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Abstract

Paiva, J. G. G. F.; Del Rosso, Tommaso (Advisor); Fulvio, Dani-
ele (Co-Advisor). Pulsed Laser Ablation of Iron and Nickel
Targets in Water and its Implications in Astrochemistry.
Rio de Janeiro, 2021. 130p. Dissertação de mestrado – Departa-
mento de Física, Pontifícia Universidade Católica do Rio de Ja-
neiro.

The proposed research points to the possibility to perform CO2
reduction reaction (CO2RR) to solid carbon nanomaterials by the pulsed
laser ablation (PLA) of magnetic target of iron (Fe) and nickel (Ni) in pure
deionized water. The synthesized colloidal dispersions were characterized
by different optical spectroscopies (UV-Vis, ICP-MS, FTIR and Raman)
and transmission electron microscopy (TEM), revealing the presence of
nanosized transition metal oxide and hydroxide nanoparticles, together with
organic nanomaterial. The latter is well visible by TEM, energy-dispersive
X-Ray spectroscopy (EDS), electron energy-loss spectroscopy(EELS), and
Raman spectroscopy, which indicates the presence of amorphous graphitic
carbon and CH vibrations. In the case of Ni derived nanomaterial, FTIR
results confirm the presence of a beta-Ni(OH)2 hydroxide phase, while
Raman and TEM measurements suggest also the presence of Ni(HCO3)2
nanosheets. The experimental results were finally discussed in the frame of
the origin and evolution of simple and complex molecules of astrochemical
interest, with special focus on those species potentially formed on the surface
of metallic minor bodies in the solar system and cosmic dust grains in the
interstellar medium(ISM).

Keywords
Pulsed Laser Ablation; Magnetic Nanoparticles; Carbon Nanostruc-

tures; Space Weathering;
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Resumo

Paiva, J. G. G. F.; Del Rosso, Tommaso; Fulvio, Daniele. Ablação
por Laser Pulsado de Alvos de Ferro e Níquel em Água
e suas Implicações em Astroquímica. Rio de Janeiro, 2021.
130p. Dissertação de Mestrado – Departamento de Física, Pontifícia
Universidade Católica do Rio de Janeiro.

A pesquisa aponta para a possibilidade de realizar a reação de
redução de CO2 (CO2RR) para a formação de nanomateriais de carbono
por ablação a laser pulsado(PLA) de alvos magnéticos de Ferro(Fe) e
Níquel(Ni) em água pura deionizada. Os materiais coloidais sintetizados
foram caracterizados por diferentes técnicas de espectroscopias ópticas (UV-
Vis, ICP-MS, FTIR e Raman) e microscopia eletrônica de transmissão
(TEM), revelando a presença de nanopartículas de óxidos e hidróxidos de
metais de transição, junto com nanomaterial orgânico. Esse último, é bem
visível por TEM, espectroscopia de raio-X por dispersão em energia (EDS),
espectroscopia por perda de energia de elétrons (EELS), e espectroscopia
Raman, que indica a presença de carbono amorfo grafítico e vibrações CH.
No caso do nanomaterial obtido do Níquel, os resultados FTIR confirmam a
presença da fase do hidróxido beta-Ni(OH)2, enquanto as medidas Raman
e TEM sugerem também a presença de nano-folhas de Ni(HCO3)2. Os
resultados experimentais foram enfim discutidos no contexto da origem e
da evolução de moléculas simples e complexas de interesse astroquímico,
com foco especial nas espécies potencialmente formadas na superfície de
pequenos corpos metálicos do Sistema Solar e grãos de poeira cósmica do
meio interestelar.

Palavras-chave
Ablação por Laser Pulsado; Nanopartículas Magnéticas; Nanoestru-

turas de carbono; Intemperismo espacial;
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1
Introduction

1.1
State of Art

The first synthesis of metal-oxide nanoparticles (NPs) by pulsed laser
ablation in liquid solution (LASiS) was demonstrated by Patil et al. in
research on the formation of a metastable form of iron [1]. Since then, several
laboratories in the world have contributed to advances in research on LASiS,
and the number of publications and citations in this field, per year, increased
from five publications and five citations to about 50 publications and 700
citations, from 1998 to 2011, respectively [2].

Many advances have been made in the control of NPs size and stability, as
well as in their composition [3, 4]. A fundamental point accepted by the entire
scientific community is that the composition of the NPs core is the mirror of
the target composition, at least when LASiS is performed in water [3, 4].

From this research, we reinforce the introduction of a new paradigm
regarding NPs composition, as observed previously in the NanoLaserLab of the
Department of Physics of PUC-Rio, Rio de Janeiro, Brazil [5]. In those previous
studies, we observed the synthesis of molecular organic material and different
kinds of carbon nanostructures during the pulsed laser ablation (PLA) of Au,
Ag and Fe targets in water, without the addition of surfactants or organic
stabilizing agents. These results were explained based on a CO2 reduction
reaction (CO2RR) to solid carbon (CO2/C) [6]. We suggested that the reactions
induced by PLA are possible due to the catalytic properties of transition metals
and transition metal oxide domains present in the synthesized nanoparticles
[7, 8].

In the study presented here, we continued the investigation on Fe targets,
and investigated the possibility to perform CO2RR by PLA of nickel (Ni)
in water environment, without the addition of any solute in the water. The
presence of carbon based material has been detected, in the case of Fe
target, by electron energy-loss spectroscopy(EELS) and energy-dispersive X-
ray spectroscopy(EDS) and, in the case of Ni target, by Raman spectroscopy
and EDS. The results showed by Raman spectra of Ni NPs evidenced the
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Chapter 1. Introduction 19

presence of amorphous graphitic carbon, with characteristic peaks in the region
of (D band) 1349 cm−1 and (G band) 1590 cm−1 [9, 10], and CH2 and/or CH3

stretching, with peaks around the region of 2900 cm−1.
Moreover, TEM investigation of the colloidal dispersion obtained by

LASiS in water on Ni targets revealed the presence of nanostructures different
from small spherical nanoparticles. Specifically, we found nanostructures,
containing both the respective nickel, carbon and oxygen atoms. And very
similar to the Ni(HCO3)2 nanosheets as reported by X.Zhang et al. [11]. The
presence of the carbonate group CO3

−2 could in fact be the reason for an
intense and sharp Raman peak close to 1100 cm−1 observed in different regions
of the samples of Ni NPs. Further studies are necessary to draw conclusions on
these structures, especially X-ray diffraction (DRX) and X-ray photo-electron
spectroscopy (XPS), which have not been possible due to the limited access to
most of the laboratory infrastructures during the COVID-19 pandemic [12].

Another important experimental result found in our research consists of
the dimension of the synthesized metal-oxide NPs. While most of the literature
on PLA of Fe targets in water report small linear dimension of 17 nm for Fe
NPs [13] and 3-5.3 nm for Ni NPs [14] using pulses at the wavelength of 532
nm, we demonstrate that under specific experimental conditions,it is possible
to synthesize NPs with an average diameter of about 2 nm using laser pulses
at the wavelength of 532 nm, with potential applications in gene therapy in
human cells [15, 16].

Moreover, the simple magnetization separation method we used allowed
in the case of Fe target to identify families of nanoparticles with different
average sizes, thus making it possible to obtain a sharper statistical distribution
of the size of the NPs colloidal dispersion [5].

Considering the Ni derived nanomaterial, it didn’t show a clear difference
of average sizes after the implementation of the same magnetization separation
method. In addition, by Fourier-transform infrared spectroscopy(FTIR) and
Raman spectroscopy, we observed the presence of β-Ni(OH)2 and NiO in our
Ni NPs samples.

The experimental results, especially related to the identification of or-
ganic nanomaterial, are important, not only for material sciences, but also for
astrochemistry. In fact, from the physical point of view, the use of the LASiS
technique has been largely reported in the literature for laboratory simulation
of the space weathering of objects of astrophysical interest [17, 18, 19, 20]. In
the case of Fe and Ni, for example, they are material components present in the
composition of minor bodies of the Solar System (such as asteroids, comets,
satellites, or planets) and cosmic dusts of the Interstellar Medium(ISM)
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[21, 22, 23]. Moreover, ice containing carbon based organic and inorganic
molecules, such as carbon monoxide, carbon dioxide and methane is present
around them, and may be simulated in a first approximation by the presence
of water environment during the PLA process.

It’s assumed in different studies that the interactions between minor
bodies of the Solar System and micrometeorites, or between cosmic dust grains
in the ISM could induce Fischer-Tropsch(FT) reactions, which may lead to a
conversion of the CO and CO2 present in the ice into organic molecules on
their surfaces [24, 25, 20].

The formation of organic material through FT reactions happening over
these astrophysical bodies could be related to the observed production of
organic nanomaterial during the PLA synthesis process. In this frame, we
suppose that Fe and Ni oxide nanomaterials formed during the interaction
between micrometeorites and asteroids, or between cosmic dusts, could assist
in the catalysis of CO2 reduction reactions.

1.2
Objectives

The main objective of the present research was to demonstrate the
possibility to perform the CO2RR by PLA of Fe and Ni targets in an
aqueous medium and relate the experimental results to the current theoretical
framework on the formation and evolution of complex molecules in the space
environment.

The research needed to achieve this main objective, involves different
experimental techniques, aiming at both the synthesis and the characterization
of the produced nanomaterials. In this context, we can make a list of objectives
of the research, in particular:
1) Determination and control of the NPs size;
2) Observation and identification of the metal-oxide (or hydroxide) NPs by
TEM, EDS, EELS, FTIR and Raman;
2) Observation and identification of carbon-based material by TEM, EDS,
EELS, FTIR and Raman.

1.3
Contributions and infrastructure

The synthesis of nanomaterial by LASiS was made in the NanoLaserLab
of the Department of Physics of PUC-Rio, under the supervision of Prof.
Dr. Tommaso Del Rosso. In the same department, the Optical Spectroscopy
Multiuser Laboratory also provided the apparatus for the NPs characterization
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by UV-Vis spectroscopy and Fourier-transform infrared spectroscopy (FTIR).
ICP-MS measurements were performed in the Department of Chemistry of
PUC-Rio.

Collaborations with other institutes were also established to per-
form transmission electron microscopy(TEM), energy-dispersive X-ray spec-
troscopy(EDS), electron energy-loss spectroscopy(EELS) and Raman spec-
troscopy. The TEM and EDS measurements were performed by Prof. Dr.
Geronimo Perez from the Department of Mechanical Engineering of the Fed-
eral Fluminense University (UFF) and Dr. Braulio Soares Archanjo from the
National Institute of Metrology, Standardization and Industrial Quality of Rio
de Janeiro (INMETRO). As for the EELS, the measurements were performed
by Prof. Yutao Xing of the Institute of Physics of the Federal Fluminense
University(UFF).

Prof. Dr. Gino Mariotto from the Department of Informatics of the
University of Verona (Italy), performed Raman spectroscopy on the Ni NPs
samples.

1.4
Organization

In Chapter 2, “Theoretical references”, we show the most important
concepts necessary to understand the topics of our research. We present the
theory of LASiS of metal targets, and the information about the differences
observed in the NPs formation by variation in the laser parameters, solutes,
solvents, and the metal targets itself. We describe the typical Fe and Ni based
oxide and hidroxides present in nature, and finally highlight our theoretical
proposal [5] on the formation of organic material by CO2RR during LASiS,
and its relationship with astrochemistry.

In Chapter 3, “Instrumentation and experimental methods”, is initially
presented the experimental set-up and procedures used for the synthesis of
nanoparticles by LASiS. Afterward, we briefly describe the other experimental
techniques used for the characterization of nanomaterials, such as TEM, EDS,
EELS, UV-Vis, ICP-MS and Raman spectroscopies.

In Chapter 4, “Results and discussions”, we present the obtained exper-
imental data and discuss the results, comparing them with those found in the
literature.

In Chapter 5, “Conclusions”, we summarize the conclusions on the
experimental results and briefly introduce a list of characterization techniques
still needed to conclude the research.
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2
Theoretical references

2.1
Astrophysics background

With the objective of describing the astrochemical and astrophysical
relationship with the laser ablation methodology, we first need to give a short
background for the sake of the reader’s understanding. For this, we will provide,
in the next two subsections, a general description of the Solar System and the
interstellar medium.

2.1.1
Minor bodies of the Solar System

Firstly, it is possible to describe any stellar system as the group of objects
in space bounded with a star by means of gravitational force. In the case of
Earth, our stellar system is known as Solar System and this term will be used
through out this dissertation.

As for the objects that composes the Solar System, there is our star,
the Sun in the center of it, the planets circulating the Sun on elliptical orbits,
the satellites orbiting those planets, asteroid belts, located between Mars and
Jupiter, constituted by a group of various sizes of rocks, and the comets, bodies
that are made of ice and rocks coming from the outer regions of the Solar
System. All of them with exception of the Sun and the eight planets can be
named as the minor bodies of the Solar System.

Specifically, asteroids are a group of minor bodies with great relevance,
considering that we have direct information about their composition by study-
ing the meteorites, the rocks that enter Earth’s atmosphere and reach its sur-
face. Different studies were and are continuously done on meteorites to infer
their elemental composition and mineralogical properties. The information ex-
trapolated by studying meteorites can help us to better understand the origin
and evolution of the whole Solar System and their components. In the case of
this research, we mainly focus on the class of iron meteorites, which present a
great amount of Fe in their composition as well as Ni, both metals that were
used as targets for the PLA experiment. Despite this, our results can also be
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applied, to some extent, to the class of stony-iron meteorites, i.e., those me-
teorites which, besides silicates, also present Fe and Ni in their composition.
For example, it was observed in pallasites, a rare class of stony-irons mete-
orites, that their metal composition could be similar to the one of some iron
meteorites, but with a higher quantity of nickel, around 7-13 % (in wt %) [26].

2.1.2
Interstellar medium and cosmic dust

In space, the region between the stellar systems, it is commonly called
interstellar medium(ISM). In these regions, besides the radiation commonly
present in space in various wavelengths, are found molecular and atomic gases,
interstellar ices and cosmic dust [23].

Astronomers define cosmic dust as the solid component made of carbons
and silicates. The typical dimensions of cosmic dust grains are below 1 µm,
but they can be even smaller, in the order of 0.001 µm [23]. The envelopes,
or external layers, surrounding the stars are the sources of such dust grains,
since they may be composed of silicates, oxygen and carbons. The dust could
then come to the interstellar region via the radiation pressure due to the star,
opposing its gravitational field [23].

But there is also the possibility of them being produced by a supernova,
one of the final events occurring in the lifetime of stars. The supernovae
explodes, liberating matter and radiation throughout the surrounding space
[23].

Moreover, the dust that would come from circumstellar regions and
supernova sources can mix with other elements and molecules present in the
interstellar medium.

For the focus of this research, both silicate and carbon cosmic dust are
important. Silicate cosmic dust could come from the red giant stars, a higher
state of stellar evolution, where the stars are rich in oxygen. Silicate cosmic
dust is also thought to be mainly made by SiO4 alongside other elements,
which could be magnesium and even iron [23].

