensitivity were measured using the method reported in [286, 

370], and are 18 ppb and 1.3  10-2 nm/ppb, respectively. These values are much 

lower than the ones reported for chemically synthesized graphene quantum dots, 

which are of the order of 60 ppb [286]. The results are shown in Figure 4.34, where 

the measurement were repeated at least five-time,  and the spectral resolution of the 

fluorimeter was set at 0.4 nm.   
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Figure 4.34 PL emission spectra of Au derived CQDs after dialysis in different 

concentration of MeHg. The inset represents the linear change in the wavelength () 

corresponding to the maximum PL emission, depending on the concentration of  MeHg. 

 

4.7.                                                                                                                       

Conclusions  

Differently from all literature available at the moment on the ligand-free PLA 

of gold target in water, we observe the simultaneous synthesis of gold based 

nanostructures together with carbon based material, both in nanostructured and 

molecular form. The latter, are observed as a molecular fingerprint in the SERS 

spectra of Figure 4.10. The possible nature of those organic products in molecular 

form will be discussed in Section 7. 

The solid carbon nanomaterial is detected in the forms of carbynoid 

nanowires supported by gold nanoparticles (Cy@AuNWs), graphitic carbon 

quantum dots (CQDs), and gold nanoparticles partially covered by a shell of 

carbynoid material (Au@CyNPs). The three types of populations cited above are 

not present in the colloidal solution with similar concentrations. Most of the 

colloidal dispersion is constituted by the Au@CyNPs, followed (in terms of 

concentration) by the CQDs, and finally the Cy@AuNWs. Although the 

concentration of the latter is very small, HRTEM images revealed their presence in 

a repeatable way and pointed out to the typical interplanar distances of CAWs sp-

hybridized nanowires, similarly as reported in [40].  
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 In order to better identify the different synthesized carbon structures, 

different low-cost separation techniques have been proposed and tested. The most 

practical, effective, and clean methods were the ones based on electrical induction 

and concentration process by heating (followed by filtering). Anyway, 

independently of the used separation technique, it was not possible to separate the 

CQDs from the Cy@AuNWs. 

The concentration of the latter is too small in order to have proper 

spectroscopic identification in terms of extinction, Raman or PL spectroscopy, at 

least with the infrastructure disposable in Departments of Physics and Chemistry of 

PUC-Rio. For this purpose, different samples containing the mix of CQDs and 

Cy@AuNWs will be analyzed by tip-enhanced Raman spectroscopy (TERS) at the 

InMetro Institute (Rio de Janeiro, Brazil), after proper deposition on SiO2(50 

nm)/Si substrates. In fact, TERS is characterized by the proper nanometer spatial 

resolution needed for the localized excitation and SERS response of the single 

nanowires.  

 The PL of the CQDs is characterized by the highest value of QY (~ 50%) 

reported until now for luminescent carbon nanoparticles obtained by PLA of solid 

targets. The intensity of the PL can be controlled by changing experimental 

parameters such as CNaOH, F, or the frequency of the laser pulse. Anyway, none of 

the cited parameters was effective in the control of the spectral properties of the 

emissive species, characterized by a PL emission in the blue region. The CQDs 

presents the typical chemical groups of oxocarbons carbon dots, which were 

investigated by both FTIR and XPS spectroscopy. TRPL was used to understand 

the nature of the PL, which seems not to have any carbogenyc contribution, and 

mostly depends on the recombination of the electron-hole pairs at the surface states 

of the carbon nanoparticles. 

We also observed that both the size and LSPR of the Au derived nanomaterial 

may be controlled by changing the experimental parameters CNaOH and F. The 

results are coherent with the literature, although a strict comparison cannot be done, 

due to the particular and unusual experimental conditions used to observe CO2/C 

reduction during the PLA process: NaOH is introduced in the liquid environment 

to stabilize the NPs and carry more CO2 inside the solution, the laser-target relative 
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position is kept fixed, and a very long ablation time is considered (45 minutes) in a 

quite small volume of liquid (2 ml) using a quite low value of fluence (from 0.3 

J/cm2to 1.3 J/cm2). 

In fact, there is no mention in literature about the blue-shift in the LSPR peak 

of the Au derived nanomaterial which we observed experimentally. One of the key 

points for the correct interpretation of the spectral blue-shift, is the detection of Au-

carbonyl species in the SERS spectra of the dried powder of the nanoparticles. The 

presence of CO adsorbed on the AuNPs, which has a refractive index minor than 

the water, may in fact be responsible for the observed blue-shift, together with the 

possible formation of the π-backbonding in metal–CO system, with the 

enhancement of the number of electrons participating to the localized plasma 

oscillations. An analog transfer of electrons may also happen from the shell of 

CAWs observed around some of the Au nanoparticles and their metallic nuclei, 

contributing to the overall observed blue-shift.  

The applicability of the Au derived nanomaterial has been tested in different 

applications related to medicine. The mixing of the Au derived nanomaterial with 

the copolymer PF-127 assures stability in liquid with high ionic force. The PF-127 

based nanocomposites present no citotoxicity, at the tested concentration, for both 

fibroblast and endothelial human cells.   

The PF-127 based NCs were firstly tested in photodynamic activity, showing 

that the opportune engineering of the LSPR band of the aggregates can enhance the 

production of singlet oxygen. 

More importantly, the Au-derived nanomaterial greatly enhances the 

capillary morphogenesis of endothelial cells, with interesting potential applications 

in regenerative tissue medicine. The results may be explained by the biological 

activity of the CO absorbed on the AuNPs. The latter, may in fact generate CO by 

the reduction of the CO2 present in the physiological environment, and further 

release the gas into the cells, similarly as it happens in CO-based therapy with 

carbon oxide-releasing molecules (CORMs). In order to understand this 

fundamental point, measurements of NO and CO production in endothelial cells 

charged with Au derived nanomaterial, are being performed in the Laboratory of 

Cell Therapy and Nanomedicine of the University of Florence (Italy).  

As a final remark, in Figure 4.35 we report a scheme representing the different 

‘phase’ regions of the PLA environment (similarly as in the Theoretical Section 2), 
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together with all the principal carbon-based nanostructures which were observed 

during the investigation. 

 

Figure 4.35 Schematic diagram representing the different ‘phase’ regions present in 

the PLA environment, together with all the materials synthesized during CO2/C reduction 

by the use of Au target. M =Metal; L=Liquid; G=Gas. The reaction takes place in the 

interface between the plasma plume and the liquid environment.  

  

As explained in Section 2.2.1, the transportation of the NPs into the cavitation 

bubble happens at the interface between the coldest part of the plasma (red in Figure 

4.35 and the layer of the surrounding vapors of the solvent, and it is immediately 

before and after the collapse of the cavitation bubble that the formed NPs have the 

opportunity to interact with the gases and liquid present in the PLA environment 

and be responsible for chemical reactions leading to the formation of the CO2 

reduction products 
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5                                                                                                                                                    
Ag Derived Nanomaterial 

Different sizes and shapes of AgNPs with different properties can be 

synthesized by PLA in liquid by just varying the material or laser parameters. For 

example, Tsuji et. al. [371] synthesized AgNPs by PLA of a silver target in the 

water at three different wavelengths (1064 nm, 532 nm, and 355 nm), with a 

corresponding change in their sizes. Similarly, R. M. Tilaki et. al. [372], 

demonstrated the effect of solvent on the average size, size distribution, and 

stability of AgNPs.  

These variations in sizes, structures, and properties of NPs in dispersion by 

changing PLA parameters make it a versatile method for the synthesis of AgNPs 

and encourage us to test the PLA process for the production of AgNPs colloids 

with controlled sizes and shapes [373].  

Interestingly, big ( ~ 20 nm) AgNPs having photoluminescence were reported 

recently, where two emission peaks at 399-409 and 440 nm were observed [81]. 

According to them, the luminescence is due to both the radiative decay of LSPR 

and the radiative recombination of the Fermi level electrons with sp- or d-band 

holes. In the cited research, there is no mention about the possible presence of 

carbon nanoparticles or CQDs.  

In the present chapter, we will show that similarly to the case of Au target, the 

ablation of Ag targets in a water environment enriched with NaOH, leads to the 

synthesis of luminescent CQDs, which can be easily separated from the metal 

species by the same experimental procedures reported for the case of Au.  
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5.1.                                                                                                                                              

UV-Vis stability investigation of Ag derived nanomaterial 

The Ag derived nanomaterial in colloidal form was synthesized by PLA of 

silver target in ultra-pure deionized (UPD) water with different values of CNaOH, at 

the frequency 2, and at fixed laser pulse fluence of F = 1.3 J/cm2.  

As for the case of gold, the laser-target relative position was kept fixed, and 

ablation was performed for a minimum time of 45 minutes when considering liquid 

volumes of about 2 ml.  

To study the stability of Ag-derived nanomaterials, UV-Visible spectroscopy 

is used as a primary technique. The time-dependent extinction spectra of the Ag-

derived nanomaterials in the function of the CNaOH in water, are shown in Figure 

5.1.  

 

Figure 5.1 Temporal evolution of the UV-Vis extinction spectra of the Ag derived 

nanomaterial synthesized at F = 1.3 J/cm2 and different values of cNaOH, ranging from 

0,02 mmol/L to 2,0 mmol/L.. The inset in each figure represents the corresponding 

normalized extinction spectra. 
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It can be seen that the Ag-derived colloids are not stable in the first 15 to 30 

days. The colloids synthesized at higher NaOH concentration (up to 2 mmol/L), are 

relatively more stable as compared to lower values of CNaOH. For a 2mmol/L NaOH 

concentration, 18 days were necessary to stabilize the colloidal dispersion, while 

lower CNaOH took 32 days to become stable.  

Oppositely to the Au derived nanomaterials, in this case, the intensity of the 

LSPR peak decreases since the first hour after PLA, instead of growing up. This 

behavior is followed by a well visible broadening of the curve and a progressive 

redshift of the spectra position of the LSPR peak. This behavior can be coherently 

explained by the time-dependent oxidation of the NPs,  which increases the losses 

of the LSPR band, and may create an oxide shell around the NPs [193, 374]. The 

latter phenomena, together with a possible increase in the NPs diameter, may 

contribute to the overall red-shift of the LSPR resonance. 

AgNPs in relatively higher CNaOH (in 2.0 mmol/L) are probably more stable 

(18% decreased) and more red-shifted than the 0.06 or 0.02 mmol/L analogs, as 

they may be subject to a faster oxidation process [193, 374], due to the more suitable 

environment for oxidation.  

 

5.2.                                                                                                                                            

Analytical characterization of the Ag derived nanomaterial 

(dimension, lspr, charge, total carbon, HRTEM) 

Figure 5.2 show TEM images, statistical size distribution, and the 

corresponding UV-Vis spectra of the Ag derived nanomaterial, synthesized at cNaOH 

= 0.2 mmol/L (a), 2.00 mmol/L (b), and 8.00 mmol/L (c). Due to the low stability 

of the samples, the deposition on the TEM grid was performed immediately after 

the end of the PLA process, and with the grid on the drop (GOD) method described 

in Section 3. 
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Figure 5.2 TEM images of Ag derived nanomaterials synthesized in a) 0.02 

mmol/L and b) 2.00 mmol/L, c) 8.00 mmol/L. The inset in each figure shows their 

corresponding statistical size distribution with Lognormal fit, average size <r>, and 

standard deviation. 

 

In Table 5.1 we report the complete analytical characterization of the samples 

synthesized at F = 1.3 J/cm2, for different values of CNaOH, similarly as reported 

for the case of Au target in Table 4.1. In literature [81, 375], redshift occurs in 

LSRP of AgNPs colloids smaller than 15 nm with the decreasing of the size [81]. 

A similar redshift has been observed along our research in Ag derived 

nanomaterials, by increasing CNaOH from 0.02 nmol/L to 2.0 mmol/L as shown in 

Figure 5.3 a) and b), and in Table 5.1. The Ag derived nanomaterials were found to 

be more unstable and in agglomerated form for CNaOH values higher than 2.0 

mmol/L. 
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Table 5.1. Complete analytical characterization of the Ag derived nanomaterial 

synthesized at F = 1.3 J/cm2, for different values of CNaOH. 

C
NaOH

 

(mmol/L) 

TC
0
 

(ppm) 

TC 

(ppm) 


LSPR

 

(nm) 

Radius 

(nm) 

-potential 

(mV) 

C
Ag

 

(ppm) 

210-2 3.5  1.1 < 0.1 392 ± 1 2.6 ± 0.8 -82.0 ± 1 ± 3.7 ± 0.8±.6 

610-2 5.7  1.6 1.1  0.1 393 ±1 2.4 ± 0.9 -93.2 ± 1.5 3.9 ± 0.8 

2.00 19.1  5.3 3.3  0.9 395 ± 2 1.9 ± 0.4 -115.6 ± 5.2 6.2 ± 0.6 

8.00 27.3 6.5 0.9 397 ± 2 5.9 ± 0.5   

 

As represented in Figure 5.3, it was not possible to make a good theoretical 

Mie fit for of the UV extinction band in the case of Ag derived nanomaterial, 

because the theoretical value of the dielectric constant of metallic silver,  does not 

take in account the oxidation of the NPs.  

While a progressive charging of the NPs is expected from literature for higher 

values of CNaOH,  again what it is surprising in Table 4.1, is the detection of a positive 

variation of the total carbon TC for higher values of cNaOH. The latter observation 

indicates that the CO2 (water) / CO2 (air) equilibrium is broken during the PLA process, 

suggesting that chemical transformations to the gas are occurring in the liquid 

environment.   

