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Extended Abstract and Chapter Overview

Laser Induced Breakdown Spectroscopy (LIBS) is an optical emission atomic spectroscopy
technique in which a highly energetic laser pulse of suitable duration and wavelength is used to
generate a high-temperature plasma by focusing the beam on a small area on the sample surface.
During the pulse, the laser energy is transferred to the sample which is vaporized and atomized.
The vaporized sample is then heated and excited to the point where a laser-induced plasma is
formed (Breakdown process). The excited species inside the plasma decay through the emission
of photons of characteristic wavelengths. The observation and analysis of the light emitted by the
decaying plasma yields information regarding the elemental composition of the sample. Both
qualitative and quantitative information can be obtained by resolving the registered spectral
signal. LIBS is theoretically capable analyzing, with almost real-time results, any sample without

the need for a preparation step, independently from its components or state of aggregation.

Despite its many advantages, LIBS also present some limitations. First of all, its sensitivity is low
when compared with other spectroscopic techniques, as LIBS LODs are in the range of ppm
(ug/Kg). Moreover, the vast majority of LIBS applications are focused on the analysis of solids. In
fact, the LIBS analysis of liquids is not routinely performed, and it is generally confined to research
and fundamental studies. For liquids samples, a large fraction of the laser pulse energy is spent to
vaporize the sample as well as to create the suitable conditions for the ignition and evolution of
the plasma. The lifetime of the excited states of the emitting species is shortened significantly,

making it more difficult to resolve the spectral signals.

Over the years, numerous authors developed new techniques and innovative methodologies
aimed at improving the performances of LIBS. In order to improve the instrumental capabilities,
the use of two consecutive laser pulses (Double Pulse LIBS, DP-LIBS) has proven to be one of the
most successful and versatile modifications of conventional LIBS. In this configuration, the plasma
plume expands inside the environment generated by the shockwave of the first laser pulse. The
result is a drastic improvement in the emission intensity and spectra reproducibility, which can be

exploited for the analysis of both solid and liquid samples.

Another recently proposed and very promising methodology is based on the plasmonic properties
of noble metal nanoparticles (Nanoparticle Enhanced LIBS, NELIBS) to increase the intensity of the
incident electromagnetic field on the sample surface. For solid samples, a thin layer of
nanoparticles is deposited on its surface and then irradiated like in a standard LIBS measurement.

For liquids, a drop of the sample solution can be deposited on a pre-prepared nanoparticle layer.
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The intensity of the NELIBS spectra can be several orders of magnitude higher than standard LIBS

spectra.

Another recent application proposes the coupling of LIBS and micro-extraction using carbon based
substrates for the analysis of liquid samples. In this case, the elements of interest are extracted
from the liquid matrix and pre-concentrated on a solid substrate, which can be readily and easily

analyzed by LIBS.

The main goal of the research work described in this PhD thesis is the study, testing and
implementations of innovative approaches aimed at improving the LIBS performances for the
analysis of samples of various nature, using the advantages provided by the application of noble
metal nanoparticles. Moreover, for the analysis of liquid samples, NELIBS was coupled to micro-

extraction techniques.

In the first part of the research work, described in Chapter 2, it was studied how metal
nanoparticles synthetized with “green” methodologies could be used for NELIBS applications. In
light of the growing interest in green chemistry, as well as less environmentally impactful and less
costly analytical methodologies, silver nanoparticles (AgNPs) were synthetized from silver nitrate
solutions using coffee extract and tested for NELIBS applications. Copper standard reference
materials (SRMs) were successfully analyzed using green NPs, and LODs for trace elements were
estimated. The effectiveness of the green NPs was demonstrated by the construction of LIBS and
NELIBS calibration curves. In addition, the analyses were performed using a portable instrument.
The successful use for NELIBS with such instrumentation for the first time suggests the possibility

of in-situ applications.

For continuous NELIBS testing, it was necessary to satisfy the requirement for the fast production
of high-quality, pure and reproducible metal nanoparticles in relatively large quantities. Chapter 3
details the steps that were followed in order to develop a procedure for creating NPs suitable for
NELIBS. This was achieved by re-configuring the available LIBS instrument to also allow for the
Pulsed Laser Ablation in Liquid (PLAL) of noble metal targets. The procedure allowed for the
extremely reproducible production of NP dispersion with tunable concentration and dimensions,
with the addition of different surfactants, depending on the analytical requirements. The
nanoparticles produced by PLAL during this phase of the research work were successfully used for
NELIBS, but also for Surface-Enhanced Raman (SERS) applications, as briefly described in the
Chapter. The same system was also used successfully for the production of graphene-based
nanosheets that were used for micro-extraction applications. The same Chapter also gives an
overview of the testing of various LIBS configurations, using different plasma light collection

systems and setups.



As previously reported, the potential of DP-LIBS has been well documented in literature, and
made it a very attractive technique for analytical applications. The possibility of combining the
advantages of DP-LIBS and NELIBS was investigated, and the results of this study are reported in
Chapter 4. The main problematic was the almost complete removal of the NPs after a single laser
pulse, which would prevent the second pulse from interacting with the NP deposition. To solve
this problem, a LIBS setup that used two parallel and non-collinear laser pulses was chosen, to
ensure the activation of NPs during both pulses, while maintaining the low-density environment
typical of DP-LIBS. The two laser beams are spatially separated so that the second beam is focused
within the shock wave generated by the first one. Several tests on copper targets have been
performed to determine the best set-up for the maximum magnitude of the signal enhancement
by adjusting different parameters such as pulse energies and offset distances. Commercially
available silver NPs and NPs prepared by PLAL have been tested and their performances

compared with standard DP-LIBS.

Because of the previously mentioned restrictions linked to the specific nature of liquid matrixes, a
novel strategy for the analysis of liquid samples, exploiting the signal-enhancing effects of NELIBS,
was proposed and tested. Indeed, recent advances in the development of micro-extraction
techniques for the analysis of heavy metals in water samples have demonstrated the feasibility of
carbon-based thin films substrates for LIBS analysis. The analytes are adsorbed on a solid matrix
that can be dried and analyzed by conventional LIBS, which solves many of the problematics
arising from the LIBS analysis of liquids. Chapter 5 describes the research activity that was focused
on improving the capabilities of graphene and graphene oxide thin film micro-extraction (TFME)
substrates for LIBS analysis by the application of noble metal NPs. A methodology based on pulsed
laser ablation for the preparation of a graphene/graphene oxide dispersion was adapted from
literature. The procedure was optimized for the needs of the analysis and several techniques for
the preparation of suitable substrates were tested. The optimal result was used for the
subsequent measurements. At the same time, different strategies for the application of NPs were
tested. The study focused on the extraction of chromium from aqueous solutions. The extraction
parameters and conditions were optimized and calibration curves for LIBS and NELIBS were built,

showing promising results.

Due to the presence of self-absorption phenomena in LIBS measurements, which were observed
throughout this research work, a novel approach for spectral analysis and treatment was
developed, called Time-Independent Extended C-Sigma, and the results are reported in Chapter 6.
Indeed, having a method that allows for the determination of the extent of the effects of self-
absorption on the spectral lines monitored in LIBS, using the experimental data obtained directly

from a LIBS spectrum, would be a powerful tool for both quantitative analysis and spectral studies
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of LIBS plasmas. The method developed in this research work is based on the recently introduced
Extended C-sigma procedure and exploits the spectral information extracted from LIBS spectra
acquired at different delay times after the laser pulse for building a time-independent Extended C-
Sigma curve. The method intrinsically includes in the calculation the effects of self-absorption,
which is one of the main sources of indetermination in LIBS applications. The method was
successfully applied to the determination of the Stark broadening coefficient of several neutral

and ionic emission lines of tantalum.
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1 — Introduction

1.1 —Principles and Characteristics of LIBS

Laser Induced Breakdown Spectroscopy (LIBS), also known as Laser Induced Plasma Spectroscopy
(LIPS) or Laser Spark Spectroscopy (LSS), is an analytical technique that uses a high-power laser
pulse to vaporize, atomize and excite a sample into a plasma (a collection of energized atoms, ions
and electrons with overall neutral charge). In the simplest applications, the light emitted by the
decaying plasma is then collected and analyzed, in order to discern the composition of the target
sample. Since each element has a characteristic and unique set of emission wavelengths (generally
in the Ultraviolet, Visible and Near-Infrared regions of the electromagnetic spectrum) it is possible
to identify the presence of certain analytes in the investigated samples and to know their

concentration.

Several papers and books already describe in detail the evolution of LIBS [1] [2] [3] [4] [5] [6] [7]
[8] [9] [10] [11] [12], and a through description of this subject is not in the scope of this thesis.
Similarly, a vast and comprehensive literature describes in detail the principles and mechanisms
behind LIBS [1] [2] [3] [4] [5] [7] [8] [13] [14] [15], from the laser-matter interaction to the plasma
evolution, evaluating the contributions of different electronic and optical components for the most
commonly used instrumentations. Nevertheless, an overview of the fundamental aspects on the

nature of laser-induced plasmas and the common characteristics of LIBS instrumentations will be
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Figure 1 - Scheme of a LIBS system with a variable-atmosphere sample chamber [1]

The series of processes that are involved in a LIBS analysis can be generally summarized in four

main phases:



1. Alaser pulse of suitable duration (most commonly in the order of a few nanoseconds) and
energy is focused on the surface of a sample.

2. A part of the pulse’s energy is transferred to the sample, vaporizing a small fraction of
material and forming a plasma plume (breakdown process). Depending on the pulse
duration, the laser can interact with the vaporized species, further increasing the plasma
temperature and energy.

3. An optical system (lenses, mirrors or optical fibers) gathers the light emitted from the
decaying plasma species (atoms or, in some cases, ions) and directs it to a suitable
analyzer/detector couple.

4. The emitted light is registered and analyzed to determine the elemental composition of

the sample.

A lot of the principles behind LIBS are, as a matter of fact, the same that regulate the Optical
Emission Spectroscopy (OES). As such, LIBS is closely related to other Atomic Emission
Spectroscopies (AES) such as ICP, MIP-OES (Microwave Induced Plasma), DCP-OES (Direct-Current
Plasma). The most obvious difference is that in LIBS the vaporized sample does not need to be
transported to the plasma source. The plasma is, in fact, generated directly on the surface of the
sample by the laser pulse. The processes of ablation and excitation happen at (almost) the same

time and the samples don’t usually need to be prepared or treated beforehand [1] [4].

1.1.1 — The LIBS Plasma

The laser ablation process is faster than a laser pulse that has a duration in the nanosecond range.
This means that the laser can keep interacting with the produced vapor plume, further increasing
its temperature, up to the point where a plasma starts to form. This whole process is generally

called breakdown.

A plasma is matter aggregation state that is similar to the gaseous state, but that is characterized
by the presence of a fraction of electrically charged, unbound species. The overall charge of a
plasma is generally zero. While the species in a plasma are unbound, they are affected by the
electromagnetic fields and currents generated by the other moving particles. As such, plasmas
often act with a collective behavior [16]. Plasmas can be classified on the basis of their ionization
degree, that is the fraction of free electrons with respect to the other species. A weakly ionized
plasma is one where the fraction of free electrons is below 10%, while a highly ionized plasma can
reach up to 100% (e.g. in stars or thermonuclear explosions). A LIBS plasma is generally classified

as a weakly ionized plasma.
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Figure 2 - Classification of various plasmas as a function of the electron density and temperature

In order for the plasma generation to start, some seed electrons need to first be present in the
volume where the laser pulse is focused. These can be spontaneously generated by the natural
earth radioactivity, by cosmic rays, by the first few photons of the pulse itself, by collisions with
charged species (i.e. 02’) or by multiphoton ionization of molecules in the surrounding atmosphere.
Secondly, it is necessary to reach an electron and ion density that is sufficiently high for the
breakdown to occur. At laser irradiances commonly found in LIBS (108 — 10 W cm™) there are two

main mechanisms that are responsible for the “ignition” of the plasma plume:

e Cascade lonization

e Multiphoton lonization

At low irradiance levels, the cascade ionization mechanism is prevalent [2]. The free electrons
present in the focal volume of the pulse absorb the laser photons and are accelerated by the
generated electric field. They come into collision with the neutral species in the vapor plume and
quickly increase their temperature. A small fraction of these electrons gain sufficient energy to

ionize a neutral species, according to the equation:

M+e > Mt +2e” Equation 1.1

This process generates new electrons that are accelerated by the electric field and cause further
ionization. Another process that can increase the electron energy is the inverse bremsstrahlung,
where an electron can absorb a photon while being inside the electric field of an atom or an ion.

These processes contribute to an increase in the probability of collisions between the species, as
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well as an increase in the ionized fraction within the plasma. As a consequence, the number of
electrons in the plasma also increases and they too are accelerated by the laser pulse. This “chain

reaction” continues until the breakdown occurs.

If the laser irradiance is high, the multiphoton ionization mechanism becomes prevalent instead.
In this case the electrons are generated by the simultaneous absorption of several photons. This
mechanism is non-linear, fast and does not require the presence of available seed electrons in the

focal volume of the pulse. The multiphoton ionization can be represented using the equation:

M° + nhv > Mt + e~ Equation 1.2

Where n is the number of photons having hv energy and M a species in the vaporized plume in a

neutral (°) and ionized (*) state.

As a general rule, both mechanisms contribute to the generation of the LIBS plasma but the
proportion depends on several factors. As already mentioned, at low irradiances the prevalent
mechanism is the cascade ionization. But the duration of the laser pulse, the laser’s wavelength,
the sample composition, the presence of impurities, etc. can also contribute differently to one

mechanism or the other.

The inverse bremsstrahlung and multiphoton ionization mechanisms are also responsible for a
phenomenon called “plasma shielding”. This only happens when the laser pulse duration is longer
than the time it takes for the plasma to ignite (a laser pulse lasting several ns is often subject to
plasma shielding). In this case the plasma rapidly becomes optically thick and absorbs the
remainder of the laser radiation. While this contributes to an increased plasma energy, ionization
degree and temperature, it also prevents a fraction of the laser pulse from reaching the sample
surface, effectively reducing the ablated mass. It should be noted that the extent of the plasma

shielding effect also depends on the laser wavelength and irradiance [17].
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Figure 3 - Schematic representation of the plasma shielding effect [18]



The growing plasma expands outwards in all directions, but with a more pronounced fashion
towards the direction of the laser beam where the photon absorption is higher than the rest of the
plasma. This gives a slightly conical appearance to the plasma plume. This expansion happens with
supersonic speed, compressing the surrounding atmosphere (if present) and generating a

shockwave as well an audible sound.

The plasma evolution can then follow three different pathways, depending on the intensity of the

incident radiation:

e laser Supported Combustion (LSC)
e laser Supported Detonation (LSD)

e laser Supported Radiation (LSR)
In the conditions commonly encountered in LIBS, only the first two pathways are observed.

At low intensities (LSC regime) the shockwave precedes the absorption region (which coincides
with the plasma front) and the energy used for the expansion towards the laser beam comes from
the plasma radiation and the shockwave inertia itself. At higher intensities (LSD regime) the
wavefront is strong enough to compress and heat up the surrounding atmosphere, so that the

absorption zone comes just after the wavefront itself.
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Figure 4 - Schematic representation of the evolution of a plasma generated on a solid surface [2]
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As mentioned, the plasma becomes optically thick once the plasma absorption frequency coincides
with the laser’s own frequency. This condition arises when the electron density reaches a critical
value:

N (10212_—2)
cm3

Equation 1.3

e
Where A is the laser wavelength in micrometers.

For example, for a conventional Nd:YAG laser that operates at the fundamental wavelength of
1064 nm, the value of neis roughly 102 cm?. In this case the laser’s energy will be absorbed,
increasing the electron density and the plasma frequency until this becomes higher than the laser’s
frequency. At this point the laser radiation will be reflected, marking the end of the plasma

formation process.

Once the laser pulse has ended (for pulses lasting from few fs to few ns), the plasma plume evolves

with an inertial growth and expansion, followed by a cooling process [1] [2] [3] [5] [19] [20].
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Figure 5 - Representation of the processes involved in a LIBS analysis [3]

The cooling process of the plasma plume is strongly influenced by the environmental and boundary
conditions. If the plasma evolves in a vacuum, the plume expands adiabatically and the evolution
of the ablated material follows Euler’s hydrodynamic equations [21]. If the plasma is instead

generated in a fluid (i.e. an atmosphere or a liquid), the plume compresses the surrounding
9



medium, transferring part of its energy by conduction, radiation and physically with the formation
of a shockwave. In this case, the evolution of the shockwave can be described using Sedov’s Theory

(5] [22].

The emission signals of the species present in the plasma emerge during its cooling phase [1] [2]
[3]. As previously mentioned, the emitted light contains information regarding the characteristic
emission lines and, in turn, the nature of the atomized elements in the plasma. The intensity of
these emissions depends on several physical parameters, such as the temperature of the plasma,
matrix effects, the homogeneity of the plasma, etc., but also on spectroscopic parameters such as
the probability of a transition, the energy difference between the excited and fundamental levels,

etc.
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Figure 6 - Time scale of the emission processes in a LIBS plasma [3]

Figure 6 shows a schematic representation of the temporal scale of the evolution of the emission
intensity of a LIBS plasma. The scale of the figure is generally valid for a ns pulse of a Nd:YAG laser
operating at the fundamental wavelength of 1064 nm. If the pulses are longer (i.e. for a CO; laser)

or shorter (i.e. for a Ti:Sapphire laser) the timescales expand or contract accordingly.

Right after the laser pulse, the emission intensity increases to a maximum and then decreases
steadily. The acquisition of the LIBS spectrum is done during this decreasing phase. This can be
justified by describing the various phenomena that are responsible for the emission of radiation

by the cooling plasma.
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There are two causes for the high intensity of emission during the first instants: the characteristic
atomic emission and a continuous emission. The continuous emission is generated by the plasma
as a result of free-free transitions (acceleration of electrons caused by the electrostatic interactions

with ions and neutral species) and free-bound transitions.

The equations that represent free-free transitions in the electric field of an ion or a neutral atom

are, respectively:
M* + e~ (mv?/2) > M* + e~ (mvi/2) + hv Equation 1.4

M +e (mvi/2) > M +e (mvi/2)+hv Equation 1.5

In the free-bound transition the electron is instead captured by an ion, releasing the accumulated
kinetic energy as electromagnetic radiation (recombination energy), according to the following

relation:

Mt+e  ->M +hv Equation 1.6

The energy of the emitted photon (hv) is equal to the difference between the energy of the free
electron and that of the energy level occupied after the recombination. Due to the fact that this

difference can have any random value, the resulting emission is a continuous spectrum.

The transitions that are responsible for the characteristic emission of an element are those
originating from bound-bound transitions. When an atom (or an ion) is in an excited state it will
undergo a transition to a lower energetic state through a spontaneous or stimulated emission. The
energy of the emitted photon is the difference between the energies of the levels involved in the

transition. This process can be represented by the equations:
Mt > M* + hv Equation 1.7

M*->M +hv Equation 1.8

The unspecific continuous emission decays faster than the atomic emission during the processes
of plasma cooling. This means that after a certain time since the onset of the plasma, the
characteristic signals of the plasma species become prevalent over the continuous background.
This means that choosing the optimal time for the acquisition of the LIBS signal is a crucial step for
the analysis. In fact, the preferred detection systems have the temporal resolution to investigate
an interval in the plasma lifetime where the emission lines of interest are strong and not obscured

by the background.
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1.1.2 — Correlation Between Plasma Characteristics and Emission Intensity

In qualitative LIBS analyses, is sufficient to identify the spectral emission lines of the analytes of
interest. On the other hand, in quantitative LIBS analyses, it is necessary to measure the intensity
of such emission lines (either the absolute or relative intensity or, preferably, the integrated line

intensity), which is correlated to the concentration of the analytes in the plasma.

There are two main factors that are responsible for the intensity of an emission line: the oscillator
strength (a dimensionless quantity that describes the relative intensity of the emission) and the
excitation conditions, namely the density of the emitting species inside the plasma. For example,
in an optically thin plasma (i.e. with a low density of optically active species) the radiation emitted
by an atom can more easily escape the plasma, without any significant absorption or scattering. In
this condition the emission lines would be more intense and the results of the analysis would be
qualitatively better. One of the main issues of quantitative LIBS analyses is, in fact, the self-
absorption of some wavelengths by the plasma itself. This can lead, without suitable corrections

or adjustments, to a result which is not representative of the composition of the analyzed sample.

To derive the analytical expression that describes the emission line intensity, it is necessary to first
characterize the chemical and physical properties of the ensemble of atoms, ions, molecules and
electrons present in the plasma. If a thermodynamic equilibrium exists, then the properties of the
plasma can be described using the concept of temperature (T), using the Maxwell equation for the
kinetic energy, the Boltzmann equation for the excitation energy, the Saha equation for the

ionization energy and the Planck equation for the radiative energy.

In practice, such equilibrium conditions are rarely present in LIBS. To overcome this limitation, the
concept of Local Thermodynamic Equilibrium (LTE) was introduced. LTE is an approximation that
accepts the presence of a thermal equilibrium (with the exclusion of radiative phenomena) in small
regions inside the plasma. This approximation can be accepted as true only after a certain time
delay from the plasma ignition by the laser pulse, when a substantial number of collisions between
the various species have already happened. In particular, in order for the population of the ionic
and atomic states to be in equilibrium with the electron temperature (which is defined by the
Maxwell distribution), it is necessary that the electron density is sufficiently high to ensure a high
number of collisions. The McWhirter principle allows the determination of the lower limit for this

condition to be verified:
ne = 1.6 - 1012TY/2(AE)3 Equation 1.9

The term AE, expressed in eV, is the highest transition energy necessary for the condition to be

satisfied, while T is the plasma temperature. If the value of the electron density is higher than that
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obtained by Equation 1.10, the electrons heat up rapidly and transfer their energy to the other

species, determining the temperature of the entire plasma.

The most common method for the determination of the electron density in a LIBS plasma (provided
the experiment is not performed in a near perfect vacuum or an inert atmosphere) is the
observation of the Hydrogen emission line at the wavelength of 656.279 nm (H-a emission line
from the Balmer Series). In a typical LIBS measurement, the Stark effect is the predominant
contribution to line broadening. In brief: the presence of an electrical field inside the plasma plume,
caused mainly by the electrons, perturbs the energy levels of the emitting species, thus producing
a broadening of the emission lines. In the case of the H-a line, the electron density is proportional

to the line broadening as expressed by the following equation:
— 3/2 .
ne = C(ne, T)AAYy um Equation 1.10
Where Cis a constant that is found in tables in the literature [23].

The plasma temperature, when in LTE conditions, can be determined with various methods.
Depending on the experimental conditions, some methods can be more viable or effective than
others. T can be determined from the intensities (absolute or relative) of some emission lines (i.e.

line couple ratio or Boltzmann plot), from the ratio of a line and the spectral background, etc.

For example, if two emission lines are considered, belonging to the same atomic species and having
the same degree of ionization (in spectroscopic notation the symbol “I” refers to neutral species,
while the symbol “II” refers to singly ionized species, and so on), but with upper transition levels
of different energy, it is possible to use the Boltzmann equation (which allows the determination

of the relative population of different energy levels) to determine the plasma temperature.

I A E,—E .
b 0tits o, [_ L] Equation 1.11
Iy 924244 KpT

A; and A; are the transition probabilities for the two transitions having wavelengths A; and A3, g1
and g are the degenerations of the excited states, E1 and E; are the energies of the excited states

and T is the plasma temperature at the time of the observation.

Another method for the determination of the plasma temperature requires the construction of a
Boltzmann plot. The intensity of a spectral line that corresponds to the transition between the two

energy levels E; and E; of an atomic species s is given by:

eEk/KBT

I'=ns91Aki =575 Equation 1.12
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Where ns is the density (expressed in particles/cm?3) of the species s, Ak is the transition probability,
gk is the degeneration of the k-th level and Us(T) is the partition function of the emitting species at

the plasma temperature T. Equation 1.14 can be rearranged to give:

L) ke |
n (gkAkl-) T KgT tC Equation 1.13

Which can be viewed as the equation for a linear plot (y = mx + c). By plotting the line intensities
as a function of the energy of the excited state and applying a linear regression, the slope of the

resulting line will be (-1/KgT), from which the temperature can be readily obtained.

If the LIBS spectra shows both the ionic and neutral emission lines of a same atomic species, it is
possible to use a combination of the Saha and Boltzmann equations for the determination of the

plasma temperature:

1{{ Al gh 22rmkT)3/2\  E;, —AE;, +E!—El )
l (l] mn m) — ln( ( ckT) )_ ion ion™ =i m Equat|0n 1.14

I{nnA{§ g{]’. n, h3 kT

Where h is the Planck constant, Eion is the first ionization potential, AEin is a correction constant

and n is the electron density.

More recently, in order to solve the problems related to the scarcity of calibration standards for

LIBS, an algorithm called Calibration Free LIBS (CF-LIBS) [24] [25] [26] [27] has been developed.

Proposed first by Ciucci et al [24], it is meant to compensate for the matrix effects by applying the
equations derived from the LTE assumption. The spectral data is analyzed in order to make each
LIBS measurement self-consistent and avoid the need for calibration curves. This way, the relative
concentrations of the elements present in the plasma can be determined directly. It must be
stressed out that the method rests on the assumptions that the abundance of the emitting species
in the plasma reflects the chemical composition of the sample (stoichiometric ablation), that the

plasma is optically thin and is in LTE conditions.

Once the electron density and the plasma temperature are known, the Boltzmann plots can be
constructed. For CF-LIBS, a separate plot is generated for (ideally) each of the species in the plasma.
In practice, only the major components of the plasma and the minor elements of interest are
selected. Considering the graphical representation of each species in the Boltzmann plot as points
on lines with equations y = mx + g, the cumulative plot will consist of parallel lines (one for each
species) having the same slope but different intercept. The intercept of each species, q°, is

expressed by the equation:

s _ Fng i
q° =log (US(T)) Equation 1.15
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Where n; is the number density of the species s in the plasma, Us(T) is the partition function of the
species s at the temperature T, and F is an experimental efficiency parameter. The number density
of each species can be thus derived from Equation 1.18, provided all the other parameters are
known. The total number density of the element of interest is obtained by the sum of the neutral
and the ionized species in the plasma (typically, this includes neutral and singly ionized species).
The relative abundance c, of an element a is obtained as:

m _ (TL{1+TL{11)Ma

Cq S Moy Equation 1.16

Where M, is the atomic mass. Since a closure condition is assumed (). n,, = 100%), the trace
elements that have not been considered will be included in the fraction of the most abundant

element, which will be slightly overestimated.

While the algorithm is very powerful, CF-LIBS is not without limitations. First of all, the correct
application of the procedure requires the knowledge of the intensity of the spectral lines emitted
by all the elements of interest and of the plasma temperature. Similarly, while it can be
theoretically applied to all elements of the periodic table, relevant spectral information must be
available regarding the elements and the emission lines to be measured. This includes first
ionization energy and atomic mass for each element, upper and lower level energy and statistical
weight, transition probability for each spectral line to be measured, partition function value in the
range of temperature of interest for each neutral and firstly ionized species. These values can be
obtained from spectral databases [28]. Even though LIBS is generally able to detect most elements
with ppm sensitivity, it is also often characterized by a shot-to-shot variability of about 5%, and
transition probability values are often known only to within 10%-20%. Therefore, the uncertainties

associated with CF-LIBS method are usually greater than the theoretical minimum.

A variation of CF-LIBS, first elaborated by Gaudiuso et al [29] and then finalized by Cavalcanti et al
[30] is based on the use of a single, matrix-matched calibration standard (easier to acquire than
the several required for a full calibration curve) for the determination of some experimental
parameters. This approach, called One Point Calibration LIBS (OPC-LIBS) relies on the
determination of a corrective parameter P(A) = F(A)giA« in the measured line intensity (according

to the Boltzmann equation):

e_Ek/KBT .
L, = CSP(A)W Equation 1.17

The experimental values are adjusted in order to reproduce the concentrations of the known
sample (by CF-LIBS), and then the obtained P(A) values are used for the usual CF-LIBS analysis of

the unknown samples. The authors demonstrated how the OPC method is fairly robust, as it can

15



generally account for variations in the plasma temperature and electron density between samples,

but it requires that the same emission lines are used in the analysis of both the SRM and the

unknown samples.

1.1.3 — LIBS Analysis of Solid Samples

Since the first scientific publication on LIBS [31], which involved the analysis of metallic samples,

LIBS has been widely used to investigate solid samples such as metals and alloys, but also geological

materials and biological samples (usually dried). In this section,

occur during a LIBS analysis of a solid sample will be given.

an overview of the processes that

The series of chemical and physical processes that lead to the ablation of a sample can be

summarized in three main events, schematized in Figure 7:

1. Laser-Matter interaction, which comprises the heating, the evaporation and the breaking
of chemical bonds (this kind of processes have been detailed extensively in many papers

on laser-heating of various materials [32] [33] [34]) and plasma generation.

Plasma expansion and cooling.

Particle ejection and condensation.

Plasma ignition

Plasma expansion
fs laser (10'2-1017 W/cm?)

and cooling

Electronic excitation and ionization
(1071510713
Coulomb explosion (10735s)
Electron-lattice helting (107'2s)

Shockwave propagation
Plasma expansion (10~1-107%s)

Plasma radiation cooling (106-107*s)

ns laser (107 -10'" W/cm?)

Thermal vaporization (10°~1078s)
Non-thermal ablation (10°-10-8s)
Plasma shielding (10°-107®s)

Particles ejection
and condensation

Nano particles formation (107*-107%s)

Ejection of liquid droplet (102-107%5s)
Solid exfoliation (1076-10755s)

Figure 7 - Summary of the processes involved in a LIBS analysis

Initially, a laser pulse of sufficiently high energy is focused on the surface of a sample. The

dimensions, position and depth of the sampling area should also be chosen suitably, depending on

the requirements of each application.
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During this first phase, the mechanisms and plasma



properties strongly depend on the laser parameters, namely the pulse duration and the pulse

energy (or irradiance).

For nanosecond lasers (irradiance <108 W/cm?), which are the most common laser sources in LIBS,
the main mechanism is thermal vaporization, with distinct phase transitions from solid to liquid to
vapor and finally to plasma. In this case, the laser energy is absorbed by the sample and partially
converted into heat. The sample’s temperature increases rapidly up to a critical point (the melting
and vaporization temperatures of the sample’s material), when a rapidly expanding jet of high-

pressure vaporized material (ablation) is observed.

In the case of femtosecond lasers (irradiance 102 - 10 W/cm?), several distinct electronic
phenomena are observed, depending on the nature of the sample. In the case of metals and
conductive samples, the electron in the conduction bands can directly absorb the laser energy and
readily ignite a high energy plasma. In the case of semi-conductors and dielectric materials, the
plasma can be ignited by non-linear processes such as cascade ionization and multiphoton
ionization (as described in the previous sections). The highly energetic species generated by a fs

pulse usually lead to a process called Coulomb explosion or non-thermal fusion [5].

Lastly, picosecond lasers (which can reach irradiances of about 10'° - 10 W/cm?) can give rise to
both thermal and non-thermal phenomena, depending on the laser parameter and the sample’s

nature.

The different mechanisms responsible for a sample ablation are also responsible for the different

shapes of laser-generated craters on the sample surface, as shown in Figure 8.

Figure 8 — Different shapes of the ablation craters on a 100 um thick steel sample, generated by (a) 200 fs laser pulse,

(b) 80 ps laser pulse and (c) 3.3 ns laser pulse. Figure from [5]

The amount of ablated material is dependent on may factors (i.e. energy and duration of the laser

pulse, sample’s material, etc.) but can be estimated using the equation:

E(1-R)

T G Ty-To+L, Equation 1.18
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Where R is the surface reflectivity, C, is the specific heat capacity, Ty is the boiling temperature
(°K), To is the ambient temperature, E is the energy of the laser pulse and L, is the latent heat of

vaporization [2].