Carbon cosmic dusts may be in the form of fullerenes, graphites, nanodi-
amonds and amorphous carbons [23]. Also, this type of dust can be made in
stars that evolved until forming carbon inside of it. The carbon is later ejected
in the surrounding space, creating the core of carbonaceous cosmic dust grains.

DBD
PUC-Rio - Certificação Digital Nº 1912842/CA



Chapter 2. Theoretical references 24

2.2
Laser Ablation Synthesis in Solution(LASiS)

Laser ablation is an experimental technique of great relevance today,
especially when considering its applications in areas such as pulsed laser thin
films deposition and synthesis of nanomaterials [27, 3, 4].

The term “ablation” defines the removal of surface atoms [28]. When
using laser pulses, the removal is due to the interaction between the photons
and the target’s surface, allowing the formation of a plasma over the region
of interaction with the target, which contains ions from both the solid target
and the environment, the latter constituted by the liquid (L) and the gaseous
species (G) dissolved inside [28]. In the case of interest of the present research,
the metal (M) is Fe or Ni, the liquid is water, and the dissolved gases are
the ones constitutive of air (CO2, N2, O2). In Figure 2.1, it is represented
the plasma plume created over the target. Depending on the distance from
the target, the temperature will decrease (ambient temperature in the liquid
direction), and different species (M, L, G) will be in the excited or ionized
state, denoted with an asterisk. In comparison to the traditional literature, we
insert the gaseous species dissolved in the water, as an important component
participating to the chemical and physical properties of the nanomaterials
synthesized by LASiS. In particular we put attention to the small percentage
of CO2 present in the air (∼ 0.04 % partial pressure) [29], and attribute the
presence of organic nanomaterial in the colloidal dispersion, to the reaction of
reduction of the gas dissolved in the water environment during LASiS.

In the next subsections will be presented the phenomenology of LASIS,
considering t = 0 as the instant in which the laser pulse hits the target. These
principal steps occurring during LASiS are represented in Figure 2.2.
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Figure 2.1: Representation of the plasma plume generated after interaction
between laser and the metal target. The plasma contains a region (I) near to
the target which is only constituted by metal ions(M∗) and a second region
(II) where it’s present a combination of ions and excited species of metal(M),
liquid (L) and gas(G), symbolically represented by M∗+ L∗+ G∗. Near above
the plasma, the region (III) classify the liquid medium cointaining metal
species(M) and ionized species of the liquid (L∗) and gas (G∗). At the bottom
of the figure are represented the symbols used for the identfication of metal
NPs, organic nanomaterial and molecular organic material.
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Figure 2.2: Temporal scheme of the various processes involved in LASiS.
Adapted from [3, 5].
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2.2.1
Laser pulse absorption by the liquid

In t<0, the laser pulse is emitted and penetrates the liquid, before
reaching the target. Considering the interaction between the laser and the
liquid, nonlinear optical effects and multiphoton absorption by the liquid
can happen and may affect the whole ablation process. The possibility to
trigger nonlinear optical effects depends on the working fluence F (measured
in J/cm2, which is, respectively, the energy divided by the area of interaction)
used in the ablation , and the solvent of the liquid environment [3, 30, 31].
The nonlinear optical effects may be accompanied by breakdown of the liquid
molecules which, in the case of water, produce principally an oxygen-hydrogen
plasma, with both free and solvated electrons, radicals ·OH and ·H as transient
elements, and O2, H2 and H2O2 as stable products [32, 33] Anyway, laser
induced breakdown of water is most easily accomplished with ultra-short laser
pulses (ps, fs) [34], and may be reached by ns pulses at the wavelength of 532
nm only with fluences as high as 100 J/cm2 [35], which is more than one order
of magnitude higher than the value of F used in the present research. Hence, we
exclude that the laser pulses used might provoke the production of a significant
amount of direct optical breakdown of water, which is instead triggered by the
formation of the plasma plume during the ablation of the solid target.

2.2.2
Laser pulse absorption by the target

When the laser pulse finally hits the target in t=0, there is an instanta-
neous absorption of photons by the electrons of the solid, in which the thickness
of the region of interaction is proportional to the material skin depth [3, 36].

Since the density of photons is high during this step, linear and nonlinear
absorption occur in the target. Both of them depend on the intensity of the
electric field in the target, which depends on the fluence F and the pulse
duration [3, 36].

2.2.3
Detachment of the target material

After absorption of the laser by the target, the excited electrons transfer
their energy to phonons until both reach thermal equilibrium (i.e. electron-
phonon thermalization) in a time scale of about 10−12 s (1 ps). In sequence,
the detachment of the material from the region of interaction begins. The
detached material is ejected in the form of clusters of liquid drops, electrons,
ions and atoms, forming the so-called plasma plume [3, 37].
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Depending on the difference of the duration of the laser pulses and the
electron-phonon relaxation time (of the order of ps), distinct mechanisms are
involved in the material detachment process [3, 4].

For example, in ultrashort pulses duration, which is of the order of fs
and ps, the electron-phonon thermalization is reached on a time scale larger
than the pulse duration, so that processes like multiphoton absorption and
photoionization are predominant [5, 3]. Moreover, there is an ultra-fast heating
in this case, far from the thermodynamic equilibrium, and the detachment of
the material is called fragmentation[3].

In contrast, in the case of a pulse duration of the order of ns(similarly
to the case of the laser source used in the present research), electron-phonon
energy transport may occur before the end of the laser pulse, leading to the
possibility of describing the removal of material by classical thermodynamics
[3, 38]. So, alongside vaporization and melting of the material, “explosive
boiling” phenomena occur, which consists of rapid and high heating of the
material at a thermodynamic critical temperature [5, 3, 38].

After a time of about 10−10 s, the recoil pressure of the ejected material
can generate a shockwave propagating in the direction of the target and a
specular one propagating into the liquid with a supersonic velocity of the order
of 103 m/s [3]. The propagation of the shockwaves in the target and liquid, may
carry between 10 to 50 % of the pulse energy, and also allows the detachment
of the material from the region where the laser hits [3].

2.2.4
Plasma plume expansion and confinement

Due to a great amount of kinetic energy in the plasma after its formation,
it expands on a time scale of about 1 ns [39, 40]. Then, the confinement
of the plasma occurs by the action of the buffer produced by the liquid [3].
Considering that the heated plasma species transfer their thermal energy to the
external regions of the metal targets, the heating of the target by the plasma
lasts some nanoseconds after the end of the laser pulse [3, 39, 40]. Together
with the target, the plasma also transfers thermal energy to the surrounding
liquid, cooling itself, and creating an external region formed by the plasma
species and excited molecules or atoms constituting the surrounding medium,
as depicted in Figure 2.1. It is interesting to note that exist a part of the plasma
(II), just above the region constituted by the only metal species (I), where the
ions and excited species come from metal (M), liquid (L) and gaseous (G)
components.

This expansion and cooling of the plasma occur on a time scale of about
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10−7 s [3].

2.2.5
Cavitation bubble generation

After the plasma is extinguished and its thermal energy is transferred to
the liquid, a cavitation bubble is generated, emerging between 10−7 and 10−6

s. [3, 40, 5]
The cavitation bubble expands, traveling at a supersonic velocity of about

103 m/s for a distance of the order of mm until 10−4 s. At this moment, the
cavitation bubble internal pressure becomes lower than the external pressure
caused by the liquid, and the bubble collapses, emitting the second shockwave
of the whole process [3, 41, 42]. To have an idea of its time length, Wagener
et al. observed that the total duration of the cavitation bubble was estimated
at approximately 350 µs [43].

Moreover, when the cavitation bubble collapses, secondary bubbles ap-
pear, called persistent microbubbles or permanent bubbles, as shown in Figure
2.3 [44, 45]. This type of bubble can last for a range of milliseconds, visible for a
longer time than the cavitation bubbles [45]. The persistent microbubbles may
act as a shield, absorbing part of the laser pulse energy and interfering with the
interaction between the laser pulse and the target in LASiS [44, 45, 5]. Gases,
such as H2, O2, H2O2 and N2, were also identified inside these microbubbles
made in PLA using various transition metals immersed in water [44]. Specifi-
cally, these results were found by Kalus et al., using gas chromatography [44].
Their appearance is associated to the nanoparticle laser-induced water break-
down, with water splitting (WS) process [44, 32]. As we are going to see in
a posterior section, the persistent microbubbles will be essential objects to
sustain our proposal on the CO2RR during LASiS in water.

Figure 2.3: Shadowgraphs of persistent microbubbles observed during PLA of
Au, Pt, Ag, Cu, Fe, Ti and Al targets immersed in water after a delay of 100
ms. Taken from [44].
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2.2.6
Growing of nanoparticles

It is not clear what is the step where nanoparticles are effectively formed.
Probably, a part of the NPs are formed during the plasma expansion and
carried at the surface of the cavitation bubble , and another part may be
generated during the collapse of the bubbles. The growth of NPs happens
by the coalescence of small clusters, which is reflected in the polycrystalline
nature of the nanomaterials produced by LASiS. In general, the synthesis of
NPs by PLA is considered as a combination of both top-down and bottom-
up processes [3, 4, 40]. The top-down process is related to the formation of
the plasma [3, 4, 40], and the bottom-up process, to the recombination of the
plasma in small clusters and their following coalescence [3, 4, 40].

2.3
The effects of laser pulse parameters: duration, fluence and wavelength

It was mentioned before that a variation in the pulse duration may
contribute to changes in the physical mechanisms involved in PLA, and affects
the size distribution of NPs. When using ps and ns laser-pulses, both thermal
and nonlinear optical effects are effective in the detachment of the material, and
the nanomaterial is generally characterized by a larger statistical distribution
of sizes. Better results in term of the polydispersion of the synthesized NPs are
obtained when using ns laser pulses. In fact, “plasma shielding” (absorption of
the laser pulse energy by the plasma) occurs with laser-pulses with duration
higher than 10−10, so that the temperature and pressure of the plasma increases
in the process [3, 36], with the possibility that the liquid drops present in
the plasma plume may be further vaporized, enhancing the uniformity of the
species present in the plasma, which will subsequently recombine in the form
of NPs. This is the reason why, in most of the cases, a monomodal log-normal
function is used to describe the statistical distribution of the nanomaterial size,
when ns laser pulses are used [3, 4].

In general, also the variation in the laser fluence may affect the sizes
and the production rate of the nanoparticles [46]. In the case of ns laser pulses
with lower fluences, the target material is mostly removed by evaporation, with
the subsequent nucleation of the vaporized atoms [46]. Nevertheless, with the
increase in laser fluence, a great amount of energy is released to a large part
of the target, causing also melting to occur , enhancing both the average size
and production rate of the NPs [46]. This effect, was for example recorded by
Lasemi et al., who observed that an increase in laser pulse fluence for Fe and
Ni targets, resulted in an increase in the average size and width distribution
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of NPs [47, 48].
The size distribution of the produced NPs also depends in a complex way

on the laser pulse wavelength , whose effects also depend on the nature of the
ablated material [13, 49]. For instance, it is known that the process of photo-
fragmentation occurs in the case of Au NPs when laser pulses at the wavelength
of 532 nm are used, with a narrowing of the size distribution [133, 134].

As for Fe NPs, it was observed a decrease in the average diameter of NPs
from 17 nm to 7 nm with an increase in the wavelength, changing 532 nm to
1064 nm [13]. The study evidenced that the dispersion of the target absorption
was responsible for this observation, so that volume and decay time of the
plasma plume was higher with pulses at 532 nm, with the synthesis of bigger
nanoparticles[13].

In the case of PLA of Ni in pure water, the research in [14] observed
average sizes of NPs around 3-5 nm using laser pulses at 532 nm(8 ns, E =
40 mJ/pulse), while the study in [49] identified a bimodal distribution with
one average size of NPs around 10 nm and other around 100 nm using a
laser pulses at 337 nm(10 ns, F = 50 J/cm2). The generation of a bimodal
distribution was interpreted in the context of two effects: phase explosion(for
the NPs with 10 nm) and Rayleigh-Taylor instability(for the NPs with 100
nm) [49]. Phase explosion refers to a process happening when there is a high-
intensity pulsed laser ablation, which promotes a homogeneous nucleation and
forms a combination of nanoscale droplets and vapor [49]. As for Rayleigh-
Taylor instability, it can occur when a very dense fluid is pushed against a low
density fluid by an acceleration, such as gravity [49]. This may result in an
ejection of the molten material to the periphery of the laser spot area, with
the formation of larger nanoparticles [49].

2.4
Influence of material parameters

As in the previous section, it is also important to know the effects that
the nature of both target and liquid have in the products of LASiS, principally
their chemical composition at the end of the synthesis.

2.4.1
Solute

The use of solutes in the LASiS experiments allows to enhance the
plasma confinement on the target surface, and may control both dimension
and stability of the produced nanomaterial. The confinement of the plasma
plume is increased by the liquid viscosity, and the presence of surfactant or
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stabilizing agents is generally used to control and limit the dimension of the
NPs, since they reduce the time available for the interaction and coalescence
of the nanoparticles seeds, which are readily surrounded and stabilized by the
solutes in the system [3, 50].

2.4.2
Solvent

The solvent is another important parameter, since its chemical nature
may influence the characteristics (size, composition) of the nanomaterials [3].
Considering metals such as Au, Ag or Fe, it is well known that their synthesis
by PLA in pure water leads to the formation of NPs formed by metal and
oxidized species [3, 4]. On the other hand, when particular organic solvents
are used (i.e., toluene, hexane, ethanol), a solid carbon shell may be created
around the core of the NPs. This effect is represented in Figure 2.4 where is
represented an iron oxide NP surrounded by a graphitic shell, obtained by
ablation of Fe target in acetone [51].

Figure 2.4: HRTEM image presenting a core of iron nanoparticle with a
graphitic shell, obtained by PLA of Fe target in acetone. Taken from [51].
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2.5
Electronic properties of iron (Fe) and nickel (Ni)

Transition metal targets are particularly interesting in the field of PLA
in water since, differently from other materials, they can trigger chemical
reactions during the process, as will be described in detail in the next section. In
specific, Fe and Ni are important metals even for astrochemistry/astrophysics,
considering that they are present in the compositions of different type of bodies
from space, as it was mentioned in the first section of this chapter. Thus, this
section focus on the description of the physical properties of these fascinating
materials, whose use in the development of catalytic reactions is commonly
reported in the literature [8, 52].

Considering that this section will deal with general descriptions of these
metals and their oxides (and hydroxides, for the Ni case), it is interesting to
know that the transition metals are composed of five unstable d-orbitals and
one unstable s-orbital in the valence band. These groups of orbitals make pos-
sible a higher variety of oxidation states in comparison with alkali/alkaline,
which, in contrast, have more fixed oxidation states(+1/+2) [5]. In this sense,
the number of unpaired s- and d-orbitals of transition metals are important
data, especially when considering that these orbitals can be associated with
oxidation reactions and, consequently, to the formation of oxides. The elec-
tronic configurations of s- and d-orbitals for Fe and Ni are shown in Figure
2.5.