A higher concentration of NaOH (proportional to TC0), acting as the CO2 

carrier in the liquid environment, leads to noble MeNPs with a smaller radius 

(inside the stability region (0.02 mmol/L< CNaOH < 2.00 nmol/L), allowing the 

control of both the dimension and LSPR position of the NPs. When TC0 is 

increased, contrary to the Au derived nanomaterial, the AgNPs are characterized by 

a progressive red-shift of the LSPR peak, suggesting a more relevant role of the 

oxidation, and the absence of a significant electron transfer from ligands (eventually 

created during the PLA) and the metal-core. 
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Figure 5.3 Normalized extinction spectra of Ag derived nanomaterials synthesized 

in CNaOH = 0.02 mmol/L (black line) and CNaOH = 2.0 mmol/L (gray line). The grey dotted 

line represents the Mie fit obtained in the dipolar approximation using the lognormal fit 

of experimental size distribution shown in Figure 5.3 (b). 
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5.3.                                                                                                    

Characterization of carbon nanomaterial colloid derived from 

Ag target 

5.3.1.                                                                                                                 

SERS measurements on Ag derived nanomaterial 

As in the case of Au, also for Ag, the presence of solid carbon is firstly 

detected in the SERS spectra of the nanomaterial in powder form. In Figure 5.4, 

we report a comparison of the SERS spectra obtained from both Ag and Au 

colloids.   

 

Figure 5.4 SERS response of nanomaterials in solid form synthesized by PLA of 

Au (black curve) and Ag (grey curve) targets with cNaOH = 2.00 mmol/L. The excitation 

wavelength was 638 nm. 

 

For both noble metals, sp2 carbon Raman modes (D and G bands) are 

observable, overlapped with several molecular vibrations. As explained in the 

previous chapter, the overlap prevents the quantitative analysis of the D and G 

bands, so that the amorphous or crystalline nature of the carbon nanostructures is 
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not identifiable by SERS spectroscopy. In the unique case of gold, also a sharp line 

is dominant around 2120 cm-1 in the typical spectral region of Au-carbonyl, as 

explained in Section 4. Interestingly, we notice here that the molecular fingerprint 

overlapped with the carbon collective modes is the same for both Au and Ag 

derived nanomaterials, suggesting that similar molecular organic products are 

synthesized during PLA of both the noble metal targets.  

     To investigate the nature of the carbon nanomaterial (CNM) present in the 

colloidal dispersion, the separation processes described in Section 3.6.5 were 

applied. Differently than gold, after separation the supernatant of the Ag-derived 

nanomaterial still has the presence of a significant quantity of residual metal, as 

confirmed by UV-Vis spectroscopy, HRTEM and EDS, reported in Figure 5.5. 

 

Figure 5.5 a)-b) HRTEM images of the nanomaterial derived from Ag target after 

the separation procedure. In b), the inset represents the EDS spectra confirming the 

presence of silver. c) UV-Vis spectra of the Ag derived nanomaterial after the separation 

process, confirming the presence of a significant concentration of the metal. 
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5.3.2 TEM Measurements 

 

 

5.3.2.1 CQDs 

Figure 5.6 a) and b) represent the two kinds of CQDs derived from the CO2/C 

reduction by PLA of Ag target, at TC0 of 6 ppm and 18 ppm, respectively. As in 

the case of Au, together with small circular nanoparticles, we also observed a few 

and sparse bigger carbon nanoparticles in the form of carbon-onions [338].  

 

 

Figure 5.6 a) TEM image of small spherical CQDs obtained by CO2/C 

process from Ag target. The inset shows the LogNormal fit of the statistical 

distribution with standard deviation <  > and average radius <r>. b) Carbon onion 

nanoparticles. 

 

The dimension of the CQDs, centered around 1.8 nm, is very similar to the one 

obtained by Au target in all the different conditions of NaOH concentration. 

 

5.3.2.2                                                                                                                       

Cy@Ag Nanocrystals 

Although quite rare, it was possible to identify a few carbynoid nanocrystals 

stabilized by AgNPs (Cy@AgNC), together with the CQDs after the separation. 

Those metal-carbynoid NCs are not organized in nanowire (NWs) like in the case 

of Au, but seems to be present as larger crystals, stabilized and grown over 

relatively big AgNPs. The HRTEM images of the rare Cy@AgNCs are represented 
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in Figure 5.7. The inset in the latter represents the EDX spectra of the Ag-carbon 

nanocomposites, where Ag, C, and O appear as the most abundant elements, 

together with Na residuals. Similarly to the case of Au, we observe an interplanar 

distance ranging from 0.93 nm to 0.95 nm in the central region, which would be 

coherent with the central axis  (c-axis) of sp-hybridized materials of the plane (001) 

[40].  

 

 

 

Figure 5.7 a,b) HRTEM image of the rare Cy@Ag NCs. The inset shows the 

corresponding EDX spectra, together with the FFT pattern. 

 

5.4.                                                                                                                                                    

PL of the CQDs obtained by CO2/C with Ag target   

     The PL spectra of the CQDs derived from Ag (CQDs/Ag) and Au (CQDs/Au) 

were compared. As observed in Figure 5.8, the PL intensity of the CQDs/Ag is 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



167 

 

 

much smaller than the PL intensity of the CQD/Au, probably due to the presence 

of the residual silver quenching the corresponding emission. The emission peak 

position in both CQDs/Ag and CQDs/Au is the same, without any spectral 

differences, which can be related to the same surface functional groups and the 

similar sizes of the Ag and Au derived CQDs.   

 

 

Figure 5.8 Comparison of the PL spectra of CQD obtained by CO2/C reduction 

with Ag (grey curve) and Au (black curve) targets. TC0 was 18 ppm for both the samples. 

The PL intensity of the CQDs/Ag has been multiplied by a factor 3. 

 

5.1.                                                                                                                              

Conclusions  

Also in the case of Ag targets, differently from all literature available at the moment 

on the ligand-free PLA of Ag target in water, we observe the simultaneous synthesis 

of silver-based nanostructures together with carbon-based material, both in 

nanostructured and molecular form. The latter is observed as a molecular 

fingerprint in the SERS spectra of Figure 5.4, the same one reported for the Au 

derived samples.  The possible nature of those organic products in the molecular 

form will be discussed later in Section 7. 

      The solid carbon nanomaterial is detected in the forms of carbynoid 

nanocomposites supported by silver nanoparticles (Cy@AgNCs), graphitic carbon 
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quantum dots (CQDs), and silver nanoparticles (AgNPs). The three types of 

populations cited above are not present in the colloidal solution with similar 

concentration. Most of the colloidal dispersion is constituted by the AgNPs, 

followed (in terms of concentration) by the CQDs, and finally the Cy@AgNCs. 

The concentration of the latter is very small; they have been uniquely observed until 

now in the samples synthesized at  CNaOH = 2.0 mmol/L, and it is not clear at this 

stage of the research what are the main experimental factors which might control 

their production rate. Together with the important experimental parameters 

characteristic of the PLA process (NaOH concentration, laser pulse characteristics, 

liquid volume, ablation time), also the quality and details of the separation process, 

and also the quality of the deposition of the separated nanomaterial on the TEM 

grid (too low or too high concentration of the dispersion), may influence the 

detection of such rare carbynoid structures by HRTEM.  

What we can conclude with the actual experimental results, is that such as in the 

case of Au target, the carbynoid nanomaterial is less concentrated between the 

different nanomaterials observed, and is not detectable at the moment by the optical 

spectroscopies used along the research (UV-Vis, SERS, PL).   

     The average size of the AgNPs can be controlled by changing CNaOH, with 

the linear dimension getting smaller when increasing CNaOH from 0.02 to 2.00 

mmol/L. Unlike the Au derived nanomaterial, the synthesized AgNPs become 

stable with respect to oxidations after 15 to 30 days, and a redshift has been 

observed in the LSRP when increasing the NaOH concentration up to 2 mmol/L, 

due to the progressive oxidation of the NPs.  

Indirect evidence of the large oxidation of the AgNPs is the difficulty to 

provoke their precipitation by the induction method, which instead is highly 

efficient for the case of Au derived nanomaterial, due to the low surface coverage 

of the oxides [5].  

The PL of the CQDs/Ag after separation, was very low as compared to the 

CQDs/Au. In fact, a significant concentration of AgNPs is present also after the 

separation procedure, and the corresponding LSPR resonance absorbs most of the 

PL emission. 

     As final remark, in Figure 5.9 we report a scheme representing the different 

‘phase’ regions of the PLA environment (similarly as in the Theoretical Section 2), 
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together with all the principal carbon-based nanostructures which were observed 

during the PLA of Ag targets. 

 

 

Figure 5.9 Schematic diagram representing the different ‘phase’ regions present in 

the PLA environment, together with all the materials synthesized during CO2/C reduction 

by the use of Ag target.   
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6                                                                                                                                             
Fe Derived Nanomaterial  

 

6.1.                                                                                                                      

Separation of the different constituents present in Fe derived 

nanomaterial 

As in the case of PLA on noble metal target (Au, Ag), the ablation of a pure 

iron target in water has been performed with the principal objective to prove the 

CO2/C reduction process, and identify solid carbon nanostructures.  

Iron was the unique transition metal for which we observed the formation of 

luminescent material without forcing the entry of the CO2 in the water solution 

through the NaOH addition. In comparison to the case of the noble metal target, a 

special investigation has been performed using the Fe target. The PLA process has 

been performed not only by irradiation of laser pulses at the fundamental () or 

second harmonic frequency (2) but also by the simultaneous irradiation of  and 

2 frequency laser pulses. In the latter case, unique results were obtained, both in 

terms of dimension of the resulting NPs and also in terms of the PL spectra of the 

associated transparent CNMs.  A possible explication of these experimental 

observations will be presented in Section 7, where we propose our hypothesis on 

the mechanism of the CO2/C reduction happening during PLA. The other 

experimental conditions of the PLA process were similar to the ones used for noble 

metal targets: a fixed laser pulse-target relative position, 2 ml of pure water without 

surfactants or ligands, and a long ablation time (120 minutes in this case) at a fixed 

repetition rate of 10 Hz. 

Another important experimental difference in comparison to the procedures 

used for the Au and Ag derived nanomaterial, is constituted by the metal/carbon 

separation process. PLA of the iron target in water leads in fact to the synthesis of 

magnetic NPs, which can be successfully separated from the non-magnetic (carbon) 
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counterparts by the simple magnetization process. In fact, it is known from the 

literature that PLA of an iron target in water is characterized by the simultaneous 

synthesis of different magnetic phases, such as magnetite (Fe3O4) (in the major 

part), hematite (Fe2O3), wustite (FeO), and metal iron (Fe) [82, 83]. 

In the light of the results from the literature, it is clear that the magnetization 

process is not only effective for the separation of the magnetic and non-magnetic 

(carbon) material, but it is also a powerful method which can be used for the 

selection of magnetic nanoparticles with different sizes and different phases 

(magnetization). In fact, although all iron oxide NPs are superparamagnetic for a 

size smaller than 10-20 nm, their magnetic properties depend on both size and 

composition [376].   

Hence, we decided to give a general definition for the different constituents 

of the colloidal dispersion of the Fe derived nanomaterial, based on the product 

obtained after the application of different separation steps.  Precipitant (FeNPs)pr, 

supernatant (FeNPs)sp, and carbon nanomaterial (CNM) were hence defined 

following the schematic diagram shown in Figure 6.1. 

The Fe derived nanomaterial was first placed for 4 days near a strong 

permanent magnetic bar of 0.25 T (Figure 6.1 b). At this time, the magnet attracts 

a part of the iron oxide-based nanoparticles on the wall of the glass container, which 

we will call precipitant (FeNPs)pr. After the collection of the precipitant in fresh 

deionized water, the nanoparticles which were not attracted in the first 4 days, are 

located for further 10 days in the proximity of the magnet, or heated at 55-60 0C 

degree for 2 hours, with final precipitation. The nanomaterial precipitating in this 

second separation step is called supernatant (FeNPs)sp, and it is further collected 

and finally suspended in fresh deionized water.  After separation of both (FeNPs)pr 

and (FeNPs)sp, the remaining transparent liquid does not present a significant 

quantity of magnetic nanoparticles, and contains in major part the carbon-based 

material (CNM), constituted of carbon quantum dots (CQDs) and eventually of the 

molecular organic compound, synthesized during the CO2 reduction. 
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Figure 6.1 a-d) Different steps of the separation process used to identify and isolate 

the different species in the sample. e) The different species present in the Fe derived 

nanomaterial. An interrogation point has been placed aside the symbol of the molecular 

organic material since its presence has still to be detected. 

 

Before starting the presentation of the experimental activity, we put in 

evidence that the correct interpretation of some of the results still needs further 

investigation, which has been slowed down due to the limited access to most of the 

laboratories infrastructure, due to the spreading of the pandemic COVID-19 virus 

[377].  
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6.2.                                                                                                                                         

Stability and analytical characterization of the Fe derived 

nanomaterial (dimension, charge, ζ-potential, magnetization) 

6.2.1.                                                                                                                                              

Fe Derived nanomaterial synthesized by PLA with simultaneous ω and 

2ω pulses 

When PLA is performed by the use of simultaneous  and 2 frequency 

pulses coming from the BIG SKY laser source, both the energy and fluence of the 

pulse are characterized by two components, so that  22 FFF  , and E = 

(E + E). Using the experimental procedure reported in  Section  3.2.4, the optical 

system was calibrated in such a way that about 70% of the overall fluence Fω + 2ω, 

was due to the component of the pulse at the fundamental frequency .   Two values 

of total fluence were considered, Fω + 2ω = 0.9 J/cm2, and Fω + 2ω = 3.2, as reported 

in Table 3.3.  In both cases, we observed that the 2 component of the laser pulse 

had a negligible effect on the production rate of the NPs, so that its role in the PLA 

process was not in the direct synthesis of NPs, but rather in the simultaneous 

irradiation of the nanoparticles synthesized by the  component of  

Figure 6.2 represents the photos of Fe derived nanomaterial synthesized at the 

different value of fluence, for a total ablation time of 120 minutes, before and after 

the magnetization along 4 days. The image is clearly showing that the optical 

density and the concentration of the Fe derived nanomaterials get higher when the 

fluence is raised. Also, it is clear in Figure 6.2 (c,d), that it is not possible to 

precipitate all the nanomaterial even after 4 days of magnetization, so that (FeNPs)sp 

may be obtained. 
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Figure 6.2 Photos of Fe derived nanomaterial synthesized by laser pulses with both 

 and 2 frequency, at Fω + 2ω = 0.9 J/cm2 (left side), and Fω + 2ω = 3.2 J/cm2 (right side) . 