If the sample is subject to large thermal stress gradients, such as in the case of a rapid heating
process, large particles can break off from the surface and be ejected into the growing vapor
plume. As the vapor plume evolves from the molten sample, the high pressure can eject liquid
particles into the plume itself. These particles can further interact with the laser pulse to be
ablated, or can fall away from the laser beam and solidify around the ablation spot. Once the
plasma starts to dissipate and cool down, the formation of solid and liquid particles is observed.
Nanometer-sized particles are formed when the plasma plume cools below the boiling point of the
sample’s material (=3000°K), and the process continues until the temperature reaches the

condensation point (<2000°K).

1.1.4 — LIBS Analysis of Liquid Samples
While most considerations made for LIBS plasmas that are generated and evolve in an atmosphere
are still valid for LIBS plasma created in a liquid, the higher density of the surrounding environment

strongly influences the plasma dynamics, its lifetime and the emitted radiation.

As with the generation of a plasma on the surface of a solid sample, the irradiance that is necessary
to initiate the breakdown is strongly dependent on the properties of the surrounding environment
such as its ionization energy, the presence of impurities and, less significantly, the temperature of
the liquid (which is related to its density). It should be noted that the efficiency of laser generation
of plasmas inside a liquid is greatly reduced if compared with a similar plasma generated in a
gaseous atmosphere or in vacuum. This is due to a higher dispersion of the laser light by the
presence of suspended solids, by a higher absorption of laser energy before the focal point, the
formation of bubbles (and consequently the loss of energy needed for the vaporization of the
matrix). Nevertheless, for any given liquid matrix the laser energy that is required for the
breakdown depends on the characteristics of the laser pulse and the laser itself. Parameters such
as wavelength, pulse duration, beam diameter and focal length are crucial and generally need to

be optimized for each application.

The ignition of the plasma follows the same processes that have been discussed previously, for
plasmas generated in a gaseous atmosphere on solid samples. Cascade and multiphoton ionization
processes can occur in liquid samples as well, albeit with slight differences. In the case of a liquid
environment, the seed electrons needed for the cascade ionization mechanism are generally

supplied by traces of impurities that are present in the focal point of the laser pulse.
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Once the plasma is ignited inside the liquid environment it expands supersonically, compressing
the liquid and generating a high-pressure shockwave. However, the plasma expansion is strongly
inhibited by the confinement caused by the surrounding medium. In these conditions, the internal
temperature and pressure are higher than those registered in a plasma that evolves in a gas. On

the other hand, a large fraction of the plasma energy is converted into mechanical energy.

Along with the shockwave, a layer of vapor is produced and it surrounds the expanding plasma.
This layer expands adiabatically, creating a distinct cavitation bubble. The dimension of the
cavitation bubble increases with the laser pulse energy and duration [35] [36]. During the first
instants the pressure inside the bubble is higher than the hydrostatic pressure of the surrounding
liquid, and a rapid expansion is observed. As the bubble expands and the vapor layer condenses,
the internal pressure drops below the one exerted by the liquid medium, causing the bubble to
stop expanding, shrink and eventually collapse. The rapid collapse causes a sharp increase in the
local temperature and internal gases which, in turn, give rise to a second shockwave as the
cavitation bubble “rebounds”. Depending on the maximum size of the bubble, this phenomenon
can happen multiple times in a cyclic fashion, lasting several milliseconds [37] [38]. The collapse of
the cavitation bubble is so energetic that emits energy in the form of acoustic waves as well as
visible (and infrared) light [39]. The emitted radiation, however, is short-lived and characterized by

a continuous spectrum that, in some cases, can hinder LIBS analyses.

These phenomena all contribute negatively to the plasma lifetime and expansion, and cause it to
more rapidly cool down and dissipate. As such, the resulting light emission (and in turn the LIBS

signal intensity) is greatly reduced when compared to plasmas that evolve in a gas.

An estimation of the energy balance for the generation of a plasma in water was first proposed by

Vogel and co-workers [40]. The absorbed laser energy is dissipated according to the relation:
O0Epn = Es + Ep + Ey + E + Ey Equation 1.19

Where E; is the energy of the shockwave, Ey, is the energy of the cavitation bubble, E; is the radiative
energy of the plasma, E, is the energy of evaporation and Ey is a corrective factor for unknown
energy losses. For example, a nanosecond laser pulse at the fundamental Nd:YAG wavelength of

1064 nm can expend more than 90% of its energy to ignite the underwater plasma.

Due to all the aforementioned factors, as a general rule the LIBS signals registered from the
emission of a plasma generated in a liquid are less intense and less defined than a conventional
LIBS plasma in a gas or on a solid sample. In particular it is observed that the plasma emission lasts
only a few microseconds or less [2] [5], the spectra are dominated by a continuous emission that

decays in the same time interval as the strongest elemental emissions and, finally, the emission
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lines are significantly broadened due to a higher plasma density (i.e. by self-absorption or Stark

broadening).

1.2 — LIBS Instrumentation

The basic components of a LIBS instrument are generally similar between standard setups. Each
research group or company then uses variations on the geometry or the components, depending
on the required performances and on the particular application. Figure 9 offers a schematic

representation of the various parts that can be found in a generic LIBS system.

(6) Control PC (1) Laser Source

(2) Focusing Optics

(2) Light
Collection
Optics

(4) Light Analyzer
and Detector

(3) sample Holder
00000 [-.-

(5) Control Electronics
or Synchronizer

Figure 9 - Schematic representation of a generic LIBS setup

1. The laser source.

2. The optical system:

e Mirrors and lenses are commonly used to direct the laser beam from the laser
source output to the sampling area and to focus the pulse on the sample. In some
applications, fiber optics can be used.

e The light collection system can have numerous configurations. From a lens that
directly focuses the plasma light into the analyzer, to a probe-and-fiber
configuration for remote analysis.

3. Sample support: usually not strictly necessary, it can be useful for irregular samples or to
fine-tune the sampling position. In some cases, this can be swapped out for a controlled
atmosphere chamber with temperature, pressure and composition regulators.

4. Light analyzer and detector: this part of the LIBS instrument is responsible for dispersing
the incoming light into its spectral components and it registers the intensity corresponding
to each wavelength.

5. Control electronics and synchronizer: since the precise timing between the laser pulse and

the spectral acquisition is critical in LIBS, a separate system to control and synchronize the
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various components can be used (e.g. a pulse generator module). In most modern systems,
this operation is often performed directly by the control PC.
6. Control PC: can be used to control the laser and detector triggers, and is used to store and

analyze the registered spectra.

1.2.1 — Laser Sources

The main component of a LIBS instrument is the laser. It is used to ablate and vaporize solid
samples, to excite the atomized material and generate the light-emitting plasma. As mentioned in
the previous sections, the first laser was introduced in 1960 for a paper by Maiman [41]. A detailed
description of the working principles and theory of lasers is beyond the scope of this thesis, and is

thoroughly presented in several books [33] [34].

It should be noted that only high-energy pulsed lasers are used in LIBS, due to their capability of
generating plasmas on almost any material. Moreover, the laser characteristics and performances
can have strong repercussions on the quality of LIBS measurements. Because of that, the choice of
the laser source is one of the most critical aspects for the construction of an analytical instrument.
The main properties of each laser beam are: intensity, directionality, monochromaticity and

coherence.

The intensity (also known as irradiance or power density, expressed in W ¢cm™) represents the
maximum laser power divided by the cross-section of the output beam. Modern lasers can
generate very brief pulses, allowing powers in excess of billions (in some cases even trillions) of
Watts per surface unit to be reached. Still, what is crucial in LIBS is the actual amount of power
delivered on the sample, which is also a function of the system used to direct and focus the laser

beam.

The directionality of the beam is associated with the possibility of focusing it on very small areas.
The coherence is also related to the beam divergence, but it is of little importance in LIBS. Similarly,
monochromaticity is not critical in LIBS, since the plasma generation and evolution are almost
completely dependent on the amount of power delivered on the sample. Nevertheless, the choice
of the laser wavelength as well as the pulse duration are crucial in LIBS, as the laser-matter

interaction phase is strongly dependent on these parameters.

Several studies have demonstrated how laser sources emitting in the UV region tend to have high
ablation efficiency, high reproducibility, high spatial resolution and lower continuous background
emission (i.e. higher Signal/Noise ratio) because a larger fraction of the pulse’s energy is absorbed
by the target material [42] [43] [44] [45] [32] [46] [47]. However, using wavelengths in the near-
infrared allows to lower the energy required for the ablation of the sample. In other words, the

breakdown threshold is lower [47] [48].
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The pulse length, defined as the full width at half maximum (FWHM) of the energy/time profile of
the laser pulse, mainly influences the fraction of energy that is transferred to the sample and the
fraction of the laser pulse that interacts with the formed plasma. It is also crucial in the plasma

evolution processes, discussed in the previous sections.

In LIBS applications are frequently required laser powers in the order of MWs, that can fairly easily
generate a plasma on the sample. These power levels can be achieved by applying short laser
pulses (in the order of few ns) by an operation called Q-Switching. The Q-Switch device is located
in the path of the laser photons and blocks them from traveling outside the cavity. By forcing the
photons inside the resonant cavity, the pumping of the laser medium continues and the electrons
are accumulated on the excited energy level, guaranteeing the population inversion. After this
accumulation, the Q-Switch is rapidly activated and the photons can escape the cavity for a brief
moment, generating an intense and short pulse. The simplest system is the Passive Q-Switch,
realized by an optically absorbent and saturable material which becomes optically transparent
once it has absorbed enough photons. While cost effective and of simple construction, these
systems do not offer the levels of control required in most LIBS applications. Active Q-Switch
systems are almost always implemented in LIBS instruments. In these systems, a KDP electro-
optical crystal (KH,PQ,) is used to block the path of the laser photons. By applying a suitable electric
signal, the crystal is “switched open” (i.e. the refraction index changes) by the Pockel’s effect (these
types of Q-Switches are also called Pockel’s cells) and photons can escape the resonant cavity.
Active Q-Switches offer much higher control over the pulse repetition rate and the timing between

the lamp activation and the laser discharge.

Several kinds of laser sources have been used in LIBS, depending on the requirements for each
specific application, but the most common systems are based on a Q-Switched Solid State Nd:YAG
(Neodymium-doped Yttrium Aluminum Garnet, Nd:Y3Als012) laser source. As of today, numerous
Nd:YAG lasers are available in the commercial market. From the larger, liquid cooled, tabletop
systems (with output powers in excess of 3 J over few ns and a repetition rate of 10-15 Hz) to the
smaller, air cooled portable systems (with output powers around 20 mJ or lower, longer pulse

durations and low repetition rates).

Another very versatile laser system that has been used in LIBS applications is the Ti:Sapphire laser.
In this case, the active medium is a crystalline matrix (sapphire or corundum) doped with Titanium
atoms, with the chemical formula Ti**:Al;03. Unlike Nd:YAG lasers, the emission of a Ti:Sapphire
laser is generated by both electronic and vibrational transitions in the crystal lattice, and the
pumping is achieved by the use of a secondary laser that emits in the absorption frequencies of

the active medium (i.e. around 500 nm).
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One of the most interesting characteristics of Ti:Sapphire lasers is that they can emit along a broad
range of wavelengths (from 660 nm to 1180 nm). With the addition of frequency-doubling crystals,
these lasers can easily cover the entire visible and near-IR spectrum, making them particularly
attractive for those applications that require a very specific wavelength or wavelength range. In
addition, Ti:Sapphire lasers can deliver extremely short pulses, in the order of tens of femtoseconds
[49] [50]. Despite these advantages, Ti:Sapphire lasers are complicated systems, difficult to operate
and maintain and are generally very expensive. Because of this, they are generally used for

fundamental research or extremely specific applications.

Recently, the scientific community has shown a growing interest in fiber lasers. These systems use
an optical fiber doped with rare earth elements (Erbium, Ytterbium, Neodymium) as the active
medium. Fiber lasers are generally based on double-clad fibers, in which the active medium is
contained in the fiber core (where the laser light also propagates), while the pumping light
propagates in the inner cladding layer. The main advantage of fiber lasers is that the medium is
inherently flexible, meaning that it can easily deliver the laser light to the target and can be more
easily focused. This can be advantageous in those LIBS applications that require the laser source,
analyzer and control systems to be far away from the sample itself (e.g. monitoring of nuclear
wastes, industrial manufacture monitoring, etc.) [51] [52]. Moreover, some fiber lasers can deliver

pulses of duration comparable to those from Ti:Sapphire lasers (i.e. a few fs).

1.2.2 — Optical Systems

The optical system comprises all those components that are needed to direct and focus the laser
beam from the laser output to the sample, as well as all those components that are used to collect
the light emitted by the plasma during the LIBS measurement. In the case of stand-off LIBS, it is not
uncommon to find laser focusing and light collection configurations based around a mirror
telescope system (Cassegrain reflectors) [53], although the laser power required for such
applications is significantly higher than most LIBS applications. While most components are shared
between the laser optics and the light collection system (e.g. lenses, mirrors, telescopes, etc.),

some observations should be made.

The choice of mirrors with the correct specifications for a LIBS application is critical. For example,
plane mirrors are generally used to direct the laser beam through the desired optical path, while
mirrors with other geometries (e.g. elliptic mirrors) can be used to project the plasma light into an

analyzer’s input slit.

The first characteristic of a mirror that should be considered is the substrate. Borosilicate glass is
the cheapest substrate and it is generally used for non-transmitting mirrors, while more specialized

substrates (ceramic, fused silica) can be used for more extreme environmental conditions or with
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high-power lasers. A reflective layer (or more layers) is then applied to the substrate by various
means (i.e. evaporative deposition, plasma sputtering, atomic layer deposition, vacuum
deposition). The efficiency of the coating is strongly dependent not only on the nature of the
coating itself, but also on the thickness of the layer and the combination of different layer
materials. Generally, the reflective coating is made of a thin metal deposition, followed by a
dielectric transparent layer that protects the metal from oxidation and increases the mirror’s
resistance to damage. The most commonly used metals are aluminum (overall good reflective

medium, with the lowest cost), gold or platinum.

A lens or a combination of lenses can be used to focus the laser pulse on the sample as well as to
create an adjustable focus system that allows for the analysis of samples of variable geometry, or
to reduce the measurement spot dimensions. Similarly, a lens-based system can be used to focus
the plasma light into the analyzer even with long focal lengths (provided the optical path between
the plasma and the lenses is unobstructed). It should be noted that longer focal lengths also come
at the expense of a smaller field of view and, in turn, are more sensitive to vibrations and
collimation errors. In addition, the geometry of the lens should also be considered as it influences

the focal length and dispersion of the transmitted laser beam.

The typical focal length for in-situ measurements is in the range of 50 to 150 mm, with lenses of
25-50 mm in diameter. The diameter of a pulsed Nd:YAG laser is generally 6-8 mm, which allows
the use of smaller lenses if necessary. The most common lens materials are BK7 (borosilicate glass),
quartz and NaCl. The material should be chosen in order to have the maximum transmission at the
laser wavelength. If used to collect the plasma light, they should efficiently transmit the spectral
bands of interest. In general, BK7 can be used for the visible and near IR ranges. The anti-reflective
coatings minimize back reflections and maximize the energy transmitted to the target. An
uncoated lens will generally reflect about 4% of the incident light at each surface, meaning that for

an entire optical system made from uncoated lenses, the energy losses could be significant.

1.2.2.1 — Fiber Optics

Fiber optics (Fiber Optic Cables, FOCs) are extensively used in LIBS as they significantly simplify the
collection of the plasma light. In fact, FOCs are particularly useful where the detection system
cannot be placed near the target. In addition, the use of FOCs can aid in delivering the laser light
onto the target without the need of sophisticated optical systems [54]. However, laser damage to
the fiber itself or its external components (junctions, cladding, outer skin, etc.) is one of the main

limitations in the use of FOCs to transmit laser pulses.
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Figure 10 - A technician positions the FOC probe on the target [54]

On the other hand, the use of FOCs as a means to collect the plasma emission is very widespread
[5] [55] [56] [57] [58] [59]. In this case the fiber can be directly focused on the plasma, although
the presence of a lens (or lenses) is not uncommon. Nevertheless, both approaches present some

limitations that must be taken into consideration when building a LIBS setup.

Cladding

Critical Angle

Acceptance
Cone

Figure 11 - Schematic representation of an optical fiber. Adapted from [60]

Since the LIBS plasma is not homogeneous, using a lens to focus the emitted light into the fiber
means that small changes in the plasma morphology can alter the registered spectra. On the other
hand, the total amount of light that can be collected with this approach is higher. If the fiber is
placed near the plasma without a focusing system, the light that can be collected is given by the
fraction of photons that enter the fiber with the correct angle. The range of angles that allows light
propagation inside the fiber gives the acceptance angle (or acceptance cone), as described in Figure
11. Because of this, the optimal distance of the fiber head from the plasma plume is usually a few

centimeters.
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Once the light has entered the fiber core, it is transmitted through the FOC length by a total internal
reflection phenomenon that is the result of the different refractive indexes of the core and the
cladding elements. Depending on the application, different materials can be used to fabricate
optical fibers. In the same way the lenses must be chosen to allow the wavelengths of interest to
pass through without interference, similarly one should choose a FOC that is specifically optimized
for the requirements of the analysis. While most fiber cores are made of fused silica, their content
of OH groups can vary depending on the application requirements. FOCs working in the UV and
Visible range have a high content of OH groups, while FOCs working in the IR range have OH
contents in the order of 1-2 ppm or less (since OH groups strongly absorb IR radiation). Several
other fiber cores are available, depending on the specific application, like low cost polymeric cores
or IR-dedicated glass cores (Selenide, Sulfide, Telluride glasses). Photonic crystal core (POC) fibers

have been successfully used to deliver ps laser pulses to generate a spark [61].

The second outermost layer, generally called buffer, determines the operating environment of the
FOC. Typically made of Polyamide, they allow temperature ranges of -100 to 400°C as well as
protection against solvents. The outermost layer is generally made of PVC, Kevlar or metal
interlocking segments. It is manufactured to offer protection against scratching, chemical
contamination and, in some cases, to prevent excessive bending of the FOC which could break the

inner core.

1.2.3 — Light Analyzers and Detectors

In this section, an overview of the most commonly used analyzers and detectors for LIBS
applications will be given. Due to the high complexity of LIBS spectra (large number of emission
lines over a wide region of the electromagnetic spectrum) an ideal light analyzer system should

meet some critical requirements:

e The analyzer should cover a wide spectral range and, at the same time, have a sufficiently
high resolution to resolve spectral lines that are close together.

e The detector should have a high dynamic range (i.e. the registered line intensity should
change with the concentration of the emitting species without saturating the detector)
and a high quantum efficiency (i.e. the conversion of photons into electrical signals) over
the entire registered spectrum.

e The system should be able to register the spectra and visualize the data rapidly (ideally, in

real-time).

A vast number of options are available for the detection and analysis of LIBS signals, depending on

the required application.
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If there is only a single wavelength (or a narrow enough band) to be monitored, the simplest
solution is the implementation of a spectral filter or a monochromator, coupled with a simple
detector (e.g. a photomultiplier tube). This option, employed for imaging techniques or for single-
line monitoring, is simple to realize and has low setup costs. Acusto-Optic tunable filters (AOTF)
are an improved version of pass-band filters that can be fine-tuned to allow narrow wavelength
bands through. These devices maintain the robustness and reliability of filters (there are no moving

parts) but allow the monitoring of multiple wavelengths for a more versatile application.

As of today, however, the most commonly used devices in LIBS applications are the spectrographs
(or analyzers) due to their much higher performances and versatility with respect to spectral filters.
Numerous types of analyzers are commercially available, each one with its unique configuration of
mirrors, diffraction reticles and prisms. While the basic principle is the same for all configurations
(the incoming light is spatially resolved and each component is registered separately), each system
presents different advantages and limitations. The most commonly used analyzers for LIBS

applications are based on the Czerny-Turner and Echelle configurations.

Once the plasma radiation has been spatially resolved, it is directed towards a suitable detector.
As a general rule, a light detector is any device that is capable of converting the incoming photon
into a measurable signal (generally, a current or an electric potential difference). The most
common detectors are photomultiplier tubes (PMTs), photodiode arrays (PDAs) or charge-coupled
devices (CCDs). The latter class, commonly found as image sensors for digital cameras, is widely
used in LIBS applications, often coupled with an image intensifier system (and classified as iCCDs).
Beside increasing the amount of photons that arrive on the detector surface, image intensifiers
can act as pseudo-shutters, electrically preventing the passage of photons and allowing to fine-
tune the signal acquisition gates and duration. In fact, the use of iCCDs allows time-resolved

measurement of LIBS plasmas, which is a requirement in numerous LIBS experiments [3].

Analyzers and detectors are almost often found integrated as a single system (sometimes called
spectrometer) which is set up by its manufacturer to best satisfy the needs of a particular
application. Recent advances in electronics and miniaturization allowed the construction of small,
portable spectrometers that still offer a wide range of capabilities. They can analyze the entire
visible spectrum (as well as the near IR and UV, in some cases) with high spectral and temporal
resolution. While the integration of input slits, focusing lenses, analyzer (reticle or prism),
collimating optics and detectors into a single instrument prevents the users from adjusting the
system to particular needs, it also improves its robustness by reducing (or eliminating)

misalignment issues.
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1.2.3.1 — Czerny-Turner Analyzers

The Czerny-Turner analyzer configuration is the most common not only in LIBS applications, but in
almost all of the commercial instruments available. The Czerny-Turner analyzer is among the
simplest systems for spectral analysis. A schematic representation is given in Figure 12.

Array

detector

Entrance slhit Grating

Mirror 1

Figure 12 - Scheme of a Czerny-Turner analyzer [BWTek]

The light enters the instrument through a slit (either of fixed width or adjustable) and is collimated
by a mirror onto a diffraction grating. The light is then split in its components and reflected into a
detector (for a detailed description on the working principles of diffraction gratings, see References
[62] [63] [64]). While the first Czerny-Turner systems required either a moving reticle or multiple,
single wavelength detectors (PMTs), most modern instruments use a digital detector (PDAs or
CCDs) which can register the entire spectrum that has been resolved spatially along the detector
plane. This has allowed the realization of instruments without moving parts, increasing the
reliability while lowering costs, dimensions and energy consumptions. Some modern instruments
make extensive use of miniaturized components and integrated electronics, and can reach the
dimension of a common deck of cards (see Figure 13). Such devices find extensive use in portable

and handheld LIBS instruments.
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Figure 13 — Comparison (not to scale) of an old Czerny-Turner spectrometer (Jarrell-Ash 78-466, 122x71 cm, 114 kg) and
a modern compact, USB powered spectrometer (AvaSpec-Mini4096CL, 9.5x6.8x2 cm, 175 g, [65])

One of the limitations of Czerny-Turner analyzers is the relatively limited spectral range, even
though the resolution is good enough for most LIBS applications (0.1-0.3 nm). Most spectrometers
have a spectral range of about 900 nm (200-1100 nm), which is dictated by the type of detector
array that is used in the system. In fact, in order to register wavelengths in the IR region, InGaAs
(Indium Gallium Arsenide) detectors are needed [66], but such detectors have poor performances
in the visible range. Some companies offer modular spectrometers, where each module can be

configured for a specific wavelength region.
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Figure 14 - Avantes AvaSpec Multi-Channel modular spectrometer [67]

However, these kinds of spectrometers present the issue of needing multiple inputs of the same
plasma emission if each window needs to be measured at a given time. While this could be solved
using fiber optic bundles or split fiber optics, the inhomogeneity of the LIBS plasma (as well issues
connected with split FOCs and FOCs bundles) could pose a problem as not all the spectrometer

inputs could contain the same analytical information.
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1.2.3.2 — Echelle Spectrograph
The elevated complexity of LIBS spectra demands, as mentioned, the analysis with a wide spectral

range. One possible solution is the sequential analysis of spectral regions, but this would require
performing multiple measurements on a sample. As most samples are inhomogeneous, this is
generally not feasible. Moreover, variations and fluctuations in the plasma plume (or in the laser
source) would render each spectrum not perfectly equivalent to the others. Simultaneous

measurements of the complete spectrum are required for getting optimal analytical information
from the analysis.

Echelle spectrometers have been used in LIBS experiments since the late 1990s [68] [69], and have
been detailed in a review by Detalle and coworkers [70]. They offer excellent resolution (A/A\ >
10000) and are capable of covering a wide spectral range (generally from 190 nm to 1000 nm).

Often coupled with an iCCD detector, they represent the “workhorse” of LIBS research and

analysis.
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Figure 15 - Diagram of an Echelle spectrometer. Adapted from [2]

Echelle spectrometers use two separate resolving elements, suitably arranged, to generate a
spatially resolved two-dimensional image of the input light. The first dispersing element is a grating

(called Echelle grating) with a blaze angle greater than those found in conventional spectrometers.
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To avoid overlapping images of high-wavelength lines with shorter ones (a consequence of the high
blazing angle), a second dispersing element is used. A secondary grating or a prism is positioned
orthogonally to the Echelle grating, dispersing the various orders in a perpendicular direction with
respect to the orders resolved by the primary element. The result is a high-resolution, 2D “plot” of
the spectral lines as a function of their dispersion order. The resolved image can be captured whole
by a 2D detector such as a CCD or an iCCD. The lack of moving parts makes Echelle spectrometers
highly robust and reliable, as well as allowing the construction of compact instruments. In fact,
most of the times the largest component of an Echelle spectrometer is the detector assembly (i.e.

iCCD, cooling system and power supply).

Figure 16 - Echellogram of a Deuterium-Tungsten lamp. Adapted from [1]

Despite their exceptional potentialities, Echelle spectrometers have several limitations that need

to be taken into account:

e The resolution is not uniform throughout the entire spectrum due to the dispersion
method and the spectral sensitivity decreases with increasing wavelengths. Spectra
recorded with Echelle spectrometers are less intense and resolved for wavelengths over
600 nm.

e Spectral regions that fall between the dispersion orders are not detected by the system.

e High intensities can cause “blooming” effects, where excess electrons are transferred from
a saturated CCD pixel to the neighboring ones.

e The internal optics are heat-sensitive and can deform, leading to wavelength shifts that
require several calibrations during the day.
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e Depending on the detector, Echelle spectrometers can have slow acquisition times. As
such, they are not suitable for fast sampling applications.

e Their cost is several times higher than a Czerny-Turner spectrometer.

e The control software is generally more complex, and relies on mathematical algorithms to

transform the Echellogram into a readable spectrum.
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Figure 17 - A compact, portable Echelle spectrometer with an iCCD detector (Aryelle 200, 260x160x185 mm) [71]

1.2.4 — Detector Devices

Detectors utilized in LIBS applications are devices that can convert the incoming photons coming
from the analyzer into an electric signal that can be recorded, analyzed and subsequently
converted into a readable spectrum. Depending on the selected analyzer and the requirement of
the LIBS application, a specific detector can be used. As previously mentioned, the most common

examples are photomultiplier tubes (PMTs) and photodiode arrays (PDAs, CCDs).

1.2.4.1 — Photomultiplier Tube

The simplest photoelectric detector, the PMT is compact, robust, reliable and is relatively
inexpensive for its performances. PMTs come in different sizes and construction materials,
depending on the required performances. A schematic representation of a PMT is given in Figure

18.
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Figure 18 - Scheme of a PMT. Adapted from [2]

The components of a PMT are contained in a vacuum tube to minimize interferences. The incoming
light hits a photo-emissive cathode and emits electrons. The electrons are accelerated towards
dynodes (electrodes covered in a secondary emitting material) by an increasingly positive
potential. Each electron that hits a dynode generates additional electrons, in a cascade process
that can produce up to 108 electrons for each single photon. Once the electrons reach the anode
they generate a measurable, and amplified, electrical current that can be translated into a spectral

signal.

PMTs have extremely fast response rates (less than 1 ns), but their construction makes them
suitable for monitoring single wavelengths and not large spectral ranges. As such, they are
primarily used to analyze single emission lines or to monitor the evolution of an elemental emission

over time.

1.2.4.2 — Photodiode Array, CCD and Intensifiers

In LIBS, photodiode arrays (PDA) are usually employed because of their capability of providing
simultaneous acquisition of emission lines along a wide range of wavelengths quickly and with high
sensitivity. A PDA is a linear matrix of photodiodes (semiconductor diodes) that is arranged in such
a way that the light resolved in a line by an analyzer hits the PDA chip more or less perfectly. When
a photon of sufficient energy hits a diode, a photocurrent is generated that is proportional to the
number of photons that hit the detector over the selected integration time. The circuit then
“reads” the charge of each diode sequentially, and then discharges them. The control software is
calibrated so that each diode (pixel) corresponds to a determined wavelength, and so the LIBS
spectrum can be generated. Commercially available PDAs can be found with up to 4,096 elements,

each element being about 25 um wide and 1-2 mm tall [1] [2].

CCDs are devices similar to PDAs, but the pixels are arranged in a two-dimensional matrix. To
accommodate a larger number of photoactive elements (and in turn a higher resolution with less
dead zones), each element is generally smaller than those found on a PDA (13x13 um). Some CCD

detectors have square shapes, while others might be rectangular. The exact configuration is
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dictated by the requirements of the application or by the light dispersion pattern of the analyzer.

A generic representation of a CCD is given in Figure 19.
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Figure 19 - Scheme of a rectangular CCD detector. Adapted from [2]

Like in a PDA, the CCD is read out by shifting all the pixel rows vertically downward into the shift
register (another diode row), which is then read out sequentially. After the pixel information (1024
separate pixels) in the shift register is read out, all rows are shifted down again, and the new data
in the shift register are read out. For a 512-pixel vertical array, 512 cycles are required to
completely read the sensor. Both the PDA and the CCD can be used to record a spectrum presented
at the focal plane of the spectrograph. Using the CCD, however, a two dimensional spectral
distribution can be read simultaneously, as in the case of Echelle spectrometers. On the other
hand, the PDA is best for single-shot measurements in which the signal levels are near the

saturation level of the detector.

As mentioned, both PDA and CCD register the accumulated signal over a selected time frame (i.e.
they are time-integrated detectors). Typical readout times of CCD arrays are in the order of a
millisecond, while the LIBS signal decays in the microsecond time scale (for ns laser pulses). In order
to obtain a time-resolved spectra, a shutter system must be implemented. While mechanical
shutters are too slow for the timescales involved, electronic shutters can easily work at the speeds

required.

The most common electronic shutters used with array detectors are microchannel plates (MCPs).

These are two-dimensional devices which can be switched on and off on the order of a few
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microseconds to few ns, to permit or prohibit the passage of light. A scheme of a MCP is given in

Figure 20.

e
- - -» photon

Typical size ~15-42 mm diameter
Gain ~10’
No. channels ~10*-10’

Figure 20 - Scheme of a MICP. Adapted from [2]

MCPs consist of an array of glass tubes (~10 to 100 um diameter) with length to diameter ratios
of 40-100. The size of the MCP determines the number of tubes and arrays range from 10* to 10’
individual tubes. Gating is provided by applying a high voltage (~1.5 kV) between the front and
back sides of the plate. When a photon strikes the PC side (when the voltage is applied), an electron
is expelled and travels down the tube in the MCP. The insides of the tubes are coated with a
material that produces the secondary electron yield. In effect, each tube is a continuous dynode
structure resembling a PMT. Because the electron is accelerated by the applied voltage, it acquires
kinetic energy and frees other electrons as it travels down the channel. A single electron can give
rise to as many as 103 electrons at the back end of the MCP. Lastly, the electrons strike the
luminescent phosphor screen (P) at the back of the MCP and produce many more photons than
the single one that initiated the cascade process. By adjusting the voltage, the gain of the MCP can
be controlled. It should be noted that MCPs do not store or record the incident light as they act

only as gates.

MCPs coupled with CCDs are often referred to as a single device called iCCD (intensified CCD). iCCDs
are among the most widely used in LIBS research, thanks to their imaging capabilities, the high
temporal resolution, high sensitivity and, if coupled with an Echelle spectrometer, high spectral

resolution [68] [69] [72] [73].
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1.2.5 — Control Electronics
In LIBS analysis, triggered-gated detection (i.e. the control of both the exposure time and the time
delay between the laser pulse and the beginning of the signal detection) is very common. This kind

of approach allows:

e To control the delay time, so to remove the high intensity background continuum.
e To control the integration time.

e To average over multiple spectra so to compensate for pulse intensity fluctuations.

