
Chapter 2
Metal and Alloy Nanoparticles Formed
by Laser-Induced Nucleation Method

Takahiro Nakamura

Abstract Tightly focused high-energy femtosecond pulsed laser can create an
intense optical field near the focal point. When this intense optical field is formed in
the aqueous solution, solvated electrons and radicals are generated by laser-induced
photochemical decomposition of water molecules. Due to the strong reducing power
of solvated electrons, metal ions in the solution are reduced to form nanoparticles
(NPs). In addition, sequential pulsed-laser irradiation causes fragmentation of the
formed NPs similar to a scheme of pulsed-laser ablation in liquid, in which the
surface of the NPs is negatively charged, resulting in a stable colloidal suspension
of NPs without the addition of dispersants. We named this laser-induced physico-
chemical NP synthesis method as laser-induced nucleation method. By utilizing this
technique, we have succeeded in fabricating not only various noble metal NPs but
also solid-solution alloy NPs, which are difficult to fabricate by conventional thermal
equilibriummethods due to their immiscible nature. The constituent elements in alloy
NPs are the uniformly distributed, and the elemental composition reflects the mixing
ratio of the ions in the solution. In this chapter, the reactions in the laser-induced NP
formation and some examples for metal and solid-solution alloy NPs produced by
the laser-induced nucleation method are introduced.

Keywords Femtosecond laser · Nanoparticles · Solid-solution alloy · Colloidal
suspension

2.1 Introduction

Laser processing, which is the application of laser light to materials science, has
expanded to not only heating and welding using laser light as a heat source, but
also cutting, drilling, surface modification, and marking using ablation reactions,
and particle and thin film formation using pulsed-laser ablation (PLA). In addition,
it is applying to additive manufacturing, such as powder-bed fusion [1] and laser
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cladding [2]. The laser processing using an unfocused beam needs that the laser
wavelength corresponds to absorption band of the material. Meanwhile, a focused
beam of high-energy pulsed laser allows to process materials that do not absorb the
laser beam by nonlinear optical effects near the focal point. In this case, the laser
light source can be selected according to physical properties of the target material
and content of the process, because the laser wavelength is free from the absorption
of the target material.

Most of laser processing is carried out under atmospheric conditions or in a
vacuum, and at the same time, it has recently been reported for a laser processing
that utilizes the unique reaction field of a solid material in liquid by irradiating it with
laser light. For example, in the pulsed-laser ablation in liquid (PLAL), a pulsed laser
beam is focused and irradiated on a solid material immersed or dispersed in a liquid
that is transparent to the laser beam. In the PLAL, the energy of the laser beam is
absorbed only by the solid material in the liquid, and the resulting ablation reaction
produces fine particles “smaller” than the raw material. The formation of various
metal nanoparticles (NPs) [3] and organic NPs [4] has been reported. In contrast,
in the pulsed-laser melting in liquid (PLML) method [5–8], the aggregates of NPs
dispersed in the liquid absorb the energy of the unfocused pulsed laser beam andmelt
and solidify to produce submicron spherical particles “larger” than the raw material.
The submicron spherical particles obtained by this method are relatively uniform in
size due to the fact that the average particle size is determined by the energy density
of the irradiated laser in relation to the absorption cross section for the laser beam
and the heat capacity of the particle [8]. In addition, they have a crystalline structure
despite their spherical shape. As described above, the laser processing is widely used
in both top-down and bottom-up methods. And in most cases, the laser processing
is used to change the shape of the material with maintaining its crystalline structure
and properties. Therefore, the laser fluence (energy density, J/cm2) is controlled to a
certain level in order to minimize the heat-affected zone (HAZ) as much as possible
in laser cutting and drilling, to suppress the generation of large particles called debris
or fragments in particle and thin film formation, or to prevent phase transformation
of materials.

On the other hand, with the markedly progress of ultrashort pulse laser tech-
nology, current laser is capable of forming unexplored ultra-dense energy fields
due to its high peak power characteristics. The irradiation of an ultrashort laser
pulse with a very short duration to the target material generates ultra-dense energy
field. It induces nonlinear and non-equilibrium reactions, which are different from
thermal equilibrium reactions of heat, photolysis, and ionization in conventional laser
processes.