(a,b) Fresh nanomaterial. (c,d) After 4 days of magnetization. 

 

In Figure 6.3, we report the temporal evolution of the UV-Vis extinction 

spectra of the fresh Fe derived nanomaterial synthesized at Fω + 2ω = 0.9 J/cm2 before 

separation, and of the corresponding (FeNPs)pr obtained after 4 days of 

magnetization. 

 

Figure 6.3 Temporal evolution of the UV-Vis extinction spectra of the Fe derived 

nanomaterial synthesized at F ω +2ω = 0.9 J/cm2. a) Fresh nanomaterial; b) (FeNPs)pr 

obtained after 4 days of magnetization. 

 

The value of the optical extinction at the wavelength of 350 nm was chosen 

as indicator of the stability. Interestingly, the (FeNPs)pr presented higher stability 
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in comparison to the fresh Fe derived nanomaterial before separation (coherently 

with the ζ-potential measurements reported in the next Table 6.1, and similar results 

were obtained also for the samples synthesized at the higher fluence Fω + 2ω = 3.2 

J/cm2. 

 In order to collect the (FeNPs)sp, the samples obtained after the first 4 days 

magnetization step (Figure 6.2) were placed more than 10 in the proximity of the 

magnet. The extinction spectra of (FeNPe)pr,  (FeNPe)sp, and the completely 

transparent CNM are shown in Figure 6.4. The samples synthesized at the higher 

fluence, with higher NPs concentration, were selected for this representation, in 

order to have a clearer and more intense optical signal. It is clearly evident the 

obtained CNM is characterized, such as the case of CQDs/Au, by two distinct 

peaks, at the wavelength of 240 nm and 275 nm, respectively. The interpretation of 

those bands will be discussed later at the end of the section 

 

Figure 6.4 UV-Vis extinction of (FeNP)pr, (FeNP)sp, and transparent CNM obtained 

by PLA with laser fluence  Fω + 2ω = 3.2 J/cm2. 

 

Figure 6.5. shows the change in time of the ζ-potential of the Fe derived 

nanomaterial before separation, synthesized at different values of the laser fluence. 

Together, is also reported the value of the ζ-potential of the CNM. The latter is 

characterized by a negative charge, contrarily to the positive charge of the fresh 

nanomaterial, which contains the magnetic nanoparticles. After 4 days, a decrease 

in the ζ-potential of the material before separation is clearly observable (and 

repeatable over different samples). At the light of the results, we think that during 

the time the negative charged CNM may migrate by diffusion in the proximity of 
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the positively charged magnetic nanoparticles, shadowing the overall surface 

charge. In this sense, the presence of the CNM in the colloidal dispersion may be a 

source of instability during the time, and its separation should improve the stability 

of the magnetic NPs. This hypothesis is coherent with the stability results reported 

in Figure 6.3 where the (FeNPs)pr show relatively better stability in time if compared 

to the Fe, derived nanomaterial without any separation. 

+  

 Figure 6.5  ζ-potential of the CNM obtained after separation (negative), and of the 

fresh and 4 days aged Fe derived nanomaterial before separation (positive). The colors 

dark and light grey are used for the representation of samples synthesized at Fω₊2ω = 3.2 

J/cm2 and Fω₊2ω = 0.9 J/cm2, respectively. 

 

      After the separation process described above, both the (FeNPs)pr and (FeNPs)sp 

where characterized by TEM. The results are shown in Figure 6.6. Herein, panels 

a) and b) show that the value of Fω+2ω has a negligibly small effect on the dimension 

and polidispersitivity of the (FeNPs)pr. In both cases, the average diameter <ϕ> and 

standard deviation σ is of the order of 4.5 nm and 1.8 nm, respectively. Figure 6.6 

(c) shows the TEM image and statistical size distribution of the (FeNPs)sp obtained 

at higher fluence. In this case, the average diameter and standard deviation of 

(FeNPs)sp are <ϕ> = 1.8 nm  and  = 0.8 nm, respectively.  

In literature there is no mention of iron oxide NPs with diameters smaller than 

~ 5 nm synthesized by PLA in water. Hence, the result obtained for the (FeNPs)sp 

represents a breakthrough, which can only be explained on the basis of the unique 

experimental parameters used in this peculiar synthesis: small volume of liquid, 

long ablation time of hours, fixed target/pulse relative position, and simultaneous 
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irradiation by pulses at different frequencies.  As will be explained in the next 

Section 7, one possible key of interpretation is constituted by the synthesis of 

intermediate organic molecular material, which might reduce the nucleation time 

of the NPs, with a final reduction of their size [106]. 

 

Figure 6.6 TEM images of the (FeNPs)pr synthesized by a) Fω+2 ω=0.9 J/cm2 and b) 

Fω+2 ω=3.2 J/cm2. c) TEM image of (FeNPs)sp synthesized by Fω+2 ω= 3.2 J/cm2. The inset 

in each figure shows the statistical size distribution with LogNormal fit, and the average 

diameter (ϕ) and standard deviation (). 

 

The size of the (FeNPs)pr was also verified by scanning magnetic microscopy, 

using the approach reported in [322]. The measurements were performed by Prof. 

Jefferson Ferraz (Department of Physics of PUC-Rio, Laboratory of Non 

Destructive Magnetic Measurements) using the experimental apparatus described 

in Section 3.8. The results are shown in Figure 6.7. Herein, the magnetization 

curves are similar for both the fluence, and demonstrate that the (FeNPs)pr have 

superparamagnetic behavior [322]. As we will see in the next sub section, Raman 

analysis confirm the presence of a majority of magnetite phase in the (FeNPs)pr.  In 

this case, from the analysis of the characteristics of the magnetization curves,  it is 

possible to extract the average size of the magnetic nanoparticles, which was found 

to be of about 4 nm, in good agreement with the TEM experimental results [322].  
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Figure 6.7 Magnetization curves of (FeNPs)pr synthesized at different laser fluence 

by simultaneous irradiation with ω and 2ω frequency laser pulses. 

 

For clarity, the experimental values measured for the extinction intensity, ζ-

potential, TEM size, and metallic iron concentration (CFe) of the samples before 

and after the separation,  are listed in Table 6.1  

Table 6.1 Complete analytical characterization of the different species present in 

the Fe derived nanomaterial, synthesized at  Fω+2 ω = 0.9 J/cm2 and Fω+2ω = 3.2 J/cm2. The 

iron concentration of the sample in ppm is indicated as CFe. 

 

Sample 

 

Fω₊2ω 

(J/cm2) 

 

ζ-potential 

(mV) 

 

Extinction 

at 350 (a.u) 

 

CFe 

(ppm) 

TEM radius 

(nm) 

Iron-based 

NPs 

Fe derived 

nanomaterial 

(no separation) 

3.2 49.0 2.47 < 55  

0.9 34.9 1.13 < 31  

 

(FeNPs)pr 

3.2  2.47  4.6  1.7 

0.9  1.13  4.4  1.9 

 

(FeNPs)sp 

3.2  1.03  1.8  0.8 

0.9  0.03   

 

CNM 

3.2 -56.7 < 0.04 0.0  

0.9 -57.3 < 0.03 0.0  
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6.2.2.                                                                                                           
Fe derived nanomaterial synthesized with pulses at single-frequency 
laser (ω, or 2ω) 

For the reasons cited at the end of the previous Section 6.1, the temporal 

stability, ζ-potential, and magnetization of the Fe derived nanomaterial, has been 

performed only in the case of the PLA synthesis by simultaneous pulses at  and 

2 frequency, so that will not be shown in the present section. 

The fluence of the  pulses were set to 2.3 J/cm2, which is the same value of the 

fluence of the component at the fundamental frequency used during the PLA at both 

frequencies (72% of 3.2 J/cm2). The fluence of the 2 pulses were not set at 0.9 

J/cm2 (28% of 3.2 J/cm2) because, as explained in the previous section, the 

production rate was too low in order to observe any visible product in the first 2 

hours of ablation. Hence, the same value of 2.3 J/cm2 was also chosen for the PLA 

performed with the 2 pulses.  

Figure 6.8, reports the comparison of UV-Vis extinction spectra of Fe derived 

nanomaterial synthesized by different laser pulse frequency (ω, 2ω or ω + 2ω), 

considering the values of fluence cited above, and a total ablation time of 120 

minutes. The results show that the production rate, which is proportional to the 

optical extinction, is higher when PLA is performed at the fundamental frequency 

. This result is coherent with the enhanced absorption of both the synthesized NPs 

and the persistent microbubbles generated during the PLA process in water, which 

is particularly evident in the UV and visible region of the spectra [106, 142].  

 

Figure 6.8 Extinction spectra of Fe derived nanomaterial synthesized by pulses 

with a single frequency (ω or 2ω), and pulses with both frequencies (ω + 2ω). The total 

ablation time was 120 minutes. 
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Figure 6.9 shows instead the photos of the Fe derived nanomaterial before 

and after the magnetization along 4 days. A comparison has been made considering 

the synthesis using single frequency ( or 2) or dual frequency ( and 2) laser 

pulses. To have a good contrast in the photo, the samples synthesized with 2 laser 

pulses have been ablated for 8 hours, differently from the 2 hours of ablation 

performed in the other configurations.   

 

Figure 6.9 Photos of the Fe derived nanomaterial before and after the 

magnetization along 4 days. A comparison has been made considering the synthesis using 

single frequency ( or 2) or dual frequency ( and 2) laser pulses. (a,d) Fω + 2ω = 3.2 

J/cm2; (b,e) Fω = 2.3 J/cm2; (c,f) F2ω = 2.3 J/cm2. 

 

It has been perceived that Fe derived nanomaterials synthesized by ω laser 

pulses can easily be precipitated with the magnet, and a completely transparent 

supernatant (without iron oxide NPs) is obtained. In contrast, the Fe derived 

nanomaterials synthesized by 2ω laser pulses, do not precipitate completely after 
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this first magnetization step, similarly as for the samples synthesized by dual-

frequency laser pulses. 

 These results are coherent with the literature, which reports that iron oxide 

nanoparticles synthesized by 2ω, generally presents a minor magnetization than the 

one synthesized by ω frequency [83], although a clear explication of these 

observations is not present.  

In Figure 6.10 we report the TEM images of both the (FeNPs)sp and (FeNPs)pr 

synthesized by ω or 2ω laser pulses. As explained before, in the first case it is not 

possible to obtain any supernatant nanoparticles. Concerning the (FeNPs)pr, we did 

not observe significant differences in the average size (~11 nm) or polidispersitivity 

(~ 5 nm) in the function of the frequency of the laser pulses, as shown in panels a) 

and b). In literature [83], it is reported a significant enhancement in the dimension 

of the NPs from 7 nm to 17 nm, when  or 2 frequency pulses are used, 

respectively. Anyway, in [84], the laser pulse fluences are about one order of 

magnitude higher than the typical fluences used in the present research, so that a 

strict comparison cannot be done. Moreover, we highlight again the unique 

experimental parameters of the PLA process we propose (fixed target/pulse relative 

position, a small volume of water, large ablation time of hours) which, to the best 

of our knowledge, have never been experimented before, also for the case of Fe 

target. 

Figure 6.10 (c), reports the TEM image and size distribution of the (FeNPs)sp 

for which, similarly to the case of dual-frequency irradiation, smaller sizes are 

obtained, with an average diameter of about 6.0 nm, and a deviation standard of 1.6 

nm. 
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Figure 6.10 TEM images of the of : a) (FeNPs)pr synthesized by Fω = 2.3 J/cm2; b) 

(FeNPs)pr synthesized by F2ω =3.2 J/cm2;  c) (FeNPs)sp synthesized by F2 ω=3.2 J/cm2. The 

inset in each figure shows the statistical size distribution with LogNormal fit, the average 

diameter (ϕ) and standard deviation (). 

 

6.3.                                                                                                                                          

Raman, FTIR, and XPS of iron oxide-based nanoparticles and 

carbon nanomaterial derived from Fe target 

6.3.1.                                                                                                                                               

Raman spectroscopy of Fe derived nanomaterial 

 The preparation of the samples for Raman measurement and the 

experimental conditions used for the characterization are explained in detail in 

Section 3.4.1. For the moment, Raman measurements were only performed in 

powder form, on the samples synthesized by simultaneous irradiation at both ω and 

2ω frequency, by the collaboration with Prof. Gino Mariotto of the University of 

Verona. The measurements are shown in Figure 6.11. 
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Figure 6.11 Typical Raman spectra of the colloidal dispersion of Fe derived 

nanomaterial a) before separation; b) after separation, on the corresponding (FeNPs)pr and 

(FeNPs)sp. The measurements of the panel a) are relative to three different regions of the 

samples, indicated as I, II, and III. 

 

Herein, we identified four different phases of iron oxide: i) magnetite (Fe3O4), 

ii) hematite (Fe2O3), iii) wüstite (FeO), and iii) siderite (FeCO3). The siderite is very 

rare in the sample, while hematite, wüstite, and magnetite are the most abundant 

oxides. With the exclusion of siderite which, to the best of our knowledge, has never 

been detected before of the present research, the other oxides are typically found as 

the product of the PLA of iron targets in pure water [83, 378]. 

 To easily identify the Raman peaks of the different constituents, they are 

specified by different colors: gray for magnetite, red for the D and G bands of the 

CNM, green for siderite, black for hematite, and orange for wüstite.  

   Figure 6.11 (a) represents the Raman spectra of the fresh Fe derived 

nanomaterial before separation, on three different regions of the samples, denoted 

as I, II, and III. Figure 6.11 (b) shows instead the Raman spectra of both of (FeNPs)pr 

and (FeNPs)sp after separation.   

Magnetite has a spinel structure belonging to space group Oh
7, and according to 

group theory gives rise to five  Raman modes: three T2g, one Eg, and one A1g [379–

382]. Three of these modes are observed in the spectrum of Fe derived nanomaterial 

before separation and (FeNPs)pr after separation: the strongest peak at about 665 

cm-1, identified as the A1g mode, corresponds to the stretching vibrations of the 
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oxygen atoms along with the Fe-O bonds, while the weaker bands near to 540 cm-

1 and 310 cm-1 are associated to one T1g and to E2g modes, respectively [383].  

