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Abstract: Pulsed laser ablation in liquids (PLAL) has been growing as a powerful technique for the synthesis of
multielement nanoparticles (NPs) such as metal alloys with complex composition. In consequence, there is a great
necessity in expanding the current knowledge about alloy NPs formation during this method, aiming to control the
chemical composition of produced NPs. In this work, a nanosecond Nd:YAG laser was used to synthesize NPs of a
novel nickel (Ni) alloy, and a brief description regarding the influence of liquid media in size and stability of produced
nanoparticles is presented. The results showed great stability in the colloids produced in isopropanol medium without
using a surfactant, whereas this environment allowed the production of smaller nanoparticles.
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1. INTRODUCTION

The focus on metal nanoparticle research has
become increasingly intense owing to their unique
properties compared with bulk material, which allow
many potential applications, including biology,
medicine, electronics, energy conversion, linear and
non-linear optics [1-4]. Among these applications,
several works have shown the importance of obtaining
metal alloy nanoparticles (NPs) with a low melting point
in comparison to bulk material, since it can be
dramatically decreased when the size of the
substances is reduced to nanometer size [5]. The
interest in the melting of metal particles at lower
temperatures is triggered by recent studies referring to
different applications field [6-9]. As an example, we can
mention studies concerning laser-induced melting of
mono and bimetallic NPs, which are nanometers sized
and might become liquid at low temperatures, even if
their bulk metal temperature is hundreds of degrees
higher [10-13].

Among the techniques for producing NPs, pulsed
laser ablation in liquids (PLAL) has stood out in recent
years for being a versatile and an environmentally
friendly technique to produce stable colloidal solutions
with absence of chemical reagents and harmful
materials [2,14-16]. In this method, a target material
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immersed in a liquid medium is irradiated by an ultra-
short laser pulse, which causes the removal of material
from target and formation of nanoparticles through
nucleation and growth [15].

Besides, for obtaining multicomponent or alloy NPs
with unconventional composition, that are not
accessible by traditional methods, PLAL is preferable
due to its fast kinects of NP formation and its potential
to form high purity products [17].

The interest in synthesis of alloy NPs have
increased, since these materials have altered
properties relative to mono-metal nanoparticles. Among
them, metal Ni alloys are of having huge attention in
technology, because of their superior physical and
mechanical properties [18-22], that enable their use in
various  applications, such as photocatalytic
performance [23], energy storage [24,25] and
biomedical field [26]. Liu ef al. [27] studied the
morphological characteristics of Ni NPs produced by
pulsed laser ablation in gas medium. They reported
that varying the background gases, Ni-NiO core-shell
were obtain. In Dudoitis et al. [28] Ni NPs were
generated in air, using a Nd:YAG laser, in pulse
regimes of 15 ns and 10 ps, describing the influence of
laser intensity on the lattice temperature. Furthermore,
Ni NPs production by PLAL was reported recently by
Jaleh et al. [29] using a high repetition Nd:YAG laser
for ablating pure Ni target in methanol with
PolyVinylPyrrolodone (PVP) as stabilizer.
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Due to the enhancement of Ni alloys properties
compared to pure metals, these materials also became
promising to substitute noble metals in several
applications. Recently, Marzun et al. [30] studied the
properties of nickel-molybdenum system as catalysts in
different sectors, to overcome platinum and iridium
(which are rare and expensive metals), since Ni based
materials show comparable catalytic performance with
them. They have produced Ni-Mo alloy NPs using laser
ablation in water and acetone and verified a significant
increase in electrochemical activity, which means that
these materials are attractive catalysts to replace noble
metals.

Despite the previous investigations in literature,
works concerning nickel-aluminum or nickel-aluminum-
manganese-silicon system are very scarce. Nickel
aluminides are technologically very interesting because
they have higher melting point than pure aluminum and
are lighter than pure nickel. Furthermore, the
intermetallic phases have lattice structures that reduce
the mobility of dislocation and diffusivity. Thus, superior
mechanical properties at higher temperatures and
corrosion resistivity are achieved [31]. However, these
applications require rigorous processing of the
materials, in which laser ablation in liquid comes into
play as a promising approach for this purpose.

In this work, we synthesized and characterized
novel nanoparticles of nickel alloy by using
nanosecond laser ablation of a commercial alloy target
(Alumel, 95% Ni, 2% Al, 2% Mn and 1% of Si). To the
best of our knowledge, NPs from this purpose material
have never been done by this method before. Here, we
studied the effect of liquid medium on produced
nanoparticles regarding size and shape. Their
properties were investigated by several methods such
as UV-Vis and TEM.