Both the delay and the gate time can be controlled either by the electronics associated with the
detection system or by a separate delay-gate generator. In both cases the trigger pulse can be
generated directly by the laser (e.g. when the Q-switch unit has an available output signal) or by a
fast photodiode detecting the laser output. In alternative, the laser itself can be externally
triggered by means of a very precise pulse generator that, at the same time, has to provide the
trigger signal for the detector readout system. Most commercially available LIBS systems rely on

an external PC to send the timed signals to the laser and the detector unit.

1.3 — LIBS Applications

Recent advances in technology, manufacturing industry, biomedical applications, etc. have created
several new applications and requirements for analytical techniques. The request for fast, reliable,
low cost instrumentation has risen significantly, especially for those systems that allow for in-situ
measurements. The request for portable instruments has also risen, with many different producers
offering commercial solutions tailored for specific needs [74] [75] [76]. Conventional atomic
spectroscopy techniques (e.g. ICP, AAS, OES, etc.) generally cannot offer such requirements. In fact,
most of the instrumentation is large, expensive and built to be housed in a laboratory, with the
suitable supporting infrastructure and systems. The flexibility and versatility of LIBS makes it
particularly attractive for many applications in a vast number of fields. LIBS analyses are fast, micro-
destructive, multi-elemental and can generally cover most of the Near UV/Vis/Near IR spectrum.
The measurements can be performed on almost any sample material, in most environmental
conditions (from a vacuum to molten metal pools), remotely or in a stand-off configuration. The
instrumentation is (generally) cheaper than other spectroscopic instruments and can be optimized

and adjusted for many applications [3].

A rapid literature search using the keywords “Laser Induced Breakdown Spectroscopy” shows the
constant growth in scientific publications regarding LIBS in the last 20 years. This continuing trend
shows just how popular the technique has become, and how many new applications and methods

are being explored at the present day.
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Figure 21 - Scientific publications on LIBS per year. Source: Scopus (Keywords: Laser Induced Breakdown Spectroscopy)

Thanks to the rapidity of the analyses and the possibility of remote monitoring, LIBS has always
found widespread use in the industry. A project funded by the European Commission (LaCoMoRe)
demonstrated the capability of LIBS in monitoring continuous steel casting, aiding in reducing steel
waste when changes in the steel grade are required and an intermediate composition region is
formed in the products [77] [78]. Moreover, LIBS was successfully used to directly analyze molten
metals to assess the composition of the material and the presence of impurities [79] [80], and
several companies offer off-the-shelf solutions for LIBS analysis in the metalwork industry [81] [82].
A prototype combining LIBS and IR spectroscopy was tested to investigate the possibility of

applying LIBS to recycling plants for real-time identification of different materials [83].

The capability of LIBS of performing remote analyses or in a completely stand-off configuration
makes it particularly attractive for those applications where hazardous conditions do not allow the
presence of an operator near the target of interest. One of such applications is the investigation of
radioactive samples or structures in the vicinity of nuclear reactors [54]. The first of such
applications dates back to 1995 with a monitoring campaign of a Magnox reactor control rods [84].
Since then, dedicated LIBS instruments have been developed and fielded [85]. LIBS has been also
used for the detection of explosives with stand-off configurations that employ mirror telescopes

(Cassegrain configuration) to focus the laser pulse and register the plasma light [53] [86].

Recently, LIBS was used as a fast and simple multi-elemental technique for the analysis of biological
samples. LIBS also allows for high spatial resolution, as well as depth profiling measurements. It

also represents a much easier method to generate elemental distribution maps when compared
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to other atomic analytical techniques. For example, LIBS was successfully used in the analysis of
biological fluids [87] and plant material [88] [89]. However, biological samples are often
inhomogeneous and the analytes of interest (e.g. heavy metals) are present in concentrations that
are below the common LODs of LIBS techniques. Moreover, the literature on biological samples
focuses almost exclusively on solid samples. While some of the limitations of the LIBS analysis of
liquids were explained in the previous sections, a more detailed description of the such limitations

will be given in this paragraph.

One of the fields where LIBS has become popular in recent years is cultural heritage [90]. Samples
with archeological, artistic and cultural value are generally difficult to analyze or sample and
transport into a dedicated laboratory. However, one of the most valuable pieces of information
that should be available to restorers, curators or historians is the detailed chemical
characterization of an artifact. LIBS can offer a solution to these limitations thanks to its micro-
destructive character, the possibility of performing in-situ measurements and (if needed) 2D
elemental mapping of the samples and a depth profiling analysis. LIBS has been used to analyze
pigments from painted artworks and frescos [91] [92] [93] [94] as well as to characterize metal
artifacts [95] [96](e.g. statues, coins, etc.). LIBS was also used in combination with other techniques
for detailed characterizations of artworks and artifacts [97]. Recently, LIBS was coupled with OCT

to perform a stratigraphic characterization of ancient bowed instruments [98].

One of the more exotic and recent applications of LIBS is its implementation on space exploration
missions, in particular for the geological study of celestial bodies. Due to the reduced dimensions
and the high performances of miniaturized LIBS systems, there have been proposals for
instruments for the study of Europa (one of Jupiter’s moons) [99] and for the exploration of bodies
without an atmosphere [100]. However, the two most noteworthy LIBS applications in space
exploration are the ChemCam [101] [102] and SuperCam [103] instruments installed in the martial
exploration rovers Curiosity (landed in 2012) and Perseverance (landed in 2021). The two systems
feature similar configurations, using a 1064 nm laser wavelength and telescopic focusing and
acquisition optics which allow the analysis of samples at a distance of 7 m (and more in the case of

SuperCam).
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Figure 23 - Example of a LIBS spectum registered by ChemCam of a Martian soil sample [1]

1.4 — Analytical characteristics of LIBS

Many of the strengths of LIBS were presented in the previous sections, while less words were spent
on some of its limitations. Being based on the same principle of other atomic emission
spectroscopies, LIBS has some of the main advantages of these techniques, namely being able to
perform multi-elemental analyses in a single measurement. Moreover, the method of generating
the emitting plasma using a laser pulse allows several advantages that are absent in the more
conventional techniques. Nevertheless, LIBS presents some shortcomings when the direct analysis
of some types of samples is needed, for example the analysis of liquids and samples with an organic

matrix.

Over the years, many publications and books have been published in which the several advantages

of LIBS, as well as its limitations, are thoroughly detailed [1] [2] [3] [104] [105] [106] [107]. The
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scope of this section is to give an overview on the main advantages of LIBS as well as on its main
drawbacks on the analysis of solid and liquid samples. In addition, some of the strategies that have

been developed and proposed to overcome such limitations will be presented.

1.4.1 — Advantages and Limitations of LIBS

As mentioned previously, the main advantage of LIBS is probably its capability of generating an
emission spectrum for all the species in a sample simultaneously. This instantaneous, multi-
elemental capacity can be exploited through the use of high-resolution (both spectral and
temporal) spectrometers, making LIBS one of the few techniques with such a wide operating range.
LIBS is extremely competitive for the rapidity of its analyses (a spectrum can generally be acquired
in a few micro- or milliseconds), which can be generally considered real-time. In addition, the costs
for the instrumentation and the operation are much lower than the other conventional atomic

spectroscopy techniques.

The peculiar method of plasma generation of LIBS allows, in theory, to analyze any substance (gas,
liquid, solid) without the need for a preliminary sample preparation step. When the sample needs
to be treated before the analysis, this step can be generally fairly simple (e.g. there is no need for
a complete digestion of the sample using acids, microwaves, high temperature and pressures, etc.).
Most lasers employed in LIBS instruments can generate a plasma in a wide range of conditions,
from an almost perfect vacuum, to high-pressure and high-temperature environments without the
need for sophisticated installations. Moreover, LIBS allows the analysis of otherwise difficult
materials to digest and treat, like in the case of ceramics, superconductors or glass. With specific
instrumental configuration, LIBS presents acceptable sensitivity towards some elements that are

otherwise difficult to monitor with conventional spectroscopic techniques (e.g. F, Cl).

LIBS is one of the few techniques that allow for actual stand-off analyses, using dedicated
instrumental configurations. With the only requirement being having “optical” access to the target,
LIBS allows the investigation and monitoring of samples in hazardous environments or that are
hard to reach for conventional techniques. If required, LIBS can also be set up for remote operation,
where only the laser and the plasma light collection optics are placed near the sample, with the

operators, the spectrometer and the control systems at a safe distance.

By combining these properties of LIBS, it is evident how a completely automatic and portable (in
some cases, even hand-held) system can be set up. Indeed, advances in computing power,
miniaturization of electronics and optical systems as well as advances in software engineering,
allowed LIBS to become one of the options for on-line monitoring in several industrial

manufacturing processes.
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While LIBS is particularly well suited for industrial applications, a more sophisticated use of its
capabilities can be exploited when the optical system allows for a high spatial resolution. By
reducing the sampling area to a micrometer scale, it is possible to generate accurate and high
resolution maps (elemental imaging) of the target surface or investigate its stratigraphic
composition (depth profiling), which makes LIBS particularly useful for geological and geochemical
applications. Moreover, the reduced dimension of such craters allow the use of technique for the
analysis of valuable and historical objects in the cultural heritage field (e.g. statues, paintings,

metallic artifacts, textiles, etc.).

One of the main shortcomings of LIBS is that the achievable LODs are relatively high when
compared to other spectroscopic techniques. The LOD (Limit of Detection) has been defined by

IUPAC (1997) as follows:

“The limit of detection [...] is derived from the smallest measure, x;, that can be detected with
reasonable certainty for a given analytical procedure. The value of x, is given by the equation x, =
Xp + ksp where xp is the mean of the blank measures, s is the standard deviation of the blank

measures and k is a numerical factor chosen accordingly to the confidence level desired.”

In LIBS, the LOD values are influenced by a large number of factors, such as the laser pulse energy,
the measurement integration time and delay and the sample’s characteristics. Nevertheless, LIBS
LODs are generally in the order of ppm [3]. A wide variety of approaches and techniques have been
tested and proposed to improve the performances of LIBS [108] and a brief overview of some of

these methods will be given in this section.

Improving the instrumentation with more powerful lasers or high-resolution spectrometers has
been, up until recently, the preferred strategy. In fact, one of the most common techniques for
improving LIBS performances is the use of two sequential laser pulses instead of a single one, in
what is called Double Pulse LIBS (DP-LIBS). This methodology, useful for both solid and liquid
samples, will be detailed in Section 1.5. Nevertheless, this creates the issue of increasing
significantly the cost and complexity of the instrumentation, as well as that of the analytical
procedures, often requiring specialized operators. Moreover, these costs (in money and time)
should be compared to the possibility of employing other analytical techniques, even those that

might require sample treatment, that allow for lower LODs.

A novel approach for improving LIBS performances, called Nanoparticle Enhanced LIBS (NELIBS)

will be discussed in detail in Section 1.6.

41



1.4.2 — Quantitative LIBS Analysis of Solid Samples

The areas (and in turn, the volumes) analyzed with LIBS are generally very small. It is also possible
that the analyzed samples do not possess a homogeneous distribution of their elemental
components (for example, in the case of a rock sample) [109]. Another issue arises when the
surface layers of a sample do not have the same chemical composition as the underlying bulk. This
can happen when analyzing metals and alloys where, due to oxidation, fusion and manufacturing
processes and environmental contamination, a layer several micrometers thick can form on the
surface of the sample. Since the ablation rate (i.e. the depth of the material ablated by each laser
pulse) can range from a few nanometers to 10-20 um, the first measurements (or more) would

give incorrect analytical results [1].

The sampling geometry must be also carefully considered. If the samples have surface irregularities
or irregular shapes, the distance between the sampling spot and the focusing lens changes with
each measurement. Even though the plasma can still form (if there is enough energy deposited on
the sample surface), the ablated mass, plasma temperature and electron density can change,

altering the registered emission signal [110].

One of the main disadvantages of LIBS is the low sensitivity when compared with other
spectroscopic techniques. Generally, LIBS LODs are in the range of ppm (parts per million, ug/Kg),
with an average uncertainty of 5-15% [3] [111]. Additionally, the experimental conditions can
heavily influence the quality of a LIBS measurement, especially in its reproducibility. The calibration
curves can suffer from changes in the environmental conditions such as fluctuations in the

surrounding atmosphere or in the optical path [112] [113].

LIBS is also particularly susceptible to matrix effects. These phenomena occur when the physical
properties and the composition of a sample influence the emission signal related to the
concentration of the analyte, even if its concentration is constant. For example, variations in the
heat capacity, reflectivity, vaporization temperature, etc. of a sample can influence the amount of
material that is ablated with each laser pulse. On the other hand, easily ionized elements can
increase the electron density in the plasma and reduce the emission intensity of elements with
higher ionization energy. This can lead, if not corrected, to serious issues in the calibration steps

and the quantitative analysis of unknown samples.

Another major issue is that certified or standard reference materials (CRMs, SRMs) for LIBS are
hard to obtain, as very few commercially available options exist (on the other hand SRMs for alloys
and metals are generally available). In fact, due to the extreme versatility of the technique and the
tendency of performing measurements on the samples as-is (i.e. without digestion or preparation),

it is impossible to obtain SRMs with every combination of matrix-concentration required in LIBS.
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Generally, the treatment and manipulation of solid samples aims to eliminate or reduce matrix
effects. Mechanical separation techniques allow for the separation of various sample fractions with
the use of sieves, by exploiting different physical properties (density, magnetic properties) or by
chemical treatment (salt separation, acid dissolution). If the sample is inhomogeneous it can be

treated by digestion, crushing and milling or fusion to create a uniform dispersion of the analytes.

However, the core advantage of LIBS is the ability of performing analyses without the need of
sample manipulation. To compensate for matrix effects, the ideal solution would be to build
calibration curves using standard samples with a similar matrix as the unknown sample and with a
concentration range within the scope of the analysis. However, as previously mentioned, SRMs
that are suitable for LIBS are not easy to obtain. It is possible, in the case of relatively simple
matrices (e.g. soil, water) to produce various spiked samples with known concentrations of the
analyte, starting from a suitable blank (e.g. uncontaminated soil, tap or mineral water). This might
not be possible for increasingly complex matrices, and the method still requires a large number of

calibration samples to be effective [20].

Another widely used approach is based on the internal calibration technique. In brief, an analyte
whose concentration remains constant (or can be assumed constant) in the samples is chosen, and
the variation of its analytical signal is used to correct for the fluctuations of the other analytes. If
no such analyte is present in the sample, it can be added before the measurement in a known
concentration to each sample. Ideally, such an analyte should respond in the same way to the

matrix effects as the analyte of interest [114].

The emission spectra can be corrected indirectly by normalizing the line intensities to a physical
guantity that can be obtained from each LIBS measurement. Such quantities can include the total
emission intensity [115], the plasma temperature [73], the electron density, the ablated mass [116]
or the energy of the pulse’s shockwave [117]. Some, more sophisticated correction methods
implement algorithms that take into account other phenomena such as self-absorption [118]. This
method allows for the correction of the emission spectrum by taking into account fluctuations in

the plasma properties or in the ablation process.

One of the most versatile and attractive algorithms for the analysis of LIBS spectra and
spectroscopic data is the Calibration Free LIBS (CF-LIBS), which was described in detail in the

previous sections.

1.4.3 — Limitations on the Analysis of Liquid Samples and Proposed Solutions
As described in Section 1.1.4, a LIBS plasma generated in a liquid shows a low emission intensity
and duration due to the confining effect of the surrounding medium. A large fraction of the laser

pulse energy is spent to vaporize the sample as well as to create the suitable conditions for the
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ignition and evolution of the plasma in the liquid sample (i.e. the expanding shockwave and the
subsequent cavitation bubble), meaning that the resulting plasma plume will be less energetic. The
lifetime of the excited states of the emitting species is shortened significantly (a few microseconds
or less) when compared to a plasma generated on a solid sample, making it more difficult to
separate the emission lines of the analytes from the continuous background. Because of this, LIBS
is less sensitive and precise for the analysis of liquid samples and, comparatively, less attention has
been paid to the analysis of liquids. Moreover, the existence of already well established and
developed techniques for high-performance analysis of liquids (e.g. ET- and F-AAS, ICP-OES, ICP-
MS, etc.) further discourages the implementation of LIBS as a new approach for the analysis of

such samples, aside from some proof-of-concept studies [119] [120] [121].

Some of the problems of LIBS analysis of liquids are not directly related to the plasma dynamics
[5]. Depending on the instrumental configuration, frequent cleaning of the optical components
might be required to remove the deposits splashed and ejected from the liquid sample after the
laser pulses. The shockwave can create an aerosol above the liquid surface that can disrupt both
the laser beam and the plasma emission, reducing the fraction of radiation that is transferred to
the sample or the amount light that is able to reach the spectrometer. Moreover, waves and
sloshing of the liquid surface are created by laser pulse, which can reduce the reproducibility of
subsequent measurements and the precision of the analyses. The presence of induced bubbles
(that might be transparent to the laser wavelength) can also alter the characteristics of the laser-

induced plasma, as well as the laser-liquid interaction by altering the sample surface unpredictably.

The strategies proposed to improve the performances of LIBS towards the analysis of liquid
samples are generally more complex than those implemented for the analysis of solids. Many
approaches require a heavy manipulation of the samples in order to convert them into matrices

more suitable for LIBS analysis.

As mentioned previously, one of the most common strategies to improve LIBS capabilities towards
the analysis of liquids without any sample treatment is the use of DP-LIBS. A detailed overview of

this method will be given in Section 1.5.

The simplest approach is the generation of the LIBS plasma immediately on the surface of the
sample. While it can be challenging to fine tune the optical system, the results can allow LODs of
few ppm [122] [123] [124]. The sample is allowed to evaporate slightly and the plasma (ignited just
above the liquid surface) evolves in the surrounding air, with mechanisms and characteristics
comparable to those encountered in LIBS plasmas generated over solid samples. However, the

generated shockwave produces waves and splashing from the liquid that can alter the laser-surface
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interaction, as well as a partial shielding of the sample by the ejected droplets. Moreover, if the

focusing lenses are near the sample, they can be contaminated by the generated spray of liquid.

Other strategies require a minimal treatment of the sample, while still necessitating dedicated
instrumental configurations. For example, liquid samples can be fed into a droplet generator to
produce single (or a sequence of) droplets of known size, each with a volume of a few pL. The
droplets are then “fed” into the laser pulse, which vaporizes them and generates a plasma [125]
[126] [127] [128] [129]. A similar technique uses various methods (e.g. ultrasounds, electrospray,
pressure nebulizers, etc.) to nebulize the liquid sample and create an aerosol plume. The LIBS probe
is suitably aligned and used to create a plasma inside the small cloud of sample droplets [108] [130]
[131] [132]. Alternatively, the liquid sample can be forced to flow in a continuous and thin stream.
The laser pulse is focused onto the surface of the stream so that only a small quantity of sample is
vaporized, reducing the effects of spraying and increasing the shot-to-shot precision. A sheath gas
(N2, Ar He or compressed air) stream can be fed around the liquid column, in order to eliminate

completely the risk of splashing and contamination of the optical components [133] [134].

While these methods allow to solve the issues related to the presence of large liquid surfaces, they

generally do not offer much higher performances while still requiring large volumes of sample.

If adapting the instrumental configuration does not sufficiently increase the performances of the
technique, the alternative is to treat the samples in order to convert them in a form that is more
suitable for LIBS. Indeed, in some cases sample preparation is unavoidable to obtain a sensitivity

comparable to that of LIBS analyses on solid and gaseous samples.

In the case of suspended solids in a liquid matrix, a simple filtration, followed by the analysis of the
dried residue [135] can be implemented. Other approaches focus on the separation of the analytes
from the liquid matrix by using chelating agents and a microfiltration step. Indeed, LODs in the
order of ppb were successfully obtained for the analysis of heavy metals in liquid samples using a

mixed cellulose ester membrane [136].

Another possibility is to convert the liquid sample into a solid. Depending on the chosen procedure,
this operation can be very simple or rather complicated. It has been demonstrated that freezing
liquid samples using liquid nitrogen, and then performing the LIBS measurement on the surface of
the frozen samples can increase the sensitivity, the emission intensity and overall signal quality
[137]. Liquid samples can also be mixed with polymer dispersions (such as PVA) in order to convert

them into solids thanks to the curing process of the polymer itself [138].

The simplest approach is the deposition of a sample droplet onto a suitable substrate, and to

evaporate the solvent. The dried residue is then analyzed by LIBS as a conventional solid sample.
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Most of the time, the substrates are metal or semiconductor foils, and the technique is known as
Surface Enhanced LIBS (SEn-LIBS). In this case, the substrate acts as a “booster” for the plasma
generation, providing an excess of electrons and ionizable species that would be lacking in the
breakdown of just the dried sample residue. This enhanced plasma allows for much higher
emissions when compared to the analysis of dried droplets on insulating substrates (i.e. glass,
polymers, etc.) [139]. It was demonstrated that a higher sensitivity can be achieved for the analysis
of liquid samples dried on aluminum substrates, when compared to a direct LIBS analysis on
suspended droplets [140]. In a similar fashion, the liquid sample can be adsorbed on a porous
substrate and dried. In this case the role of the substrate is not to enhance the LIBS plasma, but to
immobilize the analytes contained into the liquid sample and, effectively, transfer them in a solid
matrix. Several substrates have been tested for this application: graphite, filter paper, membranes,

polymer fibers, etc. [141] [142] [143] [144].

Lastly, a widely employed methodology is based on the micro-extraction technique. Micro-
extraction is commonly used in analytical chemistry as a means to pre-concentrate the analytes,
or to selectively separate them from the matrix to avoid interferences and contaminations, and as

such it has been thoroughly described in literature [114].

The first application of solid-phase micro-extraction (SPME) for LIBS was investigated by Wang et
al in 2014 [145]. The authors used a Dispersive SPME approach, preceded by the complexation of
the metal ions by diethylditiocarbamate (DDTC). When the extracting material (nanostructured
graphite) was added to the solution, the chelated metals were adsorbed. The graphite powder was
then separated by centrifugation, mixed with a commercial adhesive to form a solid pellet and

analyzed by LIBS. The authors reported LODs in the order of a few ppb.

In recent years, the use of carbon-based SPME methods has attracted some interest for LIBS
applications. Indeed, many papers were published, proposing novel strategies to create simple,
reliable and effective substrates to extract the analytes from a liquid sample and make them readily

available for LIBS analysis. A more detailed overview of this approach will be given in Section 1.7.

1.5 —Double Pulse LIBS (DP-LIBS)

As mentioned in the previous sections, the pursuit of lower LODs and growing interest for LIBS as
a substitute for more complex and costly instrumentations, sparked a renewed interest in ways to
improve the capabilities of the technique. Piepmeier and Malmstadt studied the effect of multiple
laser pulses on the signal enhancement of an Aluminum target in 1982 [146]. It was the first time
that a single laser source was used to deliver multiple pulses for LIBS applications, and possibly the
first introduction of the modern concept of DP-LIBS. With the advancements in laser and detector

technology, the DP technique resurfaced at the start of the 1990s. In 1991, the group of Uebbing
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and Niemax investigated the possibility of an orthogonal configuration for DP-LIBS, where the
second laser pulse was used to reheat the plasma produced by the first pulse [147]. In the same
years, the group of Pershin explored DP-LIBS and proposed an explanation for the observed
decrease of the atmospheric emission in the application of multiple pulses, as well as a possible
mechanism for the increase in the signal to noise ratio observed during DP-LIBS measurements [5]
[6]. Right at the start of the new millennium, many research groups started to investigate the
fundamentals and the principles behind DP-LIBS, both from a theoretical point of view and with a
systematic investigation of the influence of several experimental parameters on the signal

enhancement and the plasma characteristics [148] [149] [150] [151].

It is worth noting that a fundamental difference between SP and DP-LIBS is the geometry of the
plasma plume that is generated. This is a critical aspect that has to be taken into account, as a non-
optimized light optical collection system can lead to a decrease in the spectral quality. This issue
has been highlighted in the work of Palleschi et al [152] where different light acquisition
geometries have been tested. Another criticality is evidenced in the work of De Giacomo et al [153],
where it is demonstrated that the temporal evolution of such plasmas is not the same as their SP
analogues, and so a different range of acquisition delays and integration windows might be

necessary.

1.5.1 — DP-LIBS Configurations

1.5.1.1 — Collinear DP Geometry

Generally, a collinear DP-LIBS configuration allows for a higher ablated mass, when compared to a
SP experiment of comparable energy. In addition, if the DP experiment is performed in air, at
atmospheric pressure, the emission related to the gases present in the atmosphere (eg. N, O) is

greatly reduced.
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Figure 24 - Collinear DP-LIBS configuration

Figure 24 shows the simple collinear geometry setup. The two laser pulses follow the same optical
path and are focused onto the sample surface, separated by a suitable time delay. However, the

simplicity of this kind of approach presents a few drawbacks.

Obtaining two laser pulses having comparable and stable energies as well as beam quality is a
particularly delicate operation. Over the years, this issue has been almost completely solved by the
advancement in laser technologies. Nowadays it is possible to find on the market numerous
systems capable of delivering two or more laser pulses, within a single pumping cycle, with tunable
energies and surprising beam stability. Another limitation to consider in the case of a single laser
source is that both laser pulses will necessarily be of the same wavelength and, in general,

duration.

The collinear DP configuration, however, remains simple enough even if two separate laser sources
are used. In this case, the added complexity is found in the synchronization setup, usually relying
on an external electronic delay generator. On the other hand, the study and modeling of the effects
of the two laser pulses becomes more complicated when multiple wavelength and different pulse

duration are involved

1.5.1.2 — Orthogonal DP Geometry
One of the most crucial advantages of a two-laser arrangement is that it enables the use of non-
collinear geometries for DP-LIBS studies. The most common configuration, in such cases, is the so-

called orthogonal DP-LIBS. In this setting, one laser pulse is focused on the sample, following a
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perpendicular path with respect to its surface. Another pulse, instead, is parallel to the sample’s

surface and orthogonal to the other pulse’s path.

(a) (b)

Second Pulse

First Pulse

Second Pulse

Plasma _ Plasma
Plume
Sample Plume Sample

First Pulse

Figure 25 - Orthogonal DP-LIBS configuration in (a) Pre-Ablation and (b) Re-Heating mode

The various orthogonal DP-LIBS configurations can be summarized in the two categories, shown in

Figure 25.

In the Pre-Ablation configuration, the first laser pulse travels parallel to the sample’s surface, and
it’s focused just above the desired sampling spot. This generates a plasma plume in the atmosphere
above the target, without any considerable interaction with the sample surface, that “prepares”
the environment for the second laser pulse, that follows a perpendicular path. In the Re-Heating
configuration, instead, the first laser pulse is focused onto the sample, in a similar fashion of a
standard SP-LIBS experiment. The second laser pulse then travels parallel to the sample’s surface

and interacts with the plasma generated by the first pulse, “re-heating” it.

The group of Sanginés investigated the mechanisms behind the signal enhancement obtained from
both configurations [154]. They found that, in the case of the Pre-Ablation mode, the signal
enhancement is mainly due to the generation of a low-density environment around the sampling
spot, by the spark of the first laser pulse. This leads to a longer lasting plasma from the second
pulse and, in turn, a higher Signal-to-Noise ratio. In the case of the Re-Heating mode, instead, the
enhancement is due to the absorption of the second pulse’s energy by the plasma generated by

the first pulse.

Overall, the increased complexity of the orthogonal configuration is not usually offset by a signal
enhancement large enough to justify its application for analytical purposes. However, the lower
power intensities required in the Pre-Ablation configuration can be interesting for those
applications where damaging the sample must be avoided or contained (i.e. archeology, cultural
heritage). An exception to this statement must be done in the case of a very peculiar application
of the orthogonal Re-Heating configuration, named Resonance Enhanced Laser Induced Plasma

Spectroscopy (RELIPS), that was investigated by the group of Cheung [155] [156]. In brief, this
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approach uses a tunable laser source for the generation of the second pulse, that is adjusted so
that its wavelength is the same of a resonant emission line of the sample’s matrix, maximizing the
absorption effects and, in turn, the re-heating and exciting effects on the plasma. In particular, the
authors demonstrated the possibility of reaching Limits of Detection of about 100 attomoles for
minor elements and suggested the application of this technique for high resolution depth profiling,

due to the low damage and ablation rate observed.

1.5.1.3 — Parallel DP-LIBS Geometry

In this configuration, the two laser pulses follow a path that is orthogonal to the sample’s surface,
but are focused on two nearby, but separate spots. This configuration is particularly interesting in
the case of fundamental studies, however, in some cases it has been successfully applied for

specific applications.

Second Pulse

First Pulse

Plasma
Sample Plume

Figure 26 - Parallel DP-LIBS configuration

The group of Nishijima used a parallel DP-LIBS configuration for the analysis of thin layers [157].
The authors found the classic collinear DP configuration unsuitable for the analysis of thin
deposited layers, as the thickness of such deposition is of the same order of the first pulse’s
ablation rate. The use of two lasers, delivering pulses with an offset of a few millimeters on the
target’s surface demonstrated the potential of this configuration, named Spatially Offset Double-
Pulse LIBS (SODP-LIBS), as both pulses were able to interact with an undamaged analyte layer.
Moreover, the second pulse, when suitably delayed, interacted with the residual plasma of the first

pulse, inducing a partial re-heating of the atomized material.

1.5.1.4 — Variable Pulse Duration in DP-LIBS
It is known from literature that a laser pulse of a duration in the order of the femtoseconds yields
a plasma that is more reproducible and a more regular ablation crater, when compared to the

more conventional laser pulses, in the order of nanoseconds [156].
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The group of Angel was among the first to investigate the possible application of a fs/ns DP
orthogonal configuration [158] [159]. They discovered that the best performances were associated
to afs laser pulse for the ablation of the target, while a ns pulse was used for the re-heating of the
generated plasma. However, the magnitude of the signal enhancement generated by this
configuration when compared to SP-LIBS (approximately 80 times for aluminum and 30 times for

copper) does not justify the increased complexity of the instrumentation for analytical purposes.

Worth mentioning is the work of the group of Deguchi [160], where a peculiar application of a DP-
LIBS having different pulse duration is realized. A configuration where the first laser pulse is longer
(35 ps) than the second (6-7 ns) is used to analyze metal samples underwater. Where SP
experiments of such samples show a continuous background and substantial noise, the application
of the Long-Short DP (LS-DP) allows for the acquisition of much clearer spectra. This is mainly due
to the generation of a cavitation bubble near the sample’s surface by the first microsecond-long
laser pulse, that allows the second shorter pulse to reach the target and ignite a plasma, mostly

unhindered by the surrounding liquid.

1.5.1.5 — Variable Wavelength in DP-LIBS
The first reported study of DP-LIBS using pulses of different wavelengths is by the group of Niemax,

who investigated this approach in an orthogonal Re-Heating configuration [161].

In principle, a pulse with a wavelength shorter than the fundamental 1064 nm Nd:YAG emission
can be more tightly focused on the sample surface and a higher fraction of its energy can be
transferred to the sample. This is due to the lower absorption of the laser’s light by the generated
plasma by inverse Bremsstrahlung, the so-called plasma shielding. Since the inverse
Bremsstrahlung absorption is proportional to A3, it is clear that a laser with a shorter wavelength is
capable of a more substantial ablation, at the cost of a lower plasma temperature if compared to
an infrared laser pulse [162]. These observations suggest that a DP setup that uses pulses of
different wavelengths, each one optimized for either ablation or plasma re-heating, could be worth

investigating.

The group of Sabsabi conducted a thorough investigation of DP-LIBS using a combination of fourth
harmonic (266 nm) and fundamental (1064 nm) pulses from an Nd:YAG laser [149]. It was
demonstrated that this configuration yielded an ablation crater that was larger than one obtained
for a DP experiment using only IR pulses, with no major difference in the case of positive or
negative pulse delays. In addition, with a 0 delay (where both pulses arrive on the sample’s surface
at the same time), the ablation crater was smaller than the ones obtained in DP configuration. The
authors also determined the values for the plasma temperature and found that, for positive delays,

there was almost no difference between IR-IR and UV-IR configuration. In the case of negative
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delays, however, the IR-IR configuration vyielded a higher temperature than the IR-UV
configuration. As for the LIBS signal, it was found that the difference between the IR-IR
configuration and the UV-IR configuration was minimal, while still showing a significant increase in

intensity when compared to SP-LIBS spectra.