We have studied the fabrication of metal and alloy NPs in the high energetic field
produced by focused femtosecond laser pulses which is named as “laser-induced
nucleation method”. In this chapter, we introduce the reactions in laser-induced
nucleation method and the fabrication of metal and solid-solution alloy NPs with
controlled compositions.
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2.2 Formation Mechanism of NPs by Laser-Induced
Nucleation Method

For the formation of metal NPs, the chemical reduction in liquid is widely used.
In the method, metal ions are reduced to zero-valent atoms by adding a reducing
agent into a solution containing various metal ions (nucleation), and the subsequent
ripening process (nuclear growth) is controlled by the reaction conditions such as
pH and temperature to produce NPs with the desired size and shape. In addition,
NPs are usually prepared by adding dispersants to the solution or by coexisting with
supporting materials, because NPs are active due to the large specific surface area,
and need to be stabilized by coating their surface with dispersants or by fixing them
to supporting materials.

On the other hand, it has been reported that Au NPs are formed through photo-
chemical reduction in the strong light field generated by focusing an ultrashort pulsed
laser beam into an aqueous solution containing gold ions [9–18]. Formation of Au
NPs in the laser-excited field in our study is introduced as an example [10]. Figure 12.
shows laser irradiation of an aqueous solution of gold ion (a) just after starting and
(b) after 15 min irradiation. An aqueous solution of tetrachloroauric (III) acid trihy-
drate (HAuCl4 · 3H2O) with a concentration of 2.5 × 10–4 mol dm−3 was held in a
synthetic fused silica cuvette. A femtosecond pulsed laser beam with a wavelength
of 800 nm, a pulse width of 100 fs, and an average pulse energy of 5.5 mJ was
tightly focused through an aspheric lens with a focal length of 8 mm and a numer-
ical aperture of 0.5 for a fixed period of time at a specified repetition rate. Bright
plasma was observed near the focal point by the laser irradiation, white light emis-
sion through the nonlinear optical effect was confirmed behind the focal point along
the direction of laser incidence, and oxygen and hydrogen gas were generated near
the focal point (Fig. 2.1a). These phenomena suggest the decomposition of water

Fig. 2.1 Laser irradiation of
an aqueous gold chloride
solution a just after starting
and b after 15 min irradiation
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molecules by a high-intensity field near the focal point. The aqueous solution, which
was colorless and transparent before laser irradiation, turned red after a certain period
of laser irradiation (Fig. 2.1b). The UV-visible absorption spectrum of the aqueous
solution after laser irradiation showed an absorption peak around 520 nm, which
was attributed to the localized surface plasmon resonance (SPR) of the Au NPs. The
particles formed in the solution were observed by transmission electron microscopy,
and it was confirmed that spherical Au NPs with an average diameter of less than
5 nm were formed.

The formation mechanism of the NPs is presumed to be based on the following
reaction [19–24],

H2O (nhv) → e− + H+ + OH (2.1)

e− → e−
aq (2.2)

H2O (nhv) → H· + OH· (2.3)

2OH· → H2O2 (2.4)

H· + H2O → H3O
+ + e−

aq (2.5)

M+ + e−
aq → M0 (2.6)

M0 → M0
2 → · · · → M0

n (2.7)

Nonlinear optical effects such as multiphoton absorption and avalanche photoion-
ization occur, and the energy of the laser light is absorbed by water molecules. In
the process, water molecules are decomposed (2.1), and solvated electrons (e−

aq),
hydrogen radicals (H·), and hydroxyl radicals (OH·) are produced (2.2 and 2.3). The
hydrogen radicals are consumed on the order of picoseconds (2.5) and are not consid-
ered to contribute to the reduction reaction [21].On the other hand, the redox potential
of solvated electrons is−2.77VSHE, and their lifetime in purewater is several hundred
nanoseconds [20]. Therefore, gold ions in aqueous solution are reduced by solvated
electrons to zero-valent gold atoms (2.6), which grow to form Au NPs (7). At the
same time, the hydroxyl radicals oxidize water to form hydrogen peroxide (2.4).
Formation mechanism of Au NPs by the laser-induced method has been intensively
studied by Tibbets group [14, 15]. According to their dedicated effort, size and size
distribution of Au NPs could be tuned by manipulating the nucleation and growth
rate by controlling solution pH and addition of hydroxyl radical scavengers.

The zeta potential of Au NPs prepared under specific conditions was −35 mV
(the pH of the aqueous solution is about 3.0), and dispersion state of formed colloidal
suspension was stable over several months without the addition of dispersants.



