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LASIS showed a great potential as a cost-competitive and green technique for obtaining easily functionalizable nanoparticles
and complex nanostructures in solution, hence it is an interesting alternative to wet chemistry methods for the synthesis

of functional nanoparticles.

he role of nanoparticles (NPs) in nanoscience and nanotech-
nology is well known and ranges from catalysis to photonics,
from photovoltaics to electronics, from bioanalytics to
nanomedicine. In the last decades, considerable research
efforts have been directed towards the study of NPs properties, their
structure-properties relationship and the development of efficient syn-
thetic procedures. These efforts produced striking results and the bot-
tom up approach of wet chemistry emerged as one of the most power-

ful methods for the synthesis of NPs [1]. However, some issues about
the synthesis of NPs are still waiting for a fulfilment. These issues princi-
pally deals with the reproducibility of the synthetic methods, the function-
alization of nanoparticles and the problems related to byproducts of the
synthesis [1].

The problem of reproducibility is intrinsic in the bottom-up wet chemistry
methods, because they are a wide ensemble of different procedures for
the synthesis of NPs. Consequently, even a slight difference in the struc-



ture of NPs may require a drastic variation of the synthetic procedure, as
it happens in the synthesis of gold nanoparticles coated with different
types of surface ligands [1].

A general feature of these methods is that crystal growth stops when the
mechanism of growth limitation prevails. In wet chemistry methods, crys-
tal growth is in competition with surface conjugation by ligands. There-
fore, the surface of NPs is coated with a dense layer of ligands, that also
play an important role for the stability in solution of particles. The type of
surface ligands has a great importance for the final product of the syn-
thesis, since ligands influence particles size, size dispersion, shape, and,
sometimes, the phase and the quality of crystal order. Most surface sta-
bilizers are strongly bound to nanoparticles and further functionalization
of NPs can be really difficult. Surface functionalization of NPs is the most
important step for many applications, because it can add new properties
like solubility, selective targeting or labelling abilities. Usually, functional-
ization is carried out in two ways: i) by using stabilizers with chemical
groups that allow the conjugation of the desired molecules by chemical
reactions after particles synthesis; i) by place exchange reactions
between the stabilizers and the functional molecules. Both are complex
because they require the accurate refinement of the experimental condi-
tions and, most important, they do not favour the multifunctionalization
of the same particle with different functionalities. In other cases, the sta-
bility of NPs in solution can be the main difficulty to overcome for obtain-
ing surface functionalization. Furthermore, ligands and synthesis byprod-
ucts can have undesired effects for the real application of NPs, like toxi-
city, poisoning of catalytic activity or degradation of optical and electron-
ic properties. On the one hand, synthesis byproducts can be removed
by purification procedures, that is like to say that their undesired effects
cause larger costs and environmental concerns. On the other hand, lig-
ands are indispensable for the stability of NPs and sometimes they are
chemically bound to NPs surface, therefore they cannot be removed
from particles in many cases.

It is worth to point out also that, in last years, the research about the syn-
thesis of NPs faced a new ambitious targets, namely the development of
a “sustainable nanotechnology”, that is considered necessary for NPs to
cross from science to applied technology [2]. The use of environmental
harmful chemicals and the production of pollutant byproducts are com-
mon drawbacks in wet chemistry approaches for the synthesis of NPs.
Consequently, large scale applications of nanoparticles can be ham-
pered by high costs for waste disposal according to environmental reg-
ulations, in addition to the costs for chemicals supplies and chemical lab
equipments.

The laser ablation synthesis in solution (LASIS) is an alternative to wet
chemistry method for the synthesis of NPs [3]. LASIS is a top-down
physical method consisting in the laser ablation of a solid target dipped
in a solution for obtaining nanostructured materials as a colloidal suspen-
sion. The main formation mechanism of NPs consists in condensation of
the plasma plume generated by laser irradiation of the solid target. The
so obtained NPs are highly available for further functionalization or can
be used wherever unprotected nanoparticles are desired. NPs with com-

plex nanostructures can be obtained by chemical reactions between the
ablated material and the solvent or the solutes.