In the end, while these results are very interesting from a theoretical and fundamental point of
view, the marginal boost in analytical performances does not justify the instrumental setup

complexity.

1.5.1.6 — Multiple Pulse LIBS
Given the significant signal enhancement obtained from DP-LIBS configurations, some research
groups investigated the possibility of exploiting a higher number of pulses, with the aim of

obtaining an even higher boost in analytical performances of the technique.

The first approaches were described by the group of Noll [163]who investigated the effects of up
to 4 laser pulses on a steel sample, reporting an increase in the signal intensity with respect to the

SP configuration.

Recently, the group of Galbacs [164] [165] presented an approach where 7 consecutive pulses from
a Q-Switched Nd:GGG (Neodymium-Doped Gadolinium Gallium Garnet) laser were used to obtain
a substantial signal enhancement. However, it should be noted that the authors used a time-
integrating spectrometer, which accumulated the signal generated by each pulse. While the
presented signal enhancement mechanism is not interesting from an analytical point of view, it is
undoubtedly reasonable that using a high number of laser pulses for each measurement would

increase the reproducibility of the spectra.

A particularly interesting approach has been proposed recently by the group of Prochazka [166].
The authors used an orthogonal configuration, triple-pulse system, in order to combine the
advantages of the Pre-Ablation and the Re-Heating approaches. The authors used two second-
harmonic (532 nm) Nd:YAG lasers for both the Pre-Ablation and the main (middle) pulse, while an
IR Nd:YAG laser (1064 nm) was used to generate the third pulse, in order to increase the energy

absorption by the plasma.
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Figure 27 - Front view (left) and top view (right) schematic pictures of the interaction chamber with laser pulses and

collection optics. All laser pulses are perpendicular to each other. Ablation pulse (2) is directed from the top of the
chamber (5), perpendicular to the sample surface, pre-ablation pulse (1) came from the left side of the chamber (5)
collinear to the sample surface and re-heating pulse (3) is directed from the front of the chamber (5) collinear to the

sample surface. The collection optics (4) is placed on the right side of the chamber [166]

While the magnitude of the signal enhancement was found to be heavily dependent on the
investigated emission line, the results showed how the triple-pulse configuration yields a higher
signal not only when compared to SP-LIBS, but also with respect to both orthogonal DP-LIBS

configurations.

1.5.2 — Signal Enhancement in DP-LIBS: Principles and Theory

The combination of two (or more) laser pulses for LIBS experiments makes studying the processes
that occur on the samples and in the plasma much more complicated than in the SP case. In fact,
we observe a number of interactions between the second laser pulse and the environment
generated by the first, and modeling such a system is extremely difficult. Moreover, despite the
large number of papers published on the subject and of experiments performed, the exact

mechanisms behind DP-LIBS are still being discussed and explored today [153] [167] [168].

What emerges from the various works on DP-LIBS is that there is a substantial difference in the
environment where the plasma evolution occurs and because of that, the different behavior of the

plasma over time and space can explain the signal enhancement effects.

During a SP experiment conducted in air, as was mentioned in the previous sections, a large part
of the plasma energy is spent to compress the surrounding atmosphere, generating a shockwave.
The air also exerts a confining action on the plasma plume’s expansion. At the same time, the
evolving plasma heats the air molecules, giving rise to emission lines of both atomic species and

molecular adducts between the sample and air.

In the case of DP-LIBS, the plasma plume expands inside the environment behind the shockwave
of the first pulse. The expansion, in the first moments, is faster than in the SP case, due to a lower
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gas density and, since the environment has a higher temperature, less energy is dissipated. Once
the expanding plume reaches the edge of the shockwave, it can be reflected back and contract
towards the point of origin. Usually, it is observed that the plasma plume generated by the second

pulse has a longer life time than the one generated by a single laser pulse.

— I 11011

Figure 28 - Shadowgrams of the laser produced plasma in (a) single pulse (b) double pulse configuration. In both
sequences, the first photograph (left bottom) has been taken at a delay time of ~500 ns with respect to the first laser

pulse, while the temporal delay between photographs is 500 ns [151]]

It has been observed that the environment behind the first pulse’s shockwave, in typical DP-LIBS
conditions, is equivalent to an atmospheric pressure of about 50 torr, which is very close to the
pressure that yields a maximum LIBS signal [113]. It is interesting to note that this interpretation
can be applied not only to a collinear configuration, but also to the orthogonal Pre-Ablation

configuration.

There are, however, other factors that can contribute to the signal enhancement in DP-LIBS.
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It is known that the intensity of a LIBS spectra is proportional to the ablated mass, and it was
observed that the ablation crater in DP-LIBS is generally greater (2-5 times) than the one in SP-LIBS,

although the crater volume is not linearly dependent on the changes caused by the first laser pulse.

Another factor that influences the LIBS signal is the plasma temperature, and it is particularly
important for long detection times. In these conditions, the SP plasma is either already decayed or
of low intensity, while the DP plasma is still evolving. However, the signal enhancement caused by
the temperature is meaningful only if the detection system has a high spatial resolution as the
distribution of the SP and DP plasmas are quite different. Indeed, if the signal is averaged along the
entire plasma plume, the values of temperature for both SP-LIBS and DP-LIBS will be comparable,
as a result of the averaging of the cold outer shell (which is larger in the case of DP) and the hot

core.

1.5.3 — DP-LIBS Applications

1.5.3.1 — DP-LIBS of Solid Samples

In recent years, DP-LIBS has been used successfully for the investigation of historical, archeological
and Cultural Heritage artifacts. The group of Grupce used DP-LIBS in the orthogonal re-heating
configuration for the determination of the materials used in the manufacturing of an ancient
roman marble bust, discovering a gold-mercury amalgam [169]. Recently, the group of Columbu
employed DP-LIBS to study limestone statues from the 9th-8th century BC [170]. Palleschi et al
published several works where collinear DP-LIBS was applied in the analysis of ancient artifacts,
thanks to a transportable, integrated instrument called Modi [171]. Studies were conducted for
the characterization of bronze statues [96] and coins [172]. More recently, DP-LIBS analyses were
coupled with Optical Coherence Tomography (OCT) for the stratigraphic characterization of the

paint and coating of ancient bowed instruments [98].

Among the various applications of DP-LIBS, one of the most interesting and diverse is the detection
and analysis of dangerous materials in a stand-off configuration, where the operators and the
instrumentation are relatively far away from the sample. One of such applications was developed
by the Army Research Laboratory (USA) in collaboration with Applied Photonics Ltd. (UK) for the
stand-off detection of explosives using a DP setup [53], and a review on the subject has been
published by Gottifried and her group [173]. It was found that DP-LIBS was able to reveal spectral
characteristics that were not distinguishable with conventional SP-LIBS. In this case it has been
noted that the main advantage of a DP-LIBS setup was the reduction of the emission coming from

the atmosphere.

While the application of DP-LIBS in the biology and medical field is not as widespread as in other

fields, it is worth mentioning the work by the group of Galiova [174]. The orthogonal re-heating
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DP-LIBS configuration allowed the authors to obtain satisfactory spectra from the samples, while
maintaining the size of the ablation craters small, and minimizing the damage on the sample’s
surface. The authors were able to obtain high-resolution maps of the composition of fossil snake
bones, allowing for the discrimination of healthy specimens from others, showing bone diseases

such as Osteitis Deformans.

1.5.3.2 — DP-LIBS of Liquid Samples

The first applications of DP-LIBS to liquid samples date back to 1984, when Cremers et al
demonstrated the capabilities of this configuration for the improvement of the LODs for several
elements in water [175]. Since then, and especially in recent years, many research groups

investigated the properties of DP-LIBS for the analysis of liquids [124].

In general, the mechanisms of DP-LIBS in a liquid matrix are similar to those already described in
the previous sections for the analysis of solid samples in that atmosphere. In this case, the first
pulse is used to generate a cavitation bubble inside of which, the second pulse can generate a
plasma. Effectively, this generates a plasma that is no longer confined by the liquid, but can evolve

in a low-density environment.

Rifai et al quantified traces of Fe, Pb and Au in water using a DP setup in Re-Heating configuration
with two wavelengths (the plasma was generated by a UV 266 nm laser and re-heated by an IR
1064 nm pulse) [176]. Koch et al employed a DP laser source operating at a wavelength of 532 nm
and an optical fiber probe to measure dissolved Mg in water samples, reaching LODs of 80 ppm
[177]. The group of Lazic investigated the instrumental parameters for an optimal generation of
the LIBS plasma and the cavitation bubble in water, demonstrating an improvement in the LOD for
Mg [178]. Similarly, a systematic study of the instrumental parameters for identifying the optimal

measurement conditions of DP-LIBS for liquid samples was performed by Cristoforetti et al [179].

1.6 — Nanoparticle Enhanced LIBS (NELIBS)

One of the simplest ways to enhance the performances of LIBS (and in turn its sensitivity) is to
increase the efficiency of the energy transfer between the laser pulse and the sample. This can be
done, up to a certain degree, by changing the laser parameters [180] or by altering the background
environment [181]. However, when the laser source and experimental parameters cannot be
changed, the only way to improve the efficiency of the laser-sample interaction is manipulating
the sample itself. This manipulation should not change the chemical composition nor be time-

consuming, in order not to lose typical LIBS advantages such as fast and straightforward analysis.

Impurities and superficial defects are known to generally lower the breakdown threshold due to

their low thermal conductivity and the reduced size [14] [182], which leads to an increase of the
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local laser energy density. In particular, if two adjacent solids are hit by a laser radiation, the solid
with the lower breakdown threshold generates electrons that increase the local temperature at

the interface zone.
For this reasons, the application of metallic nanoparticles appears as an ideal solution:

e Nanoparticles can be easily deposited onto a sample in the form of a colloidal solution

e The contamination of the sample is minimal

e Their effect on the sample under laser irradiation is significant due to their peculiar
properties

e They are almost completely removed during laser irradiation

This novel methodology, named Nanoparticle-Enhanced LIBS (NELIBS) has been introduced and
explored by De Giacomo and coworkers [183] [184] [185] [186] [187] [188], and applied to the
study of gemstones, liquids and molecular bands [189] [190] [191]. Although the methodology is
still relatively new and unexplored, NELIBS has already shown great potential for enhancing the

performances of traditional LIBS in laboratory applications.

1.6.1 — Principles of NELIBS

When metallic nanoparticles (NPs) are applied on the surface of a target, an incident laser pulse
will interact mainly with the nanoparticles themselves. The laser radiation induces a coherent and
collective oscillation of the conduction electrons on the NPs surface and which amplifies the
incident electromagnetic field. This, in turn, enhances the local electric field near the NPs surface
and in the gaps between the NPs, and increases the intensity of the incident laser beam. This
phenomenon can greatly increase the amount of electrons that are extracted from a conductive

material and can decrease the time required for the breakdown.

A different phenomenon occurs if the laser pulse is resonant with the surface plasmon of the NPs.
A plasmon is defined as the electron density displacement caused by a collective oscillation of the
surface electrons of the NPs when they interact with the laser radiation. If the NPs average
diameters are smaller than the incident wavelength, this oscillation is localized on the particles
themselves and it is called Localized Surface Plasmon (LSP). When a laser pulse with the same
frequency of the LSP irradiates the NPs, a strong oscillation of conduction electrons is induced and
consequently an accumulation of charge density at the border of the NPs is formed. Since the
oscillation is in phase with the incident electromagnetic field, the instantaneous electrostatic field
of the generated dipole produces a huge near field electromagnetic enhancement that is confined

on the surface of NPs and in the surrounding region. When the distance between adjacent NPs is
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smaller than a certain value (which is proportional to the NP size), the LSP from nearby particles

couples, forming a new electromagnetic “hot-spot” between the particles (see Figure 29).
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Figure 29 - Field enhancement as function of interparticle distance for spherical NPs [186]

A particle irradiated by an intense laser pulse at resonance wavelength can experience different
phenomena. For low energies, the only effect is the photons absorption by NPs and a moderate
heating due to the LSP resonance. At higher energies, surface evaporation occurs, reducing the size
of the NPs. At laser irradiance comparable or higher than GW/cm?, violent evaporation and boiling
of the melted NPs leads to particle fragmentation or to the electron ejection, inducing the

breakdown of the NPs.

When NPs are deposited on a conducting sample’s surface, the electromagnetic field of the
incident radiation is strongly increased. This phenomenon changes the way the ablation and the
plasma induction occur, because the photons of the laser pulse do not couple directly with the
sample. If the deposition is optimal, the laser field enhancement can switch the production of seed
electrons from the typical multiphoton ionization to field emission. This allows an instantaneous
emission of electrons, even before the NPs are destroyed by the effects of the laser pulse.
Moreover, the electrons accelerate upon laser irradiation in the opposite and parallel direction to
the incoming laser, further increasing the electron flow due to the Schottky effect, inducing an

efficient breakdown and an efficient plasma excitation.

As mentioned, since the field enhancement is localized along the “hot-spots” between the NPs,
several points of electron extraction are available in the laser spot, leading to the creation of

several ignition points for the plasma. SEM images of the surface of metallic samples after a NELIBS

58



measurement clearly show the presence of many burst cavities with dimensions for a few hundred

nanometers [184].

In the case of insulating samples, the field enhancement is not sufficient to remove electrons from
the bulk substrate and two different phenomena can occur, depending on the laser irradiance and
excitation wavelength. If the laser wavelength is in resonance with the LSP, a strong local heating
is produced. Moreover, if the irradiance is high enough (> 1 GW/cm?), the NPs can be subjected to
the breakdown process, with consequent ignition of the plasma. In this case, the sample in contact
with the NPs can be transferred in the plasma phase as well. Otherwise, if the laser pulse is not
resonant with the LSP and the distance between NPs is short, then breakdown can occur by
electron transfer between NPs by tunneling effect. Indeed, these phenomena can be exploited to
perform surface analysis of samples or to limit the damage induced by the laser pulse [190].
Moreover, NPs deposited on an insulated target can be exploited as a substrate for liquid analysis
[189]. After drying the liquid sample on a NPs deposition, the NELIBS advantages can be exploited
(i.e. coupling of the laser electromagnetic field with the LSP, adsorption of the analytes on the NPs,

increase in the emitting species “fed” into the plasma).

Semiconductor are samples that fall in between the two cases discussed above. Depending on the
energy gap between the valence band and the conduction band, NELIBS can work like with metallic

or dielectric samples.
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Figure 30 - Diagram of the sample ablation and plasma generation in NELIBS [186]

The main differences between LIBS and NELIBS can be found in the ablation and excitation

processes that affect the plasma characteristics. Since the electrons are immediately ejected, the
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initial plasma temperature and ionization degree are higher in NELIBS than in LIBS. The ablated
material is reflected back from the shockwave wall and it is concentrated closer to the sample
surface. This effect allows a greater number density of emitting species near the target and a faster
drop of temperature at later stages of the plasma evolution. This suggests that a different
configuration of optical detection system is required to optimize the acquired signal from NELIBS

analyses.

1.6.2 — Sample Preparation for NELIBS

While NELIBS can seem fairly easy and immediate to implement, there are some steps that need
to be taken into account during the sample preparation in order to obtain good results. It was
already mentioned how the distance between the NPs (which is related to their dimensions) is
crucial for the “hot-spot” field enhancement to occur. In this section, an overview on the critical

aspects involved in preparing a sample for NELIBS is proposed.

The main step of a NELIBS analysis is the deposition of the metallic NPs on the sample surface. The
simplest way to accomplish this is to dry one (or more) drop of a colloidal solution on the selected
measurement area. Such solutions can be either commercially available dispersions (Merck-Sigma)
or prepared ad-hoc. Generally, the presence of a coffee ring effect is observed (i.e. a larger
concentration of NPs is deposited on the outer ring of the dried droplet) which can hinder the
measurement reproducibility and quality. To avoid this, the laser spot should be focused inside the
deposited NPs circle (generally in the center), where the concentration is more homogeneous. In
addition, the dimensions of the laser spot should be adjusted in order to irradiate a sufficiently
high number of NPs. Ideally, the laser spot should be as large as the NPs deposition (if not larger).
If the laser spot is in the order of tens of um, smaller NPs should be used to guarantee that the
critical number of NPs irradiated by the pulse is reached. For example, if the laser beam spot is 100
pm in diameter, 5 nm size NPs give an enhancement of one order of magnitude on metallic alloys,

while 50 nm size NPs do not show any reproducible signal enhancement.

Another crucial requirement is the purity and quality of the colloidal NPs solution. While this might
seem obvious, it should be stressed that any foreign element in the solution can be absorbed onto
the NPs, resulting in a strong emission signal due to the NELIBS enhancement. For example, many
commercial dispersions of noble metal NPs are obtained by chemical reduction of metal salts, and
can contain residual counter-ions such as alkali metals. This can severely hinder the analysis of such
elements using commercially available NPs solutions. The NPs solution should also be
characterized by small distribution of particle sizes. Although this might not set back the generation

of a NELIBS enhancement, it could affect the reproducibility of the measurements.
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Once the optimal NPs are chosen, they should be deposited on the sample surface at an optimal
inter-particle distance, so that their aggregation during the drying process is prevented. In the case
of colloidal solutions, this distance can be tuned by changing the NPs concentration (so that the

deposited volume and the deposition size remain constant between measurements).
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Figure 31 - NELIBS enhancement as a function of NPs concentration [183]

Generally, for low surface concentrations, where the inter-particle distance is much larger than
particle diameter, NPs act like insulated defects on the sample surface decreasing the breakdown
threshold. In these conditions, the enhancement grows linearly with the number of NPs deposited
on the surface, as shown in Figure 31. When the concentration of NPs reaches a certain critical
concentration, the inter-particle distance becomes effective for inducing the collective oscillation
of the surface electrons of adjacent NPs. There is an optimum value of the packing density, namely
the ratio between the diameter of the NPs (2r) and the inter-particle distance (D), which provides
the maximum field enhancement and this, in turn, corresponds to the maximum emission signal

of the laser induced plasma.

In practice, finding a balance between the optimal NPs surface concentration and an inter-particle
distance sufficient to avoid NPs aggregation is crucial for NELIBS. The aggregation rate is connected
to surface energy, concentration and mobility of the deposited NPs. Their mobility on the sample
surface depends on the electrostatic interaction between the NPs surface electrons and the
surface charge distribution of the substrate. In the case of metals, the charges are delocalized,
inducing a propagating surface plasmon that propagates across the surface, dragging the NPs with
a mutual interaction between the LSP and the surface charges of the metal substrate. In the case
of dielectric, since the charges are fixed in specific points on the substrate, when the NPs are
deposited, they interact with the localized charge of the dielectric. In this case only a mechanical

force or an external perturbation to the charge distribution can move the NPs. Because of this, the
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preparation of a metal sample for NELIBS is not an easy task. In order to avoid NPs aggregation,

two main options are available:

e Use alower NPs concentration than the optimal one.
e Add a stabilizing substance to the NPs solution, generally a salt (e.g. KCl) or an organic
substance (e.g. citrate or phosphate ions, polymers), to reduce the surface reactivity of the

NPs themselves.

1.6.3 — Applications of NELIBS

1.6.3.1 — Analysis of Solid Samples

As mentioned briefly in the previous sections, the first applications of NELIBS involved the analysis
of metallic targets. De Giacomo and co-workers used titanium, copper, iron, steel and brass targets
as a benchmark for fundamental studies on NELIBS, as well as insulating materials such as Teflon
[183]. Nevertheless, Ti was frequently used due to its metallic nature, high purity of the sample
and its strong and relatively isolated spectral emission lines [184] [185]. Silver and gold
nanoparticles, both commercially available dispersion and ad-hoc prepared solutions, were
deposited on the samples and dried by blowing hot air on the droplets. This assured a rapid

evaporation of the solvent and reduced the formation of a coffee-ring.

In a similar fashion, Kiris and co-workers investigated nanocomposites and alloyed nanoparticles
for the analysis of aluminum samples [192]. The authors fabricated the Ni-C composited through
an electrical discharge between Ni electrodes in ethanol, while the Ag-Cu nanoparticles were
produced using the PLAL approach and a Ag-Cu alloy target. It was demonstrated how both
compounds gave rise to a signal enhancement when deposited on an aluminum foil and it was
found that the entity of the enhancement of the Ag-Cu nanoparticles was twice that of the Ni-C

composite.

In a recent work by Niu and co-workers, commercially available silver nanoparticles were used to
improve the detection of Cd in rice flour [193]. The authors investigated two different approaches,
namely the deposition of the NPs on a flour pellet and the preparation of a film by mixing the flour
with the nanoparticle dispersion and drying it on a glass substrate. While the signal enhancement
for the film deposition was found to be significant (i.e. 20-fold), the NP deposition on the pellet did
not yield significant enhancement, due to the aggregation of the NPs on the sample surface which

acts, effectively, as a shield for the sample itself.

An innovative use of NELIBS is the analysis of transparent and delicate samples, such as gemstones
[190]. The application of NPs on the surface of such samples has several advantages. For example,

it is much easier to focus the laser beam on the samples. Moreover, the NPs significantly lower the
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breakdown threshold, which allows the use of lower laser pulse energy that does not damage the
samples but still yields a relatively good spectrum. Because of this, NELIBS shows potential for the
analysis of precious gemstones or delicate glass artifacts (such are those found in the field of

cultural heritage) with LIBS.

Lastly, the longer-lasting plasma emission generated in NELIBS measurements was exploited to
study the molecular AlO bands in the emission spectrum of an Al plasma. Koral and co-workers
[191] demonstrated how the NELIBS emission corresponding to molecular bands lasts much longer

and intensely than that registered in normal LIBS experiments.

1.6.3.2 — Analysis of Liquid Samples

NELIBS has also been used successfully for the analysis of liquid samples. In particular, for the
detection of analytes at ppm and sub-ppm concentrations. In this case, the sample preparation
procedure differs from conventional NELIBS in that the nanoparticles are deposited onto a
dielectric substrate (i.e. glass) and then a portion of the liquid sample is dried on top of the NPs.
As the solvent evaporates, the analytes are deposited on the substrate and on the nanoparticles,
so that when the laser pulse is triggered, the resulting plasma is enhanced by the plasmonic effects
and it is also enriched in excited species deriving from vaporization of the NPs themselves. De
Giacomo and co-workers [189] demonstrated the feasibility of such an approach by preparing
NELIBS substrates using gold NPs and studying both standard aqueous solutions of Pb, as well as
biological samples (e.g. human blood serum) spiked with Pb. The authors obtained good
enhancement for the standard solutions, while the NELIBS effects on the serum samples were less

pronounced.

Another approach was proposed [194], using amyloid fibrils coated with gold NPs as a substrate
for liquid sample analysis. The fibrils aid in immobilizing the nanoparticles, ensuring that the
optimal distance is maintained for the plasmonic enhancement to take place, despite further
substrate manipulation. Using this approach, the authors obtained LODs in the order of a few ppb

for Cr, Pb, Tl and Cd.

1.7 — Carbon-Mediated Micro-Extraction for LIBS Analysis of Liquid Samples

As previously mentioned, there are several strategies to improve LIBS performances for the
analysis of liquid samples. However, many of them require either a dedicated instrumental setup,
or a time-consuming and radical sample treatment. Ideally, to fully exploit the advantages of LIBS,
a sample preparation method should be simple and rapid (so that it does not impact significantly
on the overall procedure), cost-effective, easily down-scalable and should be suitable to be

integrated in an automated process.
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The most promising option are based on the solid phase micro-extraction technique [114] [195]
[196] [197], in particular the use of thin absorbent films of a suitable material that can be used to
extract and pre-concentrate the analytes on a solid matrix that can then be analyzed by LIBS. This
technique is generally called Thin Film Micro-Extraction (TFME). In brief, an inert substrate (e.g.
glass, ceramic, Teflon) is covered with a thin film of an extracting medium and inserted in the
desired sample. While it is immersed (with or without agitation), the analytes migrate from the
solution to the adsorbent and are retained. After a certain time, the substrate is removed, dried
and analyzed with LIBS as a conventional solid sample. It has been shown, as it will be detailed in
the following sections, that some of the best absorbent materials are based on carbon structures

such as graphite, activated carbon, graphene and graphene oxide.

1.7.1 — Principles of Solid Phase Micro-Extraction

The micro-extraction process can be defined as an extraction technique where the extractant
(either a liquid or a solid) has a much lower volume than the sample that is being extracted. For
example, common SPME extractants have volumes lower than 100 mg for samples of 1 mL or
higher. As such, the extraction is not quantitative, but only a small fraction of the analyte is
absorbed and removed from the sample. However, given the small volumes, the concentration of

the analyte in the extractant will be much higher.

The basic mechanism of SPME is the partition of the analytes between the sample and the solid
extractant (which can be a fiber, a thin film, dispersed particles, etc.). When the extractant comes
in contact with the liquid sample, the analytes diffuse into the former (called acceptor phase) until
the concentrations are in equilibrium. The relation between the equilibrium concentrations of an
analyte can be expressed by the equation:

_ KpVeCVs
KpVe+Vs

n¢ Equation 1.20

Where n® are the moles that are absorbed by the solid phase at the equilibrium, C is the analyte
starting concentration in the sample, V. and V; are the volumes of the extractant and the sample,
respectively. K is the partition coefficient of the analyte between the solid phase and the sample,

and it can be expressed as the ratio between the equilibrium concentrations of the analyte:

a
~

e
K, =5
S

Equation 1.21

a
~

Normally, in SPME applications, the volume of the sample is much larger than the volume of the

extractant. In this case, we can assume that V, >> KyV. and Equation 1.20 can be simplified as:

n = K,V,CJ Equation 1.22
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We can see that the extracted analyte at the equilibrium is directly proportional to the starting
concentration of the analyte in the sample, but it does not depend on the volume of the sample
itself. However, this condition is true only for large sample volumes or for K, values that are not

too great.

To quantify the efficiency of the extraction, two additional parameters are defined, namely the
recovery R (%) and the enrichment E factors. R can be defined as the amount of analyte that can
be extracted from the sample:

Kp

=——-100 Equation 1.23
KP+VS/VE auat

As expected, the recovery does not depend only on the partition coefficient K, but also on the
ratio between the sample volume and the extractant phase volume. As such, if the K; is not great,
a micro-extraction process will almost always have very low recovery values. On the other hand,

the enrichment factor E is defined as the amount of analyte that is deposited on the extractant:

E = R Equation 1.24

-V
e/VS

Even if the absolute amount of analyte recovered is small, if there is a large difference in the
volumes of the sample and the extractant phase (as is the case for micro-extraction applications),
the enrichment factor E will be high. Because of this, the final objective of micro-extraction is not
to obtain high R fractions (as is the case for exhaustive extractions used in separation techniques),

but rather to maximize the E values.

Another factor that should be considered is the kinetic aspect of the extraction procedure [195]
[196] [197]. While a detailed description of the processes involved in SPME is not in the scope of
this work, it should be pointed out that an efficient diffusion of the analytes in the sample over the
acceptor phase is necessary for good extraction results. As such, it is generally advisable to

implement stirring or mixing of the liquid samples when they come in contact with the extractant.

1.7.2 = Thin Film Micro-Extraction TFME

There are many different configurations for solid phase micro-extraction, as shown in Figure 32.
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Figure 32 - Different configurations of SPME. Adapted from [198]

Thin-Film micro-extraction, developed by Bruheim et al in 2003 [199], is the most suitable for LIBS
applications. Dispersive SPME (DSPME, where the extractant is composed of solid particles
dispersed in the liquid sample) could also be applied, and has indeed been used successfully in
recent applications [200]. However, the solid phase needs to be first separated from the sample,
then dried and then treated to produce a suitable target for LIBS. Moreover, the peculiar planar
geometry of TFME substrates allows for higher surface/volume ratios than those found in SPME

that relies on spherical geometries (i.e. DSPME).

In TFME the extractant is deposited and fixed to a (generally) rigid support as a thin film. This
guarantees that the surface area available to the analyte is large, as well as allowing an easier
manipulation of the extractant-support system. The main steps involved in a TFME procedure are
schematized in Figure 33. If necessary, the sample is pre-treated to adjust its pH, to derivatize the
analytes, to form metal complexes. The TFME substrates are then introduced into the liquid
samples for a certain time (determined beforehand) to extract the analytes of interest. If deemed
necessary, an agitation system can be added to the sample holder. In some cases, the agitation can
be produced directly by mounting the extraction substrates to a moving arm that allows them to
spin inside the liquid. Generally, after the analyte has been adsorbed onto the substrate, a
desorption step would be required to free the analytes and introduce them into the analytical
instrumentation (this step is commonly performed via a thermal desorption procedure) [201].

However, the use of LIBS allows skipping this step as the measurement would be performed



directly on the substrates. Indeed, a drying step is still crucial to ensure the maximum reliability of

the analysis.

(1) Sample Pre-Treatment (2) Extraction (3) Substrate Treatment

Analytes Sample TFME Substrate

Figure 33 - Main steps of TFME

As previously mentioned, the amount of analyte that is extracted depends on its initial
concentration in the sample, the partition coefficient K, and the volume of extractant. Because of
this, the optimization of an extraction procedure generally focuses on maximizing the affinity of
the analyte towards the extractant, as well as the volume of solid phase that can be used. The
coefficient K, can be generally optimized by altering physical and chemical parameters such as
temperature, agitation intensity, ionic strength of the sample. In addition, the chemical
composition of the extractant itself must be taken into account as it strongly influences the
extraction efficiency as well as its affinity towards certain analytes. At the same time, increasing
the volume of extractant directly increases the amount of analyte that can be extracted from the
sample. However, this can lead to an increase in the time required to reach the same extraction
efficiency (as the time required to reach an equilibrium between the sample and the extractant

increases), which might be undesirable for some applications.

1.7.3 — Carbon-Based Extractants

In SPME, the nature of the extractant defines the range of applicability of the technique itself. The
affinity towards an analyte or the presence of complex matrices generally determines which solid
phase is to be used. Many SPME tools, already primed with different extractants are commercially

available. The most common are Polymethyldisiloxane (PDMS), Divinylbenzene (DVB),
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Carboxane/PDMS, long-chain hydrocarbons C8 and C18 and so on. However, the typical
extractants present some limitations such as a limited range of operating temperatures, limited
selectivity and unsuitability for certain solvents. Because of this, many researchers focused on

identifying alternatives for SPME extractants.

Recent advances in material chemistry allowed the introduction of various absorbent materials
having their morphology, physical and chemical characteristics fine-tuned for SPME applications.
In some cases, these materials offer a high available surface area, specific functional groups and
adjustable active site dimensions. As such, these materials offer better analyte transfer kinetics

and higher enrichment factors than the classic SPME extractants.

Since LIBS is an atomic spectroscopy technique, in this section only the solid phases dedicated to
the extraction of metals from liquid samples will be described. Indeed, these extractants are the
ones that are generally used in LIBS analyses. However, there is a wide variety of materials that
have been synthetized and used for the extraction of metals from liquid matrices. For example,
lonic Polymers (IP), carbon nanotubes (CNTs), graphene and graphene oxide (G and GO), activated
carbon (AC), metallic and metal oxide nanostructures, polymeric resins. Carbon based materials,
in particular graphite, graphene and graphene oxide, show the most promise for TFME coupled
with LIBS applications. This is due to their high surface area and a large number of active sites which
lead to an increased extraction efficiency and a high enrichment factor. In addition, they show a
high extracting capacity, high conductivity and are easily modifiable to add ad-hoc functional

groups [202] [203] [204].

1.7.3.1 —Graphene

Graphene [205] is a carbon-based material made of a single sheet of carbon atoms with sp?
hybridization. Two different approaches can be used to obtain pure graphene, a top-down (in
which nanostructures are produced from bulk materials) and a bottom-up (in which the starting

material consists of atoms or small molecules) procedure.