2 Metal and Alloy Nanoparticles Formed by Laser-Induced … 25

Figure 2.2 shows (a) real-time UV-visible absorption spectra of the colloidal suspen-
sion of Au NPs and (b) variation of peak absorbance as a function of irradiation
period [25]. The absorption peak originated from SPR of Au NPs increased with
irradiation period (Fig. 2.2a), and when the repetition rate of the laser pulse was
100 Hz, the absorption peak reached its maximum in about 14 min (Fig. 2.2b). This
is thought to be due to the reduction of all the gold ions in the aqueous solution.

Figure 2.3 shows the UV-visible absorption spectra of the colloidal dispersions in
which the laser irradiation was stopped after 9 min, while the gold chloride ions in
the aqueous solution were being reduced, and the colloidal dispersions in which the
laser irradiation was continued for 20 min after all the gold ions in the solution were
reduced. In the colloidal suspension of AuNPs prepared with a short laser irradiation

Fig. 2.2 a Real-time UV-visible absorption spectra of the colloidal suspension of Au NPs and b
variation of peak absorbance as a function of irradiation period. Reproduced fromRef. [25] under the
terms of the CC-BY 4.0 license. Copyright: (2022) The Authors, published by Hosokawa Powder
Technology Foundation

Fig. 2.3 Time evolution of colloidal suspensions of Au NPs prepared by a 9 min and b 20 min
laser irradiation
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time (9 min) (Fig. 2.3a), the autocatalytic reaction of the Au NPs formed by the
laser irradiation reduced the remaining gold ions in the aqueous solution, causing
crystal growth of the formed Au NPs and subsequent aggregation and precipitation.
Therefore, the dispersion state of the colloidal suspension was not sustained. On
the other hand, in the colloidal Au NPs dispersion (20 min, Fig. 2.3b), which was
continuously irradiated even after all the gold chloride ions had been reduced, there
was no change in the color and absorption spectrum of the colloidal suspension after
one month. This is thought to be due to the fragmentation of the formed NPs by
sequential laser irradiation, in a scheme similar to pulsed-laser ablation in liquid
(PLAL), and Au NPs are stabilized by bonding with oxygen [26]. According to the
study on Au NPs formation by PLAL, the surface state of Au NPs depends on the pH
of the solution and is reported to be Au-O− at pH > 5.8 and Au-OH at pH < 5.8. The
pH of the colloidal suspension of AuNPs prepared by themethod was approximately
3.0, so the surface structure of the Au NPs was assumed to be Au-OH. The Au NPs
prepared in this way can be fixed simply by dropping a colloidal suspension onto
a substrate, and it is easy to form composite materials in combination with various
carriers while maintaining the excellent surface properties of the NPs. By using this
technique, platinum (Pt) [27] and silver (Ag) NPs [28] can be also fabricated.

2.3 Formation of Solid-Solution Alloy Nanoparticles
from Mixed Solutions by Laser-Induced Nucleation
Method

In the laser-induced nucleation method, since the target of laser irradiation is an
aqueous solution, it is easy to form alloy NPs by laser irradiation of aqueous solu-
tions containing multiple metallic ions. As mentioned above, we have successfully
prepared colloidal suspension of Au and Ag NPs by the method. The synthesis of
these NPs involved aqueous solutions prepared by dissolving gold (III) chloride
trihydrate (HAuCl4·3H2O) or silver (I) nitrate (AgNO3, both from Fujifilm Wako
Pure Chemicals) in ultrapure water (18.2 M�, arium® pro UV, Sartorius). When
these solutions were mixed, silver chloride (AgCl) insoluble in water was produced
above a certain ionic concentration. Therefore, to prepare a mixed aqueous solution,
we separately prepared each aqueous solution of metal ions with a concentration of
2.5 × 10–4 mol dm−3, added 0.1 vol% ammonia water to them, and then mixed them
with desired molar concentration of metal ions in each prepared aqueous solution
to suppress the formation of silver chloride. Figure 2.4 shows the colloidal suspen-
sion of NPs prepared by laser irradiation of mixed aqueous solutions of Au and Ag
ions with different mixing ratios and corresponding UV-visible absorption spectra of
the colloidal suspensions. The aqueous solutions before laser irradiation were color-
less and transparent in all cases, but the colloidal suspensions after laser irradiation
showed a systematic change from yellow to reddish purple depending on the mixing
ratio of metallic ions (Fig. 2.4a). The absorption spectra of the colloidal suspensions
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Fig. 2.4 a Colloidal
suspensions prepared by
laser irradiation of mixed
aqueous solutions of Au and
Ag ions with different
mixing ratios, b
corresponding UV-visible
absorption spectra

of Ag and Au NPs showed absorption peaks of SPR near 400 and 520 nm, respec-
tively, while those shifted to the longer wavelength side as the molar ratio of gold
ions in the mixture increased (Fig. 2.4b). The absorption peak positions in the spectra
as a function of the molar ratio of Au in the aqueous solutions are shown in Fig. 2.5.
The absorption peak position in the absorption spectrum showed a proportional rela-
tionship to the molar ratio of Au in the aqueous solution, suggesting the formation of
composition-controlled Au-Ag alloy NPs by laser irradiation of mixture solutions.