By using a physical technique for the synthesis of NPs, some of the
above recalled disadvantages of wet chemistry methods are avoided.
The main point is that LASIS can be a unique approach for the synthe-
sis of a variety of nanomaterials in a variety of solvents in the presence
of a variety of solutes [3, 4]. Moreover, LASIS does not necessarily
require any chemicals and does not necessarily produce waste, that is
LASIS is usually compatible with the 12 principles of green chemistry [2,
3]. Manual operation and the experimental set up of LASIS are minimal
[3, 4]. When LASIS is used for the synthesis of noble metal nanoparticles,
one step functionalization as well as multifunctionalization are straightfor-
ward, since the functional molecules can be simply added to the colloidal
solution. Furthermore, laser irradiation after LASIS has been demonstrat-
ed as an effective technique for the chemical-free size control of noble
metal nanoparticles [3]. On the other hand, not all the advantages of the
synthesis by wet chemistry are retained by LASIS. In particular, the con-
trol on particles size and size distribution is lower and the control of par-
ticles shape at nanoscale was not obtained by LASIS until now. Most
important, LASIS is a smart technique for the production of NPs on the
gram scale, but the scalability to mass production of NPs is not straight-
forward and requires a careful evaluation of costs in comparison to wet
chemistry methods, due to the need for laser sources.

These aspects are discussed with more details in the following sections.

Technical outline of LASIS

Laser ablation is a well known technique in various technological areas
like mass spectrometry by matrix assisted laser desorption ionization
(MALDI-MS), thin fim fabrication by pulsed laser deposition (PLD) in
ultra-high vacuum chambers, material processing and patterning for
microelectronics or tissues removal in surgery. The application of laser
ablation to the synthesis of nanostructures in liquids is dated to the early
Nineties, thanks to the pioneering work of A. Henlgein [5].

The experimental set up for LASIS is simple, which is a strength point of
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Fig. 1 - The principal components of the experimental set up for LASIiS with a list

of its main parameters
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Fig. 2 - Cartoons sketching the main stages of the ablation process after laser
pulse arrival (time t=0), that are the formation of a plasma plume (from few ps to

tens of ns) and a sound wave expansion (time scale of hundreds of ps)

this technique. It consists in a pulsed laser, a set of focusing optics and
a cell containing the solid target and the liquid solution (Fig. 1). The main
parameters of LASIS, that will be discussed in the following, are the tar-
get material, the solvent type, the solutes type and the ablation parame-
ters (duration, wavelength, fluence and frequency of laser pulses) [3].
The only relevant cost is the laser source, that requires some thousands
euros for a compact instrument with output energy appropriate for
obtaining LASIS. However, such lasers are present in many research lab-
oratories for other applications. Some authors reported the use of target
scanning systems and fluxed cells for intensive NPs production. In other
cases, sealed cells have been used for LASIS in controlled atmosphere
and in volatile or in toxic solvents. LASIS has been obtained with fs, ps,
ns and even ms pulses at wavelengths from the near infrared to the near
ultraviolet and in a wide range of fluence between hundreds of mJ/cm?
to thousands of J/cm?2, though the results about NPs synthesis are
strongly affected by pulse parameters.

Laser ablation at solid/gas and solid/vacuum interfaces has been inves-
tigated much deeper than at solid/liquid interfaces. Consequently, the
mechanism of NPs formation by LASIS is not completely clear. Further
understanding of these processes is necessary to get the best perfor-
mances by LASIS and to overcome present limitations of this technique.
Until now, the molecular dynamics simulations and experimental studies
about laser ablation at solid liquid interfaces provided a qualitative or a
semi quantitative description of the ablation process but did not provide
the indications necessary to a refined control over NPs synthesis [4, 6,
7]. This is also a consequence of the strong variability of LASIS results
when changing the ablation parameters. Indeed, the ltalian scientific
background in theoretical and experimental aspects about PLD and
MALDI-MS is excellent, as well as about the physics and chemistry of
plasmas, hence we believe that useful indications can come out in the
future by collaborations with groups working in these and other related
areas.

Some general characteristics about LASIS emerged in these years. First
of all, laser fluence must be high enough to produce a plasma plume on
the target in order to obtain NPs by LASIS [3, 4]. The formation of a plas-
ma plume expanding in the liquid is accompanied by the formation of a
sound wave propagating in the liquid, also called cavitation bubble (Fig.
2). The formation of the cavitation bubble due to solvent vaporization
during the ablation process attracted the attention of many scientists