In the top-down approach, graphene is prepared from bulk graphite, either by mechanical or
chemical exfoliation or by chemical synthesis. This allows the graphene layers, stacked in the
graphite and held together by weak van der Waals forces, to be separated. Mechanical exfoliation
is one of the simplest methods in which a simple direct contact with an adhesive tape can take off
the graphene layers from the surface of a graphite piece. However, it has only been implemented
on a small scale and is highly susceptible to contamination. In the same way, organic solvents can
be used to separate the graphite layers. Other exfoliation methods include the use of electric fields
or sonication [206]. Chemical reduction of graphene oxide (GO) is the most popular method to

obtain graphene. In this case, the final product is reduced GO (r-GO), which has properties similar
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to graphene but its structure is slightly different. A wide variety of chemical reduction agents can
be employed, even though some of them are highly toxic. As an alternative, greener reduction

agents and thermally-mediated or electrochemical reduction are also employed.

Conversely, the bottom-up approaches are another alternative to synthesize high-quality graphene
layers. The leading methods used include pyrolysis, chemical vapor deposition (CVD), plasma
synthesis, and epitaxial growth. Graphene sheets are prepared from small building blocks and
precisely assembled, usually employing molecular modeling to build the layers. The main
advantage of bottom-up methods is the production of high-quality graphene sheets. However,

these methods are not used for large-scale production.

Unlike other carbon structures, like CNTs and fullerenes, in graphene both the sides of its structure
are available for the capture of analytes. It is generally used for the capture of those compounds
that have aromatic rings like pesticides, polycyclic aromatic hydrocarbons (PAHs) or
polychlorobyphenyls (PCBs), thanks to the interaction between the m-electrons of the rings of
these compounds and the sp? orbitals on the graphene sheets. It has also been used for the
extraction of metals as-is or with the addition of specific chelating agents. These substances bind
themselves to the metals in the sample and then are absorbed on the graphene thanks to the
presence of m-bond electrons in their structure. Graphene has also been used in conjunction with
magnetic nanoparticles (generally iron oxides) that aid in dispersing and recovering the graphene

sheets (for DSPME) as well as increasing the efficiency of the extraction [207] [208] [209] [210].

1.7.3.2 — Graphene Oxide

Graphene oxide [209] [210] is a material based on graphene which is widely used thanks to its great
versatility. GO sheets are functionalized with a large number of oxygen-containing groups
(hydroxyl —OH, carboxyl —CO, epoxide -O-, carbonyl —COOH). The addition of such groups imposes
a hydrophilic character to GO, as well a weaker interaction between layers. As a consequence, GO
is much easier to exfoliate than graphene. Moreover, the presence of charged and electron-rich
groups allows GO to establish ionic interactions with metal ions and hydrogen bonds with organic
analytes [211] [212]. Additional functionalization of GO is also easier due to the presence of such

oxygen-containing groups which can be substituted.
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Figure 34 - Different synthetic pathways for the preparation of GO. Adapted from [213]

There are several methods for the production of GO, although the vast majority of them start with
the chemical treatment of graphite bulk. The most popular is the so-called Hummers’ Method [214]
which has, during the years, been subjected to numerous improvements and modifications [215]
[216]. In general, an oxidizing agent (usually KMnQ, in H,SO4) at a controlled temperature (<10°C)
is used. The oxidation degree of the final product (that is, the amount of oxygen containing groups)
depends largely on the synthetic process and the quality of the starting material. The final step is

the exfoliation (either mechanical or chemical) of the various oxidized layers (graphite oxide).

1.7.4 — Coupling of TFME and LIBS

It is well reported in literature how solid phase micro-extraction techniques are a powerful and
versatile tool for chemical analysis. The various SPME procedures and tools allow for the treatment
of a vast array of samples with different matrices, and for the determination of numerous analytes
(being them organic compounds or metals). Several works have proposed the use of SPME for
environmental and biomedical applications, as well as for the analysis of foodstuff, drugs and
biological samples. With the growing interest in SPME applications and the use of LIBS for routine,
in-situ analysis and as a robust and reliable analytical tool, it appears that a combination of the two

techniques would be most advantageous.

Indeed, the benefits of a possible combination of LIBS and SPME are numerous:

70



e The analytes are retained in a solid matrix, which is the ideal substrate for LIBS analysis.

e The enrichment of the analytes by SPME can overcome the low sensitivity of LIBS, as well
as increase the reproducibility when compared to the analysis of liquids.

e The desorption step is not necessary since LIBS can perform the measurement directly

onto the SPME substrate.

As previously mentioned, LIBS has been successfully coupled with a DSPME technique using
graphene oxide as the extractant [200]. While the potential of such an application were
demonstrated, there is still the issue of recovering the extractant from the liquid sample, drying it
and treating it to produce a suitable matrix for LIBS. Because of this, it appears that the ideal SPME
approach for coupling with LIBS is the use of thin films of extractant, fixed onto rigid substrates

(TFME).

TFME methodologies allow for much simpler analytical procedures, as well as an easier automation
of the measurements. Moreover, the integration with LIBS is much simpler due to the nature of
the substrates themselves. The use of (relatively) low cost materials for the production of TFME
substrates (e.g. glass supports and carbon-based extractant) is ideal for the creation of single-use,
serially-made, commercially available extraction “tags” that could be dipped in a sample (or even
in a contaminated water source), dried and readily analyzed using a LIBS instrument (e.g. a

handheld instrument).

Two recent papers by Ripoll and co-workers [217] [218] investigate the implementation of TFME-
LIBS for the determination of metals in water samples. The authors evaluated two different kinds
of procedures for depositing GO on different substrates (glass and ceramic), namely electrospray
deposition (ESD), mould deposition (MD) and drop casting (DC). It was demonstrated how the
experimental procedure for the preparation of the substrates has a strong influence on the
subsequent LIBS analyses, with ESD being the most reproducible. In fact, this can affect the
homogeneity of the generated adsorbent layer and, in turn, the distribution of the extracted
analytes over the adsorbent material and the precision of the obtained LIBS signal. Moreover, the
nature of the support can influence the LIBS analysis of the analyte-enriched adsorbent, due to
possible spectral interferences from the substrate material. Nevertheless, the authors were able

to obtain LODs in the order of a few tens of ppm (ug/L) for several metals (e.g. Ni, Pb, Cr).
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2 - Green-Synthetized Silver Nanoparticles for Nanoparticle-
Enhanced Laser Induced Breakdown Spectroscopy (NELIBS) using a
Mobile Instrument

2.1 —Introduction

The advantages and limitations of LIBS have been illustrated in Chapter 1. The technique has many
of the main advantages of the atomic spectroscopy techniques, such as the fast and simultaneous
determination of almost all elements. In addition, it is relatively easy to operate and can be used
to analyze virtually any sample with little to no preparation required. On the other hand,
guantitative analysis with LIBS is not easy to perform, due to the need of matrix-matched standards
and the relatively low precision of the technique. The sensitivity is also low when compared with
more complex atomic spectroscopy techniques such as ICP-OES. In fact, sensitivity in LIBS is
affected by the laser pulse energy, the beam focalization setup, the type of spectrometer used and

the light collection parameters.

It has been mentioned that, traditionally, the preferred method for improving LIBS performances
has been the implementation of more effective ablation procedures (e.g. multiple laser pulses,
controlled atmosphere, vacuum conditions, etc.) or the use of more powerful lasers and high
resolution spectrometers [1] [2] [3]. However, this approach significantly increases the costs and
the complexity of the instrumental setup. Moreover, the optimization of the experimental
parameters requires in-depth knowledge of the instrumentation, the principles of Laser-Induced

Plasmas (LIPs) and of laser-matter interaction.

In recent years, several studies have explored the possibility of treating the samples in order to
enhance the LIBS signal. A review by De Giacomo et. al. presents the most common methods for
in-situ treatment and the preparation of LIBS samples of different nature [4]. This approach could
be applied in those cases where the instrumental setup cannot be modified (i.e. a portable LIBS

system) or is not convenient to do it.

One of most interesting methods proposed by De Giacomo et al., and discussed in Chapter 1, is the
Nanoparticle-Enhanced LIBS (NELIBS) technique [5] [6] [7] [8] [9] [10] [11] [12] [13]. This method
seems ideal for in-situ applications, as well as for a simple and fast improvement of LIBS
capabilities. It could also be applied in those cases where the instrumental setup cannot be
modified, or is not convenient to do it, for example in the case of a commercial LIBS setup. These
instruments usually have a set of parameters that are fixed by the manufacturer due to the intrinsic

limits that guarantee their portability. In addition, these products are usually intended for
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applications (e.g. cultural heritage, geology, industry, etc.) where the operators do not necessarily

possess the knowledge to optimize the instruments’ parameters.

Nevertheless, NP solutions that are suitable for NELIBS are usually expensive and sometimes not
readily available. Thanks to the growing interest in Green Chemistry, the literature is rich in
methods for the “green synthesis” of silver NPs (AgNPs), using plant extracts for the reaction with
silver nitrate solutions. In brief, the phytochemical compounds extracted from the plant material
act as reducing agents when they come in contact with the silver ions in a solution, producing silver
nuclei which act as seeds for the growth of NPs. Moreover, these substances also act as capping
agents, increasing the stability of the NPs and preventing further aggregation when the reaction is
completed. The relative simplicity of these methods makes them a potential way to obtain

nanoparticles which could be used for NELIBS applications.
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Figure 1 - Nanoparticle formation using plant extracts

In this work, a procedure for the synthesis of a solution of AgNPs was developed. The obtained NPs
are suitable for NELIBS, “green”, low cost, quick to prepare and the synthesis can be realized with
basic laboratory equipment. The performances of the synthesized NPs were tested for NELIBS

analysis with a mobile LIBS system and compared them with the signal enhancement observed
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using commercially available AgNPs. The enhancement of the Limits of Detection (LODs) for Zn and

Cr and Mn was also investigated using NIST Standard Reference Materials (SRMs).

2.2 — Materials and Methods

2.2.1 — Materials
Commercially available ground coffee (100% Arabica) was obtained at the local supermarket. HPLC
grade ethanol (Honeywell, Chromasolv, grade 299.8%) was used for the preparation of the coffee

extract. Silver nitrate (AgNO3 solid, for analysis) from Merck was used as the AgNPs precursor.

A commercially available silver nanoparticle solution (Silver dispersion, aqueous buffer, sodium
citrate stabilizer from Sigma-Aldrich) with an average NP diameter of 20 nm was used as a

reference for the observation of the NELIBS signal enhancement effect.

Copper samples were used in this study as their metallic and highly conductive nature is ideal for
the application of the NELIBS technique. Preliminary measurements and the optimization of the
experimental procedure were carried out using commercially available copper sheets. Standard
reference materials (SRM 394 Unalloyed Copper I, SRM 395 Unalloyed Copper II, SRM 398
Unalloyed Copper V, SRM 399 Unalloyed Copper VI, National Bureau of Standards) were used for
building the calibration curves and for the estimation of LODs improvements in NELIBS. In
preparation for the analyses, the copper sheets were cut into small (approximately 1,5x3 cm)
pieces, thoroughly cleaned and treated with a solution of HClI 1M (Titolchimica S.p.A.) in an
ultrasonic bath in order to remove the superficial oxide layer. After drying at 90°C for 30 minutes,
the samples were prepared for NELIBS analyses. The SRMs were similarly treated and air-dried

before the analyses.

Deionized water from an Elga Purelab Option DV 35 water filtration system was used throughout

the study. All the glassware was thoroughly washed with deionized water and acetone.

2.2.2 — Instrumentation
UV-Vis measurements were performed using a Perkin Elmer Lambda 25 double beam
spectrophotometer. Scans were performed from 300 nm to 600 nm (scan rate 240 nm/min, 1 nm

slits).

A Zeiss Libra 120 Transmission Electron Microscope (courtesy of NEST Institute, Pisa, Italy),
equipped with an OMEGA in-column filter and operating at an accelerating voltage of 120 kV, was
used for investigating the dimensions of the synthetized nanoparticles. The solutions were

deposited on carbon-coated copper grids (Mesh 300).
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LIBS and NELIBS analyses were performed using the Modi instrument [14]. Modi is equipped with
a Nd:YAG laser (LS2134-D, Lotis Lasers) operating at the fundamental wavelength (1064 nm) and
delivering two laser pulses of up to 110 mJ per pulse in 15 ns FWHM. The delay between the pulses
can be adjusted from 0 to 100 us, with a maximum repetition rate of 10 Hz. The laser beams are
focused into an experimental chamber using a plano-convex lens and the plasma emission is
collected by an optical fiber placed at a distance of 1 cm from the sample and at an angle of 45°
with respect to the laser beam. The ablation spot has a fixed diameter of approximately 300 um.
The spectrum is resolved using a double spectrometer (AvaSpec-2048-2, Avantes) which operates
in the range of 180 nm to 450 nm with a resolution of 0,1 nm and from 450 nm to 900 nm with a
resolution of 0,3 nm. The acquisition delay can be varied from 1,26 ps up to several seconds. The
acquisition gate is fixed at 2 ms. In this work, it was chosen to use the system in single pulse mode
in order to follow the established NELIBS procedure. The acquisition delay was set at 300 ns from
the end of the laser pulse. The measurements were carried out with a pulse energy of up to 105

mJ.

2.2.3 — Synthesis and recovery of the silver nanoparticles
The method that was chosen for the preparation of the silver nanoparticle solution was based on

the one proposed by Dhand et. al. [15], and suitably modified to fit the requirements of this study.
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Figure 2 - Synthesis of the silver nanoparticles using coffee extract as the reducing agent

A hydro-alcoholic coffee extract was prepared by mixing 2,5 g of ground coffee with 50 mL of a
solution 1:1 v/v of ethanol and water. The solution was kept under vigorous stirring at 60°C on a
heated plate for one hour. Subsequently, the agitation was turned off and the solution was allowed
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to cool down to room temperature. Finally, the solid residue was removed by two consecutive

filtration steps with Whatman No.1 filter paper. The extract was stored in the dark at 4°C.

For the NPs synthesis, 12,5 mL of coffee extract were diluted to 25 mL with deionized water and
added to 100 mL of a 0,05 M solution of AgNOs in an Erlenmeyer flask. The mixture was placed in
an ultrasonic bath and the agitation was maintained for 15 minutes at room temperature. The
observed color change in the solution, from pale brown to orange, is the indication that the silver
nitrate has been successfully reduced to elemental silver and NPs have formed. The flask was then
removed from the bath and wrapped in aluminum foil in order to prevent light from interacting
with unreacted silver nitrate. After an incubation period of two hours at room temperature, the
solution was centrifuged at 5600 g and the solid residue was washed two times with deionized
water. It was then dispersed in 10 mL of deionized water and transferred in screw-cap PET vials

which were stored in the dark at 4°C.

To prepare the AgNP dispersions for NELIBS analysis, the synthetized NP solutions were then
freeze-dried and 20 mg of the solid residue were dispersed in 10 ml of deionized water using an
ultrasonic bath for 30 min. The obtained solution was stored in glass screw-cap vials at 4°C in the

dark.

Figure 3 - "Green" silver nanoparticles dispersion after the preparation procedure

2.3 — Results and Discussion

2.3.1 — Characterization of the silver nanoparticles

In order to verify the success of the reaction and the presence of AgNPs in the solution, UV-Vis
absorbance analyses were conducted of the AgNOs solution, the coffee extract and the yellow-
orange solution obtained at the end of the reaction. Samples were suitably diluted with deionized

water in order to avoid signal saturation.
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Figure 4 - UV-Vis spectra of silver nitrate solution (black continuous line), coffee extract (blue dotted line) and the AgNP

solution (red dashed line)

In Figure 4 are reported the UV-Vis spectra of the silver nitrate solution, the coffee extract and the
reacted solution of AgNPs. A clear absorbance band can be observed around 435 nm in the
spectrum relative to the AgNP solution. This is an indication of the presence of silver
nanostructures as the band is caused by their surface plasmon resonance (SPR) phenomena, which
is characteristic of nanostructures dispersed in liquid solutions. The wavelength value
corresponding to the maximum absorbance value in the UV-Vis spectrum could be used to

estimate the size of the NPs, even though it is a method prone to errors and interferences [16].

TEM images show the presence of spherical and spheroidal nanoparticles, grouped in clusters. The
presence of seeds and areas where nanostructures are still forming could also be observed. This
suggests that the reaction could be prolonged, even though it could lead to the formation of larger

NPs and non-spherical nanostructures, which are unsuitable for NELIBS analyses.
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Figure 5 - TEM images of the "green"-synthetized nanoparticles. (100nm scale)

The average diameter of the AgNPs was estimated from the TEM images to be between 20 and 30
nm. As the solutions appear to be relatively diluted, a concentrated nanoparticle solution was
prepared to test the NELIBS performances at various NP concentrations. The detailed results are

reported in the following sections.

It is important to point out, however, some of the disadvantages related to the “green” synthesis
of silver nanoparticles. These methods are mostly used to produce NPs for antimicrobial
applications, where precise control of the geometry and the size of the nanostructures is not
required and this could be a problem in NELIBS. The NP dimensions can be optimized, but only
after a series of tests using various concentrations of coffee extract or AgNOs, as well as variations

in the reaction times, temperatures, etc.

Moreover, the NPs obtained with the use of a “green” synthesis are generally coated with the same
phytochemicals that act as reductants for the AgNOs solution. These organic substances can hinder
the laser-nanoparticle interaction and negatively affect the enhancement of the LIBS signal. There

is also a risk of sample contamination if the NPs are not thoroughly and carefully washed.

Despite these limitations, this kind of approach has several advantages over the more conventional
methods of NPs production (i.e. chemical reduction, laser ablation in vacuum, etc.). Itis in line with
the trends of Green Chemistry and it is a relatively inexpensive method that can yield a large
quantity of NPs in a short time. It doesn’t require aggressive or toxic reagents and its low
complexity means that it can be performed by personnel with limited laboratory experience. This,
coupled with the possibility of using a portable LIBS instrument, makes this method potentially

ideal for in-situ applications.
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2.3.2 — LIBS and sample treatment parameter optimization

Finding the optimal instrumental parameters as well as experimental procedure is critical in
NELIBS, in order to obtain the highest enhancement possible. In this study, the effect of the laser
pulse energy and the air-drying time on the signal enhancement were investigated, expressed as

the ratio between NELIBS and LIBS integrated emission line intensities (Enhancement Factor, EF).

Five 5 uL droplets of a commercially available 20 nm silver nanoparticles dispersion were deposited
onto a copper sheet for each different measure. Each droplet was analyzed with a single laser pulse
and the obtained spectra were averaged. The non-resonant copper emission lines at 521,8 nm (Cu
I) and at 578,1 nm (Cu |) were observed due to their relatively high intensity and position in the

emission spectrum (i.e. far from possible interferences).
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Figure 6 - Nanoparticles deposited on a copper sheet. Each droplet had a diameter of approximately 4 mm. The small

dot near the center of each droplet is the LIBS crater

The effect of the laser pulse energy on the signal enhancement is illustrated in Figure 6. The lower
limit at about 40 mJ is the lowest energy at which a measurable plasma could be reliably obtained,

while the upper limit at about 105 mJ is the highest safe energy output of the laser.
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Figure 7 — EF registered for 20 nm AgNPs as a function of the laser pulse energy
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It can be seen that the EF gradually increases with the pulse energy. The highest enhancement was
obtained for a pulse energy of about 90 mJ and a sharp EF decrease was observed when using
higher energies. This is consistent with the results presented in the works of De Giacomo [7]. In
fact, if the pulse energy is increased over a threshold value, the NELIBS enhancing effects can no

longer be achieved, and the AgNPs act simply as thermally conductive surface defects.

As LIBS performances are greatly affected by the sample surface characteristics, the dryness of the
NP deposition in NELIBS is even more crucial for achieving a good signal enhancement. From a
series of preliminary tests, it was found that a quick drying of the copper sheets at 90°C or with hot
air did not yield any appreciable signal enhancement. The depositions were then analyzed after

different drying times at ambient temperature (25°C) in air. The results are shown in Figure 8.
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Figure 8 - EF registered for 20 nm AgNPs as a function of air-drying time

In a similar trend to the one observed for the pulse energy, the EF tends to increase with the drying
time, up to a maximum at about 5 hours. After that, the EF decreases due to the oxidation of the

samples, which is particularly noticeable in the near proximity of the nanoparticle deposition.

Based on these results, it was decided to use a 90 mJ pulse energy, corresponding to an irradiance

of approximately 8,5x10*® W/m? and 4-5 hours of air-drying for the subsequent NELIBS analyses.

2.3.3 — Green nanoparticles NELIBS
Another critical parameter in NELIBS is the surface concentration of the NP deposition on the
sample and, consequently, the NPs concentration in the deposited solution. De Giacomo et al [7]

described the presence of a critical concentration value for a defined NP diameter, above which a
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sharp decrease in NELIBS performances occurs. This is due to the change in the inter-particle
distance, which is crucial for the plasmon oscillation to take place and, in turn, for the local field

enhancement that is correlated to the NELIBS signal enhancement.

In this study, a dispersion of 2,0 mg/mL NPs was prepared by suspending 20 mg of freeze-dried
NPs in 10 mL of deionized water. From this solution, diluted batches of NP dispersion were
prepared, namely 1:5, 1:10, 1:50 and 1:100 v/v. These dispersions had a NP concentration of 0,4
mg/mL, 0,2 mg/mL, 0,04 mg/mL and 0,02 mg/mL respectively. The samples were then prepared
and analyzed with the same procedure used for the optimization step and the results are illustrated

in Figure 9.
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Figure 9 - "Green" nanoparticles EF as a function of the NP concentration

The highest EF was obtained with the NPs solution at 0,2 mg/mL, resulting in a calculated surface
concentration of approximately 1,4 mg/cm?. Using NP dispersions with higher concentrations

resulted in much lower values of EF.

It is interesting to note how the EF registered when using the synthesized nanoparticles (with the
optimal procedure and instrumental parameters) is almost two times higher than the one

registered when using commercially available AgNPs.
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Figure 10 — Comparison between LIBS (black) and NELIBS spectra (red) obtained using 0,2 mg/mL "green" NPs, in the

range showing the signal enhancement for the copper emission lines

2.3.4 — Calibration curves and LOD enhancement

In order to quantify and compare the performances of the synthesized NPs with commercially
available ones, a calibration of the LIBS system was performed using copper alloy SRMs. Based on
preliminary tests, it was decided to investigate the emission lines for Zn 1 (334,5 nm) and Cr 1 (359,4

nm). The concentration values for these elements are reported in Table 1.

Zn Cr

SRM 394 405+15 2,0%0,1

SRM 395 12,2+0,7 6,005

SRM 398 24+1 0,30%0,08

SRM 399 45+3 0,501

Table 1 - Concentrations (in ppm) for the investigated elements in the SRMs

Five 5 uL droplets of both 20 nm commercially available NPs and “green” NPs (0,2 mg/mL solution)
were deposited on the SRM surface and allowed to dry before the analysis. Five individual spectra
were recorded for each SRM and the averages of the integrated line intensities were used to build

the curves in Figures 11.

NELIBS analyses show that the EF is not the same for copper and the trace elements. This is to be

expected as the signal enhancement is related to the upper level energy of the observed transition

[5].
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Figure 11 - Calibration curves for Cr
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Figure 12 - Calibration curves for Zn

In Table 2 are reported the values of R? for each curve.
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RZ
Untreated 20 nm NPs Green NPs

Zn 0,998 0,998 0,989
Cr 0,76 0,997 0,925

Table 2 - Values of R? for the calibration curves

It was observed how, in the case of Chromium, the use of NELIBS increased the quality of the
calibration curves. Indeed, this is due to the increased signal intensity, which allows for a better
signal to noise ratio and integration of the line intensity. In the case of Zinc, it was observed a
marked non-linear behavior of the emission intensity for the selected line and it was decided to
adopt an exponential function for the data fitting, with satisfactory results. It is necessary to point
out, however, that the standard deviation values, reported in Figures 11-12, are in some cases
relatively high (i.e. =25%). This is due in part to the surface dependent nature of LIBS and of the
used instrumental setup, and in part to the not ideal nature of the SRMs which are supplied in
small metal chippings. This greatly hindered the NP deposition and the focalization of the laser

onto the sample’s surface.

From the calibration curves, the limits of detection (LODs) that are obtainable with NELIBS were

estimated. The values reported in Table 3 are obtained by using the relation LOD = 3g/Slope.

Untreated 20 nm NPs Green NPs

Cr (ppm) 1,0 0,6 0,1

Table 3 - LODs for Cr

As expected, the LODs are lower in the case of NELIBS analyses. These values also show how,
generally, the performances of the “green” NPs are comparable with those of commercially

available NP solutions.

The use of an exponential fitting for Zinc meant that this kind of LOD estimation could not be
applied. Even if only 3 points are not enough for an accurate estimation of the LOD, a linear fitting
was implemented for the low-concentration zone of the calibration curve. The results are

summarized in Table 4.

Untreated 20 nm NPs Green NPs

LOD (ppm) 6,4 5,9 5,3
R? 0,64 0,998 0,91

Table 4 - LODs and R2 values for the linear fitting of Zn
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2.4 — Conclusions
In this work, a simple and low-cost method for the “green synthesis” of silver nanoparticles was
successfully adapted. The method allowed for the preparation of NPs of comparable morphology

with commercially available ones, which were suitable for NELIBS applications.

The parameters for NELIBS analyses were also optimized and a procedure for the preparation of

nanoparticle depositions on the investigated samples was established.

A signal enhancement was registered using green-synthetized NPs. Such enhancement was higher
than the one obtained with commercially available NP solutions. The LODs obtainable with NELIBS
were also investigated and estimated using the “green” nanoparticles. Values of =6 ppm for Zn and
=0,1 ppm for Cr were found. These LODs were found to be comparable with those obtained when

using commercially available AgNPs.

These results are encouraging and further studies should be carried out in order to improve the
quality of the synthesized nanoparticles and obtain a more intense NELIBS signal. It is known from
the literature that, in order to obtain the best enhancements in NELIBS (up to 2 orders of
magnitude), the use of a laser capable of investigating a much larger area while maintaining a
sufficiently high power density is necessary, as the entire NP deposition should be ablated during
the laser pulse [8]. Nevertheless, the successful application of NELIBS to a mobile, relatively low-
power LIBS system is an interesting result as it demonstrates the versatility of the NELIBS method,

and could be a starting point for further optimization towards in-situ NELIBS applications.
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Chapter 3:

Pulsed Laser Ablation in Liquids (PLAL)

System Setup
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3 — Pulsed Laser Ablation in Liquids (PLAL) System Setup

One of the main criticalities for NELIBS is the quality and availability of noble metal nanoparticles
(NPs) that are suitable for the analysis. In Chapter 2 it was demonstrated how Green-synthesized
NPs can be used successfully for NELIBS, although the results did not reach the optimal signal
enhancement values reported in literature. In order to improve the results obtainable with NELIBS
it was decided investigate a methodology that would allow for a faster synthesis of NPs, as well as

improving their quality.

In this Chapter, the Pulsed Laser Ablation in Liquid (PLAL) technique will be presented, as it was
chosen for the preparation of NPs. Moreover, an overview of the steps that were necessary to
adapt the available LIBS system for the PLAL technique will be given, as well as the optimization
procedure that was conducted to reliably obtain AgNPs that are suitable for NELIBS and other

analytical applications.

3.1 - Introduction to the PLAL technique

Due to the growing interest in metallic nanostructures (and especially nanoparticles) for catalysis,
biomedical application, nano-electronics and nano-optics, many methods have been proposed for
their synthesis. Among these, PLAL holds several advantages, such as environmental friendliness,
simple instrumental setup, purity and stability of the produced NPs [1]. Several studies have been
focused on increasing the yield of the NPs, as well as to refine their size distribution during the
preparation [2] [3]. Athorough discussion on PLAL has been the subject of a number of publications
[4] [5] and is out of the scope of this work. Nevertheless, it is worth to mention briefly some of the

processes that are involved during PLAL.

The general procedure for the synthesis of nanoparticles using PLAL is fairly straightforward. In
brief, a target of the required material (generally a metal or an alloy) is immersed in a liquid, either
pure or containing a stabilizing and capping agent like a salt or a polymer. A pulsed laser is then
used to ablate the target inside the liquid to generate the nanoparticles. A schematic

representation of a PLAL setup can be observed in Figure 1.
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Figure 1 - Schematic representation of a PLAL setup

During the laser irradiation of the target, seed electrons are ejected and, by inverse
Bremsstrahlung, the ablated particles give rise to a hot plasma. Due to the incompressibility of the
liquid, the plasma is confined and maintains a high degree of ionization and a high density. The
plasma then cools down gradually, with a process where most of the ablated mass undergoes
phenomena that lead to the formation of NPs. Since the cooling happens under constant
thermodynamic conditions, the nanoparticles are generated with similar sizes and shapes,
dependent on the experimental conditions [6], by both condensation/evaporation and
electrostatic mechanisms [7]. The production of the nanoparticles occurs very rapidly, due to the
high thermal capacity of the liquid itself [8] [9], even ifimmediately after the laser pulse, the plasma

conditions do not allow for the formation of the NPs.

While most PLAL applications are based on a batch process (i.e. the metal target is immersed in a
fixed volume of liquid) [10] [11] [12] [13], a number of studies have explored the possibility of using
a continuous method to increase the volumes of NPs that can be produced without the need to
manipulate the instrumentation [14] [15]. Similarly, the use of multiple laser pulses (i.e. Double

Pulse laser ablation, see Chapter 1) for PLAL has been investigated [16] [17].

3.2 — PLAL methodology and instrumental configuration

As illustrated in the previous section, the PLAL method of nanoparticle synthesis can be

implemented using either a batch or a continuous approach. In this study, the continuous approach
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was briefly considered but ultimately not chosen. In fact, the added complexity required for the
instrumental setup (i.e. a pumping and solvent circulating apparatus, as well as a continuous-flow
chamber where the ablation would take place) does not offer any significant advantage for the
selected NELIBS applications. Indeed, a continuous-flow system would allow for the production of
larger volumes of AgNP solutions, but only a few hundred pL are generally required for a NELIBS
measurement session. A batch PLAL apparatus is also much faster to set up, and it generally

requires only the preparation of the sample cuvette and the re-adjustment of the laser focus.

The configuration of the LIBS setup at the beginning of this study is illustrated in Figure 2.
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Figure 2 - Initial configuration of the LIBS system

The system used a solid state, double pulse Nd:YAG laser (LS-2134D, Lotis) operating at the
fundamental wavelength of 1064 nm, and a two-channel Czerny-Turner spectrometer (AvaSpec

LS2048CL-2-EVO, Avantes). The fairly complex arrangement of optics and mirrors was composed

of:

1- Primary mirror for redirecting the laser beam
2- 300 mm beam expander

3- Fixed sample holder at the focal point of the beam expander output lens (= 600 mm)
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4- Primary light collection mirror. This mirror was axially mounted to the optical path of the
laser and is custom-made with a central hole to allow passage of the LIBS pulse

5- “Polka Dot” splitter mirror. This custom-made mirror can split the plasma light, redirecting
part of it (30%/70%) towards one of the collection points

6- Parabolic mirrors

7- Optical fiber holders and fiber heads

Initially, the system was designed ad-hoc as a prototype for the on-line analysis of coal and ash
samples inside of a coal-fired power station. As such, it was built to satisfy a certain set of
requirements, namely sturdiness, safety, ease of use and an all-in-one configuration. In particular,
the optical setup was given a long focal plane, as it was designed to allow for the analysis of samples
of variable geometry without the need for focus adjustment. Similarly, the light collection

geometry aimed at maximizing the area from which the plasma emission was collected.

From an initial set of tests, it was found that this configuration was not ideal for this study. The
focal length of the system made it difficult to properly position small samples, as was the case with
NELIBS measurements and for PLAL applications. The complex arrangement of mirrors and lenses,
while ideal for the original scope, was suboptimal for research purposes, and required fine tuning
and thorough cleaning to maintain the required level of performance. Finally, the spectrometer
was found to be lacking in both the spectral and temporal resolution that was required for
subsequent studies. As such, part of the research work was dedicated to the reconfiguration and

optimization of this instrumentation.

The first step was the simplification of the entire LIBS system, converting it from its prototype
configuration into a more conventional laboratory setup. As such, the beam expander section was
removed and a plano-convex lens with a focal length of 100 mm was installed. The configuration
of the sample holder was also changed to accommodate support blocks of various dimensions,
which can be easily swapped according to the analyzed sample. Each block is marked and their
installation is guided by a rail system to guarantee maximum reproducibility of each measurement.
To compensate for the variable sample position, the focusing lens was mounted on variable height
support, which allows for the fine adjustment of the laser focus. Finally, three different

configurations for the light collection system were tested, schematized in Figures 3-5.