2. EXPERIMENTAL

The synthesis of Nickel alloy nanoparticles was
performed using a 1064 nm high power Nd:YAG
(neodymium-doped yttrium aluminium garnet) laser
(OEM Plus, Italy) with an output power of 6W
(corresponding to a laser fluence of 4244.0 J/cm?), spot
size of 3 mm, pulse width ~35 ns and operated at the
repetition rate of 20 kHz. The target sample used to
carry out these experiments was 3 mm thick solid disk
of Alumel (NigsMn,Al,Siy - nickel-manganese-
aluminum-silicon), immersed in a vessel filled with
three different liquid media, namely distilled water

(DW), isopropanol and ethanol. During each ablation
process, a magnetic stirring was applied in order to
avoid re-ablation of freshly formed nanoparticles, which
would induce the broadening of size distribution via
photoinduced fragmentation, besides decreasing the
ablation rate. in each experiment, the ablation time was
the same and corresponds to 11 minutes. In the case
of the ablation process in DW medium, sodium dodecy!
sulfate — SDS (Ci;HxsSO4Na) was used as a
surfactant. The aqueous suspension was prepared by
adding pure SDS powder to DW, carefully shaking to
obtain a molar concentration of 0.025 mol/L. After the
required processing time, the ablation process was
interrupted, the Alumel colloidal solutions were stored
for further analysis and dissolution processing.

The experimental setup chosen to produce Alumel
NPs in liquid media is shown in Figure 1.
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Figure 1: Schematic diagram of experimental setup for the
fabrication of an Alumel colloidal suspension.

Alumel colloidal suspensions were characterized by
optical absorbance spectroscopy and transmission
electron microscope (TEM). Optical absorption spectra
of the colloidal suspensions were recorded in the range
from 190 to 800 nm of wavelength using an UV-Vis
absorption spectrophotometer Model 2501 PC,
Shimadzu. The pure solvent as used as reference to
build the baseline. Observation of colloidal particles
was performed by TEM (Hitachi 9000) at accelerating
voltage of 300 kV. The samples were prepared by
adding droplets of the colloidal solutions on carbon-
coated copper grids. Two droplets of solution were
deposited, and the grids dried in air. To evaluate the
ablated nanoparticles composition, drops of each
colloidal solution was deposited on silicon plate and
dried in air. EDS analysis was performed on
agglomerated particle of the Ni alloy, from a drop
placed to air dry.
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3. RESULTS AND DISCUSSION

3.1. Morphologies and Size Distribution of Metal
Nanoparticles

As already known, composition of nanoparticles
prepared by PLAL strongly depends on the liquid
medium. Figure 2 shows the TEM images and
analyzed data of Alumel nanoparticles produced by
PLAL technique in three different ambient liquids: (a)
DW+SDS solution, (b) ethanol and (c) isopropanol. The
produced NPs are spherical with dimensions lower
than 10 nm. The interaction of laser beam with Alumel
in ethanol and isopropanol resulted in the production of
extremely small particles (below 5 nanometers on
average) in comparison to those produced in water
medium. More details can be found in histograms
presented in Figure 2.

In the first condition, an aqueous solution of SDS
(concentration 25 mM) was used as liquid medium to
ablate Alumel target. SDS is used as a capping agent
to prevent oxidation and the growth of the Alumel
nanoparticles generated by laser  ablation,
encapsulating the newly formed NPs. Another
important function of SDS is to act as a surfactant
preventing NPs agglomeration. This is achieved by
double layer that are formed around the nanoparticles
by SDS molecule, in which the first layer has an
orientation of hydrophilic part inward and hydrophobic
part outward and the second layer has an opposite
orientation [32,33].

Through TEM image (Figure 2a), it is possible to
observe that there was no aggregation, and this
behavior can be attributed to the presence of SDS as
surfactant, which plays a significant role in stability of
the NPs. This process occurs due to electrostatic
repulsion and hydrophobic interaction among the
stabilizer's chains. Besides, NPs stability through ionic
stabilizers is generally explained in terms of surfactant
bilayer formation on the nanoparticles, which allows the
alkyl groups to be held together by a hydrophobic
bond, inhibit clusters aggregation, promoting NPs
stabilization [34-36].