active in this field, because it strongly interferes with the ablation rate and
with the homogeneity of the products [4]. Spectroscopic investigations
by streak cameras and shadowgraphic investigations, together with mol-
ecular dynamics simulations, provided useful informations about the
basic dynamics of these processes in liquids [4, 8]. The plasma plume
duration is in the range of few nanoseconds to tens of nanoseconds,
depending on laser fluence and pulse duration, while the expanding
sound wave duration is in the range of hundreds of microsecond. One
must point out that the presence of the liquid induce a quenching of the
plasma plume one order of magnitude faster than for laser ablation in
vacuum or in low pressure gases, as well as the sound wave expanding
in the liquid induces a relevant density modification around the target.
Moreover, the liquid produces a strong confinement at the plasma
plume, that is compressed on the target, with the consequence that the
interaction of the plasma with the target is stronger than for laser abla-
tion in gases or vacuum [9-11].

Additional ablation mechanisms other than plasma plume formation can
be the ejection of melted drops or solid fragments due to boiling and/or
photoionization and consequent Coulomb explosion of the target [3, 9-
11], that are relevant at high fluence or with ultrashort laser pulses. The
morphology of the ablation craters is indicative of what is the prevailing
mechanism, because explosive processes originates rugged craters [9-
11]. Since high ablation rates are obtained by high fluences, explosive
mechanisms are frequent in LASIS of NPs.

The use of laser pulses with duration in the nanosecond regime or longer
can be useful for improving the phase homogeneity of the ablated mate-
rial. Energy conversion from incident laser radiation to the heat in the tar-
get happens on the time scale of thermal relaxation in solid state, that is
few picoseconds [3]. Experimental and theoretical studies confirmed that
plasma plume begins few ps after that laser irradiation starts. Therefore,
ns or longer pulses overlap effectively with the ablation process, where-
as overlap is absent for ps or shorter pulses. Some authors suggested
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Fig. 3 - Sketch of the plasma plume formed by laser ablation of a solid target.
Four principal combination of solution and target species can be identified due to

different distribution of temperature, pressure and composition in space and
time. The * denotes excited and/or ionized states




that laser irradiation of the ablated material, occurring with ns pulses,
improves the vaporization of the ejected material, explaining why NPs
obtained by ns pulses often show sharper size distributions than parti-
cles obtained with shorter pulses [3, 9-11].

Laser wavelengths in the near infrared are sometimes preferred for
avoiding the reabsorption of laser pulses by NPs, that is especially prob-
able with pulses in the near ultraviolet or when NPs have strong absorp-
tion bands like Ag and Au NPs. This process can produce a broadening
of the size distribution of NPs.

When LASIS is carried out with ordinary energies, NPs are obtained by
a nucleation and growth mechanism during plasma cooling [3, 4]. The
growth mechanism is fed by the diffusion of vaporized target atoms and
by the coalescence of particles embryos in solution, that last hundreds
of nanoseconds after the laser pulse. The coalescence mechanism is a
relevant process, because NPs obtained by LASIS are prominently
polycrystalline. LASIS proved to be useful also for obtaining NPs with
metastable phases because nucleation and growth of NPs are fast
processes that occur out of equilibrium, when temperature and pressure
are much higher than in ambient conditions [4].

The atomic density and composition, the pressure and temperature in
the plume determine the structure and the size of NPs obtained by
LASIS. Unfortunately, all these parameters are not constant in time nei-
ther uniform in space in the LASIS process, because two boundary
regions exist between the plasma plume and the surrounding liquid or
the metal target. Moreover, the expansion of the plume in the liquid buffer
produces a concentration gradient of atomic and molecular species from
the solution, that is complementary to the concentration gradient of tar-
get atoms. One can identify four class of species involved in particles for-
mation (Fig. 3) [3, 4]: species coming from the target or from the solution
at high temperature and pressure or at ordinary temperature and pres-
sure. Where the concentration of target species is dominating during
particles formation, as it happens in the inner part of the plasma plume,
the formation of NPs with same composition of the target is favoured. If
both target and solution species are present at high temperature and
pressure, as it happens at the boundary between the expanding plume
and the liquid, new chemical reactions may happen, producing NPs with
a different composition from the target. When NPs have already formed
in solution, only particles surface can be affected by chemical reactions
with solution species.

When LASIS is carried out with high energy laser pulses, explosive
mechanisms are present and particles formation by ejection of melted
drops or hot solid fragments should be also considered.