The first configuration utilized the same parabolic mirrors that were included in the original system,
re-configured for the new sample and laser positions. Ideally, this configuration would allow for
the collection of the entire image of the plasma plume, compensating for any variation in the

plasma morphology between different measurements.
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Figure 3 - LIBS configuration using two parabolic mirrors

In practice, it was found that this configuration was the most problematic, although the spectra
registered from preliminary tests were satisfactory. To obtain the optimal alignment of the
parabolic mirrors, they had to be placed at a distance from the sample and from each other
(approximately 350 cm) that greatly affected the repeatability of the measurements. In fact, even
small discrepancies in the laser beam path or in the position of the sample had serious effects on
the amount of plasma emission that was collected by the mirrors. Moreover, the large area
occupied by the setup and the complex optical path of the plasma emission rendered the

manipulation and preparation of the samples much more difficult than anticipated.

The second setup that was tested used two plano-convex lenses, arranged in a telescope
configuration placed at 45° relative to the incident laser beam. The telescope arrangement was
mounted on two translational stages, which allowed for the fine tuning of its X-Y position. The
height was fixed, according to the focal length of the lenses. The light collection lens had a focal
length of 45 mm, and the focusing lens had a focal length of 30 mm. The fiber head holder is
mounted on the telescope tube, fixed in place at the appropriate distance from the focusing lens.
The 45° inclination of the optical arrangement was chosen over a more conventional 90°
orientation (i.e. when the light collection axis is perpendicular to the incident laser beam) to allow
for the collection of the entire plasma emission. While this slightly increased the complexity of the
system, it compensated for changes in the morphology of the plasma plume, which could cause

unwanted variations in the registered spectra for an orthogonal configuration.
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Figure 4 - LIBS configuration using a telescope system

The results obtained with this configuration were significantly improved over the ones observed
using the first setup. Both the absolute intensity and signal to noise ratio of the registered spectra
were increased, and the time required for the focusing operation was greatly reduced. Indeed,
when using samples of different geometries, only slight adjustments of the telescope’s position

were required, and the space required by this configuration was extremely compact.

Lastly, a far simpler solution for the optical arrangement was tested. In this configuration, the light
is collected directly by the head of an optical fiber and transferred to the spectrometer. The fiber
head was placed at an angle of 45° with respect to the incident laser beam and at a distance of
approximately 2 cm from the sample. The distance was chosen so that the entire image of the
plasma plume was gathered by the optical fiber, according to the acceptance angle of the fiber
itself. The fiber holder was again mounted on two translational stages, and its height was adjusted

manually.

Nd:YAG Laser

L

Spectrometer

Figure 5 - LIBS configuration using the fiber head as a direct light collection system

A set of preliminary measurements showed that this approach, like in the case of the telescope
arrangement, allowed for the obtainment of good LIBS spectra. Indeed, the use of an unfocused
acquisition of the plasma light caused these spectra to have a slightly lower signal to noise ratio,
but the loss in spectral quality was deemed acceptable in light of the advantages this configuration

provided. This configuration was found to be the most compact and easy to set up, and the
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alignment procedure required a very short time (i.e. about 10 minutes, compared to about 1 hour
for the telescope arrangement). Moreover, the fiber could be quickly removed, for calibrating the
spectrometer or to manipulate the sample and sample holders, and reinstalled without the need

for further re-alignment.

Subsequent studies were all performed using the fiber optic head as the light collection system, as
it was proven to be the easiest and quickest method for collecting the plasma emission, without

compromising the spectral quality.

To further increase the performances of the LIBS system, the original spectrometer was removed
and an Echelle spectrometer was coupled to the system. The new spectrometer is an Aryelle 200
(LTB Lasertechnick Berlin) Echelle spectrograph, with a spectral range of 590 nm (200 nm to 790
nm). It is coupled with an air-cooled ICCD (iStar DH334T-18F03, Andor), which gives the setup a
resolving power of 9000. The spectrometer was calibrated before each measurement session using

a Deuterium-Hg lamp (Ocean Optics).

Finally, the re-configured LIBS system was used for the production of metallic nanoparticles using
PLAL, and its performances were evaluated. A scheme of the PLAL setup used in this work is

reported in Figure 6.

Nd:YAG Laser

L

Spectrometer

Figure 6 — PLAL system configuration

Briefly, the sample holder was removed and replaced with a holder for a UV-Vis PET cuvette (3 mL
volume). The fiber optic was also removed, to prevent damage and possible contamination during
the nanoparticle production process. The laser focusing lens was adjusted to compensate for the

shift in the focal point due to the presence of the liquid medium.

Using the described PLAL setup, Silver nanoparticles (AgNPs) were produced throughout the study,
thanks to the ready availability of high-purity Ag (Silver foil, 2,0 mm thickness, 99,9% trace metal
basis, Sigma-Aldrich), as well as to their stability and NELIBS effectiveness. Au and Cu NPs were also
prepared for a comparison but the results were not satisfactory. In particular, CuNPs were
observed to be fairly unstable, giving rise to a precipitate and large aggregates minutes after their
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preparation. Moreover, as most NELIBS samples used in these studies are copper-based, the use
of CuNPs would interfere with the analytical results. The AuNPs, on the other hand, were very
stable, but the purity of the gold PLAL target was not sufficient to ensure the monometallic nature
of the nanoparticles (i.e. the obtained NPs were not pure gold but an alloy of uncertain

composition).

Figure 7 - From the left: Au nanoparticles, Ag nanoparticles and Cu nanoparticles

Various tests were conducted using the fundamental laser wavelength of 1064 nm or the first
harmonic of the Nd:YAG laser at 532 nm to determine whether the best nanoparticles were
obtained, in terms of stability of the solution and homogeneity in the dimensions [18]. No
significant difference was found between the NP batches, both in their average dimensions or
stability. The implementation of the second harmonic generator required a fairly extensive
modification of the laser apparatus, namely the installation of a non-linear crystal in the laser beam
path, the substitution of the lenses and mirrors and the re-focalization and collimation of the
system. Moreover, doubling the frequency of the laser light also implies a significant loss in overall
energy, putting additional strain on the system. Because of this, it was chosen to use the

fundamental wavelength for the production of subsequent batches of AgNPs.

The laser beam was focused just below the surface of the metal target, after compensating for any
focal shift due to the presence of the solvent. Subsequently, the pulse energy was increased until
a reliable and repeatable plasma was formed on the target surface. This value was found to be
about 100 mJ. While higher energy values could lead to a faster production of the AgNPs, two main
issues can be encountered. Firstly, highly energetic laser pulses increase the dimensions of the
cavitation bubble generated alongside the plasma. As the larger bubble collapses, the liquid
violently rebounds, spraying droplets out of the cuvette and towards the focusing lenses. Secondly,
if the laser pulse is too energetic, a laser-supported detonation regime can be reached, and a

fraction of the metal target can be ejected into the liquid as large, irregular fragments. While some
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of these could be ablated by the subsequent laser pulses, they inevitably lead to a lower quality

and stability of the AgNP dispersion.

In this study, the average diameter and the concentration of the nanoparticles was estimated using
the procedure and the data provided in the work by Paramelle and co-workers [19]. In brief, the
absorbance of a suitably diluted aliquot of the AgNP dispersion was measured using an UV-Vis
spectrometer, and the concentration was estimated using the Lambert-Beer relation and the molar
extinction coefficients reported in literature. Similarly, the average dimension of the nanoparticles

was estimated from the A corresponding to maximum absorbance value.

The two stabilizing and capping agents most common in the PLAL preparation of silver
nanoparticles are Potassium Chloride (KCI) and Sodium Citrate. Each one of these agents has its
own advantages and limitations. For example, Citrate-capped AgNPs exhibit exceptional stability,
provided they are stored in the dark and at low temperature (around 4°C). Similarly, KCl-capped
AgNPs are also fairly stable but generally do not require special storing conditions. As it can be seen
from Figure 8, a quick test using a 2 mM Sodium Citrate solution as a stabilizing agent [12] allowed
for the preparation of a good AgNP batch. The metal target was ablated for approximately 4
minutes and the AgNPs were estimated to have a diameter of 11 nm and a concentration of 0,01

mg/mL.

340 350 360 370 380 330 400 410 420 430 440 450 460 470 480 490 500 510

Figure 8 - UV-Vis spectra of Citrate Capped AgNPs

One of the issues that Citrate can cause in LIBS and NELIBS is due to its organic nature. The presence
of an organic coating on the AgNPs can negatively affect the plasmon resonance phenomena that
occur during NELIBS. It should also be noted that a fraction of the energy of the laser pulse would
be expended for the atomization and vaporization of the organic matter, lowering the energy that
interacts with the sample and the nanoparticles. Moreover, KCl is much easier to obtain with the
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degree of purity required by the analysis of trace metals. Based on these considerations, it was

chosen to use KCl as a stabilizing agent.

In Table 1 are reported the results of various batches of AgNPs prepared with different
concentrations of KCI. Each dispersion was prepared by a 4 min ablation of the Ag target immersed

in 2 mL of the corresponding KCl solution.

KCI Concentration (mM)  AgNP Diameter (nm) AgNP Concentration (mg/mL)

2 11 0,014
10 11 0,016
50 >50 0,001

100 >90 0,003

Table 1 - Results for the AgNP dispersions prepared with different KCl concentrations

It was observed that, with increasing concentration of KCl, the laser pulse did not reach the metal
target, or produced an irregular plasma spark. No correction on the focusing lens position allowed
for the correction of this behavior. Nevertheless, high concentration of the stabilizing agent should
be avoided whenever possible. Even if the emission lines arising from the added K onto the samples
do not compromise the quality of the spectra, any contamination (when present) would be
significantly enhanced by the NELIBS effects. As such, a KCl concentration of 2 mM was chosen for

the preparation of the AgNPs.

While different stabilizing agents can influence the size (and in a limited way, the shape) of the
produced nanoparticles, the ablation time is mainly correlated to the AgNP concentration of the
dispersions. Indeed, this parameter can be adjusted depending on the requirements of the study,
and there is generally not an optimal ablation time. Nevertheless, it was found that if the PLAL
process is allowed to continue for longer periods of time, the sizes of the nanoparticles tend to
converge to their average value [18], as the larger structure can be further ablated by the incident
laser pulse. On the other hand, once a sufficiently high concentration of AgNPs is reached, the laser
light is absorbed and scattered up to the point where each pulse reaches the metallic target with
increasing difficulty. In Figure 9, the concentration of different batches of AgNPs are reported as a

function of the PLAL ablation time, as well as the average diameter estimated for the nanoparticles.
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Figure 9 - AgNP concentration as a function of the ablation time. The average AgNP diameter is also reported

For this study, an ablation time of 5 minutes was chosen, which corresponds to a AgNP
concentration of approximately 0,02 mg/mL. This concentration, which is comparable to that of
commercially available AgNP dispersions, was found to be ideal for NELIBS applications, and no
further dilution was necessary. Moreover, it was found that the prepared AgNPs with this
concentration remain stable for long periods of time (i.e. over a month) without the need of
carefully controlled storage conditions. Table 2 shows the data for the same batch of AgNPs,
measured when they were prepared and after 2 months of storage in a glass vial wrapped in

aluminum foil, at room temperature (=21°C).

Date AgNP Diameter (nm) AgNP Concentration (mg/mL)
May 11 0,03
July 12 0,027

Table 2 — Data of AgNP dispersions after 2 months of storage

Additionally, in the last part of this research work, this setup was successfully used (with minimal
adjustments) for the preparation of Graphene nanosheets (GNS) using the laser ablation of an
aqueous graphite dispersion. The detailed procedure and results are discussed in Chapter 5 of this

manuscript.

3.3 — PLAL-produced AgNPs for SERS applications
In addition to their use for all subsequent NELIBS tests, the silver nanoparticles prepared using the
PLAL methodology developed and optimized in this study were successfully used for Surface

Enhanced Raman Spectroscopy (SERS) applications. In this work [20], AgNPs prepared by PLAL were

employed for the detection of anthraquinone dyes in textiles.
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A comparison of the Raman spectra of the PLAL AgNPs and a more conventional Ag colloid
prepared using sodium citrate as a reductant for AgNOs (Lee-Meisel method, see Ref. [21]), showed

that a cleaner spectrum in the case of the PLAL colloid, as reported in Figure 10.
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Figure 10 — Normalized SERS spectra of Ag films obtained from citrate colloid (black) and concentrated PLAL-Ag colloid
(red). Figure from [20]

The PLAL nanoparticles also show a higher stability than the citrate-reduced ones, as mentioned in
the previous sections, since they can be stored at room temperature and are relatively resilient
towards light-induced degradation. Moreover, a comparison of SERS signals obtained from the
deposition of 10™ M alizarin on citrate and PLAL AgNPs, showed that the spectra are perfectly
comparable both in terms of position of the peaks and the signal-to-noise ratio, as reported in

Figure 11.
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Figure 11 - Comparison of normalized SERS spectra of alizarin obtained with concentrated PLAL-Ag colloid (red) and

citrate colloid (black). Figure from [20]

For the SERS measurements, 5 uL of the colloidal Ag solution were deposited on a microscope glass
slide with a micropipette and dried using a jet of hot air. This process was repeated six times in
order to obtain a highly concentrated deposition of nanoparticles. The fiber sample was then fixed
to the glass side with adhesive tape and gently rubbed with the dried PLAL-Ag colloid. The method
proved its efficiency in the analysis of anthraquinone dyed fibers having different nature, thanks
to the suppression of the Raman fluorescence and the obtainment of clear peaks from the various

samples, as shown in Figure 12.
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Figure 12 - SERS spectrum recorded with concentrated PLAL-Ag colloid, obtained from a silk sample dyed with cochineal

(Reprinted from [20])
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4 - Investigating Double Pulse Nanoparticle Enhanced Laser Induced
Breakdown Spectroscopy

4.1 — Introduction

As mentioned in the previous sections of this work, among the major drawbacks of LIBS is the low
sensitivity when compared to other conventional elementary spectroscopy techniques, such as
ICP-OES. An overview of several methods that have been proposed to enhance the performances
of the technique is given in Chapter 1, consisting in either improving the instrumental setup or by

treating the analyzed samples.

For example, plasma confinement has been explored for the enhancement of the LIBS signal, either
by the use of a cavity [1] where the plasma radiation and shockwave are reflected and compressed,
or by the application of a magnetic field [2] where the plasma parameters such as temperature,
electron density and morphology can be modified by varying the local magnetic field. One issue
arising with this kind of approach is the realization and optimization of a more complex
instrumental setup. For example, in the case of a spatially confined plasma, the dimensions and
position of the cavity are crucial for the obtainment of a good enhancement and, in general, they
limit the size and nature of the sample that can be analyzed. A similar consideration can be made
for the application of a localized and fine-tuned magnetic field that must be kept stable throughout

the analysis.

Many approaches use multiple, consecutive laser pulses. The most common one being the
employment of two laser pulses in the DP-LIBS configuration. The advantages and characteristics
of DP-LIBS have been already presented in Chapter 1 and are discussed thoroughly in literature [3]
[4] [5] [6]. Briefly, in the conventional DP-LIBS configuration, two collinear laser pulses are
delivered onto the same spot on the sample surface, with a suitable interpulse delay. The first
pulse generates a plasma as well as a shockwave expanding in the ambient gas that leaves behind
ararefied environment surrounding the measurement spot. The second laser pulse interacts within
such a rarefied environment and, due to a lowered shielding and plasma confinement during the
initial stages of expansion, yields an enhanced LIBS signal. These mechanisms have been verified
in a number of subsequent studies [7] [8] using variable atmospheric pressures, as well as with the
use of an Orthogonal DP-LIBS configuration. In recent years, the introduction of commercially
available lasers capable of delivering two consecutive pulses with short interpulse delays, has made

DP-LIBS very attractive due to its versatility and enhancement capabilities.

Among the methodologies that propose an additional sample treatment to enhance the LIBS

performances, the recently proposed Nanoparticle Enhanced LIBS (NELIBS) by De Giacomo et al [9]
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is of particular interest for its fast and relatively easy implementation. The mechanisms and the
procedures involved in NELIBS have been discussed in Chapter 1. In brief, the technique allows for
the improvement of the LIBS technique capabilities and analytical response by using a dispersion
of noble metal nanoparticles (NPs) that are deposited on the sample surface. The interaction of
the laser electromagnetic field with the surface conduction electrons of the NPs induces a
polarization and strong oscillation of the electrons and, in turn, a charge accumulation on the NPs
borders. The generated dipole produces a large electromagnetic enhancement confined to the NPs
surface and the adjacent regions. This phenomenon effectively increases the intensity of the
electromagnetic field induced by the laser on the sample surface, the number of emitted electrons,

the ablated mass and the plasma emission intensity.

It should be stressed out that, even though NELIBS requires minimal sample preparation, this step
is crucial for obtaining a consistent and significant enhancement [10]. It has been demonstrated
how the ratio between the NPs dimensions and the inter-particle distance influences the signal
enhancement. A similar connection is observed for the NPs concentration and homogeneous
deposition on the sample surface. The instrumental setup is also critical, as it has been
demonstrated how the optimal NELIBS effects are obtained within a certain range of laser

irradiance.

A number of papers have been published, exploring various applications of NELIBS. In addition to
the first application to metallic samples [9], the technique has been tested for the detection of
molecular bands [11] and, as a substrate, for the analysis of liquid samples [12] [13] and a work by
Yang et al [14] proposes the application of Double Pulse (DP) with a NELIBS (DP-NELIBS) approach

for the analysis of crystal SiO; using a collinear pulse configuration.

It has been proved how, generally, the NPs are removed from the ablation spot after the laser pulse
[9] meaning that, in the case of collinear DP-NELIBS, only the first laser pulse would interact with
the NPs. A solution could be the usage of two slightly offset laser pulses, such as the advantages
from DP and NELIBS are maintained. While the first pulse would create a low-density environment,
the second pulse would interact with an undisturbed NPs deposition inside this environment and,
theoretically, give rise to a much more intense LIBS signal than the one obtained from NELIBS
alone. At the time this work was performed, there were only two published papers that
investigated the application of spatially offset (SO) laser pulses for LIBS analysis [15] [16], showing

the potential of this approach.

In this work the feasibility of SO-DP-NELIBS is discussed, presenting the results of the investigation

of instrumental parameters such as laser pulse energy and beam offset distance. The results
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obtained from SO-DP-NELIBS are then compared with those obtained from conventional single

pulse NELIBS, as well as LIBS and DP-LIBS.

4.2 — Materials and Methods

4.2.1 — Materials

Commercially available silver nanoparticles (AgNPs) (Silver dispersion, aqueous buffer, sodium
citrate stabilizer from Sigma-Aldrich, 0.02 mg/ml) with a diameter of 10 nm were used during the
optimization phase. The certified concentration and dimensions of commercially available
nanoparticles allow the obtainment of a benchmark for further optimization of the NELIBS
methodology. It was found that, in fact, the presence of the citrate stabilizing agent in the
dispersion had a dampening effect on both the signal enhancement and the plasma generation, as
well as a lower homogeneity of the dried NP droplets. For these reasons, AgNPs prepared by Pulsed

Laser Ablation in Liquid (PLAL) were used for SO-DP-NELIBS and the correlated experiments.

Silver foil (2 mm thickness, 99,9% trace metal basis from Sigma-Aldrich) and a 2 mM KCI (powder,
Sigma-Aldrich) aqueous solution were used for PLAL synthesis of AgNPs. The procedure for the
preparation of AgNPs is described in detail in Chapter 3, as well as in a recent work by Botto et al
[17]. In brief, a pulsed laser, operating at the fundamental wavelength of 1064 nm, with a
repetition rate of 10 Hz and a pulse energy of approximately 100 mJ, was focused on a silver target
immersed in a KCl solution. The ablation time was 5 minutes. The produced AgNP dispersion was
characterized by UV-Vis spectroscopy (Perkin Elmer Lambda 25 double beam spectrophotometer,
scans from 300 nm to 600 nm, scan rate 240 nm/min, 1 nm slits). The values of maximum
absorbance and the corresponding wavelength in the spectrum were used to estimate the size and
concentration of the NPs solution using Lambert-Beer’s law and the data indicated in literature
[18]. The synthesized nanoparticles were found to have an average diameter of 13 nm and a

concentration of 0,024 mg/mL.
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Figure 1 - UV-Vis spectrum of the synthetized AgNPs (shown in the inset)

A series of preliminary single-pulse NELIBS measurements were performed in order to determine
the optimal AgNP concentration for the selected instrumental setup. During these tests, a laser
pulse energy of approximately 95 mJ and copper sheet samples were used throughout. Opportune
volumes of the mother solution were added to 2mM KCl solutions to obtain progressively more

diluted dispersion for testing.

The AgNP concentration that allowed for the maximum signal enhancement was found to be 0,014
mg/mL, and this solution was used for SO-DP-NELIBS analyses. The AgNPs were deposited onto the
sample surface by drop-casting 5 uL of the suspension and promptly dried with hot air. Generally,
the dried droplets had a diameter of approximately 4 mm, corresponding to a surface

concentration of approximately 6:10* mg/cm?.

Commercially available copper sheets, ideal NELIBS substrates due to their metallic and highly
conductive nature, were used as samples throughout the study. Preliminary analyses with a
portable XRF instrument (Elio PXRF, XGLab) showed a >99% Cu composition. The copper sheets
were cut into small pieces, thoroughly cleaned and treated with a solution of HCI (ACS reagent,
37% from Merck) in order to remove the surface oxidation layer before the analysis. In addition, in
order to remove any deposited contamination and surface imperfection, two preliminary cleaning

laser pulses were performed on the measurement spot.
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Deionized water was obtained from an Elga Purelab Option DV 35 (Veolia Environment, France)

water filtration system, and used throughout the study.

4.2.2 — Instrumentation

The instrumental setup for LIBS and NELIBS analysis, schematized in Figure XX, utilized a double
pulse Nd:YAG laser (LS-2134D, Lotis) operating at the fundamental wavelength of 1064 nm. The
laser delivered 2 pulses of up to 200 mJ each in 20 ns, with an interpulse delay, optimized by the
manufacturer, of 1 ps. The diameter of the measurement spot of each laser beam was set to be
approximately 1 mm. In the Spatially Offset configuration, both laser pulses were focused inside

the larger dried AgNP droplet.

The laser was focused on the sample with a plano-convex lens (f=100 mm) and the light was
collected by a fiber optic placed at 45° with respect to the incident laser beam and at a distance of
about 2 cm from the plasma plume generated by laser pulse. In this configuration, the fiber’s
acceptance angle allowed for the collection of the whole plasma light. In the SO-DP configuration,
the second laser pulse was shifted from the original measurement spot while the first pulse
remained stationary. The fiber optic head was then translated and re-aligned in order to collect
the light emitted by the plasma generated by the second laser pulse. A scheme of the setup used

in this study is reported in Chapter 3 (see Chapter 3: Figure 5)

The spectra are obtained through the use of an Aryelle 200 Echelle spectrograph (200 nm to 790
nm, LTB Lasertechnick Berlin) coupled with an air-cooled ICCD (iStar DH334T-18F03, Andor), with
a resolving power of 9000. The acquisition delay was set to 500 ns after the second laser pulse and
the integration time was 10 ps, in accordance with routine LIBS analyses. The spectrometer was

calibrated using a Deuterium-Halogen lamp (Ocean Optics DH-2000).

4.3 — Results and Discussion

4.3.1 — Spatially Offset DP-LIBS

It was shown [8] how the intensity of the LIBS signal in the case of an offset DP configuration is
comparable to the case of a collinear DP configuration, in typical LIBS experimental conditions. In
addition, a distinct increase in crater depth and ablated volume was registered in the case of offset
DP, due to the absence of particulate and atomized species in the optical path of the second laser
pulse, which could lead to a lower ablation efficiency in the case of collinear DP. However, these

phenomena do not cause any direct signal enhancement.

At inter-pulse delay times of 1 ys, the induced plasma and the shockwave created by the first laser
pulse have already expanded through the air around and above the spot where the second laser

pulse is focused, provided the separation of the two beams is not excessive. In these conditions,
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the second laser pulse interacts with a rarefied environment, as it is the case of a collinear DP

configuration.

In order to determine the feasibility of a SO-DP configuration with the available instrumental setup,
a series of preliminary measurements were carried out with approximately 95 mJ of energy per
each pulse, a commonly used laser output power for routine analyses. In particular, the aim was
to verify that there was no significant decrease in the spectra quality and intensity when fully
separating the two laser beams, indicating that the second beam was still inside the low-density

environment created by the first pulse.

Spectra were first obtained using a conventional collinear DP configuration. Then, the internal laser
mirrors regulating the optical path of the second laser beam were suitably adjusted to shift the
beam’s position onto the sample surface, obtaining two laser spots separated by approximately

0,5 mm (Figure 2).
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Figure 2 - Schematic representation of the SO-LIBS configuration
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Figure 3 - Offset laser-induced craters on copper sheet sample

The focusing optics and mirrors were adjusted accordingly and the spectra for SO-DP were

registered. The results are reported in Figure 4.
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Figure 4 - LIBS spectra for the conventional and the spatially offset configurations. The inset shows the Cu | emission

lines
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The obtained spectra showed how the overall spectral intensity was comparable for both
configurations, also indicating that no significant adjustment of the light collection system was

required.

4.3.2 — AgNPs persistence in SO-DP-NELIBS
The removal of the AgNPs from the sample surface during the NELIBS analysis [9] was easily
demonstrated by registering a second spectrum after the laser pulse and in the same position, and

comparing the Ag emission lines.

In this case, the two spectra were registered in the collinear DP configuration, both after the first

and the second laser pulse, using a 5 pL deposition of the Sigma-Aldrich nanoparticles.
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Figure 5 - Spectral window showing the Ag | emission line for the collinear DP configuration

As it can be seen from Figure 5, the Ag emission line in the red spectrum (relative to the 2" laser
shot) is much weaker than the first one, indicating that the silver content inside the measurement

spot was almost completely depleted after the first laser pulse.

This suggests that, in the case of DP-NELIBS, all of the NPs would be removed after the first laser
pulse and the enhancement effect, if present, would be much lower. To confirm this hypothesis, a
conventional DP-LIBS analysis on a Cu target, using the collinear DP configuration, was performed

on a Sigma-Aldrich NP deposition.
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Figure 6 - Spectra comparison for DP-LIBS on a sample with (red) and without (black) the AgNP deposition, showing Cu
emission lines

The resulting spectra (Figure 6) show how the line intensity for Cu is comparable in the case of DP-

LIBS and DP-NELIBS, and how no appreciable enhancement is observed.

However, when the two pulses were spatially offset, as in the case of the proposed SO-DP-NELIBS

experiments, the results were much different.
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Figure 7 - Spectral window showing the Ag | emission line for the collinear SO-DP configuration
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As it can be observed from Figure 7, the Ag emission line in the red spectrum is comparable with
that from the black spectrum, indicating that both the laser pulses interacted with an unperturbed

NPs deposition and, in theory, could give rise to NELIBS enhancement each time.
All the spectra were registered using a laser pulse energy of approximately 95 mJ.

4.3.3 — Spatially Offset Double-Pulse NELIBS

A series of measurements were conducted in order to test the feasibility of the proposed SO-DP-
NELIBS approach, using the Sigma-Aldrich AgNPs. It was deemed necessary to the identification of
the pulse energy that would produce the highest signal enhancement. The Enhancement Factor
(EF) was calculated for all the experiments as the ratio between the integrated NELIBS and LIBS
intensities for the Cu | emission line at 521,8 nm, while maintaining the same laser parameters.
Each measurement was repeated 5 times with the same experimental conditions and the resulting

spectra were averaged.

For this purpose, the laser was operated in single pulse (SP) mode and the energy was varied from
approximately 40 mJ, the minimum value that allowed for a measurable plasma for this

experimental set-up, to 200 mJ, the maximum operational limit for the laser.

Enhancement Factor

4+
40 50 60 70 8 9 100 110 120 130

Pulse Energy (mJ)

Figure 8 - Enhancement Factor dependence on pulse energy for SP-NELIBS. Error bars are estimated on the repeatability

of the results

As reported in Figure 8, it was found that the highest EF for SP-NELIBS was observed for a pulse
energy of about 85 mJ, which equals to a laser irradiance of 0,55 GW/cm?. No signal enhancement
was observed for energies over 130 mJ.
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Then, another set of measurements was performed using the SO-DP configuration with the Sigma-
Aldrich AgNP dispersion. The trend of the EF, reported as a function of the total pulse energy (1%

Pulse + 2" Pulse) is shown in Figure 9.
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Figure 9 - Enhancement Factor dependence on the cumulative pulse energy for SO-DP-NELIBS. Error bars are estimated

on the repeatability of the results

It can be seen how, even though the total pulse energy delivered on the sample surface is higher
than in SP-NELIBS, the highest EF is registered for a single pulse energy that is slightly lower, at
approximately 75 mJ per pulse. Moreover, a rapid decrease of EF was observed for higher pulse

energy values.

Another important result to observe is the magnitude of the EF registered in the SO-DP-NELIBS,
with the integrated line intensity for NELIBS reaching as high as 12 times the one for LIBS. Being
twice the EF registered for SP-NELIBS, this shows the potential for this approach, and even more

so when considering the already much higher intensity and quality of the DP-LIBS spectra.

4.3.4 — Offset distance and EF

To estimate the offset distance effect on the EF, a series of analyses were performed with the two
laser spots in specific conditions: separated by approximately 0,5 mm, adjacent, partially
overlapping and completely overlapped (collinear DP configuration). The laser pulse energy was

set to 75mlJ per pulse and 5 pL of the AgNP PLAL solution were used for the NELIBS measurements.
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The results are presented in Figure 10 as the average of 5 repetitions performed using the same

experimental conditions.

Due to the constraints of the experimental setup, it was not possible to register spectra for SO
configuration where the spot separation was greater than 1 mm. Even in the case of 1 mm
separation, it was found that the laser beams for the two pulses were reflected almost off the
edges of the primary mirror, and then passing through the focusing lens close to its edges. In these
conditions, it was found that the quality of the laser-induced plasma, as well as that of the
spectrum, were unsatisfactory. Moreover, increasing spot separation brought the two
measurement spots closer to the edge of the AgNPs dried deposition, where a coffee-ring effect
was present and the deposition was less homogeneous, thus hindering the NELIBS measurements.
For these reasons it was decided not to investigate offset configurations greater than 0,5 mm in

this work.
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Figure 10 - Observed EF for the different positions of the measurement spots. Error bars are estimated on the

repeatability of the results

The obtained results confirmed the expected EF trend. The highest EF was observed in the case of
0,5 mm separated measurement spots, while a decreasing enhancement magnitude was observed
in the case of adjacent spots. This suggests that, as long as the two laser spots are separated
enough, the NP deposition is not altered, and can be exploited during both laser pulses, while in
the case of adjacent spots a part of the deposition is removed, thus reducing the signal

enhancement.
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In the case of partially overlapped spots, the results are comparable to those obtained for collinear
DP-NELIBS, with almost no observable signal enhancement. This suggests that, after the first pulse,
the NP deposition is compromised enough that the second pulse does not benefit from NELIBS

effects.

4.3.5 — Considerations on SO-DP-NELIBS

One critical observation that must be addressed is the overall magnitude of EF observed during
this study, both in the case of SP-NELIBS and DP-NELIBS. When compared to the works published
in literature that can reach EF of up to 100 or more, the values obtained in this work are much

lower.

This is most likely due to both the experimental conditions and the nature of NELIBS itself. For
example, NELIBS technique is heavily influenced by the sample preparation and the NP deposition
nature, in particular, by the distance between the deposited NPs in relation with their dimension.
A non-homogenous NP deposition can lead to a lower registered EF and a lower reproducibility in

the results.

In this work, the NP deposition was realized so that both of the measurement spots would be
positioned in the middle of the NP drop. Even though this reduces the effects of a possible
inhomogeneity, and removes the issues coming from the formation of a coffee ring, in an ideal

NELIBS experiment, the whole NP drop should be contained in the measurement spot.