However, in the context of PLA, the metal ions formed wouldn’t be
free species in an aqueous environment. They would form a coordination
sphere, a structure that connects the metals with the molecules and ions of
its environment. A liquid, such as water, would have electrons that interact
with the unstable orbitals of the metal ion and form an aqueous complex. If
considering water, for example, this coordination sphere would be weak, since
this solvent is a weak binder. This would favor interactions between the metal
ions and other molecules, such as CO2 and the hydrogen and hydroxide radicals
produced during PLA.

Regarding the oxides, some of these possible compounds of Fe and Ni
are inside the group of metal semiconductors. The semiconductors are charac-
terized by having two bands, called valence band (VB) and conduction band
(CB), separated by an energetic band called band gap (BG). In semiconduc-
tors, it is also possible to excite the electrons from the valence band to the
conduction band in different ways, such as in optical, electrical or thermal
routes, as shown in Figure 2.6. The excitation of an electron from the VB
to the CB, generates a so called electron-hole pair. In this case, the material
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Figure 2.5: (a) Oxidation States of iron.(b) Oxidation states of nickel.

Figure 2.6: Representation of the formation of an electron-hole pair in a
semiconductor. The energy necessary to overcome the BG can be obtained
by optical, electrical and thermal mechanisms. Taken from [5].

could serve as a donor of electrons, considering the electrons in the conduction
band, or a site for the capture of electrons of another compound, considering
the holes in the valence band.

Iron oxides

Iron is a ferromagnetic chemical element belonging to group 8 of the
periodic table. It is widely present on our planet, distributed in various types of
chemical interaction for being very reactive. Furthermore, this metal is widely
present in meteorites [21, 22].

Considering that in the present research water is used as solvent, the
formation of iron-oxides during LASiS is expected from the literature, as will be
explained in subsection 2.5.1. The principal oxidized phases of iron are wustite
(FeO), hematite (Fe2O3), magnetite (Fe3O4), and maghemite (γ-Fe2O3).

Wustite, which has an oxidation state of -2, is one of the oxidized forms of
Fe. It is characterized as a cubic crystalline structure and is thermally unstable
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[53]. It presents a band gap of about 2.4 eV [54].
Hematite has Fe with an oxidation state +3 . It is one of the most stable

oxidized forms of iron, and presents weak ferromagnetic interaction at room
temperature [5]. Hematite is also a semiconductor, with a band gap between
1.9 - 2.2 eV [55, 54].

Together with hematite, also maghemite has an oxidation state +3,
besides being thermally unstable. Its structure can be converted to hematite
at temperatures higher than 550 K [56]. This type of oxide has a band gap of
2.0 eV [57].

As for magnetite, it is a material composed of two types of iron oxide
with both Fe oxidation states being +2 and +3 and it can be represented
by two chemical formulas: Fe3O4 or FeO.Fe2O3. It has efficient magnetic
properties, since it is ferromagnetic at room temperature [5]. This compound
also has a crystalline structure similar to maghemite and becomes hematite
at temperatures higher than 673 K [56]. Magnetite is characterized by a band
gap of 0.2 - 0.5 eV [58, 54].

Nickel oxides and hydroxides

Nickel is a ferromagnetic chemical element belonging to group 10 of the
periodic table. It has great resistance against corrosion and oxidation and it is
also found in some types of meteorites [21, 22].

However, Ni can be present in different forms of oxides and hydroxides.
In respect to the Ni oxides, the most important ones can be classified as:

nickel oxide type II (NiO) and nickel oxide type III (Ni2O3 and NiO2).
The first one is a chemical compound with characteristics between

semiconductor and insulator, admitting that it has a band gap of energy
ranging from 3.6− 4.0 eV [59]. It also has properties that favor the possibility
of water splitting by photocatalysis, especially in the process of hydrogen
evolution [60]. However, it is more used as a cocatalyser, because of the high
band gap value [60].

As for Ni2O3 and NiO2, they are inorganic compounds that are not well
characterized and do not have clear functionalities either. In addition, some
studies have indicated that these chemical compounds have a band gap between
3.3 eV and 3.7 eV [61, 62].

One of the most stable forms of nickel hydroxides are the Ni(II) hy-
droxides, Ni(OH)2, characterized by a band gap of 3.0-3.5 eV [63]. Ni(OH)2

hydroxides can be found in two phases: β-Ni(OH)2 and α-Ni(OH)2, whose
different crystal unit cell is reported in Figure 2.7.
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Figure 2.7: Ball-and-stick unit cell representation of (a) molecules of β-Ni(OH)2
and (b) molecules of α-Ni(OH)2 interacting with 2 molecules of H2O. The large
red spheres represent O−2; the medium size grey spheres represent Ni+2;the
small pink spheres represent H+; the small blue spheres represent H2O. Taken
from [63].

Specifically, β-Ni(OH)2 appears in nature as a mineral called
theophrastite [63, 64]. This phase has a hexagonal scalenohedral symme-
try, a similar structure to brucite, Mg(OH)2 [63, 64].

Differently, α-Ni(OH)2 has trigonal symmetry and consists of planes of
β-Ni(OH)2 intercalated with water molecules [63, 64]. It can be also denoted as
α-Ni(OH)2.xH2O. Although it might be guessed by Figure 2.7 that the water
molecules are in fixed states, this is a wrong assumption. The water molecules
are actually free to translate and rotate according to its plane [63]. Their layer,
alongside the water molecules itself, can be removed at temperatures of 240-
300o C, decomposing the hydroxide and forming NiO [63].

It is known that α-Ni(OH)2 may have β-Ni(OH)2 planes that not only
interact with water molecules, but also anions such as (NO3

−), sulfates(SO4
−2)

and carbonates(CO3
−2) [63, 65]. These structures are defined as α-Ni(OH)2

derivatives, as long as the whole structure is still resembling brucite [63, 65].
Finally, we highlight that also nanostructures of nickel bicarbonate

Ni(HCO3)2 have been reported, both in form of NPs [66] or nanosheets [11],
as represented in Figure 2.8.
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Figure 2.8: TEM image of the Ni(HCO3)2 nanosheets synthesized by template-
free solvothermal method at reaction time of 3 h. Taken from [11].

2.5.1
Fe and Ni oxides and hydroxides obtained by LASiS in water

The LASiS of pure metal iron in water can produce simultaneously all the
principal iron-oxides, with majority of magnetite and minor traces of wustite,
hematite and maghemite [67, 68, 69].

Considering PLA of pure Ni in water, NiO has been identified in various
experiments together with pure metal NPs, whereas the appearance of Ni2O3

is still questioned [14, 49, 70]. Ni(OH)2 has been reported by Gellini et al.,
[70], where it was proposed that Ni+2 produced by the oxygen dissolved in
water, would generate Ni(OH)2 by the reaction with water. Then, following a
dehydration process, this hydroxide compound would transform in NiO [70].

Finally, some studies also identified core-shell types of NPs, with a
combination of a metal Ni core with an NiO shell [14, 71].
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2.6
PLA-CO2/C process

In this subsection, we explain the details of our proposal on the reactions
leading to the formation of organic material during PLA of Ni and Fe targets
in water. We will denote this process as PLA-CO2/C to indicate the possible
final formation of organic material, even in solid nanostructured form.

For this purpose, it’s relevant to introduce first the water splitting process
(WS), recently observed during PLA of transition metal targets by Kalus et
al.[44, 45]. Due to the catalytic properties of the NPs, the molecules of water
“split” into two gases, H2 and O2, following the reaction

2H2O→ 2H2 + O2. (2-1)
As observed by by Kalus et al. [44, 45], the hydrogen and oxygen gases
produced in WS are subsequently transported by the permanent bubbles
generated during PLA.

In the few works present in literature reporting WS during PLA of metal
targets, or during irradiation of pre-fabricated metal NPs in water [44, 45, 32],
the authors do not propose an explication of the observed reaction. Our
proposal is to justify the WS on the actuation of electron-hole pairs generated
in the metal-oxide semiconductors NPs of iron and nickel, and introduce the
CO2 reduction reaction (CO2RR) as a second possible reaction happening
during the PLA process.

Three main characteristics are required to obtain CO2RR in water: the
presence of protons (H+) or molecular hydrogen (H2) and electrons (e−) able to
reach the surface of the catalyst [72], an energy source to balance the variation
in the Gibbs free energy [73], and a proper catalyst for the CO2 activation
and intermediate reaction products stabilization [74]. As explained before, the
extreme thermodynamic conditions of the environment near the metal target
during PLA [75] are responsible for water decomposition with the presence of
highly reactive radicals (·H, ·OH), H+, solvated electrons, and also molecular
H2 [44, 76, 32].

It is not clear what is the fundamental energy source involved in the
catalytic reactions during PLA in water, which are most probably triggered
by the synergetic effect of Bremsstrahlung radiation produced during plasma
recombination [137], thermal energy released by the cavitation bubble collapse
and supersonic acoustic waves generated during the irradiation of the resulting
NPs [76, 77], and the direct absorption of the laser pulse.

In Figures 2.9(a,b) are represented schematically the WS and one-step
CO2RR induced by the excitation of an electron pair in a semiconductor
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nanoparticle. The holes (h+) of the valence band promote oxidation processes
and, in contrast, the excited electrons of the conduction band(e−) promote
reduction reactions. In both WS and one-step CO2RR, the holes promote the
water oxidation by the oxygen evolution reaction(OER):

2H2O + 4h+ → 4H+ + O2. (2-2)
The excited electrons in the conduction band, are instead used in the

hydrogen evolution reaction(HER):

2H+ + 2e− → H2. (2-3)
Considering both the reactions, we note that HER is in competition with

the one-step CO2RR, which classically leads to carbon monoxide (CO) and
methane (CH4) as possible major products.

Figure 2.9: Scheme of the proposed PLA-CO2/C process. (a) Water splitting
(WS). (b) One-step CO2RR. (c) Two-step CO2RR processes leading to the
final formation of solid carbon material. In green are represented the metal
oxide nanoparticles, and in blue the permanent bubbles transporting the gases
produced during PLA. CB and VB refer to the conduction and valence band
of the semiconductor nanoparticle, respectively. Adapted from [5].

With this introduction, we propose a simplified theoretical model of the
possible chemical reactions involved during CO2/C process induced by PLA
(PLA-CO2/C). The proposed mechanism leading to the final formation of
the carbon based nanomaterials by PLA-CO2/C is a complex overlapping of
one and two-step CO2RR, recently proposed as a cascade process to enhance
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the Faradaic efficiency in the synthesis of C2 and C3 products for industrial
processes [78]. In the proposed frame, CO may be produced by both one-step
CO2RR and reverse water-gas shift (RWGS) reaction [79]:

nCO2 + nH2 −⇀↽− nCO + nH2O. (2-4)
While part of CO may eventually complex with the metal surface, we

suppose that the other part may be transported by the permanent bubbles,
together with the other gases present in the PLA environment, the injected
CO2 and the H2 and O2 produced during WS. As reported in Figure 2.8(c),
CO may be further reduced to alcohols and hydrocarbons by Fischer-Tropsch
(FT) process of CO present in the permanent bubbles[79, 80]:

nCO + (2n + 1)H2 −⇀↽− CnH2n+2 + nH2O, (2-5)

nCO + (2n)H2 −⇀↽− CnH2n + nH2O. (2-6)
Together with the previous chemical paths, secondary products of FT

process may be methane, alcohols, and solid carbon, the last generated from
tranformation of two molecules of CO in one molecule of CO2 and a carbon
atom [81]. It is interesting to note that, in the frame of PLA, other possible
paths may lead to the formation of solid carbon material. In fact, as last step
in CO2/C process, we suppose the further reduction of the FT products to Cn

building units, which may condensate in solid carbon forms, both around the
metal nanoreactors or as isolated carbon nanostructures. The latter proposal,
is based on the results of literature reporting the formation of both sp or
sp2 carbon nanostructures by PLA of metal targets in ethanol, methanol [82],
toluene [83], hexane [84], or by direct ablation of small hydrocarbons such as
acetylene (C2H2), ethylene (C2H4) or benzene (C6H6) [85], representing the Cn

building units shown in Figure 2.9(c).
In this panorama, it is reasonable to suggest that intermediate volatile

liquid products such as alcohols or hydrocarbons are readily transformed to
solid carbon material and that not only volatile oxygen containing species
(R-COOH, oxidation products) might form a covalent link with the metal
core of the nanoparticle. Nevertheless, we don’t exclude oxidation reactions of
the intermediate products, and we highlight that the proposed scheme takes
in account only the possible path of the reduction reactions, representing a
simplified vision of the working principle of the PLA-CO2/C process.
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2.7
Amorphous and graphitic carbon

Considering our proposal about the PLA-CO2/C reduction reactions
happening in the PLA for the reasoning made before, it becomes interesting
to focus now on a general review about carbon atoms, hybridization of carbon
atoms, and the principal forms of solid carbon.

Carbon is an element present in Group IV of the periodic table and
it’s one of the elements that can be encountered in different hybridization
states, due to their distinctive bonding configurations [5, 10, 86]. In the case
of carbon, two electrons of the s-orbital may overlap (hybridize) with two
electrons of the p-orbitals to form four valence electrons for bonding with
other atoms [10, 86]. The kind of hybridization is classified as sp, sp2 or sp3,
and can be used to explain the chemical reactivity and the geometry of the
molecules [5]. sp3-hybridization refers to an overlap between one s-orbital and
three p-orbitals, where the four electrons are positioned in a tetrahedral form;
sp2-hybridization deals with the overlap of a s-orbital and two p-orbitals, in
which three electrons form a trigonal plane and the last is perpendicular to it;
as for the sp-hybridization, there is overlap of one s-orbital and one p-orbital,
resulting in two unhybridized orbitals orthogonal to the single hybridized
orbital [10, 86].

Figure 2.10 emphasize some of the many examples of hybridization states
occurring in the carbon molecules. Here in, we note that the particular presence
of σ and/or π bonds is linked to the different hybridization states [5, 10, 86]. In
general, σ bonds are stronger than π bonds and the last one can only occur in
non hybridized orbitals [5, 86]. Both can also be used to classify single, double
and triple bonds as well: a single bond is always σ; σ− π bond pair represents
a double bond; and finally, σ,π,π bonds represents a triple bond [86].

Among the allotropes of carbon, graphite is the most common and one
of the most stable forms [10, 86]. It consists of layers formed by sp2 hybridized
carbons, where each carbon in the sp2 site can make bonds with three other
atoms, forming a continues honeycomb planar structure [10, 86]. Each carbon
layers is weakly bonded to the other by Van der Waals interactions and can be
called constitutive “graphene layer” of graphite[10, 86]. Although the planar
layers may slide quite easily over each other, the structure of graphite is highly
ordered and extremely stable, with an interplanar distance of about 0.33 nm
[139].

It is interesting to note that the ordered crystal structure of graphene is
a direct consequence of the pure sp2 hybridized bonds, and that inclusions of
sp3 bonds in the structure, progressively leads to lose the crystalline structure.
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Figure 2.10: Representation of carbon structures and their hybridization states.
Adapted from [5].