The highly ionized conditions experimented in the plasma and the likeli-
hood of chemical reactions with ionized solution species favour the sur-
face charging of NPs obtained by LASIS [3, 4, 12, 13]. Consequently,
LASIS basically produces colloidal suspension of charged nanoparticles.
It is an important advantage of LASIS, because it allows the synthesis of
nanometric particles in the complete absence of surface ligands or sta-
bilizers. Recently, Yang’s group experimentally showed that the presence
of intense pulsed electric fields during the ablation process can interfere
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Fig. 4 - Top: Transmission electron microscope images of Au NPs obtained by
LASIS in water. Both shows a polycrystalline structure typical of metal
nanoparticles obtained by LASiS. Bottom: Typical UV-visible spectra of Au

nanoparticles in water. The prevalently spherical shape and the size on the order
of tens of nm originates a single sharp plasmon absorption at about 530 nm. The
experimental UV-visible spectrum (black stars) is well fitted by the Mie-Gans
model (green squares), as described in [15]

with the embryos coalescence process inducing a templating effect that
originated acicular instead of spherical particles [14].

The above considerations suggest that, on the one hand, the formation
mechanism of NPs is rather complex and, on the other hand, that LASIS
has the potential for the synthesis of a wide variety of nanomaterials with
simple or complex structures, that still wait to be fully explored. Some
examples of this potential are provided in the next sections.

LASIS of noble metal nanoparticles

The synthesis of noble metal nanoparticles (NMNPs) like Au, Ag, Pt, Cu
and their alloys by LASIS was studied more frequently than for other types
of NPs [3]. This may be due to various reasons. The first one consists in
the chemical inertness of noble metals in water and other common sol-
vents, which allows the laser ablation synthesis of stable colloidal solutions
of NPs. Other reasons are the interesting properties of NMNPs like the
presence of an intense absorption band due to the resonance of plasmon-
ic modes, the easy surface chemistry based on surface conjugation by
metal-sulfur bonds and the physical and chemical stability (originating the
biocompatibility of Au NPs and some catalytic properties of NMNPs) [3].
The size of NMNPs obtained by LASIS is usually between few nm and
tens of nm [3]. The shape of NPs is prevalently spherical or slightly spher-
oidal, although particles aggregation can occur during or after the syn-
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Fig. 5 - Transmission electron microscopy image of Au NPs obtained by LASIS in
toluene, where a graphitic shell around particles is present. Inset shows a
magnification of graphitic nanostructures, where the interplanar distance of 0.34
nm has been measured (bar = 2 nm). From [18]

thesis when the colloidal system is not sufficiently stable [3].

When a sharp plasmon band is present, like in gold, silver and copper
NPs, their characterization can be easily carried out by UV-visible spec-
troscopy [15]. The plasmon band is sensitive to particles size, shape and
composition. For instance, our group developed a simple model for the
evaluation of the average size and for a semi-quantitative estimation of
the aggregation level by fitting the UV-visible spectrum of Au NPs solu-
tion (Fig. 4). The fitting program can be downloaded freely at
www.chimica.unipd.it/vincenzo.amendola.

NMNPs have been synthesized in pure water and in various pure organ-
ic solvents [3]. Higher stability has been observed in water, while a sig-
nificant aggregation takes place in polar organic solvents like alcohals,
acetonitrile, tetrahydrofuran, dimethylsuphoxide and dimethylformamide
[16, 17]. In general, no stable NMNp solutions have been obtained in
pure nonpolar solvents, because the colloidal system is poorly stabilized.
In general, one can observe that NPs stability in pure solvents is affect-
ed by the metal type, the solvent type and particles concentration. For
instance, Au NPs obtained by LASIS in pure water can be indefinitely sta-
ble, while they can undergo a rapid precipitation in some organic sol-
vents [3]. For instance, Au NPs obtained in alcohols showed increasing
aggregation for increasing length of the solvent aliphatic molecular chain
[16]. LASIS in alcohol or other organic solvents is especially useful when
direct encapsulation of NPs in a polymeric matrix is desired.

The impurities eventually contained in the solvents can have a strong
influence on the stability of nanoparticles. Recently, Compagnini et al.
showed that linear carbon chains obtained as byproducts during LASIS
can have a important role in affecting the stability of colloidal NMNPs [18].