The peaks near 1085 cm-1 and 715 cm-1, are associated with siderite [384–386], and 

have been observed rarely, and uniquely in the samples before the separation shown 

Figure 6.11 a). At this stage, it is not clear the reason why siderite is not observed in 

the (FeNPs)sp or the CNM, and we suppose that part of it, already in a very low 

concentration before the separation, may be lost during the different separation 

steps. The strong and sharp peak exactly at 1085 cm-1 represents the CO3 band of 

siderite, associated with the symmetric stretching internal mode ν1.  The peak 

located at 715 cm-1 is instead caused by in-plane bending internal mod ν4c.   

The peaks at 215 cm-1, 278 cm-1, 387 cm-1, 480 cm-1 and 1285 cm-1, are typical 

of hematite phase of iron oxide  [84, 100, 381]. The bands at 215 cm-1 and  480 cm-

1 correspond to A1g mode [385],  while the peaks at 282 cm-1 and 592 cm-1 are 

related to Eg mode of hematite[196]. Finally, the peak at 595 cm-1 is related to the 

wüstite [379, 387]. 

From the Raman analysis reported above, it seems that before the separation 

the colloidal dispersion is constituted by magnetite, hematite, siderite, wüstite, 

amorphous carbon-based material with clear D and G bands, and minimal traces of 

siderite. After the separation process (4 days of magnetization), (FeNPs)pr are 

principally constituted by magnetite, although a small signal associated with 

hematite may be observed. (FeNPs)sp instead, have majority of hematite, and a 

small portion of wüstite. 

 

6.3.2.                                                                                                                              

Magnetite to hematite conversion by laser irradiation in Raman 

spectroscopy 

In Figure 6.12, the Raman spectra of (FeNPs)pr measured at different laser 

irradiation power is represented.  It has been observed that (FeNPs)pr, principally 

constituted by magnetite phase, are very sensitive to irradiation laser during the 

measurement of Raman spectra, and magnetite may be converted to relatively more 
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stable hematite nanoparticles [382], whenever the laser power is raised above than 

10-2 kW/mm2.  

These results point to a photocatalytic activity of the semiconductor iron 

nanoparticles, probably inducing a reaction between the magnetite NPs, and the 

ambient CO2 and H2O molecules adsorbed on the nanostructured powders.  

In order to draw a solid conclusion, further measurements are needed, for 

example performing Raman spectroscopy during the flow of a controlled CO2 flux 

over the samples.  

 

Figure 6.12 Raman spectra of (FeNPs)pr synthesized by Fω ₊ 2ω = 0.9 J/cm2, and 

excited by a laser irradiance of 10-2 kW/mm2 (blue line), 10-1 kW/mm2 ( red line) and 

1kW/mm2 ( green line). The right side photos, show the measurement regions before and 

after the irradiation. The Raman spectra were excited at the wavelength of 638 nm. 

 

6.3.3.                                                                                                                                                    

FTIR and XPS analysis on the Fe derived nanomaterial  

Further surface characterization of the samples was obtained by both XPS 

and FTIR spectroscopies.  

Figure 6.13 (a) shows the FTIR spectra of both fresh Fe derived nanomaterial, 

(FeNPs)sp and CNM synthesized by green (2ω) laser pulses. We do not show the 

results relative to the sample obtained by dual-frequency ablation, since the results 

were completely equivalent. The two absorptions near 530-548 cm-1 and 435 cm-1 
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are attributed to the vibration of Fe-O in Fe3O4 and Fe2O3 [388–390], and are 

present in both the fresh Fe derived nanomaterial and (FeNPs)sp. The small peak at 

874 cm-1, may be associated to the carbonate in the FeCO3 NPs, representing 

stretching vibrations of the D3h symmetry [390], supporting the existence of 

siderite, coherently with the Raman spectra. 

Figure 6.13 (b), is reported the comparison of the FTIR spectra of the CQDs/Au 

and the carbon nanomaterial (CNM) obtained by the iron target. The spectra are 

identical so that similar carbon structures (at least in terms of surface chemistry) are 

expected to be synthesized by both Au and Fe target.  Hence, for the interpretation 

of the spectra, we send back the reader to Section 4.4.  

 

Figure 6.13 a) FTIR spectra of fresh Fe derived nanomaterial, (FeNPs)sp, and CNM 

synthesized by 2ω laser pulses. b) Comparison between the FTIR spectra of the CQDs/Au 

(gray) and the CNM obtained by PLA of iron (black). 

 

      A full energy survey XPS spectra of both (FeNPs)pr and (FeNPs)sp synthesized 

by dual-frequency laser pulses is shown in Figure 6.14, confirming that Fe and O are 

the principal constituents of the samples. In Figure 6.15 (a,b), are instead reported 

the XPS spectra in the Fe2p and O1s regions, respectively. 

For both (FeNPs)pr and (FeNPs)sp, two strong peaks of Fe 2p3/2 at 710.6 eV 

and Fe 2p1/2 at 724.4  eV have been observed [391],  together with two satellite 

peaks at 717.7 eV and 732.6 eV [391]. In the O1s region, we detected the peaks of 

lattice oxygen (Fe-O, 529.9 eV) and surface hydroxyl (-OH, 531.9 eV) [391]. The 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



187 

 

 

XPS spectra, in both Fe2p and O1s regions, may be associated to the presence of 

both hematite, magnetite, and Fe-O [391].  

As expected, no significant differences have been observed between the 

(FeNPs)pr and (FeNPs)sp spectra, but a slightly higher concentration of surface 

hydroxyl (-OH, 531.9 eV) in (FeNPs)pr.  

 

Figure 6.14 XPS survey spectra of (FeNPs)pr and (FeNPs)sp synthesized by dual 

frequency laser pulses (+2). 

 

 

Figure 6.15 XPS spectrum in the a) Fe2p and b) O1s regions of both (FeNPs)pr and 

(FeNPs)sp synthesized by dual frequency laser pulses (+2). 
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6.4.                                                                                                                                                       

PL of the CQDs obtained by CO2/C with Fe target 

A clear PL emission has been observed in the transparent solution obtained 

from Fe derived nanomaterial after separation, even without the use of CO2 carriers 

(NaOH) in the water.  

Figure 6.16 a) shows the absorption band and PL of CNM synthesized by using 

simultaneously both green and infrared (2ω+ω) laser pulses and separated by the 

magnetization procedure reported in Figure 6.1. Concerning the absorption spectra, 

we observe the -* and n-* transitions at 240 nm and 275 nm [351, 352], 

respectively, similarly to the case of the  Au derived CQDs. What is peculiar, is a 

strong PL peak centered at 325 nm, without any emission in the blue region, which 

is detected only for the samples obtained by single-frequency pulses ( or 2 as 

shown in Figure 6.16 b) and c), respectively. For these last samples ( or 2the 

final separation was obtained by magnetization followed by heating. The emission 

peak of CQDs/Fe synthesized by ω pulses is in the same position as in CQDs/Au 

(see Section 4.5.1), but the emission of the CQDs/Fe obtained by 2ω pulses is 25 

nm blue-shifted, as shown in Figure 6.16 c).  

One possible reason for the differences observed in the PL spectra might be 

the size of the CQDs, which were not analyzed by TEM in the case of Fe, because 

of the limited disposability of the proper infrastructure during the final part of the 

experimental work of the present thesis. A second possibility might be that the UV 

emission is effectively overlapped with a less intense PL in the blue region, 

preventing its final detection.  

In order to exclude the possible influence of the heating step, applied only for 

the separation of the  or 2samples, the measurements should be repeated, 

applying, for all the samples the same separation technique. Anyway, we put in 

evidence that in the case of the CQDs synthesized from the Au target, we observed 

no difference in the PL emission depending on the different frequency of the laser 

pulses used during PLA, or the separation techniques (including the heating 

process).  
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Figure 6.16 a) PL, excitation (black curves) and extinction (orange curve) spectra 

of  the CQDs/Fe in the UV region. The CQDss were synthesized at Fω₊2ω = 3.2 J/cm2, and 

separated by magnetization. PL and excitation spectra of the CQDs/Fe, synthesized at 

laser pulse frequency ω b) or 2ω c), and separated by heating. 

 

The physical or chemical origin of the strong UV luminescence, is hence 

controversial at the moment, and further measurements are needed in order get a 

better understanding. Here we point out again, that these special features are present 

only for the samples synthesized by simultaneous irradiation with pulses at both  

and 2 frequency.  As will be explained in the next Section 7, one possible key of 

interpretation is constituted by the synthesis of intermediate organic molecular 

material, which might reduce the nucleation time of the NPs, with a final reduction 

of their size [106]. 

 

6.5.Conclusion  

Differently from all literature available at the moment on the ligand-free PLA of 

iron target in water, we observe the simultaneous synthesis of iron oxide NPs 
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together with carbon based material. The latter is identified after a proper separation 

of the metal oxide content, performed using a simple and low cost magnetization 

procedure. The PLA in water has been performed not only by irradiation of laser 

pulses at the fundamental () or second harmonic frequency (2), but also by the 

simultaneous irradiation of  and 2 frequency laser pulses. In the latter case, 

unique results were obtained, both in terms of dimension of the resulting magnetic 

nanoparticles NPs and also in term of the PL spectra of the associated transparent 

carbon-based material.  In fact, after the separation, the remaining liquid is 

transparent and characterized by absorption spectra similar to the one characteristic 

of the CQDs obtained from the Au target. The transparent water dispersion also 

presents photoluminescence, whose emission spectra can be roughly tuned from the 

UV (~ 325 nm ) to the blue region (390 nm – 415 nm), depending on the laser 

parameters used during the PLA process. Due to the limited access to the 

experimental infrastructure imposed by the pandemic COVID-19 virus, it was not 

possible to perform TEM images of the CQDs and measure their quantum yield 

(QY). Their presence was hence confirmed at the moment by both PL and Raman 

spectroscopy. In the latter case, the Raman signal of the D and G bands of 

amorphous carbon was detected on the Fe derived nanomaterial before the 

separations process. Due to the small quantity of carbon nanomaterial synthesized 

by CO2/C reduction, we were not able, at the moment, to obtain a significant Raman 

response from the carbon material obtained after the separation process.  For this 

reason, it is in project the accumulation of a considerable amount of Fe derived 

nanomaterial (about 200 ml), which we consider sufficient to obtain a Raman 

response of the samples after the separation of the metal species. The physical 

origin of these structures, and a possible mechanism of the CO2/C reduction induced 

by the PLA process, will be presented in the next Section 7. 

      The separation process we adopted, allows in general the separation of magnetic 

nanoparticles which respond with different efficiency to magnetization, which have 

been called as (FeNPs)pr and (FeNPs)sp. The (FeNPs)pr have a ‘fast’ response to the 

magnet used for the separation, precipitating completely after 4 days of 

magnetization, while the (FeNPs)sp need a second magnetization step in order to be 

collected. 
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There is no difference in the dimension of the (FeNPs)pr synthesized using laser 

pulses at the  or 2 frequencies, which have an average diameter of about 11 nm. 

Using the dual-frequency laser pulse irradiation ( and 2simultaneously) we 

obtain instead smaller (FeNPs)pr, with an average diameter of 4.5 nm.   

Similar behavior is observed also for the (FeNPs)sp. The latter, are obtained only 

when PLA is performed using 2 pulses, or by the simultaneous irradiation with 

pulses at both  and 2 frequencies. TEM images show that the (FeNPs)sp, when 

existing, are smaller than the (FeNPs)pr counterparts. We obtain in fact average 

diameters of 6 nm when using 2 pulses, while ultrasmall NPs with the average 

diameter of 1.8 nm are obtained by simultaneous irradiation with pulses at both 

frequencies.  

As discussed along with the presentation of the experimental results, it is hard to 

try to make comparisons with the actual literature. In fact, to the best of our 

knowledge, it is the first time that PLA has been performed using the unique 

experimental conditions we propose (a small quantity of water, fixed target/pulse 

relative position, large ablation time).  

The typical dimension of iron oxide NPs synthesized by PLA in pure water is 

between 10 nm and 20 nm [106], and a significant enhancement in the dimension 

of the NPs is observed when  or 2 frequency pulses are used, respectively [83]. 

To the best of our knowledge, the lowest value reported in the literature for the 

dimensions of iron oxide NPs synthesized by PLA in deionized water is around 5 

nm and has been obtained using low energy pulses at the fundamental frequency 

(fluence is not reported) in a volume of 10 ml, with a total time of ablation of 180 

minutes [392].  

Due to the limited access to the experimental infrastructure in the last months of the 

research, the phases of the iron oxide NPs have been investigated by Raman 

spectroscopy only in the case of (FeNPs)pr and (FeNPs)sp synthesized by dual 

frequency laser pulses ( and 2 simultaneously).  In the (FeNPs)pr, we identified 

four different phases of iron oxide: i) magnetite (Fe3O4), ii) hematite (Fe2O3), iii) 

wüstite (FeO), and iii) siderite (FeCO3). The siderite is very rare in the sample, 

while hematite, wüstite, and magnetite are the most abundant oxides. With the 

exclusion of siderite which, to the best of our knowledge, has never been detected 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



192 

 

 

before of the present research, the other oxides are typically found as a product of 

the PLA of iron targets in pure water [83, 378]. The (FeNPs)sp are instead 

principally constituted by the hematite phase. The Raman characterization of the 

(FeNPs)pr and (FeNPs)sp synthesized by single-frequency laser pulses ( or 2 

will be completed as soon as the infrastructure will be available.   

     Figure 6.17 report a scheme representing the different ‘phase’ regions of the 

PLA environment (similarly as in the theoretical Section 2), together with all the 

principal iron oxide and carbon-based materials observed during PLA of Fe targets. 

 

 

Figure 6.17 Schematic diagram representing the different ‘phase’ regions present in 

the PLA environment, together with all the materials synthesized during CO2/C reduction 

by the use of Fe target. An interrogation point has been placed aside the symbol of the 

molecular organic material since its presence has still to be detected. 