In this case, the carbon material is generally defined as amorphous and its
properties depends on the ratio between the sp3 and sp2 hybridized bonds
[87, 86, 88]. In this frame, since some sp2 domains are always present also in
amorphous carbon, there is the possibility for the solid to have a short-range
crystalline order [87, 86, 88] and a considerable quantity of the sp3 domains,
in which case the material is called “amorphous graphitic carbon” [10, 9, 89].

One of the most used technique to produce solid carbon with different
degrees of graphitization is by pyrolisis [10, 9]. In pyrolisis, graphitic materials
are generally produced by heating at high temperatures (∼ 3000 K) a polymer
or other carbon rich specie. Examples are the highly oriented pyrolitic graphite
(HOPG), a synthetic crystalline graphite with high purity and order [10],
and graphitic amorphous nanomaterial synthesized in [9] through catalytic
graphitization of polymers in contact with Ni and Fe powders.

We finish this brief description of carbon based material, defining as
organic matter, matter containing a carbon with oxidation number below 4,
other than carboxylic acids, carbon monoxide or carbon dioxide.
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2.8
Linking astrochemistry and PLA

From what was discussed in the last sections, it is now possible to
understand how astrochemistry is related to our research. Astrochemistry itself
deals with the study and understanding of the chemical and physical evolution
of the Universe, from simple molecules (such as H2O, CO, CO2 and CH4) to
complex ones (carbonaceous materials, silicates and organic compounds), and
eventually to those molecules that could be precursors of biological species
(such as proteins, amino acids, fats, and sugars). Based on this concept, it is
possible to assess the relationships between the experiments on laser ablation
of metals immersed in water and phenomena that may occur in space.

Carbon materials in different chemical forms are found on the surface
of several minor bodies of the Solar System and in cosmic dust grains in the
interstellar medium [21, 90, 91, 92]. In the outer Solar System and in dense
clouds of the interstellar medium the surface temperature can be as low as 10
K. This implies that carbonaceous materials in these regions may be covered
by the so-called astrophysical ice. The composition of such ices is a matter of
great interest within the astrophysical community and is the focus of researches
involving laboratory measurements of the IR absorption properties of species
of astrochemical interest, as well as observational and theoretical studies of
the physical and chemical properties of such astrophysical regions. We present
in Table 2.1 the main species found within interstellar medium ices, alongside
the relative concentrations, taking the abundance of water ice as 100% [138].

Molecule CO2 CO NH3 CH3OH CH4 H2CO
Abundance 10-25 0-40 5-10 3-30 0.3-4 3-7

Table 2.1: Molecules present in astrophysical ices and their abundance relative
to water ice [138].

How these species are formed and evolve on these types of bodies is a
question still under debate. Among other hypotheses, some researchers first
thought that the interactions between small rocky fragments within the solar
nebula as well as those between cosmic dust grains in the interstellar medium
could be related to the production of these compounds in the process called
Fischer-Tropsch(FT) [24, 25], which was previously used to explain a part of
the CO2 reduction processes in section 2.6.

In astrochemistry, this process would determine that metals such as Fe
and Ni, the minerals present in the surface of some minor bodies and cosmic
dust grains, would serve as catalysts for CO, CO2 and H2 in these astrophys-
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ical environments to be converted in other types of carbon structures on the
surface of these metals [25]. This is not the first time the Fischer-Tropsch (FT)
mechanism has been proposed as an interesting solution possibly explaining
some of the physical and chemical processes happening in space. Nevertheless,
looking in the literature, experimental results used to understand the composi-
tion of the Murchision meteorite(a carbonaceous chondrite meteorite) showed
that n-alkanes, which are considered products from FT reactions, were proba-
bly produced due to contamination on Earth [90, 93]. Because of this, Cronin
and Pizzarello concluded that the FT processes could not be considered as
primary mechanisms for the formation of organic materials in space [93]. Also
for this reason, researchers now think that the FT mechanism is of greater im-
portance mainly for the production of the primary component of the reaction,
i.e., metane(CH4) [24, 25, 94]. This chemical reaction is shown below:

CO2 + 4H2 −⇀↽− CH4 + 2H2O. (2-7)
Considering what was proposed in section 2.6, our idea agrees with this

opinion and also implies that FT is only a part of the mechanism associated
to the synthesis of organic material, both in space and in PLA environment.

An important issue we want to highlight is the conceptual frame sus-
taining the application of LASiS for the laboratory simulation of chemical
reactions induced by space weathering. The last term relates to the processes
induced on the surface of minor bodies or cosmic dust grains in space, such as
their bombardment by micrometeorites, cosmic dust, ions or radiation. In our
research, the interest is in the interactions between micrometeorites with the
surface of minor bodies(for what concerns processes happening in the Solar
System) and with cosmic dust grains (for what concerns processes happening
in the interstellar medium). Both situations show similarities with the pro-
cesses taking place during the PLA experiments. Both the interactions may
generate a plasma plume in a water environment, with subsequent synthesis
of nanoparticles, as sketched in Figure 2.11. Noteworthy, it was also observed
that the interaction between laser pulses and the surface of various minerals,
induce morphological effects similar to those induced by the natural microme-
teorites bombardment [19]. From the energetic point of view, micrometeorites
with 10−9-10−8 kg produce energies equivalent to 3-6 mJ [19, 95], which is a
similar energy to the ones used in our study with a ns-pulsed laser.

Considering the materials, we selected Fe and Ni metals to simulate
the metallic component present on the surface of some minor bodies of the
Solar System, as well as in cosmic dust grains in the interstellar medium.
Analyzing the elemental composition of meteorites, which are the only samples
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we have on Earth coming directly from the Solar System, we realize that in
the class of metal-rich carbonaceous chondrites meteorites type C2, such as the
Renazzo meteorite, the weight percent of Fe and Ni are estimated as 10.7%
and 1.4%, respectively[21]. Moreover, also exist a class of iron meteorites, such
as the meteorite Javorje, whose bulk chemical composition reaches values of
approximately 92% of Fe and 8% of Ni in weight percentage [22]. In the case
of the interstellar medium, besides the carbonaceous component, there is the
cosmic dust which consists mostly of silicate core and other metals, such as
iron [23], as it was already introduced in section 2.1.

It is finally worth to remember that the cosmic dust and the surface of
asteroids may be surrounded by an ice film, which, beyond the water com-
ponent, is constituted by simple molecules such as CO, CO2, CH4, NH3, and
low concentrations of more complex species, not yet detected in astronomi-
cal observations, although predicted by astrophysical experiments and models

Figure 2.11: Analogies between PLA of Ni and Fe targets in water (a) and
space weathering due to the impact between micrometeorite/cosmic dust and
an astrophysical target (target surface), which could be either the surface of
a minor body of the solar system, or cosmic dust grain (b). The yellow spot
represents the plasma plume, and in blue is indicated the astrophysical ice. ~V
represents the relative velocity of the species subject to space weathering, and
in grey and green are represented the metal-oxide NPs and the nanostructured
organic material created after the impact of the objects, simulated by the
impact between the laser pulse and the metal target.
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[96, 97, 98, 99, 100]. The representation of cosmic dust covered with astrophys-
ical ices can be schematically seen in Figure 2.11(b).

In this scenario, we propose that the Fe and Ni oxide nanoparticles are
produced by space weathering, and induce both one-step CO2RR and two-step
CO2RR reactions, with the final production of organic nanomaterial.
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3
Experimental methods

3.1
Introduction

In this chapter, it will be described the characteristics and parameters
of the experimental techniques used for the characterization of metal-oxide
nanoparticles and the identification of organic material, together with the
LASiS experimental setup used for the synthesis.

A small section related to photoluminescence spectroscopy has been put
in the supplementary material section.

3.2
Instrumentation

In the following, a list of the used equipments and the corresponding
experimental method:

– Q-smart 850 laser source (Quantel, U.S.A.): LASiS

– Spectrophotometer model Lambda 950(Perkin Elmer, U.S.A.): UV-Vis
spectroscopy

– Inductively coupled plasma mass spectrometrer(Perkin Elmer, U.S.A.):
ICP-MS

– Transmission electron microscope(FEI-TITAN and FEI Tecnai-Spirit):
transmission electron microscopy(TEM) and energy-dispersive X-Ray
spectroscopy(EDS)

– Transmission electron microscope(JEOL Ltd., Japan) with Gatan En-
finium SE/976 EELS spectrometer and a Centurio Large Area EDS de-
tector(JEOL Ltd., Japan): electron energy-loss spectroscopy(EELS)

– Micro Raman spectrometer model LabRam HR-800(Horiba Jobin Yvon):
Raman spectroscopy

– Spectrophotometer Spectra-Two model(Perkin Elmer, U.S.A.): Fourier-
transform infrared spectroscopy (FTIR)
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– Fluorimeter(Photon Technology International): photoluminescence spec-
troscopy(more information can be found in the chapter of “Supplemen-
tary material”)

3.3
Cleaning of glasses and metal targets

During the synthesis of NPs by PLA, it is necessary to be alert to the risk
of contamination. Therefore, a rigorous method of cleaning was essential for
us to have coherent results. In this sense, the glassware used for PLA synthesis
and stocking of dispersive colloidal NPs, as well as the metal targets of PLA
should be subject to a rigorous cleaning protocol.

Laboratory glassware

a)The glassware was firstly washed with distilled water; b) The glassware
was kept in a recipient with nitric acid diluted in distilled water(10% diluted)
for 24 h; c) The glassware was removed from the acid and then, they were
rinsed with a great quantity of distilled water; d) The glassware was put in the
oven at 60o C for 30 min; e) Trichloroethylene was put inside the glasses and
they were put in an ultrasonic bath for 10 minutes. Afterward, the glasses were
washed with distilled water; f) The procedure of the last item was repeated for
acetone, ethanol, distilled water and ultra-pure water; g) Finally, the glasses
were left in the oven at 60o C so they could be dried and ready for use in the
laser ablation experiment.

Metal targets

As for the metal disks of Ni (99.995 % pure, Kurt J. Lesker Company)
and Fe (99.95 % pure, Kurt J. Lesker Company) used as targets: 1) they were
immersed in a recipient with trichloroethylene and put in the ultrasonic bath
for 10 min; 2) the ultrasonic baths were repeated for acetone, ethanol, distilled
water and ultra-pure deionized water; 3) the clean targets were conserved
protected in an oven at 40o C.
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3.4
LASiS experimental setup

LASiS was performed using a Q-Smart 850 (Quantel, U.S.A.) laser
source (Figure 3.1(a)) available in the Laboratory of Optical Synthesis and
Characterization of Nanomaterials (NanoLaserLab) of the Department of
Physics of PUC-Rio. The laser source is characterized by a pulse duration of
6 ns and a fixed repetition rate of 10 Hz. It can be used with the fundamental
frequency ω, equivalent to 1064 nm, or second harmonic 2ω, equivalent to 532
nm. However, in this research, we focused on the second one. Moreover, the
ablation time used was 5 h.

The PLA experimental setup is shown in Figure 3.1(b). From the image,
it is possible to see that we produced the nanoparticles by double ablation of
metals immersed in liquid. As it is expected, our productivity of nanoparticles
can increase adapting the system disposal in this way, but also it allows the
possibility of doing ablation of two different targets for comparison, or with
the different liquid environment.

Firstly, the laser pulse travels from the source to a beam splitter(BS),
which separates the laser pulse in equivalent energies (50% each). Subsequently,
each laser pulse is reflected by a mirror in the direction of a lens. Finally, the
lens converges the laser pulse in the direction of the target that is immersed
in a determined volume of water inside a beaker.

The energy of each pulse was measured using a pyroelectric energy sensor
(ThorLabs, model ES220C) (Figure 3.1(c)) which works in a wavelength range
from 0.185 − 25 µm and an energy range of 500 µJ-3 J. In our research, we
used a total energy between 14-16 mJ, so that each target sample received 7-8
mJ.

The height of the lenses was adjusted in a way so that the target would
receive a fluence F of about 6 J/cm2. The calculus of F of the laser pulse will
be shown in the next subsection.

To perform LASiS, we used glass beakers with diameters of 4.2 cm for
each PLA synthesis, in which we put 12 mL of ultra-pure water. We finally
highlight that LASiS was performed in open air environment, so that the CO2

concentration at the gas-liquid interface during PLA was about 0.04 % [29].
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Figure 3.1: (a) Pulsed-laser source Q-smart 850 (Quantel, U.S.A) operated
with module for the second harmonic frequency(2ω). (b) PLA experimental
setup, in which the laser pulse is coming from the right direction to the left.
BS is a beam splitter, M1 and M2 are mirrors, L1 and L2 are lenses and T1
and T2 represent the metal targets immersed in the water. (c) Pyroelectric
energy sensor (ThorLabs, model ES220C)
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3.4.1
Calculus of the fluence(F ) of the Laser Pulse

As described in Section 2.2, the laser fluence F is one of the most
important parameters controlling the size distribution and rate production
of the nanoparticles synthesized. It is defined as:

F = 4E
πφT

2 , (3-1)

where E is the energy of the laser pulse, and φT is the diameter of the region of
interaction. For the calculation of F we take into account the measured energy
of the pulse E, the focal distance of the lens used in the experiment, and the
height of the column of water over the target, which has a lensing effect on the
propagation of the laser pulse. By using the simple laws of geometrical optics,
we make use of the scheme reported in Figure 3.2 for the calculation of F .

Figure 3.2: Scheme used for the calculation of F using geometrical optics. The
laser pulse passes through the convex lens, interacts with the liquid, and finally,
reaches the metal target. Adapted from [5].

As it can be seen in Figure 3.2, the laser pulse with a diameter φlaser
(∼0.7 cm, according to the instrumentation manual) reaches the convex lens
and is focused on the target surface after passing through the liquid. At the
air-liquid interface, the laser pulse has an angle of incidence α and an angle of
refraction β. Considering that we know the value for the focal length f =14.9
cm, we can calculate the angle of incidence α as :
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α = tan−1(RL/f) = tan−1(0.35/14.9) = 0.0235 rad. (3-2)
With this value, it is possible to calculate the β angle, following the Snell

law, considering the index of air, nair=1, and the index of the liquid, nliq=1.3:

nair sinα = nliq sin β, (3-3)

sin β = (nar/nliq) sinα→ β = sin−1[( 1
1.3). sin(0.0235)] ' 0.0177 rad.

We define the diameter of the laser spot on the target immersed in liquid
as φT . y’ denotes the height in which the image of the laser spot would have
the same dimension φT , considering the propagation of the laser pulse in free
air, without the liquid. The position indicated by y’ , define what we call as
equivalent optical path in air or dEOP , which is the distance between the
point and the center of the lens.

According to Figure 3.2, the distance dreal is:

dreal = lα + lβ, (3-4)
where lα is the distance between the lens and the air/liquid interface and lβ is
the height of the liquid.