160 | LA Ottobre ‘10
L’inawﬁm

On the other hand, salts with micromolar concentration or higher can
improve NMNPs stability in water by enhancing their net surface charge,
as reported in various experimental studies [3, 13]. Some authors also
observed that the presence of additives in organic solvents like antiper-
oxide stabilizers in tetrahydrofuran can enhance particles stability [3].
When LASIS is carried out in liquids that have a poor thermal stability,
pyrolysis can take place during the ablation process. This is the case of
LASIS of Au and Ag NPs in aromatic solvents like toluene, where metal
nanoparticles are obtained embedded in a graphitic shell due to solvent
pyrolysis (Fig. 5) [19].

A large number of experimental investigations are devoted to LASIS of
NMNPs in the presence of solutes like surfactants or thiolated molecules
[3]. Anionic surfactants like sodium dodecyl sulfate (SDS) are effective
stabilizers for NMNPs in water and reduce the average particles size
because the mechanism of surface coating with SDS competes with the
mechanism of particles growth [20-22]. The same behaviour is observed
in case of thiolated molecules, with the difference that thiols strongly bind
to metal surfaces by chemical bonds. Consequently, thiolated molecules
allow a strong reduction of the average size and an effective sharpening
of the size distribution of NMNPs obtained by LASIS [23]. In best cases,
the standard deviation on the average particles size is of the order of
50% for LASIS in pure solvents and can reach values of the order of 30%
or less if coupled with size selection procedures like centrifugation or size
exclusion chromatography. However, it can be as low as 10% if strong
stabilizing agents are present in solution during LASIS, in a way similar to
what happens with the wet chemistry methods [3].

The size and the shape of Au NPs can be controlled also by ligands free
techniques based on laser irradiation procedures following the synthesis
[3]. In particular, laser irradiation methods that make possible the reduc-
tion or the increase of nanoparticles size, even in absence of stabilizing
agents or other chemicals, have been developed. These methods exploit
the high selectivity of nanosecond laser pulses, due to the fact that pho-
toinduced heating of NPs and thermal relaxation from the particles to the
surrounding liquid occur on the same time scale of few nanoseconds [3].
The size reduction method is based on fragmentation by photothermal
heating of nanoparticles (Fig. 6a) [24]. We were able to predetermine Au
NPs size in a range between 25 and 4 nm by setting the appropriate flu-
ence of the irradiation treatment. The standard deviation was progres-
sively reduced from an initial value of about 60%, (that of AUNP obtained
by LASIS) to 20% for 4 nm particles, without the addition of any stabiliz-
er, hence preserving the surface availability for further functionalization.
The size reduction was successfully applied also to Au NPs obtained by
LASIS in organic solvents. Size reduction of NMNPs has been reported
also in the presence of SDS, thiolated ligands and other stabilizers like
dendrimers with ns, ps or fs pulses [3, 25, 26]. In these cases, the size
of nanoparticles is predetermined by the ligands type and concentration
rather than by the irradiation fluence.

The size increase method is based on a two steps process, consisting
of a controlled aggregation of nanoparticles and of the following laser
irradiation of the solution to obtain photomelting of aggregates into larg-
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Fig. 6 - Cartoons sketching: a) the size reduction of Au NPs, consisting in the
LASIS at 1064 nm and in the following laser irradiation at 532 nm; b) the size

increase of AuNP, consisting in the LASIS at 1064 nm, the controlled aggregation
of nanoparticles by addition of THF and KCI and the photomelting of aggregates
by low fluence laser irradiation at 532 nm

er nanoparticles (Fig. 6b) [24]. We applied this method also to Au NPs
obtained by LASIS in organic solvents. Moreover, photoinduced melting
of NPs by laser irradiation at low fluence can be a general approach for
removing particles aggregation, as demonstrated in water and organic
solvents [3].

Photomelting or photofragmentation by laser irradiation has been used
also for the synthesis of alloy nanoparticles like Au-Ag, Au-Pd, Ag-Pd
and Au-Pt. The complete alloying can be achieved in most cases, while
the formation of inhomogeneous or core@shell structures is sometimes
observed [27].

Functionalization of NMNPs

By monitoring protein or DNA integrity during LASIS of Au NPs in water,
Pedersen et al. reported that no appreciable degradation of the solutes
was observed during the synthesis [28]. Therefore, the insertion of one
or more thiolated molecules in the solution can be a straightforward
technique for obtaining functionalized NMNPs by LASIS. The function-
alization of Au NPs with a fullerene derivative in dimethylsulfoxide, with
a-lipoic acid in acetonitrile and with thiolated oligonucleotides or bovine
serum albumin in water have been obtained in this way, as well as con-
jugation with cyclodextrins in water by electrostatic interactions [17,
28-30].