 

An interrogation point has been placed aside the symbol of the molecular organic 

material since its presence has still to be detected. As described in the Conclusions 

Section, the eventual presence of the molecular organic material will be investigated 

by the group of Prof. Stephan Barcicowski (University of Duisburg-Essen), which 
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is an active collaborator in the presented research. The conceptual basis which 

sustains the hypothesis on the presence of the molecular organic material also in 

the case of PLA of Fe target will be clearer in the next chapter and are essentially 

based on the catalytic properties of the synthesized metal oxide nanoparticles. In 

fact, the catalytic activity of the (FeNPs)pr has been observed during their Raman 

investigation in ambient conditions, at optical irradiance higher than 10-2 kW/mm2, 

where the magnetite NPs readily transform their phases in hematite. It is based on 

the photocatalytic activity of the pre-formed NPs that we sustain the synthesis of 

molecular organic material during the PLA, which might be responsible for the 

small dimension of the nanoparticles we synthesized. In fact, the presence of some 

organic materials such as polyvinyl alcohol (PVA) [106], or N-(phosphonomethyl) 

iminodiacetic acid (PMIDA) [393], is responsible for the change of the nucleation 

time of the NPs, so that NPs with the dimension of the order of 5 nm, or even FeOx 

clusters may be synthesized.  

In this scenario, the simultaneous synthesis of the molecular organic material might 

explain the smaller dimension of the (FeNP)sp synthesized by dual-frequency ( 

and 2 simultaneously) or single frequency 2 laser pulses. In fact, the absorption 

of the metal oxide NPs is higher in the visible region than in the infrared and might 

enhance the production rate of the carbon-based materials obtained by the CO2 

reduction process. The same concept might be applied to explain the PL in the UV 

spectrum observed for the CQDs obtained by PLA of the Fe target by simultaneous 

 and 2 frequency pulses.   
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7                                                                                                              
Our hypothesis on the CO2/C reduction induced by PLA in 
water 

7.1.                                                                                                        
Evidence of the catalytic activity of the NPs synthesized by PLA of 
transition metal target in the water 

Three main direct experimental observations point to a catalytic activity of 

the NPs we synthesized by PLA of transition metal targets (Au,Ag, Fe) in water. 

The first is the magnetite to hematite photocatalytic conversion observed by laser 

irradiation with an irradiance higher than 10-2 kW/mm2 in the Raman investigation 

of the Fe derived nanomaterial. The second, is the detection by SERS of the carbon 

monoxide (CO) adsorbed on the Au derived nanomaterial, and molecular organic 

material adsorbed on both the noble metals NPs (Au, Ag). The third is the final 

synthesis of solid carbon nanomaterial which has been observed, at the moment, in 

the form of CQDs and carbynoid nanocrystals supported by noble metal 

nanoparticles.  

Synthesis of carbon nanomaterials by PLA in organic solvent without solid 

carbon target is not new. While carbynoid NWs supported by AuNPs have been 

recently synthesized by PLA of Au target in ethanol, the ablation in methanol, 

toluene, hexane or acetonitrile, gives rise to sp2 carbon structures [394, 395]. Hence, 

the intermediate reduction of CO2 to particular organic solvents seems to be a key 

factor for the synthesis of the carbon nanomaterial. In most of the investigation 

reported literature, it is not clear what is the precise mechanism leading to the 

condensation of the Cn ‘carbon units’, and the results are interpreted in terms of 

pyrolysis. Only in the research of Pan et al.[40], the formation of carbon sp 

hybridized nanomaterial in ethanol is explained by the formation of Au-H 

intermediate, followed by alcohol dehydrogenation with final formation of polyyne 

like C2 units. Following the same building concept, in the light of the few 

experimental results reported in the literature, different small Cn units such as 

acetylene (C2H2), ethylene (C2H4), benzene (C6H6), hexane (C6H14) are expected to 
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be part of the list of possible precursors leading to condensation into sp2 

luminescent nanoparticles [394, 395].   

In BECCS experiments conducted by electro-chemical cells, different 

spectroscopies, including SERS, may be coupled with traditional voltammetry to 

trace the final and intermediate products of the redox processes, both in liquid and 

gas phase [21, 35, 116]. SERS spectroscopy on both Ag and Au derived 

nanomaterial in form of nanoislands is a powerful tool for the detection of absorbed 

analysts [20, 39, 209, 396], and we underline again that the spectra reported in 

Figure 7.1 are characterized by the same molecular fingerprint for the two noble 

metals.  

 

Figure 7.1 Details of the SERS spectra of the Au and Ag derived nanomaterial in 

powder form. All the Raman modes indicated in the figure are common to both the 

spectra. The measurements have been performed at the excitation wavelength of 638 nm, 

in low irradiation conditions (10-2 kW/mm2). 

 

   The SERS spectra above, are reported starting from the frequency of 1000 cm-1, 

since the low-frequency modes are generally of difficult interpretation, being 

associated to the vibrations of the metal cores of the NPs complexed with oxygen 

species. In Table 7.1 we report the list of the molecular vibrations indicated in 

Figure 7.1 together with their corresponding Raman shift and interpretation. The 

frequencies of the Raman modes, coincide with the overlap of the multiple SERS 

spectra reported in [397], where AgNPs are used for the photochemical CO2RR, 

where carbonate, bicarbonates, format and formic acid, are found as final possible 

stable products. 
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Table 7.1 Vibrational assignment of the molecular vibrations detected in the SERS 

spectra of Au and Ag based nanomaterial in powder form. The references for the 

frequency of the Raman modes on AgNPs are taken from [397]. The symbols used for the 

assignment of the Raman mode are: νs (symmetric stretching), νas (antisymmetric 

stretching), ω (wagging), and ρ (rocking). 

Raman Mode 

Species 

Raman shift  

(cm-1) 

s OCO /s COH 

CO3
2- / HCOOC 

1078 

 CH 

HCOO- 

1175 

 OH 

HCOOC 

1281 

 CH 

HCOO- 

1363 

 

s OCO 

HCOO- 

1454 

 

as OCO 

CO3
2- 

1541 

 

as OCO 

HCOO- 

1639 

 

 CH, (s OCO + CH) 

HCOO- 

2730, 2810 

 

 

     Despite the good matching between our experimental SERS spectra and 

the results reported in [397], we cannot exclude the formation of other carboxylic 

acids different from format (i.e lactate, acetic acid), and the results should be 

confirmed by a conclusive analytic investigation by liquid chromatography. The 

last, will be performed on the nanomaterials obtained by PLA of Au and Fe targets 

by the groups of Prof. Stephan Barcikowski and Prof. Torsten Schmidt from the 

University of Duisburg-Essen (Germany), through a new established collaboration. 

  Anyway, the actual results, offer us the possibility to speculate about the 

origin of the carbynoid nanostructures. Once at the surface of the noble MeNP, and 

with the increase of the CO2 concentration as the pH increases, the formic acid 

molecules can interact and proceed with hydrogen and oxygen eliminations after 

which, according to Pan et al. [40], triple carbon-carbon bond can be formed.  

Figure 7.2 shows the catalytic mechanism proposed by the group of Prof. 

Walter Azevedo from the Department of Fundamental Chemistry of UFPE. It 
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explains the possible formation of sp-hybridized material from for the 

polymerization reaction of formic acid initialized by the radical specie H , the latter 

produced by the cavitation process due to the laser ablation of the target. After 

initialization, the radical reaction proceeds by alternated carbon radical attack and 

hydrogen elimination. At the last carbon, there isn’t other formic acids to react, and 

this carbon reacts again with the adjacent carbon and form alternated oxygen-

oxygen bonds, similarly to Wittig-type reactions [398]. This process continues 

eliminating oxygen and forming carbine, with the final synthesis of noble metal-

carbynoid NCs. The presented process may explain the formation of noble-

metal/carbynoid nanocrystals, in the case the future liquid chromatography 

measurements do not detect the presence of ethanol in the colloidal dispersion after 

PLA.  

 

Figure 7.2 Radical polymerization mechanism of formic acid on the noble metal 

nanoparticle surface forming metal-carbynoid complexes. 

 

From a general point of view, the reactant mixture constituted by the CO2 and 

the strong H2 and H· reducing agents produced by water decomposition during PLA 

of metal targets [32, 33, 181], represents an ideal environment for the synthesis of 

alcohol or hydrocarbons by redox processes  [399–402]. Although the collective 
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plasma oscillations of the MeNPs drive different photocatalytic CO2RR to 

hydrocarbons building units (C2, C3) and methanol [30, 71, 397],  we rule out a  key 

role of the LSPR excitation in the synthesis process of the carbon nanostructures. 

In fact, the LSPR band of Ag is not excited by the wavelength of 532 nm, control 

measurements by ablation of Au target using pulses at the wavelength of 1064 nm 

indicate that emissive carbon nanomaterial is still synthesized, and most of all Fe 

based NPs do not show any plasmonic resonance.  

An interesting aspect, peculiar and common of MeNPs produced by PLA in 

water, is instead the coexistence of metal species in different oxidation states [32], 

with the possible formation of hybrid metal-oxide interfaces in the case of noble 

metals.  Ag and Au are often used in noble-Me/MeO interfaces to obtain both water-

splitting [95, 111]
 
and CO2RR by heterogeneous catalysis, with hydroformylation 

and production of different organic solvents depending on the H2 content [403–

405].  

In our case, HRTEM images of both Au and Ag derived nanomaterial, reveal 

the presence of such hybrid interfaces. For Au, represented in Figure 7.3 (a) different 

NPs are characterized by the presence of Au and Au2O3 species. In Ag derived NPs, 

we found instead both Ag(0), Ag+1 and Ag+3 species inside the same nanoparticle. 

Figure 7.3 (b) report one specific example, where it is evident the presence of 

semiconducting Ag/Ag2O interfaces. In the last, the presence of the metallic 

counterpart is essential to preserve the stability of the noble metal oxide [111], 

acting like electron pool to transfer the generated electrons to the reduced species 

after excitation of the band-gap. Normally, Ag2O alone is in fact an unstable 

semiconductor oxide, with a band-gap of about 1.2 eV [111], while gold oxides 

(Au2O, Au2O3) are poorly studied due to their intrinsic instability [406, 407], 

although ab-initio DFT calculus predict a direct-BG of about 0.82 eV for Au2O 

[92]. 
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Figure 7.3 HRTEM images showing multiple oxidations states in the Au (a) and 

Ag (b) derived samples. The dotted orange lines are only used to help the interpretation of 

the figure. The interplanar distances of 0.19 nm and 0.14 nm observed in (a), are relative 

to the planes (620) and (220) of Au2O3 and Au, respectively[408–410]. In (b) are 

observed the interplanar distances of 0.20 nm, 0.24 nm, 0.27 nm and 0.29 nm, associated 

to the planes (200) and (111) of Ag  [81, 411] , (100) of Ag2O [412] , and (110) of AgO 

[81] .  

 

7.2.                                                                                                             
Our hypothesis on PLA induced CO2/C reduction in water 

While the PLA process offers the possibility to activate redox processes by 

release of energy through Bremsstrahlung radiation [183], acoustic waves [32, 

181], or direct absorption of the laser pulse, semiconducting transition MeO are 

most probably the platform on which CO2RR is occurring. In this panorama, we 

propose a schematic model to explain the CO2/C reduction occurring during PLA 

of transition metal targets, as represented in Figure 7.4.  

Herein, we propose three different processes activated by the transition metal-oxide 

(TMeO) nanoreactors:  

(a) the one-step water splitting (WS); 

(b) the one-step CO2 reduction reaction (CO2RR); 

(c) the two-step CO2RR 

In one step WS [413] and CO2RR [414] (Figure 7.4 a,b) electron (e-) - hole (h+) pairs 

are created after excitation of the band gap (BG) with promotion of the electrons 

from the valence band (VB) to the conduction band (CB). In both cases the oxygen 

evolution reaction (OER) leads to water oxidation by h+ holes, while the hydrogen 
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ions are in competition between the hydrogen evolution reaction (HER) and the 

reduction of CO2. Molecular oxygen (O2) and hydrogen (H2) are produced during 

the overall water splitting (OWS), characterized by an energy Gibbs variation of 

about 237 kJ/mol. CO2RR may instead lead to the synthesis of different products, 

both in the gaseous phase, such as CO or CH4, and liquid phase, such as carboxylic 

acids (R-COOH)  [414]. While the products in the liquid phase may diffuse in the 

water environment or be adsorbed, or eventually chemically bound, on the surface 

of the TMeO nanoreactors, the gaseous species (CO2, O2, H2, CO, CH4) may be 

transported by the permanent microbubbles produced during PLA [32], which 

represents the reaction chamber where two-step CO2RR may happen (Figure 7.4 

(c)).  

 

 

 

Figure 7.4 Scheme of the simultaneous physical-chemical processes involved in the 

CO2/C reduction by PLA of TMe targets. a) One-step OWS. b) One-step CO2RR. c) Two-

step CO2RR. 

 

In this case, CO may be produced by both one-step CO2RR and reverse water-

gas shift (RWGS) reaction [415], and is further reduced to alcohols and 

hydrocarbons by Fischer-Tropsch (FT) [415, 416] CO2 hydrogenation, after 

activation of the nanoreactors in contact with the permanent bubbles. For, example, 
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the RWGS and FT processes involved in the synthesis of methanol and 

hydrocarbons are expressed from the following reactions [415, 416]: 

                                                                               

While the hydrocarbons may be transformed to CQDs by pulsed-laser 

pyrolysis [394], depending on the nature of the metal-oxide and the organic product 

(ethanol, methanol, carboxylic acids), the latter may be further catalytically reduced 

(RR) when in contact with the activated nanoreactors, leading to the formation of 

the -Cn- building units, which finally may condensate in the form of solid carbon 

materials. It is worth noting that the mechanism we propose for the final formation 

of the carbon-based materials by PLA-CO2/C, is a complex overlapping of one and 

two-step CO2RR, and has been recently proposed as a cascade process to enhance 

the Faradaic efficiency in the synthesis of C2 and C3 products for industrial 

processes [417].  