Generally, all liquid media allowed the formation of
small nanoparticles with a narrow size distribution. In
water medium, the particles size is between 2 and 10
nm, while in ethanol and isopropanol, the particles did
not exceed 5 nm in a narrower distribution, being a
men size of 2 and 1.8 nm, respectivelly. The
mechanism of nanoparticles formation by laser ablation

is not completely understood, mainly in production of
metal alloys NPs field. Several ablation processes can
occur simultaneously and may lead to deviations in the
composition of the produced nanoparticles, where the
energy density deposited on the target is quite
important to the nanoparticle formation [17,37,38]. Due
to the high laser fluence value applied here, we
suppose that multiple ablation mechanisms, such as
fragmentation, vaporization and phase explosion, were
responsible for nanoparticle formation, leading to a
narrow size distribution [17].

It is important to mention that the formation of NiO
should not be ruled out, mainly in the case where Ni
target was ablated in water, since oxidation—-reduction
processes may occur in this solvent. In this sense, the
possibility of generating core-shell NPs of the type Ni-
NiO and NiO-Ni should be considered [27,39,40].
Arbodela et al. [40] showed the formation of Ni and
hollow Ni NPs when Ni target was ablated in n-heptane
solution. Instead, for water, they found the formation of
Ni oxide in different core-shell configurations.
According to them, in water, the optical breakdown
induced by laser ablation produces H, gas as
byproduct from the reaction bellow

Ni + H,O = NiO + H, (1)

Besides, since during ns laser ablation high
temperatures and pressures are easily reached in the
plasma plume and in the plasma liquid-interface during
a time interval compatible with the fast oxidation
kinetics, it is possible that, under our experimental
conditions, the previous reaction can easily generate
oxidized species in the colloidal suspension [40,41].

In order to evaluate the composition of the ablated
Alumel nanoparticles, a chemical analysis was
performed for each condition. In this case, drops of the
solution were placed on a silicon plate where it air-dried
and then, the plate surface, containing agglomerated
particles, was analyzed by EDS. The results are shown
in Figure 3. According to EDS analysis into the particle,
all the alloy elements have been detected, being Ni in
greater amount, as expected. In the case of water and
SDS medium, because of the surfactant presence, the
elements Na and S were also detected. The amount of
oxygen can suggest the Ni alloy oxidation in ethanol
and water liquid environment, which can be attributed
to different aspects, such as the oxidation due to the
interaction of particles deposited on the plate with the
ambient air, and/or to the interaction of the particles
with the liquid media during the ablation process.
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Figure 2: TEM images and calculated size and size distribution of Alumel nanoparticles produced in (a) distilled water + SDS,
(b) ethanol and (c) isopropanol.

During PLAL, the ablated species interact with the also from the alloy composition. Thus, the EDS results
solution and oxidized phases of the bulk material can show that nanoparticles of the alloy were formed, being
be formed. The great amount of silicon is resulting from composed by all the elements.

the silicon plate where the particles are deposited and
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EDS Z1
Element Wt (%) At (%)
O 7.07 18.96
Ni 77.12 | 5632
Al 0.59 0.94
Mn 0.46 0.36
Si 9.64 14.72
Na 3.53 6.59
> 1.58 2.11
EDS Z2
Element Wt (%) At(%)
(0] 4.30 13.34
Ni 88.16 74.49
Al 1.80 3.31
Mn 0.46 0.36
Si 427 753

Figure 3: STEM and EDS analysis of agglomerated particles from colloidal solution deposited on silicon plate. a) particles from

water and SDS solution; b) particles from ethanol solution.

3.2. Optical Spectroscopy Analysis on the
Interaction of Laser-Generated Nanoparticles and
Liquid Medium

Colloidal solution of Alumel NPs ablated in different
liquid media was measured by UV-Vis spectroscopy,
monitoring spectra evolution in time. As can be seen in
Figure 4a, initially, colloidal solution of Alumel NPs
produced in water medium, presents a characteristic
surface plasmon resonance (SPR) absorption peak at
190 nm, declining smoothly toward longer wavelengths.
This peak is probably due to the presence of colloidal
Nickel as main metal component in the ablated
nanoparticles [42]. After 24 days, this main peak is red
shifted with 4 nm, shifting until a value of 7 nm after 1
month and 4 days. This bathochromic shift can be
justified by the formation of a surrounding layer of
metal oxides in the ablated nanoparticles [43]. After this
period of time, a new absorption peak centered at 220
nm appears, possibly due to the presence of fully
oxidized Alumel NPs [43].