We observe that the distance between the laser spot in air and the
air/liquid interface (lα∗) is:

lα
∗ = tanβ

tanα
lβ = 0.76lβ. (3-5)

Therefore, considering the equations for dreal and lα∗, we have:

dEOP = lα + lα
∗ = dreal − 0.24lβ. (3-6)

To obtain the diameter of the laser pulse on the target, we finally use the
equation

φT = φlaser
(dEOP − f)

f
. (3-7)

3.5
Separation methods

As introduced in Chapter 2, the laser ablation synthesis can provide
colloidal dispersion of NPs characterized by different sizes and chemical
composition [135]. In the attempt to separate magnetic NPs characterized
by a different average size and/or different magnetic properties, we applied a
magnetization separation procedure, both for Ni and Fe derived NPs .
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3.5.1
Separation by magnetization

Firstly, the NP’s colloidal dispersion of 12 mL of one of the metal targets
was synthesized with the laser parameters described in section 3.4. This pristine
colloidal dispersion is defined as a colloidal dispersion of mixed nanoparticles,
and denoted as (NPs)mix, shown in Figure 3.3(a). Then, we applied for 4 days
a 0.3 T magnetic field on the sample, by putting a magnet on the side of the
glass containing the (NPs)mix , as represented in the Figure 3.4. After 4 days,
it could be seen that a part of the nanoparticles was attracted by the magnet
and concentrated on its side (Figure 3.3(b)). These NPs are denominated
precipitant nanoparticles and indicated as (NPs)pr.

The liquid in suspension, separated from the precipitant NPs, interest-
ingly was still characterized by the color of colloidal dispersions, indicating the
presence of further NPs, which were not sensitive to the magnet. At this point,
the liquid was carefully transferred to another recipient, while the (NPs)pr were
still interacting with the magnet. Here, it is important to underline that the
removed liquid may consist theoretically of different species, both metal oxide
NPs (not attracted by the magnet) and possibly organic nanomaterial.

Figure 3.3: (a) Fe NPs and Ni NPs mixed colloidal dispersions. (b) Magnetic
separation(both (Fe NPs)pr and (Ni NPs)pr are marked by an arrow). (c)
Supernatant colloidal dispersion of iron NPs after heating for 3 h((Fe NPs)sp

are marked with an arrow).

In the case of (NPs)pr, we redispersed them in ultra-pure water while
they were kept interacting with the magnet, using the same quantity that was
initially removed. This rinsing process was repeated four times. Afterward, we
put the colloidal dispersion in an ultrasound bath for 10 min and, subsequently,
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Figure 3.4: (a) Process to separate colloidal dispersions from precipitant and
supernatant NPs. (b) Icons with the definition of the structures of the first
Figure. Adapted from [5].

we put it again to interact with the magnet for 3 h. Then, we repeated the
rinsing only one last time, while the magnet was still attracting the NPs.

Concerning the supernatant colloidal dispersion, we noticed that after
about 3 h of thermal treatment in oven at 60o C, the NPs precipitated at
the bottom of the glass container (Figure 3.3(c) and 3.4). One explanation
for this could be related to the heating of the liquid generating convection
currents, consequently, making the nanoparticles agglomerate and precipitate,
or instability due to oxidation reactions. Nevertheless, this action makes the
liquid transparent, since the majority of the nanoparticles are expected to be in
the bottom. After removing it from the oven, we put the recipient to interact
with the magnet again for 2 h. We noticed that the NPs were attracted by
the magnet only in the case of iron nanoparticles, while the nickel supernatant
(after heating) was not attracted by the magnet. Then, we carefully removed
the transparent liquid, eventually containing organic nanomaterial and define
the remaining nanoparticles as the supernatant (NPs)sp.

3.5.1.0
Lyophilization

Lyophilization or freeze drying consists of the removal of liquid and
formation of powder by sublimation. For this, the liquid, which needs to be
frozen, is kept first in the freeze dryer equipment with vacuum which support
this transition of states, making it faster. Then, the pressure of the equipment
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is lowered and there is transference of heat to the sample so it promotes its
sublimation. Finally, the nanoparticles that were in the liquid are the final
products and can be removed from the equipment in powder form.

In our research, the liquid samples prepared after the separation by
magnetization without water rinsing were frozen in a regular freezer. After,
they were put in a freeze dryer FreeZone(Labconco, U.S.A.) from Van der
Graaf Laboratory and maintained in vacuum for 4 days. The initial pressure
in the equipment was of 0.644 mbar and, in the final day, 0.260 mbar. The
temperature of the collector where the frozen samples were kept was −53o C.
At the end of the process, it was produced NPs samples in powder forms. This
procedure was made for the Ni NPs samples measured in Raman spectroscopy.

3.6
UV-Vis spectroscopy

UV-Vis spectroscopy was used to measure the extinction spectra of the
colloidal solution of nanoparticles produced by PLA in water. This technique
is particularly important, since its intensity is linked to the concentration of
the metal, and its variation during time can give important informations about
the stability of the colloidal system.

Figure 3.5: Spectrophotometer from Perkin–Elmer (USA, model Lambda 950)
in the Optical Spectroscopy Multiuser Laboratory of the Department of Physics
of PUC-Rio.

In Figure 3.5 is represented the spectrophotometer produced by
Perkin–Elmer (U.S.A.) in the Optical Spectroscopy Multiuser Laboratory of
the Department of Physics of PUC-Rio. The spectrophotometer is equipped
with deuterium and tungsten halogen lamps and allows to the span of the
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wavelength in a range between 175 nm and 3300 nm. In our research, the ex-
tinction spectra were measured in a range between 200 nm and 800 nm. To
eliminate the contribution of the absorption of water from the final spectrum,
it is necessary to perform a blank measurement before the analysis of each
sample of colloidal NPs, by the simple acquisition of the absorption spectrum
of the ultra-pure water (Milli-Q system).

To prepare the samples for this experiment, we performed only the first
magnetic separation described at the beginning of section 3.5.1.

3.7
Inductively coupled mass spectroscopy - ICP-MS

Inductively coupled mass spectroscopy(ICP-MS) was used to identify the
differences of metal concentration in each Fe and Ni NPs samples, both in
mixed, precipitant and supernatant forms. The samples that were measured
in UV-Vis spectroscopy were the same ones used for the measurement of the
metal concentration.

The equipment used was a ICP-MS with reaction cells (NexIon 300X and
DRC II) from PerkinElmer (USA).

3.8
Fourier-transform infrared spectroscopy(FTIR)

The use of FTIR for the NPs samples may allows to understand both
the composition and chemical surface groups on the produced nanomaterial.

Figure 3.6: Spectrophotometer Spectra-Two (Perkin Elmer, U.S.A.) in the
Optical Spectroscopy Multiuser Laboratory of the Department of Physics of
PUC-Rio.

The measurements were performed using the spectrophotometer Spectra-
Two (Perkin Elmer, U.S.A.), located in the Optical Spectroscopy Multiuser
Laboratory of the Department of Physics of PUC-Rio, Figure 3.6. It is char-
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acterized by a resolution of 0.5 cm−1 in the spectral range of 400-4000 cm−1.
It also presents a active diamond surface, useful for the Attenuated Total Re-
flectance (ATR) modality.

3.8.1
Preparation of the samples for FTIR

With a colloidal dispersion of (Ni NPs)mix, we made the first separation
by magnetization, following the methodology of section 3.5.1. Then, (Ni NPs)pr

and (Ni NPs)sp liquid samples were put in the oven at 43o C. We wait until all
of their liquid had evaporated to form each NPs powder.

It’s noted that both (Ni NPs)pr and (Ni NPs)sp samples separated
magnetically were not submitted through a water rinsing process before
the heat treatment. So, the transparent liquid, possibly containing organic
nanomaterial, would be present in the case of (Ni NPs)sp.

3.9
Raman spectroscopy

The Raman spectroscopy is a fundamental tool for understanding the
chemical nature of the nanoparticles and identifying possible organic products
obtained during the synthesis.

Raman spectroscopy was performed in the Department of Informatics
of the University of Verona. The Raman spectra were measured by a Micro
Raman spectrometer Horiba Jobin Yvon, model LabRam HR-800, equipped
with a He-Ne laser(633 nm). The Raman microscope is also equipped with an
optical microscope(Olympus, BX41), mounted at a long working distance from
the sample with an 80x objective lens, providing a spatial resolution of about
1µm. The scattered light was dispersed using a holographic grating with 600
lines/nm and the maximum radiation flux put in the sample was 109 W/m2.

3.9.1
Preparation of the samples for Raman

After making the first separation method by magnetization described in
section 3.5.1 for a pristine colloidal dispersion of Ni NPs, the liquid components
of (Ni NPs)pr and (Ni NPs)sp were frozen and lyophilized, according with
section 3.5.1.0. Then, lyophilization of the samples produced NPs powder.

It is important to emphasize that the NPs samples separated magneti-
cally were not submitted through a water rinsing process before the lyophiliza-
tion, similarly to the case of FTIR. In the same case of FTIR as well, (Ni NPs)sp

contained the transparent liquid, eventually containing organic material.
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3.10
Transmission electron microscopy(TEM), energy-dispersive X-ray spec-
troscopy(EDS) and electron energy-loss spectroscopy(EELS)

As explained in Chapter 1 of “Introduction”, the TEM characterizations
were performed by multiple collaborators, such as Prof. Dr. Geronimo Perez
and Dr. Braulio Soares Archanjo. TEM images were used to measure the
statistical distribution of the sizes of both Fe and Ni NPs, both as precipitant
and supernatant.

TEM equipments consist of an illumination system, an objective lens
stage, and an imaging system. The illumination system is responsible for the
transference of the electrons from the source to the sample by using an electron
gun and condenser lenses. As for the objective lens stage, the purpose is to
generate the images and the diffraction patterns produced in the interaction
between electrons and the sample. Finally, after the productions on the last
stage mentioned, the image or the diffraction pattern is magnified and focused
by a group of lenses that composes the imaging system. Also, these lenses are
responsible for the focus of the image or the diffraction to a viewer screen with
the support of CCD or other types of cameras and detectors [132].

In regards to the energy-dispersive X-ray spectroscopy (EDS), it was
performed with samples of (Fe NPs)pre, (Ni NPs)pre and (Ni NPs)sup in order
to detect the carbon element. It is important first to understand that the
atom can be seen as composed by the nucleus and a group shells where the
electrons can be distributed, following Pauli exclusion principle. In EDS, when
an electron beam is targeted on the sample, the electrons in an innershell of
the atom present in the sample can be excited and then, ejected from the
nucleus. With the holes formed in the inner shell due to this, the electrons of
higher shells can jump to this lower states with the emission of X-ray. Finally,
this emission of radiation can be measured, which is equivalent to the energy
difference of the two shells, consequently, identifying the atom present in the
sample.

For the same purpose of EDS, the sample of (Fe NPs)mix, uniquely,
was also analyzed by electron-energy loss spectroscopy(EELS). In this spec-
troscopy, a beam of electrons with defined energies interacts with the sample,
after which the electrons are deflected, considering that they experience inelas-
tic collisions. Then, it can be measured the energy loss of those electrons after
these collisions, and the value of this energy represents the signature related
to chemical bonds of the sample.

The TEM equipment used for the images and the SAED results was a
FEI Tecnai-Spirit TEM operated at 120 kV, located in the National Insti-
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tute of Metrology, Standardization and Industrial Quality of Rio de Janeiro
(INMETRO).

For the EDS experiment, the TEM equipment used was a FEI TITAN op-
erated in the range of 80 kV with a spherical aberration corrector on condenser,
equipped with EDS, which is also present in National Institute of Metrology,
Standardization and Industrial Quality of Rio de Janeiro (INMETRO).

As for the EELS measurements, they were performed by Prof. Dr.
Yutao Xing at Federal Fluminense University (UFF), using a JEM 2100F
Field Emission Electron Microscope(JEOL Ltd., Japan) with Gatan Enfinium
SE/976 EELS spectrometer and a Centurio Large Area EDS detector(JEOL
Ltd., Japan).

3.11
Preparation of the samples for TEM

To produce samples for TEM, EDS and EELS measurements, we used the
same method described in section 3.5.1 to obtain each NPs colloidal dispersion
component (mixed, precipitant and supernatant), including the water rinsing
process. However, we also diluted 15 times all of these liquid samples formed
at the end of this procedure. For the dilution, we used 0.1 mL of a colloidal
dispersion component of NPs and 1.4 mL of ultra-pure water. Then, the
samples were demagnetized with a demagnetizer instrument from Walker LDJ
Scientific (U.S.A., model DM-1), because the samples could interfere with
TEM equipments that use magnetic lenses. Finally, 20 µL of each sample
(mixed, precipitant and supernatant) were put separately in ultrathin carbon
film supported by a lacey carbon film on a 300 mesh Au grids (or, briefly, UC-
A on holey 300 mesh Au grids). We only used SiOx grids for the samples of Fe
and Ni NPs in EDS with the purpose of detecting carbon structures present
in them.
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4
Results and discussion

4.1
State of art

In the present chapter, we report the main experimental results obtained
during the research, followed by a discussion related to the actual literature.
The results are relative to the colloidal dispersion of nanoparticles obtained
performing PLA in water on Fe and Ni targets, using the synthesis experimen-
tal parameters and separation methods reported in Chapter 3.

We start with the UV-Vis spectroscopy and ICP-MS of the colloidal
dispersion of Ni and Fe NPs before (pristine) and after the separation process,
highlighting that here and in some other experiments we didn’t apply the water
rinsing process to the precipitant and supernatant parts. We then show the
characterization of the average size of the NPs by TEM and after, we report
the chemical characterization by EDS, FTIR, Raman and EELS spectroscopy.
We finish the report with the discussion on the impact that the experimental
results have in the field of astrochemistry.

We put in evidence that has not been possible to perform some of the
cited characterization on both the Ni and Fe derived colloidal dispersion, due
to the limited access to the laboratory infrastructure caused by the COVID-19
pandemic. Concerning the ablation of Fe targets, our aim was to complete the
investigation performed in the NanoLaserLab reported in [5]. In that work,
Raman spectroscopy on the Fe derived nanomaterial, showed the presence
of both wustite, magnetite and hematite, together with traces of carbon
material (D and G bands). Moreover, in the same work, it was reported the
photoluminescence of the transparent supernatant after separation. Part of the
present research, was dedicated to reproduce such a photoluminescence (PL)
signal. As results, we were not able to observe this emission again, so that our
investigation on Fe derived nanomaterial was concentrated on the visualization
and detection of the organic carbon nanomaterial by TEM, EDS and EELS.
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4.2
UV-Vis spectroscopy and ICP-MS

Since UV-Vis spectroscopy and ICP-MS can be complementary tech-
niques with respect to the concentration of the samples, we place them in the
same section.

Firstly, for the analysis of stability, we monitored the UV-Vis spectra of
the (Ni NPs)mix sample along 8 days (192 h). Specifically, in Figure 4.1, are
shown the UV-Vis spectra relative to the fresh (as synthesized t = 0h) colloidal
dispersion, and the samples aged for 24 h, 72 h, 96 h and 192 h. There is a
decrease in the extinction intensity at the wavelength of 300 nm of about 15.6%
after 24 h, 49.7% after 72 h, 84.9% after 96 h and 94.5% after 192 h.

Figure 4.1: Study of the stability of the UV-Vis spectra of the pristine Ni
NPs before the separation process (NiNPs)mix. The monitoring was performed
along 192 h.