Due to the optical and laser setup, it was not possible to further enlarge the measurement spot,
even though the laser’s power output would in theory allow it, while maintaining the same
irradiance values. If the spot is enlarged, the two beams would need to be shifted further to
maintain the optimal separation but such adjustment meant that the beams were directed too
close to the edges of the mirrors and focusing lenses, leading to a severe degradation of the beam

quality.

Nonetheless, the presence of an appreciable improvement of the emission line intensities for both
SP-NELIBS and DP-NELIBS, showed that the instrumental setup and experimental procedure could

yield a signal enhancement and that the proposed SO-DP-NELIBS approach is promising.

An interesting comparison is reported in Figure 11.
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Figure 11 - Spectra comparison between SP-LIBS, SP-NELIBS, SO-DP-LIBS and SO-DP-NELIBS, showing the Cu | emission

lines

Here, a comparison between the spectra for SP-LIBS, SP-NELIBS, SO-DP-LIBS and SO-DP-NELIBS is
shown. Both the LIBS and NELIBS spectra were registered using the same experimental conditions.
These were the parameters that allowed for the highest EF and that were also comparable to the

optimal ones that are usually employed for routine LIBS analyses.

As it can be seen, the spectrum with the lowest intensity is the one relative to SP-LIBS, as it was
expected. Interestingly, it was observed that with these experimental conditions the spectra for
SP-NELIBS and SO-DP-LIBS appear to have comparable intensities. The most intense spectrum is,
as expected, the one relative to SO-DP-NELIBS, several times more intense than SP-NELIBS and SO-

DP-LIBS.

It should be noted that, generally, the SP-LIBS and DP-LIBS spectra could be enhanced by using
higher laser pulse energies. Within certain limits, the spectra intensity proportionally increases
until it starts to encounter strong self-absorption phenomena and saturation of the signal. If these
higher-energy spectra were to be compared to the strongest NELIBS spectra registered in this
study, which are quite lower than the ones reported in literature, a decrease in the EF would most

likely be observed.

144



This is due to the fact that the NELIBS approach is intrinsically tied to a certain optimal pulse energy
range, as well as NP deposition characteristics and sample nature, and it might not be suitable for
all the possible applications of LIBS research. Indeed, the main criticality that was encountered in
this study was the limited dimension of the laser beam spot, which should be large enough to
ablate the entire NP deposition for an optimal NELIBS measurement [12]. For a SO-DP-NELIBS this
would not only complicate the deposition process (i.e. two separate NP deposition would be
required), but the increased spot size would also require a larger beam separation. While this could
be achieved using an ad-hoc optical setup, the efficiency of the DP configuration would be greatly

reduced due to the increased beam separation and spot size.

Nonetheless, the results obtained for the SO-DP-NELIBS approach are very promising, showing that
a further improvement of NELIBS is possible and that the technique is adaptable to more diverse

instrumental setups.

4.4 — Conclusions
In this work a novel approach to the NELIBS technique for the signal enhancement of LIBS spectra

was proposed.

In particular, the application of a SO-DP-LIBS configuration was investigated for the coupling of
NELIBS and DP advantages in order to further increase the signal enhancement. To do so, a DP-
LIBS instrumental setup was modified so that each laser pulse interacted with different spots on

the sample surface, while maintaining the low density environment typical of DP-LIBS.

The feasibility of the SO-DP-NELIBS approach was successfully demonstrated, obtaining an even
higher EF than the one registered during SP-NELIBS analyses with comparable experimental
configuration. Moreover, it was shown how the EF decreased with a decreasing laser beam offset

distance.

The results obtained in this work are very promising and, once more, show the potential of NELIBS

as well as its versatility.

Indeed, the extent of the interaction of the enhancing effects of DP and NELIBS is worthy of further
investigation, with a particular focus on the laser-induced plasma dynamics and evolution in the

case of SO-DP-NELIBS.
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Chapter 5:

Combining Nanoparticle Enhanced Laser
Induced Breakdown Spectroscopy with
Graphene-based microextraction for

real-time metal trace analysis in liquids
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5 — Combining Nanoparticle Enhanced Laser Induced Breakdown
Spectroscopy with Graphene-based microextraction for real-time

metal trace analysis in liquids

5.1 = Introduction

In recent years the demand for fast and reliable analytical methods has grown significantly. In
particular, for those techniques that can produce (almost) real time results and that are also
capable of in-situ measurements. Laser Induced Breakdown Spectroscopy (LIBS) has many
characteristics that make it one of the ideal candidates to fill this role [1] [2], as previously
mentioned in Chapter 1. LIBS is able to analyze almost any kind of sample directly, in a wide range
of ambient conditions. The instrumentation can also be scaled down to be sufficiently portable,
and robust enough for remote or in-situ measurements. For these reasons, many applications of
LIBS can be found in the monitoring of industrial processes, quality control of pharmaceutical and
food production, but also in the archeology and cultural heritage fields as well as in space

exploration.

Nevertheless, one of the major drawbacks of LIBS is the low performance for the analysis of liquid
samples. When compared to conventional analytical techniques such as Flame Atomic Absorption
(FAAS), Inductively Coupled Plasma Optical Emission (ICP-OES) or Mass (ICP-MS) spectroscopies,
the LODs that can be reached with LIBS are much higher, in the order of tens or hundreds of mg/L.
Over the years, several methods have been proposed to enhance the performances of the
technique for the analysis of liquid samples, either by improving the instrumental setup or by
treating the analyzed samples [3] [4]. For example, some works propose to perform the LIBS
measurement directly on the surface of the liquid sample, to generate an aerosol or a liquid jet to
increase the performances of the technique [2]. On the other hand, some authors propose to

convert the liquid matrix into a solid in order to eliminate many of the issues [5] [6] [7] [8].

Surface Enhanced LIBS (SENLIBS) can also be used for improving the capabilities of LIBS in the
analysis of liquid samples. This approach consists in the deposition and drying of a liquid sample
on a suitable substrate (i.e. a conductive material like a metal sheet or a silicon wafer), onto which
the LIBS measurement is performed. The conductive nature of the substrate can greatly aid in the
generation of the laser plasma, as well as to increase the plasma temperature and emission from
the analyte species. Indeed, Ma and co-workers investigated SENLIBS for the detection of heavy
metals in aqueous solutions using different substrates [9], allowing for the detection of less than
0,01 mg/mL of Pb and Cr. Nevertheless, SENLIBS does not allow for the pre-concentration of

analytes, as the sample solution is deposited on the substrate as-is. This could hinder the
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detection of analytes when their concentration is too low to obtain a homogeneous deposition on
the SENLIBS substrate (e.g. drying multiple droplets on the same spot can produce coffee ring

effects).

An alternative route to improve the LODs for metals in solution is the use of Solid Phase
Extraction (SPE) techniques and, in particular, of Solid Phase Microextraction (SPME). SPME uses a
small amount of a sorbent material (a few pg) to extract and concentrate the analytes in a
solution and therefore minimizes the amount of sorbent needed, while allowing for very fast

extraction times.

Wang et al [10] were the first to combine SPME and LIBS for the determination of metals in
aqueous solutions. In their work, they used a Dispersive SPME (D-SPME) methodology based on
graphite nanoparticles, combined with a preemptive chelation of the metals in solution. The
analysis of the dried solid phase allowed for the determination of Cr, Mn and Ag at concentrations
of 17 pg/L and lower. Subsequently, Ruiz et al [11] proposed an improvement of the D-SPME
method by using Graphene Oxide (GO) as an adsorbent. They were able to eliminate the metal

chelation step during sample preparation and still obtain LODs lower than 50 ug/L.

While D-SPME can be relatively easy to couple with LIBS, there is still the issue of recovering the
extractant from the liquid sample, drying it and treating it to produce a suitable matrix for LIBS.
Thin Film Microextraction (TFME) uses a solid substrate coated with a thin layer of sorbent
material. This allows for an easier recovery of the sorbent phase as it remains adhered to the rigid
substrate during the extraction. While a desorption phase is generally required, this step is not
necessary if LIBS is used for the measurement. Ripoll et al [12] demonstrated the effectiveness of
a combined TFME-LIBS approach for the extraction of heavy metals from aqueous solution. Using
GO as an adsorbent, the authors prepared TFME supports by mold deposition and obtained LODs
in the order of 50 pg/L. Ripoll and co-workers also recently investigated an improved
methodology for the preparation of TFME supports, based on electrospray deposition (ESD) of
GO [13]. In this work the authors obtained even lower LODs, in the order of 15 pg/L,

demonstrating the increased performances of the ESD supports over other deposition methods.

Another methodology proposed to enhance the LIBS performances is Nanoparticle Enhanced LIBS
(NELIBS), proposed by De Giacomo et al [14] and illustrated in Chapter 1. This technique is of
particular interest for its fast and relatively easy implementation, and a recently published review
by Dell’Aglio et al [15] thoroughly describes the phenomena and the mechanisms correlated to
NELIBS, while highlighting the criticalities of the approach. NELIBS was successfully used to

enhance the performances of LIBS towards the detection of metals in liquids by depositing

152



droplets of the analyte solution on a layer of dried NPs, in a similar fashion to the SENLIBS

approach [16].

In a work by Wen et al, a substrate prepared using AuNPs and porous electrospun ultrafine fibers
was tested successfully for the detection of pug/mL heavy metals in aqueous samples [17]. The
authors showed how the structure of such substrate, coupled with the AuNPs can greatly improve
the detection of the extracted analytes, thanks to the large surface area of the fibers.
Nevertheless, the preparation of the fibers requires dedicated instrumentation and knowledge on

how to operate it to obtain an optimal product.

This work, performed in part in the laboratories of the University of Alicante (Spain), explores the
feasibility of a combined approach of TFME and NELIBS. To the best of our knowledge, this is the
first time such an approach has ever been proposed and tested for the determination and LOD
estimation of heavy metals extracted from aqueous solutions. Moreover, both the AgNPs and the
GNS were prepared using the same PLAL setup, significantly reducing complexity, costs and the

time required for the experiments.

In addition, it was possible to develop and test a functionalization step of the glass substrates, in
order to increase the retention of the GNS film. This would, in theory, increase the resistance of
the TFME supports to the immersion in solutions, as well as facilitate the creation of larger and

more homogeneous depositions.

5.2 — Materials and Methods

5.2.1 — Materials
Graphene nano-sheets (GNS) were prepared starting from pure graphite (Graphite flakes, Sigma-

Aldrich).

Glass microscope slides (Plain microscope slides, J. Melvin Freed Brand, USA) were cut to
approximately 1x1.5 cm pieces and used as substrates for the preparation of TFME supports.
Chemical etching of the glass slides was performed using a commercially available glass etching

paste (Idea VETRO etching paste, Maimeri, Italy).

Silver nanoparticles (AgNPs) were prepared by Pulsed Laser Ablation in Liquid (PLAL). Silver foil (2
mm thickness, 99,9% trace metal basis from Sigma-Aldrich) and a 2 mM KCI (powder, Sigma-
Aldrich) aqueous solution were used for PLAL synthesis of AgNPs. The procedure for the
preparation of AgNPs is described in detail in a recent work by Botto et al. [18]. In brief, a pulsed
laser, operating at the fundamental wavelength of 1064 nm, with a repetition rate of 10 Hz and a
pulse energy of 100 mJ, was focused on a silver target immersed in the KCl solution. After an

ablation time of 5 minutes, the AgNP dispersion was characterized by UV-Vis spectroscopy (Jasco
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V-750 double beam spectrophotometer, scans from 300 nm to 600 nm, scan rate 300 nm/min).
The values of maximum absorbance at the corresponding wavelength in the spectrum can be
used to readily estimate the size and concentration of the NPs solution using Lambert-Beer’s law
and the data indicated in literature [19]. The synthesized nanoparticles were found to have an

average diameter of 11 nm and a concentration of 0,02 mg/mL.

Standard aqueous solutions containing Cu, Cr, Ni and Pb were prepared by appropriate dilution of
1000 mg/L mono-element stock solutions (High-Purity mono-element standard solutions,

Charleston, UK).

APTES (3-(Aminopropyl)triethoxysilane, 99%, Sigma-Aldrich) was purchased from Merck.
Graphene oxide powder was purchased from GrapheneA (Spain). NaOH (pellets,
Honeywell/Fluka), Ethanol (Absolute for HPLC, PanReac AppliChem) and Acetone (Chromasolv for

HPLC, Honeywell/Riedel-de Hoen) were used for the functionalization of glass substrates.

Deionized water was obtained from an Elga Purelab Option DV 35 (Veolia Environment, France)

water filtration system, and used throughout the study.

5.2.2 — Instrumentation

This work was performed using the LIBS instrumentations provided by the ICCOM-CNR in Pisa
(Italy) and the University of Alicante (Spain). The former was used during the GNS and AgNPs
preparation as well as the investigation of the optimal parameters for support preparation,
extraction and NELIBS, while the latter was used for building calibration curves and for NELIBS

experiments.

At CNR, LIBS analyses were performed using the Modi portable LIBS instrument [20]. Modi is
equipped with a Nd:YAG laser (LS2134-D, Lotis Lasers) operating at the fundamental wavelength
(1064 nm) and delivering two laser pulses of up to 110 mJ per pulse in 15 ns FWHM. In this work,
the system was operated on Single-Pulse mode. The maximum pulse repetition rate is 10 Hz. The
laser beam is focused into an experimental chamber and the plasma emission is collected by an
optical fiber placed at a distance of 1 cm from the sample and at an angle of 45° with respect to
the laser beam. The ablation spot is about 300 um. The system was coupled with an Aryelle 200
Echelle spectrograph (200 nm to 790 nm, LTB Lasertechnick Berlin) coupled with an air-cooled
ICCD (iStar DH334T-18F03, Andor), with a resolving power of 9000. The acquisition delay was set
to 500 ns after the second laser pulse and the integration time was 10 s, in accordance with
routine LIBS analyses. The spectrometer was calibrated with a Deuterium-Halogen lamp (Ocean

Optics DH-2000).
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At the University of Alicante, the LIBS instrument used a Nd:YAG laser (Handy-YAG model HYL
101, Q-switched, Quanta System S.P.A., Varese, ltaly), operating at the fundamental wavelength
with a nominal pulse width of 6 ns FWHM, and a compact time-integrated spectrometer (five
channel spectrometer, model AvaSpec-2048-SPU, Avantes, Eerbeek, The Netherlands). The laser
is focused on the sample by a 60 mm focal length biconvex lens. The sample is placed on a
manually-operated x/y translation stage. Plasma emission is collected and sent to the entrance slit
of the five-channel spectrometer by a five-furcated optical fibre (5 x400 um fibre optic cable,
model FC5-UV400-2, Avantes, Eerbeek, Netherlands), which is positioned at 60° with respect to
the incident laser beam and at approximately 2 cm from the sample surface. The ablation spot
was estimated at approximately 170 um. Each measurement is externally controlled by manually
triggering the laser firing sequence (i.e. external triggers are sent to the laser flash-lamp and Q-
switch) with two pulse generators (Digital delay/pulse generator, model DG 535, Stanford
Research Systems, Inc. and 1 MHz—50 MHz pulse/ function generator, model 8116A, Hewlett
Packard/Agilent Technologies, Santa Clara, USA). The laser pulse and the spectrometer are further
synchronized with the aid of the spectrometer software (AvaSoft©, v8.5.0.0, Avantes, Eerbeek,
Netherlands). Each laser pulse had an energy of approximately 180 mlJ. LIBS spectra were
collected 1.5 ps after the plasma generation, with a 1 ms integration time (set by the

manufacturer).
All the LIBS spectra were analyzed using the in-house developed LIBS++ software.

The PLAL setup for the preparation of both the GNS and NPs schematized in Figure 1. The system
uses a double pulse Nd:YAG laser (LS-2134D, Lotis) operating at the fundamental wavelength of
1064 nm. The laser was operated in single pulse mode, with a pulse energy around 130 mJ in 25
ns.

Mg "¢

Nd:YAG Nd:YAG

Target Graphite dispersion

Figure 1 - PLAL instrumental setup for AgNPs synthesis (left) and GNS synthesis (right)

5.2.3 — GNS preparation
The procedure for the preparation of the GNS dispersion was adapted from the work of Pramanik

et al [21].
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A dispersion of graphite flakes was prepared, having a concentration of 10 mg/mL, using MilliQ
water. The dispersion was sonicated until the graphite was fully dispersed (2x30 min sessions). 2
mL of this dispersion were placed in a clear glass vial sealed with plastic screw-caps for headspace

analysis. The vial was placed sideways under the path of the laser beam (see Figure 1).

The laser was operated in repetition mode with a shot frequency of 10 Hz, while the pulse was
focused inside the liquid. The irradiation time was 5 min and the shock from each laser pulse was
sufficient for stirring the dispersion inside the vial. After the irradiation, the vial was removed and
allowed to cool down. Built up pressure was vented by inserting a syringe needle into the vial
through the cap septum. The irradiation process was repeated three times, for a cumulative
irradiation time of 15 min. The dispersion was then sonicated for 30 min (2x15 min sessions with

5min of cooling time in between) at room temperature.

At the end of the preparation procedure, a homogeneous black dispersion was obtained, with no
discernible flakes at the naked eye. The dispersions were deposited on a glass slide and analyzed
using a Renishaw RM 2000 Raman instrument, coupled with an optical Leica DLML microscope,
equipped with a 50x NPLAN objective. The laser source was a He-Ne laser with a wavelength of
633 nm and a laser power output on the sample of about 0.07 mW. Several spectra were
registered on different depositions, obtaining perfectly reproducible results. The spectra were

compared to those reported in literature [21] [22] [23].
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Figure 2 — Normalized Raman spectrum of the prepared GNS deposition
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The Raman spectra show the presence of strong G (1580 cm™) and 2D (2685 cm™) bands. The
relatively broad, but symmetrical, 2D band confirms the presence of a multilayer structure of
graphene, coherent with the deposition methods. Moreover, the presence of the D’ (21615 cm™)
and of the D (1350 cm™) bands, suggests the introduction of defects in the graphene structure
during the PLAL process, such as oxygen- and hydroxyl-containing groups. This is not unwelcome
for this work, as it can increase the extraction power of the GNS thanks to the formation of
stronger electrostatic bonds with the metal ions in the sample solutions, similar to the behavior

observed in the case of graphene oxide [24] [25].

5.3 — Results and Discussion

5.3.1 — Glass substrates and TFME supports optimization
The method chosen for the preparation of the TFME supports was the drop casting of the GNS
dispersion on the glass substrates, followed by thermal drying. Other methods of preparation

were considered, but ultimately discarded for this work.

A custom dip-coating apparatus was devised and built, with the help of Prof. Hidalgo, in order to
test this coating method for the preparation of the TFME supports. The system is composed of an
aluminum support structure where 3D printed components are attached. The substrate holder
piece is designed to accept multiple substrates in different positions, if necessary. The graphene
dispersion in held in a glass vial under constant agitation, in line with the substrate holder. A
stepper motor and pulley system, controlled using an Arduino Uno board, is used to accurately
raise and lower the glass substrates into the graphene dispersion. The immersion and drying
times, as well as the motor speed, are adjusted using a custom Arduino script. Figure 3 shows a

picture of the assembled system.
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Figure 3 - Home-built dip coating apparatus

Preliminary coating tests conducted using this apparatus showed that the time spent for the
preparation of the number of supports required for this study was too inefficient, requiring
several hours and several cycles of immersion and drying to obtain just two supports. Moreover,

this approach added the disadvantage of a much higher complexity of the preparation procedure.

A similar conclusion was drawn from the consideration of an electrospray (ES) deposition
approach for the preparation of the TFME supports, which would have also required a more
complex system dedicated to the ES technique. Additionally, spin coating was not employed due

to the high volumes of GNS solution required for a homogeneous coating of the substrates.
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A preliminary investigation was conducted to identify the ideal type of substrate for preparing
TFME supports. Untreated microscope glass slides (suitably cut) were tested alongside

mechanically and chemically etched slides.

Mechanical etching was performed using a high-speed rotary tool with an abrasive tip. One face
of each substrate was grinded as homogeneously as possible, then washed thoroughly with tap

water, deionized water and dried on a hot plate.

Chemical etching was conducted by following the specifications of the manufacturer of the
etching paste. In brief, the paste was applied to one side of the glass slides and left to react for 15-
20 minutes. Once the etching reaction occurred, the slides were cut to the required dimension,

washed and dried.

An example of the etched glasses is reported in Figure 4.

Figure 4 - Different types of glass substrates. Plain glass (left), mechanically etched (center) and chemically etched (right)

To identify the optimal procedure for drying the GNS onto the glass substrates, various methods
were tested on both the mechanically and chemically etched substrates. Plain glass slides were

used as a benchmark by drop casting 10 pL of GNS on their surface.

Initially it was considered to let the TFME supports dry in open air at room temperature, but this
method was soon discarded as the time required was in the order of several hours. Drying using a
flow of hot air (using a heat gun or a blow dryer) was tested with some success. The time required
to completely dry up the supports was reduced significantly (from hours to tens of seconds).
However, it was noticed that the droplets were not drying homogeneously, showing visible
“coffee rings” and halos. Moreover, the air flow caused some droplets to deform and occasionally

spill out of the substrates.

More promising results were observed while drying the supports on a hot plate. The temperature
was set around 90°C to avoid boiling of the liquid. When the supports were placed in direct

contact with the plate, however, it was noticed that the drying process was often not

159



homogeneous. In several tests, the GNS layer cracked and failed to adhere properly to the glass.
This was remedied by placing a double layer of paper towel between the substrates and the hot
plate surface. This had the effect of slowing down the drying process (which can take up to a
minute), making it more homogeneous and less violent. The result was a nearly perfect circular

layer of GNS deposited on the glass surface.

This procedure was followed to prepare TFME supports with plain and etched glass slides, and the
results are reported in Figure 5. A deposition of 10 pL of graphite on plain glass was added for a

visual comparison.

: O N

Figure 5 - TFME supports prepared with different glass substrates. From left to right: graphite on plain glass, GNS on

plain glass, GNS on mechanically etched glass, GNS on chemically etched glass

As it can be seen, the best results are obtained using plain glass and chemically etched glass.
When the GNS are deposited on mechanically etched glass substrates, the droplets do not
conserve their shape and tend to dry in a disordered fashion, which can severely hinder the

reproducibility of the extraction procedure and LIBS measurement.

To test the stability of the different supports against immersion in a liquid, three of each type

were inserted in a plastic vial containing 1,5 mL of H,0.

It was rapidly observed how the plain glass supports are extremely fragile and unsuitable for
TFME, as the GNS layer detached immediately on contact with the water, remaining afloat on the
surface (while maintaining the circular structure). Attempts to recover it were unsuccessful. The
mechanically etched supports showed a higher tolerance to immersion and manipulation.
Nevertheless, this etching procedure cannot produce homogeneous and reproducible patterns,
and some supports crumbled and broke off the glass shortly after immersion or upon removal
from the vial. The best results were obtained with chemically etched supports. As well as being
the most homogeneous, they showed a surprisingly high resilience to manipulation and

immersion, remaining intact even after 24h of continued immersion.
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As a result, the TFME supports used throughout the study were prepared using chemically etched

glass substrates, with drop casting of GNS dispersion, and dried on a hot plate with paper towel

partial insulation.

5.3.2 — TFME conditions optimization

To determine the optimal extraction procedure, supports were prepared using 10 puL of GNS. The
supports were then immersed on aqueous solutions containing 20 mg/L of Cr (pH = 7) for an
increasing amount of time, namely 5, 10, 15, 30 and 60 minutes. After the extraction process,
each support was removed from the solution and dried on a hot plate with paper towel insulation
for approximately 15 minutes, to ensure complete evaporation of the liquid. Each extraction test

was repeated three times and the obtained LIBS spectra were averaged. The results are reported

on Figure 6.
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Figure 6 - Normalized intensity of Cr (360,5 nm) depending on the extraction time

The Y-axis in Figure 6 represents the integrated intensity of the Cr | emission line at 360,5 nm,

normalized on the total integrated intensity of the spectrum.

It can be observed how there is a pronounced growth of the Cr intensity in the first few minutes
of the extraction process. After 15 minutes of immersion, the signal appears to stabilize, with a
shallow decline towards 60 minutes of immersion. This can be ascribed to both the saturation of
the free sites on the support, where the metal ions can be adsorbed, as well as to the microscopic

degradation of the GNS layer due to the prolonged exposure to the aqueous environment.
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For this study, an extraction time of 15 minutes was optimal, as it guaranteed a high signal from
the analyte, while keeping the extraction time relatively short. The small increase in signal

intensity at 30 minutes of extraction was not deemed strong enough to justify doubling the

extraction time.

To find the optimal volume of GNS for the preparation of the supports, various drop castings were
realized, increasing the deposited volume of GNS in 10 pL aliquots. In theory, a higher volume of
adsorbent is always preferable, as it increases the number of binding sites for the analytes, as well
as increasing the efficiency of the extraction [26]. In this work however, it was quickly observed
that preparing supports with large amounts of GNS was not feasible. 20 pL depositions (2x10 pL
aliquots) allowed for the preparation of homogeneous and robust supports, which easily handled
the extraction and subsequent manipulations. Increasing the deposition volume to 30 pL (3x10 pL
aliquots) caused the formation of disordered flakes and non-homogeneous layers of GNS. Such
layers had the tendency of breaking off during the extraction of cracking during the drying

process, hindering the LIBS measurement greatly. It was then decided to limit the GNS volume to

20 L for this study.

New TFME supports were used for building calibration curves from the extraction of Cr aqueous
solutions. Five standard solutions with Cr concentration in the range 0,05 mg/L — 1 mg/L were
prepared by dilution of a 1000 mg/L chromium stock solution. The extraction procedure was
repeated five times for each concentration and the resulting spectra were averaged. The results

are shown in Figure 7.
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Figure 7 - Calibration curve for Cr
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It can be seen how the curve has a logarithmic trend, sharply growing for the first three
concentrations and then reaching a plateau for higher concentrations. This can be ascribed to the
relatively low volume of GNS that is used to produce the supports. The free sites are rapidly and
readily occupied by the metal ions and higher concentrations can saturate the supports during the
extraction time. In fact, a similar trend was observed in previous experiments using higher
concentrations of Cr (not reported in this manuscript), and the plateau was observed around the

same value of concentrations reported here. Nevertheless, the logarithmic curve still shows a

value of R? = 0,8944.

If the two points relative to the higher concentrations are removed (i.e. 1 mg/L and 0,5 mg/L), the

calibration curve becomes linear and reaches a value of R = 0,9971. The LOD for Cr was estimated

30

from the linear calibration curve using the formula LOD = Stope

and it was found to be 0,055

mg/L.
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Figure 8 - Calibration curve for Cr (high concentration points removed)

A new batch of supports was used to test their performances towards the extraction of a
multielemental agqueous solution. Five multielemental standard solutions containing Cr Ni, Pb and
Cu in a concentration range 0,01 mg/L — 0,25 mg/L were prepared by dilution of 1000 mg/L mono-
element stock solutions. The extraction procedure was repeated five times for each concentration

and the resulting spectra were averaged. The monitored emission lines are reported on Table 1.
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Element Wavelength

Crl 360,5 nm
Pb | 368,4 nm
Cul 327,5nm
Ni | 341,6 nm

Table 1 - Monitored emission lines

Due to the almost complete non-specificity of GNS, it was expected that all analytes would adsorb
onto the supports, driven by their mobility, size and electrostatic affinity to the GNS sites. The
results are reported in Figure 9. It should be noted that the Ni emission lines were not observed
after the extraction, and so are not reported in this Figure.
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Figure 9 — Normalized line intensity trend for the monitored analytes (see Table XX)

The Y-axis in Figure 9 represents the integrated intensity of the emission lines, normalized on the

total integrated intensity of each spectrum.

As it can be seen from the graph, not all analytes follow the same trend with increasing
concentration. While Cu and Cr intensities grow from 0,01 mg/L to 0,1 mg/L and then reach a
plateau, the intensity of Pb appears to remain more or less constant throughout the experiment.
It is likely that the presence of more than one analyte gives rise to competition phenomena for
the occupation of GNS sites. In fact, Pb appears to be more prevalent than Cr and Cu, and its

constant emission intensity suggests that it is adsorbed faster than the other analytes.
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While using larger volumes of GNS for the preparation of TFME supports might help to mitigate
this behavior (i.e. by increasing the amount of available sites for the extraction of the analytes), it
still does not solve the universal character of GNS as a sorbent. The use of functionalized GNS
would allow for the preparation of supports that can be specifically tuned for the extraction of a
single analyte, although this method would significantly increase the difficulty of the support

preparation procedure.

5.3.3 — NELIBS and TFME coupling
To investigate the possibility of combining the NELIBS approach with the obtained TFME supports,
three different methods for the integration of the AgNPs with the GNS.

The first method (Top Deposition, TD) follows the typical procedure of NELIBS, with a deposition

of 10 puL AgNP dispersion on top of the GNS support, which is then dried.

In the second method (Bottom Deposition, BD) 10 puL of AgNPs were deposited on a chemically
etched glass substrate, dried and the GNS were deposited on top of the nanoparticles. This

approach is similar to the SENLIBS technique, described in the work of De Giacomo et al [16].

The last method (Composite, C) that was investigated was the preparation of a composite
dispersion of AgNPs and GNS. To prepare the composite a given volume of GNS dispersion was
centrifuged to separate the graphene from the solvent, which was removed. The graphene was
then dispersed in the same volume of the AgNPs solution, sonicated and then used to prepare the
TFME supports by using, as in the previous methods, 10uL of GNS-AgNPs dispersion. The method
was tested using various AgNPs concentrations. The results reported in this work refer to the
supports that gave the best results, which corresponded to an AgNP concentration of 0,02

mg/mL.

Each type of support was used for the extraction of a 0,2 mg/L Cr solution and the Cr | (360,5 nm)
emission line was monitored. The tests were repeated five times and the resulting spectra were
averaged. The Enhancement Factor (EF) for NELIBS was obtained as the ratio of the emission
intensity of the Cr line between plain GNS supports and the various AgNPs treated supports. The

results are reported in Figure 10.
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Enhancement Factor

Figure 10 - Signal enhancement for different TFME support types

As reported in the graph, the EF values for both BD and C supports are close to 1, meaning that
almost no discernible signal enhancement was observed. In the case of BD, this can be attributed
to the complete absorption of the laser pulse by the GNS layer. This effectively prevents the
interaction of the laser with the underlying AgNPs, rendering them ineffective. On the other hand,
the presence of AgNPs in direct contact with the GNS during the preparation of the C supports can
contribute to a partial saturation of the free sites in the graphene by the adsorption of the metal

nanoparticles, which would then hinder the extraction of the analytes from the sample solutions.

The highest observed values for EF were obtained for the conventional NELIBS sample
preparation method, that is the deposition of AgNPs directly on the GNS films. As such, this

method was chosen for the subsequent experiments.

To determine the optimal amount of AgNPs that should be used on the GNS supports, various
tests were conducted while increasing the amount of AgNPs (in 10 pL increments) deposited. Each
test was repeated five times and the resulting spectra were averaged. A 0,2 mg/L Cr solution was
used for the extraction and the Cr | (360,5 nm) emission line was monitored. In Figure 11 are

reported the observed values of EF.
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Figure 11 - Signal enhancement for increasing amounts of AgNPs deposited

The highest EF values observed were obtained for an AgNPs deposition of 20 pL (2x10 pL) on the
GNS supports. It should be noted that 30 pL (3x10 uL) was chosen as the upper limit because
adding more AgNPs to the GNS supports severely compromised their integrity, causing cracks and

breaking up the layers.

Using the experimental parameters obtained in the previous tests, the GNS supports combined
with a AgNPs deposition were used to build a calibration curve for a Cr. As in the previous section,
five Cr standard solutions in the concentration range 0,05 mg/L — 1 mg/L were prepared. The
extraction procedure was repeated five times for each concentration and the resulting spectra
were averaged. The results are shown in Figure 12, where the calibration curve obtained using

plain GNS supports is also reported for comparison.
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Figure 12 - Calibration curves for Cr of GNS and NPGNS

It can be seen that the calibration curve for Nanoparticle/GNS supports (NPGNS) also has a
logarithmic trend, reaching a plateau between 0,3 and 0,5 mg/L of Cr. However, it should be
noted that the NPGNS logarithmic curve has a higher R? value than the GNS curve, the value being
R2=0,941.