Following our model, the interaction of the laser-pulses with the persistent 

microbubbles (Figure 7.4) is fundamental to activate the reaction between the gases and 

the TMeO nanoreactors. To confirm this hypothesis, PLA on Au target was repeated at 

different laser pulse/target relative velocities, using the configuration with 

controllable mechanical base, as described in Figure 3.2b of Section 3. In Figure 7.5, 

we report the UV-Vis extinction spectra of the Au derived nanomaterial and the PL 

intensity of the corresponding CQDs, synthesized at cNaOH = 2.00 mM, and applying 

different relative velocities between the Au target and the laser pulse.   

(RWGS) nCO2 + nH2 ⇄ nCO + nH2O , (7.1) 

( FT to methanol ) CO + 2H2  → CH3OH, (7.2) 

( FT to  hydrocarbons  )   nCO + 2nH2 → (CH2)n + nH2O. (7.3) 
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Figure 7.5 a) UV-Vis extinction spectra of the Au derived nanomaterial synthesized at 

cNaOH = 2.00 mM, and different relative velocity (0 m/s, 300 m/s, 3000 /s) between 

the Au target and the spot of the laser pulse. b) PL of the Au derived CQDs, depending on 

the relative velocity (0 m/s, 300 m/s) between the Au target and the spot of the laser 

pulses during the PLA process.  

 

As evident from the Figure 7.5(a), the colloidal dispersion becomes unstable 

increasing the velocity of the target, due to the poor rate of interaction of the laser 

pulse with the oxygen in the permanent bubbles, with broadening and red-shift of 

the LSPR spectra. The last observations suggest that the stability is reached when 

the laser pulse interacts steadily with the permanent bubbles, with subsequent 

oxidation of the MeNPs. The last result is quite new in literature, and put in 

evidence the fundamental role of OWS in the stability (i.e. oxidation) of gold 

nanoparticles. Coherently, also the production rate of the CQDs is decreased when 

the target is moving, according to the scheme proposed in Figure 7.5(b). 

At the present stage, it is not clear what is the fundamental energy source 

activating the catalytic reactions in the semiconductors oxides, which most 

probably are triggered by the synergetic effect of Bremsstrahlung radiation [183], 

acoustic waves [32, 181], and the direct absorption of the laser pulse. In this sense, 

post-irradiation of the Au derived nanomaterial was performed in resonance with 

the LSPR band at the same optical fluence and ablation time used during the PLA 

process, putting the solution in equilibrium with a pure CO2 environment at the 

pressure of 1 atm. The derived CQDs did not present any spectral changes, and only 

a slight decrease in the intensity of the corresponding PL spectra, if compared to 

samples derived from non-irradiated nanomaterial. This observation implies that 
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acoustic supersonic waves created during irradiation of metal NPs, or direct photon 

absorption (in resonance with the LSPR) cannot alone be responsible for the 

synthesis of the solid CQDs observed during PLA, at least at the optical fluence and 

concentration of NP used in the experiment [33].  The results suggest that the 

recombination of the Cn building units into solid carbonaceous material is not 

trivial, and can be accomplished only in the particular thermodynamic conditions 

created during PLA of the metal target [8]. 

 

7.3.                                                                                                            
The consistency of the proposed model with the experimental results 

The PLA-CO2RR model described above, may have other implications 

further to the formation of solid carbon nanomaterials, starting from the control of 

the dimensions of the NPs.  Exists a wide variety of surfactants acting as stabilizing 

agent in PLA of metals targets in water, such as sodium dodecyl sulfate (SDS) 

[331], fifth generation ethylendiamine-core poly(amidoamine) (PAMAM-G5) 

[141], polyvinylpyrrolidone [418], chitosan, ω-dithiol poly(N-

isopropylacrylamide), poly(ethylene glycol), dextran [419], polyvinyl alcohol 

(PVA) [106], or N-(phosphonomethyl) iminodiacetic acid (PMIDA) [393]. In 

general, these solutes coordinate on the metal surfaces of the NPs, decrease the 

available nucleation time of the clusters and ions of the metal, and finally limit the 

growth of the NPs [6]. At the best of our knowledge, we report some of the smallest 

values concerning the dimension of transition metal NPs synthesized by ligand-free 

PLA in water by ns laser-pulses. When surfactants are not used, the typical sizes 

for noble metal NPs are of the order of 5-20 nm [8, 9, 418, 420, 421], and for iron 

oxide NPs they oscillates between 10 nm and 20 nm [422, 423].    In this scenario, 

we cannot exclude the possibility that the organic material created by CO2RR, may 

coordinate on the surface of the transition metal oxide NPs, limiting their final size 

and coalescence.  

This possibility is particularly fascinating for the case of the PLA performed 

by the use of dual frequency laser pulses. In such experiments, reported in Section 

6, the component of the pulse at the fundamental frequency () is performing the 

ablation, while the pulse at the second harmonic frequency (2) do not participate 
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to the production of NPs, but continuously irradiate the pre-formed NPs, probably 

enhancing the production of the organic materials. We remember here, that in such 

a particular experimental configuration, also the emission wavelength of the CQDs 

derived from Fe target is blue shifted in the UV region (≈ 320 nm), which might be 

associated to the reduced dimension of the carbon nanoparticles.    
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8                                                                                               
Conclusions and perspectives 

8.1.                                                                                                           
Conclusions 

As elucidated in the Introduction Section, the principle objective associated 

with this dissertation was the investigation on the origin of the different carbon 

based materials synthesized during PLA of transition metal targets in deionized 

water. This high challenging objective, was accompanied by peripheral objectives 

(or sub-objectives), some of which related to the use of all the transition metals, and 

others relative to the particular transition metal used during PLA. 

Hence, we will divide the conclusions in three topics: 

 experimental evidence of CO2/C reduction induced by PLA of transition metal 

target in water; 

 physical-chemical process associated to the observed CO2/C reduction; 

 control of the dimensions and optical properties of the synthesized 

nanomaterials; 

 application of the synthesized nanomaterials. 

After reporting the conclusions on each topic cited above, we will present the 

perspectives of the present investigation in different areas of research.  

 

8.1.1.                                                                                                    
Experimental evidence of CO2/C reduction induced by PLA of 
transition metal target in water 

Differently from all literature available at the moment on the ligand-free PLA 

of metal target in water, we observe the simultaneous synthesis of metal-oxide 

based nanostructures together with carbon based material, both in nanostructured 

and molecular form.  
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We developed simple and low-cost separation techniques, without the 

addition of any chemical compound, which allowed the observation of different 

kind of carbon based materials.  The latter, consist in organic molecules, 

luminescent carbon quantum dots (CQDs), and metal-carbon nanocomposites in the 

form of carbynoid sp hybridized nanocrystals coordinated and grown on noble 

metal nanoparticles. Of particular interest, is the observation of carbynoid 

nanowires supported by AuNPs (Cy@AuNWs). The crystal structure of the NWs 

is modified by the interaction with high energetic electrons, so that STEM and 

HRTEM investigation has been conducted at low electron acceleration voltage (80 

keV). The corresponding morphology, dimensions and interplanar distances 

measured by HRTEM, are coherent with the results reported in the unique present 

in literature for analogues structures [40].   

The nature of the CQDs derived from the noble metals has been studied by 

HRTEM, which revealed a graphitic structure. Also SERS spectroscopy on the 

powders of the Au and Ag derived nanomaterials revealed the presence of carbon 

nanostructures (D and G band), overlapped with a typical and identical (for Au and 

Ag) molecular fingerprint. We propose a possible interpretation of the SERS 

spectra associated to the organic molecular material, based on the presence of 

carboxylic acids adsorbed on the metal nanoparticles, and propose a scheme of 

radical polymerization of formic acid on the noble metal nanoparticle surface, 

which might be responsible of the formation of the metal-carbynoid complexes. At 

the moment, we did not detect the presence of metal-carbon NCs or carbon 

nanomaterial different from CQDs when the Fe target is ablated. 

The different kind of carbon based nanostructures cited above, are not present 

in the colloidal solution with similar concentration. Most of the colloidal dispersion 

after the separation processes we applied, contains CQDs, and only a very small 

fraction is constituted by metal-carbynoid nanocomposites. The concentration of 

the latter is too small in order to have a proper spectroscopic identification in terms 

of extinction, Raman or PL spectroscopy, at least with the infrastructure disposable 

in Departments of Physics and Chemistry of PUC-Rio. 

Together with the formation of solid carbon nanostructures, other 

experimental observations sustain the catalytic activity of the transition metal oxide 

NPs synthesized in the research, in particular: 
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the magnetite to hematite photocatalytic conversion observed by laser 

irradiation with an irradiance higher than 10-2 kW/mm2 in the Raman investigation 

of the Fe derived nanomaterial;   

the detection by SERS of the carbon monoxide (CO) adsorbed on the Au 

derived nanomaterial, and molecular organic material adsorbed on both the noble 

metals NPs (Au, Ag). 

 

8.1.2.                                                                                                            
Physical-chemical process associated to the observed CO2/C 
reduction 

In Section 7, we propose a scheme of the simultaneous physical-chemical 

processes involved in the CO2/C reduction by PLA of TMe targets, consisting in 

one-step overall water splitting (OWS), one-step carbon dioxide reduction reaction 

(CO2RR), and two-step CO2RR. In this scheme, a fundamental role is attributed to 

the spatial overlap between the laser-pulses, the forming NPs, and the permanent 

bubbles transporting the gases produced during CO2RR. This key role has been 

verified by the observation of the dependence of the stability of the Au derived 

nanomaterial and the production rate of the CQDs (associated to the intensity of the 

PL emission), on the relative velocity between the target and laser-pulse during the 

PLA process. The results indicate that the higher stability of the AuNPs, which 

mostly depends on their oxidation, and the higher CQDs production rate, is obtained 

for a fixed relative position between the target and the laser pulse.  

The results, also explain the reason why the CO2/C process has never been 

observed until now, although different decades of scientific research have been 

dedicated to the investigation of the PLA process in liquid.  In fact, at the best of 

our knowledge, we used unique experimental parameters during the PLA, which 

have never been experimented with simultaneously by other groups: fixed laser 

pulse-target relative position, small quantity of liquid, and a great ablation time of 

the order of hours.  

The high value of the ablation time, is probably responsible for the creation 

of metal/metal-oxide interfaces, or interfaces between different metal-oxides, 
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which might be responsible for the semiconducting nature of the synthesized 

nanoparticles, and their final catalytic properties.  

 

8.1.3.                                                                                                     
Control of the dimensions and optical properties of the synthesized 
nanomaterials 

We report some of the smallest values of the dimension of transition metal 

NPs synthesized by ligand-free PLA in water by ns laser-pulses. When surfactants 

are not used, the typical sizes for noble metal NPs are of the order of 5-20 nm [8, 

9, 40, 418, 420, 421], and for iron oxide NPs they oscillates between 10 nm and 20 

nm [422, 423].  Smaller dimensions, similar to the ones we report, are obtained in 

literature only by the introduction of ligands in the water environment [106, 331, 

393, 419, 422, 423]. 

Our results demonstrate the possibility to synthesize AuNPs, AgNPs, and iron 

oxide NPs with diameters as small as 1.8 nm, 4.0 nm and 1.8 nm, respectively. In 

the case of Fe derived nanomaterial, a magnetization process was used to separate 

the smallest iron-oxide nanoparticles, which are principally constituted of hematite, 

and synthesized by a unique experimental set-up, consisting in the simultaneous 

ablation with pulses containing both the fundamental () and second-harmonic 

frequencies (2).  

For Au and Fe metal targets, the results suggest that smaller NPs are obtained 

by the use of laser pulses at single 2 frequency, in comparison with the results 

obtained by  pulses. As explained above, for the Fe target, we also tested the 

simultaneous irradiation by dual frequency pulses. In the latter case, the  

frequency pulse was used for ablation, while the 2 pulses were used for 

simultaneous irradiation (F= 0.9 J/cm2), with a negligible contribution to the 

overall production rate.  

The results show that the use of 2 pulses, both in the case of single and dual 

frequency laser pulses, leads to NPs with smaller dimensions. The experimental 

observations may be interpreted based on the catalytic activity of the metal 

nanoparticles which, in the experimental condition reported above (2 pulses or 
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dual frequency pulses), and following the PLA induced CO2RR scheme proposed 

in the previous section, might produce a bigger quantity of molecular organic 

material during the ablation process, due to the higher optical absorption of the 

semiconductor NPs in the visible region, with a final higher rate of excitation. The 

molecular organic material may coordinate on the surface of the NPs, thus limiting 

their coalescence and growth, like it happens when surfactants are introduced in the 

PLA environment.   

In all the experiments, NaOH (cNaOH) was used to control the initial pH (prior 

to ablation) of the water environment and its initial total carbon TC0, although in 

the case of Fe target, we were able to observe CO2/C reduction also without the 

addition of the hydroxide. 

 In the case of Au and Ag target, the pH of the environment is responsible for 

the charge modulation and stability of the NPs. Varying the pH, we are also able to 

control both the dimension and the LSPR of the noble metal NPs. In the case of Au 

derived nanomaterial, by parallel variation of both and the pulse fluence F, we can 

observe a maximum blue shift of about ~ 10 nm, which has never been observed in 

literature. One of the key points for the correct interpretation of the spectral blue-

shift, is the detection of Au-carbonyl species in the SERS spectra of the dried 

powder of the nanoparticles. The presence of CO adsorbed on the AuNPs, which 

has a refractive index smaller than the water, may in fact be responsible for the 

observed blue-shift, together with the possible formation of the π-back bonding in 

metal–CO system, with the enhancement of the number of electrons participating 

to the localized plasma oscillations. An analog transfer of electrons may also 

happen from the shell of CAWs observed around some of the Au nanoparticles and 

their metallic core, contributing to the overall observed blue-shift.  