The UV-Vis spectra of both the pristine colloidal dispersion before
separation, the (Ni NPs)sp and the (Ni NPs)pr are represented in Figure 4.2.
From the measurements, we deduce that the (Ni NPs)pr colloidal dispersion
has a higher extinction efficiency than the (Ni NPs)sp.

The results of Ni concentration in each part of the Ni NPs by ICP-MS
are presented in Table 4.1.

As for the UV-Vis spectra of (Fe NPs)mix, (Fe NPs)sp and the (Fe NPs)pr,
they are represented in Figure 4.3. Different from the case mentioned before,
(Fe NPs)sp colloidal dispersion has a higher extinction efficiency than the (Fe
NPs)pr.
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Figure 4.2: Comparison of the UV-Vis spectra of the pristine (Ni NPs)mix,
and (Ni NPs)pr and (Ni NPs)sp obtained after the separation process(without
rinsing with distilled water).

Element Sample (Ni NPs)mix (Ni NPs)sp (Ni NPs)mix unit
Ni 93 ± 9 21 ± 2 87 ± 9 mg/L

Table 4.1: Concentration(mg/L) of Ni for (Ni NPs)mix, and (Ni NPs)sp and (Ni
NPs)pr obtained after the separation process. For the errors, we considered the
results of three (3) samples.

Finally, the results of concentration of Fe in Fe NPs samples, before and
after separation are shown in Table 4.2.

Element Sample (Fe NPs)mix (Fe NPs)sp (Fe NPs)pr unit
Fe 39 ± 4 37 ± 4 8 ± 1 mg/L

Table 4.2: Concentration(mg/L) of Fe for (Fe NPs)mix, and (Fe NPs)sp and (Fe
NPs)pr obtained after the separation process. For the errors, we considered the
results of three (3) samples.
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Figure 4.3: Comparison of the UV-Vis spectra of the pristine (Fe NPs)mix, (Fe
NPs)pr, and (Fe NPs)sp obtained after the separation process.
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4.2.1
Discussion on UV-Vis spectroscopy and ICP-MS

Coherently with most of the reports about pristine colloidal dispersion of
nickel-oxide NPs made by PLA synthesis, a localized surface plasmon resonance
(LSPR) band [101] is absent and the extinction presents an absorption band
in the UV region.

Considering the stability, at the best of our knowledge, a similar analysis
is missing in literature. From our observations, the Ni NPs are mostly agglom-
erated after 8 days using this methodology, meaning that the majority of NPs
are precipitated after this time, probably due to the high reactivity of NiO
NPs to redox reactions.

As visible in Figure 4.2 and Table 4.1, the concentration and optical
extinction of (Ni NPs)pr are higher than the (Ni NPs)sp .

Although, considering the errors reported in Table 4.1, the total concen-
tration of the pristine solution matches with the sum of the concentration of
the supernatant and precipitant parts, we noticed a peculiar and reproducible
anomalous behavior in the UV-Vis spectra. In fact, the intensity extinction
of (Ni NPs)pr is higher than the (Ni NPs)mix. We attribute this anomaly to
the fact that ICP-MS analysis were performed 24 hours after the synthesis of
the NPs, a time during which the extinction spectra of the pristine solution
decreases of about 16% (Figure 4.1). We deduce empirically, that the sepa-
ration of the NPs in precipitant and supernatant, may enhance the stability
of the corresponding colloidal dispersion. But to confirm these hypotheses, a
study of stability by UV-Vis spectroscopy of (Ni NPs)pr and (Ni NPs)sp should
be performed in the future, alongside Zeta-Potential measurements of each Ni
NPs component.

As for the iron-oxide NPs, the slope between 200 and 400 nm agrees also
with what was presented in previous studies of this products generated in PLA
synthesis [5, 67, 68]. Differently from the case of Ni, the (Fe NPs)sp is more
concentrated than the (Fe Nps)pr.
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4.3
Morphological Characterization by TEM

This section will focus on the study of the statistical size distribution of
the colloidal dispersion of NPs obtained by PLA of both Fe and Ni targets in
water, both before and after the separation process with water rinsing. The
TEM measurements were performed using different magnification, so that the
subsections are divided on the basis of both the nature of the ablated material
and the magnification used during the microscopy investigation. A common
approach used for the analysis is the fit of the average size distribution by the
use of a monomodal log-normal function [102]. The latter can be expressed as:

n(ϕ) = 1
wϕ
√

2π
e

−[ln(ϕ)−ln(ϕc)]2

2w2 . (4-1)

Herein, the parameters w and ϕc are related with the nanoparticle average
diameter quantity < ϕ > and standard deviation σ by the relations < ϕ >=
eM+ w2

2 and σ = (ew2+2M(ew2 − 1)) 1
2 , in which M = ln(ϕc).[102]

In order to measure the distribution of the linear dimension of the NPs, an
average spherical shape was assumed. In this case, using the software ImageJ,
we did a zoom on the TEM images, and drawed a circle or ellipses representing
the contour of each NP. After this, the diameter ϕ of the NPs was obtained
using the equation A = πϕ2/4, where A was calculated by the software. This
procedure is sketched in Figure 4.4. In this way, we obtained the histogram
representing the statistical size distributions of the Fe and Ni NPs, which were
modeled using equation (4-1).

Figure 4.4: Sketch of the procedure used to measure the linear dimension of the
NPs by the software ImageJ: (a) TEM image of (Ni NPs)mix sample. (b) Zoom
of the region of interest in TEM image of the (Ni NPs)mix sample, where the
blue circles represent the contour of the NPs used to retrieve their diameter,
using the approximation of a spherical shape.

We highlight that both in the case of Fe and Ni targets, we observed a
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few nanoparticles with average diameter sizes higher than 20 nm. Since their
number is so small that does not influence the results obtained during the fit
of the statistical size distribution, they weren’t counted in the corresponding
histograms.

After the report of the TEM images used to measure the statistical
size distribution of the NPs, the last part of this section is dedicated to the
observation of nanostructures different from spherical metal nanoparticles.

4.3.1
Fe based nanoparticles

Lower magnification (Scale bar:≥ 100 nm)

The TEM images of the NPs and their respective statistical size distri-
bution with a scale bar of 100 nm or more, are shown in Figures 4.5, 4.6 and
4.7, associated to (Fe NPs)pr , (Fe NPs)sp and (Fe NPs)mix, respectively. The
(Fe NPs)pr (< ϕ >≈ 6.0 nm) presents bigger dimension than the (Fe NPs)sp

(< ϕ >≈ 4.2 nm). The results are coherent with the images relative to the (Fe
NPs)mix , for which we determined < ϕ >≈ 4.9 nm.
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Figure 4.5: (a) TEM image (scale bar of 200 nm) with the histogram (b) of
the nanoparticle size of (Fe NPs)pr.
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Figure 4.6: (a) TEM image (scale bar of 100 nm) with the histogram (b) of
the nanoparticle size of (Fe NPs)sp.
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Figure 4.7: (a) TEM image (scale bar of 200 nm) with the histogram (b) of
the nanoparticle size of (Fe NPs)mix.
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Higher magnification (Scale bar: 50 nm)

Considering the images obtained using a higher magnification (scale
bar of 50 nm), they are presented before each corresponding statistical size
distribution in Figures 4.11, 4.18 and 4.19, for (Fe NPs)pr , (Fe NPs)sp and
(Fe NPs)mix, respectively. A combination of the results of various images were
used in this case to build a unique histogram used for the final log-normal fit.

It’s clear that nanoparticles with diameter sizes below 3 nm became more
noticeable due to the higher magnification. Yet, the results are coherent with
what it was shown at lower magnification: bigger nanoparticles are present
in the precipitant (< ϕ >≈ 2.9 nm) when compared with the supernatant
(< ϕ >≈ 2.2 nm). In the latter case, we observe a considerable fraction of NPs
having a diameter below 2 nm. The statistical size distribution of (Fe NPs)mix

(< ϕ >≈ 2.5 nm) is coherent with the results obtained after the separation
process.

Figure 4.8: TEM image (scale bar of 50 nm) of region 1 of (Fe NPs)pr.

DBD
PUC-Rio - Certificação Digital Nº 1912842/CA



Chapter 4. Results and discussion 71

Figure 4.9: TEM image (scale bar of 50 nm) of region 2 of (Fe NPs)pr.

Figure 4.10: TEM image (scale bar of 50 nm) of region 3 of (Fe NPs)pr.
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Figure 4.11: Histogram of the nanoparticle size of (Fe NPs)pr, associated to
the analysis of regions 1, 2 and 3 of the same component.

Figure 4.12: TEM image (scale bar of 50 nm) of region 1 of (Fe NPs)sp.
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Figure 4.13: TEM image (scale bar of 50 nm) of region 2 of (Fe NPs)sp.

Figure 4.14: TEM image (scale bar of 50 nm) of region 3 of (Fe NPs)sp.
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Figure 4.15: TEM image(scale bar of 50 nm) of region 4 of (Fe NPs)sp.

Figure 4.16: TEM image (scale bar of 50 nm) of region 5 of (Fe NPs)sp.
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Figure 4.17: TEM image (scale bar of 50 nm) of region 6 of (Fe NPs)sp.

Figure 4.18: Histogram of the nanoparticle size of (Fe NPs)sp, associated to
the analysis of regions 1, 2, 3, 4, 5 and 6 of the same component.

DBD
PUC-Rio - Certificação Digital Nº 1912842/CA



Chapter 4. Results and discussion 76

Figure 4.19: (a)TEM image (scale bar of 50 nm) with the histogram (b) of the
nanoparticle size of (Fe NPs)mix.
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4.3.2
Ni based nanoparticles

Lower magnification (Scale bar: 100 nm)

The TEM images of the Ni NPs with their histograms are presented in
Figures 4.20, 4.21 and 4.22. They are associated to (Ni NPs)pr, (Ni NPs)sp and
(Ni NPs)mix, respectively.

In the case of lower magnification(scale bar of 100 nm), (Ni NPs)pr

(< ϕ >≈ 3.8 nm) seem to have higher average diameter than the (Ni NPs)sp

(< ϕ >≈ 3.6 nm), although the difference is very small.
However, the nanoparticles with diameter of the order of 2 nm are not

well visible at low magnification.
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Figure 4.20: (a)TEM image (scale bar of 100 nm) with the histogram(b) of the
nanoparticle size of (Ni NPs)pr.
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Figure 4.21: (a)TEM image (scale bar of 100 nm) with the histogram (b) of
the nanoparticle size of (Ni NPs)sp.
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Figure 4.22: (a)TEM image (scale bar of 100 nm) with the histogram (b) of
the nanoparticle size of (Ni NPs)mix.
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Higher magnification (Scale bar: 50 nm)

Following the same order of components shown in the last section, the
TEM images at higher magnification (scale bar of 50 nm) are presented before
their respective histogram. The histograms of (Ni NPs)pr, (Ni NPs)sp and (Ni
NPs)mix are represented in Figures 4.26, 4.32 and 4.33, respectively.

It can be observed, that the average diameter for (Ni NPs)pr and (Ni
NPs)sp is very similar (< ϕ >≈ 3.1 nm). The average diameter of the (Ni
NPs)mix is also in the same range (< ϕ >≈ 3.2 nm).

Figure 4.23: TEM image (scale bar of 50 nm) of region 1 of (Ni NPs)pr.
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Figure 4.24: TEM image (scale bar of 50 nm) of region 2 of (Ni NPs)pr.

Figure 4.25: TEM image (scale bar of 50 nm) of region 3 of (Ni NPs)pr.
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Figure 4.26: Histogram of the nanoparticle sizes of (Ni NPs)pr, associated to
the analysis of regions 1, 2 and 3 of the same component.

Figure 4.27: TEM image (scale bar of 50 nm) of region 1 of (Ni NPs)sp.
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Figure 4.28: TEM image (scale bar of 50 nm) of region 2 of (Ni NPs)sp.

Figure 4.29: TEM image (scale bar of 50 nm) of region 3 of (Ni NPs)sp.
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Figure 4.30: TEM image (scale bar of 50 nm) of region 4 of (Ni NPs)sp.

Figure 4.31: TEM image (scale bar of 50 nm) of region 5 of (Ni NPs)sp.
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Figure 4.32: Histogram of the nanoparticle sizes of (Ni NPs)sp, associated to
the analysis of regions 1, 2, 3, 4 and 5 of the same component.
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Figure 4.33: (a)TEM image (scale 50 nm) with the histogram (b) of the
nanoparticle sizes of (Ni NPs)mix.
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4.3.3
Structures different from small spherical nanoparticles

In the “Introduction” Chapter, we highlight that nanostructures with a
shape different from spherical NPs were observed in the TEM images of the
samples.

For example, in Figure 4.34 is shown an image of what resemble
Ni(HCO3)2 nickel-bicarbonate nanosheets [11], observed in the (Ni NPs)sp.
It is evident the similarity with the structures shown in Figure 2.8 of the the-
oretical introduction section, concerning the description of nickel oxides and
hydroxides.

Figure 4.34: Possible Ni(HCO3)2 nickel-bicarbonate nanosheets present in the
(Ni NPs)sp sample. The nanostructures are very similar to the ones reported
in [11].

Together with these structures, also graphitic sheets were observed in
both Ni and Fe derived nanomaterial, such as the one represented in Figure
4.35. However, the same structures were also identified in the TEM images of
the Au grids used for TEM before the deposition of the material, as shown in
Figure 4.36.
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Figure 4.35: TEM image of the graphitic sheet in (Fe NPs)sp.

Figure 4.36: TEM image of graphitic sheet in UC-A on holey 300 mesh Au
grids before the deposition of a sample.
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4.3.4
Discussion about TEM measurements

As it was briefly exposed in Chapter 1, PLA of Fe in deionized water
results mostly in the synthesis of NPs with an average size diameter between 7
and 17 nm by the use of first(ω) and second harmonic(2ω) lasers, respectively
[13]. In only one article, Iwamoto et al. found smaller Fe NPs in the range of
1 to 5 nm using first harmonic laser pulses, but performing ablation along a
time of about 1 h, which is relatively higher when compared to the standards
ablation times, which are of the orders of tens of minutes or only some units
of minutes [103].

Considering Ni targets, experimental works using 2ω and 3ω frequency
laser pulses in deionized water lead to average diameters between 3 and 10 nm,
respectively [14, 49].

In comparison to the cited works, the average diameter of NPs obtained
during the PLA synthesis using the parameters reported in chapter 3 are
relatively smaller.

As introduced in the theoretical section, a common procedure used to
control and limit the average size of the NPs synthesized by PLA in liquids
is the introduction of proper surfactants and stabilizing agents in the aqueous
environment, which limits the recombination time of clusters and atoms during
the plasma cooling [3, 103]. This effect was highlighted also in [5], concerning
the dimension of colloidal dispersion of iron-oxide NPs produced by PLA of
iron targets in water. In that case, the average diameter of the (Fe NPs)pr and
(Fe NPs)sp was about 11 nm and 6 nm, respectively. The lower values reported
in the present research might be associated to the different experimental
parameters used during the PLA process, as resumed in Table 4.3.