By removing the two points relative to the higher Cr concentrations, as it was done for the GNS
curve, we obtain a linear calibration curve with a value of R? = 0,9905. The increase in signal
enhancement due to the application of the AgNPs also allows for a slightly lower LOD than the

one obtained from the GNS calibration. The NPGNS LOD was estimated to be 0,032 mg/L.
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Figure 13 - Calibration curves for Cr (high concentration points removed)

5.3.4 — Enlargement of the measurement spot

One of the considerations that should be taken into account when working with NELIBS is that the
laser spot size can greatly influence the magnitude of the signal enhancement that is observed.
Indeed, in the works by De Giacomo et al, the laser spot size is large enough so that the entire NP
deposition is ablated during the measurement (in the order of mm). Nevertheless, the laser
fluence on the sample surface must be kept at a value that is sufficient for the NELIBS effects to

take place. This generally requires a laser with a power output that is not common.

In this work, thanks to the higher power output of the laser installed in the LIBS system at the
University of Alicante, it was possible to gradually increase the laser spot size on the analyzed

samples in order to verify the presence of a further increase in NELIBS performances.

Following the TFME procedure described in the previous sections, several supports were prepared
and analyzed using the NELIBS approach. The solutions used for the extraction contained 0,2 mg/L
of Cr, and the Cr | (360,5 nm) emission line was monitored. Each measurement was repeated 5

times and the resulting spectra were averaged. The results are reported in Figure 14.
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Figure 14 - EF trend as a function of the laser spot size. The laser pulse energy is kept constant throughout

It can be seen how an increase of the laser spot size is followed by an increase in the registered
value of EF. Indeed, upon reaching 300 um, the observed EF reaches almost the value of 6.
Further increases of the laser spot size cause a reduction of the registered EF, as well as of the
overall spectral intensity. This could be explained by both a decrease of the NELIBS enhancement
due to the decreasing laser fluence, and to the decrease of the plasma energy and emission

intensity.

5.3.5 — Glass substrate functionalization with APTES
The last section of this work was dedicated to investigating the functionalization of the glass

substrates to increase the GNS adhesion and stability during immersion.

The compound that was chosen for this process is APTES (3-Aminopropyl)triethoxysilane). This
substance is widely used in literature for the functionalization of both glass and graphene, using
similar procedures [27] [28] [29] [30] [31] [32] [33]. Indeed, in some works, it is used for the

synthesis of glass fiber/graphene compounds for extraction processes.

Based on the literature, a new procedure for the functionalization of the glass substrates was
developed and tested. The same procedure was used to functionalize both plain glass substrates

and chemically etched glass substrates.

All the glass substrates were thoroughly cleaned before the procedure using an ultrasound bath.
The substrates were sonicated for 5 minutes in acetone, and then for 5 minutes in deionized

water. A 3-minute sonication step using a 0,1 M NaOH solution was used to activate the OH
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groups on the surface of the substrates. This step was followed by an additional ultrasonic
cleaning session of 15 minutes (3 x 5 minutes) in water. The substrates were then allowed to dry

under a glass petri dish.

A 1% solution of APTES in ethanol was prepared and heated to 60°C. The substrates were

immersed in this solution for 1 hour.

Figure 15 - APTES treatment of glass substrates

Subsequently, the substrates were removed and placed in an oven at 100°C for a 1-hour curing

period.

Once ready, the substrates are cut into suitable pieces and treated using both GNS and graphene
oxide (GO). The deposition methods that were chosen for this test consists of the drop casting
method, already used in this work, and a “passive coating” method, which consists in the
immersion of the substrates in a GO or GNS 0,1 mg/mL dispersion, under agitation, for 2 hours.

The results are reported in Figure 16.
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Figure 16 - Passive coating using GNS (left) and GO (right)

It was observed how the GNS gave rise to a thin film on the glass substrates, even though the low
concentration of the solutions did not allow for the formation of a uniform and prominent
coating. In the case of GO, instead, a coagulation phenomenon was observed after a few minutes
of immersion of the glass substrate, significantly limiting the amount of material that adhered to
the glass itself. It was speculated that the cause is an interaction of the amino groups introduced
during the functionalization step that, reacting with the functional groups of GO, that induces the
aggregation and flocculation. A possible solution to this issue could be the use of a dip-coating

procedure, which limits the prolonged exposure of the GO solution to the functionalized glass.

For the drop casting method, many of the expected results were confirmed, also based on
observation from previous tests. GNS was able to form homogeneous and resilient films, while GO
was unable to adhere to the glass (both plain and etched). Moreover, it was observed how the

GNS could adhere perfectly to the functionalized, but not etched, glass.
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Figure 17 - The coated substrates before the immersion test

To evaluate the stability of these substrates, they were immersed in deionized water for up to 24

hours, and the results are reported in Figure 18.

Figure 18 - The coated substrates after the immersion test
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It can be seen how the GO supports do not have the stability required to withstand immersion.
Indeed, most of the observed damage to the supports occurred during the first few seconds of the

immersion in water.

5.4 — Conclusions

A novel approach to the NELIBS technique for the signal enhancement of LIBS was proposed in

this work, combining the enhancing effects of the AgNPs with the TFME methodology.

Graphene nanosheets were successfully prepared using a pulsed laser and used for the
preparation of TFME supports. Various kinds of glass substrates were tested and the procedure
for the preparation of the TFME supports was optimized. This allowed for the LIBS analysis of
metals in liquid samples, obtaining sub-ppm LODs. Moreover, it was demonstrated that NELIBS

can be coupled with TFME to allow for the obtainment of even lower LODs.

Nevertheless, further studies should be carried out to further optimize the methodology,
investigating different deposition methods for both the GNS and the AgNPs. In particular, the
preparation of a ready-to-use AgNP/GNS composite would further simplify the procedure,
enabling the use of this technique for in-situ and online measurements. In addition, the use of
functionalized GNS and graphene is also worthy of investigation, for the preparation of ad-hoc

TFME supports for pre-determined analytes.

Furthermore, it was demonstrated that the registered EF increased when increasing the
dimensions of the laser measurement spot. The use of a more powerful laser would, in theory,

allow for the obtainment of even higher EF values, and should also be investigated.

Finally, a procedure for the functionalization of the glass substrates was proposed and tested. The
APTES treatment allowed for a much higher stability of the GNS TFME supports, while no
observable improvement was found for GO TFME supports. Also in this case, it could be worth
investigating different deposition strategies, particularly dip coating. This could allow for the
preparation of much more homogeneous and large substrates, which could boost the TFME
performances greatly. Indeed, a thorough optimization of this technique would be necessary, to

improve the preparation times and simplify the preparation processes.
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6 — Time-Independent Extended C-Sigma (TIECS) for the
determination  of  spectroscopic  parameters from  LIBS
measurements

6.1 — Introduction

The central part of a LIBS analysis is the characterization and study of the laser-induced plasma
(LIP). Naturally, this kind of study tends to be simpler if only optically thin spectral lines are
encountered. This is usually not the case in most LIBS analysis, where self-absorption phenomena
are encountered. This is especially true in the case of very intense LIBS signals, which are generally
caused by high plasma temperature or by plasma rich in optically active species. This phenomenon

can make studying the plasma and spectral parameters a much more difficult process.

Indeed, in the works presented in the previous chapters, the monitored emission lines that were
chosen in each study had to keep the presence of self-absorption into account. This is particularly
true when studying, for example, copper samples. The strongest emission lines for Cu, located at
324,7 nm and 327,4 nm, are also the ones that are more affected by self-absorption. This precludes
their use for analytical purposes in most cases, as their intensity cannot be readily correlated to

the concentration of the analyte in the analyzed samples.

Having access to a method that could determine the extent of self-absorption phenomena on a
LIBS emission line, starting from the experimental data, would greatly help in the extraction of

analytical (as well as spectroscopic) information from the registered LIBS spectra.

In this chapter, the work performed in collaboration with the ALS-Lab research group of ICCOM-
CNR will be presented. We developed a new method, based on the previously established
Extended C-Sigma method [1], called Time-Independent Extended C-Sigma. This method allows for
the construction of a model that interprets experimental parameters (e.g. plasma temperature,
electron density, line intensity) and calculates the extent of the effects of self-absorption on the

experimentally measured linewidth of spectral lines in LIBS spectra.

6.1.1 — Principles of the C-Sigma method

The spectroscopic analysis of laser-induced plasmas can provide useful information about some
fundamental plasma parameters, such as transition probabilities [2] [3] [4] [5] and Stark
broadening coefficients [6] [7] [8]. The procedure seems to be straightforward since, in the
approximation of optically thin [9], homogeneous plasma in Local Thermal Equilibrium [10], the

transition probability of a line emitted by a given element may be obtained by simply comparing
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the measured line intensity with that of an emission line of the same species, whose transition

probability is known:

I gref ref ——E;ef_Ek
— k kgT
Akl B

i — jref Ik ki

Equation 6.1

where E}, is the energy of the upper level of the transition, E,:ef is the intensity of the reference

line, gi and g,:ef are the degeneracies of the upper level, kg is the Boltzmann constant and T is
the plasma electron temperature, which has to be determined independently. When more than
one reference line is available, the determination of the unknown A;,; can be obtained from the
Boltzmann plot as the value that brings the corresponding point in the plot on top of the best fit
line of the other experimental points, as a function of the energy of the upper level of the

transition. In this case, the logarithm of the line intensity is involved.

The determination of the Stark broadening coefficient [11] ws seems to be even simpler, since the
measurement involves the determination of the emission line width that, under proper conditions,

can be expressed as:
AL = wgn, Equation 6.2

where 1, is the electron number density, which must be determined independently (typically, by

measuring the Stark broadening of another line whose wg coefficient is known):

_ref aaref

ws = g — = Equation 6.3

or using the broadening of the Hydrogen Balmer alpha line [12].

It should be noted that the calculation of the electron number density from the Stark broadening
of emission lines does not rely on the existence of Local Thermal Equilibrium conditions in the
plasma. Nevertheless, the conditions of an optically thin, homogeneous plasma must be fulfilled,

in order to be able to determine the A,;coefficients using Eq. (6.1) or the Boltzmann plot.

Generally, during LIBS measurements, reasonably homogeneous plasmas in conditions close to
Local Thermal Equilibrium are obtained. However, the issues related to self-absorption are not
easily resolved, since these effects are intrinsic in the physics of plasma. Moreover, the optimal
conditions for achieving Local Thermal Equilibrium are not optimal for minimizing the self-

absorption effects, and vice-versa.

Starting from these considerations, several authors have recently proposed methods which take
into account the presence of self-absorption in the laser plasmas [1]. Safi et al have proposed an

extension of the C-Sigma method introduced by Aguilera and Aragon [13], which can be applied
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also in case of very strong self-absorption and guarantees the linearity of the C-Sigma plot for all
the values of the self-absorption parameter. The formulation of the Extended C-Sigma approach

can be summarized briefly as follows.

The spectral line intensity can be associated to the plasma temperature using the equation:

Ek

e kBT .
I = ﬁNgkAkiTT) Equation 6.4

where f is a factor taking into account the efficiency of the spectral detector, N is the number
density of the emitting species and U(T) is the partition function for the species at the

temperature T.

6.4 is the optically thin plasma approximation of a more general expression, called a Curve of
Growth (COG), describing the propagation of radiation in a homogeneous plasma column of length

I:
I =BB(A) f,yp(1— e *¥P)da Equation 6.5

where B(4,) is the black-body emission at the center of the line A, and k(A) is given by:

Ej

e

kpT _
o) L) Equation 6.6

me?3

k() =

fNgi

mc?

In Eq. (6.6), m and e are the electron mass and charge, c is the speed of light, f is the oscillator
strength of the transition, g; and E; are the degeneracy and the energy of the lower level of the
transition and L(4)is the normalized lineshape, which in LIBS conditions can be typically

approximated with a Lorentzian curve.

In their work, Aguilera and Aragon [13] modeled the plasma inhomogeneity using two different
distributions (one for ions and one for neutral atoms) having two different temperatures. The

generalized COG found by the authors is:

I
B(4o)

ﬁ = f(Cay, AAy) = f(Cay) Equation 6.7
0

The term ¢ is the absorption cross section (i.e. absorption coefficient per atom/ion). It is a
parameter that approximates the absorption of radiation in the plasma by the sample atoms as a

series of “opaque” discs, defined as:

k T
O'l__l_ L

= N, 10-%cai Equation 6.8

Where k; is the effective absorption coefficient and 7; the effective optical depth. Cis the species
concentration, N is the species density and [ is the LOS optical length. This method has the
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advantage of being widely applicable while having almost no restrictions. It is, however, a fairly
complicated approach, as the model contains an integral part that has to be solved by recursive

analysis of the experimental data in order to obtain the C-Sigma plot.
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Figure 1 - Example of a C-Sigma plot. Reprinted from [13]

The method by Cristoforetti and Tognoni [14] introduces a new parameter called columnar density.
Moreover, the optical depth, 7;, is calculated from experimental data. The authors were able to
build a linear Columnar Density Saha-Boltzmann, instead of the non-linear C-Sigma plot. Indeed,
the proposed method allows for a much simpler calculations and fit of the experimental data but

it can only be applied to optically thick spectral lines.

Using these considerations and making explicit the integral over the line in Eq. (6.5), Safi et al [1]
were able to propose a simplification of the generalized COG model using the experimental line
width. It was demonstrated that:

I AL
B(Ag) (Ap)?

= B1; = 1072 Cs0,N1 Equation 6.9

where NI is the columnar density [14] of the element, Cs is the concentration of the species

considered and gy is the absorption cross-section averaged along the line profile.

Therefore, an Extended C-Sigma plot can be obtained by plotting on the y-axis the quantity on the
left side of Eq. (6.9). both the line intensities I and the linewidths A1 can be experimentally
determined. The dependence of the left term is linear on Cg5o;. This makes the fit of the
experimental data fast and accurate, allowing an easier calculation of the plasma parameters with

respect to the original formulation of the method.
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Figure 2 - C-Sigma (top) and Extended C-Sigma (bottom) plots, showing the linearity of the ECS model. Reprinted from
[1]

However, the knowledge of the optically thin linewidths A4, is still required for the calculation of
the C-Sigma ordinate. This means that the Stark broadening coefficients of the emission lines must

be known for determining AA,.

This work demonstrates how it would be possible, by acquiring LIBS spectra at different times after
the onset of the plasma, to obtain the Stark coefficients of emission lines whose transition
probabilities are known. Vice versa, a similar procedure can be used for the determination of the

transition probabilities of emission lines whose Stark coefficients are known.

6.1.2 — Principles of the Time Independent Extended C-Sigma method

From Eq. (6.9) it can be deduced that the slope of the Extended C-Sigma plot is proportional to the
columnar density NI of the studied element. The element number density N remains constant in
time, but the size of the plasma increases due to its expansion. As a result, it would be impossible
to plot on the same curve the data obtained at different delay times, without knowing the value of
the corresponding plasma size [(t) at different times. Nevertheless, literature shows [15] that a
plasma formed in air, after an initial fast expansion in the first hundreds of nanoseconds, can be
considered stationary at longer time delays. Cristoforetti et al. [16] demonstrated that in
conditions similar to the ones used in this work, the diameter of a laser-induced plasma in air
stabilizes at a value around 2 mm about 500 ns after the laser pulse. Therefore, it would be safe to
assume that in similar conditions I(t) = [y 4x for t = 500 ns, and that this value would remain

almost constant at longer times.

Another point to consider is that the concentration of the neutral and ionic species varies with time
according to the Saha-Eggert [17] relation, and can be expressed as:

185



neutral species

I Equation 6.10

Cs = ——————7—=< lonic species
Cs(1+C'/Cs)

From these considerations, all the experimental data acquired at different delays can be placed on
a single TIECS plot. The points corresponding to a few optically thin lines can be used as reference,
from which it is possible to calculate the plasma temperature and the electron number density at
the different time delays. After this curve is defined, the ordinates of the optically-thick lines can
be calculated to have their corresponding points lie on the previously determined curve, having as
the only free parameter the Stark broadening value. This parameter should be considered
independent of the temperature, inside of the range considered. Each emission line would be plot
n times, with n equal to the number of different delays considered. This means that acquiring the
spectra at many different delays would improve the precision in the final estimation of the Stark
coefficients. In addition, the comparison of the different values of the Stark coefficient would allow
for easier spotting of anomalies that could be caused by the failure of some of the assumptions

(i.e. homogeneous and stationary plasma in LTE).

Additionally, it should be noted that the TIECS method could also be used for the determination of
the composition of an unknown sample, provided all the spectral parameters are already known
(i.e. when well-known spectral lines are monitored). The mathematical procedure is similar to that
used for the determination of the Stark coefficients. Once the general TIECS plot has been built
using a sample of known concentration and lines with known spectral parameters, a series of
measurements could be performed on an unknown sample. Then, instead of using the w;
parameter as a free variable (or the Ay), the concentration of the species in the plasma can be
adjusted until the value that brings the experimental points on the TIECS curve is found. This would
allow for quantitative analyses with LIBS when strong self-absorption phenomena are observed.
Nevertheless, this method assumes a stoichiometric composition of the plasma (i.e. the
concentration of the species in the plasma is equivalent to those in the sample) and the possibility

of performing measurements with different time delays of the same sample.

6.2 — Materials and Methods

6.2.1 — Instrumentation
LIBS measurements were performed using the system schematized in Figure 3. The system was

equipped with a Nd:YAG laser having a pulse energy of up to 100 mJ in 20 ns. The laser pulse was
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focused on the sample by a plano-convex lens with a focal length of 100 mm lens. The
measurement spot on the target surface had a diameter of about 1 mm. The plasma emission was
collected by a telescope system and sent through an optical fiber to the entrance slit of an Echelle
spectrometer (Aryelle 200, LTB Lasertechnik Berlin, Germany). The spectrometer was coupled with
an Andor iStar iCCD, which allows for a temporal resolution lower than 2 ns and a relative spectral
resolution of 9000 (which corresponds to an instrumental broadening of 28 pm at a wavelength of
250 nm). The spectrometer was calibrated before each measurement session using a Deuterium-
Hg lamp (Ocean Optics DH-2000) before the analysis. For LIBS analyses, 10 spectra were
accumulated at each delay (ranging from 200 ns to 1,4 s, at 400 ns steps, with a 400 ns gate) after

3 preliminary cleaning shots.

Nd:YAG Laser

Echelle

Figure 3 - Scheme of the LIBS system used in this work

6.2.2 — Materials

Tantalum is a transition metal, mainly obtained from Columbite-Tantalite (Coltan) mineral, which
has many uses in the industry of electronic devices [18]. Studies on tantalum by LIBS are quite
limited and many fundamental parameters required for quantitative analysis are not precisely
known. For example, no information is available in the literature about the Stark broadening

coefficients of Tantalum lines.

In this work, LIBS measurements were performed on the surface of a tantalum foil (250 um thick,
99.9% purity, Sigma-Aldrich). The foil was moved after each series of 3 + 10 laser shots, to avoid
effects related to the laser-induced crater. The temporal evolution of the line intensity and FWHM
of 26 Ta lines (6 neutral and 20 ionic lines) were studied. The relevant spectral parameters are

reported in Table 1.

AXo (nm) A (s) lon.St.  E(cm?) g Ex (cm™) 8k
214,6877 5,17 x 108 I 1031,36 5 47595,98 3
218,2723 2,24 x 108 Il 1031,36 5 46831,35 7
219,6056 5,20 x 108 Il 4415,79 8 49937,74 9
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221,0042 4,99 x 10® I 0 3 45223,91 3
221,5600 * 2,08 x 108 I 4415,79 9 49536,24 7
224,8495 * 2,73 x 108 I 9746,28 9 54206,69 9

224,9791 6,75 x 108 I 0 3 44434,79 1

225,0769 4,68 x 10® I 1031,36 5 45446,85 5

226,2302 5,13 x 108 I 2642,26 7 46831,35 7

227,1847 2,93 x 108 I 2642,26 7 46645,7 9

227,2600 5,57 x 108 I 3180,04 5 47168,9 7

243,1055 1,11 x 108 I 1031,36 5 42153,29 5

243,3586 3,11x 108 I 3180,04 5 44259,2 5

247,0898 1,21 x 108 I 6186,81 11 46645,7 9

248,8707 8,52 x 108 I 4415,79 9 44585,17 11

253,2125 5,28 x 108 I 2642,26 7 42122,91 9

255,462 3,76 x 108 I 2642,26 7 41775,29 9

263,5583 6,871 x 108 I 1031,36 5 38962,32 7

265,3272 2,559 x 108 I 2010,10 6 39668,2 6

267,590 7,67 x 108 I 4415,79 9 41775,29 9

285,0978 1,60 x 10® I 5621,04 10 40686,42 10
321,3906 * 8,22 x 10’ I 5657,90 5 36763,7 7

331,1135 2,48 x 10’ I 5621,04 10 35813,47 12

331,8847 1,07 x 107 I 2010,10 6 32132,38 8
360,7405 * 5,58 x 10° I 2010,10 6 29722,95 8
362,661 * 7,67 x 10° I 3963,92 8 31530,02 10

Table 1 — Spectral parameters of the Ta emission lines used in this study. The lines marked with * are the ones used for

calculating the plasma temperature and electron number density

The Kurucz [19] and NIST [20] databases were used as references for the spectroscopic parameters

needed in this work.

6.3 — Results and Discussion

The first step for the construction of the TIECS plot was the measurement of the plasma
temperature and electron number density of the Ta plasma at different delays. The tantalum
spectrum is particularly complex, as shown in Figure 4, and the high-resolution spectrometer used
unavoidably introduces several ghost lines, due to the cross-talk between the orders of the Echelle
spectrometer. This effect produces additional difficulties in the correct interpretation of the

spectral lines.
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Figure 4 - LIBS spectrum of the Ta sample

The electron number density was obtained from the determination of the Stark linewidth of the
Hydrogen Balmer alpha line at 656,3 nm. While keeping in mind the effects of self-absorption, a
group of low intensity, non-resonant lines were selected for measuring the electron temperature
using the Saha-Boltzmann method [21]. These lines are marked with an asterisk in Table 1. The

Saha-Boltzmann plot corresponding to 1 us delay is shown in Figure 5.
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Figure 5 - Saha-Boltzmann plot for Ta, 1000 ns delay

No appreciable differences were found between the values of plasma temperature estimated using
independently neutral lines or ionic lines, at all of the delays considered. Therefore, a model of
homogeneous plasma is used, described by a single temperature for neutral and ionic species. The

plasma parameters at the different time delays are reported in Table 2.

Plasma Electron Number Density
Delay (ns)
Temperature (eV) cm3x10Y
200 1,1 6,14
600 0,89 3,28
1000 0,80 1,79
1400 0,81 1,40

Table 2 - Plasma parameters at various time delays

It should be noted that at 200 ns the plasma is still expanding quickly, therefore the LTE
approximation is likely not fulfilled [20]. Therefore, the estimated plasma temperature at that
delay should not be considered as reliable and the corresponding spectrum was not considered in

the subsequent calculations.
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The time-independent Extended C-sigma plot for the Ta lines in Table 1 is shown in Figure 6. It
should be noted that the effects of self-absorption, for the moment, are not considered. The plot

contains 78 points in total (26 lines x 3 delays).
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Figure 6 - C-Sigma plot, not considering self-absorption. The dashed line represents the reference TIECS curve which

takes into accounts self-absorption.

As noted in [13], Figure 6 can be assimilated to what would have been obtained using a multi-
. . . ) AL

elemental Boltzmann plot approach, assuming an optically thin plasma (z.e. ﬁ = 1) for the
0

corresponding lines.

The red dashed line in Figure 6 represents the reference line on top of which all the points
corresponding to the (possibly optically thick) emission lines will be placed, by adjusting the

relevant Stark broadening coefficients for obtaining the right % values from the knowledge of the
0

experimental linewidths (A1) and of the electron number densities at the different delays

considered.
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Figure 7 - Schematic representation of the procedure for the determination of the w; coefficients

In Table 3, the results of the calculations are reported. It should be noted that some coefficients
could not be calculated because the measured linewidth is comparable with the instrumental
broadening, which must be subtracted beforehand from the experimental linewidth to obtain the
Lorentzian component of the Voigt profile, corresponding to the Stark broadening of the line. The
uncertainty is evaluated as the standard deviation of the different estimates at the three time

delays considered.

Standard
Wavelength  Stark coefficient
Species deviation
(nm) nm/cm3x 10V
nm/cm?3x 10Y
Tal 265,3272 0,006 0,003
Tal 285,0978 0,0021 2x10*
Tal 331,1135 0,008 0,006
Tal 331,8847 0,009 0,005
Tal 360,7405 - -
Tal 362,661 - -
Tall 214,6877 0,006 0,004
Tall 218,2723 0,008 0,003
Tall 219,6056 0,010 0,002
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Tall 221,0042 0,006 0,003

Tall 221,5600 0,016 0,003
Tall 224,8495 0,009 0,002
Tall 224,9791 0,008 0,004
Tall 225,0769 0,0125 0,002
Tall 226,2302 0,008 0,002
Tall 227,1847 0,0027 9x10*
Tall 227,2600 0,0054 6x10*
Tall 243,1055 - -
Tall 243,3586 0,0018 7x10*
Tall 247,0898 0,0055 0,001
Tall 248,8707 0,0037 8x10*
Tall 253,2125 0,009 0,002
Tall 255,462 0,019 0,003
Tall 263,5583 0,0065 0,001
Tall 267,590 0,0170 0,006
Tall 321,3906 0,031 0,01

Table 3 - Stark broadening coefficients of the studied lines

6.4 — Conclusions
This work presented a new method for building a Time-Independent Extended C-Sigma curve, that
can be used for evaluating the extent of the effects of self-absorption on the experimentally

measured linewidth of spectral lines in LIBS spectra.

Based on reasonable assumptions (i.e. homogeneous and stationary plasma, in Local Thermal
Equilibrium) it was possible to determine the Stark broadening parameters of 23 Ta lines (4 neutral
and 19 ionic) with reasonable precision (around 30% on average). Indeed, the knowledge of these
parameters could be useful for further spectroscopic studies of Ta samples, as well as being a
method that could be implemented for the determination of unknown spectral parameters of

other elements.

Indeed, TIECS was applied in a more recent work [22] for the determination of the spectroscopic
parameters of Ag | and Ag Il emission lines. In this work, the full potential of TIECS was used, and
it was possible to determine not only the Stark coefficient, but also the transition probabilities of

the studied lines.
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General Conclusions
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7 — General Conclusions

Over the course of this PhD research, novel LIBS methodologies and procedures, based on the
use of noble metal nanoparticles (NELIBS) have been developed. NELIBS allowed for the increase
of LIBS analytical performances, and lowered the detection limits for the studied analytes to less
than 1 ppm in the case of solid samples and a few pg/L in the case of analytes extracted from a
liquid matrix. Moreover, it was demonstrated how the NELIBS approach can be used with
portable LIBS instruments and how it can be combined with the double pulse approach or with

TFME to further increase the performances of these two methodologies.

Chapter 2 proved how metal nanoparticles synthetized with “green” methodologies can be used
for NELIBS applications. An optimal procedure for the synthesis of Silver nanoparticles (AgNPs)
from silver nitrate solutions and coffee extract was developed, and the AgNPs were tested for the
analysis of Copper standard reference materials (SRMs). The sample preparation procedure was
optimized and the results showed the effectiveness of the “green” NPs. By constructing LIBS and
NELIBS calibration curves, it was demonstrated how the limits of detection of Cr and Zn in a solid
copper matrix could be lowered significantly. Additionally, the analyses were performed using a
portable instrument, the first time for NELIBS, which suggests the possibility for future in-situ

applications.

The available LIBS system was re-configured for the production of high-quality, pure and
reproducible metal nanoparticles in relatively large quantities, using the Pulsed Laser Ablation in
Liquid technique. The procedure allowed for the extremely reproducible production of NP
dispersion with tunable concentration and dimensions, with the addition of different surfactants,
depending on the analytical requirements. The nanoparticles produced by PLAL during this phase
of the research work, described in Chapter 3, were successfully used for NELIBS, but also for
Surface-Enhanced Raman (SERS) applications. The same LIBS/PLAL system was also used
successfully for the production of graphene-based nanosheets that were used for micro-

extraction applications.

The possibility of combining the advantages of DP-LIBS and NELIBS was demonstrated in Chapter
4. The main problematic that was observed in DP-NELIBS was the almost complete removal of
the NPs after a single laser pulse, which would prevent the second pulse from interacting with
the NP deposition. To solve this problem, a LIBS setup that used two parallel and non-collinear
laser pulses was chosen. This ensured the activation of NPs during both pulses, while maintaining
the low-density environment typical of DP-LIBS. Several tests on copper targets have been
performed to determine the best set-up for the maximum magnitude of the signal enhancement

by adjusting different parameters such as pulse energies and offset distances. Commercially
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available silver NPs and NPs prepared by PLAL have been tested and their performances
compared with standard DP-LIBS. In the end, a novel approach, called Spatially-Offset Double-
Pulse LIBS (SO-DP-LIBS) was proposed. The feasibility of this approach was successfully
demonstrated, obtaining an even higher enhancement factor (EF) than the one registered during
SP-NELIBS analyses with a comparable experimental configuration. Moreover, it was shown how
the EF decreased with a decreasing laser beam offset distance. The results obtained were very
promising and showed the potential of NELIBS as well as its versatility. Nevertheless, the extent
of the interaction of the enhancing effects of DP and NELIBS is worthy of further investigation,
with a particular focus on the laser-induced plasma dynamics and evolution in the case of SO-DP-

NELIBS.

In Chapter 5, a novel strategy for the analysis of liquid samples based on the combination of
TFME and NELIBS, was proposed and tested. The research activity was focused on improving the
capabilities of graphene and graphene oxide thin film micro-extraction (TFME) substrates for LIBS
analysis by the application of noble metal NPs. Graphene nanosheets (GNS) were successfully
prepared using a pulsed laser and used for the preparation of TFME supports. Various kinds of
glass substrates were tested and the procedure for the preparation of the TFME supports was
optimized. This allowed for the LIBS analysis of metals in liquid samples, obtaining sub-ppm LODs.
Moreover, it was demonstrated that NELIBS can be coupled with TFME to allow for the
obtainment of even lower LODs. Nevertheless, studies should be carried out to further optimize
the methodology. In particular, the preparation of a ready-to-use AgNP/GNS composite would
further simplify the procedure, enabling the use of this technique for in-situ and online
measurements. In addition, the use of functionalized GNS and graphene is also worthy of
investigation, for the preparation of ad-hoc TFME supports for pre-determined analytes. Lastly, a
procedure for the functionalization of the glass substrates was proposed and tested. The
treatment of glass substrates with APTES allowed for a much higher stability of the GNS TFME
supports. Also in this case, it could be worth investigating different deposition strategies,
particularly dip coating. This could allow for the preparation of much more homogeneous and
large substrates, which could boost the TFME performances greatly. Indeed, a thorough
optimization of this technique would be necessary, to improve the preparation times and simplify

the preparation processes.

In Chapter 6, the development of a novel approach for spectral analysis and treatment, called
Time-Independent Extended C-Sigma (TIECS) was described. Indeed, a method that allows for the
determination of the extent of the effects of self-absorption on the spectral lines monitored in
LIBS, using directly the experimental data obtained from a LIBS spectrum, is a valuable tool for

both quantitative analysis and spectral studies of LIBS plasmas. The method developed in this
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research work exploits the spectral information extracted from LIBS spectra acquired at different
delay times after the laser pulse for building a time-independent Extended C-Sigma curve, and
intrinsically includes in the calculation the effects of self-absorption. It was possible to determine
the Stark broadening parameters of 23 Ta lines (4 neutral and 19 ionic) with reasonable precision
(around 30% on average). Indeed, the knowledge of these parameters could be useful for further
spectroscopic studies for the determination of unknown spectral parameters of other elements.
For instance, TIECS was applied in a more recent work for the determination of the spectroscopic
parameters of Ag | and Ag Il emission lines. In this work, the full potential of TIECS was used, and
it was possible to determine not only the Stark coefficient, but also the transition probabilities of

the studied lines.
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