In the case of AgNPs, two principal differences are observed in comparison 

with the case of Au: a bigger instability, attributed to the continuous oxidation of 

the AgNPs after the synthesis, and a progressive red-shift of LSPR. Both are 

associated to the progressive oxidation of the surface of AgNPs, which are found 

to stabilize this process only after 2-3 weeks from the synthesis, with a final 

broadening and red-shift of the extinction spectra. 
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Due to the limited access to the experimental infrastructure in the last months 

of the research, the phases of the iron oxide NPs have been investigated (by Raman 

spectroscopy) only in the case of Fe derived nanomaterial synthesized by dual 

frequency laser pulses ( and 2 simultaneously).  We identified four different 

phases of iron oxide: i) magnetite (Fe3O4), ii) hematite (Fe2O3), iii) wüstite (FeO), 

and iii) siderite (FeCO3). The siderite is very rare in the sample, while hematite, 

wüstite, and magnetite are the most abundant oxides. With the exclusion of siderite 

which, to the best of our knowledge, has never been detected before of the present 

research, the other oxides are typically found as product of the PLA of iron targets 

in pure water. After the magnetic separation procedure, we were able to obtain two 

colloidal solution containing iron-oxide NPs with different size and different phase. 

Magnetite NPs with an average dimension of 4.6 nm, and ultrasmall hematite NPs 

with an average size down 2 nm. The average size of the bigger NPs was confirmed 

by a novel magnetic scanning microscope in collaboration with Prof. Jefferson 

F.D.F Araujo of the Department of Physics of PUC-Rio.      

     All the transition metal derived nanomaterials present, as the most 

populated carbon species, the photoluminescent CQDs. Both the chemical 

composition, size, and spectral properties of the CQDs seems to be not dependent 

on the frequency  and fluence F of the laser pulse, or also on the total carbon value 

TC0, which only can modulate the intensity of the corresponding emission. Only in 

the case of Fe derived CQDs, the emission spectra can be roughly tuned from the 

UV (~ 325 nm ) to the blue region (390 nm – 415 nm), depending on the laser 

parameters used during the PLA process. The UV emission is obtained by the 

ablation with dual-frequency pulses ( and 2) and, following our scheme of the 

PLA induced CO2RR, is probably associated with the synthesis of smaller carbon 

nanoparticles, due to the higher production rate of molecular organic materials, 

which should limit their size growth. 

     The solubility in water of the carbon NPs is assured by the presence of 

hydroxyl and carboxyl functional groups, as verified by FTIR and XPS 

spectroscopy, although also carbonyl and epoxy groups are present. Moreover, 

multi-wavelength emission TRPL measurements, suggest that the emission of our 

Au derived CQDs is mostly associated to surface states with two different lifetimes, 

without carbogenic contribution. The full width half maximum (FWHM) of the 
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emission is of the order of ~ 55 nm, quite smaller than the typical FWHM reported 

for other kinds of CQDs soluble in water emitting in the visible region, which is in 

the range between 80 nm and 110 nm. 

Most interestingly, the QY was evaluated to be about 45%, which is, at the 

best of our knowledge, one order of magnitude higher than the typical values 

reported for luminescent carbon nanomaterials synthesized by both one or even 

two-step PLA processes. 

Such a low FWHM and high QY may be associated to the peculiar source of 

carbon atoms in the liquid environment. In traditional PLA, the atoms constituting 

the core of the upcoming NPs are ejected from the solid carbon target in a 

multiphase form, such as vapors, liquid, solid pieces, which after condense together 

giving rise to a quite broad size distribution. In CO2/C assisted synthesis, the 

building elements of the carbynoid NWs and CQDs are presumably Cn molecular 

units
 
recombining in highly ordered structures. 

 

8.1.4.                                                                                                         
Application of the synthesized nanomaterials 

The Au derived nanomaterial obtained in the ultrasmall range, demonstrated 

the unique and intriguing property to enhance the angiogenesis process in 

endothelial cells, both by in vitro and in vivo tests, with huge potential in the field 

of regenerative medicine. At the light of the results reported in literature, the 

biological activity of the nanoparticles may also be linked to the production and 

release of carbon monoxide from the Au derived nanomaterial in the cell 

environment. 

Similar to other works reported in literature, the Au derived nanomaterial may 

also be successfully applied for the plasmonic enhancement of the photodynamic 

activity of photosensitizers, like we demonstrated in the use of molecule Chlorin-

e6, with an overproduction of oxygen of singlet, which might be applied for a lower 

administration of drugs in skin antitumor treatment. 
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8.2.                                                                                                          
Future work and perspectives  

8.2.1.                                                                                                               
Future experimental work 

 Looking at the scheme we have proposed for the PLA induced CO2/C 

reduction, shown in Figure 7.4 our most important purpose is now to run back the 

chain, that is understand what is the link between the particular organic intermediate 

product, and the final structure of the carbon nanomaterial derived from a specific 

metal target. The comprehension of this fundamental aspect, may allow in the future 

the control of the shape, dimension, hybridization and luminescence of the different 

functional carbon nanostructures. In particular, we propose the detection of 

different gases (H2, H2S, CO, NH3, CH4, C2H2, C2H4, C6H6) and carboxylic acids 

(HCOOH, CH3COOH, CH3CHOH, CH2CHCOOH) which are supposed to be 

generated during the CO2/C reduction induced by PLA. For this purpose, a new 

collaboration has been established between the NanoLaserLab of the Department 

of Physics of PUC-Rio and the groups of Prof. Stephan Barcikowski, Prof. Torsten 

Schmidt, and Prof. Sven Reichenberger of the Department of Chemistry of the 

University of Duisburg-Essen (Germany).  

Also other analyses are needed in the immediate future in order to validate 

the interpretation of some of the presented experimental results.  

Particularly important is the spectroscopic characterization of the 

Cy@AuNWs, which will be performed by Tip Enhanced Raman Spectroscopy 

(TERS) in the InMetro Institute of Rio de Janeiro. Although the graphitic nature of 

the CQDs has been revealed by HRTEM, it is also opportune to confirm this result 

by Raman spectroscopy, through the synthesis of a sufficient quantity of carbon 

nanoparticles.  

Concerning the Fe derived nanomaterial, we are confident about the rapid 

possibility to obtain the Raman characterization of the different metal-oxides 

produced by PLA performed by laser pulses containing a single frequency ( or 

2). Also, the HRTEM characterization of the Fe derived CQDs with emission in 

the UV region will be a key investigation, in order to understand if the blue-shifted 
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emission (in comparison to all the other CQDS synthesized in this research) is 

associated with a smaller size.  

The last fundamental parameter which needs to be measured to finalize the 

presented research is the CO2/C absolute efficiency. The latter is the ratio 

between the value of the final total solid carbon TCsolid coming from the metal-

carbynoid NCs and the CQDs, and the final total carbon (TC0 +TC) at the end of 

the PLA process ( = TCsolid / TC0 +TC). While the denominator is well known 

from the tens of measurements performed along the research, due to a 

contamination problem during the dialysis process we were not able to measure the 

value of TCsolid. The contamination during the dialysis process, was in fact resolved 

only recently and allowed, for example, the correct characterization of the Au 

derived CQDs by FTIR and XPS spectroscopy. The dialyzed samples for the 

determination of  have been prepared and stored, and will be measured as soon as 

possible.  

 

8.2.2.                                                                                                        
Perspectives 

A consideration has to be done on the performance of the CO2RR-PLA 

reactor in BEECS technology. Brazil emits on average about 100 kg of CO2 to 

produce 1 MWh of energy [424], which gives an energetic value of 1 kWh for 100 

g of CO2. We can for the moment suppose that the C concentration of the samples 

after dialysis is lying in between the values of TC0 (almost 100% conversion 

efficiency) and TC. Looking at the results of Table 4.1, using cNaOH = 20.00 mM, 

let´s suppose to have a final TC after dialysis of 15 ppm.  

The optical configuration used generally at the 2 frequency during PLA, 

allow the synthesis of about 5 ml of colloidal solution in 1 hour, with the 

characteristics reported in Table 4.1.  This corresponds to a mass of about 75 g of 

CO2, corresponding to a BEECS added energetic value of ~ 10-6 kW/h. To a first 

sight, this represents a negligible amount of energy, principally considering that the 

Q-Smart 850 laser system is operating with a maximum electrical power of about 

DBD
PUC-Rio - Certificação Digital Nº 1522493/CA



214 

 

 

103 VA.  Anyway, the particular experimental conditions used in the synthesis have 

to be taken in consideration.  

First of all, we used a very low value of energy and F of the laser pulses, with 

the aim to control the dimensions, stability and optical properties of the transition 

metal derived nanomaterials. But when such a fine tuning is not needed, PLA might 

be performed with our system with laser pulses 100 times more energetics of the 

ones typical used along the research, which can guarantee a first 2 order of 

magnitude higher production of nanomaterial. As second point, in the case the 

concentration of H2 performs a major role in the synthesis of the carbon 

nanostructures, we can enhance the spatial overlap between the laser pulse and the 

permanent H2 bubbles by out-focusing the beam, and using different metals such as 

aluminum (Al) or titan (Ti), may produce molecular hydrogen by water-splitting at 

really higher concentrations [425]. Also the repetition rate of the laser pulses has to 

be considered, since the use of high repetition rates (≈ kHz) might reduce the 

ablation times of orders of magnitude. Hence, we think that proper optical 

configuration and catalytic metal, may enhance the energetic value of PLA product 

of 3 orders of magnitude. Finally, a further increase in the production rate of carbon 

material may be definitively obtained by the control of the CO2 concentration at the 

gas-liquid interface of the beaker were PLA is performed, using the experimental 

set-up shown in Figure 3.2b. The right balance between the CO2 and NaOH 

concentration in the water solution, may allow the stability of the colloidal 

nanomaterial with values of TC0 three order of magnitude higher, imaging a pure 

CO2 gas atmosphere at the gas/liquid interface. Nevertheless, also the effect of CO2 

carriers different from NaOH has to be taken in consideration, amplifying the 

possibilities of a higher solid carbon production rate.  

Considering all these aspects, we definitively think that the reported 

experimental results highlight the interesting possibility to draw an energetic ‘road-

map’, with the aim to obtain CO2RR-PLA based reactors for carbon nanoparticles 

production with an added energetic value in the range between 0,1 kWh and 1,0 

kWh.  

In conclusion, after decades of research, synthesis of nanomaterials by pulsed 

laser ablation in water is still considered to respond to most of the precepts of the 

‘green chemistry’.  One of the major points to sustain this inclusion, is the 
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conviction of the absence of secondary reactions products, commonly the main 

argument reported in literature to defend the minor cytotoxicity of the 

nanomaterials when compared to the chemically synthesized counterparts. The 

research developed during my PhD revolutionizes this point of view, showing that 

PLA of transition metal targets in water (Au, Ag, Fe) acts as an intrinsic photo-

thermal catalytic cell, where CO2RR runs simultaneously to the formation of metal 

nanoparticles. The reactions, lead to the formation of ‘invisible’ carbon based 

functional nanomaterials, unrevealed for decades due to the overlap of the spectral 

properties of the different metal and carbon species. The results shine a light on 

PLA in water as potential negative emission technology, with the unique property 

to convert CO2 to solid functional nanomaterial.  

Nevertheless, PLA of transition metal targets definitively represent a new 

platform also for investigation in fundamental physics, giving the possibility to 

advance in the exiting debate on the controversial existence of stable quase-1D 

carbynoid nanocrystals. Carbynoid material has taken much attention in 

fundamental physics since its discovery on the external surface of the Murchison 

meteorite, in late 1969, and is historically considered as the first ‘extraterrestrial’ 

material with traces of amino-acids [426], with no natural analogue carbon allotrope 

on the earth. Carbynoid systems only represent one specific example of the 

importance that carbon based materials have in the comprehension of astrochemical 

processes. Of particular interest will be the study of the CO2RR using metals which 

are commonly found in the composition of meteorites, such as Fe, Ni, Si and Al 

[426]. PLA is in fact considered as the principal experimental technique to simulate 

the “space weathering”, which is the term used to refer to those processes, such as 

the bombardment by micrometeorites, solar wind ions, and cosmic rays, able to 

induce changes in the physical, chemical, mineralogical, and observational 

properties of the surface of asteroids, comets, and some planets and their satellites 

[427].  

The possibility to control the size of the Au and Fe based nanomaterial down 

to the ultrasmall range (r < 2 nm), is instead particularly attractive in view of the 

potential applications in the emerging field of nanoparticle-based gene therapy. 

Moreover, in the light of the experimental results, it will be particularly interesting 

also to investigate the antibacterial and antiviral properties of the Ag derived 
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nanomaterial which we discovered to be characterized by photocatalytic 

semiconductor Ag/Ag2O interfaces. Nevertheless, it is reported in the literature that 

carbon/Ag nanocomposites may significantly enhance the antibacterial and 

antiviral properties of the nanoparticles, which is particularly attractive after the 

recent discovery of the virus COVID-19 and the related social and economic 

problems [428]. 

 

Figure 8.1 Diagram representing the main scientific areas where the discovery of 

the PLA induced CO2/C reduction by metal-oxide semiconductors may open unexpected 

perspectives 

As resumed in Figure 8.1, the present research may open unexpected 

perspectives in experimental biology and astrochemistry, and gives to the scientific 

community a new instrument for the bottom-up synthesis of advanced nanomaterial 

by CO2/C laser-induced process. 
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 Quaid Zaman,*, Tahir, A.R.J. Barreto, Jefferson F. D. F. Araujo, Luís D. 

Carlos, Albano N. Carneiro Neto, Marco Cremona, Zubair Ahmed, Andre 

Felipo Souza da Cruz, Jefferson S. Costa, Nadson Welkson Pereira de 

Souza, Karlo Q. da Costa, Victor Dmitriev, T. Del Rosso*, Dielectric 

Loaded Waveguides as advanced platforms for diagnostic and 

application of transparent organic thin films, submitted to Langmuir.                                       

 Eloi B. de M. Junior, Fredy G. Osorio G., Frederico V. Gutierrez, Tommaso 

Del Rosso, Tahir, Leonardo A. F. Mendoza Cleanio Luz-Lima, Elder 

Yokoyama, Andre L. A. dos Reis, Geronimo Perez, Jesana de M. Silva, 

Antonio C. Bruno and Jefferson F. D. F Araujo, Detecting surface-breaking 

flaws with a Hall effect gradiometric sensor, accepted in 

Measurements ,  Pub Date : 2020-12-04.      