Results of [5] Results of dissertation
F 2.3 J/cm2 6.0 J/cm2

Liquid Volume 5 mL 12 mL
tPLA 2 h 5 h

(Fe NPs)pr 11.2 ± 4.9 nm 6.0 ± 2.0 nm
(Fe NPs)sp 6.0 ± 1.6 nm 4.2 ± 1.0 nm

Table 4.3: Comparison of laser fluence(F ), liquid volume, ablation
duration(tPLA) and average diameters of (Fe NPs)pr and (Fe NPs)sp between
[5] and this dissertation.

Particularly important is the use of higher values of F and longer ablation
times (tPLA). While the dimension of the NPs is generally reported to be
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greater with the increase of the fluence of the laser pulse [47, 48], increasing of
the ablation time leads to smaller dimensions [14].

Our interpretation points to the increasing concentration of organics
ligands or solid carbon on the surface of the NPs and/or in free state in
water solution during PLA, as proposed in the scheme reporting the proposed
CO2RR. Similarly to surfactants used during LASiS, the presence of organics
ligands would limit the time available for the recombination of metal-clusters,
so limiting the final dimensions of the NPs.
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4.4
Physical-Chemical Characterization

In this section, we will show and discuss the identification by EDS,
Raman spectroscopy, FTIR and EELS of the metal oxides and organic material
synthesized during LASiS in water. As explained in Chapter 3, the samples for
the EDS measurements were obtained including a water rinsing process, while
Raman and FTIR were performed after separation by magnetization without
water rinsing. Finally, EELS investigation has been performed on the pristine
material before any separation. As consequence, the organic material identified
by EDS is adsorbed in the surface of the metal nanoparticles.

We remember here that in the present research FTIR and Raman
spectroscopies were only performed on Ni NPs, while EELS only on Fe NPs.

4.4.1
EDS

The EDS measurements were made only for the samples of (Fe NPs)pr,
(Ni NPs)pr and (Ni NPs)sp, considering that the presence of different structures
were observed in those samples. In order to detect the carbon element, we used
SiOx grids for this investigation and, in order to avoid the possible degradation
of the organic material, the corresponding image was taken in STEM (Scanning
Transmission Electron Microscopy) modality, using an electron acceleration
voltage of 80 kV.

4.4.1.1
Fe derived nanomaterial

The results of (Fe NPs)pr are presented in Figure 4.37 in which is
evidenced the peaks of C and Fe, besides the peaks related to O, Na, Si. It was
measured regions R1,R2 and R3 of the (Fe NPs)pr in SiOx grid, as presented
in Figure 4.37.
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Figure 4.37: STEM image at acceleration voltage of 80 kV with the regions
denoted by R1, R2 and R3 analised by EDS (on the left), together with the
corresponding EDS spectra of (Fe NPs)pr.

4.4.1.2
Ni based nanoparticles

EDS spectra of (Ni NPs)pr and (Ni NPs)sp are presented in Figures 4.38
and 4.39, respectively. In both the species, in different point of the samples
we identified peaks of Ni, C, Si and O. We highlight that for the (Ni NPs)sp,
the EDS analysis made in region R1 corresponds to a part of the nanosheet
structures observed before in Figure 4.34.

Figure 4.38: STEM image at electron acceleration voltage of 80 kV with regions
denoted by R1, R2 and R3 analised by EDS (on the left), together with their
corresponding EDS spectra of (Ni NPs)pr.
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Figure 4.39: STEM image at electron acceleration voltage of 80 kV with the
regions denoted by R1, R2 and R3 analised by EDS (on the left), together with
the corresponding EDS spectra of (Ni NPs)sp. Specifically, region R1 measured
correspond to a part of a similar structure showed in Figure 4.34.

4.4.1.3
Discussion about EDS measurements

The presence of peaks of Fe and O in Figure 4.37, might be attributed
to the presence of iron-oxides . Anyway, the O peak, alongside the Si peak,
is always present on grids used for this experiment. The important result, is
the observation of the carbon peak, which supports the formation of organic
material during PLA of Fe target, as reported by Raman measurements in [5].
In that research, Raman investigation detected the presence of classical iron-
oxides (magnetite, hematite, wustite), together with carbon based material, in
the form of amorphous carbon and siderite FeCO3.

The same exciting results have been observed in the Ni derived nanoma-
terial, where in both the precipitant and supernatant parts, we detected the
presence of the carbon element. Particularly interesting are the results on the
supernatant part, which has been analyzed in three different regions, denoted
as R1, R2, and R3. While regions 2 an 3 are relative to nanoparticles, the re-
gion 1 was centered over the needle like structures. In the last case, the results
are hence coherent with the possible formation of Ni(HCO3)2 nanosheets.
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4.4.2
EELS

In Figure 4.40, we report the results of EELS for the (Fe NPs)mix,
alongside the image of the region measured. Three main peaks are present.
The peak at 702 eV is attributed to Fe linked to O atoms [121, 122], the peak
in 535 eV is related to the presence of oxygen, [119, 120], and the last one at
297.5 eV is associated to the presence of carbon [116, 117, 118].

Figure 4.40: EELS spectra of (Fe NPs)mix sample. In the inset, the observed
region of the sample.

The results, are coherent with the EDS measurements.
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4.4.3
Raman spectroscopy on Ni derived nanomaterial

In Figure 4.41 are reported the typical Raman spectra of the (Ni NPs)pr.
The Raman spectra of the (Ni NPs)sp are instead shown in Figures 4.42 and
4.43, since two different set of frequencies were observed in this case. In both
cases, the spectra were measured in different points of the same structure
showed as inset. The main peaks observed for those spectra are reported in
Table 4.4 for (Ni NPs)pr , and Tables 4.5 and 4.6 for (Ni NPs)sp.

The theoretical Raman frequencies associated to the phonons and
magnons of the crystalline NiO oxide NPs, are conventionally indicated as
TO (one-phonon transversal optical mode), LO (one-phonon longitudinal opti-
cal mode), 2TO (two-phonon transversal optical mode), TO+LO (two-phonon
transversal+longitudinal optical mode), 2LO (two-phonon longitudinal opti-
cal mode ) and 2M (two-magnon band), and are listed as reference in Ta-
ble 4.7 [104]. In Table 4.8, we report instead the theoretical Raman frequen-
cies associated to the phonons of nickel-hydroxide Ni(OH)2 (more specifi-
cally, β-Ni(OH)2) [105]. In the latter case, the phonons are indicated as ir-
reducible representations, specifically, translational modes A1g(T) (single de-
generacy), Eg(T) (double degeneracy) and Eu, and the rotational mode Eg(R)
[105, 106, 107].
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Figure 4.41: Raman spectra of the region of (Ni NPs)pr powder. The spectra
were measured in three different points of the same structure. In the inset,
the optical microscope image of the structure containing the points R1(red
spectrum), R2(blue spectrum) and R3(black spectrum). In the specific case,
the red laser spot was exciting at point R1.
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Figure 4.42: Raman spectra of the region of (Ni NPs)sp powder. The spectra
were measured in three different points of the same structure. In the inset,
the optical microscope image of the structure containing the points R1(red
spectrum) and R2(black spectrum). In the specific case, the red laser spot was
exciting at point R1.
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Figure 4.43: Raman spectra of another region of (Ni NPs)sp powder. The
spectra were measured in three different points of the same structure. Only
the highest intensity peaks of the regions are presented. From different regions
measured, the peak around 1100 cm−1 shifts from the original position. Also,
the higher its intensity, the lower the peak in the range of 500-530 cm−1. In
the inset, the optical microscope image of the structure containing the points
R3(red spectrum) and R4(black spectrum). In the specific case, the red laser
spot was exciting at point R3.
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Samples Raman frequency (cm−1)
(Ni NPs)pr R1 403 515 655 1053 1354 1589 2894
(Ni NPs)pr R2 474 523 684 1048 1360 1590 2892
(Ni NPs)pr R3 412 531 654 1043 1349 1590 2902

Table 4.4: Main Raman frequencies (cm−1) identified in the points R1, R2 and
R3 of (Ni NPs)pr.

Samples Raman frequency (cm−1)
(Ni NPs)sp R1 449 525 707 1050 - 1419 1601 2916
(Ni NPs)sp R2 472 529 673 1066 1315 - 1590 2910

Table 4.5: Main Raman frequencies (cm−1) identified in the points R1 and R2
of (Ni NPs)sp.

Samples Raman frequency (cm−1)
(Ni NPs)sp R3 525 742 - 1095 1437 1540 2357 2918
(Ni NPs)sp R4 518 - 947 1101 1412 - 2312 2918

Table 4.6: Main Raman frequencies (cm−1) identified in the points R3 and R4
of (Ni NPs)sp.

Raman → TO LO 2TO TO+LO 2LO 2M
modes (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
NiO 440 560 740 925 1100 1400

Table 4.7: Raman frequency (cm−1) of the modes associated to the phonons
and magnons of NiO as reported in [104].

Raman → A1g(T) Eg(T) Eu(T) Eg(R)
modes (cm−1) (cm−1) (cm−1) (cm−1)
Ni(OH)2 315 450 517 880

Table 4.8: Raman frequency (cm−1) of the modes associated to the phonons
of Ni(OH)2 as reported in [105].

Concerning the Raman spectra of the (Ni NPs)sp and (Ni NPs)pr species,
reported in Figures 4.41 to 4.43, the band in the region of 500-530 is charac-
teristic of Ni-O stretching, which indicates the presence of nickel oxide NiO
and/or nickel hydroxide Ni(OH)2 [70]. Usually, for Ni(OH)2, there are another
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bands in the spectrum in positions 315 and 450 cm−1 [70, 105, 106, 107]. Al-
though the peaks in the range of 400-450 cm−1 found in some of our spectra
could be related to the phonon Eg(T) of Ni(OH)2, we cannot identify the
A1g(T) mode. Anyway, it is worth noting that FTIR spectroscopy is better
suited than Raman investigations in order to discriminate between nickel ox-
ides and hydroxides[70]. As mentioned also by Gellini et al.[70], the presence
of both oxide and hydroxide species is expected by PLA of Ni target in water.
In the same research, the authors propose in fact that molecular oxygen O2

dissolved in water might interact with both Ni+2 and H2O molecules, forming
the hydroxide compound[70]. Then, the nickel-oxide NiO would be produced
after a dehydration process of Ni(OH)2.

As explained previously, generally the bands with weak intensity showed
in the range of 600-1000 cm−1 , are interpreted in terms of NiO phonons, but
it is worth noting that mostly the experimental frequencies differ considering
different authors [109, 110, 104]. Due to this, it’s possible to interpret our
experimental peaks in the range 400-480 cm−1 as TO, 500-530 cm−1 as LO,
and in the range 600-700 cm−1 as 2TO. The band that we observe around 900-
1000 cm−1 cannot be associated to the TO+LO mode, since the experimental
full width half maximum (FWHM) is about 100 cm−1, to be compared with
a typical FWHM of the TO+LO of about 200 cm−1. [140, 110]. Finally, we
cannot exclude the presence of a small 2M peak close to 1400 cm−1, which
might be covered by the other bands observed in the range between 1350-1600
cm−1 . We associate all the other bands present in the Raman spectra to the
presence of carbon based organic material.

Specifically, in the case of the (Ni NPs)pr, some of the spectra show a
weak band centered around 1050 cm−1, two small bands of the same intensity
centered around 1350 cm−1 and 1590 cm−1, and a broad band centered around
2900 cm−1. We associate the first one to the presence of HCO3

− [108], and
the last one to the C-H stretching vibrations of organic material produced
during the PLA. The remaining two bands are associated to the presence of
amorphous graphitic carbon [9, 10], where sp2 domains exist in an amorphous
sp3 carbon matrix, as explained in subsection 2.7.

A similar behavior is observed for the (Ni NPs)sp, with the particular that
some of the spectra are dominated by a sharp and intense line between 1080-
1100 cm−1 (Figure 4.43, Table 4.6), which it might be attributed to regions of
the samples with a higher content of CO3

−2[108]. Again, another possible inter-
pretation is based on the great similarity between the Ni(HCO3)2 nanosheets
synthesized by X. Zhang et al. [11], and the sheets like nanostructures reported
for the (Ni NPs)sp in Figure 4.34, which were briefly discussed in section 4.3.
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S. Dai et al. [66], reported a Raman spectrum dominated by an intense line
around 1115 cm−1 for Ni(HCO3)2 nanoparticles, so that it is possible that
the high intensity bands reported in Figure 4.43 for the supernatant part are
associated to the nickel-bicarbonate nature of the synthesized nanosheets.
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4.4.4
FTIR spectroscopy on Ni derived nanomaterial

The FTIR spectra of (Ni NPs)pr and (Ni NPs)sp are shown in Figure
4.44, while Table 4.4.4 are reported the experimental frequencies of interest.

The spectra seems to indicate that the functional groups on the surface
of the NPs, are similar in the case of precipitant and supernatant parts. The
bands in the range of 420-618 can be associated to the phonons A1g of β-
Ni(OH)2[64, 63]. Concerning the bands centered at 3381 cm−1 and 1635 cm−1,
they are associated to the stretching ν(H2O) and bending δ(H2O) of adsorbed
or intercalated water molecules, while the sharp resonance at 3641 cm−1 is
characteristic of the free OH stretching vibration in brucite like-structures
[111, 112], and represents a fingerprint of β-Ni(OH)2 hydroxide phase [111].

Figure 4.44: FTIR spectra of (Ni NPs)pr and (Ni NPs)sp powder. The wavenum-
ber of the highest intensity peaks are presented.

The bands around 856 and 1447 cm−1, which have higher relative
intensity in the precipitant part, are coherent with the possible presence of
intercalated carbonate ions [113, 65], which is only possible in the presence of α-
Ni(OH)2 hydroxide phase [63]. Although the bands at 988 and 1046 cm−1 would
be coherent with the presence of nitrogen intercalated α-Ni(OH)2 hydroxide,
the bands should be accompanied by the highest intensity absorption around
1300 cm−1 [63], so that we exclude this interpretation. We associate the peaks
around 1046 and 1371 cm−1 to the ν(C-OH) vibration and ν(O-H) bending
of epoxide or hydroxyl groups [114, 115], and the bands at 988 cm−1 to the
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ν(C-O-C) vibration of epoxy group on the surface of the amorphous graphitic
carbon detected by Raman spectroscopy [115]. In this frame, the band at 1635
cm−1 might also be a stretching of C=C of aromatic ring of the amorphous
graphitic carbon [136].

Samples FTIR frequency (cm−1)
(Ni NPs)pr 419 615 856 1046 - 1371 3381 3638
(Ni NPs)sp 451 618 889 - 1280 1384 3403 3641

Table 4.9: Main FTIR frequencies (cm−1) identified in (Ni NPs)pr and (Ni
NPs)sp.
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4.5
Astrochemical implications

In both the Introduction and Theoretical Chapters, we discussed how the
laser ablation of Fe or Ni targets immersed in water can be used to simulate
some space wheatering processes, such as the impacts of micrometeorites on
the surface of minor bodies of the outer Solar System, or interactions between
cosmic dust grains covered by astrophysical ice.