Moreover, one of the main advantages of LASIS is the ability of obtain-
ing ligands free NMNp in a variety of solvents (Fig. 7) [3]. Therefore, func-
tionalization with desired molecules can be obtained after LASIS, by
choosing the solvent suitable for both particles synthesis and molecules
solubilization. We previously reported the one step functionalization of
gold and silver nanoparticles obtained by LASIS in organic solvents with
a variety of functional molecules like thermoresponsive polymers or
standard stabilizers as mercaptoethanol, dodecanthiol or a-lipoic acid

Fig. 7 - Cartoon reporting an important advantage of NMNPs obtained by LASIS:
one step functionalization of ligands-free nanoparticles by addition of desired

molecules in solution

[15, 31]. In case of thiolated molecules that are soluble in organic sol-
vents only, the one-step functionalization procedure is much simplified
with respect to the approach based on wet chemistry synthesis of
NMNPs, for the following reasons: ) usually NMNPs synthesized in
presence of thiols have sizes smaller than 5 nm, hence they show poor
plasmonic responses; NMNPs with larger size can be obtained by
LASIS in pure organic solvents and functionalized later, as done in our
previous works; ij) more than a single type of thiols can be added to the
same solution of NMNPs after LASIS, without affecting their size and
plasmonic properties; i) different types of thiols can be added to differ-
ent solutions containing the same NMNPs, hence one can obtain the
same NMNPs covered with different thiols, as done in our previous
works about AgNP and AuNP.

We also demonstrated that the surface of Au NPs obtained by LASIS in
water is highly accessible for bioconjugation and is suitable for UV-visi-
ble monitoring of surface coverage. It is well known that the plasmon
absorption band of Au NPs is sensitive to the physical and chemical
environment of particles surface. In our experiment, we added increas-
ing amounts of bovine serum albumin or thiolated polymers like poly-eth-
ylene-glycol to a solution of Au NPs obtained by LASIS in pure water [3,
24, 31]. By monitoring the red shift and the absorbance change of the
surface plasmon resonance after the addition of ligands until saturation,
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Fig. 8 - The yellow boxes in the periodic table correspond to the elements that are present as pure

compounds, alloys, binary compounds, oxides, hydroxides, sulfides, nitrides or carbon particles in
nanoparticles obtained by LASiS According to what reported in [3] and [4]

we obtained a quantitative estimation of the amount of molecules
required for the complete coverage of particles surface. In our work
about Au NPs surface coating with a thermoresponsive thiol terminated
poly-N-isopropylacrylamide-co-acrylamide co-polymer, we used the red
shift of surface plasmon absorption for estimating the polymer amount
required for nanoparticles surface saturation [31]. The number of poly-
mer chains for each AUNP was evaluated by the same measurements.
In particular, we measured the red shift of the surface plasmon absorp-
tion for a ratio of thiolated polymer : AuNP varying from 310 : 1 to 61300
: 1 and we found surface saturation for a ratio of about 4000 : 1 (aver-
age AuNP size of 18 nm). These figures were in fair agreement with
simultaneous iodine titration measurements on the unbound polymer
obtained after centrifugation of the AuNP-polymer solution.

The use of this type of plots for the real time monitoring of nanoparticles
multi-functionalization with high sensitivity is promising. Once the satura-
tion concentration has been estimated by separate experiments for each
ligand type, the sequential addition of ligands with the desired ratio is
facilitated. Such a procedure is particularly important whenever ligands
are scarce or precious, as often happen in case of NMNPs bioconjuga-
tion, because saturation concentration can be measured in a brief time
and on volumes as small as those required for a UV-visible analysis. We
also observed a very good stability for AUNP and AgNP solutions during
the addition of ligands, i.e. negligible aggregation. This finding is compat-
ible with the strong adhesion of stabilizing charges on the surface of
NMNPs obtained by LASIS.