Ethanol is also an infrared transparent liquid
suitable for laser ablation. In this case, two SPR

absorption peaks appear centered at 207 nm and 255
nm, respectively (Figure 4b). The former peak is
probably due to the existence of Alumel core-metal
oxides shell structure and the latter should correspond
to fully oxidized Alumel NPs. Characteristic peak of
colloidal Nickel is not found this time, possibly due to
the lack of a capping agent in solution. As regards the
peaks evolution as a function of time, the intensity of
the absorption peak centered at 207 nm decreases
faster than the intensity of absorption peak centered at
255 nm. This fact could be explained by a higher
tendency of partially oxidized NPs to undergo
coalescence and settlement. Furthermore, the height of
peaks decreased over the time. This spectral change
can indicate that the diameters of the nanoparticles
increase by aging effect, which means that metal NPs
are aggregated and fused by, and hence the dispersity
of NPs decreases over time [44]. The reduction in
absorption intensity was more pronounced in ethanol in
comparison to the other solvents.

In isopropanol (Figure 4c), the stability of colloidal
solutions over time was higher. Apart from being an
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Figure 4: UV-Vis absorption spectra of (a) distilled water and SDS NPs colloidal solution, (b) ethanol and (c) isopropanol NPs
colloidal solutions, measuring its evolution in time.
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infrared transparent liquid, isopropanol proved to be an
outstanding solvent to produce stable NPs colloidal
solutions without the use of any protective agent. In
ethanol environment, the characteristic peak of Nickel
(at 190 nm) was not found because a capping agent
was not used either. As can be seen, the mainly
absorption peaks are centered around 220 nm.
Regarding peaks evolution, no changes were observed
for 14 days, which means that ablated Alumel NPs
colloidal solutions were quite stable in these conditions.
This stability of isopropanol as liquid medium has
already been reported in the literature [45].

In general, under the studied conditions, all colloidal
solutions showed certain stability over time, the
isopropanol being the most stable liquid medium,
although no surfactant was used in this case. However,
a deeper study regarding composition and oxidation of
the formed nanoparticles are crucial, mainly in the
synthesis of NPs from multielement target. The
presence of Ni alloy oxidation in the scope of the UV-
vis spectroscopy can also be verified through the
analysis of the band gap parameter. This oxidation
presence of in the scope of the UV-vis spectroscopy
can also be verified through the analysis of the band
gap parameter. The band gap can be defined as the
distance between the valence band (VB) of electrons
and the conduction band (CB), and represents the
minimum energy that is required to excite an electron
up to a state in the conduction band so that it becomes
free [46]. The optical band gap (Eg) can be obtained
via the Tauc method [47], which is modulated as the
tangent of the curve and extrapolated to the point
where ahv(1/n) is zero. This method relates optical
absorption strength with the photon energy, where h is
the Planck’s constant, v is the frequency of light, a is
the absorption coefficient and the exponent n is related
to the electronic of the band gap. In Figure 5 the band
gap of the three fresh colloidal solutions produced in
isopropanol, water and ethanol media were estimated
to be 0.8 eV, 4.12 eV and 5.28 eV, respectively. These
results clearly evidenced that through PLAL the band
gap, and consequently, the electrical conductivity of the
produced nanoparticles, depends on the surrounded
liquid environment. The optical band gap of NiO
particles has already been reported ranging from 3.4
eV to 4.3 eV [48]. Similarly, the band gap of Alumel
NPs produced in water and ethanol fit into this range,
typical of a semiconductor material. This result is
aligned with the findings obtained through EDS
analysis and confirms the formation of oxide specimens
during the ablation process. On the other hand, the low

band gap value related to the colloidal solution of NPs
produced in isopropanol reflects the ability of this liquid
medium to maintain the characteristics of the bulk
material. In the light of foregoing, and despite the few
studies regarding the addressed studied material for
comparison  purpose, the conducted analysis
corroborates with previous findings and literature
background [49-51], which allow to assert that the
obtained outcome is reliable.

4.0 4 = Fresh alumel NPs in isopropanal
Fresh alumel NPs in water
3.5 4 Fresh alumel NPs in ethanol
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Figure 5: Optical band gap energy of the Alumel NPs
produced in different liquid media.

4. CONCLUSIONS

Nickel alloy (Alumel) nanoparticles were
successfully produced by pulsed laser ablation in
water, ethanol and isopropanol environments. This
method allows simple and fast production of Ni-based
alloy NPs. The resulting colloidal solutions show the
formation of stable Ni-NiO core-shell NPs. However, a
precise analysis of stoichiometry composition of
colloids is necessary, which is the next step for future
works. In general, the produced NPs are spherical and
present a small average particles size at tested
conditions, which is attractive for many applications
that require particles with a low melting point. In
summary, the laser ablation in liquid medium is an
alternative, efficient and free-contamination technique
to produce stable nanoparticles solutions from a metal
alloy target.
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