 Tahir, Tommaso Del Rosso* et. al., CO2/C reduction by pulsed laser 

ablation of transition metal target in water: opening new horizons in 

material science, experimental astrochemistry and nanomedicine (in 

preparation).                                   

 

9.2.                                                                                                                              

Conferences  

Preliminary experimental results have been presented in the following 

national and international scientific conferences: 

 Tahir, M. Cremona, R.Q. Aucelio, C. A. Toloza, A. Laurenzana, F. 

Margheri, M. Del Rosso, G. Fibbi, F.L. Deepak, S. Landi, C.S. 

Casari, S. Peggiani, A. Facibeni and T. Del Rosso, Novel insight on 

the potentialities of ligand-free pulsed laser ablation of a gold target 

in water: synthesis of biocompatible functional carbynoid 

nanostructures, Cola 2019 (Maui Hawaii-USA), September 2019 

(international, oral presentation). 
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 Tahir, Carlos Alberto Toloza, Alexandre Pinto Canellas, Marco 

Cremona, Fernando Lázaro Freire Júnior, Omar Pandoli, Sonia 

Renaux Wanderley Louro, Ricardo 

Queiroz Aucelio, Aline Magalhaes, Leonard Francis, Rafael C. 

Chavez and Tommaso Del Rosso, Synthesis of functional 

Au@Carbynoid nanocomposites and Carbynoid luminescent 

nanoparticles during CO2 recycling assisted by pulsed laser 

ablation of gold target in water, Brazilian Physical Society Meeting 

XL ENFMC (Natal, R. N Brazil), September 2018  (national, 

poster). 

 

 

 Tahir, Tommaso Del Rosso, Marco Cremona, Fernando Lázaro Freire 

Júnior, Omar Pandoli, Vinicius Mattoso, Sonia Renaux Wanderley 

Louro, Ricardo Queiroz Aucelio, Aline Magalhaes and Rafael C. 

Chavez, Au@carbynoid/Pluronic-F127 nanocomposites drug-carriers 

synthesized by pulsed laser ablation in water, Autumn Meeting of the 

Brazilian Physical Society (Foz do Iguaçu, Brazil), May 2018 (national, 

oral presentation).  

 

 Amanda Farias dos Santos, Jefferson Ferraz D. F. Araujo, Antônio 

Carlos Bruno, Tommaso Del Rosso and Tahir, Characterization of 

iron oxide nanoparticles using a scanning magnetic microscope, 

Autumn Meeting of the Brazilian Physical Society (Foz do Iguaçu, 

Brazil), May 2018 (national, poster). 
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Appendix 

                                                                                      

A.1                                                                                                                 
Calculation of the dielectric function of small NPs 

In the following we report the code, based on the MATLAB language, which 

we developed for the determination of the theoretical UV-Vis spectra associated to 

the experimental statistical distribution of the Au derived nanomaterial, based on 

the Mie theory.  

clear all; 

%clearvars; 

Declaration of ranges, constants and LogNormal function 

file_data = load('Au-Modified_J_C_n_k.txt'); 

exp_meas = load('ph12.txt'); 

%exp_meas = load('Figure-1.txt'); 

%exp_meas = load('PH-7-d = 3.8.txt'); 

file_liquid = 'N_H2O.txt'; 

lambda  = 0.25:0.001:0.8;       %wavelength domain (um) 

d_0 = 1e4;                      %Cuvete length um 

E = 1;                          %Maximum experimental value of extinction 

spectrum 

dp = 19.32;                     %Density of NP (g/cm^3) 

lambda_max = 0.518e-6;           %SPR resonance wavelength (um) 

y0 = 0;                          %LogNorm constant 

xc = 1.09;%3.217;                  %LogNorm constant 

w_omega =0.296; %0.307;           %LogNorm constant 
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A =58.14;%151;                     %LogNorm constant 

%y1 = 014 

%xc1 = 3.79; 

%w_omega1= 0.2438; 

%A1= 39.103; 

n_fitted = @(r) y0 + (A./(sqrt(2*pi).* r.*1e3 .* w_omega)).*exp(-

(log(r.*1e3/xc).^2)/(2*(w_omega).^2)); % radius in um 

%n_fitted= @(r)y1 + (A1./(sqrt(2*pi).* r.*1e3 .* w_omega1)).*exp(-

(log(r.*1e3/xc1).^2)/(2*(w_omega1).^2)); 

%n_fitted = @(r)y0 + (A./(sqrt(2*pi).* r.*1e3 .* w_omega)).*exp(-

(log(r.*1e3/xc).^2)/(2*(w_omega).^2))+ y1 + (A1./(sqrt(2*pi).* r.*1e3 .* 

w_omega1)).*exp(-(log(r.*1e3/xc1).^2)/(2*(w_omega1).^2)); 

radius_min = 1/1e3;%3/2/1e3;       %Minimum radius um 

radius_max = 30/1e3;%7.75/2/1e3;    %Maxium radius 

radius_interval = 0.1/1e3; 

radius_vec = (radius_min:radius_interval:radius_max);   %radius in um 

define os raios para os calculos da curva de extin��o total 

n_int = integral(n_fitted, radius_min, radius_max);     %Calculate 

numerical integral 

Dielectric function of bound electrons 

Wavelength = file_data(:,1);                % wavelength in nm 

n_ref_index = file_data(:,2);               % real part of refractive 

index 

k_ref_index = file_data (:,3);              % Imaginary part of 

refractive index 

Wavelength_um = file_data(:,4); 

e_real = n_ref_index.^2-k_ref_index.^2; % Real part of dielectric 

function 

e_Imag = 2.*n_ref_index.*k_ref_index;   % Imaginary part of dielectric 

function 

e_bulk = e_real+1i.*e_Imag ;            % Bulk dielectric constant 

w_p = 1.3E16;                           % Plasma frequency 

Gama_bulk = 1.64E14;                    % Damping constant 
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c_s = 3E17;                             %Speed of light 

w = 2.*pi.*c_s./Wavelength ;            %Angular frequency 

e_free = 1- w_p.^2./(w.^2+1i.*w.*Gama_bulk); % Dielectric constant of 

free electrons 

e_bound = e_bulk - e_free;               % Dielectric constant of bound 

electrons 

e_bound_imag =  imag(e_bound);          %imaginary part of bound 

electrons 

v_f = 14.1E14;                          % Fermi velocity of electron 

c = 1;                                % Proportinality constant 

colors = 'rgbkcrgbkcrgbkc'; 

figure; 

hold on; box on; grid on; 

for l = 1:length(radius_vec) 

Particle properties 

    a = radius_vec(l); 

    Gamma_a = Gama_bulk + (c.*v_f ./(a*1e3));  % Damping contant of small 

particles% 

    wp_w = w_p.^2./(w.^2+Gamma_a.^2); 

    e_size_imag =e_bound_imag+(Gamma_a.*w_p.^2)./(w.*(w.^2+Gamma_a.^2)); 

    n_size = sqrt(0.5.*(sqrt(e_real.^2+e_size_imag.^2)+ e_real)); 

    k_size = sqrt(0.5.*(sqrt(e_real.^2+e_size_imag.^2)- e_real)); 

    N_Au.wavelength = Wavelength_um; 

    N_Au.N = n_size - 1i*k_size; 

    N_Au.eps = N_Au.N.^2; 

    N_Au    = INL_MD_Interpolate(N_Au,lambda); 

    N_liquid    = INL_MD_Load(file_liquid); 

    N_liquid    = INL_MD_Interpolate(N_liquid,lambda); 

    n       = size(lambda,2); 

     for k = 1:n 
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             [a_n,b_n,x] = 

INL_MS_SolidSphere(lambda(k),a,N_liquid.N(k),N_Au.N(k)); 

             n_norm(l) = n_fitted(a) / n_int; 

             Q_ext_ss(k,l) = INL_MS_ExtinctionEfficiency(a_n,b_n,x); 

             sigma_ext_pesad(k, l) =  a ^ 2 * Q_ext_ss(k,l) * n_norm(l) * 

radius_interval; %R^2*Q*n*dr 

     end 

end 

Show the graphs 

espec_ext = -sum(sigma_ext_pesad'); 

[peak, locs] = findpeaks(espec_ext);                        %Find peaks 

in results 

N_particles = (2.303 * E / (d_0 * pi * peak(end))) * 1e12   %NP Density 

per cm^3 

n_mass = @(r) ( n_fitted(r) / n_int ) .* r.^3; 

Concetration =  (N_particles * 4/3 * pi * dp 

*integral(n_mass,radius_min,radius_max)) * 1e-12 %Concentration in 

(g/cm^3) 

N_particles =   4.1710e+14 

Concetration = 9.2939e-05 

Plot results 

title('Au nanoparticles'); 

xlabel('Wavelength (nm)') 

ylabel('Extinsion (a.u.)') 

xlim([300 800]); 

%ylim([0 1.25]); 

espec_ext= espec_ext / peak(end);   %Normalize results by the last peak 

plot(lambda*1000,espec_ext,'-b','LineWidth',3); 

plot(exp_meas(:,1),exp_meas(:,2),'g','LineWidth',3); 

hold off; 
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legend('Solid sphere logNorm','Experimental curve'); 

 

 

 A.2                                                                                                           

Dynamic Light Scattering (DLS) and -potential  

 A nanoparticle analyzer model SZ-100 (Horiba, Japan) was used for the 

measurement of hydrodynamic size and surface potential potentialof NPs in 

the colloidal dispersion. 

 

Figure S1 Cartoon sketch of hydrodynamic radius of NP. 

 

As represented in Figure S1, and explained in Section 2.2.2, the 

hydrodynamic size is not the actual size of the metal core of the NPs, due to the 

Stern and diffusive layers. Hence, hydrodynamic size measured by DLS is always 

greater than the size of the NPs measured by TEM and/or Atomic Force 

Microscopy(AFM) [209].   

Concerning the measurements of -potential, the charged NPs moves under 

the action of an applied electric field, therefore the ratio between the NPs velocity 

and the external applied field, called electrophoretic mobility, is measured and used 

to calculate the -potential using the Henry equation: 

 μ𝑒 =   2 ϵ 𝑓(𝑘. 𝛼)/3 η , (S1) 
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where  and  are the dielectric constant and the viscosity of the medium, 

respectively. 𝑓(𝑘. 𝛼)  is called the Henry function, in which  is the radius of the 

particle and k represent the thickness of the electrical double layer.     

                                                                                                                           

 A.3                                                                                                                                                                 
Transmission Electronic Microscopy   

Transmission electronic microscopy (TEM) is a reliable and an effective 

technique in which the high energetic electron beam is transmitted through very 

thin specimen (sample) in order to study its structure. If the relativistic effect is 

neglected, then according to the de Broglie’s Law the wavelength of the electron 

(𝑒) is inversely propositional to square root of accelerated electron’s energy  

(𝐸 
1

2⁄ ): 

 𝑒 =
1.2

𝐸𝑒

1
2⁄
 .     (S2) 

As we increase the energy of the accelerated electron,  𝑒  decreases and the 

resolution of TEM images is increasing. According to equation S2, if 100 keV 

energy electron beam are used, then 𝑒  will be 0.004 nm, which is much smaller 

than the atomic radius. However, the spherical and chromatic aberrations of 

magnetic lens decrease the resolution. 

A TEM can be described by main three parts: illuminating system, the 

objective stage/lens, and image system, as shown in Figure 2. (a). The illumination 

system has the source of electrons, where electrons are extracted from the filament 

and focused by condenser lenses. The main purpose of the condenser lenses is to 

focus and deflect the electron beam in such a way to obtain a suitable illuminating 

condition, for example convergence angle and spot size. It is quite possible to adjust 

the condenser lens strength to acquire either convergence (e.g. as used in STEM, 

CBED) or parallel (e.g. as used in SAED, HRTEM) electron beam condition. In 

order to reduce the spherical aperture a condenser aperture is placed below the 

condenser lens. The sample holder is inserted just above the objective lens and, to 

align the sample with respect to electron beam, it can be rotated along one or two 

axis. The schematic diagram in Figure S2 (b) shows the electron beam ray path in 

the diffraction and image mode [429, 430]. 
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Figure S2 a) Picture with the main parts of the transmission electron microscope 

JEOL JEM-2100F. b) Schematic diagram of path of the electron ray in the two operating 

modes. The image mode is shown in the left, while the diffraction modes are shown in the 

right [429].     

  

  High Resolution Transmission Electronic microscopy: High Resolution 

Transmission Electronic microscopy (HRTEM) is used to obtain an image with 

information of the lattice fringes of a crystal. The contrast in TEM images meanly 

come from two types of contribution: amplitude contrast and phase contrast. The 

amplitude contrast is related to the variation of the thickness’s crystal and /or atomic 

number across the crystal. The phase contrast is related to the phase change of the 

electron wave, in consequence lattice fringes of a thin crystal appears with high 

magnification and provide a high resolution image. The HRTEM uses both 

scattered and transmitted beam two create interference images of a crystal.  

To have a complete characterization of the crystal structure of nanomaterials, 

generally HRTEM is followed by the study of the diffraction electron 

pattern,STEM and EDS. 

 STEM mode: Unlike the conventional TEM, in scanning transmission 

electron microscopy (STEM) the beam is focused to a fine spot of typical size 0.05 

to 0.2 nm, and scanned on the sample in such a way that it is illuminated at each 

point with a beam parallel to optical axis. There is no contrast reversal in STEM as 

compared to HRTEM, which allows a direct interpretation of contrast. In STEM 

bright field (STEM BF), the detector capture those electrons scattered at lower 
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angle (such as diffract and direct beam), while in annular dark-field (ADF) the 

detector captures the electron scattered at higher angle, excluding the lower angle 

scattered electrons.  

Energy Dispersion X-ray Spectroscopy (EDS): In energy dispersion X-ray 

spectroscopy (EDS or EDX), the characteristic X-ray are used to elementally or 

chemically analyze the sample. In this technique an energetic electron interacts with 

the sample in order to produce a characteristic x-ray which gives information about 

the sample composition. 
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