In this, different and interesting information comes from the experimental
results previously discussed in this Dissertation. In the astrophysical frame,
we will not differentiate the results on Fe from the ones of Ni, since both the
elements are present in the astrophysical objects of interest involved in the
space weathering processes. The presence of carbonates and bicarbonates in
the metal-oxide nanostructures, highlights that CO2 is indeed involved in the
nanoparticles synthesis process. Considering the PLA-CO2RR scheme reported
in Figure 2.9, carbonates and bicarbonates are essentially the starting point of
the chains of molecules we expect to detect, since they represent the natural
form of CO2 in water environment. Complementary, the amorphous graphitic
carbon observed by Raman spectroscopy represents the final point of the chain,
where the hydrocarbons and alcohols are eventually converted to solid carbon.

We suggest two possible interpretations for the lack of detection of
intermediate products: 1) the concentration is too low to be detected by Raman
or FTIR spectroscopy, 2) they are readily converted to solid carbon by a unique
pulse or eventually through the interaction of the subsequent laser-pulses along
the PLA process in water. In fact, it is important to highlight that along the
5 hours of PLA in water, the sample is irradiated with about 3 × 1012 laser-
pulses, and there is the possibility that the species in the liquid environment
(gases, water, organics products, nanoparticles) may interact with more than
one-pulse.

In this sense, we will have to further investigate how the PLA process
with the specific experimental parameters used in this work compares to the
space weathering effects in space, in terms of the astrophysical collisional rates
and timescales in different space environments. This specific study, involving
not only experimental data but also observational and theoretical data, will be
the focus of one of the publications which will come out from this Dissertation.

According to the astrochemistry literature, hydrocarbons are present in
the surface of carbonaceous chondrite meteorites, alongside carboxylic acids,
as shown in Table 4.10.

Besides this, carbonates are also present in them. They are in the form of
minerals of Ca, Mg and Fe , such as calcite(CaCO3), dolomite(CaMg(CO3)2)
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Chemical compound Concentration (ppm)
Aliphatic hydrocarbons >35
Aromatic hydrocarbons 15-28

Carboxylic acids >300

Table 4.10: Organic material concentration (ppm) in carbonaceous chondrite
meteorites. Based on [92].

Group Graphite
IA common
IB common
IC dc
IIIE dc

Table 4.11: Graphite content in iron meteorites groups. “dc” means “decom-
posed by carbide”. Based on [125].

and breunnerite((Mg,Fe)CO3). Moreover, also traces of nickel-carbonate have
been encountered in iron meteorites [141]. Remembering the first results of the
NanoLaserLab on the PLA of Fe target in water demonstrated the presence
of FeCO3 (siderite) [5], we can conclude that the production of both iron
and nickel carbonates in space can be well simulated by our proposed PLA
approach, and that nanoparticles formation may have a great importance for
the physico-chemical evolution of the astrophysical species and molecules of
interest.

Moreover, in the class of iron meteorites are present carbon structures
mostly composed of graphite (Table 4.11) and literature reports that amor-
phous carbon can be present in the core of cosmic dust [23, 126]. Some of this
graphite structures can be formed by decomposition of the carbides, structures
made of metal and carbon (such as Fe3C and (Fe,Ni)23C6) [125].

The detection of graphitic amorphous carbon as product of PLA of both
Ni e Fe targets, is hence the second important experimental result to be linked
with the astrochemical investigation. The possibility of the creation of solid
carbon is particularly important for understanding the evolution of the carbon
component of cosmic dust [20]. In fact, different from the more resistant
silicates, the carbonaceous dust grains can be more easily destroyed by UV
radiation, cosmic rays and shocking waves generated by nearby supernovae,
although they are are still observed in the interstellar medium. This means
that some not yet fully understood re-formation mechanism takes place in this
space environment, able to explain the survival of carbon cosmic dust and its
consequent detection in astronomical observations [20]. As far as we know, only

DBD
PUC-Rio - Certificação Digital Nº 1912842/CA



Chapter 4. Results and discussion 107

few experimental works have tried to investigate this aspect and only recently
we are starting to get an idea about the chemical-physical processes involved
in the regeneration of the carbonaceous dust grains [20]. In this context, the
PLA-CO2/C process can be considered as one of these first experimental steps
shedding light on the processes of formation and evolution of carbon cosmic
dust in space.

Finally, we want to highlight that even the PLA induced water splitting
process, described in Section 2.6, has its importance in the astrochemistry
frame. In fact, the models commonly used to describe the formation of H2

within astrophysical ices (covering cosmic dust grains or the surface of minor
bodies), don’t take in account this unique process [123], which most probably
has a great relevance for the sequential formation of organic material via the
CO2RR reported in Figure 2.9.
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5
Conclusions

5.1
Nanomaterials synthesized by PLA-CO2/C process on Fe and Ni targets

All the objectives relative to the synthesis and characterization of the
nanomaterials by LASiS in water environment were fulfilled. The results were
interpreted in the frame of the PLA-CO2/C process described in details in
section 2.7. The process is realized through the particular thermodynamic
conditions of the PLA environment, which trigger the catalytic properties
of Ni and Fe oxide nanoparticles. Different iron oxides were detected in our
previous investigation, and nickel-oxide and/or hydroxide were detected by
Raman spectroscopy in the present research. FTIR spectroscopy confirms the
presence of β-Ni(OH)2 hydroxides, although Raman measurements point to the
inclusion of carbonate and bicarbonate species. This hypothesis is sustained
by TEM and EDS measurements, which suggest the presence of traces of
Ni(HCO3)2 nanosheets. Organic material is detected by Raman spectroscopy
also in the form of graphitic amorphous carbon and CH stretching, in both Fe
and Ni derived nanomaterial. Following our model, we propose that the solid
carbon structures might be produced after condensation of Cn-units formed
by reductions of FT reaction products.

We connect the presence of organic material to the particular average
dimension of the NPs obtained by both Ni and Fe targets, which is considerably
smaller than reported in previous works [13, 14, 49]. This is possibly related
to the long ablation time used in the experiments, which allows the organic
material to be synthesized in significant concentration, and used as stabilizing
agent, limiting the recombination time of the metal nanoclusters, reducing the
final size.

The experimental results obtained along the research, definitively confirm
that CO2 has an active and important role in the physical-chemical properties
of the synthesized nanomaterial, and are definitively of great interest in the
field of LASiS synthesis.
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5.2
Final remarks about astrochemistry

As discussed in detail in section 2.7, PLA is an excellent tool for the
experimental simulation of some space weathering processes, i.e., micromete-
orite impacts. The metal targets(Fe and Ni) and the deionized water, offer
a resemblance of the surface of some minor bodies of the Solar System and
cosmic dust grains of interstellar medium, both covered with astrophysical ice.
The interactions between these minor bodies and micrometeorites, as well as
the interaction between the cosmic dust grains in the interstellar medium, can
both be seen and compared to the laser ablation process, so that the pro-
duction of nanomaterial after the impact is expected. When the astrophysical
body suffering space weathering contains Fe and Ni, we expect that both WS,
one-step CO2RR and two-step CO2RR reactions may happen, similarly to the
case of the PLA-CO2/C reactor.

The experimental conditions used in the present research, in which each
sample was synthesized using an average number of laser-pulses of 3 × 1012, are
able to reproduce different carbon based structures of astronomical interest,
such as Fe(CO3), Ni(HCO3)2, and amorphous graphitic carbon. The carbonates
links the experimental results to the composition of part of the iron meteorites,
while the solid carbon resembles more closely the cosmic dust grains.

Moreover, considering that the carbonaceous have low resistance against
destructive phenomena occurring in in space (such as UV radiation and
cosmic rays), and yet they are observed by astronomical observations [20],
their “reformation” may be related, to some extent, to the interaction of
silicate cosmic dust covered with H2O, CO and CO2 rich ices. This assumption
connects again with the fact that the silicate cosmic dusts can have Fe in their
composition and the astrophysical ice is around it, besides the correlation with
these elements and our results. Additinal experimental work should be made
to further investigate this hypothesis.

5.3
Future work and perspectives

The results concerning the identification and characterization of the
produced nanomaterials, still need to be complemented by other experimental
characterizations. X-Ray diffraction (DRX) will be fundamental to confirm our
interpretation of Raman and FTIR results, revealing the kind of oxides and
hydroxides present in the colloidal solutions. It will be particularly interesting
to verify the presence of α-type nickel hydroxides, with the eventual inclusion
of carbonate or bicarbonate. Also X-Ray photoelectron spectroscopy will help
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for this purpose, and will allow the precise identification of the oxidation state
of the metal in the nanoparticles.

While DRX will be performed in the National Institute of Metrology,
Standardization and Industrial Quality of Rio de Janeiro (INMETRO), for
XPS measurement we will take advantage of an international collaboration
with the group of Prof. Stephan Barcikowski, Prof. Torsten Schmidt, and
Prof. Sven Reichenberger of the Department of Chemistry from the University
of Duisburg-Essen (Germany). They also will try to measure by in-situ gas-
chromatography the CO and CH4 gases produced during the PLA of the metals
in pure water, at different CO2 concentrations.

We finally want to highlight, that the presented research represent a
proof-of-concept (POC) of the PLA-CO2/C process, which has to be conducted
in different experimental conditions to obtain the best results in term of the
concentration of the produced organic material. In fact, in a near future, the
experiments will be repeated controlling the relative pressure of CO2 and
CO at the gas-liquid interface of the PLA environment. We expect that, by
increasing the CO2 concentration from 0.04% to value of the order of about
5%, we should have a significant increment in the mass production of organic
material. Even more interestingly, in the future we pretend to perform PLA
of Fe and Ni targets in water using a gas atmosphere even more similar to the
one characteristic of the astrophysical ices [127, 128, 129, 130], and repeating
some of the experiments here presented by employing more energetic pulses to
simulate the space weathering process (F = 40 J/cm2) to be able to extend
the investigation of micrometeorite impacts in space towards a different range
of physico-chemical processes.
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A.1
Theory of Raman scattering

As the molecules of a sample interacts with electromagnetic radiation, it
may provoke the displacement of the atoms from their equilibrium position,
described as vibrations. The vibration response can be used as interesting tool
to identify the nature of the molecules under investigation.

Mathematically, we can propose first in a classical approach that this
excitation is expressed as a induced dipole reaction after photon interaction.
The induced dipole, called as ~P , will be then directly proportional to the
electric field of the radiation ( ~E = ~Eo cos(w1t)), with a important term that
relates to the the “electronic polarizability”, α [131]. Then, we can obtain the
expression of the induced dipole to identify the vibrations related to the photon
interaction. The equation for the induced dipole is shown as follows:

~P = α~E = α ~Eo cos(w1t). (A-1)
The α term, however, can be expanded in a more meaningful way, where

it is expressed not only by a constant term, but also a fluctuation term(which
depends of harmonic approximations for normal modes of vibration, Qk, that
are independent of each other):

α = αo +
∑

k

∂α

∂Qk

Qk + ... (A-2)

Where:
Qk = Qkocos(wk + δk). (A-3)

And with the combination of those forms to the expression of induced
dipole:

~P = αo ~Eo cos(w1t) +
∑

k

∂α

∂Qk

Qko
~Eocos(wk + δk) cos(w1t) + ... (A-4)

Yet, we still can use a trigonometric relation:

cos(θ)cos(φ) = cos(θ − φ) + cos(θ + φ). (A-5)

To obtain the important formula as follows:
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~P = αo ~Eo cos(w1t)+
∑

k

∂α

∂Qk

Qko
~Eo[cos((w1−wk)t+δk)+cos((w1+wk)t+δk)]...

(A-6)
Or in a more comprised way:

~P = ~P (w1) + ~P (w1 − wk) + ~P (w1 + wk). (A-7)
The first term of the induced dipole formula is referred as the Raileigh

’s term and the other ones as Raman Stokes and Raman Anti-Stokes terms,
respectively. The Rayleigh scattering is referred to the scattering in which the
frequency of emission of the molecule is the same as the one related to the
incident beam propagated to the sample, also defined as a elastic scattering.
In the case for the Raman scatterings, however, the frequencies of the incident
beam and the emission of the molecule are different, which in turns defines both
Stokes and Anti-Stokes as inelastic scatterings. The frequency of the vibrations
of the molecules due to the interactions with the beam will give a characteristic
spectrum, which is the fingerprint of the molecules under analysis. [131]

DBD
PUC-Rio - Certificação Digital Nº 1912842/CA



Appendix A. Supplementary material 113

A.2
Photoluminescence(PL) spectroscopy

The transparent liquids obtained after another separation method which
will be described in the section further were investigated by photoluminescence
spectroscopy to identify the presence of luminescent organic material produced
by PLA of Fe in water. The separation method used for it is described in the
next subsection.

Figure A.1: Fluorimeter system from Photon Technology International, model
QM-1, in the Optical Spectroscopy Multiuser Laboratory of Department of
Physics of PUC-Rio. It is also shown the path of the light from the source
to the sample until it reaches the detector. S1, S2, S3 and S4 are slits with
lengths of 4 µm.

The fluorimeter used in the research, from the Photon Technology In-
ternational (model QM-1), is in the Optical Spectroscopy Multiuser Laboratory
of the Department of Physics of PUC-Rio and is shown in Figure A.1. The
equipment consists of a source(Xenon lamp) emitting electromagnetic radia-
tion, which passes through a first slit, a grating monochromator and comes
to the liquid sample after passing through a second slit. The sample is then
excited and the emitted electromagnetic radiation passes through a third slit.
This light finally comes to another grating monochromator, passes through a
fourth slit and reaches a photomultiplier detector system that can detect the
electromagnetic radiation in a wavelength range between 185 nm and 680 nm.
For this experiment, the slits serve as controllers of the intensity of light and
they were used at 4 µm.

In our research, we excited the sample at a wavelength in the range
of 300 − 330 nm to produce an emission spectrum. We decided to excite in
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this region, because a liquid with luminescent carbon structures can produce
emission spectrum closed to 410 nm [5].

A.2.1
Separation method for PL spectroscopy

This section seeks to present how the samples measured by this exper-
iment were made. The idea of it consists in a separation of the metal-oxide
nanoparticles from the transparent liquid, so we could measured a PL spec-
trum of the last one. However, we weren’t able to reproduce the plot present
in [5] obtained by a similar separation method for Fe NPs sample.

A.2.1.1
Separation by heating and centrifugation

For the separation of the metal nanoparticles and dispersed organic
products, we choose to apply the separation method which consists of heating
and centrifuging.

Firstly, we prepared 24 mL of (NPs)mix colloidal dispersion made by PLA
with the parameters described in chapter 3, section 3.4. This is equivalent to 2x
PLA synthesis by our parameters or, in the case of the double laser ablation,
only one.

Following the production of this sample, we put the liquid nanomaterial
in the oven at 50o C and we waited until it concentrated 10 times, which it’s
equivalent to a quantity of 2.4 mL.

Finally, after the concentration, we put the liquid in the centrifuge at
13000 rpm for 1 h so that the metals nanoparticles could precipitate. At the
end of the centrifugation, it was noticed that a transparent liquid which could
have dispersed organic material was above the metal NPs in the recipient.
Then, we carefully put the transparent liquid in another recipient so that it
could be measured.
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