LASIS of NPs with various composition

Many reports about LASIS of NPs with a variety of phases and compo-
sitions exist (Fig. 8), although only a part of them provided a deep char-
acterization of the products and showed a good control over particles
morphology. Some of these works have been reviewed in references 4.
NPs of Pb, Ni, Co, Si, CdS, ZnSe, Zn, US, FeNi, Ag,O5 and CeO, have
been obtained by laser ablation of targets with the same composition
dipped in water or in organic solvents [3, 4]. Oxide nanoparticles like
CuO, TiO,, Al,Og, SNO,, GeO,, FeO and ZnO or hydroxide nanoparticles
like Mg(OH), and Zn(OH), have been obtained by laser ablation of pure

T' E metals or pure semiconductors in water, by
1 1 1 1 exploiting the oxidation of metal atoms that
_I'I Ba BIC|N _G F [N takes place in the plasma plume region [3, 4].
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copper oxide nanoparticles have been
obtained in water [3, 33]. The formation of
core@shell structures with a metal or semiconductor core and an oxide
shell was reported in several cases like for Cu@CuO [3, 33], Si@SiO,
[34], and Zn@ZnO [35]. These NPs can show high defectivity, that can
be useful for obtaining new properties like photoluminescence in
Zn@Zn0O NPs [35]. The formation of linear carbon chains like polyyines
or polycumulenes by LASIS of graphite targets in water and hexane was
also reported [36].

LASIS of multi-elements compounds can generate NPs with a different
stoichiometry also in absence of oxidation, as reported for the synthesis
of HfS nanoparticles by ablating a HfS; target immersed in tert-butyl
disulfide [37].

Alternatively, laser ablation in the presence of chemical reagents can
originate compounds with new structures and shapes. In the case of
laser ablation of Ni in aqueous solution of silver nitrate, Ag-Ni alloy
nanoparticles with cigar-like shape were obtained [3, 38]. The silver-nick-
el alloy is not thermodinamically allowed in ordinary conditions, but it
results from the fast kinetics formation of nanoparticles in the high tem-
perature and pressure conditions produced by the laser ablation
process. Other nanostructured materials like cubic and hexagonal phas-
es of diamond, Cg carbon and cubic BN NPs have been obtained by
LASIS of graphite or hexagonal BN, as a further confirmation of the high
pressure and temperature reached during the synthesis [4, 38].

The deviation from the ordinary spherical shape has been observed also
for other materials obtained by LASIS in solution of electrolytes. In par-
ticular, the templating effects of electrolytes in solution allowed the syn-
thesis of carbon and of GeO nanoparticles with cubic shape [39]. How-
ever, one must point out that, these samples containing metastable or
nonspherical shapes are very heterogeneous and consist of a mixture of
NPs with different shape, size and phase [4, 39, 4Q].

Good results have been obtained by LASIS in the synthesis of organic
NPs made of dyes, fullerenes or organic anticancer drugs. In particular,
Asahi’s group showed that the phase and the size of organic nanocrys-
tals can be controlled by varying the fluence, the duration and the wave-
length of incident laser pulses [41]. LASIS of organic nanoparticles was
obtained by laser ablation of sols composed of macroscopic powders
suspended in the liquid instead of a solid target [41].



Concluding remarks

LASIS is a top down physical approach for the synthesis of nanomaterials
in liquids. Though the stability, the composition, the average size and the
size distribution of the NPs can be very different from one case to the other,
one should consider that a long list of different nanomaterials can be
obtained by using the same simple experimental set up. LASIS allows min-
imum manual operation, requires raw materials for the synthesis (i.e. sen-
sible money earning for the purchase of solid targets or powders instead
of metal salts, organometallic precursors and other chemicals) and waste
production is minimal or null. On the other hand, a careful evaluation of the
costs with respect to other approaches like wet chemistry synthesis is nec-
essary prior to the application of LASIS for mass production of nanoparti-
cles. Recently, the production of NPs on the gram scale by LASIS has been
reported for the first time [42].

The results obtained until now by LASIS of NMNPs show that a good con-
trol on the synthesis of nanoparticles can be obtained, with large opportu-
nities for the fabrication of multifunctional nanostructures. Moreover, the
interesting and heterogeneous results obtained in the synthesis of NPs with

various composition and shape suggests that this research field can be fer-
tile for further investigations about the mechanisms of ablation and parti-
cles formation, aiming at higher degrees of control on particles morpholo-
gy and at obtaining functional nanomaterials with complex structures.
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Sintesi mediante ablazione laser in soluzione (LASIS) di nanoparticelle funzionali
La LASIS ha dimostrato di avere un grande potenziale come tecnica a basso costo e “green” per la produzione di nanoparticelle facilmente funzionalizzabili e di

nanostrutture complesse, dunque rappresenta una interessante alternativa ai metodi di “wet chemistry” per la sintesi di nanoparticelle funzionali.