Fig. 2.5 Relationship
between SPR peak positions
in the absorption spectra and
the molar ratio of Au in the
mixed aqueous solutions
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Fig. 2.6 Relationshipbetween aX-raydiffractionpatterns of alloyNPspreparedby laser irradiation
of mixed aqueous solutions of Rh and Pd ions and b lattice constants determined from X-ray peak
positions and the molar ratio of Pd in the mixed aqueous solutions

Since Au and Ag have redox potentials of +0.93 VSHE and +0.7996 VSHE, respec-
tively, co-reduction with a relatively strong reducing agent is necessary to produce
Au-Ag alloy NPs by chemical reduction. The formation of Au-Ag alloy NPs in the
laser-induced nucleation method can be attributed to the high reducing power of the
hydrated electrons described above.

While Au-Ag binary alloys are considered to be easy to form in terms of thermal
energy because they form solid-solution alloy in bulk, the laser-induced nucleation
method can also produce non-equilibrium alloy NPs which are difficult to fabri-
cate by conventional methods [29–34]. As an example, we show the formation of
rhodium (Rh)–palladium (Pd) binary alloy NPs. Rhodium (III) chloride trihydrate
(RhCl3·3H2O) and palladium (II) chloride (PdCl2, both from Fujifilm Wako Pure
Chemicals) were dissolved in extra pure water to prepare aqueous solutions with a
concentration of 2.5 × 10–4 mol dm−3. The laser irradiation was performed on the
mixed aqueous solutions. Figure 2.6 shows the results of X-ray diffraction measure-
ments of the fabricated NPs and the relationship between the molar ratio of Pd in the
solution and the interplanar spacings determined from the peak positions. The X-ray
diffraction peak exhibited a singleGaussian pattern characteristic of the face-centered
cubic structure, and the peak positions were systematically shifted according to the
metal ion mixing ratio in the aqueous solution. The interplanar spacings of the NPs
calculated from the positions of the X-ray diffraction peaks and the mixing ratio of
metallic ion in the aqueous solution were proportional according to the Vegard’s law,
indicating the formation of Rh-Pd alloy NPs with a tunable composition. In addi-
tion, elemental mapping of the alloy NPs obtained by scanning transmission electron
microscopy–energy dispersive X-ray analysis (STEM–EDS) (Fig. 2.7) showed that
rhodium and palladium are uniformly distributed in the particles, confirming the
formation of solid-solution alloy NPs. Because of the wide immiscibility gap in the
Rh-Pd binary phase diagram, solid-solution alloy NPs are difficult to fabricate in
thermal equilibrium. The laser-induced nucleation method allows the co-reduction
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Fig. 2.7 STEM-EDS mappings of alloy NPs prepared by laser irradiation of Rh and Pd mixed
aqueous solutions. a HAADF-STEM image, two-dimensional mapping image of b Rh and c Pd,
and d superimposed two-dimensional image of Rh and Pd

of multiple ions by radicals with strong reducing power. In addition, it also induces
the non-equilibrium reactions, where the reduction occurs repeatedly in a very short
time during the radical lifetime formed by each irradiated laser pulse. As the result
of this, an alloy structure was formed before the atoms diffuse in thermal equilib-
rium condition. This is different from conventional chemical reduction or reduction
by radicals caused by continuous high-energy irradiation such as electron beams or
gamma rays.

2.4 Summary

In this chapter, we report on the fabrication of multigrid all-solid-solution alloy
NPs by a laser-induced nucleation method using an intense reaction field created by
ultrashort laser pulses and the reaction field as a novel physicochemical nanoparticle
synthesis method. The works showed that this method enables us to control the
composition of alloys with combinations that are normally difficult to fabricate in
the full rate solid-solution state. We are currently working on the construction of a
mass synthesis system and the preparation of surface-modified nanoparticle colloids,
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which are stable in water and modified with desired modifiers, for a wide range of
applications of the prepared NPs.
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